
ABSTRACT 

RAHMAN, FARHAN. Development of a Novel Multiaxial Miniature Testing System for Micro-

Specimen Testing, and Multiscale Modeling for Continuum-Scale Material Property Prediction. 

(Under the directions of Dr. Tasnim Hassan, Dr. Gracious Ngaile and Dr. Yong Zhu). 

A multiaxial miniature testing system (MMTS) has been developed for axial, torsional, 

internal pressure and high temperature testing of tubular specimen of 1 ï 2 mm outer diameter 

(OD). In addition, 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 overcoming 

various unique challenges. To develop in-situ 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 miniature load cell with 

high vacuum compatibility was custom developed. The MMTS load frame was developed 

considering chamber sizes of two SEMs: Hitachi S3200N and FEI Quanta. A stage-door and 

electrical connection accessories were developed to use MMTS load frame inside Hitachi SEM. 

In-situ SEM tests with MMTS load frame were performed. Due to the miniature size and non-

planarity (round shape) of test specimen surface, 3D digital image correlation (3D DIC) was 

adopted for strain measurement with MMTS. Use of 3D DIC for specimen 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 and MMTS 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 temperature paint, and modifying the 3D DIC setup with blue band pass filter and 

blue LED lighting. A temperature control system and fail-safe mechanism were developed as well. 

The failsafe mechanism safeguards MMTS load frameôs electronic components during high 

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 

continuum-scale properties due to size effect of a miniature thin-walled 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 tube specimenôs wall thickness to exhibit bulk material response. 
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Chapter 1: Introduction  

 

1.1 Research motivation 

 Paraphrasing physicist R.P. Feynman, the test of all knowledge is experiment, and 

experiment itself helps to develop laws or knowledge [1]. Experimenting to test and develop 

knowledge on material strength and failure mechanisms dates back to hundreds, if not thousands 

of years. In [2], Galileo wrote on his beam testing. While up to 20th century 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 different loading 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. However, in many cases material properties are 

needed to be determined from sub-standard 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 available [3]. Similarly, during developing a new manufacturing process, e.g., 

additive manufacturing, miniature specimen testing is required to check effectiveness of the 

process in a short time. At the time of development or selection of materials for harsh in-service 

conditions, e.g., extreme temperature, pressure or nuclear radiation, often only small test 

components can be exposed to in-service condition due to limited space availability. Similarly, to  

assess condition of an in-service component, one would be restricted to small test specimens, as 

extracting a large test coupon would put the in-service component at immediate risk [4]. 

Moreover, since in service conditions, components are usually subjected to multiaxial stress 

states, to simulate realistic loading conditions, material testing system with multiaxial loading 

capability is required. For example, in micro-manufacturing 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 is a significant need for miniature multiaxial testing 

systems.  

 Advancement of micro and nano-technologies requires knowledge of material 
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deformation and failure mechanisms at micro to nano length scales. These deformation and 

failure mechanisms are heavily influenced 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 temperature. Generally, material properties at high 

temperature cannot be extrapolated from material property data of lower temperature [5]. 

Therefore, high temperature material testing capability is required. Since, many super-alloys are 

specifically developed for high temperature applications, and during development phase limited 

amount of test material is available, high temperature miniature testing facility is needed. High 

temperature miniature testing is also required for advancement of micro-forming processes to 

investigate effect of forming temperature.  

 Materials science of 20th century focused on the quest to deduce structure-property 

relationship; a quest which was facilitated by invention of new tools to óseeô[6]. These tools are 

different variations of electron microscopes, such as scanning electron microscope (SEM). An 

optical microscopeôs (OM) resolution is limited by wavelength of light used to view specimen. 

In a scanning 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-of-field of SEM is typically 500 times greater than that of OM at same magnification [7]. 

In-situ testing has the advantage that, a correlation between deformation events and material 

properties can be directly obtained [8]. Therefore, in-situ SEM testing has become a powerful 

technique for experimental study which can provide unprecedented details of nanostructures, and 

uncover deformation and failure mechanisms [9]. Micro-mechanism based constitutive model 

development requires knowledge of deformation mechanisms at microstructural length scale. For 

verification of such models we need 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 length-scale. However, test results of 

miniature or sub-standard 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 a polycrystalline 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 non-significant. The minimum specimen size which is devoid of any 
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size effect is called 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 size of increasing 

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 with change in specimen dimension 

can be used to extrapolate sub-RVE specimen properties to bulk material properties.  

 

1.2 Literature review on miniature material testing system 

 Different room temperature miniature test systems have been developed ([10], [11], [12], 

[13], [14]). They vary in regard to specimen geometry; from flat specimen ([11], [13]) to round 

specimens, such as wire ([14]) and tubular ([10]). High temperature miniature test systems have 

also been developed ([15], [16], [17], [18], [19]). Because of the advantage of in-situ SEM 

testing, much research efforts have been given to develop test systems with such capabilities ([8], 

[17], [20], [21], [18], [22], [19], [23], [24], [25], [26], [27]). In addition, high temperature in-situ 

SEM tests have also been performed ([17], [18], [19]). A more detail literature review on 

miniature test systems is presented later in this dissertation. However, from literature review it 

was found that, currently there is no high temperature miniature testing system available with 

axial-torsional-internal pressure capabilities with in-situ SEM testing compatibility. 

Nevertheless, there is significant need for such comprehensive testing system for fundamental 

understanding of material properties and deformation mechanisms under realistic multiaxial 

loading and high temperature conditions. In the 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 SEM-compatible multiaxial miniature testing system 

 Development of SEM compatible multiaxial miniature testing system (MMTS) has 

multiple challenges to overcome. The MMTS load frame size has to be small enough to be usable 

inside a SEM. The layout of the load frame needs to be such that test specimen can be brought 
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under the electron gun of a SEM while keeping safe distances from all components inside the 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 due to reduction of mean electron path. Moreover, outgassing 

from load frame can pollute the inside of a SEM chamber, and lower the service life of electron 

gun. To measure the axial-torsional load a high vacuum compatible miniature 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 produces parabolic temperature profile along the length of a test 

specimen [3]. Uniform heating of a miniature test specimen is a difficult task. Measurement of 

surface strain of a miniature non-planar test specimen requires non-contact strain measurement 

techniques. Optical strain measurement techniques such as 3D digital image correlation (3D DIC) 

is a non-contact strain measurement method applicable for non-planar specimen surface. Although 

in theory 3D DIC is length scale independent, its use for a miniature specimen of only 1 ï 2 mm 

OD requires experimental setup related challenges to be overcome. Moreover, use of 3D DIC for 

miniature specimen at high temperature is of significant difficulty.  Internal pressurization of 1 - 2 

mm OD tubular specimen requires careful design considerations ranging from appropriate sealing 

of pressurized gas to consideration of depth-of-field of optical strain measurement technique. High 

temperature testing requires mechanism to safeguard electronic components of load frame against 

high temperature. For conventional large-scale tests this can be performed by cooling specimen 

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

 

1.4 Research objectives and organization of chapters 

 The major research question addressed in the current study can be summarized as, óhow to 

overcome all challenges in developing MMTS?ô The different groups of challenges were 

addressed by development of different sub-systems. The challenge of obtaining bulk material 

property from miniature testing is addressed by use of actual micro-structure based multi-scale 

material modeling.  

 The research work performed is organized in five major chapters 2 to 6 written in the 

format of journal papers. Chapters 3 to 6 each address one major challenge. Chapter 2 gives an 
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overview of how all the challenges to develop MMTS were overcome. It provides details of 

different components of MMTS which are not described in chapters 3 to 6. To avoid repetition, 

chapter 2 directs the readers to chapters 3 to 6, as necessary, for in-depth discussion on relevant 

developmental challenges. As chapters 3 to 6 are written as standalone papers without the 

readers requiring consulting other chapters, minor repetition of information can be found. 

 Chapter 3 discusses the challenge of surface strain measurement on 1 ï 2 mm OD tubular 

specimens by implementation of 3D DIC. In the present study, this challenge was overcome by 

developing a comprehensive mathematical framework addressing different 3D DIC setup 

parameters such as speckle size, stereo angle as well as different 3D DIC analysis parameters. By 

implementing this framework an 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 addressed previously by developing a novel hybrid heating technique 

[28]. The challenge of using this hybrid heating technique with the electronic load frame of 

MMTS, and development of a temperature feed-back control and failsafe mechanism are 

discussed in chapter 4. The developed failsafe mechanism safeguards load frame electronics 

during high temperature testing. The challenge of strain measurement of tubular specimen 

subjected to 1000 °C is discussed in chapter 4.  

 Chapter 5 discusses the challenge of developing MMTS for in-situ SEM testing. This 

challenge introduces major design requirements for the MMTS load frame and all its 

components. Another host of challenges are related to proper mounting of the load frame inside a 

SEM. A high vacuum compatible mounting stage and all necessary electrical accessories for 

control and data transfer from MMTS load frame, while placed inside SEM, have been 

developed.  

 The research work presented in chapter 6 can be viewed as a óconceptual sub-systemô of 

MMTS. In a miniature specimen the size of its microstructure is comparable to its geometrical 

size. Material properties determined from miniature specimen tests, performed with MMTS, may 

deviate from continuum-scale properties due to size effect of a miniature thin-walled specimen. 

Therefore, miniature test results cannot be directly used to determine bulk scale properties. The 

research work presented in chapter 6 shows how actual micro-structure based multiscale 

modeling can be performed to predict representative volume element (RVE) size of a material 
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which gives continuum scale material response. Moreover, with this predicted size, limited 

number of miniature tests can be 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 

material modeling work can be regarded as another sub-system of MMTS.  

 Finally, chapter 7 presents conclusions of the research work. Recommendations for 

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

and in-situ scanning electron microscope testing capabilities 

 

Abstract 

 For continued advancement of micro- and nano-technologies advanced miniature material 

testing system with high temperature multiaxial loading and in-situ scanning electron microscope 

(SEM) testing capabilities is needed. Development of such comprehensive testing system has 

many challenges to overcome. In present study, a novel multiaxial miniature testing system 

(MMTS) with high temperature axial, torsional, internal pressure and in-situ SEM testing 

capabilities has been developed. MMTS development required many major challenges to 

overcome such as: gripping of 1 ï 2 mm outer diameter tubular specimen, uniform heating, internal 

pressurization, gripper cooling, strain measurement and SEM compatibility. Different verification 

tests have been performed which confirmed acceptable performance of 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 of test material is available [1]. A similar situation arises 

during developing a new material development process, e.g., additive manufacturing. During 

development or selection of materials for harsh in-service conditions (e.g., extreme temperature, 

pressure or nuclear radiation), often only small test components can be exposed to in-service 

condition due to limited space availability. To assess condition of an in-service component one 

would be restricted to small test specimens, as extracting a large test coupon would put the in-

service component 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 multiaxial loading capability is 

required. 

 Advancement of micro and nano-technology 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 temperature. 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 temperature. Generally, material properties at 

high temperature cannot be extrapolated from material property data of lower temperature [3]. 

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 

super-alloys are specifically developed for high temperature applications, high temperature 

miniature testing facility is needed. High temperature miniature testing is also required for 

advancement of micro-forming processes.  

 In-situ testing with electron microscopes 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 can provide 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 reason, in-situ SEM testing has gained 

traction in recent years for engineering research. In-situ SEM micro-mechanical testing methods 

are used to study scale-dependent material properties, and to observe deformation and failure 

mechanisms. Also, SEM enables accurate specimen positioning, and visual control of experiment 

[5]. Although challenging, instead of ex-situ SEM testing, in-situ SEM testing is required for the 

following reasons:  

Å Analyzing deformation mechanisms by comparing before and after test images of a 

specimen is very time consuming. It is because finding the exact specimen location, after 

different amounts of deformations, under a microscope is difficult.  

Å Only limited number of test data can be obtained in an ex-situ SEM testing because the 

test is to be interrupted. 

Å In ex-situ SEM testing, a test specimen is needed to be unmounted from test stage. This 

would cause closure of micro-cracks [6]. Also, elastic deformation data will be lost during 

specimen unmounting. 



12 
 

Also, micro-mechanism based constitutive model development requires 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 mentioned above, miniature testing system with high 

temperature multiaxial loading and in-situ 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 in Table 2.1. High temperature and in-situ SEM testing capabilities, if available, are 

indicated as well. 
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Table 2.1. Literature review on material testing system for miniature specimen. 

Paper Specimen type High 

temperature  

Loading type In-situ 

SEM  

Test material 

[7]  Tube (2.38 mm OD, 0.15 mm wall 

thickness) 

No Axial force, internal pressure No SS 304L 

[8]  Flat specimen No Tension No High silicon cast iron 

[9]  Microbeams of thickness around 550 

ɛm 

No 3- and 4-point bending tests No Thermal barrier 

coating system 

[10]  Flat specimen No Tension No Nickel specimen 

[11]  Wire No Tension-torsion fatigue 

testing 

No 316L SS wires 

[12]  Tensile tests with thin wires Up to 600 °C Cyclic tension, compression, 

load relaxation tests, 

indentation 

No SS 316 and OFHC 

[13]  Thin film Up to 1000 

°C 

Tension No SiC thin films 

[1]  Miniature specimen with 2 x 1 mm 

cross-section and full length of 40 

mm 

Up to 1200 

°C  

Tension, compression No CMSX-4 Ni-base 

superalloy 

[14]  Flat Up to 400 °C Tension Yes SCS micro-specimens 

[15]  Thin film No Tensile Yes Al was used, 

applicable to metals, 

dielectrics, multilayer 

composites 

[16]  Micro wire of 70 µm diameter No Torsion Yes Metallic and polymer 

 

Table 2.1. (continued) 
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[17]  Flat specimen, micro pillar Up to 500 °C Indentation, micro-

compression, cantilever 

bending, scratch testing 

Yes Fused silica and 

silicon micro-pillar 

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

wires 

[19]  Nano pillar, cantilever Around 300 

°C 

Compression, cantilever 

fracture testing 

Yes Single crystals and 

ultrafine-grained 

chromium 

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

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

[6]  Cylindrical specimen, up to 100 mm 

long, 20 mm OD 

No Cyclic combined tension, 

torsion 

Yes Astroloy specimen 

seeded with Al2O3-

MgO particles 

[22]  Nano wires and pillars No Tension, compression, nano-

indentation and bending 

Yes Single crystal nano-

wires, nanoporous Au 

pillars 

[23] 

 

- No Tension Yes Cu-Aluminum single 

crystals 

[24]  1D nano structure e.g., metallic and 

semi-conductor for nano-wires 

No Cyclic torsional Yes Metallic 

semiconductor nano-

wires 
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 From literature review it was found that there is no high temperature miniature testing 

system available with axial-torsional-internal pressure capabilities with in-situ SEM testing 

compatibility. However, there is need for such comprehensive testing system for fundamental 

understanding of material 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 taken. The 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 frame is shown in Figure 2.1 with different components 

identified.  

 

Figure 2.1. Schematic outline of MMTS load frame. (1): Axial motor, (2): Displacement 

encoder, (3): Lead screw, (4): Drive belt, (5): Framing for test stage, (6): Rail rods (7): Cross-

head, (8): load cell, (9a): Tension gripper, (9b): Torsion gripper, (10): Torque motor, (11): 

Rotational encoder, (12): Load frameôs dimensional outline (length, L x width, W x height, H). 

(13): Tubular test specimen. 

In light of the conceptual outline of MMTS load frame (Figure 2.1), the different challenges 

of MMTS development are: 

1. How to make the load frame small enough to accommodate inside a SEM chamber? 
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Are the dimensions of the load frame small enough to be usable inside SEM? (refers to 

item# 12 in Figure 2.1) 

2. How to ensure high vacuum compatibility of all components for SEM compatibility? 

Are all components, referring to items #1 to 11 have low outgassing property under high 

vacuum pressure? (refers to item# 1 to 11) 

3. How to develop a multiaxial miniature load cell, referring to item #8, with high vacuum 

compatibility? (refers to item #8) 

4. How to grip tubular test specimen of 1-2 mm OD for axial-torsional-internal pressure 

loading? (refers to item #9a, 9b) 

5. How to prevent gripper tightening torque from affecting load cell and torque actuator? 

(refers to item #8, 9a, 9b and 10) 

6. How to uniformly heat miniature specimen (refers to item #13)? 

7. How to measure non-planar surface strain (refers to item #13)? 

8. How to internally pressurize test specimen (refers to item #9a, 9b and 13)? 

9. How to apply axial-torsional loading (refers to item #1, 10)? 

10. How to protect load frame components against high temperature (refers to item #1,2,8,10 

and 11)? 

Table 2.2 shows an overview of how these different challenges in MMTS development were 

addressed. In Table 2.2, the challenge numbers refer to the numbers identified above 
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Table 2.2. Overview of how different challenges are addressed in MMTS development. 

Challenge 

numbers 

Challenges Solutions 

1, 2 MMTS load frame size 

small enough and 

specimen position 

appropriate to be usable 

inside SEM. Load frame 

components usable inside 

SEM. Installation of load 

frame inside SEM 

Available space in different SEMs were determined. Maximum load frame dimensions, 

and specimen position were determined and checked by placing 3D printed load frame 

prototype inside SEM. High vacuum compatible load frame components were 

developed or acquired. Vacuum compatibility of all load frame components was 

confirmed by vacuum chamber tests. A door-stage for mounting load frame inside 

Hitachi S3200N SEM was developed. Electrical connection accessories for controlling 

and acquiring data from MMTS load frame placed inside SEM were developed. 

3 Miniature multiaxial load 

cell with high vacuum 

compatibility 

Miniature load cells available in market was compared against MMTS requirements. 

No off-shelf load cell met all requirements. Guided by vacuum chamber tests, a 

multiaxial miniature load cell was custom developed for MMTS in cooperation with a 

commercial load cell manufacturer. 

4, 5 Gripping of tubular 

specimen subjected to 

axial-torsional-internal 

pressure loading at high 

temperature. Prevent 

gripper tightening torque 

from damaging load 

frame. 

Custom miniature grippers were developed for MMTS. To prevent gripper tightening 

torque from affecting load cell and torque actuator, a gripper locking mechanism was 

developed. 

6 Uniform heating of 

miniature test specimen 

To uniformly heat miniature tubular specimen a hybrid heating technique comprised of 

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 for 

1-2 mm OD tubular 

specimen subjected to 

1000 °C 

3D DIC setup was developed optimizing different setup variables. 3D DIC at high 

temperature was performed by use of high temperature paint with airbrush, blue LED 

lights and blue band pass filter. 

8 Internal pressurization of 

tubular test specimen 

Internal conduits were designed in the grippers for internal pressurization of tubular 

specimen. 

9 Application of axial, 

torsional loading 

Axial and torsional loadings are applied by two actuators. Cross-head movement and 

rotation angles are measured by two encoders. All these components were selected 

such that the load frame size does not exceed maximum space available inside the SEM 

chamber. 

10 Protection of load frame 

components against high 

temperature 

Miniature grippers were developed with internal cooling channels. A temperature 

control system continuously monitors gripper temperature and shuts off heating in case 

gripper temperature exceeds an allowable temperature limit. 
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 The MMTS is composed of different sub-systems to address different tasks. In the 

following sections an overview of MMTS, and details on different sub-systems are presented.  

 

2.4 Overview of MMTS 

 The load frame of MMTS is shown in Figure 2.2. Figure 2.3 shows the entire test system 

for testing outside SEM, and Figure 2.4 shows the in-situ SEM test setup with MMTS. MMTS has 

axial and torsional loading capabilities of 1.5 kN and 0.5 Nm. Custom grippers have been 

developed for tubular specimen of 1 ï 2 mm OD. All the components of the load frame are high 

vacuum compatible (up to 10-6 Torr). The load frame has been designed and developed to be usable 

inside a SEM. 

 

Figure 2.2. MMTS load frame.
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Figure 2.3. 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): DAQ module for strain 

controlled testing, (7): Internal pressure regulator, (8): Internal pressure gauge, (9): Power supplies for heating system, (10): Pump for 

cooling system, (11): Water storage for cooling system, (12): Power supply for cooling system (13): Gas booster for internal pressure 

system, (14): N2 gas supply. 
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Figure 2.4. In-situ SEM test setup with MMTS load frame: a: Hitachi SEM chamber without stage-door, (1): rail-rod; b: (2): fabricated 

stage-door, (3): fabricated electrical feedthrough adaptor, c: (4): MMTS load frame mounted on stage-door, d: Complete test setup, 

(5): cable connecting load frame to controller, (6): SEM focus, magnification controller, (7): SEM monitor, (8): Test system monitor, 

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

sections. 

 

2.5 MMTS Load frame 

 The load frame of MMTS is shown in Figure 2.2. 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 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 used to measure 

axial and torsion actuator motions. Each encoder contains a light-emitting 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 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 multiaxial load cell, details of which given later, is used to 

measure axial and torsional loads. Miniature grippers have been developed for gripping 1-2 mm 

OD tubular test specimen. Using these grippers electricity can be passed through a metal test 

specimen to heat it. The grippers have internal conduits to flow cold water through during high 

temperature tests. This ensures even when a test specimen is at 1000 °C, the grippers are at 

around 35 °C. Therefore, the load frame electronic components are not adversely affected 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 two grippers from accidentally colliding with each other. All 

the components of the load frame meet the high vacuum compatibility requirement for use inside 

a SEM. Table 2.3 shows major specifications of MMTS.  
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Table 2.3. Specification of MMTS. 

 

 

2.6 Miniature grippers for 1 ï 2 mm OD specimens 

 Miniature grippers (Figure 2.2) were developed for MMTS. Different components of the 

gripper are shown in Figure 2.5. Two major components are the front-section and the main-body. 

A small collet is placed into the center hole of a front-section, 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 front-section of the gripper is placed over the main-

body. Four bolts connect the front-section and the main-body. The tightening torque creates 

tension on the bolts. As a result, the undersides of the bolt heads compress the front-section on 

the main-body. This causes the collet in the front-section 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 been developed. One gripper has internal channel to supply gas into 

the tubular test specimen to pressurize it to up to 15 ksi. With MMTS, a metal specimen can be 

heated up to 1000° C. Internal channels are present within the grippers for coolant flow. This 

keeps the grippers at room temperature during high temperature tests.  

Load frame size (mm) 290 x 98 x 53 

Axial capacity (N) 1500 

Torsional capacity (Nm) 0.5 

Internal-pressure capacity (psi) 15,000 

Heating capacity (°C) 1000 

SEM compatibility Most SEMs (development was 

based on Hitachi SEM S3200N, 

FEI Quanta SEM) 

Axial stroke limit and speed 23 mm (for 22 mm long 

sample), 5 mm/min 

Rotational stroke limit and 

speed 

Continuous, 2.7 RPM 

Specimen geometry Round 

Specimen outer diameter (mm) 1 to 2 

Strain measurement technique 3D DIC 

Test material Metals, non-metals (for room 

temperature tests) 
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Figure 2.5. a: miniature gripper assembly, b: cross-section of gripper. (1): main-body (2): front-

section, (3): collet, (4): mounting bolts, (5): internal pressure supply channel, (6): tubular test 

specimen, (7): internal channels for coolant flow. 

Dimensions of different components of a gripper for testing 1 mm OD specimen are shown in 

Figure 2.6. More details of the gripper can be found in [25]. The following section presents detail 

on miniature gripper design for testing a 2 mm OD specimen. 

 

Figure 2.6. Different components of a gripper for 1 mm OD specimen, (a): frontside diameter of 

collet, (b): backside diameter of collet, (c): front-section, (d): main-body. 
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2.6.1 Miniature gripper for  tubular specimen of 2 mm OD 

 MMTS has been designed primarily for testing 1 to 2 mm OD tubular specimen. 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 gripper-pair for 1 mm OD specimen was developed [25]. These grippers are called ó1 

mm-gripperô. The collet of the 1 mm-gripper has diameter of 2 mm at the front side (Figure 

2.6a). Hence, this collet cannot be used for testing 2 mm OD specimen. The diameter of the 

collet on the backside is 3 mm (Figure 2.6b). The front-section (Figure 2.6c) and the main-body 

(Figure 2.6d) parts of the 1 mm-gripper were designed to accommodate this collet. Hence, the 

front-section and main-body parts of the 1 mm-gripper cannot be used for testing 2 mm OD 

specimen, and design modifications are needed on the parts: collet, front-section and main-body. 

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 specimen   

 A gripper pair similar to the 1 mm-gripper was designed for testing tubular specimen of 2 

mm OD. These grippers are called ó2 mm-gripperô. During tightening of the 1 mm-gripper, 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 torque, a gripper locker was 

developed. The gripper locker was designed considering 1 mm-gripper, and for tightening torque 

of 0.56 Nm. The gripper locker was developed prior to the design of 2 mm-gripper. However, 

during the design of 2 mm-gripper, the effectiveness of the gripper-locker was assessed to check 

its effectiveness with 2 mm-gripper. 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 this chapter. In 

the following elaboration on the design process of the 2 mm-gripper few terms are used. These 

terms are described below for clarification: 

¶ Gripping-force on specimen: This is the frictional force capacity developed on the 

specimen generated by the compressive force as a result of the gripper tightening process. 

This frictional force capacity is the axial capacity of the gripper.  
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¶ Bolt tightening torque: This is the torque applied on the tightening bolts of the gripper.  

¶ Gripper-clamping-force: This is the bolt pretension force, generated by the torque applied 

on the tightening bolts of the gripper. The bolt pretension applies compression on the 

gripper. This is shown in Figure 2.7.  

The steps of the design procedure are:  

¶ Step 1: Perform geometric modification to accommodate a 2 mm specimen.  

¶ Step 2: Determine axial force requirement for testing 2 mm OD specimens. This axial 

force dictates necessary gripping force for the 2 mm-gripper.  

¶ Step 3: Determine necessary gripper-clamping-force from FE analysis. 

¶ Step 4: Modify geometry of gripper parts, if needed, based on FEA results 

¶ Step 5: Determine required torque to apply on bolts for gripper tightening for the required 

gripper-clamping-force. This is to investigate whether the developed gripper-locker 

would be effective for 2 mm-gripper or not. 

 

Figure 2.7. FE model of the gripper tightening process where red arrow shows gripper clamping 

force. 

 

2.6.2.1 Step 1: Perform geometric modification 

 Geometric modifications on collet, front-section and main-body parts of 1 mm-gripper 

were made to accommodate 2 mm OD specimen. Different components of the 2 mm-gripper are 

shown in Figure 2.8. The diameter of the collet inner hole is 2.08 mm (Figure 2.8a) for easy 

insertion of the 2 mm OD specimen into the collet. The design considers around 0.5 mm thick 
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(Figure 2.8d) sealing material to be used during internal pressure testing with MMTS as was 

considered in the 1 mm-gripper.  

 

Figure 2.8. Different parts of a 2-mm gripper, (a): collet, (b): front-section, (c): main-body, (d): 2 

mm-gripper cross-section, where (1): main-body, (2): front-section, (3): collet, (4): plug.  The 

ó0.46 mmô gap indicates space for sealing material for internal pressure testing. 

 

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

 For 2 mm OD tube the ultimate axial force requirement is 936 N for thickness up to 0.2 

mm (considering 827 MPa (120 ksi) ultimate axial strength of steel) (Figure 2.9).  
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Figure 2.9. 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 gripper-clamping-force 

 During the design of 1 mm-gripper, performing finite element analysis, Lin [25] found 

that to obtain 550 N of gripping force, 2740 N of total bolt pretension was needed for a 2 mm 

long plug and 2632N of total bolt pretension was needed for a 3 mm long plug. Based on this, a 

trial bolt pretension (i.e., gripper-clamping-force) of 2700 N was considered in FEA. All contact 

surfaces were considered frictional with coefficient of friction of 0.2. The boundary condition of 

FEA model of 2 mm-gripper is shown in Figure 2.11. For 2700 N of gripper clamping force, the 

radial compressive stress on the elements of the specimen below the collet was found to be 322 

MPa (Figure 2.12a, b). Hence, the frictional capacity developed on the specimen = 0.2 * 322 

MPa * area of specimen under collet (mm2) = 0.2 * 322 * 2.35 * 2 * 3.1416 N = 951 N. Since 

this was greater than the axial force requirement for 2 mm OD specimen, the necessary gripper 

clamping force was 2700 N.  

 ASTM E8/E8M standard suggests plug length to be such that length equal to twice the 

inner diameter of test tube should have plug portion beyond the collet (Figure 2.10). For this 

reason, 8 mm length of plug was used during the FE simulation. This provided 3.95 mm of plug 

portion beyond collet which was acceptable according to the ASTM E8/E8M standard. 
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Figure 2.10. ASTM E8/E8M standard [26] 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 stresses developed on different parts of the gripper were investigated. 

The front-section and main-body parts of gripper are designed to be fabricated with Nitronic 60 

material (strength level 4). The plug and collet are designed to be fabricated with A2 tool steel. 

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 mm-gripper [25]. The equivalent stress developed on the different 

parts are shown in Figure 2.13. The maximum equivalent stresses and their comparisons with the 

yield stresses of the fabrication materials are shown below.  

¶ Collet: 1239 MPa (< 1350 MPa, OK) 

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

¶ Front-section: 570 MPa (< 1000 MPa, OK) 

¶ Plug: 344 MPa (<1350 MPa, OK).  

The maximum equivalent stresses were found to be acceptable. 
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Figure 2.11. Boundary condition of FEA model of 2 mm-gripper. 

 

Figure 2.12. (a): elements of below collet, (b): radial compressive stress on specimen. 
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Figure 2.13. Equivalent stress contour of different components of 2 mm-gripper; (a): collet, (b): 

plug, (c): main-body, (d): front-section. 

 The collet has a slit to enable its clamping mechanism. A 0.3 mm slit width was considered. 

It was checked whether this slit width was sufficient. Figure 2.14 shows the circumferential 

deformation of the collet under 2700 N of gripper-clamping force. The circumferential 

deformation on both ends of the slit width is around 5 µm. Hence the 0.3 mm slit width reduces to 

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

 

Figure 2.14 Circumferential deformation of collet under 2700 N of gripper-clamping force. 
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2.6.2.4 Step 4: Based on FEA result modify gripper part geometry if needed 

 From FEA it was found that with the considered gripper part geometries, the required 

gripping force for 2 mm OD tube (with thickness up to 0.2 mm) specimen can be generated while 

ensuring that the equivalent stresses on the gripper parts were acceptable. Therefore, no 

modification to the considered gripper part geometries was needed.  

 

2.6.2.5 Step 5: Determine effectiveness of gripper-locker 

 Since, 2700 N of bolt pre-tension was considered in the gripper locker design, it can be 

used for the 2 mm-gripper as well. The details of the gripper locker design are presented later in 

this chapter. 

 

2.6.3 Conclusion regarding 2 mm gripper 

 A 2 mm-gripper was designed. From FEA simulation it was found that required gripping 

force for 2 mm OD tube specimen (with thickness up to 0.2 mm) can be generated while equivalent 

stress on the gripper parts were acceptable. The gripper locker has been found to be effective to 

use with the designed 2 mm-gripper. Hence, no separate gripper locker for 2 mm-gripper was 

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 section on the main body. This causes a collet 

in the gripper to compress and grip the test specimen. In essence, by application of torque on the 

mounting screws, high normal force between the collet inner surface and the specimen is induced. 

This increases static friction resistance capacity of the collet and the specimen. If  the tensile force, 

applied on the specimen, is above this static friction resistance capacity, the specimen will slide, 

and the tension test will be disrupted. Therefore, the grippers need to be tightened properly. To 

prevent the tightening torque from damaging the load cell or the torque actuator, during the 
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tightening process the gripper main-body is needed to be held in place without allowing any 

rotation. To be able to secure a gripper main-body in place, top and bottom horizontal surfaces are 

machined on the grippers as shown in Figure 2.15. These cut surfaces of the grippers are held by 

a gripper locking system.  

 

Figure 2.15. Horizontal surface to hold gripper main body during tightening. 

 

2.7.1 Development of gripper locking system for 1 mm-gripper  

 The steps involved in developing the gripper locking system for 1 mm-gripper are: 

¶ Step 1: Determine the design tension capacity, which is the required gripping force on test 

specimen.  

¶ Step 2: Determine required bolt pretension force to obtain required gripping force.  

¶ Step 3: Determine required tightening torque to apply to obtain required bolt pretension force.  

¶ Step 4: Obtain dimensions of the gripper locker parts such that the torque capacities of load 

cell and/or torque actuator are not exceeded. 
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2.7.1.1 Implementation of step 1: Determine necessary gripping force 

 The tension loading capacity of MMTS has been selected to be 1,500 N for testing tubular 

specimen up to 2 mm OD with wall thickness up to 0.3 mm ( Figure 2.9). However, for 1 mm OD 

tube of wall thickness of 0.3 mm, the ultimate axial strength is 550 N (Figure 2.16). Therefore, the 

required gripping force (step 1) is 550 N.  

 

Figure 2.16. 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 bolt pretension force 

 Bolt pretension force is the cause of the resultant gripping force on test specimen. The 

relationship between the bolt pretension force and the gripping force is dependent on the friction 

coefficients between different contact surfaces as well as the compressibility and slit width of the 

collet. Main pairs of contact surfaces involved in the bolt pretension force-gripping force 

relationship are: 

¶ Collet and specimen 

¶ Gripper front-section and collet 

¶ Gripper front-section and main-body 

 Performing finite element analysis, Lin [25] found that to obtain 550 N of gripping force, 

2740 N of total bolt pretension force was needed for a 2 mm long plug and 2632 N of total bolt 



35 
 

force was needed for a 3 mm long plug. In the design of the gripper locker, 2700 N of total bolt 

pretension force was considered.  

 

2.7.3 Implementation of step 3: Determine required tightening torque 

 Required bolt tightening torque to obtain necessary bolt pretension of 2700 N, can be 

calculated from torque coefficient and bolt specification. For #8-32 bolts, the torque coefficient is 

0.2. Calculation for the torque coefficient is shown in Appendix. The required torque is calculated 

below. 

 

(0.164*25.4) 2700
* * 0.2* * 0.56

1000 4

where,

= bolt torque

torquecoefficient

= bolt major diameter

 = bolt pretension

T K d F Nm

T

K

d

F

= = =

=

  

 

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

 Dimensions of the gripper locker parts were determined such that the torque capacities of 

load cell and/or the torque actuator were not exceeded. The loadcellôs torque capacity and torque 

actuatorôs capacity were both 0.5 Nm. The different parts of the gripper locking mechanism is 

shown in Figure 2.17. The gripper locking parts on the tension and torsion sides of the load frame 

are similar. To tighten the grippers, the load frame is first placed on either the tension or torsion 

locker bottoms. On the tension side of the load frame, a pair of 1/4-20 bolts are used to connect 

the tension-locker-top part with the tension-locker-bottom part. However, due to space limitation 

because of the load frame mounting bases near the torque actuator side (Figure 2.18), smaller 

gripper locking screws (#6-32) are used to connect the torsion-locker-top with the torsion-locker-

bottom part.  
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Figure 2.17. Different parts of gripper locking system; (1): torsion-locker-top, (2): #6-32 bolt, 

(3): 1/4-20 bolt, (4): tension-locker-top, (5): torsion-locker-bottom, (6): tension-locker-bottom, 

(7): mounting rest, (8): mounting pad. 

 

Figure 2.18. #6-32 bolts are used to connect torsion-locker-top with torsion-locker-bottom part 

due to space limitation. 
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 Dimensions of the different parts of the gripper locker were determined based on FEA of 

the gripper locking process. Dimensions of the gripper locking parts were selected to make sure 

minimal torque is transmitted to the torque actuator and the load cell on which grippers are 

mounted. Due to space restriction, the dimensions of the gripper locker parts are smaller on the 

torque side than on the tension side. Therefore, 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 conditions for the simulation of the locking parts on the torque side are 

shown in Figure 2.19. 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 of vertical force is applied on gripper main-body in addition to the 

tightening torque. Considering #6-32 screws and 0.2 torque coefficient, pretension forces of 50 N 

are generated due to hand tightening of the torsion-locker-top locking nuts (Figure 2.19) with a 

torque of around 0.035 Nm. The calculation for 50 N of pretension force is shown below. 

0.035
50.7

* 0.2*0.136*25.4 /1000

T
F Nm

K d
= = =  

 

Figure 2.19. FE analysis of gripper locking mechanism on torque side; (1): torsion-locker-top 

locking nuts, (2): #6-32 bolt, (3): torsion-locker-top, (4): gripper main-body, (5): torsion-locker-

bottom. 
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 FEA result (Figure 2.20) showed that around 0.21 Nm of torque would be transmitted to 

the torque actuator connected to the torque gripper during the gripper tightening process. Since, 

the dimensions of the tension-locker-top and tension-locker-bottom are larger than their counter 

parts on the torsion side (Figure 2.17), the amount of torque that would be transmitted to the load 

cell would be smaller than 0.21 Nm. 0.21 Nm is less than half the capacities of both the loadcell 

and the torque actuator. Therefore, the dimensions of the gripper locking parts are acceptable.  

 

 

Figure 2.20. FEA result of gripper locking mechanism showing 0.21 Nm torque is transmitted to 

torque actuator. 

 

2.7.5 Fabrication of gripper locking system 

 The developed gripper locking system is shown in Figure 2.21. Parts of the gripper locking 

system have been fabricated out of AISI 4140 alloy steel. Before tightening the torque side gripper, 

it is first placed between the torsion-locker-top and torsion-locker-bottom parts (Figure 2.21). Then 

the bolts at the top of the torsion-locker-top are tightened. After this, the gripper bolts, connecting 

the front-section to the main-body, are tightened.  
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Figure 2.21. Gripper locking system with MMTS load frame; (1): torque actuator, (2): torsion-

locker-top, (3): tension gripper, (4): multiaxial load cell, (5): torque gripper to be tightened, (6): 

mounting rest, (7): torsion-locker-bottom, (8): mounting pad. 

 

2.8 Multi -axial miniature load cell 

 A high vacuum compatible multiaxial miniature load (Figure 2.2) cell was custom 

developed for MMTS by partnering with a commercial load cell manufacturer, Novatech, UK. The 

load cell has axial load capacity of 1.5 kN and torque capacity of 0.5 Nm. It weighs 172 gm.The 

specification of the load cell is shown in Table 2.4. The controller software of MMTS is called 

MTEST Quattro. The loadcell is attached with 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, the software records a load count value which is converted into load reading using load cell 

calibration data. The warm up time required to obtain stable load cell reading was investigated to 

ensure accuracy of load cell reading during test. To know the warm up time, the zero-load response 

of the load cell was recorded right after turning on the MMTS controller. It was found that the load 

cell response stabilizes after around 25 minutes (Figure 2.22). 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 2.22. Zero load response of the load cell with time after powering on MMTS controller. 

 For high vacuum compatibility of the load cell, the load cell was designed to be unsealed 

to allow quick pressure equalization. However, to protect the internal wirings of the load 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 main-body (Figure 2.23).  

 

Figure 2.23. Miniature multiaxial load cell with protective shield. 

 

2.8.1 Load cell calibration 

 In order to calibrate the load cell connected to the MMTS data acquisition (DAQ) system, 

calibration setups, as shown in Figure 2.24, were developed. The weights used during the 

calibration were weighted using an electronic balance. This balance was calibrated by a 
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commercial equipment calibration company (J. A. King, Raleigh, USA) according to ISO-17025 

standard. 

 

Figure 2.24 Load cell calibration setups, right: tension calibration, left: torque calibration. 

 The tensile calibration setup (Figure 2.25) was first levelled using the leveling pads to 

make sure that the calibration loads were applied along the tensile axis of the load cell. The load 

cellôs tension capacity is 1500N (152.9 Kg). The tension calibration was performed up to 80% of 

the capacity (around 120 Kg). The voltage response from the load cell is read by the DAQ as 

ócountô values. The tensile calibration curve is shown in  Figure 2.29 in appendix. The tension 

calibration curve shows that the load cell response is consistent during increase and decrease of 

loads.  
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Figure 2.25. Tensile calibration setup for MMTS load cell; (1): level, (2): load cell cable 

connected to DAQ, (3): load cell, (4): load cell tension adaptor and hook to hang weights, (5): 

calibration weights, (6): leveling pads. 

 After the calibration was performed, the response of the calibrated load cell was checked 

against actual load.  Figure 2.30 (in appendix) shows that the 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 anti-clockwise directions with the developed setup (Figure 2.26).  Figure 

2.31 and Figure 2.32 (in appendix) respectively show the clockwise and anti-clockwise torque 

calibration curves. All 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 2.26. Torque calibration setup of MMTS load cell. 

 

2.9 Strain measurement sub-system of MMTS  

 3D Digital Image Correlation (DIC) is used for measuring surface strain on tubular test 

specimen. To reduce strain measurement error, the load frame is placed on a vibration isolated 

optical table (Figure 2.3). Details of the developed 3D DIC setup are given in detail in chapter 3.  

 

2.10 Heating-cooling sub-system of MMTS  

 The grippers were designed such that electricity can be passed through test specimen. This 

results in heating of specimen due to Joule heating, also called resistive heating. However, this 

resistive heating procedure provides non-uniform heating of specimen where the temperature 

decreases towards the specimen ends. To achieve uniform specimen heating two heating coils are 

placed near specimen ends. This increases specimen temperature near the ends. As a result of these 

two heating techniques, a uniform temperature profile is achieved over the specimen gauge length. 

In order to cool the gripper, internal conduits are designed into the gripper. A cooling system was 
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developed to flow cold water through the grippers. Details of the heating-cooling sub-system are 

presented in chapter 4.  

 

2.11 Internal pressurization sub-system of MMTS  

 The tension-side gripper mounted on the load cell (Figure 2.2) has internal conduits which 

creates a flow path into the inside of a tubular specimen. The torque-side gripper has sealing to 

stop the flow to internally pressurize a tubular specimen up to 15 ksi. Details of the internal 

pressurization system is given in Lin [25], where internal pressurization is controlled manually. In 

short, the internal pressurization system is composed of two N2 gas cylinders (Figure 2.3) 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 pressure the desired internal pressure can be achieved. 

For electronic control of pressure, a pressure control system has been designed. Figure 2.27 shows 

the outline of the pressure control system.  

 

Figure 2.27. Electronic pressure regulator system outline. 

 Based on the design, the 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 pressure (manufacturer: Equilibar, model# 

QPV1MANEEZP150P) 

b. An electronic pressure sensor (manufacturer: HBM, model# 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 2.27). Figure 2.28 shows the flow chart for electronically controlling pressure. The 

pressure controller 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 output module (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 will be used 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 valve will be used at the end of pressure experiment to completely exhaust 

pressure from the pressurization system.  
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Figure 2.28. Flow chart for electronically controlling pressure. 

 

2.12 Accessories for in-situ SEM testing 

 The MMTS load frame has been designed such that it can be used inside a SEM. In order 

to install the load frame inside SEM, different accessories such as power feedthroughs, base plate 

and in some cases stage-doors are needed. These accessories were developed to 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 chapter 5. In-situ SEM testing with the 

MMTS load frame and developed accessories confirmed the successful achievement of the SEM 

compatibility goal of MMTS. SEM-DIC was used to obtain surface strain during tensile test 
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performed with the setup. Prepared test specimen revealing microstructure was also tested. Future 

work will include use of hybrid heating technique[27] inside SEM. 

 

2.13 Verification tests performed with MMTS 

 Different tests have been performed with MMTS for verification of test system capabilities. 

Room temperature tension and torsion tests of 1 mm OD tubular specimen have been performed 

with developed 3D DIC setup and MMTS. Details of these tests are presented in chapter 3. High 

temperature tensile tests of up to 960 °C have been performed were surface strain was measured 

with 3D DIC. Details of these tests are presented in chapter 4. Multiple tensile tests with 1 mm 

OD specimen have been performed inside Hitachi S3200N SEM with MMTS load frame. Internal 

pressurization tests with the developed internal pressurization sub-system were performed with a 

manual testing stage. The details of the internal pressurization verification tests are given in Lin 

[25]. 

 

2.14 Conclusion 

 For continued advancement of micro- and nano-technologies advanced miniature material 

testing system with high temperature multiaxial loading and in-situ SEM testing capabilities is 

needed. Development of such comprehensive testing system has many challenges to overcome. 

Overcoming these challenges, a novel multiaxial miniature testing system (MMTS) with high 

temperature axial, torsional, internal pressure and in-situ SEM testing capabilities was developed. 

Different verification tests have been performed confirming acceptable performance of MMTS 

capabilities. MMTS development will contribute in: enhanced understanding of deformation and 

failure mechanisms as well as microstructure-property relationships, component testing under 

realistic high temperature multiaxial loading conditions, and acceleration of new material and 

manufacturing process development. Development and verification of advanced constitutive 

modeling techniques, such as actual micro-mechanism based multiscale constitutive modeling, 

will also be benefitted from MMTS development. MMTS capabilities will be further developed 



48 
 

by implementations of feed-control of internal pressurization. Hybrid heating technique and 

internal pressurization for in-situ SEM testing will also be implemented.  

 

2.15 Acknowledgements 

National Science Foundation funding for research grant CMMI-1337952 is acknowledged. 

 

2.16  Appendix 

 The calculation for bolt torque coefficient is shown below. For derivation of the bolt 

torque coefficient expression used below, Budynas and Nisbett [28] can be consulted. 
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Table 2.4. MMTS load cell specification (RL: rated load, AL: applied load). 

Parameter Value Unit 

Non-linearity - 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 single 

direction calibrations) 

±0.5 % RL 

Zero load output ±4 % RL 

Temperature effect on rated output per ºC ±0.005 % AL 

Temperature effect on zero load output per ºC ±0.02 % RL 

Temperature range - Compensated -10 to +50 ºC 

Temperature range - Safe -10 to +80 ºC 

Excitation voltage - Recommended 10 V 

Excitation voltage - Maximum 10 V 

Bridge resistance 350 Ý 

Insulation resistance - Minimum at 50Vdc 500 MÝ 

Overload - Safe 50 % RL 

Overload - Ultimate 300 % RL 
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Figure 2.29. Tension calibration curve. 

 

 

Figure 2.30. Calibrated load cell response against actual load. 
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Figure 2.31. Torque calibration (clockwise direction). 

 

 

Figure 2.32. Torque calibration (counter clockwise direction).  
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Chapter 3: Optimized stereo digital image correlation setup for miniature round specimen 

 

Abstract 

 For advancement of micro- and nano-technologies, multiaxial material testing at small 

length scale is imperative. A novel mulitaxial miniature testing system (MMTS) was developed 

for testing tubular specimen of outer diameter (OD) as small as 1 mm. 3D Digital Image 

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 reason, despite 3D 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 development 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 miniature 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 treated 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 micro- and nano-technologies requires knowledge of material property 

and deformation mechanism at length scale comparable to materialôs microstructure. To gain 

such knowledge we need capability for multiaxial load testing of miniature specimen. Moreover, 

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 thermo-mechanical 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) is under 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 in Figure 3.1. It is usable inside a SEM. As a novel test system, MMTS development 

required overcoming many challenges. The research work presented in this paper focuses on the 

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

 

Figure 3.1. Load frame of Multiaxial Miniature Testing System (MMTS). 

 Strain measurement at macroscale can be performed with strain gages, mechanical 

extensometers, video-extensometers, or simply by computation on the basis of machine cross-

head displacement [1]. However, because of high variability in strain measurement from 

machine crosshead movement, it is not used for modulus measurement [2]. Strain measurement 

methods can be broadly classified into contact and non-contact types. Strain gage and 

extensometer are the most common examples of the former type. Firm bonding of strain gage 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 bonding [2]. Confirming proper strain gage adhesion 

becomes more difficult if test specimen surface is non-planar 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 high temperature tests. The difficulty of extending strain-gage sensor to elevated 
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temperature is compounded by failure of insulation, thermoelectric junctions, lead-wire 

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 such as polymer. This will result in 

underestimation of fatigue life [5]. Typically, extensometers are used on gage lengths of 10-25 

mm [6]. The miniature specimen of MMTS is non-planar and is subjected to high temperature. 

Therefore, instead of contact type, a non-contact type strain measurement method is preferred for 

MMTS. 

 Different non-contact strain measurement methods have been used for small scale tests. 

Roebuck [6] passed electricity through miniature test specimen, and measured resistance change 

to determine strain. This strain measurement method, however, cannot be used for room 

temperature testing due to Joule heating. Ilzhöfer [7] used infrared collimator to shed light on a 

micro-specimen having two shoulders. Projection of the specimen contour was captured. By 

analyzing the movement of the two shoulders, strain was calculated. However, fabrication of 

shoulder on a miniature test specimen is not always possible. Most non-contact strain 

measurement methods are optical in nature; for example, interferometry-based techniques, 

photo-elasticity and digital image correlation (DIC). Electronic speckle pattern interferometry 

(ESPI) and temporal speckle pattern interferometry (TSPI) are variations of interferometry-based 

technique. However, stringent vibration isolation requirement and high cost limited their use [5]. 

In photo-elasticity 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 

different 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, photo-elasticity provides only elastic strain fields in the birefringent 

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

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

In DIC, images are recorded of a test specimen 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 

contrast, 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 natural texture or 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 direction perpendicular to the specimen [13]. A single image of a 

non-planar 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 

stereo DIC. Out-of-plane motion or non-planarity of test specimen does not affect 3D DIC strain 

measurement. 2D-DIC is recommended only if the geometry of the test setup cannot physically 

accommodate two cameras/lenses [14]. For a planar specimen subjected to nominally planar 

deformation, error occurs in 2D DIC strain measurement due to out of plane motion caused by 

Poissonôs ratio [15]. This is explained below. Suppose a test specimen, planar or non-planar, is 

subjected to tensile loading as shown in Figure 3.2. Letôs consider two points A1 and B1 on the 

specimen surface. Their corresponding image points are Aô1 and Bô1 on the camera sensor. Under 

tensile loading, the points A1 and B1 will move to new positions A2 and B2. Aô2 and Bô2 are the 

new image points. Due to Poissonôs ratio, the points A2 and B2 will move farther away from the 

camera, and hence Aô2Bô2 under-represents A2B2. 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 increasing the 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 usability. Sutton [15] 

found much less strain error with 3D DIC setup for out-of-plane translation and rotation 

compared to 2D DIC setup. For example, the strain error per mm of out of plane displacement 

was 1223 ÕŮ for a 2D DIC setup, while it was only 1.34 ÕŮ for a 3D DIC setup.  
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Figure 3.2. Error in 2D DIC due to Poissonôs effect. 

 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 stereo microscope 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 micro-crack initiation site during tensile 

testing of a 1 mm thick cast iron plate. The reason for 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 a field-of-view 

of 1.5 mm x 1.5 mm. Their reported depth-of-field is 3.5 ɛm. A non-planar test specimen 

requires moderate depth-of-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 without microscope is useful. For example, Ripley [18] developed an axial-internal 

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, tubular specimen 

is subjected to non-planar 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 geometric constraints [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 pattern creation on a specimen; setting up optics, camera and 

specimen; calibration of setup; image acquisition and subsequent DIC analysis are all interrelated 

(Figure 3.3). 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 applied. 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 tasks is true for 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 task flow. This will not only make the usual 

iterative approach even more time-consuming but can render the application of 3D DIC 

impossible or under-performing with the available speckling method, camera, optics and test 

setup components. Consideration of relations of all the tasks are required, in order to design a 3D 

DIC setup for miniature testing.  

 

Figure 3.3. 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 success of 3D DIC as a convenient 

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 scheme on DIC 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. Rajan [21] 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 addressed the best 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 m. It will be shown in this paper that overcoming the 

experimental setup related challenge for 3D DIC for miniature testing is a non-trivial task 
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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, first, 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 constraints are shown 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 impact of this developed 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 shown in Figure 3.4. The cameras are positioned at a certain 

distance from each other as well as from test specimen. The cameras form a certain value of 

stereo-angle between them. The lenses have optical characteristics, such 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 

depth-of-field is required. Depth-of-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 in Figure 3.4.  
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Figure 3.4. Schematic of a 2-camera 3D DIC setup showing few setup elements. 

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

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

few speckles (Figure 3.5). 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 located [23]. 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. The values of setup 

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 listed in Table 3.1. 
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Figure 3.5. Speckle captured by camera sensor pixels. 

When the values of a group of setup variables are selected to accomplish a particular task, 

constraints are created 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, while considering the 

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 accomplish each task (Table 3.1), rather it requires 

determination of inter-relationships of the setup variables, consideration of constraints on 

different setup variables, and then optimizing their values such that all tasks are completed. 

Figure 3.6 depicts this approach.  In the context of building an optimal 3D DIC setup for MMTS 

using this approach, the different components of 3D DIC setup for MMTS are introduced in next 

section to show the list of setup variables.   

 

Figure 3.6. Steps for 3D DIC setup for miniature specimen. 
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Table 3.1. Tasks to be completed to build 3D DIC setup for miniature testing. 

 Tasks Setup variables responsible for task Setup variable on 

which constraints are 

imposed 

1 Resolve speckles NPPS Ó 

3 

Camera-lens characteristics, 

extension tube length, speckle size, 

camera position, stereo angle 

Camera to specimen 

distance 

2 Physically accommodate 

imaging and load frame 

components 

Physical dimensions of optical 

components and load frame 

Minimum distance 

between lens and 

specimen, stereo-

angle 

3 Enable precision 

adjustment of camera 

position 

Physical dimension of optical 

mount 

Minimum distance 

between cameras 

4 Develop 3D DIC 

calibration setup 

Calibration grid size, grid holder 

size 

Distance between 

camera and specimen, 

stereo angle 

5 Reduce calibration and 

projection errors 

Weights of optical components, 

stability of locking mechanism of 

optical mounts 

Stereo angle 

 

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, #GS3-U3-

32S4M-C), two 35 mm fixed focal length lenses (Schneider Optics, Xenoplan #1.9/35), 10-20 

mm long extension tubes, mounting accessories, fiber optic lighting, vibration isolated optical 

table and stereo calibration setup. Figure 3.7a shows a schematic of the setup, while Figure 3.7b 

shows a photograph of it. Speckles of 30-50 ɛm are painted on test specimen using an airbrush 

(IWATA #HP Plus) with 0.2 mm needle operating at 0.55 MPa. A speckled specimen is shown 

in inset of Figure 3.7b. Two fiber optic lights are used to uniformly illuminate the test specimen. 

In order to create diffused lighting a translucent plastic piece is attached in front of the lights. 

The camera sensor has 2048 x 1536 pixels with pixel size of 3.45 ɛm. The camera dimensions 

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 mechanisms to reduce 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 3.7. 3D DIC setup for MMTS, (a): Schematic, (b): photograph of setup. 

 Each camera is mounted on a 6-axis optical mount for precision setup control. These 

mounts are attached to a horizontal bar on which they can slide to change the distance between 

the two cameras. The load frame is mounted on 3 axis translation-rotational stage to precisely 

position the specimen below the two cameras. The stage has 10 ɛm of translational resolution. 

The entire setup is placed on an air flotation optical table to provide vibration isolation from lab 

environment. The goal of the 3D DIC setup is to obtain well focused, well-lit and high contrast 

images of the speckled-specimen such that image correlation can be performed to determine 

strain. The first step (Figure 3.6) towards building an optimal 3D DIC setup for MMTS is to 

derive interrelationships among different setup variables. This is discussed 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 setup (Figure 3.7a). The two cameras are mounted 

on two base plates which can rotate on pivot points: PL and PR. KL and KR 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 = dl = diameter of lens and extension tube 

FI = ds = minimum distance between lens and specimen 

PRE = l = distance between pivot point to lens end 

Ŭ = stereo angle 

 Interrelationships among different setup variables were determined based on Figure 3.7a. 

Relationship between optical setup height, h and stereo angle, Ŭ is:  
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 Derivations of equation (1) and all other relations shown later are presented in appendix. 

Relationship between pivot to pivot distance, d with stereo angle, Ŭ is: 
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 A small gap must be left between the specimen and a lens to avoid accidental collision. 

This gap is the distance between the lowest point of a lens body and the specimen. This distance 

is referred to as safe distance (ds). Relationship between safe distance and other setup variables 

are: 
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 Relationship between magnification and stereo angle is dependent on type of lens used. 

Figure 3.8 is a schematic image of the thick lens, used in current study. Here, C: specimen 

location, E: lens casing end, S: lens vertex point on object side, H: nodal point on object side, Hô: 

nodal point on image side, Sô: lens vertex on image side, KR: camera sensor position (image 

plane) which is dependent on the focal length of lens.  
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Figure 3.8. Schematic image of lens used in present study. 

Relation between magnification and other variables is: 
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 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 in (Figure 3.9), 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 is 3.45 ɛm. Hence, magnification = 212*3.45/1000 = 0.73. In current research, a 

commercial 3D DIC software called VIC-3D [25] was used for both stereo calibration and 3D 

DIC analysis. During stereo calibration, angle between two cameras are determined as an 

extrinsic calibration parameter. 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 setup of Figure 3.9, 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 discrepancy is expected 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 

spherical aberration 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 (equation 4), it was assumed that the two 

lenses touch each other sideways at a point D (Figure 3.7a). However, in practice, there needs to 
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be a small gap, between the lenses (Figure 3.7b), to allow focusing during which lens body 

moves forward and backward.  

 

Figure 3.9. Experimental verification of theoretically derived magnification equation. 

 Relationship of NPPS with other setup variables is shown by equation (5): 
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 The pivot-point-to-lens-end-distance (l ) depends on focal length of lens. Its relationship 

with lens parameters and stereo angle is:  
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 Equations (1) to (6) show interrelationships of different setup variables which will be 

later used to derive 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 grid size and DIC 

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 field-of-view of 3D DIC setup is to be known. 

Field-of-view can be calculated from magnification and pixel size of camera sensor as follow:  
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 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 selected. The subsets can be 

taken as centered on every two adjacent pixels to every two pixels with a certain amount of gap 
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of pixels in between. This gap is called step size. The subset size needs to be large enough to 

contain distinctive patterns. A subset should contain at least three speckles [21]. Hence, a subset 

size, in number of pixels, should be such 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). 
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 Step size should be selected to preserve real strain gradients arising from material or 

structural features while simultaneously minimizing error due to numerical differentiation [21]. 

Wang [28] mentioned that overlapping of subsets is expected 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. Reu [29] recommended step size of at least 1/4th of subset size. 

Since step size and strain filter size together define smoothening diameter in strain calculation, 

step size of around 1/4th of subset size was adopted in current study which is recommended in 

VIC-3D. As can be seen from equation (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 analysis parameters. They show how the entire DIC task flow 

(Figure 3.3) 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 generate 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 setup variables 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 variables. For 

example, the length of optical mount on which cameras are mounted (Figure 3.10), 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, ds is taken equal to the distance a test specimen is located below top 

surface of MMTS load frame (Figure 3.11).  

 

Figure 3.10. Minimum pivot distance between the two cameras. 
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Figure 3.11. Minimum safety distance, ds for the optical setup shown in Figure 3.7. 

 

3.8 Constraints on stereo angle 

 Constraint for stereo-angle comes from consideration of lens focal length and calibration 

and projection errors. Typically, stereo angles between 15° and 35° are used [30]. To discuss 

constraint on stereo angle, first stereo calibration procedure for 3D DIC setup of MMTS is 

discussed below.  

 For stereo-calibration, images are taken of a calibration grid of dots with known spacings. 

The calibration grid is translated, 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 orientations of the 

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 specimen, pitch 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 calibration 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 

requirements: 

Å The dots on grid need to appear bright and well-focused in both camera images even 

when the grid is tilted in different angles towards different cameras. 
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Å The back-lighting mechanism should not disrupt the movement of the glass calibration 

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

different positions of the calibration grid.  

Å The glass calibration grid holder should hold the grid approximately at the same position 

as the specimen during testing.  

Based on the above requirements, a glass-calibration-grid holder (Figure 3.12) 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 needs to consider these 

errors. 

 

Figure 3.12. Glass calibration grid holder for 3D DIC calibration. 

 During stereo-calibration, using calibration parameters, a model is developed which gives 

theoretical positions of grid points on calibration 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 in VIC-3D. In a 2 camera ï 3D 

DIC setup, a real 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 epipolar lines (Figure 3.13). 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 of calibration 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 subsets. 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 VIC-3D software during 3D DIC analysis. If a 3D DIC setup is not at all 

disturbed after stereo-calibration, the projection error will be around the value of calibration 

error. Projection error of lower than 0.1 pixel is recommended in VIC-3D. 

 For successful stereo-calibration, images of calibration grid are to be taken with different 

amount of tilt angles. The developed calibration grid holder (Figure 3.12) can tilt the grid. For a 

high stereo angle, the images of the grid 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 depth-of-field is required. Lens aperture size and stereo angle affect 

depth-of-field. The aperture size is indicated by F# of a lens. Higher F# indicates smaller 

aperture diameter. Depth-of-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# [20]. Considering all these, F#8 was used in present study. 

Depth-of-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 

developed stereo-calibration grid holder. Therefore, 25° was taken as the upper bound for stereo 

angle while building a 3D DIC setup for MMTS. 



75 
 

 

Figure 3.13. óAô is a real point in space. óa1ô and a2 are image points of óAô on two image planes. 

E1P1 and E2P2 are epipolar lines (figure based on [24]). 

 

3.9 3D DIC optimization framework  

 Relationships among different components of 3D DIC task flow (Figure 3.3) 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 optimal values of all 

setup variables, calibration grid size as well as DIC analysis parameters. Figure 3.14 depicts the 

concept of 3D DIC optimization framework.  

 

Figure 3.14. 3D DIC Optimization framework. 

 In current study, few setup variables were taken as constants and therefore were treated 

as inputs to the optimization process (Figure 3.14). For example, lens and camera characteristics 

were those mentioned earlier. With airbrush and needle size used in present study, speckle size 

of around 30-50 µm could be created in repeated tests, while operating at 0.55 MPa air pressure. 

Hence, an approximate speckle size of 40 µm was used as an input. Physical dimensions of 

camera, sensor location within the camera and dimension of camera base plate yielded 
L LP K =

R RP K = 75 mm (Figure 3.7a). 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 5) was 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 as a function 

of stereo-angle in Figure 3.15. Three vertical lines: V1, V2 and V3 indicate the physical 

constraints, while red arrows indicate required increase or decrease of stereo angle to satisfy 

respective constrains. It can be seen from Figure 3.15 that optimal stereo angle should lie 

between V1 and V2 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 3.16. 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 5. Field-of-view was: 16.4 mm x 

12.3 mm. Based on determined field-of-view 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 provide a valuable 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 process, since 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 3.15. Interrelationships of 3D DIC setup variables.
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Figure 3.16. 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 6-axis optical mounts for cameras and 3-axis translation-

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 weight, try to align 

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 in strain measurement 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 actual test. Images 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 3.17). Afterwards, calibration images were taken to calibrate the 3D DIC setup. 

Displacements in x and y directions, and nominal strains were determined. Table 3.2 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 separated by step size. 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 also reduces 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 

determined by 3D DIC software indicates inherent error of 3D DIC setup. Figure 3.18 and Table 

3.3 show the inherent strain errors. Maximum error was found in shear strain (565 ɛŮ) while it 

was lowest for longitudinal strain (125 ɛŮ). Strain resolution of contact type strain measurement 

methods such as strain gage and extensometer vary from tens to hundreds of micro strains. 

Sutton [32] reported strain accuracy of Ñ100 ÕŮ for in-plane surface strains Ůxx, Ůyy,and Ůxy in 

stereo vision applications. However, use of 3D DIC for miniature testing on 1 mm OD specimen 

is a novel application, and thus determined strain error (125 to 565 ɛŮ) is considered acceptable. 

In practice, the 3D DIC setup is calibrated after each test with MMTS. This ensures looseness of 

connections of the setup, even if occurs between tests, does not affect strain results obtained 

from 3D DIC.  

 

Figure 3.17. Translation of 1mm OD test specimen. 
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Figure 3.18. Inherent strain error of the 3D DIC system. 

Table 3.2. 3D DIC test information. 

Calibration error 0.049 

Maximum projection error 0.063 

Subset size (pixel) 21 

Step size (pixel) 5 

Strain filter size 15 

 

Table 3.3. Inherent strain error of the 3D DIC system. 

Engineering strain 

type 

Maximum error, 

ɛŮ 

Longitudinal( )exx  125 

Transverse( )eyy  325 

Shear( )gxy  565 

 

3.11  3D DIC tests with MMTS 

 MMTS load frame is designed to test tubular specimens of 1 ï 2 mm OD of different wall 

thicknesses. A small wall thickness restricts number of grains possible to be present along 

specimen cross section. 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 spring-tempered condition. According to 

manufacturerôs certification, the yield strength was 1351 MPa. A test specimen was 

longitudinally polished and etched to view its microstructure. The microstructure was found to 

be elongated with width less than 1 ɛm. This indicated that more than 1000 grains were present 

in specimen cross-section. Lucas [33] mentioned at least 25 grains 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 material, Youngôs modulus and shear modulus (modulus of 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 and discussions 

 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 following analysis parameters were used: subset 

size = 21, step size = 5 and strain filter size = 15. As per ASTM E8/E8M specification [35], 4-5 

mm of central portion of test specimen was taken as gage length for tension test. The same gage 

length was used for torsion tests as well. Torsion test results are shown in Figure 3.19. Shear 

stress was calculated assuming linear shear stress distribution across cross-section which is 

acceptable for elastic shear modulus determination. Shear strain contour plot for torsion test #2 is 

shown in Figure 3.20.  The average shear strain values in gage length are mentioned in 

parenthesis beside image identifier a ï e. 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 interest (AOI) 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 3.4.  
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Figure 3.19. Torsion test results of 1 mm OD round specimen. 

 

 

Figure 3.20. 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, used for current 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. Nominal stress-strain 

plot for two tension tests are shown in Figure 3.21. 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 shown in Figure 3.22. Average strain values are mentioned in 

parenthesis beside the image identifier a ï c. To determine Youngôs Modulus data between 100 

MPa to 400 MPa were considered. Youngôs Modulus values are shown in Table 3.5 along with 

calibration errors. 
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Figure 3.21. Tension test of 1 mm OD round specimen. 

 

Figure 3.22. Longitudinal principal strain contour plot for tension test 1. 
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Table 3.4. Torsion test results for 1mm OD round specimen. 

Torsion 

test # 

Stereo 

angle 

(degrees) 

Calibration 

error 

Shear 

modulus 

(GPa) 

Shear 

yield 

stress 

(MPa) 

Poissonôs 

ratio (E = 194 

GPa) 

Yield 

stress 

(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 3.5. Tension test results for 1 mm OD round specimen. 

Tension 

test # 

Stereo 

angle 

(degrees) 

Calibration 

error 

Youngôs 

modulus 

(GPa) 

1 23.5 0.039 215 

2 23.37 0.044 199 

 Torsion test results (Table 3.4) show some test to test variability, however, average shear 

modulus (73 GPa) is close to bulk shear modulus (78 GPa). The average yield stress (1406 MPa) 

is close to manufacturerôs specification (1351 MPa). Also, Youngôs Modulus from two tension 

tests (199 GPa and 215 GPa, Table 3.5) are close to bulk Youngôs Modulus (194 GPa) of SS 304 

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 contour plots (Figure 

3.20, Figure 3.22), some non-uniformity of strain over gage length, particularly near edges of 

AOI (Figure 3.20(e), Figure 3.22(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 this non-uniformity.  

 



85 
 

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 

obstacle towards 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 multi-view DIC setup with 12 cameras (Raspberry 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 Lab (https://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 questions while 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 miniature test 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, a time-consuming 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. This general framework, 

therefore, can help replace the usual iterative-approach of 3D DIC setup. 

 



86 
 

3.14  Conclusions 

 A novel multiaxial miniature testing system (MMTS) was developed which required 

overcoming challenge of measuring strain on 1 mm diameter round specimen. 3D 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, optical setup, stereo-calibration and post-

processing are inter-related, a wholistic framework is needed. A wholistic framework 

considering specimen preparation, physical dimensions of all imaging and test components, 

characteristics of imaging system, stereo-calibration 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 MMTS. Material 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 has a broader contribution. This general framework can help supplant the usual 

iterative-approach 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  Figure 3.7a, capital letters are used to indicate points (e.g., óHô), and small letters are 

used to indicate a distance (e.g., óhô). Important dimensions of the optical setup are:  
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Derivation of equation (4) 
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Derivation of equation (6) 

 The pivot-point-to-lens-end-distance depends on the focal length of the lens. Considering 

a thick lens its relationship with lens parameters and stereo angle is derived here:  
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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 necessary. To support 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 temperature 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 specimen at high temperature have significant difficulty. In current study, a novel 

hybrid heating technique, previously developed for MMTS by Lin et al. [1], was employed to 

obtain uniform temperature profile. 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 developed. In addition, a temperature control system and fail-safe mechanism was 

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 to 960 °C.  

 

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

correlation 

4.1 Introduction  

 Advancement of micro and nano-technology 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, materials for high 

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 temperature. Generally, material properties at 

high temperature cannot be extrapolated from material property data of lower temperature [2]. 

Thus, high temperature material testing capability is required. Also, during development process 

of new grades of alloy only limited amount of test material is available [3]. Since, many super-

alloys are specifically developed for high temperature applications, high temperature miniature 

testing facility is needed. High temperature miniature testing is also required for advancement of 

micro-forming processes. In service conditions, components are usually subjected to multiaxial 

stress states. Therefore, to simulate realistic loading 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 miniature test specimen and measuring surface strain of a non-planar test specimen 

subjected to high-temperature 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 et al. [4] 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 et al. [5] also performed high temperature tests at 540 

°C on miniature specimen with furnace heating. Kang and Saif [6] developed a SiC heating stage 

for in-situ Scanning Electron Microscopy (SEM) testing. The joule heating or resistive heating of 

the SiC stage heated up a miniature test specimen. For miniature high temperature testing, 

resistive or Joule heating has been used frequently. For example, Roebuck et al. [3] developed a 

miniature thermo-mechanical test system where DC electric current was used to heat test pieces 

by Joule heating. However, use of resistive heating produces parabolic temperature distribution. 

Li et al. [1] has recently developed 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 miniature non-planar 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 lengths of 10-25 mm 

[7]. During small scale test, stiffness 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 non-planar test specimen can be significantly difficult. In case of 

a strain gage, failure to contact over even a minute area of the gage will result in incorrect strain 

indications [8]. Moreover, lack of stability of strain gage at high temperature [9] is another 

challenge in using strain gages for high temperature tests. Hence, for testing miniature specimens 

at high temperature, non-contact strain measurement techniques are preferred. Researchers have 

used different non-contact strain measurement techniques for small scale tests at high 

temperature. Roebuck 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 non-contact method of strain measurement. This 

technique is applicable to both planar and non-planar test specimens. In DIC method, images of a 

specimen under load are captured. Images of the deformed test specimen are compared with that 

of the undeformed state. Movements of features (natural or artificial) on the specimen surface are 

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 non-planar test specimen, capturing images from only one 

direction i.e., using one camera is not enough. To measure non-planar 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 by taking 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 

challenges to overcome. In this paper, the details on overcoming challenge of strain 

measurement on 1 mm OD specimen subjected to high temperature-multiaxial 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 for miniature non-planar specimen of 1 mm OD has been 

shown. The research works are presented in the following order. First, a brief overview of 

MMTS and its specimen heating and gripper cooling mechanisms are described. Afterwards, 

details of development of a temperature 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. High temperature experiments 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 cooling mechanisms  

 A multiaxial miniature testing system (MMTS) (Figure 4.1) with axial, torsional, internal 

pressure, and high temperature (up to 1000 °C) testing 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 perform in-situ multiaxial SEM tests. Such testing capabilities are not 

currently available.  

 

Figure 4.1. Multiaxial Miniature Testing System (MMTS) load frame. 

 Figure 4.2 shows an overview of the heating and cooling mechanisms of MMTS. A metal 

test specimen is resistively heated by passing electricity through it. However, the temperature 

profile along the tube specimen is not uniform but parabolic. Specimen temperature is maximum 

at the middle, and tails off towards the ends of the specimen. In order to obtain uniform 

temperature along the test specimen length, heating coils are placed near the specimen ends. The 

combination of these two heating techniques produces a uniform temperature profile. Cooling of 

grippers is needed to protect the MMTS load frame electronics from high temperature. This is 



99 
 

performed by flowing cold water through the internal conduits built into the custom grippers 

[10].  

 

Figure 4.2. Overview of heating-cooling mechanism of MMTS. 

 During the development of the hybrid heating technique for MMTS 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 MMTS load frame. This is described below. A test specimen (Figure 4.3) of 

1 mm OD was placed between two grippers. Electricity was passed through the grippers causing 

a parabolic temperature distribution. Heating coils were placed in contact with the specimen ends 

using heat conductive, but electric-insulative, high temperature ceramic cement 

(OMEGABOND, OB-400). By passing appropriate amount of electricity through the heating 

coils, the length of the uniform temperature profile could be changed. The temperature profile 

under hybrid heating was obtained using an infra-red (IR) camera (OPTRIS, PI 640). For 

example, temperature profiles for two different hybrid heating settings are shown in Figure 4.3. 
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In the first case, resistive heating current (IR) of 5A and coil heating current (IC) of 0.5 A was 

used. In the second case, IC was increased to 1 A. As can be seen in Figure 4.3, in the second 

case, the length of uniform temperature profile (L2) has increased from the first case (L1). Cold 

water was run through the grippers, and the temperature of both grippers were monitored by a 

temperature control system to ensure that gripper temperatures did not exceed 35 °C. 1-2 mm 

OD test specimen of different wall thicknesses can be tested with MMTS. The values of IR and IC 

are to be adjusted for test specimen of different wall thicknesses for uniform heating.  

 

Figure 4.3. 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 enclosers are metal. If electricity from 

resistive heating is conducted to the load frame skeleton, electricity will also be conducted to the 

metal enclosers of the actuators and the load cell. This can potentially damage the electronic 

components. To safeguard the actuators and the load cell, the grippers are electrically insulated 

from the load frame. 3D printed plastic disks are placed on the backside of the grippers, and 

shrink tubes are used to cover the connecting screws (Figure 4.4). Gripper insulation is checked 

by testing electrical continuity prior to heating experiment (Figure 4.5). In addition, metal tubes 

carrying coolants to the grippers 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 4.4. Electrical insulation around screws to connect gripper to MMTS load frame. 

 

Figure 4.5. Checking effectiveness of gripper insulation prior to heating experiment with MMTS. 

 

4.3 Temperature feedback control and failsafe mechanisms 

 An overview of the specimen temperature measurement and failsafe mechanism is shown 

in Figure 4.6. The temperature of a test specimen is measured by a thermocouple 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 user-specified emissivity value. Test specimen is painted with 

high temperature paint to create artificial speckle pattern for 3D DIC. Emissivity of the heated 

test specimen is dependent on paint thickness and its condition. During high temperature 

experiment, at different temperatures the paint condition changes. This changes the emissivity of 

the specimen. To find the appropriate emissivity value, temperature reading from thermocouple 

is used. 
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Figure 4.6. Overview of specimen temperature measurement and failsafe mechanism. 

 Figure 4.7 shows a resistive heating experimental setup with MMTS. Figure 4.8 shows a 

parabolic temperature 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 

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

the IR camera such that IR camera temperature agreed with the thermocouple temperature 

reading. The temperature profile shown in Figure 4.8 was obtained with emissivity of around 0.3.  
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Figure 4.7. Heating experiment setup without DIC. 

 

Figure 4.8. Specimen parabolic temperature profile captured by IR camera. 

 The specimen temperature reading from the thermocouple is also used for temperature 

feed-back control. Although the grippers are cooled during heating experiments, the temperature 

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

user-specified threshold temperature, electricity supplies for resistive and coil heating are turned 

off by a custom software program written on LabView platform. This serves as a fail-safe 

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

system. The software program also allows for temperature feed-back control. An overview of the 

temperature control system comprising hardware and software is shown in Figure 4.9. Two 



104 
 

power supplies (manufacturer: BK Precision, model# BK 9171 and BK 9182) have been used to 

supply electricity to heating coils and grippers. Different hardware from manufacturer National 

Instruments (NI) are used, which are called NI modules. The power supplies are connected to 

analog voltage output modules (NI 9264) through interface cards. Two thermocouples are placed 

on the main-bodies of the two grippers. Continuous thermocouple readings are obtained using 2 

channels on a thermocouple module (NI 9210). As long as the maximum temperature reading is 

below a 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 supply current to the 

grippers and 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 to the NI modules and establishes 

communication between each NI module and the computer running the LabView program.  
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Figure 4.9. Overview of temperature control system.
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 Flow chart for fail-safe mechanism to safeguard MMTS load frame against high 

temperature in shown in Figure 4.10. Figure 4.9 shows the user interface of the program where 

the user inputs the maximum allowable temperature on the gripper. If any gripper temperature 

exceeds the maximum allowable temperature of the gripper set by the user, the program shuts 

down the heating. The program can also be terminated anytime by the user by pressing the 

óSTOPô button on the program interface.  

 

Figure 4.10. 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 of a specimen is inversely proportional to its cross-section. The specimen 

cross-section changes during 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 the specimen to continuously monitor specimen 
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temperature. Based on specimen temperature reading, the supplied current is adjusted through a 

feedback control mechanism. Figure 4.11 shows a flowchart for this mechanism. The increment 

(or decrement) of electricity is controlled by increment (or decrement) of supplied voltage by the 

feed-control software to the power supplies. The effectiveness of the feed-back control 

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 and 14 mm, respectively. The maximum 

temperature at the middle of the specimen was measured with a thermocouple with wire diameter 

of 0.05 mm. Prior to tests, required current to obtain maximum temperatures of 500, 800 and 960 

°C were determined. These current values were used as initial input values to the temperature 

control software (Figure 4.9). During a tensile test, as the specimen cross-section decreases, the 

specimen resistance increases. Therefore, during a tensile test the current needs to be decreased 

from the initial input value. However, if the current is decreased more than needed, it needs to be 

increased back. Therefore, the current increment and decrement rates have influence on the 

sensitivity of the temperature feed-back control system. The current increment and decrement 

rates are controlled by the voltage increment and decrement rates used in the LabView program. 

These rates can be modified in the program to examine the sensitivity of the temperature feed-

control system.  

 

Figure 4.11. Flow chart for temperature feed-back control. 
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4.4 Strain measurement for high temperature tests with MMTS 

 1 -2 mm OD test specimens subjected to maximum of 1000 °C can be tested with 

MMTS. Even for room temperature tests, measurement of surface strain on a non-planar 

miniature specimen is a difficult task. Non-contact type strain measurement methods such as 3D 

digital image correlation (3D DIC) is suitable for such application. However, using DIC for high 

temperature tests has two primary challenges to overcome. First, the speckle pattern can fail to 

withstand the high temperature. Second, the thermal radiation from specimen at high temperature 

can reduce visibility of speckle pattern. Heat haze due to differential refractive index of air 

between heated test specimen and camera lens is another challenge. Figure 4.12 shows an 

overview of the strain measurement challenge for high temperature testing with MMTS and the 

approaches taken to address those challenges.   

 

Figure 4.12. Strain measurement for high temperature multiaxial miniature tests. 

A random speckle pattern is required on specimen surface to use DIC. The speckle pattern 

needs to have high level of contrast to be most effective. For this reason, in spite of having some 

natural contrast on a specimen surface, an artificial pattern of high contrast is usually applied 

using paint. However, most paints are not capable of withstanding high temperature. Even high 

temperature paints can show degradation with increase of temperature. To get high contrast 

speckle pattern for DIC, even at high temperature, two approaches are generally used:  

a. Use of high temperature paint/coating, powder or granules 

b. Creating random pattern by polishing and roughening of specimen surface  
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Table 4.1 shows an overview of techniques used by researchers to obtain high temperature 

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

Table 4.1. Different high temperature speckle patterning techniques used by researchers. 

 Paper Speckle patterning technique Temperature 

range 

Base material 

1 [11] Aremco Pyro-Paints 634-AL and 634-

ZO 

Up to 1500 

°C 

C/SiC composite, Ni 

based super alloy. 

2 [12] No artificial pattern was made.  

Polished surface was roughened using 

grinding medium. Contrast generated 

between roughened and polished area 

due to the different UV light scattering. 

Up to 1400 

°C 

Polycrystalline 

Al2O3 plates 

3 [13] DIC was performed without making 

any speckle pattern or marker. Surface 

was abraded by SiC paper. 

Up to 1100 

°C 

Polycrystalline- line 

nickel-base super 

alloy, RR1000 

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

5 [15] LSI boron nitride- and aluminum 

oxide-based ceramic coatings were 

used to create the speckle patterns on 

the specimens' surfaces. 

650 °C Incoloy 909, 718 

6 [16] White light speckle granules made 

from commercial high-temperature 

ceramics coating 

Up to 1550 

°C 

Chromium-nickel 

austenite stainless 

steel specimen, 

C/SiC composite 

7 [17] Blending black cobalt oxide with a 

liquid composition of a commercial 

high- temperature inorganic adhesive 

1200 °C Chromium-nickel 

austenite stainless 

steel used 

8 [18] White speckle granules capable of 

sustaining 1700 °C.  Preheating 

specimen to 1200 °C to generated black 

oxide layer 

1200 °C 

 

chromiumïnickel 

austenite stainless 

steel 

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

super alloy (IN100). 

 

 One concern with high temperature paint is that they tend to require thick coating, i.e., 

multiple paint passes are required to 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 follow the extension or contraction 

of the specimen surface, but the outer paint layer visible to the optical system may show reduced 

response. Another difficulty of using high temperature paint is that to achieve temperature 

durability, different granules are mixed with the paint. For DIC applications, paints are often 

applied on specimen surface using air brush to achieve small speckle diameter. The presence of 

high temperature granules requires that the size of the nozzle of an air brush is large enough to 

avoid clogging of air brush nozzle. Therefore, large size nozzles are used which increases the 

mean speckle size of the pattern. In current research, a commercial high temperature marker 

(DYKEM, HT44) was used instead of high temperature paints with large granules. The reported 

durability of the high temperature marker is close to 1000 °C. Paint was first extracted from the 

marker. The high temperature paint was then applied to a tubular test specimen surface using a 

0.2 mm needle IWATA airbrush operating at 80 psi (0.55 MPa). To check suitability of this 

paint, the speckled specimen was heated in a heat furnace at various temperatures, and the 

speckles were checked each time (Figure 4.13). Figure 4.14 shows the relative performance of 

the high temperature paint with that of normal 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 paint, the speckle pattern also suffered discoloration, 

however, the speckle pattern was still visible.  
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Figure 4.13. 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 4 to 10 minutes. (a): 

room temperature, (b): 580 °C, (c): 780 °C, (d): 880 °C, (e): 980 °C, (f): 1080 °C. 

 

Figure 4.14. Performance of high temperature paint (a) in comparison to normal airbrush paint 

(b) after subjecting to 980 °C temperature for 6 min. 

 At high temperature, radiation from test specimen can render the speckles invisible due to 

intense brightness in the captured images. The radiation spectrum of a black body can be 

calculated using Planckôs radiation law: 
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 With increase of temperature, intensity of thermal radiation increases for all wave lengths 

and the peak wavelength becomes shorter, shifting from the infrared to the visible region. Lyons 

et al. [15] found that during their high temperature test above 650 °C, the visible thermal 

radiation from test specimen was brighter than the illumination they used. Thermal radiation 

makes speckle pattern difficult to discern in captured test images rendering DIC inapplicable. In 

order to overcome this problem, band pass filters and appropriate lighting are needed. An optical 

band pass filter allows light of only certain wavelength range to pass through, and can block the 

long-wavelength light associated with thermal radiation from reaching camera sensor [17]. Dong 

et al. [12] reported that the intensity of radiated light with wavelengths greater than 500 nm 

increases dramatically above 1200 °C, which makes ordinary observation difficult. However, the 

intensity of radiated light of wavelengths less than 500 nm changes less so. Therefore, for high 

temperature DIC application, the thermal radiation is filtered out by blue light filter, and blue 

illuminator or ultraviolet (UV) lighting  is used as light source ([11], [12], [13] and[18]). 

 The detected intensity by the optical system is also dependent on camera sensor 

characteristics such as quantum efficiency (QE). QE indicates efficiency of electron generation 

due to photon falling on the sensor. QE depends on the wavelength and influences the detected 

intensity by the camera sensor. Selection of the appropriate band pass filter should also consider 

the quantum efficiency of the camera sensor [18]. For high temperature tests with MMTS, blue 

LED lights and blue band pass filters were used for 3D DIC (Figure 4.12). 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 research, thermocouples of different wire diameters: 0.5 mm, 0.25 mm and 

0.05 mm (Figure 4.16) were used to measure temperature of 1 mm OD test specimen. The 

thermocouple wire diameter controls size of thermocouple bead which is put on specimen 

surface to measure temperature. However, the thermocouple bead draws heat from the specimen, 

and therefore affects the specimen temperature. Figure 4.15 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 PI Connect software. It can be seen that at the point of contact of the 

thermocouple with the tube specimen temperature drop occurs.  

 

Figure 4.15. Temperature profile along heated test specimen. 

 It was found that while a 0.05 mm wire diameter thermocouple would read a 1 mm OD 

specimen temperature at 440 °C, a 0.5 mm wire diameter thermocouple would read around 250 

°C. In another case it was found that, while a 0.05 mm thermocouple would read around 510 °C, 

a 0.25 mm thermocouple would read around 320 °C. Therefore, for accurate temperature 

reading, a small thermocouple bead is required. A K-type thermocouple of 0.05 mm wire 

diameter was prepared to measure specimen temperature. The positive leg of the thermocouple 
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wire was of Nickle Chromium material (Omega, product #SPCH002) and the negative leg was of 

Nickle Aluminum material (Omega, product #SPCH002). In order to prepare the thermocouple, 

the positive and negative wires were twisted together and then welded using a thermocouple 

welder (Hotspot model 2) at 50 Watt-second energy setting. The twisted portion was untwisted 

to ensure that the wire ends touch only at the welded bead point. If the wires are not untwisted 

properly, the measured temperature will be at the first contact point of the wires. Therefore, 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 result for a 1 mm OD test specimen 

compared to a larger diameter thermocouple wire. However, it was found that such thin 

thermocouple wire bends very easily (Figure 4.16c). This causes difficulty to ensure that the 

thermocouple bead is always in contact with specimen surface during a test. This is particularly 

important because temperature is controlled through a feedback loop requiring specimen 

temperature input. Absence of contact between thermocouple bead and specimen surface causes 

low temperature reading. This causes the temperature controller to input more current through 

the specimen, and therefore increasing the specimen temperature. On the other hand, the contact 

force from a large diameter thermocouple bead can bend the specimen at high temperature. In 

light of these considerations, a 0.05 mm thermocouple was used to determine accurate 

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

 

Figure 4.16. K-type thermocouples of different wire diameters; (a): 0.5 mm, (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 temperatures (Table 4.2) were 

performed with MMTS load frame and developed high temperature 3D DIC setup. The SS304 

test specimens had OD of 1 mm, and wall thickness of 0.089 mm. They were tested in óas-

receivedô condition without any heat treatment. As these tests were performed primarily to verify 

the effectiveness of the developed high temperature 3D DIC setup, only resistive heating was 

used. During 3D DIC analysis central regions of 1-2 mm length were considered.  

Table 4.2. High temperature tensile tests with MMTS. 

High 

Temp 

Test# 

Resistive 

current 

(Amps) 

Maximum Temp.  (°C) 

measured with 0.05 mm 

thermocouple prior to test 

Location of 0.25 

mm thermocouple 

during test 

Length of central 

region analyzed 

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 current needed to 

obtain desired test temperature. Figure 4.17 shows the procedure followed during these tests. For 

example, to perform a tensile test near 1000 °C, first using a 0.05 mm thermocouple the required 

resistive current was determined. It was found that with 14 A resistive current around 960 °C 

temperature can be obtained at the middle of test specimen. Then, a 0.25 mm thermocouple was 

placed around 1.5 mm away from the specimen center. With 14 A resistive current, the 

temperature reading from the 0.25 mm thermocouple was obtained. This was found to be around 

580 °C (Figure 4.9). This temperature reading was then used as the desired temperature for 

control purpose. Here, the assumption is that, although the larger thermocouple bead draws heat 

from the specimen, the temperature at the specimen mid-point would be around 960 °C 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 away from the thermocouple contact point is not significant (Figure 4.15). However, in the 



116 
 

first high temperature test, the 0.25 mm thermocouple was placed at the specimen mid-point. 

Therefore, the actual test temperature was less than 510 °C. Figure 4.18 (b,c,d) shows test 

specimen after tensile tests at different temperatures. For the high temperature test at 510 °C 

(Figure 4.18, b), the 0.25 mm thermocouple was placed 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 tests at 810 °C and 960 °C (Figure 4.18 

(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 visible in Figure 4.18.  

 

Figure 4.17. Procedure followed during high temperature tests. 
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Figure 4.18. 1 mm OD tubular test specimens tested at different temperature. 

 Figure 4.19 shows the engineering stress-strain (principle strain) plots for the high 

temperature tensile tests. In addition, to the three high temperature tests, two room temperature 

tests with SS304 tubular specimen of the same geometry as those used for high temperature tests, 

were performed. The Youngôs Modulus determined from the first room temperature test was 188 

GPa, while for the second room temperature test it was 204 GPa. These values are close to bulk 

Youngôs Modulus value for SS304 material. The two tests had different amount of pretension 

applied: 9 N for the first room temperature test and 30 N for the second room temperature test. 

The principal strain contour plots for high temperature tests are shown in Figure 4.20 for three 

different strains (0.2%, 0.5% and 1%). It can be noticed that, with increasing temperature, the 

contrast of the speckle pattern decreased. However, the contrast was sufficient to perform 3D 

DIC analysis.  

 During high temperature tests of 810 °C and 960 °C, bending of test specimen was 

observed (Figure 4.20). The possible reasons for the bending are: contact force from the 

thermocouple bead and compression force generated due to thermal expansion of the test 

specimen under displacement-controlled test mode. Use of IR camera, instead of thermocouple, 

for temperature control and force-controlled testing mode can be used to eliminate specimen 

bending. Fluctuations in the stress-strain plots (Figure 4.19) particularly for 960 °C can be 

noticed. This is due to fluctuation of input resistive current. This can be addressed by improving 

the responsiveness of the temperature feed-back control system, for example by incorporating 

proportional integral derivative (PID) methodology.  



118 
 

 

Figure 4.19. Nominal stress-strain plots for tensile tests at various temperature. 
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Figure 4.20. Principal strain contour plots for high temperature tests. 510 °C: (a): 0.2%, (b): 

0.5%, (c): 1%; 810 °C: (d): 0.2%, (e): 0.5%, (f): 1%; 960 °C: (g): 0.2%, (h): 0.5%, (i): 1%. 
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4.7 Conclusions and future works 

 A miniature multiaxial testing system (MMTS) was developed for high temperature 

testing of 1-2 mm OD tubular specimen at up to 1000 °C temperature. The challenge of strain 

measurement for miniature testing with MMTS at high temperature was overcome by using 3D 

DIC with high temperature paint, blue band pass filter and blue LED lighting. A temperature 

control system and fail-safe mechanism were developed for MMTS. The effectiveness of the 

temperature control system and high temperature 3D DIC setup was checked by performing high 

temperature tensile tests up to 960 °C. Full field strain on the non-planar tubular test specimen at 

temperature up to 960 °C was successfully determined by 3D DIC. The accuracy of the test 

result can be further improved by replacing thermocouple with IR camera for temperature 

feedback control. Absence of the thermocouple will make it easier to address the issue of heat 

haze. Novak and Zok [11] used an air knife to blow across the specimen surface to minimize heat 

haze effect. The robustness of the temperature feed-back control system can be improved by 

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

system 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. In-situ multiaxial testing with scanning electron microscopes (SEM) can reveal 

physical deformation mechanisms under realistic multiaxial loading conditions. Although in-situ 

SEM testing has gained traction in recent years, there is currently no multiaxial in-situ SEM testing 

stage available with axial-torsional loading capabilities 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 axial-torsional testing of 1-2 mm outer diameter tubular specimen inside 

most SEMs. Different challenges of developing a multiaxial in-situ 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, were addressed. A custom 

SEM stage-door was developed for MMTS load frame. Verification tests have confirmed 

successful development of MMTS for in-situ SEM testing. In addition, digital image correlation 

was used with recorded SEM images during test to determine surface strain.  

 

Keywords: miniature test, in-situ 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 behavior prediction as well as development of new materials with desired 

properties. In-situ material testing under microscope can provide such knowledge. Optical 

microscopeôs (OM) resolution is limited by wavelength of light used to view specimen. In a 

scanning 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 magnification [1]. In-situ 

testing has the advantage that, a correlation between deformation events and material properties 

can be directly obtained [2].  Therefore, in-situ SEM testing is a powerful technique for 

experimental study which can provide unprecedented details of nanostructures, and uncover 

deformation and failure mechanisms [3].  

 One of the earliest work on in-situ SEM testing is by Dingley [4], who developed a 

tensile straining stage for SEM. He used the stage to observe development of slip lines on the 

surface of copper aluminum single crystals. Afterwards, Manning and Goodhew [5] developed 

an in-situ SEM tensile stage, with which they performed tests on fiber glass laminates. In last 20 

years, many researchers have developed in-situ SEM test systems with capabilities other than 

tensile testing. For example, Jiang [6] developed an in-situ SEM torsion test system with which 

they tested metallic glass micro wires. In-situ SEM test systems with multiple test modes have 

been developed. For example, Gianola [2] developed an in-situ SEM test system with 

capabilities for axial, bending and nano-indentation testing. Ye [7] developed an in-situ SEM test 

system with two different modules for testing specimens of different lengths ranging from 

nanometer to millimeter scales. Their test system was designed for tension, compression and 

bending tests. In-situ SEM fatigue testing systems have also been developed, for example, by 

Reiser [8] and Jiang [9]. Petegem [10] developed miniature testing system for SEM which can 

apply in-plane biaxial stress on a flat specimen. Doquet [11] mentioned that a tension-torsion test 

system was specially designed by Raith GmbH for Jeol 845 SEM. 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 SEM test 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 failures very often 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 thermo-mechanical 

loading conditions for material and component testing. However, most of the developed in-situ 

SEM test systems, either by research groups or by commercial manufacturers, are uniaxial. 
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Although recently biaxial in-situ SEM test stage has been developed, there is currently no 

multiaxial test system available with axial-torsional capabilities that can generally be used in any 

SEM. 

 Developing a multiaxial in-situ SEM test stage, compared to a uniaxial one, is much more 

challenging. To incorporate multiaxial loading capability, additional load frame components, 

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 only to accommodate 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 miniature testing system (MMTS) with axial, 

torsional, high temperature (1000 0C) 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 performing axial-torsional 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 outside-SEM testing, for in-situ SEM testing as 

well. The focus of this paper is to provide detail description on the novel development of MMTS 

as an axial-torsional 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 different challenges in developing an in-situ 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 

discussed in the following section. Finally, test results are presented to show successful 

development of MMTS for in-situ SEM testing.  

 

5.2 Overview of MMTS  

 The load frame of MMTS is shown in Figure 5.1. 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 rate of 5 mm/min. 

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 axial and torsion actuator motions. Each 

encoder contains a light-emitting 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 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 

multiaxial load cell, details of which given later, is used to measure axial and torsional loads. 

Miniature grippers have been developed for gripping 1-2 mm OD tubular test specimen. Using 

these grippers electricity can be passed through a metal test specimen to heat it. The grippers 

have internal conduits to flow cold water through during high temperature tests. This ensures 

even when a test specimen is at 1000 0C, the grippers are at around 35 0C. Therefore, the load 

frame electronic components are not adversely affected 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 two grippers from accidentally colliding with each other.  Table 5.1 shows major 

specifications of MMTS.  

Table 5.1. Major specifications of MMTS. 

Load frame size 290 mm x 98 mm x 53 mm 

Axial capacity ±1500 N 

Torsional capacity ±0.5 Nm 

Internal-pressure capacity 103 MPa (15,000 psi) 

Heating capacity 1000 0C 

Test specimen geometry 

and size 

Tubular, 1 to 2 mm outer 

diameter 
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Figure 5.1. Multiaxial miniature testing system (MMTS) load frame.

5.3 Challenges in developing multiaxial in-situ SEM test stage 

 To discuss the challenges of developing a multiaxial in-situ SEM test stage, first a brief 

overview of SEM is presented below. A simplified schematic diagram of SEM and its different 

components are shown in Figure 5.2. 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 chamber.  The 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 demagnified [1]. The objective 

lens housing, also known a pole-piece, intrudes into the chamber. The chamber houses a specimen 

stage, different detectors and ports. The specimen stage can be translated and raised to move 

specimen below pole-piece. SEM operation requires high vacuum pressure to increase mean free 

path of electrons. This is necessary to reduce scattering of electron beam. The electron beam is 

traversed over the specimen. Due to electron beamôs interaction with specimen, electrons 

(secondary and backscattered) emit from the specimen. These electrons are detected by secondary 

and backscattered electron detectors to form specimen image.   
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Figure 5.2 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 chamber.  In Figure 5.3, a drawing 

of the SEM chamber of FEI Quanta SEM, with pole piece, is shown. The specimen location 

along the x-y plane of the load frame needs to be such that, the specimen can be positioned 

below the pole-piece 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 the pole-piece. 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 in Figure 5.3) 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 will increase 

from 3.4x10-9 m to 3x10-5 m when pressure is lowered to 10-7 Pa from atmospheric pressure [12]. 

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

need to be have low outgassing property. 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 any in-situ SEM test stage, compliance with the 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 chamber, with the data acquisition and test control system outside the 

chamber. All 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 

side facing 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 pressure. In addition, custom mounting stages inside the 

SEM chamber may be needed to accommodate the test stage. Magnetic 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 the electron beam should be conductive and grounded in 

order to avoid electrical charging [13]. In the next few sections, development of MMTS 

considering the above-mentioned challenges are discussed.  

 

Figure 5.3. 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 Analytical Instrumentation 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 SEM (Figure 5.4). 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 allowable space 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 5.4. Investigated SEMs for in-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 shown in Figure 5.5 and Figure 5.6, to facilitate 

design of MMTS load frame. It was found that, Quanta SEM has limited 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 confirmed by making a 3D print of MMTS load frame 

and placing it inside the SEM chambers (Figure 5.7). There was an additional requirement to 

satisfy for using MMTS load frame inside Hitachi SEM. The internal radius of the Hitachi SEM 

chamber and pole-piece position required that, the distance between specimen midpoint and one 

end of the load frame should not be more than 115 mm. This distance is shown as óLô in Figure 

5.8. The MMTS load frame was developed accordingly to satisfy this requirement. 

 

Figure 5.5. Maximum load frame size determination from consideration of Quanta SEM chamber 

size. 
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Figure 5.6. Maximum load frame size determination from consideration of Hitachi SEM 

chamber size. 



134 
 

 

Figure 5.7. a: 3D print of MMTS load frame, b: 3D print inside Quanta SEM chamber, c: 3D 

print inside Hitachi SEM chamber. 
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Figure 5.8. 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 piece and the specimen to be 

imaged (Figure 5.2). Increasing working distance lessens demagnification of electron beam. This 

causes beam spot size to increase which reduces image resolution. On the other hand, depth-of-

field increases with increase of working distance [1]. For Hitachi SEM the working distance range 

is 3-60 mm, while for Quanta SEM it is 5-60 mm. In the initial design of the MMTS load frame, 

the test specimen was located 25 mm below top surface of the load frame (this is the distance óHô 

shown in the inset of Figure 5.3). If we consider 8 mm gap is to be left between pole-piece and 

load frame top surface for safety reason, 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 with 33 mm working distance (Figure 5.9). Figure 5.9c 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 below top surface of MMTS load frame was acceptable for in-

situ SEM testing.  

 

Figure 5.9. a: Specimen holder with outline of gripper, b: viewing specimen in Quanta SEM, c: 

image of specimen surface at 33 mm working distance. 

 

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 (9x10-5 Torr) 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 components 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 example, different 

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 components 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 available high 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 mm in 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 



137 
 

reason, a load cell was custom developed for MMTS by partnering with a commercial load cell 

manufacturer, Novatech, UK. During development, the outgassing characteristics of materials 

used in load cellôs body and cable were determined from vacuum chamber testing. An in-situ SEM 

test stage should have outgassing characteristic such 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 outgassing is 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 (2.7x10-6 Torr) was able to be reached after 36 

minutes of starting vacuum pumps (Figure 5.10). The vacuum chamber test confirmed suitability 

of load cell material for use inside SEM.   

 

Figure 5.10. Vacuum chamber testing of MMTS load cell. 

 Material outgassing database [14] was used to guide electronic component selection. 

Electronic components such as limit switches, actuators and encoders have many different 

component-materials 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 final confirmation 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 Pa (2.6x10-5 

Torr) was able to be reached (Figure 5.11). 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.  

 

Figure 5.11. 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 repeated in-situ tests in Hitachi SEM with MMTS load 

frame, the required vacuum pressure for SEM operation was able to be reached within 15-25 

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 accessories such 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 SEM chamber, 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 chamber wall. Figure 5.12 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. The disk contains an o-ring 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 

system, and the other connects the feedthrough to the load frame placed inside SEM.  

 

Figure 5.12. Powering and controlling load frame inside SEM. 

 In a SEM, a specimen stage is mounted on a sliding door. The stage-door of Hitachi SEM 

is indicated in Figure 5.6. This stage-door is removable (see Figure 5.13). As discussed earlier, the 

MMTS load frame size was finalized based on the SEM chamber sizes of both Quanta and Hitachi 

SEMs. However, the stage-door of the Hitachi SEM can accommodate a maximum specimen 

height of 15 mm (see Figure 5.13). Therefore, a stage-door was developed to use MMTS load 

frame inside Hitachi SEM chamber. In the following section, details on this development is 

presented.  

 

Figure 5.13. Stage-door with Htiachi SEM after removing from SEM chamber. 

 










































































































