ABSTRACT

RAHMAN, FARHAN. Development of a Novel Multiaxial Miniature Testing System for Micro
Specimen Testing, and Multiscale Modeling for Contintboale Material Property Prediction.
(Under the directiosiof Dr. Tasnim Hassan, Dr. Gracious Ngaile and\oyng Zhu).

A multiaxial miniature testing system (MMTS) has been developed for axial, torsional,
internal pressure and high temperature testing of tubular specimen »fmim outer diameter
(OD). In additon, MMTS has been developed for testing inside a scanning electron microscope
(SEM). The primary objective of MMTS development was to enable research community with
material testing capabilities currently not available. MMTS development required ovegcomin
various unique challenges. To developsitu SEM testing capability, the load frame size was
required to be small enough to be accommodated inside a SEM chamber. All load frame
components were needed to be high vacuum compatible. A multiaxial miri@ddreell with
high vacuum compatibility was custom developed. The MMTS load frame was developed
considering chamber sizes of two SEMs: Hitachi S3200N and FEI Quanta. Ads@ageand
electrical connection accessories were developed to use MMTS loadifisideeHitachi SEM.
In-situ SEM tests with MMTS load frameere performed.Due to the miniature size and ron
planarity (round shape) of test specimen surface, 3D digital image correlation (3D DIC) was
adopted for strain measurement with MMTS. Use of 3D IGpecimen of only 1 mm OD had
to overcome experimental setup related challenges. A mathematical framework was developed to
optimize a 3D DIC setup for miniature specimen. Miniature specimen tensile and torsion tests
using the developed 3D DIC setup aviMTS were conducted. Comparison of derived material
properties from these tests with known material properties confirmed the successful development
of MMTS. The challenge of strain measurement with MMTS at high temperature was overcome
by using high tempature paint, and modifying the 3D DIC setup with blue band pass filter and
blue LED lighting. A temperature control system anddgaile mechanism were developed as well.
The failsafe mechanism safeguards MMTSh | oad
temperature testing. High temperature 3D DIC tests up to 960 °C were performed using the
developed setup. Material properties determined from miniature specimen tests may deviate from
continuumscale properties due to size effect of a miniature-wahed specimen. Hence, to
predict bulk material properties based on the test data obtained from MMTS, multiscale material
modeling was performed. Multiscale modeling indicated around 10 grains are required to be

present across t ub eoexhpbéloulk matenia responsel | thickness
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Chapter 1: Introduction

1.1 Researd motivation

Paraphrasing physicist R.P. Feynman, the test of all knowledge is experiment, and
experiment itself helps to develop laws or knowlefddeExperimenting to test and develop
knowledge on material strength and failure mechanisms dates back to hundreds, if not thousands
of years. In2], Galileo wrote on his beam testing. While up t8 26ntury material testing
continued to advance, it is in the late second half that we have seen exponential advancement in
material testing technology which continues to present day. One of the reasons for such progress
is the development of electron microscopy, and its subsequent use with material testing.

Material testing can vary regarding test specimen size and diffeeghing types
possible to impose on a test specimen. In conventional material testing of polycrystalline metal
specimens, the test specimen size is taken large enough such that specimen size effect on
determined material properties is not present. Howavenany cases material properties are
needed to be determined from sstandard miniature specimen due to limited availability of test
material. For example, at the development phase of new grades of alloy only limited amount of
test material is availabl&]. Similarly, during developing a new manufacturing process, e.g.,
additive manufacturing, miniature specimen testing is required to check effectiveness of the
proces in a short time. At the time of development or selection of materials for hagshvine
conditions, e.g., extreme temperature, pressure or nuclear radiation, often only small test
components can be exposed tesarvice condition due to limited spageailability. Similarly, to
assess condition of an-gervice component, one would be restricted to small test specimens, as
extracting a large test coupon would put theenvice component at immediate rjgk.

Moreover, since in service conditions, components are usually subjected to multiaxial stress
states, to simulate realistic loading conditions, material testing system witbxiallioading

capability is required. For example, in migr@anufacturing processes such as micro tube hydro
forming, miniature tubes are subjected to multiaxial stress state due to internal pressure. Because
of the reasons mentioned above, there isrfgignt need for miniature multiaxial testing

systems.

Advancement of micro and natechnologies requires knowledge of material



deformation and failure mechanisms at micro to nano length scales. These deformation and
failure mechanisms are heavily iménced by component temperature. Therefore, materials for
high temperature applications need to be resistant to causes of damage such as oxidation and
corrosion, which accelerate with increase in tempera@eaerally, material properties at high
temperatre cannot be extrapolated from material property data of lower tempdEture
Thereforehigh temperature material testing capability is required. Since, manyalgper are
specifically developed for high temperature applications, and during development phase limited
amount of test material is available, high temperature miniature téstifity is needed. High
temperature miniature testing is also required for advancement offoranong processes to
investigate effect of forming temperature.

Materials science of 20th century focused on the quest to deduce stprojpeety
relatonhi p; a quest which was faci [6]. Thesewasreby i nve
different variations of electron microscopes, such as scanning electron microscope (SEM). An
optical mi croscopeds (OM) resolution is | imit
In a scanning electron microscope (SEM), emitted electronsdpatimen are utilized to
generate images with resolution of few nanometers. Another advantage of SEM over OM is that,
depthof-field of SEM is typically 500 times greater than that of OM at same magnifidaiion
In-situ testing has the advantage that, a correlation between deformation events and material
propertiexcan be directly obtaind®]. Therefore, irsitu SEM testing has become a powerful
technique for experimental study which can provide unprecedented detailsostnuctures, and
uncover deformation and failure mechanig8js Micro-mechanism based constitutive model
development requires knowledge of deformation mechanisms at microstructural length scale. For
verification of such models weeed material testing system with realistic multiaxial loading and
high temperature capabilities.

In cases where miniature tests are performed due to limited availability of test material,
estimation of material property is needed at continuum lesgtle. However, test results of
miniature or suistandard specimens can be affected by specimen size as well as microstructure
size. These effects become pronounced when a test specimen size becomes comparable to its
constituent/microstructure size. For dymoystalline specimen, absence of size effect means
presence of sufficient number of grains along a test specimen cross section to render effect of

single crystal anisotropy nesignificant. The minimum specimen size which is devoid of any



size effect icalled representative volume element (RVE) size for a material. Therefore, in order
to know continuum scale property from miniature specimen testing, RVE size is required to be
known. RVE size can be experimentally determined by testing specimen sizesabing
dimension. However, it is not be feasible when availability of test material is limited. In such
case actual microstructure based multiscale modeling can be performed to predict RVE size.
Knowledge of how miniature specimen response changes latige in specimen dimension

can be used to extrapolate RWE specimen properties to bulk material properties.

1.2 Literature review on miniature material testing system

Different room temperature miniature test systems have been devdlbpefl(d], [12],
[13], [14]). They vary in regard to specimen geometry; from flat specifdd, (13]) to round
specimens, such as wifd4]) and tubular[(0]). High temperature miniature teststems have
also been developefllf], [16], [17], [18], [19]). Because of the advantaggin-situ SEM
testing much research eff@have been given to develop test systems with such capabili@gs (
[17],[20], [21], [18], [22], [19], [23], [24], [25], [26], [27]). In addition, high temperature-gitu
SEM tests have also been performdd], [18], [19]). A more detall literature review on
miniature test systems is presented later in this dissertation. However, from literature review it
was found that, currently theers no high temperature miniature testing system available with
axiaktorsionatinternal pressure capabilities withsitu SEM testing compatibility.
Neverthelessthere issignificantneed for such comprehensive testing system for fundamental
understanding of material properties and deformation mechanisms under realistic multiaxial
loading and high temperature conditiolmsthe research work presented in this dissertation a
multiaxial miniature testing system (MMTS) has been developed to address such need.

1.3 Challenges in developing a SEMompatible multiaxial miniature testing system

Development ofSEM compatible multiaxial miniature testing system (MMTI&)s
multiple challenges to overcome. ThMTS load frame size has to be small enough to be usable

inside a SEM. The layout of the load frame needs to be suchetftapécimen can be brought
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under the electron gun alSEMwhile keeping safe distans&om all components insidee SEM
chamber. All components of load frame need to be high vacuum compatible. This is to make sure
that low vacuum pressure can be achieved with the load frame inside SEM. Otherwise, normal
SEM operation will be hampered duergmluction of mean electron path. Moreover, outgassing
from load frame can pollute the insidea$EM chamberand lower the service life of electron

gun. To measuréhe axiattorsional load aigh vacuum compatibleniniature multiaxial load
sensor is required. One major challenge is gripping of tubular test specimen of 1 to 2 mm outer
diameter (OD). Heating of miniature test specimen has been frequently performed by Joule
heating. However, this technique producesapalic temperature profile along the lengtradést
specimern3]. Uniform heatingof a miniature test specimen asdifficult task Measurement of
surfacestrain ofa miniature nofplanar test specimen requires rmntact strain measurement
techniques. Optical strain measurement techsigueh & 3D digital imagecorrelation 8D DIC)

is a noncontact strain measuremenéthod applicable for neplanar specimen suida. Although

in theory 3D DIC is length scale independent, its use for a miniature specimen ofio2lynin

OD requires experimental setup related challenges to be overcome. Moreover, use of 3D DIC for
miniature specimen at high temperature is of sigaffidifficulty. Internal pressurization of-12

mm OD tubular specimen requires careful design considerations ranging from appropriate sealing
of pressurized gas tmnsideration of deptbf-field of opticalstrain measuremetechniqueHigh
temperature testing requires mechanism to safeguard electronic components of load frame against
high temperature. For conventional laigmle tests this can be performed by cooling specimen

grippers using water. But this is challenging for a muriasize gripper due to space limitation.

1.4 Research objective and organization of chapters

The major research question addressed in the
overcome all chall enges in develnggsweregy MMTS? 6
addressed by development of different-sybtems. The challenge of obtaining bulk material
property from miniature testing is addressed by use of actual-stitcrcture based mulsicale
material modeling.

The research work performed is ongaed in five major chapters 2 toAgitten in the

format of journal paper&£hapters 3 to 6 each address one major challenge. Chapter 2mgives a

4



overviewof how all the challenge® develop MMTSwere overcomelt providesdetails of
different componentsf MMTS which are not described in chapters 3.td ® avoid repetition,
chapter 2 directs the readers to chapters 3 to 6, as necessargdpthrdiscussion on relevant
developmental challenge&s chapters 3 to 6 are written as standalone papersuwitn®
readers requiring consulting other chapters, minor repetition of information can be found.

Chapter 3 discusses the challenge of surface streasuremerdn 17 2 mm OD tubular
specimens by implementation of IDC. In the present study, this cledge was overcome by
developing a comprehensiveathematicaframework addressing different 3D DIC setup
parameters such as speckle sitereo anglas well aglifferent 3D DIC analysis parameteBy
implemening this frameworkan optimized 3D DIC setup was developed for MMTS.

Chapter 4 discusses development of MMTS for high temperature testing and use of 3D
DIC for strain measurement at around 1000 °C. The challenge of uniform heating of miniature
test specimen has been addeskpreviously by developing a novel hybrid heating technique
[28]. The challenge of using this hybrid heating technique with the electronic load frame of
MMTS, and develoment of atemperature feetlack controbnd failsafe mechanisare
discussedn chapter 4The developed failsafe mechanism safeguards load frame electronics
during high temperature testinthe challenge of strain measurement of tubular specimen
subjectedo 1000 °Cis discussed in chaptdr

Chapter 5 discusses the challenge of developing MMTS feiturSEM testing. This
challenge introducemajordesign requirements for th@MTS load frame andll its
components. Another host of challenges are rkmgroper mounting dheload frame insida
SEM. A high vacuum compatible mounting stagelall necessarglectricalaccessories for
control and data transfer fromMMTS load framewhile placednsideSEM, have been
developed.

The research work presented in shapeed 6fc
MMTS. In aminiature specimethe size ofts microstructue is comparable tits geometrical
size Material properties determined from miniature specimen tests, pe&donith MMTS, may
deviate from continuurscale properties due to size effect of a miniaturewrahed specimen.
Therefore, miniature test results cannot be directly used to determine bulk scale properties. The
research work presented in chapter 6 shaws &ctual micrestructure based multiscale

modeling can be performed to prediepresentativeolumeelement (RVE) size of a material



which gives continuum scale material response. Moreover, with this predicted size, limited
number of miniature tests cae performed with MMTS to experimentally determine continuum
scale material property from miniature testing. Such combined application of multiscale material
modeling and MMTS can accelerate development of new material. In this way, the multiscale
materialmodeling work can be regarded as anothersyigbem of MMTS.

Finally, chapter 7 presents conclusions of the research.\Red¢ommendations for

relevantfutureresearch works are also presented.
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Chapter 2: Development of a multiaxial miniature testing system with high temperature

and in-situ scaming electron microscopeesting capabilities

Abstract

For continued advancement of micemd nanetechnologies advanced miniature material
testing system with high temperature multiaxial loading argitinscanning electron microscope
(SEM) testing capabilities is needed. Development of such compreheesivagtsystem has
many challenges to overcomi present studya novel multiaxial miniature testing system
(MMTS) with high temperature axial, torsional, internal pressure arsltinSEM testing
capabilities has been developddMTS development requireadnany major challenges to
overcome such as: gripping of 2 mm outer diameter tubular specimen, uniform heating, internal
pressurization, gripper cooling, strain measurement and SEM compatiitfgrent verification

tests have been performethich canfirmedacceptable performancé MMTS capabilities

Keywords: miniature testing, multiaxial testing, tubular specimen, scanning electron microscope,

Joule heating, digital image correlation
2.1 Introduction

In many cases material properties are needed to be determined from miniature specimens
due to limited availability of test material. For example, during the development process of new
grades of alloy only limited amount tdstmaterial is available [1]. Aimilar situation arises
during developing a new material development process, e.g., additive manufacturing. During
development or selection of materials for harskervice conditions (e.g., extreme temperature,
pressure or nuclear radiation), oftenyosinall test components can be exposed-&eiwice
condition due to limited space availability. To assess condition ofs@riuice component one
would be restricted to small test specimens, as extracting a large test coupon wouldhput the
servicecomponent at immediate risk [2]. In service conditions, components are usually subjected
to multiaxial stress states. Therefore, to determine material deformation and failure mechanisms
under realistic loading conditions, material testing system with muwdtiboading capability is
required.

Advancement of micro and natechnology requires knowledge of material deformation
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and failure mechanisms at micro to nano length scales. These deformation and failure
mechanisms are heavily influenced by component ¢eatpre. Therefore, materials for high
temperature applications need to be resistant to causes of damage such as oxidation and
corrosion, which are accelerated with increase in temper&ereerally, material properties at
high temperature cannot be exto#éated from material property dathlower temperaturgg].
Thus, material testing capability at high temperature is required. Also, during development
process of new grades of alloy only limited amount of material is available [1]. Since, many
superalloys are specifically developed for high temperature applications, high temperature
miniature testing facility is needed. High temperature miniature testing is also required for
advancement of micrforming processes.

In-situ testing with electron microspes can provide valuable information on the
physical deformation and failure mechanisms in micro to nano length scales. In situ scanning
electron microscopy (SEM) has become a powerful technique for the experimental study of
nanomaterials, since it canopide unprecedented details for individual nanostructures upon
mechanical and electrical stimulus and thus uncover the fundamental deformation and failure
mechanisms for their device applications [4]. For this reasesiturSEM testing has gained
traction in recent years for engineering researctsitmn SEM micremechanical testing methods
are used to study scatependent material propertiesmd to observe deformation and failure
mechanisms. Also, SEM enables accurate specimen positianichgisual ontrol of experiment
[5]. Although challenging, instead of eitu SEM testing, irsitu SEM testing is required for the

following reasons:

A Analyzing deformation mechanisms by comparing before and after test images of a
specimen is very time consumingis becausénding the exact specimen location, after

different amounts of deformations, under a microscope is difficult.

A Only limited number ofestdata can be obtained amex-situ SEM testindecause¢he

testis to be interrupted

A In ex-situ SEM testinga tesspecimen is needed to be unmounted from test stage.
would cause closure of micracks [6]. Also, elastic deformation data will be lost during

specimen unmounting.
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Also, micromechanism based constitutive model developmemuires knowledge of

deformation mechanisms at microstructural length scale. In addition, verification of constitutive
models requires material testing under realistic multiaxial loading and high temperature
conditions.Because of the reasons mentionbdwvee, miniature testing system with high

temperature multiaxial loading andsitu SEM testing capabilities is needed.

2.2 Literature review on material testing systems for miniature specimen

Literature review of miniature testing system with different types of loading capabilities is
shown inTable 21. High temperature and -situ SEM testing capabilities, if available, are
indicated as well.
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Table 21. Literature review on material testing system for miniature specimen

Paper Specimen type High Loading type In-situ Test material
temperature SEM
[7] Tube (2.38 mm OD, 0.15 mm wall No Axial force, internal pressur{  No SS 304L
thickness)
[8] Flat specimen No Tension No High silicon cast iron
[9] Microbeams of thickness around 51 No 3- and 4point bending tests No Thermal barrier
em coatingsystem
[10] Flat specimen No Tension No Nickel specimen
[11] Wire No Tensiontorsion fatigue No 316L SS wires
testing
[12] Tensile tests with thin wires Up to 600 °C| Cyclic tension, compressior; No SS 316 and OFHC
load relaxation tests,
indentation
[13] Thin film Up to 1000 Tension No SiC thin films
°C
[1] Miniature specimen with 2 x 1 mm Up to 1200 Tension, compression No CMSX-4 Ni-base
crosssectionandfull length of 40 °C superalloy
mm
[14] Flat Up to 400 °C Tension Yes SCS micrespecimens
[15] Thin film No Tensile Yes Al was used,
applicable to metals,
dielectrics, multilayer
composites
[16] Micro wire of 70 um diameter No Torsion Yes Metallic and polymer

Table 2.1(continued)
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[17] Flat specimenmicro pillar Up to 500 °C Indentation, micre Yes Fused silica and
compression, cantilever silicon micropillar
bending, scratch testing

[18] Wire No Tensile or compression Yes | Carbon fibers, metalli

wires

[19] Nano pillar, cantilever Around 300 Compression, cantilever | Yes Single crystals and

°C fracture testing ultrafine-grained
chromium

[20] Flat, 2 mm gauge length No Cyclic tension, compressiol  Yes OFHC (Cu)

[21] Flat, 5 mm x 1 mm x 20 mm No Tension Yes Fiber glass laminateg

[6] Cylindrical specimen, up to 100 mr No Cyclic combired tension, Yes Astroloy specimen

long, 20 mm OD torsion seeded with AlOs-
MgO particles

[22] Nano wires and pillars No Tension, compression, nan{ Yes Single crystal nano
indentation and bending wires, nanoporous Al

pillars

[23] - No Tension Yes CuwAluminum single

crystals

[24] 1D nano structure e.g., metallic an No Cyclic torsional Yes Metallic

semiconductor for nanavires semiconductor naro
wires
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From literature review it was found thaere is no high temperature miniature testing
system available with axibrsionatinternal pressure capabilities with-$itu SEM testing
compatibility. However, there is need for such comprehensive testing system for fundamental
understanding of matet properties and deformation mechanisms under realistic multiaxial
loading and high temperature condition. For this reason, the research task of developing a
multiaxial miniature testing system (MMTS) is under takime first step in the development of

MMTS is identification of different challenges. This is the topic of next section.
2.3 Challenges in development of MMTS

A conceptual outline of MMTS load franieshown inFigure 21 with different components
identified

Figure 21. Schematic outline of MMTS load frame. (1): Axial motor, (2): Displacement
encoder, (3): Lead screw, (4): Drive belt, (5): Framing forgtsie, (6): Rail rods (7): Cross

head, (8): load cell, (9a): Tension gripper, (9b): Torsion gripper, (10): Torque motor, (11):
Rotational encoder, (12): Load fratndimensional outlineléngth, L xwidth, W x height, H).

(13): Tubular test specimen

In light of the conceptual outline of MMTS load frantédure 21), thedifferent challenges
of MMTS development are:

1. How to make the load frame small enodglaccommodate inside a SEM chamber?
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Are the dimensionef the load frame small enough to be usable inside SEdMéYs to
item# 12 inFigure 21)

How to ensure high vacuum compatibildfall components for SEM compatibility?
Are all components, referring to items #1 to 11 have low outgapsapgrtyunderhigh
vacuumpressure (refers to item# 1 to 11)

How todevelopa multiaxial miniature loadetl, referring to item #8, with high vacuum
compatibility?(refers to item #8)

How to grip tubular test specimen o2Imm OD for axialtorsionatinternal pressure
loading?(refers to item #9a9b)

How to prevent gripper tightening torque from affectingdaell and torque actuator?
(refers to item &, 9a,9b and 10

6. How to uniformly heat miniature specimaefers toitem #13)?
7. How to measure neplanar surface straimgfers toitem #13)?

8.
9

. How to apply axiatorsional loadingrefers toitem #1, 10)?

How to internally pressurize test specimesfdrs toitem #9a, 9b and.3)?

10.How to protect load frame components against high tempei@éfiees to item #1,2,8,10

and 11)?

Table 22 shows an overview of how these different challenges in MMTS development were

addressed. Iifable 22, the challeng@aumbers refer to the numbers identified abov
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Table 22. Overview of how different challenges are addressed in MMTS development

Challenge Challenges Solutions
numbers
1,2 MMTS load frame size | Available space in different SEMs were determined. Maximum load frame dimen

small enough and
specimen position
appropriate to be usable
inside SEM Load frame
components usable insic
SEM. Installation of load
frame inside SEM

ard specimen position were determined and checked by placing 3D printed load
prototype inside SEM. High vacuum compatible load frame components were
developed or acquired. Vacuum compatibility of all load frame components was
confirmed by vacuum chambtests. A doosstage for mounting load frame inside
Hitachi S3200N SEM wadevelopedElectrical connection accessories ¢ontrolling
and acquiring data from MMTS load frampkcedinside SEM were developed.

3 Miniature multiaxial load| Miniature load cells available in market was compared against MMTS requireme
cell with high vacuum No off-shelf load cell met all requirements. Guided by vacuum chambsrdest
compatibility multiaxial miniature load cell was custom developed for MMTS in cadmer with a

commercial load cell manufacturer.

4,5 Gripping of tubular Custom miniature grippemwere develpedfor MMTS. To prevent gripper tightening
specimen subjected to | torque from affeéhg load cell and torque actuator, a gripper lockimgchanisnwas
axiaktorsionatinternal developed.
pressure loading at high
temperaturePrevent
gripper tightening torque
from damaging load
frame.

6 Uniform heating of To uniformly heat miniature tubular specimen a hybrid heagognique comprised o

miniature test specimen

joule heating by passing electricity through specimen and external coil heating of
specimen ends was developed for MMTS.
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Table 2.3. (continued)

7 Measurement of strain f¢ 3D DIC seéup was developedptimizing different setup variable3D DIC at high
1-2 mm OD tubular temperature was performed by use of high temperature paint with airbrush, blue
specimen subjected to | lights and blue band pass filter.
1000°C
8 Internal pressurization of Internal conduits were designedthegrippers for internal pressurization of tubular
tubular test specimen | specimen.
9 Application of axial, Axial and torsional loadings are applied by two actuators. &read movement and
torsional loading rotation angles are measured b tencoders. All these components were selected
such thatheload frame sizeloesnotexceed maximum space available ingtieSEM
chamber.
10 Protection of load frame | Miniature grippers were developed wittiernal cooling channels. ##emperature

components against higk
temperature

control system continuously monitors gripper temperature and slititsaiing in case
gripper temperature exceeasallowabletemperaturdimit.
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The MMTS is composed of different sglgstens to address different tasks. In the

following sectionsanoverview of MMTS and details owlifferentsubsystems are presented.

2.4 Overview of MMTS

The load frame of MMTS is shown Figure 22. Figure 23 shows the entire test system
for testing outside SEMandFigure 24 shows the irsitu SEM test setup with MMTS. MMTS has
axial and torsional loading capabilities of 1.5 kN and 0.5 Ndustom grippers have been
developedor tubular specimenf 17 2 mm OD All the components of the load frame are high
vacuum compatible (up to £arorr). The load frame has been designed and developed to be usable
inside a SEM.

Tubular
test
sample (1 |

[re— Tension
actuator

Tubular test
sample (1

High vacuum
compatible
multiaxial load cell |

heating-cooling
capabilities

Figure 22. MMTS load frame
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Figure 23. Complete MMTS setup for testing outside SEM: (1): Vibration isolated optical table, (2): MMTS load frame, (3): Cameras
for strain measurement with 3D DIC, (4): Fiber optic lighting, (5): MMTS load frame controller, (6): D#Qlenfor strain
controlled testing, (7): Internal pressure regulator, (8): Internal pressure gauge, (9): Power supplies for heating®yftamp(for
cooling system, (11): Water storage for cooling system, (12): Power supply for cooling syste@aglByoster for internal pressure
system, (14): Mgas supply
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Figure 24. In-situ SEM test setup with MMTS load frame: a: Hitachi SEM chamber without-dtage (1): raidrod; b: (2): fabricated
stagedoor, (3): fabricated electrical feedthrough adaptor, c: (4): MMTS load frame mounted cdstagd: Complete test setup,
(5): cable connecting load frame to controller, (6): SEM focus, magnification controller, (7): SEM monitor, (8): Testrsysitem

(9): Test system computer, (10): Test controller
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Details of the major components and-sylstems of MMTS are presented in the following

sections.

2.5 MMTS Load frame

The load frame of MMTS is shown Kigure 22. The load frame size is 290 mm x 98
mm x 53 mm. It has two actuators, one for axial loading and another for torsional loading. The
load frame hs axial load capacity of +1500 N with maximum displacement rate of 5 mm/min.
The maximum stroke length of the cross head is 42 mm. The torsional capacity of the load frame
is 0.5 Nm with maximum rotational rate of 2.7 rpm. Two optical encoders are usesore
axial and torsion actuator motions. Each encoder contains ahgtting diode (LED), photo
detector arrays and a wheel which rotates between emitter and detector to measure rotation. The
encoders have resolution of 5000 counts per revolutioa.ldad frame skeleton and motion
control system described above were developed in cooperation with a commercial test system
manufacturer, ADMET, USA. Finite element analysis was performed to check stiffness of load
frame. A custom developed miniature matial load cell, details of which given later, is used to
measure axial and torsional loads. Miniature grippers have been developed for grppmyg 1
OD tubular test specimen. Using these grippers electricity can be passed through a metal test
specimerto heat it. The grippers have internal conduits to flow cold water through during high
temperature tests. This ensures even when a test specimen is &€ 10@0grippers are at
around 35C. Therefore, the load frame electronic components are not etyvaffected during
high temperature tests. One of the grippers has internal conduits to pass gas into a tubular test
specimen to subject it to internal pressure. The MMTS load frame has limit switches to restrict
crosshead movement to prevent the twopgtp from accidentally colliding with each othah.
the components of the load frame meet the high vacuum compatibility requirement for use inside

a SEM.Table 23 shows major specifications of MMTS.
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Table 23. Specification of MMTS

Load frame size (mm) 290 x 98 x 53
Axial capacity (N) 1500
Torsional capacity (Nm) 0.5
Internalpressure capacity (psi 15,000
Heatingcapacity {C) 1000
SEM compatibility Most SEMs (development wa

based on Hitachi SEM S3200I|
FEI Quanta SEM)

Axial stroke limit and speed 23 mm (for 22 mm long
sample), 5 mm/min
Rotational stroke limit and Continuous, 2.7 RPM
speed
Specimergeometry Round
Specimen outer diameter (mn| lto2
Strain measurement techniqu 3D DIC
Test material Metals, normetals (for room

temperature tests)

2.6 Miniature grippers for 1 1 2 mm OD specimas

Miniature grippersKigure 22) were developed for MMT®ifferent components of the
gripperare shown irFigure 25. Two major components are the fresgction and the maibody.
A small collet is placed into the center hole of a fremttion, and a test specimen is inserted into
the collet. A plug is placed at the end of a specimen to prevent specimen collapse during
clamping of the specimen by the collet. The freattion of the gripper is placed over the main
body. Four bolts connect the fresgction and the mainody. The tightening torque creates
tension on the bolts. As a result, the undessidi¢he bolt head compress the frordection on
the mainbody. This causes the collet in the fr@eiction to get compressed, and to grip the test
specimen. To prevent the tightening torque from damaging the load cell or the torque actuator, a
gripper locking system has bredevelopedOnegripper ha internalchanneto supply gas into
the tubular test specimen poessurizet to up to 15 ksi. WittMMTS, a metal specimen can be
heated up to 1000° C. Interrddlannelsare present within the grippers for coolant flow. This

keeps the grippers at room temperature during high temperature tests.
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Figure 25. a: miniature grippeassembly, bcrosssection of grippertl): mainbody (2): front
section, (3): collet, (4): mounting bal(®): internal pressure supply chann@): ubulartest
specimen(7): internal channels for coolant flow

Dimensions of dferentcomponents o gripperfor testingl mm OD specimeareshown in
Figure 26. More details ofthegripper can be found if25]. The following section presents detalil

on miniature gripper design ftesting &2 mm OD specimen.

a b

2 mm
diameter

Figure 26. Different components ad gripperfor 1. mm OD specimer(a): frontside diameter of

collet, (b): backside diameter of collet, (fjpntsection, (d)main-body:.
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2.6.1 Miniature gripper for tubular specimenof 2 mm OD

MMTS has been designed primarily for testing 1 to 2 mm OD tulsplecimen. Tubular
specimen of OD less than 1 mm can also be tested, while the same is true for OD greater than 2
mm as long as axial and torsional force requirement is less than 1500 N and 0.5 Nm respectively.
At first a gripperpairfor 1 mm ODspecimerwasdeveloped25]. These grippers are callédl
mm-grippe® . T he c ol ilgepper ad diamdtee of 2 mnmatthe front skgigire
2.6a). Hence, this collet cannot be used for testing 2 mm OD specimewuidrheter of the
collet on the backside is 3 miigure 26b). The frontsection Figure 26¢) and the matibody
(Figure 26d) parts of the 1 mrgripperweredesigned to accommodate this collet. Hence, the
front-section and ma#body parts of th& mm-gripper cannot be used for testing 2 mm OD
specimen, ad design modifications are needed on the parts: collet;$emtton and maxbody.

Details are presented in the subsequent sections of the design of a manual gripper for testing 2

mm OD specimen.

2.6.2 Design of miniature gripper for 2 mm OD tubular specime

A gripperpair similar to the 1 mrgripperwasdesigned for testing tubular specimen of 2
mm OD.Theseg r i p p e r s 2 mmgeippedaDuringtighteding of the 1 mygripper, the
tightening torque applied on the bolts can damage the load cell and/or the torque actuator
situated behind the grippers. To prevent transfer of tightening taxaquréper locker was
developedThe gripper locker was designeonsidering 1 mrgripper, andfor tightening torque
of 0.56 Nm.The gripper locker was developed prior to the design of 2gmpper. However,
during the design of 2 migripper, the effectiveness of the gripplecckerwas assessead check
its effectiveness with 2 mugripper.In the following sections the design process of the 2 mm
gripper is presented. The design process of the gripper locker is presented later in thislichapter.
thefollowing elaboration on the design process of the 2gnipper few terms are used. These
termsare describetelow for clarification

1 Grippingforce on specimen: This is the frictional force capacity developed on the
specimen generated by the compressive fasca result othe gripper tighteningrocess

This frictional force capacity is the axiedpacity of the gripper.
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Bolt tightening torque: This is the torque applied on the tightening bolts of the gripper.
Gripperclampingforce: This is the bolt pretension force, generated by the torque applied
on thetighteningboltsof the gripper. The bolt pretension applies compression on the
gripper. This is shown iRigure 27.

The steps of the design procedure are:
Step 1: Perform geometric modification to accommodate a 2 mm specimen.
Step 2: Determimaxial forcerequirement for testing 2 mm OD specimaehhis axial
forcedictatesnecessary gripping force for the 2 ngmpper.
Step 3:Determine necessary grippelampingforcefrom FE analysis.
Step 4:Modify geometryof gripper partsif needed based on FEAesults
Step 5:Determine required torque to apply on bolts for gripper tighteimnthe required
gripperclampingforce. This is to investigate whether tdevelopedyripperlocker

would be effectivefor 2 mmgripper or not.

Figure 27. FE model of the gripper tightening procedserered arrow shows gripper clamping
force

2.6.2.1 Step 1. Perform geometric modification

Geometric modifications on collet, fresection and maubody parts of 1 mrgripper
were made taccommodate 2 mm OD specimen. Different components of the-8ripper are
shown inFigure 28. The diameter of the collet inner hole is 2.08 niilgre 28a) for easy

insertion of the 2nm OD specimen into the collet. THesignconsiders around 0.5 mm thick

26



(Figure 28d) sealing material to be edduringinternal pressure testing withWI'S aswas

consideredn the 1 mmgripper.

o
.

Figure 28. Different parts ofa 2-mm gripper, (a): collet, (b): frorgection, (c): maitbody, (d): 2
mm-grippercrosssection where (1): mairbody, (2): frontsection, (3): collet, (4): plug. The
@.46 mndgap indicate space for sealg materialfor internal pressurtesting

2.6.2.2 Step 2: Axial force requirement for testing 2mm OD specimen

For 2 mm OD tube the ultimasial force requirement is 936 N for thickness up to 0.2
mm (considering 827 MPa (120 ksi) ultimate axial strength of stegjlie 29).
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Figure 29. Ultimate axial load of 2 mm OD tube of different wall thicknesses (considering 827

MPa (120 ksi) ultimate axial strength of steel)

2.6.2.3 Step 3: FEA analysis to determine necessary grippeiamping-force

During the design of 1 mygripper, performing finite element analysis, [25] found
that to obtain 550 N of gripping force, 2740 N of total bolt pretension was needed for a 2 mm
longplug and 2632N of total bolt pretension was needed faman3ong plug. Based on this, a
trial bolt pretension (i.e., grippe&tampingforce) of 2700 N was considered in FE®I contact
surfaces were considered frictional with coefficient of friction of 0.2. The boundary condition of
FEA model of 2 mrgripper is shown ifrigure 211. For 2700N of gripper clamping forgeghe
radial compressive stress on the elements of the specimen below the collet was fouB82
MPa (Figure 212a, b) Hence the frictional capacitydeveloped on the specimerd.2 * 322
MPa* area of specimen under coll@n?) = 0.2 * 322 * 2.35 * 2 * 3.1416! = 951 N.Since
this was greater than the axial force requirement for 2 mm OD specimeecessary gripper
clamping forcewvas 2700 N.

ASTM EB8/E8M standard suggests plug length to be such that length equal to twice the
inner diameter of test tube should haveggbortion beyond the colleF{gure 210). For this
reason, 8 mm length of plug was used during the FE simulation. This provided 3.95 mm of plug

portion keyond collet which was acceptable according to the ASTM E8/E8M standard.
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Figure 210. ASTM E8/E8M standar{P6] suggests plug length to be such that length equal to
twice the inner diameter of test tube to have plug portion beyond the collet

Next, the equivalent stressdeveloped on different parts of the gripperainvestigated.

The frontsection and matbody partsof gripperaredesigned to be fabricated with Nitronic 60
material(strength level 4)The plug and colleare designed to be fabricatedth A2 tool steé
Nitronic 60 (strength level 4) has yield strength of 1000 MPa (145 ksi). A2 tool steel (hardened to
50 HRC) with compressive yield strength of 1350 MPa is designed to be used. These are the same
material used for fabrication of 1 mgripper[25]. The equivalent stress developed on the different
parts are showim Figure 213. The maximum equivalent stresse®l their comparisons with the
yield stresses of the fabrication matereeshown below.

1 Collet: 1239 MPa (< 1350 MPa, OK)

1 Main-body: 250 MPa (< 1000 MPa, OK)

1 Frontsection: 570 MPa (< 1000 MPa, OK)

1 Plug: 344 MPa (<1350 MPa, OK).

The maximum equivalent stresses were found to be acceptable
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Figure 211. Boundary ondition of FEA model of 2 mrgripper

Figure 212. (a): elements obelow collet, (b)radialcompressive stress on specimen
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Figure 213. Equivalent stress contour of different components of 2grnipper; (a): collet, (b):

plug, (c): mairbody, (d): frontsection

The collet has a slit to enable its clamping mechanism. A 0.3 mm slit width was considered.
It was checked whether this slit dtih was sufficientFigure 214 shows the circumferential
deformation ofthe collet under 2700 N ofgripperclamping force. The circumferential
deformation on both ends of the slit width is around 5 um. Hence the 0.3 mm slit width reduces to

0.29 mm after deformation. Therefore, slit width of 0.3 mas sufficient.

0.0032277

H 0.0021142

H 0.0010007

H -0.00011274

— -0.0012262

H -0.0023397

- -0.0034532
-0.0045666
-0.0056801 Min

Figure 214 Circumferential deformation of collet under 2700 Ngapperclamping force
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2.6.2.4 Step 4: Based on FEA result modifygripper part geometry if needed

From FEA it was found thawith the considered gripper part geometries, riguired
gripping force for 2 mm OD tube (with thickness up to 0.2 mm) specimen can be generated while
ensuring that theequivalent stregs on the gripper partsvere acceptable.Therefore, no

modification b the considered gripper part geometries was needed.

2.6.2.5 Step 5: Determine effectiveness of grippeiocker

Since, 2700 N of bolt preension was considered in the gripper locker design, it can be
used for the 2 magripper as wellThe details of the grippdocker desigrarepresented later in

this chapter.

2.6.3 Conclusion regarding 2 mm gripper

A 2 mmgripper was designed. From FEA simulation it was found that required gripping
force for 2 mm OD tubspecimer{with thickness up to 0.2 mm) can be generated while equivalent
stress on the gripper pasi®reacceptableThe gripper locker has beenuitd to be effective to
use with the designed 2 mgmipper. Hence, no separate gripper locker for 2-gnipperwas

required
2.7 Need for Gripper locking system

The front section of the gripper is placed over the main part of the gripper and four bolts
on the front section are tightened. The tightening torque creates tension on the bolts. As a result,
the underside of the bolt heads compresses the front sectilbe orain body. This causes a collet
in the gripper to compress and grip the test specimen. In essence, by application of torque on the
mounting screwshigh normal force between the collet inner surface and the spenmeiuced
This increases statiddtion resistance capacity of the collet and the specithéme tensile force
applied on the specimeis, above this static friction resistance capacity, the specimen will slide,
and the tension test will be disrupté&therefore, the grippers need to be tightened prop&dy.
prevent the tightening torqueom damagingthe load cell or the torque actuatdyring the
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tightening process the gripper mdindy is needed to be held in place without allowing any
rotation. To be able to secuagripper mainbody in place, top and bottom horizontal surfaaes
machinedon the grippes as shown ifrigure 215. These cut surfaces of the grippers are held by
a gripper locking system.

@
© Horizontal surface
to hold gripper
main body during
tightening

Figure 215. Horizontal surface to hold gripper main body during tightening

2.7.1 Development of gripper lockng system for 1 mmgripper

The steps involved in developing the gripper lagisystemfor 1 mmgripperare:
1 Step 1: Determin¢he design tensiortapacity, which is the required gripping force estt
specimen.
Step 2: Determine required bpltetensiorforce to obtain required gripping force.
Step 3: Determine required tightening torque to apply to obtain requirepréthsiorforce.
Step 4:0btain dimensions of the gripper locker parts suchtti@torque capadis of load
cell and/or torque actuatarenot exceded
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2.7.1.1 Implementation of step 1: Determinenecessarygripping force

The tension loading capacity of MMTS has beelectedo be 1,500 N for testing tubular
specimen up to 2 mm OD with wall thickness up to 0.3 niigre 29). However, for 1. mm OD
tube of wall thickness of 0.3 mrthe ultimate axial strength is 550 Rigure 216). Therefore, the
required gripping force (gtel) is 550 N.
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Figure 216. Ultimate axial load of 1 mm OD tube of different wall thicknesses (considering 827

MPa (120 ksi) ultimate axial strength of steel)

2.7.2 Implementation of step 2: Determine boltpretensionforce

Bolt pretensiorforce is the cause of the resultamipping force ondstspecimen. The
relationship between the bgitetensiorforce and the gripping forde dependent on tHection
coefficiens between different contact surfaasswell asthe compressibility and slit width of the
collet. Main pairsof contact surfaces involved in the bgitetensionforce-gripping force
relationship are:

1 Collet and specimen
1 Gripper frontsectionand collet

1 Gripper frontsectionand mairbody

Performing finite element analysis, Lia5] found that to obtain 550 N of gripping force,

2740 N of total bolpretensiorforce wasneeded for a 2 mnohg plug and 2632 N of total bolt
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forcewas needed for a 3 miong plug. In the design of the gripper lock&i700 N of total bolt

pretensiorforce was considered.

2.7.3 Implementation of step 3: Determinerequired tightening torque

Required bolt tightening torque to obtain necessary bolt pretension of 27€&nNe
calculated from torque coefficieahdbolt specificatio. For #832 bols, the torque coefficient is
0.2 Calculationfor the torque coefficient is shown Appendix The required torgel is calculated
below.

(0.164*25.4) 2700
1000 4

T=K*d* F 8.2* 056 Nm

where,

T =bolttorque

K =torque coefficient
d =bolt major diameter
F = bolt pretension

2.7.4 Implementation of step 4: Obtain dimensions of gripper locker parts

Dimensions of the gripper locker pavteredetermined such th#tetorque capadis of
load cellandbr the torque actuateverenotexceededThel oadcel | 6 s t dorqgeu e
actuat or weye botldp &lm.iThegifferent parts of thgripper locking mechanism is
shown inFigure 217. The gripper lockingartson the tension and torsion sides of the load frame
are similar. To tighten the grippethe load frame is first placed @itherthe tension or torsion
locker bottoms. On th&ension side of the load frame pair of1/4-20 bolts are used wonnect
the tensiodockertop part with the tensielockerbottom partHowever, due to space limitation
because othe load frame mounting bases near the torque actuatorRBgleq 218), smaller
gripper locking screws (#82) are usetb connect the torsielockertop with the torsiodocker

bottom part.
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Figure 217. Different partsof gripper locking systen(1): torsiortlockertop, (2):#6-32 bolt
(3): 1/4-20 bolt (4): ensionlockertop, (5): torsiortlockerbottom (6): tensionlockerbottom
(7): mounting rest(8): nounting pad

Torsion actuator

MMTS load frame mounting base

Figure 218. #6-32 bolts are used tmnnect torsiofockertop with torsionlockerbottom part
due to space limitation
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Dimensions of the different parts of the gripper locker were determined based af FEA
the gripper locking procesBimensions of the gripper locking parts were selected to make sure
minimal torque is transmitted to the torque actuatadthe load cell on which grippers are
mounted. Due to space restriction, the dimensions of the gtgaper parts are smaller on the
torgue side than on the tension si@leerefore design of the locking parts on the torque side was
more critical. The FE analysis of the gripper locking parts on the torque side is described below.

The boundary conditiorfer the simulation of the locking parts on the torque side are
shown inFigure 219. The tightening torque of 0.56 Nm is assumed to be applied using an Allen
wrench of 38.1 mm (1.5 inch) moment arm. Hence, during the gripper tightening process, 0.56
Nm x1000/38.1 mm = 14.7 N wertical force is applied on gripper maiody in addition to the
tightening torque. Considering #82 screws and 0.2 torque coefficient, pretension forces of 50 N
are generated due to hand tightening oftéineionlockertop locking nutgFigure 219) with a

torgue of around 0.035 Nnthe calculation for 50 N of pretension force is shown below.

S 0.035
K*d 0.2*0.136*25.4/1000

50.7Nm

ght b
. Left bo
[E] Moment: 0.56 Nem

. Force_vertical: 147 N

50N
pretension

Figure 219. FE analysis of gripper locking mechanism on torque; e torsionlockertop
locking nuts, (2): #82 bolt, (3): torsiodockertop, (4): gripper makbody, (5): torsiodocker

bottom
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FEA result(Figure 220) showed that around 0.21 Nm of torque would be transmitted to
the torque actuator connected to thuegripper during the gripper tightenipgocessSince,
the dimensions of the tensidockertop and tensiofiockerbottom are larger than their counter
parts on the torsion sid€igure 217), the amount of torque that would be transmitted to the load
cell would be smaller than 0.21 N&h21 Nm is less than half the capacities of both the loadcell

and the torque actuatdrhereforethe dimensions of the gripper locking parts are acceptable.

Tabular Data
[ Time 5] [V Moment Reaction (X) [N-m] [[v" Moment Reaction (¥) [N-m] [[* Moment Reaction (Z) [N-m) [[¥ Moment Reaction (Total) [N-m]
1[02 -2.5064¢-002 14119e-003 4.9565e-002 5.5559e-002
2/04 -5.5028¢-002 -13119e-002 8.9892¢-002 010621
307 -9.9486¢-002 -36109¢-002 015117 018454

41, -0.14389 -59129¢-002 021261 0.26345

Figure 220. FEA result of gripper locking mechanism showing 0.21 Nm torque isniiéies to

torque actuator

2.7.5 Fabrication of gripper locking system

Thedevelopedyripper locking system is shownkigure 221. Parts of the gripper logkg
system have been fabricated out of AISI 4140 alloy steel. Before tightening the torque side gripper,
it is first placed between thersionlockertop and torsiodockerbottom partgFigure 221). Then
the bolts at the top of thersionlockertop are tightenedifter this, the grippetbolts connecting
the frontsection to the matbody,aretightened
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Figure 221. Gripper locking system with MMTS load fram@): torque actuator(2): orsion
lockertop, (3):tension gripper(4): multiaxial load cell (5): torque gripper to be tightene(®):

mounting rest(7): torsionlockerbottom (8): mounting pad

2.8 Multi -axial miniature load cell

A high vacuum compatible multiaxial miniature loaBigure 22) cell was custom
developed for MMTS by partnering with a commercial load cell manufacturer, NovatechihgK.
load cell has axial load capacity of 1.5 kN darfjue capacity of 0.5 Nnit weighs 172 gnihe
specification of the load cell is shown Trable 24. The controller softwaref MMTS is called
MTEST Quattro. The loadcell is attachedh the MMTS load frame and the load cell response is
recorded using the MTEST Quattro software. Depending on the voltage response from the load
cell, thesoftwarerecords a load count value which is converted into load reading losidgell
calibrationdata The warm up time required to obtain stable load cell reading was investigated to
ensure accuracy of load cell reading during TBsknow the warm up time, the zelmad response
of the load cell was recorded right afteming on the MMTS contrtgr. It was found that the load
cell response stabilizes after around 25 minukégufe 222). Therefore, during testing with
MMTS, a minimum of 25 minutes of continuous warming up of load cell is required to ensure

accuracy of load cell data.
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Figure 222. Zero load response of the load cell with time after powering on MMTS controller

For high vacuum compatibility of the load cell, the load welsdesigned to be unsealed
to allowquick pressure equalizatiorlowever, to protect the internal wirings bétload cell from
accidental damage, a detachable load cell shield is placed to cover the gap between the load cell
front-plate and the load cell mabody Figure 223).

Load cell
D\ main body

Load cell
shield

Load cell
front plate

Figure 223. Miniature multiaxialload cell withprotectiveshield

2.8.1 Load cell calibration

In order to calibrate the load cell connected to the MMTS data acquiitA@) system,
calibration setupsas shown irFigure 224, weredeveloped. The weights used during the

calibration weraveighted using an electronic balan@is balancevas calibrated by a
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commerciakequipment calibration company (J. A. King, RakeiySA) according to 1ISQ7025

standard.
Load cell ‘
m i Pulley .to
att];Cph load Adapter to ) hang weight
cell connect load —
cell with 'I..-. =9 o N -
calibration = |y S TS —
Load cell Seeiphits | . | ,.‘ > —
connected | ‘ A4) |
to DAQ [ (] |
system l I

Calibration
weights (max l
150 Kg)

Figure 224 Load cell calibration setups, right: tension calibration, left: torque calibration

The tensile calibration setupi@ure 225) was first levelled using the leveling pads to
make sure that the calibration loads were applied along the tensile axis of the I0Euedelad
cell 6s tension capacity is 1500N (152.9 Kg).
the capacity (around 120 Kg). The voltage response from the load cell is read by trees DAQ
6count 6 values. The t enBigule229inoappendixrTaetensiom cur v e
calibration curve shows that the load cell response is consistent during increase and decrease of

loads.
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Figure 225. Tensile calibratiorsetupfor MMTS load cell (1): level (2):1oad cell cable
connected to DAQY3): load cell (4): load cell tension adaptor and hook to hang wejdB)s

calibration weights(6): levelingpads

After the calibration was performed, the response of the calibrated load cell was checked
against actual loadrigure 230 (in appendix) showthatthe response of the calibrated load cell
was very close to that of the actual load. The torque calibration of the load cell was performed in
both clockwise and antilockwise directions with the developed sethigyre 226). Figure
2.31andFigure 232 (in appendix) respectively show the clockwise and-@otkwise torque
calibration curvesAll the obtained calibration data were saved in the MTEST Quattro software,

and were used during the tests with MMTS load frame reported in later chapters.
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Figure 226. Torque calibratiorsetup of MMTSload cell

2.9 Strain measurementsub-systemof MMTS

3D Digital Image Correlation (DIC) is used for measuring surface strain on tubular test
specimen. To reduce strameasurement errpthe load frame is placed on a vibration isolated

optical table Figure 23). Details of thedeveloped 3D DIC setugre given in detail in chapter 3.

2.10 Heating-cooling sub-systemof MMTS

The grippersvere designed such that electricity can be passed through teshepéebhis
results in heating of specimen due to Joule heating, also called resistive Hdaweayer, this
resistive heating procedure provides fumiform heating of specimen where the temperature
decreases towards tBpecimerends. To achieve unifornpscimen heating two heating coils are
placednearspecimen endd his increasespecimen temperature near the eddsa result of these
two heating techniqueauniform temperaturprofile is achieved over the specimen gauge length.

In order to cool thgripper, internal conduits are designed into the gripper. A cooling system was
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developed to flow cold water through the gripperstdils of the heatingooling subsystem are

presentedn chapter 4.

2.11 Internal pressurization sub-systemof MMTS

Thetensionsidegripper mounted on the load cdfigure 22) has internal conduits which
creates a flow pathnto the inside of a tubular specimen. Tioequeside gripper has sealing to
stop the flowto internally pressurize a tubular specimen up to 15[stails of the internal
pressurization system is givamliin [25], where internal pressurization is controllednunally. In
short, the internal pressurization system is composed of pgad\cylindersKigure 23) pressure
booster, pressure regulators, pressure gauge and pressure connection accessories. The pressure
booster receives two input pressure lines: inlet pressure and drive pressure. The inlet pressure can
be kept constant, while changing the drive pressite desired internal pressure can be achieved.
For electronic control of pressure, a pressure control system has been désgyme®27 shows

the autline of the pressure control system.

Inlet pressure regulator

Drive pressure
/ regulator
Booster e 1
! continuous
I pressure
1 reading ;[ Pressure
Pressure | "= =02 2= conroller
sensor

Manual pressure
release valve

Specimen internal
pressure

Figure 227. Electronic pressure regulator system outline

Based on the designhe necessary pressure control hardware has been acquired. The

electronic pressurization system consists of the following electronic devices:
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a. An electronic pressure regulator for the drive pressman(facturerEquilibar, modet
QPV1MANEEZP150P)
b. An electonic pressure sensanénufacturerHBM, mode# P2VA1/1000BAR)

The electronic drive pressure regulator is designed to be used on the input side of the
pressure booster, while the electronic pressure sensor is to be used on the output side of the pressure
booster Figure 227). Figure 228 shows the flow chart for electronically controlling pressure. The
pressure aatroller requires one analog voltage input channel for reading from pressure sensor and
one analog voltage output channel to regulate drive pressure. The analog voltage output drive
pressure regulator is designed to be performed by an analog voltage mathué (NI 9263),
while analog voltage input from the pressure sensor is designed to be performed by an analog
voltage input module (NI 9215). The input channel will obtain continuous pressure readings from
the pressure sensor. The output channel wilubed to send signal for drive pressure to the
electronic drive pressure regulator. Change of drive pressure, causes output pressure change.
Therefore, no electronic pressure release valve is required for control purpose. The manual
pressure release valveilwbe used at the end of pressure experiment to completely exhaust

pressure from the pressurization system.
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Figure 228. Flow chart for electronically controlling pressure

2.12 Accessories for insitu SEM testing

The MMTSIload frame has been designed such that it can be used inside a SEM. In order
to install the load frame inside SEMifferent accessories such as power feedthroughs, base plate
and in some cases stageors are needed. These accessories arelopedo use MMTS load
frame inside a Hitachi S3200N model SEM. Details of development of MMTS for SEM
compatibility, and accessories for use in SEM are given in chaptersitu SEM esting with the
MMTS load frame andlevelopedaccessoriesonfirmeal thesuccessful achievement of the SEM

compatibility goal of MMTS. SEMDIC was used to obtain surface strain during tensile test

46



performed with the setup. Prepatedtspecimen revealing microstructure was also tested. Future
work will include use of hyhid heating techniqu27] inside SEM.

2.13 Verification tests performed with MMTS

Different tests have been performed with MMTS for verification of test system capabilit
Room temperature tensiondatorsion testof 1 mm OD tubular specimen have been performed
with developed 3D DIC setugnd MMTS Details of these tests are presented in chapter 3. High
temperature tensile tests of up to 9&6have been performed wesarfacestrainwasmeasured
with 3D DIC. Details of these tests are presented in chapter 4. Multiple tensileitbstismm
OD specimen have been performed inside Hitachi S3200N SEM with MMTS load frame. Internal
pressurization tests with the developetgrnalpressurizabn subsystem were performed with a
manual testing stage. The details of itternalpressurization verification tests are given in Lin
[25].

2.14 Conclusion

For continued advancement of micemd nanetechnologies advanced miniature material
testing system with high temperature multiaxial loading arsitin SEM testing capabilities is
needed. Development of such comprehensive testing system has many eballeagercome.
Overcoming these challenges, a novel multiaxial miniature testing system (MMTS) with high
temperature axial, torsional, internal pressure afgitinSEM testing capabilitiesasdeveloped.
Different verification tests have been performewmfoming acceptable performanoé MMTS
capabilities MMTS development will contribute irenhanced understanding of deformation and
failure mechanisma&s well asmicrostructureproperty relationshiy component testing under
realistic high temperature rtiaxial loading conditionsand acceleration of new materiaind
manufacturing process developmentevBlopment and verification of advanced constitutive
modeling techniquessuch as actual micnmechanism based multiscale constitutive modeling

will also be benefitted from MMTS development. MMT&pabilities will be further developed
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by implementationsof feedcontrol of internal pressurizatioiybrid heating techniquand

internal pressurization for4isitu SEM testingyill also be implemented.
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2.16 Appendix

The alculationfor bolt torque coefficienis shown belowFor derivation othebolt

torque coefficient expressiarsed belowBudynas and Nisbef28] can be consulted.

a ¥ 0
_dyatanl + sec adﬂ-625fc
2d ¢1- f tan | sec a2
K = torque coefficient
d., = mean diameter

d =major diameter

| =lead angle

a = half of thread angle

f =friction coefficient=0.15 (say)

f. = collar friction coefficient=0.15 (sa

| =lead = pitch (for single thread)

N = Number of thread per inch

Determination of lead angle:

tanl = ! -1
pd, @.N

For, #8 32bolt

d =0.164in

(0.164+ 0.125Y

d =

m

£.145in

tanl = = 1
pd N  p0.145*32
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0.145 & 0.0% 0 . 1s6c® 630, ..

© 2%0.1643% 0.15%0.07ses°0 %

=0.2

Table 24. MMTS load cell specification (RL: rated load, AL: applied laad)

Parameter Value Unit
Nortlinearity - Terminal +0.05 % RL
Hysteresis +0.05 % RL
Creep- 5 minutes +0.1 % AL
Repeatability +0.05 % RL
Maximum cross talk 1 % RL
Rated output Nominal 0.6 mV/V
Rated output Rationalized 0.5 mV/V
Rationalizing tolerance (applies to sing¢ £0.5 % RL
direction calibrations)

Zero load output 4 % RL
Temperature effect omted output per °C +0.005 % AL
Temperature effect on zero load output per| £0.02 % RL
Temperature rangeCompensated -10 to +50 °C
Temperature rangeSafe -10 to +80 °C
Excitation voltage Recommended 10 Vv
Excitation voltage Maximum 10 Vv
Bridge resistance 350 Y
Insulation resistanceMinimum at 50Vdc 500 MY
Overload- Safe 50 % RL
Overload- Ultimate 300 % RL
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Chapter 3: Optimized stereo digital image correlation setup for miniature round specimen

Abstract

For advancement of micrand nanetechnologies, multiaxial material testing at small
length scale is imperative. A novel mulitaxial miniature testing system (MM/E&S)developed
for testing tubular specimen of outer diameter (OD) as small as 1 mm. 3@l Digage
Correlation (DIC) is the preferred strain measurement method for MMTS. Although theoretically
DIC is length scale independent, it has experimental setup related challenges which have
contributed against its wider adoption. For the same reasgpitel8D DIC is strongly
recommended over 2D DIC, researchers are sometimes compelled to use the later. It is shown in
present study that the experimental setup related difficulty, particularly for miniature testing, can
be overcome by a systematic devetgmt of an optimization framework. This framework
addresses all setup variables as well as DIC analysis parameters. Using this framework, a 3D
DIC setup was built for testing 1 mm OD specimen with MMTS. Comparison of material
properties, derived from mirtiare tensile and torsion tests performed with developed 3D DIC
setup and MMTS, with known material properties, have confirmed the successful development
of 3D DIC setup for MMTS. The developed general framework, where the different setup
decisions are tréed as variables, is intended to contribute in replacing the usual iterative

approach of 3D DIC setup for its wider adoption.

Keywords: Digital image correlation, miniature test, optimization, round specimen, experimental

setup
3.1 Introduction

Advancement of microand nanetechnologies requires knowledge of material property
and deformation mechanism at | ength scale com
such knowledge we need capability for multiaxial load testing of miniature specMoreover,
in engineering applications, component failures very often occur due to high temperature and

high stress arising at critical component locations. Multiaxial miniature specimen testing at high
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temperature is required to simulate critical themmechanical conditions. Knowledge of

deformation mechanism at microstructural length scale can be obtained by observing
microstructural deformation during testing inside a Scanning Electron Microscope (SEM). A
Multiaxial Miniature Testing System (MMTS) imder development for testing tubular specimen

of outer diameter (OD) as small as 1 mm. MMTS has axial, torsion and internal pressurization
capabilities, and a metal test specimen can be heated up to 1000 °C. The load frame of MMTS is
shown inFigure 31. It is usable inside a SEM. As a novel test system, MMTS development
required overcoming many challenges. The research work presented in thiopapes on the

challenge of measuring strain on 1 mm OD round specimen tested with MMTS.

—l_ 1 mm OD

specimen

e e
ikt

MEP-160630-14 ADMET, Inc. [

Figure 31. Load frame of Multiaxial Miniature Testing System (MMTS)

Strain measurement at macroscale can be performed with strain gages, mechanical
extensometers, videextensometers, or simply by computation on the basis of machine cross
head displacement [1]. However, because of high variability in strain measurement fro
machine crosshead movement, it is not used for modulus measurement [2]. Strain measurement
methods can be broadly classified into contact andcootact types. Strain gage and
extensometer are the most common examples of the former type. Firm bonstirsgnofjage on
specimen surface is a key concern when using strain gage. Contact failure over even a minute
area of gage will result in incorrect strain values below elastic limit, and beyond it, strain gages
cannot be used reliably due of loss of bond#jgConfirming proper strain gage adhesion
becomes more difficult if test specimen surface is-plamar or is subjected to high temperature.
Lack of stability of strain gage alloy at high temperature [3] is another challenge in using strain
gage for hip temperature tests. The difficulty of extending stigaige sensor to elevated
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temperature is compounded by failure of insulation, thermoelectric junctionsyiead

attachment method, and limitation of compensation circuitry [4]. Use of strain gage or
extensometer for fatigue tests can be problematic. For example, a strain gage cannot be used if
the fatigue life of the gage is shorter than the test material. Knife edges of an extensometer can
cause local damage to relatively soft test material suchlas@o This will result in

underestimation of fatigue life [5]. Typically, extensometers are used on gage lengtkasof 10

mm [6]. The miniature specimen of MMTS is nplanar and is subjected to high temperature.
Therefore, instead of contact type, a fwmmtact type strain measurement method is preferred for
MMTS.

Different norcontact strain measurement methods have been used for small scale tests.
Roebuck [6] passed electricity through miniature test specimen, and measured resistance change
to determim strain. This strain measurement method, however, cannot be used for room
temperature testing due to Joule heating. lizhéfer [7] used infrared collimator to shed light on a
micro-specimen having two shoulders. Projection of the specimen contour wasdaptyr
analyzing the movement of the two shoulders, strain was calculated. However, fabrication of
shoulder on a miniature test specimen is not always possible. Mesbntatt strain
measurement methods are optical in nature; for example, interfereimasty techniques,
photoelasticity and digital image correlation (DIC). Electronic speckle pattern interferometry
(ESPI) and temporal speckle pattern interferometry (TSPI) are variations of interfertast/
technique. However, stringent vibration idaa requirement and high cost limited their use [5].

In photcelasticity based strain measurement technique, a birefringent coating on an opaque
object is used to measure surface strain. A birefringent material has different refractive indices in
differert directions. If proper adhesion is present, surface deformation is transferred to the
coating, and this induces birefringence in the latter [8]. Studying the birefringence, strain can be
calculated. Although, photelasticity provides only elastic strdields in the birefringent

coating, it can be used to obtain total elaptastic strain [9]. However, for practical

applications, photelastic or birefringent coatings are limited to temperature below 82 °C [10].

In DIC, images are recorded of a test@men as it deforms. Features on the specimen surface

are tracked by correlating small regions (subset) among the images. From displacement of the
subset centers, surface strains are determined. If natural texture on a test specimen has sufficient

contras, and feature sizes of the texture are of proper size, no artificial speckle pattern is
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required to be applied on the test specimen for DIC ([11], [12]). However, in most cases, an
artificial speckle pattern is required because of insufficient naturalreegr the specimen
surface being too shiny.

In 2D DIC, the images of a test specimen are taken with a single camera. For application
of 2D DIC, specimen must be planar before and during deformation process, and minimal
motions are allowed in the dirémh perpendicular to the specimen [13]. A single image of a
nonplanar test specimen losses depth perspective, hence for such case at least two cameras are
used to simultaneously take images of the test specimen to perform DIC. This is called 3D or
steredDIC. Outof-plane motion or nomplanarity of test specimen does not affect 3D DIC strain
measurement. 2DIC is recommended only if the geometry of the test setup cannot physically
accommodate two cameras/lenses [14]. For a planar specimen subjectechtdlypqanar
deformation, error occurs in 2D DIC strain measurement due to out of plane motion caused by
Poissonbdbs ratio [15]. This is expl pamareisl bel ow
subjected to tensile loading as showirigure 32.L et 6 s consi dandBdnthe poi nt ¢
speci men surface. Their @anrdiomBfieoamedaisengpr. Unoew ge p
tensile loading, the pointsiAand B will move to new positions Aand B. A @ d. al the
new i mage points. Due iaodBRvil mevefarthey swayfrarhtheo, t he
camer a, a2 éundeeapresentsAR. This will result in 2D DIC analysis to under
estimate tensile strain. The strain error in 2D DIC due to out of plane motion is unavoidable.
They can be reduced by incregsthe distance between lens and object, or by using a telecentric
lens. However, a telecentric lens has the disadvantages of: large physical size and weight, high
cost, fixed magnification, and limited depth of focus [15], which limits its usabilityoS{i1 5]
found much less strain error with 3D DIC setup foraliplane translation and rotation
compared to 2D DIC setup. For example, the strain error per mm of out of plane displacement
was 1223 OU for a 2D DI C setDiCoetupwhi |l e it was
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DIC method is applicable to any length scale given well focused, high contrast images of
test specimen can be obtained. Therefore, when examining strain over a small region, researchers
have sometimes used microscope. For example, Tong [16] used stam@scope to determine
strain near a crack tip with 3D DIC for a compact tension specimen. Kasvayee [17] used DIC
with optical microscope to measure local strain at riceek initiation site during tensile
testing of a 1 mm thick cast iron plate. The r@afew using microscope is to obtain very high
magnification. However, at a very high magnification, depth of field becomes very narrow. For
example, Yang [11] developed a microscopic optical setup to perform DIC with -@ffieidw
of 1.5 mm x 1.5 mm. Thereported deptfof-f i el d 1 s -Planértestspecim&n n o n
requires moderate depti-field, and this requirement increases especially when a tubular
specimen is subjected to internal pressure as in the case with MMTS. In such case, a 3D DIC
setup wihout microscope is useful. For example, Ripley [18] developed aniataahal
pressure test setup for 2.38 mm OD specimen, where they used 17 mm focal length lenses with 2
megapixel (MP) cameras to obtain images without microscope. With MMTS, tubatamsm
is subjected to neplanar deformation, and therefore a 3D DIC system without microscope is
necessary.

In spite of the obvious advantage of 3D DIC, over 2D DIC, for accurate strain
measurement, researchers often need to use 2D DIC for geomestiacds [11]. At the outset,
the difficulty a limited space brings against use of 3D DIC appears only regarding space
restrictions for optics to be physically positioned. However, the challenge is much broader. The
task flow of 3D DIC: speckling pattereation on a specimen; setting up optics, camera and
specimen; calibration of setup; image acquisition and subsequent DIC analysis are all interrelated

(Figure 33). For example, the first task: speckling will control the last task: DIC analysis;
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because during DIC analysis the subset size to be selected will depend on the size of speckle
which was applid. The overall success of 3D DIC for accurate strain measurement will depend
on how well all the tasks are performed in harmony with each other. To achieve this, usually a
time-consuming iterative approach is taken. This interconnectedness of all tasksfes any

3D DIC application; but the difficulty becomes pronounced in case of miniature specimen
testing. In such case, optics may be required to be positioned very close to test specimen. This
requirement will have a ripple effect down the DIC taskvil This will not only make the usual
iterative approach even more tiroensuming but can render the application of 3D DIC
impossible or undeperforming with the available speckling method, camera, optics and test
setup components. Consideration of relasi of all the tasks are required, in order to design a 3D

DIC setup for miniature testing.

Specimen 5
preparation > Optical setup ) S.tel e(.) DI(': .
(speckling) calibration analysis

Figure 33. 3D DIC task flow

3D DIC is increasingly used to support engineering research, and as such 3D DIC itself
has become an important research field. Both theoretical and experimental aspects of 3D DIC
has been subjected to research as both are needed for overall succes$®a8[@a Donvenient
and reliable tool for strain measurement. For example, on the experimental aspect, Lionello [19]
investigated how to experimentally optimize speckle size for DIC. Yang [11] investigated effects
of aperture size and interpolation schemeéddC error for optimization of their optical setup for
2D DIC. Reu [20] investigated effect of imaging system (camera and lens) resolution on DIC
results. Selection of appropriate parameters for DIC analysis is important to achieve reliable
result. Rajari21] analyzed effect of DIC test parameters to maximize extent of image correlation
and to minimize errors in displacement and strains. Reu [22] has discussed best practices for DIC
in a series of articles. A recent test guide on DIC [14] has also adtithsedgest practices.
However, despite the need, the experimental setup related challenge for 3D DIC for miniature
testing has not received particular attention. For example, the recent test guide [14] considers test
specimen size between 50 mm to 1 mvilt be shown in this paper that overcoming the

experimental setup related challenge for 3D DIC for miniature testing is-tiviahtask
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because all the aspects of a 3D DIC setup as well as 3D DIC analysis parameters are interrelated.
In this paper, fist, the challenge for a 3D DIC experimental setup, especially for

miniature testing, is described to show why a systematic approach i.e., an optimization

framework is needed. One of the major tasks for establishment of this framework is derivation of

interrelationships of setup variables and DIC analysis parameters. These relationships are shown

in the second section. Development of an optimal 3D DIC setup needs to consider different

constraints of the setup variables. Identification of these constreensti@wn in the third

section. This is followed by description of an optimization framework. Using the developed

framework, an optimal 3D DIC setup for MMTS was built. Experiments performed with this

setup are presented next. Finally, the broader impdbtsofleveloped framework to alleviate

difficulty in application of 3D DIC, especially for miniature testing, is discussed.

3.2 Strain measurement method for MMTS

A 2-camera 3D DIC setup is shownkigure 34. The cameras are positioned at a certain
distance from each other as well as from test specimen. The cameras form a certain value of
stere@angle between them. The lenses have optical chasdictgrsuch as focal length, while
the cameras have characteristics such as sensor size and pixel size. Depending on extent of non
planarity of test specimen and specimen deformation occurring during test, different amount of
depthof-field is required. Bpthof-field can be controlled by lens aperture size. To build a 3D
DIC setup, appropriate values of different setup variables are to be decided. A few setup

variables are shown fRigure 34.
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Figure 34. Schematic of a-2amera 3D DIC setup showing few setup elements

The camera, lens and specimen distance need to be such that well focused image of the

specimen iprojected on the camera sensor. The artificial speckle features need to be captured by

few specklesKigure3.5). If the speckle size is too small or the pixel size is too large, or the

camera and specimen position is such that one speckle is captured by only one pixel, it cannot be

unambiguously locatej@3]. For this reason, the number of pixel per speckle (NPPS) value is

suggested to be at least 3 ([24]). On the other hand, if a large number of pixels capture only one

speckle, then sensitivity or resolution of strain measurement will decrease. Tée ofadetup

variables are to be chosen such that certain tasks are completed. Different tasks, required to build

a 3D DIC setup, and the group of setup variables responsible for each task are Tiatdd B1.
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Pixel size of
camera sensor

Figure3.5. Speckle captured by camera sensor pixels

When the values of a group of setup variables are selected to accomplish a patrticular task,
constraints arereated on different setup variables. For example, to complete the first task, the
camera and lenses may require to be placed very close to the specimen. However, the physical
dimensions of camera and lenses may not allow it. On the other hand, whitkedogsine
physical accommodation of optics and load frame to view specimen, i.e. completion of task 2,
desired value of NPPS may not be achievable. Hence, a 3D DIC setup process is not as straight
forward as to freely choose setup variables to accomgdish taskable 31), rather it requires
determination of interelationships of the setup variables, consideration of constraints on
different setup variables, and then optimizing their values such that albtas&smpleted.

Figure 36 depicts this approach. In the context of building an optimal 3D DIC setup for MMTS
using this approach, the different compasesf 3D DIC setup for MMTS are introduced in next
section to show the list of setup variables.

Determine Identify .
. . . . e . Build 3D
interrelationships |>{ constraints on |- Optimization |-
. . DIC setup
of setup variables setup variables

Figure 36. Steps for 3D DIC setup for miniature specimen
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Table 31. Tasks to be completed to build 3D DIC setup for miniature testing

Tasks Setup variables responsible fortg  Setup variable on
which constraints arg
imposed
1/Resol ve spe Cameralens characteristics, Camera to specimer
3 extension tube length, speckle si: distance

camera position, stereo angle
2 | Physically accommodaty Physical dimensions of optical | Minimum distance

imaging and load frame components and load frame between lens and
components specimen, stereo
angle
3 Enableprecision Physical dimension of optical Minimum distance
adjustment of camera mount between cameras
position
4 Develop 3D DIC Calibration grid size, grid holder| Distance between
calibration setup size camera and specime
stereo angle
5| Reducecalibration and | Weights of optical components, Stereo angle
projection errors stability of locking mechanism of

optical mounts

3.3 Components of the 3D DIC setup for MMTS

The 3D DIC setup for MMTS comprises of two 3.2 MP cameras (Point Grey,-83S3
32S4MC), two 35 mm fixed focal length lenses (Schneider Optics, Xenoplan #1.9/35), 10
mm long extension tubes, mounting accessories, fiber optic lighting, vibration isojbeites
table and stereo calibration set&gure 37a shows a schematic of the setup, whilgure 37b
shows a photograph of it. Specklesof8@ e m ar e painted on test spe
(IWATA #HP Plus) with 0.2 mm needle operating at 0.55 MPa. A speckled specimen is shown
in inset ofFigure 37b. Two fiber optic lights are used to uniformly illuminate the test specimen.
In order to create diffused lighting a translucent plastic piece is attacHront of the lights.
The camera sensor has 2048 x 1536 pixels with
are 58 mm x 44 mm x 29 mm. The lens has physical length of 38.5 mm and diameter of 34 mm.
It has both focus and aperture locking mechasitmreduce vibration sensitivity. The camera
and lens masses are 90 grams and 92 grams respectively. The compactness and light weight of
the camera and lens make it suitable for use with MMTS because they are positioned above the
load frame.
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Figure 37. 3D DIC setup for MMTS, (a): Schematic, (b): photograph of setup

Each camera is mounted on-aXis optical mount for precision setup control. These
mounts are attached to a horizontal bar on which theglmto change the distance between
the two cameras. The load frame is mounted on 3 axis transtatetional stage to precisely
position the speci men below the two cameras.
The entire setup is placed an air flotation optical table to provide vibration isolation from lab
environment. The goal of the 3D DIC setup is to obtain well focused/itnafd high contrast
images of the specklegpecimen such that image correlation can be performed to determine
strain. The first stefFigure 36) towards building an optimal 3D DIC setup for MMTS is to

derive interrelationships among different setup variables iShdiscussed in the next section.

3.4 Relationships of 3D DIC Setup Variables

The experimental setup of 3D DIC for MMTS requires consideration of different setup
variables as indicated in the schematic of the séliguie 37a). The two cameras are mounted
on two base plates which can rotate on pivot pointanie . KL and Kz are image sensor

positions within the cameras. Other dimensions of the setup are:

PLPr= d = distance between two pivot points
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AC = h = perpendicular distance from specimen to line joining pivot points
DF = d = diameter of lens and extension tube
= k= minimum distance between lens and specimen
PrE = | = distance between pivot point to lens end
U = stereo angl e
Interrelationships among different setup variables were determined baBgpimn37a.

Rel ationship between optical setup height, h

% d /2
\/1+tanz (a13& tan(a /2

@

-|-QD: O

Derivations of equation (1) and all other relations shown later are presented in appendix.

Relationship between pivot to pivot distandeyi t h st ereo angl e, U i s:

2tan(a /3 &  d /2

W? tan(a /2

A smallgap must be left between the specimenaleds to avoid accidental collision.

d=

0
g 2)

This gapis the distance betwedinelowest point ofalens body anthe specimenThis distance
is referred to asafe distance gl Relationship between safe distance and other setup variables

are:

2, 0

]

e n |9%d—'2--§osa 3
%os(ala @ 2 9

af
d —ce

|-aD!

Relationship between magnification and stereo angle is dependent on type of lens used.
Figure 38 is a schematic image of the thick lens, used in current study. Etespecimen
l ocati on, E: Il ens casing end, S: |l ens vertex
nodalpoim on i mage si de, S 6 :r: chneenma sensorgosition kmagen | ma g e

plane) which is dependent on the focal length of lens.
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imase e | €5 (mmm) | 2.3
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EH (mm) | 30.7
H'S' (mm)| 17.9
SH(mm) | 28.4

Figure 38. Schematic image of lens used in present study
Relation betweemagnification and other variables is:

a & d/2
+ES +SH
& Er‘[an(a 12)
2tan@ /2);% 9d / .
e o 2 LES +SH g-f ¢
cC an@ /2) i

d, +2(ES +SHtan( 2)

O: Ot

O: O: O: O

1 O

(4)

The magnification and stereo angle relationship (equation 4) was experimentally verified.
This is described below before showing more relations among different setup variables. With the
experimental setup shown iRigure 39), image of a 1 mm OD tubular specimen was captured.
In the image, number of pixels across specimen width was found to be 212. The pixel size of the
camera sensor i s ictiod521235/1060e=10.¢3 In cumeatgesaarth, a
commercial 3D DIC software called V48D [25] was used for both stereo calibration and 3D
DIC analysis. During stereo calibration, angle between two cameras are determined as an
extrinsic calibration grameter. It is challenging to manually measure stereo angle between the
two hanging cameras accurately. Hence, the stereo angle was obtained from calibration
parameter list. For the setupkifjure 39, the stereo angle was found to be 35°. The theoretical
magnification from the derived relation (equation 4) for 35° of stereo angle is 0.70 which is close
to the actual magnification (0.73). Some discrepas@xpected since in theoretical derivation,
optics of perfect optical system (first order or gaussian optics) is considered which is completely
accurate for an infinitesimal threadlike region about optical axis or paraxial region [26]. Due to
sphericalaberration in a real lens, light rays entering the lens at its outer periphery cross optical
axis progressively closer to the lens than those entering the lens closer to the optical axis [27].
Also, during the derivation of magnification equation (equadipnt was assumed that the two

lenses touch each other sideways at a poitigufe 37a). However, in practice, there needs to
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be a small gahetween the lensebifure 37b), to allow focusing during which lens body

moves forward and backward.

' Speckled :
specimen [

Figure 39. Experimental verification of theoretically derived magnification equation

Relationship of NPPS with other setup variables is shown by equation (5):

ds i
NPPS= ==
d,,
. 3d
Y NPPS= P (5)
d

(92,8

where
d,, ; = Specklesize on camerasensor

d,, = Specklesize
d,, = Pixelsize of camerasensor
M = Magnification

The pivotpointto-lensenddistance () depends on focal length of lens. Its relationship
with lens parameters and stereo angle is:
a d/2
f oo — +EH
L Geqan(a 12)
& d/2 o
+E

H gf
e(ﬁan(a /2) 9

1-O: Ot

| =P,K, S E HS (6)
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Equations (1) to (6) show interrelationships of different setup variables which will be
later used talerive an optimal setup for MMTS. The size of calibration grid for stereo
calibration, as well as recommended values of different DIC analysis parameters such as subset
size and step size also depend on the setup variables. The relationships of gnid Bike a

analysis parameters with setup variables are shown in the next two sections.

3.5 Appropriate size of calibration grid

The size of calibration grid should be selected such that it covers a large portion-of field
of-view. Hence, to select appropriate size, first fieleview of 3D DIC setup is to be known.

Field-of-view can be calculated from magnification and pixel sizeamera sensor as follow:

d

sn_h

FOV,

dsn h
FOV, =—-

dsn )
FOV, =
M

Fov, =’ U -
where

d,, , = Camerasensorsizein horizontal direction
d,, , = Camerasensorsizein vertical direction
FOV, = Field of view lengthin horizontal directo
FOV, = Field of view lengthin vertical direction

FOV, = Area of field of view

Using equation 7, appropriate size of calibration grid can be selected.

3.6 Appropriate DIC analysis parameters

For DIC analysis values of subset size and step size are to be sdlbetedbsets cdme

taken as centered on every two adjacent pixels to every two pixels with a aartaintof gap
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of pixels in betweenThis gap is called step size. The subset size needs to be large enough to
contain distinctive patterns. A subset should contain at tleagee speckle1]. Hence, a subset
size, in number of pixels, should bech that within it there are enough pixels to capture images
of at least three speckles. The lower bound on subset size in terms of actual speckle size and

magnification is shown in equation (8).

dsb > 3 3dsp_i
d,>3 M 4,
JBM 4, @
sb” T 3
d,,
6, 0 & 9
stp T ( )
where

d,, = subsetsizein pixels
dg, = stepsizein pixels

Step size should be selectedotreserve real strain gradients arising from material or
structural features while simultaneously minimizing error due to numerical differen{iatipn
Wang[28] mentioned that overlapping of subsets is ek to impact strain calculation, and to
minimize strain variability recommended step size is at least half of subset size so that no three
subsets has overlapping regions. IR29] recommended stepzsi of at least 1/%of subset size.

Since step size and strain filter size together define smoothening diameter in strain calculation,
step size of around 14f subset size was adopted in current study which is recommended in
VIC-3D. As can be seen froequation (8) and (9), from 3D DIC setup and speckle size, the
recommended values of DIC analysis parameters can be obtained.

Equations (1) to (9) show the interrelationships among speckle size, setup variables,
calibration grid size and DIC analysisrpmeters. They show how the entire DIC task flow
(Figure 33) is interrelated. Moreover, these relationships enable us to derive optimal 3D DIC
setup based on practical considerations for any application. For example, different speckling
method can genate different speckle sizes ranging from few nanometer to hundreds of
micrometer{19]. Depending on the speckle patterning technique available, using the
relationships, an optimal 3D DIC setup can be developed for a particular application. To develop
an optimal 3D DIC setup for MMTS, different constraints on the seduphies are to be
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identified first to consider them during the optimization process. This is discussed in the next two

sections.

3.7 Physical constraints of 3D DIC setup

Physical sizes of different components put restrictions on different setup varkables.
example, the length of optical mount on which cameras are moufitedd 310), dictates the
closest the two cameras can be brought, i.e., a minimum value of pivot distance, d. This
minimum pivot distance is 80 mm for the optical mounts used in present study. The minimum
amount of safe distance; id taken equal to the distance a test specimen is located below top
surface of MMTS load framd={gure 311).

Minimum
| pivot
distance,

6 axis
camera
stage

—

s

@ | -

Left Right
cameroa E -

N

""""""""
e

Figure 310. Minimum pivot distance between the two cameras
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Figure 311 Minimum safety distancesdor the optical setup shown Figure 37.

3.8 Constraints on stereo angle

Constraint for stereangle comes from consideration of lens focal length and calibration
and projection errors. Typically, stereo angles between 15° and 338eat¢30]. To discuss
constraint on stereo angle, first stereo calibration procedure for 3D DIC setup of MMTS is
discussed below.

For stereecalibration, images are taken of a calibration grid of dots with known spacings.
The calibration grid is transked, rotated and tilted into different positions to capture images for
calibration. During calibration, intrinsic and extrinsic parameters of the setup are determined
using the calibration images. The extrinsic parameters indicate positions and orieofatiens
cameras, while intrinsic parameters indicate optical characteristics, e.g., skew and distortion
parameters of the optical system. The distance between calibration dots, also known as pitch, is
dependent on specimen size. For testing 1 mm OD specpiteh less than 1 mm is
recommended. For the requirement of such small pitch, a glass calibration grid was used. The
calibration grid is illuminated by lighting it from back. Because of small size of the grid, holding
it with bare hand while taking caliation images such that the dots are equally bright and well
focused in both cameras is not possible. Hence, a controlled translation, rotation and tilt
mechanism is needed for the glass calibration grid. The calibration grid holder has following

requirenents:

A The dots on grid need to appear bright and-feglised in both camera images even

when the grid is tilted in different angles towards different cameras.
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A

The backlighting mechanism should not disrupt the movement of the glass calibration

grid and vice versa. This is to make sure bright andfeelised images can be obtained at

different positions of the calibration grid.
A

as the specimen during testing.

The glass calibration grid hatd should hold the grid approximately at the same position

Based on the above requirements, a gtasibrationgrid holder Figure 312) was developed

for calibrating 3D DIC setup for MMTS. A stereo DIC setup will have calibration and projection

errors. These are discussed below to show that selection of stereo angle neesisi¢o these

errors.

Pocket to place
glass calibration grid §
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....ooooO
e e O 000 o 0o
.......0.
e o 0 o © 0 0 00
e o0 © o 0 0o 00
eo0o0 00 0000
....oooo‘

Calibration grid
viewed by camera

2 XYZ-Rotation stage for moving
the calibration grid

Fiber optic lighting \

Back-lit glass calibration grid
holder with tilt capability

Figure 312. Glass calibration grid holder for 3D DIC calibration

During stereecalibration, using calibration parameters, a model is developed which gives

theoretical positions of grid points ealibration grid. Average distance between these

theoretical grid positions and actual grid positions is a measure of calibration error of 3D DIC
setup. A calibration error of lower than 0.1 pixel is recommended iR3OCIN a 2 camera 3D

DIC setup, aeal point in space, and its two image points, on the image planes of two cameras,

form a plane. This plane intersects each image plane with epipolarHigase(313). The

significance of epipolar line is, if an image point is taken on one image plane, the corresponding

image point in the other will lie along the epipolar line. This fact is called epipolar constraint.

Epipolar constraint is an important indicator efilbration quality, as well as how well the
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calibration is holding up during a test [31]. Epipolar constraint simplifies the search process for
image correlation. During image correlation process, corresponding points on two images are
found by matching dusets. Any disturbance of 3D DIC setup, after stereo calibration, will cause
correlated points to be positioned away from epipolar lines. This causes projection error, and it is
recorded by the VIED software during 3D DIC analysis. If a 3D DIC setupasat all
disturbed after sterecalibration, the projection error will be around the value of calibration
error. Projection error of lower than 0.1 pixel is recommended ir30DC

For successful steremalibration, images of calibration grid are to bestawith different
amount of tilt angles. The developed calibration grid holBeyufe 312) can tilt the grid. For a
high stereo angle, the images o trid can go slightly out of focus even with a very small tilt.
As a consequence, calibration error approaches 0.1 pixel. When calibration error is only slightly
less than 0.1 pixel, projection error would exceed 0.1 pixel easily. Therefore, to prevent
projection error from exceeding 0.1 pixel, first calibration error needs to be kept very low. To
achieve this, sufficient depibf-field is required. Lens aperture size and stereo angle affect
depthof-field. The aperture size is indicated by F# of a lengheét F# indicates smaller
aperture diameter. Deptif-field increases with decreasing aperture size (increasing F#).
However, with a very small aperture, amount of light entering the lens decreases. Also, lens
resolution worsens with increasing F# [20brSidering all these, F#8 was used in present study.
Depthof-field also increases with decreasing stereo angle. It was found that with stereo angle
less than 25°, a calibration error of less than 0.05 pixel could be obtained routinely with the
developedtereacalibration grid holder. Therefore, 25° was taken as the upper bound for stereo
angle while building a 3D DIC setup for MMTS.
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P12

Figure 3130 A6 i s a real point in space. 06aldé and
E1P1 and E2P2 are epipolar lines (figure basej@4j).

3.9 3D DIC optimization framework

Relationships among different components of 3D DIC task fleguie 33) have been
determined (equations (1) to (9)) and constraints on setup variables have been discussed. With
these relations and constraints, optimization can be performed to obtain optimab¥allies
setup variables, calibration grid size as well as DIC analysis parantegen® 314 depicts the

concept of 3D DIC optimization framework.

Inputs QOutputs
* Relationships L. * Optimized setup variables
« Constraints [~ Optimization (= . cjibration grid size
» Constants * DIC analysis parameters

Figure 314. 3D DIC Optimization framework

In current study, few setup variables were taken as constants and therefore were treated
as inputs to the optimization procesgglre 314). For example, lens and camera characteristics
were those mentioned earlier. With airbrush and needle size used in present study, speckle size
of around 3660 um ould be created in repeated tests, while operating at 0.55 MPa air pressure.
Hence, an approximate speckle size of 40 um was used as an input. Physical dimensions of

camera, sensor location within the camera and dimension of camera base platepyieldged

P.K.= 75 mm Figure 37a). Considering variability of speckle size, a minimum value of NPPS
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was considered to 5, instead of 3. In the optimization process, relationship of NPPS and other
setup variables (equation 5p#/taken as the objective function. A large NPPS will reduce strain
resolution of 3D DIC. Hence, the goal of optimization was to minimize the objective function.
To graphically show the optimization process, different setup variables are plotted asoa funct

of stereeangle inFigure 315. Three vertical lines: ¥ V2 and \s indicate the physical

constraints, while red arrows indicate required increase or decrease of stereo angle to satisfy
respective constrains. It can be seen ffogure 315that optimal stereo angle should lie

between VY and \b which is around 18° to 25°. From numerical optimization, the optimal values
of different setup variables for a 3D DIC system for MMTS were obtained which are shown in
Figure 316. Magnification was found to be 0.43 for this setup. Lower bounds on subset size and
step size were 15 and 4. NPPS for this optimized setup was SoFwMlelw was: 16.4 mm x

12.3 mm. Based on determined figlfiview and available calibration grid sizes, a glass
calibration grid of size: 7.12 mm x 7.12 mm and of pitch size 0.89 mm was selected for
calibration. These optimal values of setup variables providduable guide to build the

required 3D DIC setup for MMTS as well as choosing DIC analysis parameters. It is important
to note that, although a few setup decisions, for example speckle size, were treated a constants or
inputs to the optimization processince derived relationships (equation (1) to (9)) treat all of

them as variables, optimized 3D DIC setup for change of any of those can be easily determined.
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Figure 316. Optimal 3D DIC setup for MMTS

3.10 Inherent error analysis of 3D DIC setup

Development of 3D DIC setup for miniature testing requires precise position and
orientation adjustments of cameras, load frame and calibration holder. This requirement is
satisfied in present study by using®is optical mounts for cameras andx3s trarslation
rotational stage on which MMTS load frame is mounted. Because of many degrees of freedom
and interlocking components, the connections can loosen over time. For example, the
overhanging cameras and lenses, though compact in size and of light weighalign
themselves with their line of gravity and become straight. As a result, clamping screws on optical
mounts can loosen over time causing calibration and projection errors. To check robustness of
developed 3D DIC setup, its inherent error imistimeasurement was determined.

Images were taken of a test specimen by only moving it in x and y directions using
translation stage on which MMTS load frame is mounted. The 3D DIC setup was used in the
same manner it would be used during an actuallteages were taken of the specimen after the

load frame was moved in small increments: 0.5 mm in y direction, and 0.2 mm in x direction
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(Figure 317). Afterwards, calibration images were taken to calibrate the 3D DIC setup.

Displacements in x and y directions, and nominal strains were determated.32 shows

calibration and projection errors of the 3D DIC setup, and DIC analysis parameters used. Strain

is calculated at specific points on image, called grid points, which are separateg bigs. To

reduce noise in strain data, a strain filter is used to smoothen strain data. Since, the grid points

are separated by step size, total smoothening diameter is step size x strain filter size. A large

strain filter reduces strain noise, but alsduces spatial resolution of strain measurement. In

present study, strain filter size of 15 was used for current inherent strain error analysis and all

other tests reported later. Since, the specimen was subjected to only rigid body motion, strain
deternined by 3D DIC software indicates inherent error of 3D DIC sdtigure 318 andTable

33show the inherent strain errors. Maximum err
was | owest for longitudinal strain (125 gU).
metlods such as strain gage and extensometer vary from tens to hundreds of micro strains.
Sutton[32]r eported strain aptanacyguokalbodt O8i Aer Ui
stereo vision applications. However, use of 3D DIC for miniature testing on 1 mm OD specimen

is a novel application, and thus determined s
In practice, the 3D DIC setup is calibrated afterhei@st with MMTS. This ensures looseness of
connections of the setup, even if occurs between tests, does not affect strain results obtained

from 3D DIC.

Imposed Imposed

Image X Y
number position position
(mm)  (mm)
0 0 0
1 0 0.5
2 0 1
3 0 1.5
4 0 2
5 0 2.5
6 0 3
7 0.2 3
8 0.4 3
9 0.6 3
10 0.8 3
44 1 3

Figure 317. Translation of 1mm OD test specimen
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Figure 318. Inherent strain error of the 3D DIC system

Table 32. 3D DIC test information

Calibration error 0.049

Maximum projection erro| 0.063

Subset size (pixel) 21
Step size (pixel) 5
Strainfilter size 15

Table 33. Inherent strain error of the 3D DIC system

Engineering strain | Maximum error,
type e U
Longitudinal(e, ) 125
Transversée, ) 325
Sheafg,) 565

3.11 3D DIC tests with MMTS

MMTS load frame is designed to test tubular specimeng & tnm OD of different wall
thicknesses. A small wall thickness restricts number of grains possible to be present along
specimen cross seoti. A small number of grains can cause material property determined from

miniature specimen to be different from continuum scale or bulk material property due to size
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effect. Therefore, to verify successful development of 3D DIC setup for MMTS, tension and

torsion tests were performed on 1 mm OD solid round specimen instead of tubular specimen.

The test specimens were of SS 304 material and in sggningered condition. According to
manufacturero6s certification, mdnevasyi el d stren
longitudinally polished and etched to view its microstructure. The microstructure was found to

be el ongated with width | ess than 1 em. This
in specimen crossection. Lucas [33] mentioned at leaStdtains in cross section are sufficient

to permit bulk property determination from miniaturized specimens. Therefore, material property
determined from 1 mm OD round specimen would be comparable to bulk material property. For
SS 304 mat er i ladand shearmadgldgsgmodutuslaf rigidity) are around 194 GPa

and 78 GPa [34]. Moduli determined from torsion and tension tests on 1 mm OD specimen were

compared with these reported values for verification of developed 3D DIC setup for MMTS.

3.12 Results anddiscussions

Three monotonic torsion and two monotonic tension tests on 1 mm OD SS 304 solid
round specimens were performed with developed 3D DIC setup and MMTS. Test specimen
length was 22 mm, and gripper to gripper distance was 14 mm. For 3D DIC analysis with test
images obtained by developed 3D DIC setup the followimaysisparameters were used: subset
size = 21, step size = 5 and strain filter size = 15. As per ASTM E8/E8M specification-85], 4
mm of central portion of test specimen was taken as gage length for tension test. The same gage
length was used for torsion testswell. Torsion test results are showifrigure 319. Shear
stress was calculated assuming linear shear stress distribution acrosectiosswhichs
acceptable for elastic shear modulus determination. Shear strain contour plot for torsion test #2 is
shown inFigure 320. The average shear strain \&dun gage length are mentioned in
parenthesis beside image identifiér @& Maximum projection errors for all torsion test images
were less than 0.1 pixels. During DIC analysis procedure, approximately entire width of
specimen was taken as area of irge(AOl) for strain determination, however actual width of
analysis depended on width of specimen having acceptable focus in both camera images.
Different material properties obtained from torsion tests, along with calibration errors are shown
in Table 34.
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Figure 319. Torsion test results of 1. mm OD round specimen
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Figure 320. Shear strain contour plot for torsion test 2

Current miniature grippers of MMTS are designed for 550 N axial load capacity, which is
sufficient for testing 1 mm OD tubular specimen of SS 304 material with wall thickness up to 0.3
mm. However, ultimate load for 1 mm OD solid round specimen, usedifieant verification
tests, is larger than 550 N. Since, at tensile force larger than 550 N, test date can be affected by
slip between specimen and gripper, data only below 550 N was considered. Nominakistiress
plot for two tension tests are showrFigure 321. Maximum projection errors for all tension
test images were less than 0.1 for all test images. Contour plots for tension test #1, for different
values of principal strains, are showrFigure 322. Average strain values are mentioned in
parenthesis beside the image identifitra. To det er mine Youngbs Modu

MPa to 400 MPa were consi der edTabler3salomgwitts Mo d u |

calibration errors.
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Table 34. Torsion test results for Imm OD round specimen

Torsion| Stereo | Calibration Shear Shear Poi ss Yield
test # angle error modulus yield ratio (E = 194 stress
(degrees) (GPa) stress GPa) (MPa)
(MPa)

1 23.5 0.044 68 904 0.43 1566

2 23.75 0.042 77 673 0.26 1166

3 23.35 0.041 74 858 0.31 1486
Average = 73 812 0.33 1406

Table 35. Tension test results for 1 mm OD round specimen

Tension| Stereo | Calibration| Y o u n ¢

test# | angle error modulus
(degrees) (GPa)

1 23.5 0.039 215

2 23.37 0.044 199

Torsion test resultsTable 34) show some test to test variability, however, average shear
modulus (73 GPa) is close to bulk shear modulus (78 GPa). The average yield 40@348R4)
is close to manufacturerés specification (135
tests (199 GPa and 215 GFRabple 35) are closetobl k Youngdés Modul us (194
material. Therefore, the torsion and tension tests on 1 mm OD specimen confirm successful
development of the 3D DIC setup for MMTS. In both shear and axial strain contourFadpise(
3.20, Figure 322), some noruniformity of strain over gage length, particularlyanedges of
AOI (Figure 320(e), Figure 322(a-c)) is noticeable. Deterioration of illumination and sharpness
of focus near AOI edge, compared to center region, due to specimen curvature, is a possible
cause for this. Increase of strain filter size during DIC analysis can reduce thisifmmity.
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3.13 Broader impact of developed optimization framework

3D DIC is strongly recommended over 2D DIC for all tests if possible, even tests in
which a nominally planar test piece undergoes nominally planar deformation [14]. The apparent
obstacleowards wide adoption of 3D DIC is cost and experimental setup related difficulties.
With continued lowering of cost of optical components, the first obstacle is expected to subdue.
For example, Solav [36] developed a muigw DIC setup with 12 cameraR4spberry Pi
Camera) for total cost less than $1,000. Cost for machine vision cameras has also been
decreasing steadily [22]. On the other hand, open source 3D DIC software such as Digital Image
Correlation Engine (DICe), developed by Sandia National htpg://dice.sandia.gov), is
becoming available. The only major obstacle towards wide adoption of 3D DIC, particularly for
miniature testing, is experimental setup related difficulty. An experimentalist will face several
difficulties and design questiongie building a 3D DIC setup for miniature testing. For

example:

a. As speckle pattern can be created with different methods, giving different speckle sizes,
one needs to know required speckle size before testing.

b. Positioning two cameras to view minieguest specimen clearly in both, can become
difficult due to physical size of optics.

C. What stereo angle to use, and how to reduce calibration and projection error?
d. What camera sensor resolution is sufficient?
e. What DIC analysis parameter to use?

Since one design decision affects multiple aspects of a 3D DIC setup -editseming iterative
approach is usually employed. In current study, the different setup decisions were treated as
variables to develop a 3D DIC setup optimization frame work. gémeral framework,

therefore, can help replace the usual iteragipproach of 3D DIC setup.

85



3.14 Conclusions

A novel multiaxial miniature testing system (MMT8as developewnhich required
overcoming challenge of measuring strain on 1 mm diameter rounidhgomeD DIC is the
preferred strain measurement technique for MMTS. Major obstacle in implementation of 3D
DIC, particularly for miniature testing, is experimental setup related challenge. However, since
all the steps of 3D DIC: specimen preparation,agpisetup, sterecalibration and post
processing are intgelated, a wholistic framework is needed. A wholistic framework
considering specimen preparation, physical dimensions of all imaging and test components,
characteristics of imaging system, stecadibration as well as DIC analysis parameters was
developed. Using this framework, an optimized 3D DIC setup for MMTS was built. Series of
tension and torsion tests on 1 mm diameter round specimen were performed using the developed
3D DIC setup and MMT SMaterial properties determined from these tests confirmed
effectiveness of the developed 3D DIC setup. Alongside solving the strain measurement need of
MMTS, the wholistic approach taken in present study established a 3D DIC optimization
framework which ha a broader contribution. This general framework can help supplant the usual
iterativeapproach of 3D DIC setup and therefore, instigate wider adoption of 3D DIC over 2D

DIC for more accurate strain measurement.
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3.16 Appendix
Derivations of equation (1) to (3)

In Figure37a, capit al |l etters are used to indic:
used to indicate a distance (e.g., O6h06). |1 mpo

86



P B, = d Distance between pivot points

HC = h =Distance between pivotlineto specime
DF =d, Diameter of lensand extension tube
FI =d, =Min.distance betweenlensandload fre
P,E=1 =Distance between pivot point to lens €
a = Stereoangle

In OP, AC:
tan(a /2 -hA
AC

Y PR =2ACtan(a /2
\ d =2htan(a /2
In LCDE:
__DE___dlI2
tan(a /2) tan(a/2)
In OB, AC:
P.C*= P& +AC
o 2,
Y (P,E+EQ)? :%F% 5 AC

&4 d/2 2
Y —L — & %ht /2 i3
%than(a /2) 9:( an(a ))

&4 d/2 B
Y %+—tan'(a/2) 2112(1 tart( /a)

1 i“ d /2
flrarf(a/)e tan@/2)
_2tan(a/d &  d/2
Jirtaf(aidc tan@/2)

\ h= (1)

1-O: Ot

(2)

1-O: Ot
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/In OAR:

PRC:L
cos@ /2)
cos@ /2)
Y EC:A—C -RE
cos@ /2)
\ EC - 4
cos@ /2)

OCDE and ZEF areright triangles whefleE= EF
Hence, they are congruent.

\ TECF = DCE =/a

\ ICFl = a

FI =FCcos a

Y FI :(\/ECZ +EF2)cos a

Derivation of equation (4)

_HK, HS+SK,

M

CH CE+ EH
. HS+SKkK
v M= d /2

tan@ /2)
S HS+SK
Y M "~ d +23EH @n( /2)
2tan@ /2)

_ 2tan@ /2)H'S +SK,)
d +2(ES +SH fan( /&)
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S' K; can be derived fromlens equation :
1,1 1

S S f
S = distance between object and first prindipaint
S = distance betweenimage and second prinpipiait

f =focallength

Considering schematic of Xenoplanlens:
1 N 1 1

S S f

3
H'S+ S K, —(f:HCHf

3

gk = LCE #EH) g
(CE+EH) -f

EH =ES +SH

We previously found:
__4d7/2
tan@ /2)
3
S'K, = f3 (CE +EH) vt
(CE+ EH) -f




\ = 2tane I2)HS +SK)
d, +2(ES +SHtan( 42)

2tan@ /2a f(CE+EH) 8
_ C(CE+EH) -f 2
d +2(ES +SHtan( 42)
a & d/2 00
fa%i' +ES +SH § §
2tan@ /2; ctan@ /2) 29
a8 d/2 5 , 0
o -f 0

+ES +SH ¢ -
Eg@ﬁan(a /2) -
d +2(ES +SHtan( 42)

(4)

Derivation of equation (6)

The pivotpointto-lensenddistance depends on the focal length of the lens. Considering

a thick lens its relationship with lens parameters and stereo angle is derived here:

Considering schematic of Xenoplanlensand 30 Betup
| =P.E
|=P.K, K S SE

We know:
S'KR= f (CE+ EH) i
(CE+EH) -f
_ d/2
tan@ /2)

f(CE+ EH)
(CE+ EH) -f
a di/2

+EH
aﬁ an@ /2)

|=P.K, S E HS

f

| =P.K, SE =+
ROR a d/2

+EH O, f
a(ﬁan(a /2) +D

-0 O

HS (6)
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Chapter 4: Development of high temperature 3D digital image correlation setup for

miniature round specimen

Abstract

Component failures very often occur due to high temperature and multiaxial stress state
arising at critical component locations. To simulate such loading conditions, high temperature
multiaxial load testing of miniature specimen is necessargupport such need, a multiaxial
miniature testing system (MMTS) with axial, torsional and internal pressurization capabilities
has been developed with which high temperature testing of 1 mm outer diameter (OD) tubular
specimen can be performed up to terapge of 1000 °C. Small scale material testing is
challenging, let alone multiaxial testing at small scale and at high temperature. Among many
challenges, uniform heating of miniature test specimen and measuring surface strain-of a non
planar test specimeaat high temperature have significant difficulty. In current study, a novel
hybrid heating technique, previously developed for MMiyS.in et al.[1], was employed to
obtain uniform temperature prddil In this paper, the details on overcoming challenge of strain
measurement on 1 mm OD specimen subjected to high temperature is described. To solve this
challenge, a high temperature 3D digital image correlation (DIC) setup of 1 mm OD specimen
was developd. In addition, a temperature control system anesédgd mechanisiwas
developed for MMTS. The effectiveness of the temperature control system and high temperature

3D DIC setup have been verified by performing high temperature tensile tests up ta 960 °C

Keywords: miniature testing, multiaxial testing, high temperature testing, digital image

correlation
4.1 Introduction

Advancement of micro and natechnology requires knowledge of material deformation
and failure mechanisms at micro to nano length scales. These deformation and failure
mechanisms are heavily influenced by component temperature. Therefore, materigls for hi

temperature applications need to be resistant to causes of damage such as oxidation and
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corrosion, which are accelerated with increase in temper&ereerally, material properties at
high temperature cannot be extrapolated from material propertpidataer temperaturg?].
Thus,high temperaturenaterial testing capability is required. Also, duringelepment process

of new grades of alloy only limited amountteStmaterial is availablg3]. Since, many super
alloys are specifically developed for high temperature applications, high teomgeminiature
testing facility is needed. High temperature miniature testing is also required for advancement of
micro-forming processesn service conditions, components are usually subjected to multiaxial
stress states. Therefore, to simulate realieadding conditions, material testing system with
multiaxial loading capability is required. Small scale material testing is challenging, let alone
multiaxial testing at small scale and at high temperature. Among many challenges, uniform
heating of miniaire test specimen and measuring surface strain of-plaoar test specimen
subjected to highemperature multiaxial loading condition have significant difficulty.

Specimen heating during material testing is performed by different methods, such as air
convection in a heat furnace, conductive heating using hot bed or heating coils, resistive heating
by passing electricity through test specimen or by induction heating, radiation heating by heat
lamps, or by laser heating. Hannula e{4]l.developed a testing system for miniature specimen
capable of heating up to 600 °C with furnace heating. They performed tests on SS 316 material
with the developed test system. Callaghan gbalalso performed high temperature tests at 540
°C on miniature specimen with furnace heating. Kang and@aieveloped a SiC heating stage
for in-situ Scanning Electron Microscopy (SEM) testing. The joule heating or resistive heating of
the SiC stage headlup a miniature test specimen. For miniature high temperature testing,
resistive odoule heating has been used frequently. For example, Roebuck3¢tdaveloped a
miniature thermamechanichtest system where DC electric current was used to heat test pieces
by Joule heatingHowever, use of resistive heating produces parabolic temperature distribution.
Li et al.[1] has recently devel&gdl a heating technique for MMTS combining use of resistive
heating and heating coils placed near specimen ends. This novel heating technique produces
uniform temperature profile along the length of a miniature test specimen.

Measuring strain of a miniatemonplanar test specimen at high temperature is
challenging for several reasons. Conventional contact type strain measurement techniques are not
suitable for small scale testing. Typically, extensometers are used on gauge lengtBS airh0

[7]. During small scale test,iffbhess of a contact type strain measurement device can affect test
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result, and hence needs to be accounted for. Proper mounting of a contact type strain
measurement device on a small fpdanar test specimen can be significantly difficult. In case of

a stain gage, failure to contact over even a minute area of the gage will result in incorrect strain
indicationg[8]. Moreover, lack of stability of strain gage at high temperd@jres another

challenge in usingtsain gages for high temperature tests. Hence, for testing miniature specimens
at high temperature, nesontact strain measurement techniques are pref&esetarchers have

used different noiontact strain measurement techniques for small scale tésgh at
temperatureRoebuck and others [3] measured change of resistance of their miniature test pieces
(40 mm x 2 mm x 1 mm) to determine strain.

Digital image correlation (DIC) is a nesontact method of strain measurement. This
technique is applicable tboth planar and neplanar test specimens. In DIC method, images of a
specimen under load are captured. Images of the defdasiespecimeare compared with that
of the undeformedtate Movements of features (natural or artificial) on the specimdacmiare
determined by comparing small regions (subset) on the images. From the movements of surface
features, surface strain is calculated. However, a 2D image of a real 3D point loses depth
perspective of that point. Hence, for Rplanar test specimenapturing images from only one
direction i.e., using one camera is not enough. To measurplaoar deformation, at least two
cameras are required. In such case, the DIC method is called stereo DIC or 3D DIC. In 3D DIC
method, cameras are calibrated iirtg images of a calibration grid to determine intrinsic and
extrinsic parameters of the stereo setup. DIC has been used by researchers for high temperature
tests. However, use of DIC for high temperature multiaxial miniature testing has unique
challengedo overcome. In this paper, the details on overcoming challenge of strain
measurement on 1 mm OD specimen subjected to high temperailiraxial loading is
described. To solve this challenge, a high temperature 3D digital image correlation (DIC) setup
of 1. mm OD specimen was developed.

This paper presents the implementation of hybrid heating technique concept for material
testing. A novel failsafe mechanism and temperature control system were custom developed for
MMTS. In this paper, use of 3D DIC forimature norplanar specimen of 1 mm OD has been
shown. Theesearctworks are presented the following order. First, a brief overview of
MMTS and its specimen heating and gripper cooling mechanisms are described. Afterwards,

details ofdevelopment of &emperature feedback control and failsafe mechanism for MMTS are
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presented. In the third section, the focus of this paper, i.e., development of high temperature 3D
DIC setup is described. Highmperaturexperiments performed with the developed setup are
presented next. Finally, discussions and conclusions on the effectiveness of the developed setup
for miniature high temperature tests are presented.

4.2 Overview of MMTS, and specimen heating and gripper cdimg mechanisns

A multiaxial miniature testing system (MMTSji@ure 41) with axial, torsional, internal
pressure, and high temperature (up to 100a€és§t)ng capabilities has been developed for testing
tubular specimen of outer diameter (OD) as small as 1 mm. Moreover, the load frame is designed
to be used with a SEM to performsitu multiaxial SEM tests. Such testing capaiediirenot

currentlyavailable
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Figure 41. Multiaxial Miniature Testing System (MMTS) load frame

Figure 42 shows an overview of the heating and cooling mechamgmi¥TS. A metal
test specimen is resistively heated by passing electricity through it. However, the temperature
profile along the tubepgcimen is not uniform but parabol&pecimertemperature is maximum
at the middleand tails off towards the ends of the specimen. In order to obtain uniform
temperature along the test specimen leryghting coils are placed near the specimen ends. The
combination of these two heating techniques produces a uniform temperature @aufileg of

grippers is needed to protect the MMTS load frame electronics from high temperature. This is
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performed by flowing clol water through the internal conduits built into the custom grippers
[10].
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Figure 42. Overview of heatingooling mechanism of MMTS

During the development of the hybrid heating technigudIMTS by Lin et al[1], a
manual load frame was used. In the present study, the concept of hybrid heating technique was
implemented for the MITS load frame. This is described below. A test specirfagufe 43) of
1 mm ODwas placed between two grippers. Electricity was passed through the grippers causing
a parabolic temperature distribution. Heating coise placed in contact with the specimen®nd
using heat conductive, but electnicsulative, high temperature ceramic cement
(OMEGABOND, OB400). By passing appropriate amount of electricity through the heating
coils, the length of the uniform temperature profibelld be changed. The temperaturefge
under hybrid heating was obtained using an inde (IR) camera (OPTRIS, PI 640). For

example, temperature profiles for two different hybrid heating settings are shéiguia 43.
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In thefirst case, resistive heating currend) (bf 5A and coil heating currenicjlof 0.5 A was
used. In the second casewlas increased to 1 A. As can be seeRigure 43, in the second
casethe length of uniform temperature profilexflhas increased from the first case)(ICold
water was run through the grippers, and the temperature of both grippers wémreddy a
temperature control systemeasure thagripper temperatusdid not exceed 35 °C-2 mm
OD test specimen of different wall thicknesses can be tested with MMTS. The valhesdfy

are to beadjusted for test specimen of different wtalcknesses for uniform heating.
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Figure 43. Hybrid heating methodology used with MMTS

In MMTS load frame, the internal circuits of actuators, encoders and load cell are housed
within their respective enclosers. The internal circuits are not connected to the metal load frame
skeleton. However, the loadcell and part of actuator enclosensedaé If electricity from
resistive heating is conducted to the load frame skeleton, electricity will also be conducted to the
metal enclosers of the actuators #&meload cell. Thiscan potentially damagée electronic
components. To safeguard the attus and the load cell, the grippers are electrically insulated
from the load frame. 3D printed plastic disks are placed on theidack the grippers, and
shrink tubes are used to cover the connecting scieigaré 44). Gripper insulation is checked
by testing electrical continuity prior to heating experimé&mngre 45). In addition, netal tubes
carryingcodants to thegrippers are placed inside plastic tubing to prevent electrical continuity

between grippers and optical breadboard on which the MMTS load frame is mounted.
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Figure 45. Checking effectiveness of gripper insulation prior to heating experiment with MMTS

4.3 Temperature feedback control and failsafe mechanisms

An overview of the specimen temperatareasuremerdand failsafe mechanism is shown
in Figure 46. The temperature of a test specimen is measured bynadgitb@uple and an IR
camera. The thermocouple measures temperature of a specific location along the length of the
specimen while the IR camera provides the temperature profile. The temperature reading of the
IR camera is dependent on the usgecified emiggity value. Test specimen is painted with
high temperature paint to create artificial speckle pattern for 3D DIC. Emissivity of the heated
test specimen is dependemntgaint thickness and its condition. During high temperature
experiment, at different beperatures thpaintcondition changes. This changes the emissivity of
the specimen. To find the appropriate emissivity vakmperature reading frothermocouple

is used.
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Figure 46. Overview of specimen temperatureasuremerdnd failsafe mechanism

Figure 47 shows aesistive heatingxperimenal setup withMMTS. Figure 48 shows a

parabolic tempetare profile of a test specimen captured by IR camera. A SS304 polished

tubular specimen was heated by resistive heating. Since, IR camera temperature reading is

dependent on the emissivity setting, a thermocouple was used to measure the specimen

temperatee as well. The emissivity of the specimen was determined by setting the emissivity of

the IR camera such that IR camera temperature agreethettiermocouple temperature

reading The temperature profile shownhkigure 48 was obtained with emissivity of around 0.3.
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The specimen temperature reading from the thermocouple is also usstperature

feedback control. Although the grippers are cooled during heatpgriments, the temperature

of the grippers are continuously read by two thermocouples. If any gripper temperature exceeds a

userspecified threshold temperature, electricity siggdbr resistive and coil heatirgreturned

off by acustomsoftwareprogam written onLabView platform This serves as a feshfe

mechanism to protect the load frame electronics against any unexpected failure of the cooling

system.The software program also allows for temperature-fesatk control An overviewof the

temper#éure control system comprising hardware and softigasbown inFigure 49. Two
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power suppliesnianufacturerBK Precision mode# BK 9171 and BK 9182) have been used to
supply electricity to heating coils and grippdd#ferent hardware from manufacturer National
Instruments (NI) are used, which are called NI moddias. power supplies are connected to
analog voltage output modgléNI 9264) through interface cards. Two thermocouples are placed
on the mairbodies of the two grippers. Continuous thermocouple readingbtaimedusing 2
channels on a thermocouple module (NI 9210). As long as the maximum temperature reading is
belowa user specified maximum allowable temperature (say 35 °C), output voltages are sent to
the power supplies by the LabView program through NI 9264. In proportion to the output
voltage (by NI module) received by the power supplies, the power supplies supgiyt to the
grippersand heating coils. The two NI modules (NI 9210 and NI 9264) are housed on another NI
hardware called a chasis (NI cDAQ 9174). The chasis is also known as compact data acquisition
(or cDAQ) hardware. The chasis provides power td\thenodules anestablishes

communication betweesachNI module and the computasnning the LabView program
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Flow chart for failsafe mechanism to safeguard MMTS load frame against high
temperature in shown igure 410. Figure 49 shows the user interface of the program where
the user inputs the maximum allalle temperature on the grippdrany grippertemperature
exceedshe maximum allowable temperaturktioe gripper set btheuser the program shuts
down the heating. The program can also be terminated anytithe byer by pressing the
0STOPOG rbthetprognam interface.

Input maximum allowable gripper
temperature (T anowed). VOltage to
supply to power supply (Vs sr). voltage
increment (Vi)

Measure temperature on both grippers.
“| Determine maximum gripper temperature

(Trmax)

Stop button
pressed ?

|

Tmax < Tax attowed ? Output voltage to
power supplies,
Vps =0
1Vout = Vvout + Vinc ¥
Program

terminates

Output voltage to power supplies,
vas = 1V0ut

Figure 410. Flow chart for to safeguard MMTS load frame against high temperature

To heat a metal test specimen by Joule heating, electric current is supplied through it.
Because of the electric resistance of the test specimen its temperature increases. However,
electrical resistance afspecimen is inversely proportional to its crgsstion. The specimen
crosssection changeduring a test. Also, resistance changes with specimen temperature.
Therefore, to keep the specimen temperature constant during a test, the supplied current needs to

be modified. A thermocouple is placed on thesmen to continuously monitor specimen
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temperature. Based on specimen temperature reading, the supplied current is adjusted through a
feedback control mechanisiigure 411 shows a flowchart for this mechanism. The increment

(or decrement) of electricity is controlled by increment (or decrement) of supplied voltage by the
feedcontrolsoftwareto the power supplies. The effectiveness of the-feserk contol

mechanism was experimentally verified by performing high temperature tensile tests. 1 mm OD
tubular specimens were subjected to different values of resistive heating. The length of the test
specimens and gripper to gripper distances were 22 mm anchldespectively. The maximum
temperature at the middle of the specimen was measured with a thermocouple with wire diameter
of 0.05 mm. Prior to tests, requiredrrentto obtain maximum temperatures of 500, 800 and 960

°C were determined. Thesarrent valieswere used as initial input values to the temperature

control softwareKigure 49). During a tensile test, as the specimen esestion decreases, the
specimen resistance increases. Therefore, during a tensile testrdrgneeds to be decreased

from the initial input value. However, if thirrentis decreased more than neededeids to be
increased bacK: herefore, the current increment and decrement rates have influence on the
sensitivity of the temperature fedédck control system. The current increment and decrement

rates are controlled by the voltage increment and decremtestused in the LabView program.
These rates can be modified in the program to examine the sensitivity of the temperature feed

control system.

Input control temperature
( Tcmtml)

|

Get specimen temperature o
(TS]JECHUEH)

h 4

IR = IR - IR__decremmt

IR = IR + Il?.:mcremem

Figure 411 Flow chart for temperature fedxhck contral
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4.4 Strain measurement for high temperature tests with MMTS

1-2 mm OD test specimens subjected to maxinofit000 °Ccan beestedwith
MMTS. Even for room temperature tests, measurement of surfacemstrainonplanar
miniature specimers a difficult task. Norcontact type strain measurement methods such as 3D
digital image correlation (3DIC) is suitable for such application. HowevesjngDIC for high
temperaturgestshas two primary challengés overcome. First, thepeckle patternanfail to
withstandthe high temperatureSecond, théhermal radiation from specimen at high temperature
can reduce visibility o§peckle pattern. Heat haze due to differential refractive index of air
between heated test specimen and camera lens is aclodifiengeFigure 412 shows an
overview of the strain measurement challenge for high temperature testing with MMTS and the

approaches taken to addresssth challenges.
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pass filter

non-contact type strain
measurement

Strain measurement A \
. .
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2 | Durability of
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- with blue
El Rcducnoq of Baiid pass
Specimen 4 glare at high filter
temperature up to temperature
1000 °C
Test specimen speckled with Test specimen at
high temperature paint (25 °C) approx. 500 °C

Figure 412. Strain measurement for high temperature nxikilaminiature tests

A random speckle pattern is required on specimen surface to use DIC. The speckle pattern
needs to have high level obntrast to be most effectivior this reasoyin spite of having some
natural contrasbn aspecimen surfaganartificial pattern of high contrast is usuadipplied
using paint However, most paints are not capable of withstandingteigiperatureEven high
temperature paints can show degradation with increase of temperatgethigh contrast

speckle patterfor DIC, even at high temperatyrgvo approaches agenerallyused:

a. Use of high temperature paint/coating, powder or gesul
b. Creating random pattern by polishing and roughepingpecimen surface
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Table 41 shows an overview déchniques used by researchers to obtain high temperature

speckle pattern for DIC. These techniques fall within the two approaches mentioned above.

Table 41. Different high temperature speckle pattem techniquesised by resachers

Paper | Speckle pattermg technique Temperature | Base material
range

1 [11] Aremco PyrePaints 634AL and 634 | Up to 1500 C/SiC composite, N
Z0O °C based super alloy.

2 [12] No artificial pattern was mad¢ Up to 1400| Polycrysalline
Polished surface was roughened ug °C Al203 plates
grinding medium. Contrast generatf
between roughened and polished g
due to the different UV light scatterin

3 [13] DIC was performed without makin Up to 1100 Polycrystalline line
any speckle pattern or marker. Surfg °C nicketbase  supe
was abraded by SiC paper. alloy, RR1000

4 [14] Sprayed tungsten powder 2600 °C Carbon fiber

5 [15] LSI boron nitride and aluminum 650 °C Incoloy 909, 718
oxidebased ceramic coatings we
used to create the speckle patterng
the specimens' surfaces.

6 [16] | White light speckle granules ma( Up to 1550] Chromiumnickel
from commercial higtiemperaturg °C austenite  stainles
ceramics coating steel specimen

C/SiC composite

7 [17] Blending black cobalt oxide with | 1200 °C Chromiumnickel
liquid composition of a commercig austenite  stainles
high- temperature inorganic adhesivg steel used

8 [18] White speckle granules capable | 1200 °C chromiuni nickel
sustaining 1700 °C. Preheati austenite  stainles
specimen to 1200 °C to generated bl steel
oxide laye

9 [19] | Sand blasting and laser dot printing | 1000 °C Single crystal nicke

super alloy (IN100).

One concern with high temperature pairthit they tend to require thick coatjng.,

multiple paint passesre requiredo achieve the high temperature durability. A thick paint coat is
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not desirable since a thick coat will have difficulty in stretching or contracting with the specimen
surface The paint layer closest to the specimen surface can folloextieasion or contraction

of the specimesurface but the outer paint layer visible to the optical system shayv reduced
responseAnother difficulty of using high temperature paint is tttaichieve temperature

durability, different granules are mixed with the pairdr DIC applications, paints are often

applied on specimen surface using air brush to achieve small speckle didimeteresence of

high temperaturgranulegequiresthat he size of the nozzle ahair brush is large enough to

avoid clogging of air brush nozzl€herefore, large size nozzles are used which increases the
mean speckle size of the pattern. In current reseaodmeercial high temperature marker
(DYKEM, HT44) wasusedinstead of high temperature paints with large graniles reported
durability of the high temperature marker is close to 1000 °C. Paint was first extracted from the
marker.The high temperature paint wienapplied toatubular test specimesurface using

0.2 mm needle IWATA airbrush operating at 80 psi (0.55 MPa). To check suitability of this
paint, the speckled specimaasheated i heafurnaceat various temperatures, and the
specklesverechecked each timéigure 413). Figure 414 shows the relative performance of

the high temperature paint with that of mad airbrush paint after subjecting the specimen to
about 1000 °C. It can be seen that the specimen painted with normal paint has almost no visible
speckles left. With the high temperature paime speckigatternalso suffered discoloration,

however, tle speckle patterwas still visible.
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Figure 413. 1 mm OD specimen speckled with high temperature paint using airbrush. The status
of the speckle was viewed after subjecting to different high temperatures for anfadités. (a):
room temperature, (b): 580 °C, (c): 780 °C, (d): 880 °C, (e): 980 °C, (f): 1080 °C

Figure 414. Performance of high temperature paint (a) in comparison to normal airbrush paint

(b) after subjecting to 980 °@mperature for 6 min.

At high temperaturgadiation fromtestspecimen canender the speckles invisible due to
intense brightness in the captured imagé® radiation spectrum of a black bathn be

calculatedusin | anckds radiation | aw:
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where,

| : Radiation energy intensi
/ : Wavelength

T: Temperature

h: Planck constant

k . Boltzmann constant

c: Speed of light

With increase of temperature, intensity of thermal radiation increasab ¥aave lengtls
and the peak wavelength becomes shorter, shifting from the infrared to the visible lrggien.
et al.[15] foundthatduring their high temperature tediove 650 °Cthevisible thermal
radiationfrom testspecimen was brighter than the illuminattbey used Thermal radiation
makes speckle pattern difficult to discern in captuestimages rendering DIC inapplicablén
order to overcome this problemmand pass filters and appropriate lighting are negtiedptical
band pass filter allowigght of only certain wavelengthangeto pass through, anganblock the
long-wavelength light associated with thermal radiafimm reaching camera senga#]. Dong
et al.[12] reported that the intensity of radiated light with wavelengths greater than 500 nm
increases dramatically above 1200 °C, which makes ordinaryvaliea difficult. However, the
intensity of radiated light of wavelengths less than 50@&hamges less s®herefore, for high
temperature DIC application, the thermal radiation is filtered out by blue light filter, and blue
illuminator or ultraviolet (V) lighting is used as light sour¢fL1], [12], [13] and18]).

The detected intensity by tloptical systenis also dependent on camera sensor
characteristicsuch agjuantum efficiencyQE). QE indicates efficiency of electrageneration
due to photon falling on the sensor. QE depends on the wavelengtiflaedcesthe detected
intensityby the cameraensor Selection of the appropriate band pass filter shalddconsider
the quantum efficiency of the camera serj&8i. For high temperature tests with MMTS, blue
LED lights and blueband paséilters wereused for 3D DICItigure 412). QE of the camera

sensor used was near maximum (70%) at the wavelength of blue light.
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4.5 Effect of thermocouple wire diameter on measured temperature

In present researcthd@rmocouples of different wire diameters: 0.5 mm, 0.25 mm and
0.05 mm Figure 416) were used to measuemperature o mm ODtestspecimen. The
thermocouple wire diameter controls size of thermocouple bead which is put on specimen
surfaceto measure temperature. However, the thermocouple bead draws heat from the specimen
and trereforeaffects the specimen temperatufgyure 415 shows the temperature profile of a
tube test specimen subjected to resistive heating. The temperature is read by an Infrared camera
(OPTRIS, PI 640) using RIonnect software. It can be seen that at the point of contact of the

thermocouple with the tube specimen temperature drop occurs.
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Figure 415. Temperature profile along heated test specimen

It was found that while a 0.05 mm wire diameter thermocowplddreadal mm OD
specimen temperatuet 440 °C, a 0.5 mm wire diameter thermocouptrild read around 250
°C. In another caséwas found thatwhile a0.05 mm thermocouplould read around 510 °C,
a 0.25 mm thermocoupieould read around 320 °Qherefore, ér accurate temperature
reading,asmal thermocouple bead is required KAtype thermocouple of 0.05 mm wire

diameter vas preparetb measure specimen temperattree positive leg of the thermocouple
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wire was of Nickle Chromium material (Omega, product #SPCHO002) and the negative leg was of
Nickle Aluminum material (Omega, product #SPCHOM2)rder to prepare the thernouple,
the positive and negatiwveres were twisted together and then welded using a thermocouple
welder (Hotspot model 2) at 3Watt-second energy setting. The twisted portiasuntwisted
to ensure thathe wireendstouch only at the welded bead poilfithe wires are not untwisted
properly,the measured temperature will be at the first contact point of the Wiresefore the
thermocouple reading would be less than the actual temperature of the specimen surface touched
by the thermocouple bead.

A 0.05 mm thermocouple gives more accurate resuti fomm ODtestspecimen
compared t@larger diameter thermocouple wire. However, it was found that such thin
thermocouple wirdendsvery easily Figure 416c). This causes difficulty tensurehat the
thermocouple bead is always in contact with specimen suttageg a testThis is particularly
important because temperature is controlled through a feedback loop requiring specimen
temperature input. Absence of contaetweerthermocouple beaandspecimen surfaccauss
low temperature readin@ hiscaussthe temperatureantroller to input moreurrentthrough
the specimenand thereforencreasng the specimen temperature. On the other hand, the contact
force from a large diameter thermocoup&adcan bend the specimai high temperature. In
light of these consideratisna0.05 mm thermocouple was used to determine accurate

temperature reading, but a 0.25 mm thermocouple was used for temperature control purpose.

Figure 416. K-type thermocouples of different wire diameters; (a): 0.5 (b 0.25 mm, (c):
0.05 mm
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4.6 High temperature 3D DIC tests with MMTS

Displacement controlled tensile tests at three different tempeséiaiale 42) were
performed with MMTS load frame amtkvelopechigh temperatur8D DIC setup. The SS304
testspecmeshad OD of 1 mm, and wall thickness of
r e c ei v iéah Withaubanydheat treatment. As these tests were performed primarily to verify
the effectivenes®f thedeveloped high temperatud® DIC setup, only resistiieeatingwas
used. During 3D DIGnalysiscentral regios of 1-2 mmlengthwereconsidered.

Table 42. High temperature tensile tests with MMTS

High | Resistive] Maximum Temp. {C) Location of 0.25 | Lengthof central
Temp | current | measured with 0.05 mm mm thermocouple| region analyzed

Test# | (Amps) | thermocouple prior to tes during test by 3D DIC (mm)

1 8.5 510 Center 2
2 11 810 Away from center 1
3 14 960 Away from center 1

During the high temperature tests, a 0.25 mm thermocouple was used for temperature
measurement and control purpose. However, to get accurate temperature reading, a 0.05 mm
thermocouple was used prior to testing to determine the amount resistive naaieut to
obtain desired test temperaturggure 417 shows the procedure followed during these tésis.
example, to perform a tensile test near 1000first using a 0.05 mm thermocouple the required
resistive current was determined. It was found that with 14 A resistive current arout@ 960
temperaturean beobtained at the middle oéstspecimen. Then, a 0.25 mm thermocouple was
placedaround 1.5 mmway from the specimen cent®¥ith 14 A resistive current, the
temperature reading from the 0.25 mm thermocouple was obtained. This was found to be around
580°C (Figure 49). This temperatureeadingwas then used as the desired temperature for
control purpose. Here, the assumptiothes, althoughthe largethermocouple bead draws heat
from the specimen, thertgerature at the specimen npdint would be around 96 which
was earlier measured by the 0.05 mm thermocouple. This assumption is motivated by the
experimental temperature profile determined by the IR camera, which indicated that temperature

drop awayfrom the thermocouple contact point is not significkigygre 415). However, in the
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first high temperature teghe 0.25 mm thermocouple was placed at the specimepaimdl

Therefore, the actuédsttemperature was less than 510 Figure 418 (b,c,d) shows tes

specimen after tensile tests at different temperatures. For the high temperaturel@®sCat 5

(Figure 418, b), the 0.25 mm thermocouple walaced at the center of the specimen. This

caused the maximum temperature to shift from the center to one side, and hence the specimen
broke away from the center. For the high temperature testf &C8and 960 °CHigure 418

(c), (d)), the 0.25 mm diameter thermocouple was placed slightly away from the center. In these
two tests, the specimen broke at the center where the maximum temperature occurred. The

relative discoloration of the high temperature paint is also visitfégire 418.

Select test temperature

|

Use 0.05 mm thermocouple to
determine I to obtain test
temperature

!

Determine temperature with 0.25
mm thermocouple for determiend I
value

!

Use determined temperature as
'control temperature' in LabView
program

Figure 417. Procedure followed during high temperature tests
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Tubular test specimen

Figure 418. 1 mm OD tubular test specimens tested at different temperature

Figure 419 shows the engineering strestsain (principle strain) plots for the high
temperature tensile tests. In addition, to the three high temperature tests, two room temperature
tests with SS304 tubular specimaithe same geometry as those used for high teahpe tes,
were performed. The Youngdés Modul us deter mine
GPa, while for the second room temperature test it was 204 GPa. These values are close to bulk
Youngds Modul us val ue f ohaddBf&ehttamoum affpretensiaml . The
applied: 9 N forthefirst room temperature test and 30 N for the second room temperature test.
The principal strain contour plots for high temperature tests are shdviguire 420 for three
different strains (0.2%, 0.5% and 1%). It can be noticed that, with increasing temperature, the
contrast of the speckle pattern decreas®wever, the contrast was sufficieatpeform 3D
DIC analysis.

During high temperature tests&£0°C and 960 °C, bending eéstspecimerwas
observedFigure 420). The possible reasons for the bending ematact force from the
thermocoupldeadand compression force generate@ tluthermal expansion of thegt
specimerunder displacemertontrolledtestmode.Use of IR camera, instead of thermocouple,
for temperature control and forcentrolled testing mode can be used to eliminate specimen
bending.Fluctuations in the stresdrain plots Figure 419) particularly for 960 °C can be
noticed. This is due to fluctuation of input resistive curréhts can beaddressetdy improving
the responsiveness of the temperatueetfgack control systenfor example by incorporating
proportional integral derivative (PID) methodology.
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4.7 Conclusiors and future works

A miniature multiaxial testing system (MMT8jasdeveloped for high temperature
testingof 1-2 mm OD tubular specimen ap to 1000 °GemperatureThe challenge of strain
measurement for miniature testing with MMTS at high temperatasovercome by usin§D
DIC with high temperature paint, blue band pass filter and blue LED lighting. A temperature
control system and fagafe mechanisweredeveloped for MMTS. The effectiveness of the
temperature control system and high temperature 3D DIC setsigheckedoy performing high
temperature tensile tests up to 960 °C. Full field strain on thglaoar tubular test specimen at
temperatureip to 960 °Gnas successfully determined by 3D DIC. The accuracy of the test
result can be further improved by replacingrthocouple with IR camera for temperature
feedback control. Absence of the thermocouple will make it easier to address the issue of heat
haze Novak and ZoK11] used an air knife to blow across the specimen surface to minaate
haze effectThe robustness of the temperature fbadk control system can be improved by

incorporating PID methodology.
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Chapter 5: Scanningelectron microscope compatible multiaxial miniature testing

sysem development

Abstract

Knowledge of deformation and failure mechanisms at micro to nano length scales is
important for material behavior prediction as well as development of new materials with desired
properties. Imsitu multiaxial testing with scanning electron microscopes (BERh reveal
physical deformation mechanisms under realistic multiaxial loading conditions. Althowsgh in
SEM testing has gained traction in recent years, there is currently no multissital 8EM testing
stage available with axiabrsional loadingapabilities which can generally be used in any SEM.

In this study, we report development of a multiaxial miniature testing system (MMTS) with unique
capability for performing axialorsional testing of -2 mm outer diameter tubular specimen inside
most SBs. Different challenges of developing a multiaxialsitu SEM testing stage such as
small load frame size, appropriate specimen position, high vacuum compatibility of MMTS load
frame components, as well as development of installation accessories, dreissad. A custom
SEM stagedoor was developed for MMTS load frame. Verification tests have confirmed
successful development of MMTS for-&itu SEM testing. In addition, digital image correlation

was used with recorded SEM images during test to detesunf@ce strain.

Keywords: miniature test, irsitu testing, scanning electron microscope, digital image correlation

5.1 Introduction

Knowledge of deformation and failure mechanisms at micro to nano length scales is
important for material betvior prediction as well as development of new materials with desired
properties. Irsitu material testing under microscope can provide such knowledge. Optical
mi croscopeds (OM) resolution is |imited by wa
scaniing electron microscope (SEM), emitted electrons from specimen are utilized to generate

images with resolution of few nanometers. Another advantage of SEM over OM is that, depth
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of-field of SEM is typically 500 times greater than that of OM at same magtifn[1]. In-situ
testing has the advantage that, a correlationdsst deformation events and material properties
can be directly obtaind@]. Therefore, irsitu SEM testing is a powerful technique for
experimental study which can provide uepedented details of nanostructures, and uncover
deformation and failure mechanisii3$.

One of the earliest work on-situ SEM testing is by Dinglej], who developed a
tensile straining stage for SEM. He used the stage to observe development of slip lines on the
surface of copper aminum single crystals. Afterwards, Manning and Goodfgwleveloped
an insitu SEM tensile stage, with which they performed tests on fiber glass laminates. In last 20
years, many researchers have developeaitinSEM test systems with capabilities other than
tensile testing. For example, Jigied developed an ksitu SEM torsion test system with which
they tested metallic glass micro wires:situ EM test systems with multiple test modes have
been developed. For example, Giar{@ladeveloped an ksitu SEM test system with
capabilities for axial, bending and naimalentaton testing. Yd7] developed an Hsitu SEM test
system with two different modules for testing specimens of different lemgtiging from
nanometer to millimeter scales. Their test system was designed for tension, compression and
bending tests. ksitu SEM fatigue testing systems have also been developed, for example, by
Reiser8] and Jiand9]. Petegeniil0] developed miniature testing system for SEM which can
apply inplane biaxial stress on a flat specimen. DoLE&f mentioned that a tensigorsion test
system was specially designed by Raith GmbH for JeoS#M. Their test specimen size was
relatively large: up to 100 mm long and 20 mm diameter, and the torsion angle had limitation of
+10°. Commercial companies such as Gatan, Kammarth & Weiss, Deben and MTI
Instruments/Fullam also manufacture different SiEst stages with tension, compression and
bending capabilities.

Deformation mechanisms depend on loading mode, which is multiaxial in most practical
applications. Therefore, investigation of material deformation under multiaxial loading condition
is necessary. Moreover, in engineering applications, component faikmesften occur due to
high temperature and high stress arising at critical component locations. Multiaxial miniature
specimen testing at high temperature is required to simulate such critical tmexchanical
loading conditions for material and compong#ting. However, most of the developesitu

SEM test systems, either by research groups or by commercial manufacturers, are uniaxial.

125



Although recently biaxial irsitu SEM test stage has been developed, there is currently no
multiaxial test system ailable with axiattorsional capabilities that can generally be used in any
SEM.

Developing a multiaxial ksitu SEM test stage, compared to a uniaxial one, is much more
challenging. To incorporate multiaxial loading capability, additional load frame aoenps
such as actuators, encoders are required. This can become difficult to accommodate into the
limited space inside a SEM, unless a SEM is specially built with this design consideration. SEMs
in general are developed with a vacuum chamber size oatyctimmodate specimen to view. A
small vacuum chamber size makes it easier to maintain high vacuum pressure for SEM
operation. Custom development of a SEM to have larger vacuum chamber is expensive. In this
paper, we report development of a multiaxial ntuma testing system (MMTS) with axial,
torsional, high temperature (1080) and internal pressurization capabilities for testing tubular
specimen as small as 1 mm outer diameter (OD). In addition, this test system has the unique
capability for performingxialtorsional testing of miniature specimen in most SEMs. Moreover,
research work is underway to incorporate its high temperature and internal pressurization
capabilities, which have been used so far for ouSIalI testing, for irsitu SEM testing as
well. The focus of this paper is to provide detail description on the novel development of MMTS
as an axiatorsional testing system usable in most SEMs.

In the first part of this paper an overview of MMTS is given. This is followed by
discussion on diffemt challenges in developing ansitu SEM multiaxial testing stage. Details
on how these challenges were overcome, for MMTS development, is presented next. For
installation of MMTS load frame inside SEM, different accessories are required. This is
discused in the following section. Finally, test results are presented to show successful
development of MMTS for wsitu SEM testing.

5.2 Overview of MMTS

The load frame of MMTS is shown kigure 51. The load frame size is 290 mm x 98
mm x 53 mm. It has two actuators, one for axial loading and another for torsional loading. The
load frame has axial load capacity of £1500 N with maximum displacement raterofrBin.

The maximum stroke length of the cross head is 42 mm. The torsional capacity of the load frame
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is 0.5 Nm with maximum rotational rate of 2.7 rpm. The torque actuator can provide continuous
rotation. Two optical encoders are used to measure axidbasion actuator motions. Each

encoder contains a ligletmitting diode (LED), photo detector arrays and a wheel which rotates
between emitter and detector to measure rotation. The encoders have resolution of 5000 counts
per revolution. The load frame s$&®n and motiorcontrol system described above were

developed in cooperation with a commercial test system manufacturer, ADMET, USA. Finite
element analysis was performed to check stiffness of load frame. A custom developed miniature
multiaxial load celldetails of which given later, is used to measure axial and torsional loads.
Miniature grippers have been developed for grippik#yram OD tubular test specimen. Using

these grippers electricity can be passed through a metal test specimen to heatipp&he g

have internal conduits to flow cold water through during high temperature tests. This ensures
even when a test specimen is at 1800the grippers are at around %% Therefore, the load

frame electronic components are not adversely affectedglhigh temperature tests. One of the
grippers has internal conduits to pass gas into a tubular test specimen to subject it to internal
pressure. The MMTS load frame has limit switches to restrict crosshead movement to prevent
the two grippers from accidally colliding with each otherTable 51 shows major

specifications of MMTS.

Table 51. Major specifications of MMTS

Load frame size 290 mm x 98 mm x 53 mm|
Axial capacity +1500 N
Torsional capacity +0.5 Nm

Internalpressure capacity 103 MPa (15,000 psi)

Heating capacity 1000°C

Test specimen geometry Tubular, 1 to 2 mnouter

and size diameter
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Figure 51. Multiaxial miniature testing system (MMTS) load frame
5.3 Challenges in developing multiaxial insitu SEM test stage

To discuss the challenges of developing a multiaxisitun SEM test stage, first a brief
overview of SEM is presented below. A simplified schematic diagram of SEM and its different
components are shownkiigure 52. A SEM has two primary parts: a column and a chamber. The
column houses electron gun to generate electron beam, and electromagnetic lenses. The specimen
to view is placed into the SEM chambérhe electromagnetic lenses and apertures demagnify the
diameter of the electron beam so that it is approximately 10 nm (or less) when it strikes the
specimen. For higher resolution, the electron beam can be further demagdnifiglde objective
lens housing, also known a pgleece, intrudes into the chamber. The chanhloeises a specimen
stage, different detectors and ports. The specimen stage can be translated and raised to move
specimen below polpiece. SEM operation requires high vacuum pressure to increase mean free
path of electrons. This is necessary to reduettesing of electron beam. The electron beam is
traversed over the speci men. Due to electrot
(secondary and backscattered) emit from the specimen. These electrons are detected by secondary
and backscattered elemh detectors to form specimen image.
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Figure 52 Simplified schematic of SEM

In order to develop MMTS such that it can be used inside SEM, different stringent
requirements are to be fulfilled. The first obvious requirement is that, the size of the MMTS load
frame is to be such that it fits within the small space of a SEM charmbErgure 53, a drawing
of the SEM chamber of FEI Quanta SEM, with pole piece, is shown. The specimen location
along the xy plane of the load frame needs to be such that, the specimen can be positioned
below the polepiece using the translation capability of the SEM stage. If the specimen is not
located around the middle of the load frame, it is possible that, the load frame fits within the
chamber, but the specimen cannot be positioned below thipake This is can happen due to
either limited translation capability of the SEM stage, or possibility of collision between load
frame and any SEM detectors during the required translation to bring specimen below pole
piece. The height (H iRigure 53) at which specimen is located below the top surface of the
load frame is important. Because if this dimension is too long, the specimen can fall outside the

working distance of SEM. In such case, the specimen cannot be viewed clearly.

As mentioned earlier, high vacuum pressure is required within SEM chamber to increase mean
free path of electrons. For example, the average spacing between gas molecules wél increas
from 3.4x10° m to 3x10° m when pressure is lowered to“1Pa from atmospheric pressiite].

In order to achieve and maintain high vacuum pressure, all components within the SEM chamber

need to be have low outgassing pap. In absence of high vacuum, electron beam would
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collide with gas molecules resulting in a diffused electron beam. Moreover, outgassing can cause
contamination layers over the cathode (part of electron gun), or failure of cathode due to
oxidation[1]. Therefore, when developing anysitu SEM test stage, compliance lwihe high

vacuum compatibility requirement is needed not only for proper SEM operation, but also to
ensure long service life of a SEM.

Electrical feedthroughs with proper mounting adaptors are needed to connect a test stage,
placed inside a SEM chambueiith thedata acquisition and test control system outside the
chamberAll installation accessories need to be leak free to maintain high vacuum pressure.
Design of any installation accessories, which has one side exposed to the atmosphere and another
sidefacing the inside of the SEM chamber, needs to consider possibility of trapped air. Trapped
air acts as a pseudo vacuum leak (also called virtual leak) by elongating the time required to
reach necessary level of high vacuum pressaraddition, custom wunting stages inside the
SEM chamber may be needed to accommodate the testiMtgeetic materials can affect the
electron beam in a SEM. This can cause distortion in SEM image. Therefore, magnetic materials
should be avoided. Also, parts close to tleeteon beam should be conductive and grounded in
order to avoid electrical chargifg3]. In the next few sections, development of MMTS

considering the aboveentioned challengesediscussed.

Load frame size

Specimen position
on X-Y plane

Specimen height (H)

Vacuum
compatibility

Instrument
installation and
accessories

Electro-magnetic
distortion

SEM chamber

Figure 53. Different challenges in a SEM compatible test system development
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5.4 Development of MMTS for in-situ SEM testing
5.4.1 Determination of test system size

The MMTS load frame size is constrained by the available space in a SEM chamber. The
MMTS load frame is intended to be usable in most SEMs. To achieve this objective, the available
spaces in the chambers of three different SEMs, present at the Anahgdicairientation Facility
(AIF) at North Carolina State University, were determined. The three SEMs were: FEI Verios
460L SEM, FEI Quanta 3D FEG SEM and Hitachi S3200N SEiguie 54). They are addressed
as Verios, Quanta and Hitachi SEMs in the rest of the paper. Among these, Verios SEM is an ultra
high-resolution SEM with a very small chamber. It has maximum image resolution of 0.6 nm. The
maximum allowablespace for a load frame in Verios SEM is 28 mm x 28 mm x 12 mm. The
maximum allowable height of only 12 mm was too small for MMTS load frame, and therefore,
this SEM was not considered further.

Figure 54. Investigated SEMs for #situ testing with MMTS. a: FEI Verios, b: FEI Quanta, c:
Hitachi S3200N

The internal chamber sizes of both Quanta and Hitachi SEMs were measured in detail. 3D
drawings of the SEM chambers were developed, as shadwglre 55 andFigure 56, to facilitate
design of MMTS load frame. It was found that, Quanta SEMihaget height allowance while
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the Hitachi SEM has limited length allowance. To ensure usability of MMTS in both SEMs,
maximum allowable footprint of the load frame was found to be 300 mm (L) x 100 mm (W) x 57

mm (H). These dimensions were further confirnbgdnaking a 3D print of MMTS load frame

and placing it inside the SEM chambeFsg(re 57). There was an additional requirement to

satisfy for using MMTSoad frame inside Hitachi SEM. The internal radius of the Hitachi SEM
chamber and polpiece position required that, the distance between specimen midpoint and one
end of the | oad frame should not be Fguree t han
5.8. The MMTS load frame was developed accordingly to satisfy this requirement.

Load
frame

Quanta SEM chamber

Figure 55. Maximum load frame size determination from consideration of Quantac®Ember

size
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Load frame

Hitachi SEM chamber

Figure 56. Maximum load frame size determination from consideration of Hitachi SEM

chamber size
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Figure 58. MMTS load frame design for use in Hitachi SEM

5.4.2 Determination of appropriate specimen position

Working distance in a SEM is the distance between pole piecéhamspecimen to be
imaged Figure 52). Increasing working distance lessens demagnification of electron beam. This
causes beam spot size to increase wheduces image resolution. On the other hand, éefpth
field increases with increase of working distafide For Hitachi SEM the working distance range
is 360 mm, while for Quanta SEM it is@ mm. In the initial design of the MMTS load frame,
the test specimen was located 25 mm below top surface of the load frame (thish e di st anc
shown in the inset dfigure 53). If we consider 8 mm gap is to be left between {piéee and
load frame top surface for safetgason, the test specimen would be positioned at a working
distance of 33 mm. It was checked whether at this working distance, high resolution SEM images
could be obtained or not. In both Quanta and Hitachi SEMs, images of the test specimen were
taken with33 mm working distanceF{gure 59). Figure 59c shows image of a 1 mm OD test
specimen surface (without any polishing or etching) in Quanta SEM. It was observed that, images
of sufficient clarity could be obtained in both SEMs at 33 mm of working distance. This confirmed
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that having test specimen 25 mm heltmp surface of MMTS load frame was acceptable for in
situ SEM testing.

) Sample Pole piece ‘
......... N A

Figure 59. a: Specimen holder with outline of gripper, b: viewing specimen in Quanta SEM, c:

image of specimen surface at 33 mm workdigjance

5.4.3 Requirement of high vacuum compatibility

High vacuum pressure is required for SEM operation. For example, in Hitachi SEM, a
minimum vacuum pressure of 0.012 Pa (9XT0rr) is required to be achieved using the vacuum
pumps before turning on the electron gun. The MMTS load frame consists of different mechanical
as well as electronic components. To make sure all the components are high vacuum compatible,
the mechanical amponents were fabricated using material with low outgassing properties.
Electronic components were selected considering vacuum compatibility of component materials,
and when needed custom fabricated with low outgassing materials. For exdiffptent
components of load cell, gripper and load frame were fabricated using stainless steel, tool steel
and aluminum. Stainless steel bearings and high vacuum compatible grease, for lubrication, were
used.

Ensuring high vacuum compatibility of all electronic qumnents was more difficult than
for the case of mechanical components of MMTS load frame. This is because, market demand for
high vacuum compatible electronic components, in comparison to regular electronics, is quite
small. As a result, readily availaldégh vacuum compatible electronic components have limited
varieties. For example, MMTS load frame required a multiaxial loadcell with 1,500 N axial load
and 0.5 Nm torque capacities. The physical dimensions of the load cell needed to be not more than
45 mmin diameter and 20 mm in thickness. However, there was no multiaxial miniature load cell

available in market which could satisfy these measurement and dimensional requirements. For this
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reason, a load cell was custom developed for MMTS by partneringavattimmercial load cell
manufacturer, Novatech, UK. During development, the outgassing characteristics of materials
used in load cell s body and cabl e wduSEMdet err
test stage should have outgassing charagtesisth that high vacuum pressure can be achieved

within minimal time. Being able to achieve required vacuum pressure for SEM operation in short

time period, does not only reduce overall SEM usage time but also indicates that no harmful
amount of outgassgnis occurring which can be detrimental for SEM. Reducing SEM usage time

is important because in most cases SEMs are shared among multiple users. During testing of load
cell materials, a vacuum pressure of 0.0004 Pa (2:%Xblr) was able to be reacheftea 36

minutes of starting vacuum pumpgsdure 510). The vacuum chamber test confirmed suitability

of load cell material for use inside SEM.

12
° = Empty vacuum chamber
=)
=) ® MMTS load cell
= 8 r %
=) %
3
2 ..
5 47 ®
7
8 ]
[al ]
0 1 1 1 1 1 ]
0 10 20 30 40 50 60

Time (minute)
Figure 510. Vacuum chamber testing of MMTS load cell

Material outgassing databag®4] was used to guide electronic component selection.
Electronic components such as limit switches, actuators and encodersmiaay different
componenimaterials in different quantities. The outgassing property of a part not only depends on
the different materials present in that part but also on the manufacturing process. Therefore, all the
parts were vacuum tested for fin@infirmation on their acceptability for use in SEM. The load
frame with actuators, encoders, limit switches, gears and connection cables was placed inside a
vacuum chamber. After 40 minutes of starting vacuum pumps, a pressure of 0.0035 P& (2.6x10

Torr) was able to be reacheigure 511). The vacuum chamber tests of load frame components
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confirmed that they had sufficiently low outgassing characteristics, and therefore were usable in
both Quanta and Hitachi SEMs.

160 r

® Empty vacuum chamber
© MMTS load frame
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Figure 511. Vacuum chamber testing of MMTS load frame

The load frame installation accessories, details of which is discussed in following sections,
were tested for vacuum leakage. During repeatesituntests in Hitachi SEM with MMTS load
frame, the required vacuum pressure for SEM operation was able eadieed within 125
minutes of start of vacuum pumping operation. This confirmed high vacuum compatibility of

MMTS load frame as well as installation accessories.

5.4.4 Load frame installation in SEM

In order to use MMTS inside a SEM, installation accessosigsh as electrical
feedthroughs and mounting plates or stages are required. These are discussed in this section. The
MMTS load frame is connected to a control and data acquisition system through 3 sets of cables.
When the load frame is placed inside a SEiMmber, the connection cables are connected to
electrical feedthroughs. These electrical feedthroughs are mounted on custom fabricated adaptors
which are placed on ports present on a SEM chambermigilire 512 shows a schematic of the
connections. These adaptors were fabricated using SS 304L material for low outgassing and better
weldability needed for vacuum application. Each adaptor is fabricated by welding a conflat flange
on a disk with center hole. Thes#i contains an -oing for vacuum sealing. An electrical

feedthrough is mounted on an adaptor with a copper gasket for vacuum sealing. Two cables are
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connected to each feedthrough. One connects the feedthrough to the controller and data acquisition

systemand the other connects the feedthrough to the load frame placed inside SEM.

Inside SEM &|+ Outside SEM
I

Controller and

Load frame |—@— Data Acquisition PC
System

_ €\ SEM
Electrical o~
chamber
feedthrough ! | ical
adaptor Electrica
feedthrough

Figure 512. Powering and controlling load frame inside SEM

In a SEM, a specimen stage is mounted on a sliding door. Thedsiagef Hitachi SEM
is indicated irFigure 56. This stagedoor is removable (sdggure 513). As discussed earlier, the
MMTS load frame size was finalized based on the SEM chamber sizes of both Quanta and Hitachi
SEMs. However, the stagior of the Hitachi SEM can accommodate a maximum specimen
height of 15 mm (se€igure 513). Therefore, a staggoor was developed to use MMTS load
frame inside Hitachi SEM chamber. In the following section, details on this development is

presented.

Figure 513. Stagedoor with HtiachiSEM after removing from SEM chamber
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