
ABSTRACT 

LI, LIN. Development of a Multiaxial Miniature Testing System in Investigating 

Deformation Characteristics of Micro Tubes. (Under the direction of Dr. Gracious Ngaile and 

Dr. Tasnim Hassan.) 

Micro-tube hydroforming (μTHF) is a microforming process in which small, hollow, metallic 

workpieces with desired shapes are obtained through the application of high internal pressure 

and axial compressive stresses. There is an increasing demand for complex micro-tubular 

components in many applications, such as medical devices, microfluidics, MEMS and 

telecommunications. However, this process is still in its infancy and a significant amount of 

knowledge must be gained to mature the process. Primarily, the material properties of micro 

tubes, which will influence the formability of hydroformed products must be investigated, as 

they are currently not well understood. Since the tubular blanks used in μTHF process are 

subject to multiaxial stress state and the tube dimensions venture into the submillimeter 

range, it is impractical to determine material properties of micro tubes through standard 

testing methods, such as uniaxial tensile test. In order to determine more realistic material 

properties of the microtubes, proper material testing methods which test the tubes under 

stress states and loading conditions consistent with those found in the tube hydroforming 

process must be adopted. Temperature effects on material properties can influence the 

formability of microtubes in μTHF process, so it is important to test the specimen under 

various temperature conditions as well. Additionally, it is desirable to carry out in-situ 

studies of microstructures of hydroformed parts under different loading conditions inside an 

SEM because the evolution of microstructures, such as the material slip between grain 

boundaries, crack initiation and growth, material phase change, will heavily influence the 

hydroforming process. 

The major objective of the research presented in this dissertation is the development of a 

multiaxial miniature testing system (MMTS) with the capability of prescribing axial force 

and internal pressure simultaneously to mimic the realistic μTHF loading conditions and 

determine relevant material properties of micro tubes. The testing device needs to be 

designed to fit in an SEM for in-situ studies of material microstructures of microtubes under 

multiaxial loading conditions. A new heating method is required to apply uniform 



temperature on the microtube specimens under both, the vacuum environment inside SEM 

and the gaseous condition outside SEM. 

The development of the MMTS is divided into four main sections: multiaxial loading, SEM 

in-situ study, heating system and strain measurement. The multiaxial test loading function is 

realized using specially designed grippers, loading frame, and pressurization subsystem for 

the MMTS. The testing system is designed to fit into an SEM for in-situ studies of the 

evolution in material microstructures of micro tubes under multiaxial loading conditions. A 

novel hybrid heating method has been developed to generate uniform temperature 

distribution over the center region of the microtube specimens during the test. A 3-D digital 

image correlation system can be used to measure the multiaxial strain on specimen surfaces 

outside of SEM. Detailed information regarding the gripper design and heating method 

development is addressed in this study. Numerical simulations are conducted using ANSYS 

Workbench 15.0 to analyze the gripping force and component strength of the grippers, as 

well as the characteristics of three heating methods. Experiments are conducted to validate 

the gripping capabilities of the grippers and the uniform temperature distribution generated 

through hybrid heating method. The gripping experiment results show that the grippers can 

provide enough gripping force without slipping when the specimen is subjected to tension or 

torsion loads. The heating experimental results show that the hybrid heating method can 

generate uniform temperature distributions on the microtube specimens with various 

specimen lengths and different temperatures. Preliminary free-bulge tests of microtubes at 

elevated temperatures are conducted using the hybrid heating method and internal pressure to 

investigate the flow stress of the tubular blanks. The test results show a clear increase of tube 

bulge diameter with the internal pressure, and the maximum expansion rate of the microtubes 

is around 20%. The preliminary material flow stress of the stainless steel microtubes was 

estimated using the test results and an analytical model developed for free-bulge test.  
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CHAPTER 1:  INTRODUCTION  

1.1 Introduction/Motivation 

The trend towards miniaturization of parts in many fields, such as electronics, medical 

applications and micro-electro-mechanical-systems (MEMS), etc., has drastically increased 

the demand for metallic parts manufactured at micro-scale. Microforming, which is one of 

the most widely applied micro-manufacturing processes, can fabricate micro metallic parts 

with at least two dimensions in submillimeter scale through plastic deformation process. 

Compared to other popular micro-manufacturing techniques, microforming provides the 

advantages of quick cycle time, low cost per part and good efficiency for high amount of 

production. Micro metallic parts made through the microforming process have good surface 

finish, high accuracy, improved mechanical properties.  

As shown in Figure 1, tube hydroforming (THF) is a metal forming process in which highly 

pressurized fluid is pumped into a tubular workpiece and acts as a soft punch to push the tube 

wall onto dies so the tube can be plastically deformed into desired shapes. THF processes 

combine axial force, in the form of material feed, with material expansion to change the 

forming stress state to produce components with complex tubular geometries and improve 

the quality of the parts. Micro-tube hydroforming (μTHF) is a microforming process in 

which workpieces with desired shapes are obtained through hydroforming microtubes. There 

is an increasing demand for hydroformed micro-tubular components in many applications, 

such as medical devices, microfluidics, MEMS and telecommunications. Since μTHF is still 

in its infancy, a significant amount of knowledge must be gained to mature the process. 

Primarily, the material properties of micro tubes, which will influence the formability of 

hydroformed products, are not well understood. This is due to the fact that tubular materials 

used in μTHF process are under a multiaxial stress state and because as part features venture 

into the submillimeter range, size effects appear, such as decrease of material flow stress, 

anisotropic behavior and inhomogeneity of metals at micro-scale. All of these conditions 

make it impractical to test material properties of micro tubes through standard testing 
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methods, such as uniaxial tensile test. Therefore, a multiaxial miniature testing system 

(MMTS) with the capability of prescribing axial force and internal pressure simultaneously 

to mimic the realistic μTHF loading conditions is required to determine relevant material 

properties of micro tubes. However, such a testing system for microtubes with outside 

diameter close to 1mm range is currently not available in the market. 

 

Figure 1: Tube hydroforming process with axial material feed 

1.2 Problem Statement & Research Objective 

1.2.1 Material Property Investigation of Micro Metallic Tubes 

The most critical material properties which are needed to be investigated with respect to 

μTHF process are material yield criteria, forming limits and flow stress. The yield criteria of 

micro tubes is required for FEA simulation of μTHF process, and it is also needed to predict 

plastic deformations. A forming limit diagram (FLD), also known as a forming limit curve 



 

3 

 

(FLC), for tubular materials provides a graphical description of the biaxial strains that lead to 

failure during the forming process. The FLD can be used to establish the forming criteria and 

feasibility of hydroforming a tubular part. If the strains on a formed tubular parts are too 

close to or above the FLC, necking and fracture failures are likely to happen in the 

production process. Flow stress is the instantaneous value of the stress required to continue 

deforming the material at any point during the metal forming process and can be determined 

once the stress-strain curve of a material is developed. It can be used to predict the force and 

power that are needed to accomplish the necessary deformation and determine the evolving 

yield strength with the plastic deformation process. 

In order to determine these evolving material properties for the tubular blanks used in μTHF 

process, appropriate material testing methods must be developed. These testing methods 

must prescribe stress states and loading conditions which are consistent with those in the 

μTHF process of tubes. The material yield stresses of micro tubes can be determined through 

the tests in which axial and circumferential stress are generated by coordinating the internal 

pressure and the axial force on the thin-walled tubular materials. The loads are increased in 

such a way that the ratio of axial stress to circumferential stress is maintained constant until 

the yield point is reached. By varying the stress ratio a complete map of the yield surface can 

be generated. The forming limits of micro tubular materials can be developed through 

deforming micro tubes in a controlled way to maintain constant ratios between 

circumferential strains and axial strains. The tubes are tested until failure prescribing various 

strain ratios to get a complete FLD. Since the tubular materials used in μTHF process are 

under a multiaxial stress states, a tube bulge test, by prescribing internal pressure and axial 

force to mimic μTHF loading conditions, is performed to determine the flow stress of tubular 

parts. Therefore, a MMTS with the capability of applying well-controlled axial force and 

internal pressure onto micro tubes needs to be developed in order to perform material tests 

and evaluate material properties relevant to μTHF process. 
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1.2.2 Material Test at High Temperature  

Material properties of workpiece vary based on the forming temperature conditions in metal 

forming process. The ductility of a metal will increase significantly when the forming 

temperature is high which allows for massive shape changes that would not be possible under 

cold forming conditions. Researchers have already taken advantage of this temperature effect 

to improve the formability of hydroformed parts. High temperature forming condition has 

also been applied in microforming process. It has been found that the microstructure of a hot 

formed metal differs significantly from that of a cold-formed part and elevated forming 

temperature condition can improve the homogeneous deformation behaviors and change the 

local mechanical properties of micro-scale materials. However, detailed knowledge about the 

temperature effects on the flow stress, formability and microstructure of micro tubular 

materials at different temperatures is currently missing. Therefore, adding an elevated 

temperature condition on the MMTS system is critical for understanding high temperature 

effects on material properties which are important to μTHF process.  

1.2.3 Need of In-Situ Study 

In order to understand the evolution in material microstructures and corresponding material 

properties of miniature tubes during μTHF process, in-situ testing needs to be performed. 

Scanning electron microscope (SEM) can produce high-resolution images that reveal the 

microstructure characteristics of material surface. In-situ study of material properties through 

SEM and optical microscope (OM) can provide information on the evolving microstructure 

under different loading and temperature conditions during the material testing process. 

Currently, monotonic or cyclic uniaxial miniaturized testing system with the capability of in-

situ SEM material characterization is available, however, no capability of performing 

multiaxial material test in SEM for in-situ study has been found. In addition, the knowledge 

developed from the in-situ study of flow and formability of micro tubular materials can also 

be applied to benefit the development of efficient micro-forming processes. In order to 

achieve these objectives, the MMTS needs to be designed so that it can fit into the SEM. 
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1.2.4 Material Property Modeling of Micro Metallic Tubes 

Because μTHF process can be very complex, only have the information of material 

properties may not be adequate for understanding the process. Traditionally designers have 

turned to FEA to predict material deformation behaviors during the metal forming process 

and reduce the number of trial forming experiments. However, because of size effects on 

material properties at microscale, the empirical and analytical models in traditional FEA 

codes may not be appropriate to be used in microforming. Nowadays size effects are not 

included in most commercial FEA software, which has restricted their successful application 

in microforming process analysis. In order for simulation software to generate the prediction 

of material deformation behaviors efficiently and accurately in μTHF process, useful and 

efficient material models which account for size effects are critical prerequisites.  

For the purpose of modeling micro tubular materials with consideration of size effects and 

temperature effects on material properties, the MMTS system can be used to perform 

material tests, such as material yield tests and bulge tests, on micro tubes with different 

material thicknesses and grain sizes under different temperatures. The obtained yield stresses 

from material tests can be used to determine material yielding criteria by plotting the yield 

stress values on the circumferential and axial stress plane. The obtained stress-strain curve 

from material property evaluation through bulge test can be used to develop material flow 

stress model of micro tubes. 

From the discussions above, a number of research issues in μTHF process and material 

testing are presented.  The problems and potential solutions are listed in the table below. 
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Table 1：Researches problems and solutions in μTHF and material testing through miniaturization 

 

1.2.5 Research Objectives 

The overall objective of this research is to investigate the deformation characteristics and 

material properties of micro tubes. In order to achieve this objective, the research tasks 

include: 

1. Design a MMTS system which can apply axial force and internal pressure on micro 

tubular specimen for material testing under adjustable elevated temperature 

conditions 

2. Design the MMTS device compatible to SEM for in-situ studies  
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3. Apply the MMTS system for investigating material properties and deformation 

characteristics of micro tubes under different loading and temperature conditions 

1.3 Thesis Organization 

Chapter 1 provides general background information on μTHF process and introduces some of 

its applications. Additionally, the introduction highlights the limitations and issues in 

material property investigation of micro metallic tubes that motivate the research. Finally, the 

objectives of this study are stated. 

Chapter 2 contains a literature review on microforming, THF, and μTHF processes, including 

process description, applications, and current research issues. The review also covers 

common aspects of material property investigations in various tubular materials under 

different loading conditions. The importance of temperature effect and in-situ study on 

material microstructures is also highlighted. Additionally, the review also presents the 

available heating and strain measurement methods that are applicable in material tests. The 

review includes the μTHF process and investigations of tubular material properties, as well 

as, limitations in the microtube material tests.  

Chapter 3 discusses the function and development requirements of the MMTS. The 

development of whole testing system is divided into four main sections, and the detailed 

information regarding testing function and design requirements of each section is presented 

in this chapter. System diagram, subsystems, and control strategy of the MMTS are also 

discussed. Additionally, the loading frame prototypes are 3D printed to investigate its 

adaptability into two SEMs chambers in terms of the distances from detectors.  

Chapter 4 provides detailed information regarding the development of a set of hydrostatic 

pressure controlled grippers and a set of manual grippers. The gripping mechanism, high 

pressure sealing, and cooling functions of the grippers are described. FEA analyses of 

gripping force and coolant flowrate for maintaining low working temperature on grippers 

under specimen heating are then detailed. Also, experiments of uniaxial, multiaxial, and 

specimen heating tests are executed to validate the working capability of the grippers.  
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Chapter 5 presents the thorough development of a hybrid heating method which combines 

coil heating and electric-resistance heating to generate highly uniform temperature 

distributions on microtube specimens. A specially designed hybrid heating mechanism is 

developed for MMTS application. Thermal-Electrical and Transient Thermal FEA 

simulations are applied to analyze the temperature distributions and preheating times of 

micro specimens using electric-resistance heating, coil heating, and hybrid heating 

respectively. Additionally, heating experiments are performed to validate the simulation 

results of the heating methods.  

Chapter 6 introduces the integration of subsystems into the MMTS, including pressurization 

system, 3D DIC system for strain measurement, cooling system, and loading frame. 

Additionally, it also highlights the results of FEA simulations and experiments gathered from 

free-bulge tests of microtubes using the MMTS. The detailed information regarding 

preparing microtube specimens and material test procedures are discussed as a means to 

describe the specific applications of the MMTS on investigating material properties and 

deformation characteristics of micro metallic tubes.  

Chapter 7 presents the conclusions of the research and the future work that will be conducted 

to further refine the testing system. The conclusions validate the MMTS as a sophisticated 

material testing system that meets all the testing function requirements for evaluating 

mechanical properties of micro metallic tubes.  
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CHAPTER 2:  LITERATURE REVIEW 

2.1 Introduction 

This research effort requires a clear understanding of the background and limitations of 

μTHF process. Articles on microforming and micro tube hydroforming (μTHF) are found in 

literature describing the processes limitations and the need of material properties of 

microtubes for development of μTHF process. The multiaxial miniature testing system 

(MMTS) is then presented to investigate the material properties of microtubes. Relevant 

aspects of material property investigations on tubular materials are researched to determine 

the necessary testing functions in the development of the testing system. Additionally, 

temperature effect on material properties and various heating methods are scrutinized to 

determine the heating method requirement for the MMTS in material testing. Also, in-situ 

studies of material microstructures under various testing conditions were reviewed to 

determine the potential benefits of applying in-situ study on microtubes under multiaxial 

loading conditions. Finally, strain measurement methods for material testing of microtubes 

are reviewed to determine the best technique to measure multiaxial strains. The literature 

review has provided sufficient understanding of the need and novelty of the MMTS on 

investigating material properties of microtubes.   

2.2 Micro-Tube Hydroforming Process 

Micro-tube hydroforming is a microforming process in which workpieces with desired 

shapes are obtained through hydroforming micro tubular materials. It can be regarded as a 

miniaturization of conventional THF process. In order to fully understand this forming 

process, the background of microforming is introduced first. 

2.2.1 Microforming 

Microforming is a micro-manufacturing process in which micro metallic parts with at least 

two dimensions in submillimeter scale are fabricated via plastic deformation processes [1]-

[2]. Similar to macroforming processes, there are various microforming processes developed 
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for forming of bulk and sheet metal microparts. From bulk microforming perspective, the 

processes include coining, extrusion, heading, and bending, etc. Sheet metal microforming 

processes include deep drawing, embossing, punching, blanking, and hydroforming [2]-[3]. 

Compared to other micro-manufacturing techniques, microforming technology is well suited 

for manufacturing micro-scaled metallic parts providing the advantages of quick cycle time, 

low cost per part and good efficiency for high amount of production. Micro metallic parts 

made through microforming processes have good surface finish, high accuracy, and 

improved mechanical properties [4]-[5]. Microforming technology can be used to produce 

micro-parts like gears, rivets, shafts, springs, lead frames, and micro-screws, as shown in 

Figure 2 and Figure 3.  

 

Figure 2: Micro gear, pins and shaft [4] 
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Figure 3: Micro-formed parts: (a) micro springs and filaments, (b) micro screws, (c) lead frame [5] 

Even though microforming processes have already been used for the production of many 

micro workpieces, the development of this technology is still in its infancy state compared to 

the conventional metal forming methods. The problems appearing in microforming process 

are strongly coupled with miniaturization of the forming process and products. Usually, there 

is a limit to how far the conventional macro-scale machining processes can be scaled down to 

submillimeter scale. Beyond certain dimensions, the factors in macro-scale manufacturing 

process, such as vibration, tool-offset, temperature, tool material and accuracy, and size 

effect on material properties start playing an important role in the forming process [1]-[2], 

[5]. In order to mature the microforming processes, various challenges have to be overcome 

in the following areas: material, processes, tools, machines & equipment [5].  
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Figure 4: Challenges in four areas of developing microforming processes [5] 

The material properties, such as material flow stress, anisotropy, ductility, and forming limits 

depend on the specimen size and microstructure. As the geometry size of the part under 

plastic deformation decreases from macro-scale to micro-scale, the conventional deformation 

models are no longer valid because of size effect. Size effect in microforming is caused by a 

change in the surface topography and grain size relative to part dimensions. Chan et al. [6]-

[7] and Chen et al. [8] identified various reasons of the size effect in micro-scale plastic 

deformations of metallic materials as listed below:  

1) The flow stress in microforming process is decreased with the scaling down of 

specimen size and it can be modelled by using surface layer model, and there is a 

linear relationship between the flow stress change and the fraction change of internal 

grain boundary surface area at a given strain 

2) The spring-back is increased with decrease of specimen size 
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3) The material tends to flow inhomogeneously and irrational local deformation occurs 

with decrease of specimen size 

4) The interfacial friction increases because the area fraction of open lubricant pocket 

and the ratio of asperity size to specimen size are increased with miniaturization 

5) The scattering effect increases with the decrease of specimen size, which is caused by 

the limited averaging of mechanical properties of the individual grains 

6) The size effect is quantified based on the change of ratio of internal grain boundary 

surface area to total grain boundary surface area 

7) The hardness decreases as the specimen size is downscaled to micro-scale 

Lai et al. [9] explained the size effect of decreasing flow stress with the increasing 

miniaturization by using the surface model as shown in Figure 5. The free surface grains are 

less constrained than the grains inside of the material. Therefore, the surface grains have less 

hardening and lower resistance against deformation since the dislocations moving through 

the grains during deformation pile up at grain boundaries but not at the free surfaces. As the 

specimen size decreases, the portion of surface grains among the whole material part 

increases, which leads to the decrease of flow stress.   

 

Figure 5: Surface model of size effect [10] 
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Molotnikov et al. [11] demonstrated that the occurrence of size effect is governed by the ratio 

of blank thickness t to material grain size D, and proposed that ultrafine grained material 

should be used for microforming productions. Fu et al. [12] generated a series of tensile tests 

of pure copper foils with different thickness and grain sizes, and found that the flow stress, 

fracture stress and strain, and the number of micro-voids on fracture surface decrease as the 

ratio of specimen size to grain size decreases. With the increase of grain size the grain 

boundary hardening effect decreases, which results into decrease of flow stress.  

Furthermore, due to the low number of grains in the deformation zone of micro-parts, the 

formability of micro-parts is decreased. The number of slip systems that are active in the 

micro-parts during the deformation process are significantly decreased which can result in 

reducing the fracture strain and overall formability [7], [12]. The increased scatter seen in 

microforming operations is also a result of the low number of grains in the deformation zone 

of the part. This scatter effect leads to an inconsistent and unpredictable deformations of the 

micro-parts and imposes difficulties in the tolerance control [13].  

The processes, tools and machines & equipment are all strongly coupled with the material. 

However, there are additional effects concerning in these aspects. For example, the forming 

forces, tribology, spring-back, the scatter of the results, and thus the accuracy of the parts 

need to be considered in the process design. Also, the effects of material and process affect 

the applicability of FEA simulations for process design and layout [5]. With respect to 

tooling systems the main problem lies in the manufacturing of high precision tools, especially 

for making extrusion dies with complex inner shapes, close tolerances and good surface 

quality. As for micro machines and components, an essential problem is the requirement of 

sufficient precision at high speed.  

Above all, material properties of the workpiece is one of the major concerns for 

miniaturization of conventional forming processes into micro-scale. The size effect on 

material properties and deformation behaviors has to be addressed in the development of 

microforming processes.  
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2.2.2 Micro-Tube Hydroforming 

Micro-tube hydroforming is a microforming process realized by the miniaturization of 

conventional THF process with needed adaptions so micro metallic components with desired 

features can be obtained through hydroforming micro tubular materials [3], [14]-[15]. Both 

the THF and μTHF processes have similar features and issues.  The material properties of 

microtubes are heavily influenced by size effect, and the desired shapes are formed under 

multiaxial stress states in the μTHF process. There is an increasing demand for hydroformed 

micro-tubular components in many applications, such as medical devices (micro needles, 

catheters, implanted tubes for drug delivery), microfluidics (micro heat exchangers, micro 

channels for fuel injections, tubing for hydro-pressure applications), MEMS (micro motor 

shafts, micro machine components) and telecommunications (sensor sheaths, fiber cable 

sheaths) [16]-[18].  

2.2.2.1 Micro-Tube Hydroforming System 

Similar to THF process, tube material, tool & die, and pressurization system are also used to 

build the system for μTHF process. However, since the tube material outside diameters are in 

a few millimeters or smaller, the tools used in conventional THF must be modified in order 

to be applied in μTHF system. The PhD dissertation of Jörn Lungershausen, published in 

2012, focused on the development of μTHF system that can hydroform stainless and copper 

micro tubes with 0.8mm OD [17]. As shown in Figure 6, the sealing mechanism in the 

forming system used sealing punches with conical tips to flare and seal tube specimen ends. 

In the pre-sealing operation, the tube is placed into the die cavities first, the tube ends are 

then lightly pressed against the 60° countersunks of the die inserts by the conical punches 

with an outer angle of 58°. After this operation, forming fluid is filled into the tube cavity 

through the bore hole on one of the punches until all the air has been purged. Finally the 

punches are tightened more to a defined axial force to create circular line contact between the 

punch tips and the tube ends, this operation will produce localized yielding and thus the 

sealing of the tubes. This type of sealing mechanism was also used in the research of 

microtube bulge tests [3].   
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Figure 6: Sealing principle of the 58° sealing punch angle and 60° angle of the die inserts [17] 

Besides the sealing system, the hydroforming die and material feeding also need to be 

modified accordingly. Ngaile et al. [14] designed a new micro-THF die assembly that is 

based on floating a microdie-assembly in a pressurized chamber as shown in Figure 7. In the 

beginning of the hydroforming process, microtubes are put between the floating dies, and 

Teflon sheet is employed to surround the microtubes for cavity sealing. Then fill the chamber 

with fluid and increase the fluid pressure. Since the tube outside surfaces and die cavities are 

sealed by the Teflon sheet, the fluid pressure can only be applied on the inside surfaces of the 

tubes and push the tube walls onto the die cavities to form the tubes. This μTHF system is 

combined with axial material feed to increase the shape complexity of hydroformed parts and 

broaden the capability of micro tube hydroforming process. Figure 8 shows some 

hydroformed microtubes with 1mm outside diameters through this system.  



 

17 

 

 

Figure 7: The micro tube hydroforming die assembly and hydroformed tubes: (a) Micro-THF die 

assembly setup, (b) the hydroformed tubes, and (c) the floating dies and punches [14] 

 

Figure 8: Hydroformed microtubes: (a) 1mm OD, L=20mm, feed=1.0mm and (b) 1mm OD, L=12mm, 

feed= 0.5mm [14] 
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2.2.2.2 Challenges in Micro Tube Hydroforming 

μTHF process is still in its infant stages due to challenges in the process development, such 

as severe tribological conditions, high tolerances requirements, tough working conditions for 

the miniaturized forming dies and punches, lack of suitable sealing techniques, and 

anisotropic material properties of metals at microscale, etc [14], [16]. Primarily, the material 

properties of microtubes, which influence the formability and deformation characteristics of 

hydroformed parts, play an important role in μTHF process. The critical material properties 

with respect to the μTHF process are material yield criteria, forming limits and flow stress. 

The yield criteria of microtubes under various forming conditions is necessary for 

establishing material models in FEA simulations of μTHF processes [19]. A forming limit 

diagram (FLD), also known as a forming limit curve (FLC), can be used to provide a 

graphical description of the biaxial strains on the tubular materials that lead to failure in the 

forming process [19]-[21]. If the forming strains on the tubular parts are close to and above 

the FLC, necking and fracture failures are likely to happen in the hydroforming process. 

Therefore, the FLC can be used to evaluate the maximum forming criteria and feasibility of a 

hydroformed tubular part. Flow stress is the instantaneous value of the stress required to 

continue deforming the material at any point during the metal forming process and can be 

obtained from the stress-strain curve of the material. The flow stress can be used to predict 

the force and power that will be needed to accomplish the necessary deformation and 

determine the new yield strength after the plastic deformation process [22]. Since microtubes 

in μTHF process are formed under multiaxial stress, these material properties must be 

accurately evaluated through material tests under multiaxial stress states close to the realistic 

μTHF loading conditions.   

The size effect on material properties and the multiaxial forming stress condition in μTHF 

process make it impractical to test material properties of micro tubes through standard testing 

methods, such as uniaxial tensile test. Therefore, a multiaxial miniature testing system 

(MMTS) with the capability of prescribing axial force and internal pressure simultaneously 

to mimic the realistic μTHF loading conditions is required to determine relevant material 
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properties of micro tubes. Ripley [18] developed a testing system that can perform biaxial 

testing of SS304L microtubes with 2.38mm outside diameter using internal pressure and 

tension/compression axial load. The material yield criteria and FLD of the microtubes were 

successfully investigated via this system. However, the testing system that can perform 

material tests of microtubes with 1mm or smaller outside diameters is currently not available 

in the market. 

2.2.3 Summary of Micro Tube Hydroforming Process 

The background of microforming and μTHF processes was presented to introduce the 

process description, applications, and current issues of μTHF. Basically, μTHF is a 

miniaturization of conventional THF for hydroforming micro metallic tubular blanks into 

desired shapes. It shares the similar features and issues of THF and microforming, and above 

all the material properties which can influence the deformation characteristics of tubular 

materials are critical to μTHF process and need to be investigated thoroughly in order to 

mature the process. Since there is no material testing system available in the market which 

can apply axial force and internal pressure simultaneously on microtubes with 1mm or 

smaller diameters to mimic the realistic μTHF loading conditions, such a system must be 

developed.  

2.3 Requirements of the Multiaxial Miniature Testing System 

In an effort to archive a complete investigation in the required material properties of 

microtubes, literature review has been conducted to seek for the material property 

investigation methods and testing functions that need to be addressed in the development of 

the multiaxial miniature testing system (MMTS).  

2.3.1 Material Property Investigations on Tubular Materials 

In order to determine accurate material properties for the tubular blanks, proper material 

testing methods must be adopted. These testing methods must test the tubes under stress 

states and loading conditions which are consistent with those in the tube hydroforming 

process [23]-[24]. Many investigations have been carried out to analyze the anisotropic 
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behavior, plastic-work contours, and/or the failure limits, including their path-independence, 

of a variety of tubing materials in conventional size, e.g., aluminum tube [25]-[28], steel tube 

[27], [29], titanium tube [30], and stainless steel tube [31]. All of the material tests in these 

investigations were finished under uniaxial and biaxial stress paths using axial load-internal 

pressure type test machines.  

2.3.1.1 Flow Stress of Tubular Materials 

The flow stress of a tubular material under small strains can be obtained by applying axial 

force and internal pressure to uniformly deform a tube specimen at the center area. Yoshida 

et al. [25] developed a testing system to investigate the relationship between strain and stress 

on the center surface of a uniformly deformed tube specimen. Besides axial force and 

internal pressure, a torsion load system was also added to prescribe multiaxial stresses to the 

tubes. The diagram of the testing system and stress components on the tube specimen are 

shown in Figure 9. The test machine is able to apply axial load, internal pressure, and torsion 

simultaneously to a thin-walled tubular specimen under a close-loop feedback control 

system. The axial load is realized by a hydraulic cylinder, internal pressure is archived by 

compressing water into the specimen, and torsion is applied by rotating the ram constructed 

of a rack and a pinion. The maximum loading capability of the testing system are 49kN in 

axial load, 50MPa in internal pressure, and 490Nm in torsion.  

In the material test, the logarithmic strains in the axial and circumferential directions, 𝜀11
𝑠  and 

𝜀22
𝑠 , and the logarithmic strain in the direction inclined 45° from the axial direction, 𝜀4̅5

𝑠 , are 

measured by strain gauge attached on the specimen surface. The strains prescribed are small 

and small strain theory is adopted in the strain calculation. According to the coordinate 

transformation rule, the shear strain was calculated as 𝜀12
𝑠 = −(𝜀11

𝑠 + 𝜀22
𝑠 )/2 + 𝜀4̅5

𝑠 . The 

strains at mid-wall location on the specimen, denoted by 𝜀11, 𝜀22, and 𝜀12, were evaluated 

through simplified calculations as follows:  

𝜀11 = 𝜀11
𝑠        (2.1) 
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𝜀22 = 𝜀22
𝑠 + ln (

1−𝑡 𝐷⁄

1−𝑡0 𝐷0⁄
)      (2.2) 

𝜀12 = 𝜀12
𝑠 (1 − 𝑡 𝐷⁄ )           (2.3) 

where 𝐷0 and 𝑡0 are the initial diameter and wall thickness, and 𝐷 and 𝑡 are the instantaneous 

diameter and thickness, respectively. The axial, circumferential, and shear stress, 𝜎11, 𝜎22, 

and 𝜎12, are determined based on the force equilibrium of a membrane element: 

𝜎11 =
4𝐹+𝜋(𝐷−2𝑡)2𝑃

4𝜋𝑡(𝐷−𝑡)
          (2.4) 

𝜎22 =
(𝐷−2𝑡)𝑃

2𝑡
       (2.5) 

𝜎12 =
2𝑇

𝜋𝑡(𝐷−𝑡)2      (2.6) 

 

Figure 9: Schematic diagram of (a) the axial load-internal pressure-torsion test machine and (b) stress 

components which can be prescribed on the tubular specimen [25] 
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The relationship between the stresses and strains on the tube can be developed. However, the 

experimental data above can only be used to evaluate the material properties under small 

strains. For the stress and deformation characteristics under large strains, bulge test must be 

adopted. He et al. [32] developed an analytical model which can be used to determine the 

stresses at pole point on the bulged tube. In the bulge test, as shown in Figure 10, the tube 

specimen ends are fixed, the tube is free-bulged by internal pressure with certain bulging 

length 𝐿0. The tube specimen wall thickness 𝑡0 and outer diameter 𝐷0 can be measured by 

using digital calipers before the bulge test, tube radius 𝑅0 equals 𝐷0/2. The bulging height ℎ 

can be measured during the test process, pole thickness tP can be measured or calculated 

after the test process. The strains at pole point P in the circumferential, thickness and axial 

directions can be determined through Eqs. (2.7)-(2.9). All the strains can be calculated from 

the pole radius 𝑅𝑃 and pole thickness 𝑡𝑝 measured in the bulge test process.  

 

Figure 10: Model diagram of tube hydro-bulging test [32] 

𝜀𝜃 = ln (
𝑅𝑃−𝑡𝑃/2

𝑅0−𝑡0/2
) = ln (

𝑅0+h−𝑡𝑃/2

𝑅0−𝑡0/2
)     (2.7) 

𝜀𝑡 = ln (
𝑡𝑝

𝑡0
)      (2.8) 

𝜀𝑧 = −𝜀𝑡 − 𝜀𝜃     (2.9) 

Figure 11 shows a differential element of the free-bulged tube part at point P, in which 𝜌𝜃 

and 𝜌𝜑, 𝜎𝜃 and 𝜎𝑧 are curvature radii and stresses in the circumferential and axial directions 
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respectively. For a thin-walled tube, the stress along tube radial direction can be neglected, 

resulting in a biaxial state of stress. Since 𝜌𝜃 = 𝑅𝑝 , based on equilibrium along axial 

direction, the stress 𝜎𝑧 in the middle of the free-bulged profile at point P can be calculated 

through Eq. (2.10). The force equilibrium at point P along radial direction can be expresses 

as Eq. (2.11). For a differential element, sin(𝑑𝑧 2⁄ ) ≈ 𝑑𝑧 2⁄ , sin(𝑑𝜃 2⁄ ) ≈ 𝑑𝜃 2⁄ . Therefore, 

Eq. (2.11) can be rewritten as Eq. (2.12). The pole thickness 𝑡𝑝 and the curvature radius 𝜌𝜑 

can be obtained analytically by modeling the free-bulged tube profile during the bulge test. 

 

Figure 11: Stress analysis at central position of bulging zone [32] 

𝜎𝑧 =
𝑃𝑖(𝑅𝑝−𝑡𝑝)

2
 

2𝑡𝑝(𝑅𝑝−𝑡𝑝 2⁄ )
       (2.10) 

2𝜎𝑧𝑡𝑝(𝜌𝜃 − 𝑡𝑝 2⁄ )𝑑𝜃 sin(𝑑𝜑 2⁄ ) + 2𝜎𝜃𝑡𝑝(𝜌𝜑 − 𝑡𝑝 2⁄ )𝑑𝜑 sin(𝑑𝜃 2⁄ ) = 𝑃𝑖(𝜌𝜑 − 𝑡𝑝)𝑑𝜑(𝜌𝜃 − 𝑡𝑝)𝑑𝜃 (2.11) 

𝜎𝑧
(𝜌𝜃−𝑡𝑝 2⁄ )

(𝜌𝜑−𝑡𝑝)(𝜌𝜃−𝑡𝑝)
+ 𝜎𝜃

(𝜌𝜑−𝑡𝑝 2⁄ )

(𝜌𝜑−𝑡𝑝)(𝜌𝜃−𝑡𝑝)
=

𝑃𝑖 

𝑡𝑝
    (2.12) 

The analytical model in Hwang et al. [33]-[34] can be used to describe the free-bulged tube 

profile and evaluate the required curvature radius. In the analytical model, the free-bulged 

tube profile is assumed to have an elliptical shape, the parameters of bulge die and tubular 
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material of the model are shown in Figure 12. Assuming that the tube material will separate 

from the bulge die at point 𝑒  as shown in the figure, according to the geometrical 

relationship, the coordinates 𝑅𝑒  and 𝑍𝑒of the contact point 𝑒 can be obtained through Eqs. 

(2.13)-(2.14). The half lengths of the minor axis 𝑅𝑃  and major axis 𝑅𝑍  of the elliptical 

surface at free bulge region can be solved by using Eqs. (2.15)-(2.16). Since 𝑅𝑃  can be 

obtained by measuring the pole diameter 𝐷𝑃 of free-bulged profile, and 𝑅𝑃 = 𝐷𝑃/2, 𝑅𝑧 can 

be obtained numerically from Eqs. (2.13)-(2.16). The axial radius 𝜌𝜑 of curvature at the pole 

p of the tube can be expressed as Eq. (2.17). He et al. [35] developed a linear model for pole 

thickness prediction in the bulge experiment process as shown in Eq. (2.18) where 𝑡𝑝 and ℎ 

are the instantaneous pole thickness and bulge height respectively during bulge test, 𝑡𝑒𝑛𝑑 and 

ℎ𝑒𝑛𝑑 are the final pole thickness and bulge height after bulge test. This function can be used 

to predict the tube thickness during the bulge test, and it simplifies the test process by 

removing the step of measuring pole thickness before the final bulge pressure is generated. 

The obtained axial radius 𝜌𝜑 and pole thickness 𝑡𝑝 can be plugged into Eq. (2.12) to solve for 

circumferential stress 𝜎𝜃.  

 

Figure 12: Schematic of tube bulge tests [33] 
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𝑅𝑒 = 𝑅0 + 𝑅𝑑(1 − cos 𝜙𝑒)       (2.13) 

𝑍𝑒 =
𝐿𝑏

2
− 𝑅𝑑 sin 𝜙𝑒      (2.14) 

𝑅𝑃 = √𝑅𝑒(𝑅𝑒 + 𝑍𝑒 tan 𝜙𝑒)      (2.15) 

𝑅𝑍 = √𝑍𝑒(𝑍𝑒 + 𝑅𝑒 cot 𝜙𝑒)      (2.16) 

𝜌𝜑 = 𝑅𝑍
2/𝑅𝑃       (2.17) 

𝑡𝑝 = 𝑡0 − (
𝑡0−𝑡𝑒𝑛𝑑

ℎ𝑒𝑛𝑑
) ℎ      (2.18) 

The effective strains and stresses of the tubular material can be evaluated by using the 

obtained stresses and strains on the tube principle location. Plot all the data of effective 

strains and stresses under different internal pressures into the stress-strain figure, the flow 

stress of the tubular material can be represented by a best fit curve passing through these data 

points. 

2.3.1.2 Yield Function of Tubular Materials 

Ripley et al. [36] determined the material yield strength of stainless microtubes of 2.38mm 

OD and 0.15mm wall thickness by using a multiaxial deformation apparatus as seen in 

Figure 13. The tube specimen ends were clamped and sealed on the grips, and fluid was 

pumped into the tube through the tube fittings and grips. One of the grips was mounted on 

the crosshead of the frame so axial forces can be applied on the grip and transferred onto the 

specimen. Axial and circumferential stresses were generated on micro tubes by coordinating 

the internal pressure and the axial force on the thin-walled tubular materials. In the testing 

process, the microtube specimens had long expansion zones and the loads were increased in 

such a way that the ratio between axial stress to circumferential stress was maintained 

constant until the material yielded. By varying the stress ratio, a complete map of plastic 

work contours was generated as shown in Figure 14. The material is anisotropic as indicated 

from the differential work hardening of the tube for different biaxial stress paths. 
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Figure 13: Biaxial testing machine for material tests of microtubes [36] 

 

Figure 14: Plastic work contours and von Mises yield function [36] 
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2.3.1.3 Forming Limits of Tubular Materials 

The forming limits of tubular materials are evaluated by applying internal pressure and axial 

force to form the tube with different combinations of axial strain and hoop strain on the tube 

until material failure occurs, like necking or burst. For tubular materials in conventional size, 

Kuwabara et al. [27] investigated the forming limits of interstitial free steel tubes via a testing 

system which can prescribe both internal pressure and axial load to form the tube with 

constant ratios between the axial stress and hoop stress during the test process. Song et al. 

[37] generated material tests of forming limit using a different stress and strain control 

strategy in which a linear relationship was kept between the internal pressure and axial 

material feed. Hwang et al. [20] developed a PC-based control system to obtain the forming 

limits of aluminum tubes via applying constant ratios between the axial strain and hoop strain 

in the forming process. Figure 15 shows the FLD from [20] of macro size tubes. All of these 

testing methods were able to apply axial force and internal pressure on tube specimens 

simultaneously to investigate the forming limits of the tubes.  

  

Figure 15: Experimental forming limit diagram of tubes and predicted forming limit curves [20] 
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In contrast, the forming limit tests of micro tubes are rare. The only relevant research was 

found in Ripley [18], where the forming limits of microtubes were investigated through 

biaxial tests. During the testing process, the tube specimens with an outside diameter of 

2.38mm and a wall thickness of 0.161mm were deformed with constant ratios between 

circumferential strains and axial strains. The tubes were tested under certain axial and 

circumferential strain paths until failure happened to get a complete FLD as shown in Figure 

16. No research on investigating microtubes with 1mm OD or below has been noticed so far.   

 

Figure 16: The tube fractures under biaxial stress paths and the loading strain paths [18]  

2.3.1.4 Summary of Material Property Investigations on Tubular Materials 

The material properties, such as material flow stress, yield strength, and forming limits, of 

tubular materials can be evaluated via material tests in which internal pressure and axial 

loads are applied to induce hoop and axial stresses and strains to deform the tubes. The 

deformation characteristics of the tube specimens can be investigated to analyze these 

material properties. Specific analytical models need to be applied to estimate the stains and 

stresses on the tube principle location in bugle test. Many researches have been conducted to 

investigate material properties of tubular materials in conventional size, however, the 

complicated investigations of microtube materials, especially for the microtubes with outside 
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diameter in submillimeter range, are rare. Therefore, in order to determine the desired 

material properties of micro tubes, the material testing system must be developed.  

2.3.2 Need of In-Situ Study 

The microstructures of hydroformed parts under different loading conditions are critical for 

understanding the material properties, such as the material slip between grain boundaries, 

crack initiation and growth, phase distribution, etc. These material properties heavily 

influence the hydroforming process. In order to understand the evolution of material 

microstructures and corresponding material properties of miniature tubes during μTHF 

process, in-situ testing needs to be performed. Scanning electron microscope (SEM) can 

measure the surfaces of micro/nano specimens and produce high-resolution images that 

reveal the microstructure characteristics of material surface. In-situ study of material 

properties through SEM and optical microscope (OM) can provide the detailed material 

microstructure behaviors and responses to different mechanical and thermal loading.  

Currently, uniaxial (monotonic or cyclic) material test with the capability of in-situ SEM 

material characterization is available [38]-[40]. Ma et al. [38] investigated the fatigue crack 

initiation and short crack propagation behaviors for both raw DZ4 superalloy and 

recrystallized sample. The crack propagation of raw DZ4 material was clearly measured by 

using the SEM as shown in Figure 17. It was confirmed that many phenomena of fatigue 

crack behaviors originated from the characteristics of microstructure. Similarly, the in-situ 

study under monotonic testing loads can be used to analyze the microstructure characteristics 

of the material failures, like necking and fracture in the forming process. The in-situ study of 

flow and formability of micro tubular materials can be conducted to benefit the development 

of efficient micro-forming processes. However, no testing system currently available in the 

market is capable of performing multiaxial material test of microtubes within SEM for in-situ 

study. In order to achieve these objectives, the multiaxial miniature testing system (MMTS) 

needs to be designed so that it can fit into the SEM to perform desired material tests. 
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Figure 17: Fatigue crack growth of original DZ4 specimen [38] 

2.3.3 Influence of Temperature on Material Properties 

Temperature effect on material properties is an important factor in both traditional metal 

forming and microforming process since material properties of workpiece will vary under 

different temperature conditions. For instance, the ductility of a metal will increase 

significantly when the forming temperature is high which allows for massive shape changes 

that would not be possible under cold forming conditions [19], [41]. Researchers have 

already taken advantage of this temperature effect to improve the formability of hydroformed 

parts [42]. Additionally, high forming temperature condition can be applied in microforming 

process, and it has been observed that the microstructure of a hot-formed metal part differs 

significantly from that of a cold-formed part [43]. Some researchers indicate that an elevated 

forming temperature condition can improve the homogeneous deformation behaviors of 

micro-scale materials and change the local mechanical properties [4]. However, detailed 

knowledge about the temperature effects on the flow stress, formability and microstructure of 

micro tubular materials at different temperatures is currently missing.  

Several heating techniques have been used in material testing systems. These methods are 

generally based on electric resistance heating [44]-[47] or applications of electric heaters 
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[38]-[39]. The former requires the specimen to be conductive. An example of the electric 

resistance heating method is shown in Figure 18 [44]. The drawback of this technique, 

however, is that the temperature distribution on the specimen gauge length is not uniform. In 

order to have relatively uniform temperature distribution, the specimen length must be 

increased which will result in an increase in the testing system size. 

 

Figure 18: Schematic diagram of the heating test system [44] 

One can also achieve the elevated temperature condition through chamber heating method 

[48]-[50] as shown in Figure 19. The chamber is heated to the required temperature by using 

heating elements in the chamber during the material testing process. This method allows 

uniform temperature distribution and precise temperature control on the specimens. 

Nevertheless, the preheat time of this method is long [50], and application of this heating 

method within SEM imposed various difficulty.  
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Figure 19: The main unit and heating chamber of the material testing system [49] 

Researchers have also used heating stages to heat flat specimens during material test process. 

This method has been used for in-situ study of material microstructures through SEM [40], 

[51]-[52]. Heating stage can be combined with tensile test to study the mechanical properties 

of metal materials, and the elevated temperature can be controlled up to 635℃ [40]. 

However, heating stage cannot be applied in some material tests, such as torsion and tube 
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bulging test or multiaxial material tests in which the specimens are required to be made in 

non-flat shapes.  

Induction heating can be applied to heat specimens with non-flat shapes [53]. During the 

heating process, induction coil applied around a conductive specimen will create a high-

frequency changing electromagnetic field to generate eddy currents on the specimen. The 

Joule heat from the eddy current can heat the specimen to a high temperature. The 

temperature distributions on specimens through this method have large temperature gradients 

[54]. Besides, since the electromagnetic field from induction coil can disturb the 

measurement of electron beams, this method should be avoided for SEM in-situ study.  

 

Figure 20: Induction heating of material test [53] 

Laser heating can generate elevated temperature condition for material testing as well [55]-

[57]. A laser beam can heat a flat specimen material above 3000K in a short time. The 

temperature gradients on the sample will be minimized within the laser beam spot. However, 
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the whole sample is subjected to thermal losses due to the presence of high thermal gradients 

and the high-pressure buffer gas [55]. Sometimes, even the temperature gradients on the 

specimen within the laser beam spot can be significant [56].  

Ripley [18] generated elevated temperature conditions on microtube specimens by circulating 

high temperature fluids, such as water (T ≤ 100℃) and white mineral oil (100℃ ≤ T ≤

200℃ ), through the specimen to maintain constant temperature during uniaxial tension 

testing.  

In summary, the current heating methods in material testing systems either cannot generate 

uniform temperature distributions on specimens, or they cannot be combined with SEM and 

multiaxial material tests. Using fluid to flow through tube specimen can only reach low 

temperature levels. In order to realize more sophisticated material test under high 

temperature condition, a new heating method is needed to generate highly uniform 

temperature distributions on micro specimens under both, the vacuum environment inside 

SEM and the gaseous condition outside SEM.  

2.3.4 Strain Measurement 

According to the discussion above, a special multiaxial miniaturized material testing system 

needs to be developed to investigate the critical material properties of microtubes. As one of 

the indispensable functions in the material testing system, proper strain measurement method 

needs to be considered carefully in order to measure the multiaxial strains on microtubes 

during the material testing process. Since the specimen dimensions, gauge lengths and the 

test fixtures are small, conventional extensometers and strain gauges cannot be used for strain 

measurement in microtube material testing.  

Available techniques of strain measurement for micro specimens can be divided into contact 

measurement methods and non-contact measurement methods. These methods include the 

use of line scan cameras and optical techniques, laser and digital peckle pattern 

interferometry, linear variable differential transformers (LVDTs), capacitance gauges, and 

the change in electrical resistance [58]-[60]. As a non-contact measurement method, digital 
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image correlation (DIC) system has been described as a powerful technique for quantifying 

strain distributions and local heterogeneities, and it has also been widely applied on strain 

measurement of micro specimens [58].  DIC is a full-field image analysis method that can 

determine the contour, displacement, and strains on an object under uniaxial and multiaxial 

loading conditions. DIC works by comparing digital photographs of a component or test 

piece at different stages of deformation. By tracking blocks of pixels, the system can measure 

surface displacement and build up full field 2D and 3D deformation vector fields and strain 

maps. For DIC to work effectively, the pixel blocks need to be random and unique with a 

range of contrast and intensity levels. In Ripley’s research [18], the successful application of 

a 3D DIC system on strain measurement of microtubes, as shown in Figure 21, has 

demonstrated that the multiaxial strains on micro tubular materials can be measured by this 

method.    

 

Figure 21: Evaluation of tube diameter during tensile test [18] 
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2.4 Conclusion Remarks 

Microtube hydroforming is a microforming process in which micro metallic tubular blanks 

are hydromed into desired shapes by applying internal pressure on the inside tube wall. The 

hydroformed micro-tubular components have high strength and complicated shapes, they can 

be applied in a wide variety of fields, which draws much attention from researchers to the 

development of this process. Primarily, above all the issues in the process development, the 

material properties, which can influence the deformation characteristics and formability of 

tubular materials, are critical to the forming process and need to be investigated thoroughly 

in order to mature the process. However, these material properties cannot be appropriately 

evaluated through conventional material testing methods since tubular materials used in the 

μTHF process are under a multiaxial stress state and size effect appear as tube size venture 

into the submillimeter range. The lack of specific systems which can transmit both axial 

force and internal pressure on microtube specimens to investigate the deformation 

characteristics and material properties of micro tubes is hindering the advancement of μTHF. 

Additionally, it was indicated that in-situ study of tubular material characterization inside 

SEM can be conducted to benefit the development of efficient microforming processes. And 

temperature effects on material properties can influence the formability of microtubes in 

μTHF process. But detailed knowledge about in-situ study and temperature effects on the 

flow stress, formability and microstructure of micro tubular materials is currently missing 

since there is no material testing system being able to generate uniform temperature 

distributions on microtube specimens in the vacuum chamber of a SEM.   

Therefore, the goal of this study is to develop a multiaxial miniaturized testing system that 

can transmit both axial force and internal pressure to mimic the realistic μTHF loading 

conditions. The testing device needs to be designed to make it able to fit in a SEM for in-situ 

studies of material microstructures of microtubes under multiaxial loading conditions. A new 

heating method is required to generate highly uniform temperature distributions on micro 

specimens under both, the vacuum environment inside SEM and the gaseous condition 

outside SEM. A noncontact 3D DIC system is planned to be used in the testing system for 
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strain measurement purpose. This testing system has the capabilities that complete 

investigations for microtube material properties under realistic loading condition of μTHF 

can be performed. 
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CHAPTER 3: INTRODUCTION TO THE MULTIAXIAL MINIATURE TESTING 

SYSTEM (MMTS) DEVELOPMENT 

3.1 Introduction  

Due to the current limitations of small specimen testing technology, many critical material 

properties of micro metallic tubes cannot be evaluated thoroughly. In order to perform a 

complete investigation in microtube material properties, such as material flow stress, yielding 

strength under multiaxial loading, and forming limits, etc., a MMTS with the capability of 

prescribing axial force and internal pressure simultaneously must be developed. This chapter 

presents the design and development requirements of MMTS. The whole testing system 

development is divided into four main sections, and the detailed information regarding 

function and design requirements of each section is highlighted in this chapter. The 

descriptions of major aspects of MMTS instrumentation and the loading frame prototypes are 

provided as well.  

3.2 Testing System Development Requirements 

The MMTS equipment will allow mechanical testing of miniature tubular specimens under 

any combination of axial and internal pressure loading in vacuum or gaseous environment at 

room temperatures to 1000°C. The size and weight of the equipment will be designed with 

the dimensions as shown in Table 2 so that it can be set under an optical microscope (OM) or 

inside a scanning electron microscope (SEM) for in-situ microstructure studies. The other 

specifications shown in Table 2 were developed based on various specimen size to be tested, 

and the requirement imposed by SEM. The design requirements of MMTS are divided into 

four main sections: multiaxial loading, SEM in-situ study, heating system and strain 

measurement.  
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Table 2: The specific design requirements for MMTS 

 

3.2.1 Multiaxial Loading System Design 

To investigate material properties of microtube specimens, MMTS equipment must be 

developed such that internal pressure and axial loading can be applied simultaneously on 

micro tubular specimens. To broaden the testing capability of the MMTS system, torsion 

function is also added in the equipment design. Two actuators are needed in the loading 

frame to accomplish tension/compression and torsion loading functions respectively. A 

pressurization system is required to provide a maximum pressure of 15000psi into the testing 

system for internal pressure loading. Since there is no available gripper in the market which 

can transmit axial force and internal pressure loads into micro tubular specimens, grippers 

that satisfy test requirements must be designed. In addition, the grippers must be designed so 

that they can be cooled down when testing is carried out at elevated temperature.   

3.2.2 SEM In-Situ Study 

The proposed MMTS will be used within two SEMs (FEI Quanta SEM and Hitachi S3200N 

SEM) which are currently available at the Analytical Instrumentation Facility (AIF) of North 

Carolina State University (NCSU). The available working spaces inside the SEM chambers 
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are limited, and the testing system components should not touch any detectors and electron 

gun in the SEMs. Consequently, the size of the MMTS loading frame must be carefully 

designed to fit into the SEM chambers appropriately. When performing in-situ studies, the 

MMTS must not generate a magnetic field that could influence the SEM measurements.  

Additionally, all the components of the MMTS working in the SEMs must meet the vacuum 

compatibility requirements. Finally, since many inputs (including control signals, pressure 

medium and coolant) need to be transmitted to the testing system during in-situ studies in the 

SEM, appropriate feedthroughs need to be acquired. 

3.2.3 Heating System Design 

Performing accurate material tests under different elevated temperature conditions requires 

the generation of a uniform temperature distribution on the central area of microtube 

specimen with adjustable temperature values.  A cooling function needs to be added to the 

testing system to cool down the grippers and prevent various equipment and instrumentation 

(grippers and load cell, etc.) from being damaged due to high temperature. An appropriate 

temperature measurement method is also necessary for the system to record the temperature 

values on the specimen either in SEM in-situ study or in gaseous environments. 

3.2.4 Strain Measurements 

Since micro tubular specimens have cylindrical surfaces, for material tests outside of SEM, a 

3-D digital image correlation (DIC) system will be used for the strain measurement of multi 

axial deformation on specimen surfaces.  Commercial 3-D DIC systems that meet the goal of 

this study need to be evaluated.  

Based on the discussion above, the major design aspects of the testing system are 

summarized in Figure 22. The grippers, pressurization system, and loading frame are subject 

to multiaxial loading system design.  At the same time, consideration of the available 

working space and vacuum compatibility inside SEM must be taken into account in the 

design. The heating system design covers the development of heating and cooling 
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subsystems as well as temperature measurement. Information regarding SEM feedthroughs 

and 3-D DIC systems need to be acquired for the testing system. 

 

Figure 22: MMTS design and development diagram 

3.2.5 Testing System Diagram 

Figure 23 shows a sketch of the MMTS to be designed and developed. All the subsystems of 

MMTS are identified in this figure except the aspect of SEM in-situ study. The loading frame 

is mainly composed of a linear actuator, a torsion actuator, a transmission screw and a 

crosshead. All of these parts are assembled on the frame body. A multiaxial load cell which 

can measure tension/compression forces and rotation moment along an axial direction is 

mounted on the crosshead. The grippers are mounted on the rotational actuator and load cell 

separately. The ends of the microtube specimen are clamped and sealed inside the grippers so 

the axial force and internal pressure loads can be applied on the specimen via grippers. The 

linear actuator causes the transmission screw and crosshead to move forward and backward 

so that tension/compression axial force can be applied to the specimen. The torsion actuator 

can rotate the gripper to transmit torque loads onto the specimen.  
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Figure 23: Diagram of MMTS with all its subsystems (not in scale) 
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3.2.6 Subsystems in the Testing System 

As shown in Figure 23, a pressurization system is designed to be connected to the gripper on 

crosshead side using a high-pressure fitting. Internal pressure load can be transferred into the 

specimen through the gripper. A pressure transducer will be used for pressure measurement 

and sending feedback signal to the DAQ & Control system. The heating system will be 

composed of power supplies and heating elements. Electric currents are conducted from the 

power supplies into the heating elements on the specimen to generate high temperature 

conditions. The subsystem should be compact and vacuum compatible. Since electric power 

is used for the specimen heating purpose, electric insulators are put between the grippers and 

actuator or load cell to prevent electricity shortage and protect the equipment. The cooling 

system is used to pump coolant through the grippers and keep them within a safe temperature 

when the specimen is heated to high temperature and significant heat flux is conducted into 

the grippers. 

The 3D-DIC system in the figure is used to measure the multiaxial strain on the cylindrical 

surface of the microtube specimen. The measured strain will be sent to the DAQ & Control 

system during the material testing process. Therefore, the testing system can analyze the 

changing strain and update the loading output from the actuators, so that a close-loop control 

on material testing process is realized. Similarly, the axial force and moment on the specimen 

are measured by the load cell, sending loading condition feedback to the DAQ & Control 

system. The DAQ & Control system can then analyze the loading path and adjust controls on 

the actuators.  

The temperature on the specimen under heating is measured via a thermal sensor, like 

thermocouple, infrared thermometer or camera.  The measurement value will be sent to the 

DAQ& Control system as feedback for controlling the temperature value on the specimen 

measuring area. 

In summary, all the required loading functions of the MMTS will be realized by developing 

the loading frame, grippers, pressurization, heating, and cooling systems. All of the material 

testing variables—force, displacement, strain, temperature, internal pressure—can be 
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measured instantaneously via the sensors, and the sensors will send feedback to the DAQ & 

Control system for close-loop control.  

3.3 Multiaxial Loading Frame Design 

The development of MMTS was completed by a major research instrumentation (MRI) group 

including two Ph.D. students,  Lin Li and Farhan Rahman;  a Master student, Brian 

Carcaterra,; and one undergraduate student Yu-Chin Chan. Lin was primarily responsible for 

the loading frame, gripper and specimen heating subsystem designs. Farhan was focused on 

the load cell, SEM in-situ study and strain measurement subsystem designs. Brian worked on 

the pressurization system design, design and fabrication of the cart, and integration of all the 

subsystems in the cart. Yu-Chin designed the manual grippers and cooling system. Initial 

SEM working space measurements were made and initial loading frame prototype design 

development were performed by a former Masters student, Kyle Pender. The final loading 

frame design and development were contracted to the company ADMET.  

3.3.1 Preliminary Loading Frame Designs 

The multiaxial loading frame was the first part of the system to be developed. Figure 24 to 

Figure 27 show three initial prototypes of loading frame design finished by Kyle Pender. The 

Prototype Design I uses rectangular frame body to house the crosshead, grippers, and load 

cells. A linear actuator is mounted on the side of the frame.  Through the belt it can drive the 

transmission screw to move the crosshead forward and backward. The dovetail slide design 

provides the crosshead linear motion capability and rigid constraint on the axial rotation. A 

rotation actuator is mounted on the top crosshead so it can move with the crosshead and drive 

the torsion gripper to rotate via the belt at the same time. The grippers are hydraulically 

controlled, so they can start gripping operation on microtube specimens by controlling the 

gripping pressure. Coolant grooves are included inside of the grippers so that coolant can be 

pumped through them to cool the grippers and protect the system from overheating. This 

loading frame prototype meets the multiaxial loading function.  However, the frame size is 

not compact which makes it hard to fit in the SEM chamber.  
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Figure 24: Prototype Design I of MMTS loading frame and gripper (designed by Kyle Pender) 

Prototype Design II was conceived by reducing the frame size and using frame walls with 

holes to make the frame design more compact and lighter in weight. The crosshead is 

assembled on the frame via a single dovetail slide on the crosshead bottom. The linear 

actuator and rotation actuator are connected directly to the transmission screw and torsion 

gripper respectively to get rid of belt transmissions.  Prototype Design III replaced the 

dovetail slide design with sliding rails. The gripping mechanisms on the grippers were 

designed as manual-tightened so the hydraulic tubing for gripping pressures can be removed 

from the grippers. This type of grippers reduces the control variables on the testing system 

and makes it easier to integrate the system into SEM chambers for in-situ study.  
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Figure 25: Prototype Design II of MMTS loading frame and gripper (designed by Kyle Pender) 

 

Figure 26: Prototype Design III of MMTS loading frame and gripper (designed by Kyle Pender) 

In the whole system development process, these preliminary designs of multiaxial loading 

frame provided an overview on how to realize the required loading functions and the possible 

ways to organize the transmissions and locations of actuators. The tubing on the 
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hydraulically controlled and manual grippers for coolant, internal pressure, and gripping 

pressure (if applied) also revealed some ways to design the tubing connections and fittings.   

3.3.2 Design Concerns for SEM In-Situ Study 

The testing system is supposed to be combined with a FEI Quanta 3D FEG SEM or Hitachi 

S3200N SEM, as shown in Figure 27, for in-situ material study. The chamber sizes and 

detector locations of these SEMs were measured to obtain the maximum working spaces that 

can be used for assembling the loading frame and other system parts into the SEMs. In 

designing the loading frame care was taken to ensure that the overall frame dimensions 

cannot exceed the available working spaces.  

 

Figure 27: The FEI Quanta 3D FEG SEM and Hitachi S3200N SEM to be used for in-situ study  

As shown in Figure 28, a true-scale 3D printed model of one loading frame prototype and 

grippers were made to fit in FEI Quanta 3D FEG SEM chamber to ensure there is no 

interference problem between the testing system components and SEM detectors. The result 

showed that the frame can fit into the SEM chamber without contacting any SEM detectors 

or electron gun. By following this strategy, the loading frame size was well controlled and 

finalized, and the feasibility of applying the frame in the SEMs for in-situ study was verified.   
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Figure 28: Interference checking in FEI Quanta 3D FEG SEM chamber 

3.3.3 Final Loading Frame Design 

After considering all the aspects of loading frame development, such as cost, weight and size, 

the loading frame design was finalized and fabricated by ADMET, a company that focuses 

on mechanical testing instruments. The SolidWorks model of the final MMTS loading frame 

design is shown in Figure 29. Similar to previous designs, the loading frame is composed of 

linear and torsion actuators, transmission screw, crosshead and sliding rails. Four sliding rails 
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are used in the design to increase the frame rotation stiffness. The wide crosshead allows the 

load cell to be mounted with full support. The torsion actuator uses a mounting pattern of 

four M3 threaded holes on the front plate for gripper assembling. The motions of linear and 

torsion actuators are measured by axial displacement encoder and torsion encoder 

respectively. The countersunk holes on the loading frame are designed to help mount the 

frame onto an optical breadboard or SEM specimen stage. Accessary mounting holes are also 

designed on the crosshead so that some system accessories can be assembled on the 

crosshead and move with it during the material testing.     

 

Figure 29: Final design of MMTS loading frame (designed by ADMET)  

3.4 Conclusion 

The detailed design requirements and development diagram of MMTS presented in this 

chapter provide an overview of all subsystems involved in the design which include the 

loading frame, grippers, pressurization, heating and cooling systems. Additionally, the 

concept of close-loop control on material testing variables were highlighted to show the 

design strategy for the testing system control. The loading frame design prototypes and final 
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design were discussed to demonstrate the development flow of loading frame and how to 

realize the required loading functions. The SEMs to be combined with MMTS for in-situ 

study were also investigated. Actions were taken to fit 3D printed loading frame models into 

the SEM chambers, avoiding interferences between SEM detectors and loading frame parts. 

The final design of the loading frame resulted in a small overall size that could provide the 

required tension/compression and torsion loading functions.   
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CHAPTER 4:  GRIPPER DEVELOPMENT 

4.1 Introduction 

Since there are no available micro grippers in the market capable of holding microtubes 

under axial and internal pressure loading, new grippers must be developed to accomplish the 

material test requirements. The main purpose of this chapter is to discuss the development of 

two sets of grippers. In the development process, a cooling function was also added on the 

grippers to prevent excessive heat transfer to the system when heated specimen are used. The 

detailed information of gripper design, such as gripping mechanism, high pressure sealing, 

cooling function, are described first. The FEA analyses of the gripping force and component 

strength are then detailed. The testing capabilities of the grippers are demonstrated by 

performing uniaxial and multiaxial material tests on SS304 microtubes with 1.00mm outside 

diameter and 0.155mm wall thickness.  

4.2 Description of the Gripper Design 

4.2.1 Design Requirements 

The grippers need to clamp and seal the ends of microtube specimens to allow mechanical 

testing of micro tubular specimens under any combination of axial force and internal pressure 

loading conditions at room and elevated temperatures. Additionally, to broaden the testing 

capability, the grippers must satisfy the vacuum compatibility inside the SEMs for 

microstructure in-situ studies. The specific design requirements for the grippers are shown in 

Table 3. The axial force requirements are specified for microtubes with 1mm outside 

diameter. 
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Table 3: The specific design requirements for the grippers 

Axial Force 
Maximum Tension/Compression  550 N 

Maximum Torsion 0.1 N*m 

Internal Pressure Maximum Pressure 15000psi 

Working 

Temperature 

Maximum Temperature for the Seal 204°C 

Maximum Temperature for Gripper 

Back Surface 
30°C 

SEM In-Situ 

Study 

Environment Vacuum Compatible 

Magnetic Field Non-magnetic materials 

4.2.2 Hydraulic Gripper Design 

Two hydrostatic pressure controlled grippers were initially designed to clamp the tube ends 

and transmit testing loads on the tube as shown in Figure 30. The gripper front section was 

designed that coolant can be pumped into the opening groove inside grippers to cool the 

gripper parts under high temperature testing. The coolant is sealed by the water seals and the 

thread connections between the gripper front section and main body. 

 

Figure 30: Cross-section view of initial hydraulic gripper design 
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As shown in Figure 31, when the piston is pushed by the clamping pressure to move forward 

it will push the collet into the conical groove in the gripper front section. The reaction force 

acting on the split conical collet will compress the collet to grip the tube’s outside surface. 

Two plugs are designed to fit into the tube ends to support the tube wall during the gripping 

operation. In order to apply high internal pressure into the micro tube, the tube ends must be 

sealed during the testing process. The sealing mechanism is shown in Figure 32(a). A seal 

spacer is put between the high pressure seal and the collet, and there is a small gap between 

the collet and the piston tip before the sealing is applied. When the piston is pushed towards 

the collet, the seal spacer will compress the rubber seal into the seal groove to generate a high 

pressure sealing condition as shown in Figure 32(b). 

 

Figure 31: The split conical collet design and griping mechanism. 

 

Figure 32: (a) Sealing mechanism at starting position, (b) Push the piston to clamp and seal the tube end 
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Figure 33 shows the hydraulic gripper prototype. The gripper main body can be mounted on 

a loading frame using the connecting screws. The gripper prototypes were tested under 

3000psi clamping pressure to check their working performance. It was found that the 

grippers can provide about 400N maximum gripping force under the given clamping 

pressure. But when the testing load was above the maximum gripping force, the microtube 

started slipping inside of the collet. Additionally, this gripper prototype was made of 

regularly SS316 material, which was found to be magnetic and cannot be used in the SEM. 

NPT pressure fittings were used for the clamping pressure and specimen pressure, and these 

fittings have big dimensions which make it difficult to fit the grippers in the SEM. Therefore, 

the hydraulic gripper design must be refined to address these issues in the future.   

 

Figure 33: Hydraulic gripper prototype (not in true scale) 

4.2.3 Manual Gripper Design 

A set of manual grippers to satisfy the function requirements were designed by Yu-Chin 

Chan as shown in Figure 34. The grippers are composed of gripping mechanisms, sealing 

mechanisms, and coolant grooves. In the material test process, the collets and rubber seals 

will clamp and seal the outside surfaces at the specimen ends respectively. Most of the 
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gripper parts, like main body, front section, and fittings, etc., are made of high strength 

stainless steels, such as Nitronics 60 (see the material properties in the Appendix A) and 

SS316, so the grippers will have little effect on the magnetic field and meet the vacuum 

compatibility inside SEM. The electric insulators were designed for isolating the grippers 

from the loading frame when applying currents on the grippers during the specimen heating 

process. The gripper design can be divided into two main sections: the gripping mechanism 

and cooling & sealing mechanism.  

 

Figure 34: The assembly model of gripper design 
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4.2.3.1 Gripping Mechanism 

As shown in Figure 35, the main body will be fixed on a testing frame by using the 

connecting screws. The gripping mechanism is realized by moving the front section toward 

the main body to compress the split collet. If the front section is pushed toward the main 

body by tightening the clamping screws as indicated by the blue arrows, then it will transmit 

the motion and push the conical groove toward the collet. Since the collet is supported by the 

main body and cannot move, this motion trend will create normal forces on the collet outside 

surface and compress the collet radially to grip the microtube specimen. Two plugs are 

designed to fit into tube ends and prevent the tube walls from being crashed by the collets 

during the gripping operation.   

 

Figure 35: The split conical collet design and griping mechanism 
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4.2.3.2 Cooling & Sealing Mechanisms 

Figure 36 shows the gripper cooling and sealing mechanisms. Cooling is realized by 

pumping coolant through the grooves inside the front sections via high pressure fittings and 

micro water tubes. Cooling is needed to maintain a safe working temperature on the grippers 

under the specimen heating condition. In the sealing mechanism design, a seal spacer is put 

between the rubber seal and collet. There is a small gap between the collet and the main body 

tip when the gripper is in its starting position. When the front section is pushed towards the 

collet, the collet and seal spacer will move to push the rubber seal into the seal groove. The 

rubber seal is then compressed towards the surfaces inside the groove to generate a high 

pressure sealing as illustrated in Figure 36.  

 

Figure 36: The cooling function, internal pressure loading function and sealing mechanism 
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4.2.3.3 Integration with Loading Frame 

The manual grippers can be assembled in the loading frame as shown in Figure 37. The 

linear gripper is mounted on the multiaxial load cell which is fixed on the crosshead. The 

torsion gripper is mounted on the torsion actuator directly. As discussed in Chapter 3, the 

linear actuator can drive the crosshead, load cell, and linear gripper to move forward and 

backward along sliding rails. The torsion actuator will drive the torsion gripper to rotate 

directly. All the mechanical testing loads acting on the microtube specimen except internal 

pressure will be measured by the multiaxial load cell. The internal pressure will be measured 

by pressure transducer as indicated before.   

 

Figure 37: The assembly model of final loading frame design with manual grippers 

4.3 FEA Analyses of the Gripper  

Finite element analysis was carried out to determine stress induced on various parts of the 

gripper. The FEA simulation results were used to establish suitable material and fine turning 

of the gripper geometry. All simulations were carried out using ANSYS Static-Structural.  
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4.3.1 FEA Simulation Boundary Conditions 

In the gripper design, the front section is mounted to the main body by four 8-32 high 

strength stainless steel screws. The maximum clamping force that the screws can provide 

before yielding is about 7473N. Figure 38 shows the FEA model. Since the griper back 

surface needs to be mounted on the loading frame, the back surface was fixed in all the 

simulations. A variety of clamping forces were applied on the screw mounting areas of the 

front section to simulate the clamping force generated from tightening the clamping screws 

(see Figure 34). The microtube specimen has 1mm OD and 0.69mm ID. The plug part inside 

the microtube has 0.69mm OD and 0.2mm ID. All the contact surfaces between the gripper 

parts and specimen were set as frictional contacts with the same friction coefficient for 

simplification purpose. The material properties of the model parts are shown in Table 4.  

 

Figure 38: The FEA model of the gripper and microtube specimen 
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Table 4: The material properties of the gripper FEA model parts 

Model Part Material Name 
Density 
(kg*m-3) 

Young's 
Modulus 

(Pa) 

Poisson's 
Ratio 

Compressive 
Yield 

Strength 
(MPa) 

Tensile 
Yield 

Strength 
(MPa) 

Front 
Section, 

Main Body 
Nitronics 60 7622 2.00E+11 0.298 1000 1000 

Microtube 
Specimen 

Stainless Steel 7750 1.93E+11 0.31 210 210 

Plug, Collet 
A2 Tool Steel 

(hardened to 50 HRC)* 
7800 2.00E+11 0.3 1350 N/A 

*The A2 material strength varies based on the heat treatment. The maximum compressive 

yield strength can be 2200MPa when the material is hardened to 62 HRC.  

4.3.2 The Influence of Plug Length on Gripping Force 

Since it is difficult to fabricate long plugs with tiny holes, the influence of plug length on 

gripping force was investigated first in the FEA simulations. As shown in Figure 39, two 

plugs with 2mm and 3mm supporting lengths were inserted into the tube separately in the 

simulations. The plugs have 0.2mm inside diameter. The friction coefficients on the contact 

surfaces between the gripper parts and specimen were all set as 0.2, which is a conservative 

friction coefficient for metal contact surfaces. A clamping force varying from 300N to 2800N 

was applied on the screw mounting areas during the simulations.  

 

Figure 39: The insert length of plug into microtube: (a) 2mm plug and (b) 3mm plug 
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The simulation results of normal stress on the tube outside surface for both of the plugs are 

shown in Figure 40. The negative sign means the stress is compressive. For the tube with 

2mm plug, it is obvious that the stress concentrates on the tube surface supported by the plug. 

In contrast, the normal stress is more uniformly distributed on the tube gripping area with 

lower stress values for the 3mm plug which will result in less deformation on the tube. 

 

Figure 40: The normal compressive stress (MPa) along radial direction on the tube gripping area under 

2300N clamping force: (a) 2mm plug and (b) 3mm plug 

The approximate gripping force, which is the static friction force acting on the microtube 

outside surface, can be obtained by multiplying the average compression stress with the 

gripping area and friction coefficient. The average compression stress on the specimen 

surface was obtained by taking the average of stresses on 70 locations which were uniformly 

distributed over the tube gripping area. Figure 41 shows the relationship between the 

clamping force and gripping force. The gripping forces using both of the plugs increase 
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linearly with the clamping force and the gripping force values are close to each other. In 

order to reach the required maximum gripping force of 550N, it requires about 2740N 

clamping force for the 2mm plug and 2632N clamping force for the 3mm plug respectively.  

 

Figure 41: Clamping force versus gripping force for the two plugs 

The equivalent stress distributions on the tube and gripper parts under gripping operation are 

shown in Figure 42. The equivalent stress concentrates on the split edges of the collet, and 

the stress reaches the maximum value around the inside corner. In contrast, the stress is more 

uniformly distributed on the tube body, but the tube wall between the two split edges is under 

compression and the stress value is much higher than the other part. The plug supports the 

tube and prevent it from being crashed by the collet. Therefore, the stress on the plug wall 

between the collet split edges is much higher than the other locations. The conical surface on 

front section is also under high equivalent stress, especially around the front circular edge, 

but the stress condition on the front section is much less severe than the plug and collet.  
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Figure 42: The equivalent stress (von-Mises stress, MPa) distribution on the tube and other gripper parts 

under 2300N clamping force and split shape collet 

The relationships between the clamping force and the maximum equivalent stress on the 

gripper parts are shown in Figure 43. The stress on collet increases linearly with the clamping 

force. The maximum stresses on the plugs increase rapidly with the clamping stress as well, 

and the short plug has an obvious higher stress under the same clamping force. The long plug 

can result in a better clamping condition and reduce the maximum stress on the collet. The 

equivalent stress on the front section also increase with the clamping force linearly, but the 

increasing rate is much lower compared to the plug and collet, and the relationship between 

clamping force and stress becomes more nonlinear under high clamping forces. The stress on 
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the tube increases rapidly with the clamping force before the force reaches 600N, but after 

that the increasing rate slows down significantly and the stress values stay in a relative low 

level. The short plug also results in a slightly higher equivalent stress on the tube.  Based on 

the simulation results discussed before, in order to reach the required maximum gripping 

force, the clamping force must be above 2600N. Such a high gripping force can result in 

extreme high stresses on the plug and collet.  If the plug length is 2mm, then the stresses on 

the plug and collet will be too high even for the fully hardened A2 tool steel. Therefore, the 

3mm plug must be used for the grippers to reduce the maximum stresses on the gripper 

components and tube. The plug and collet are under extreme high stresses and the material 

must be appropriately heat-treated to have a high hardness and strength.   

 

Figure 43: Clamping force versus the maximum equivalent stress on tube and gripper parts under 

different plugs 
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4.3.3 The Influence of Friction Condition on Gripping Force 

Besides the plug length, the influence of friction coefficients on gripping force was also 

considered. Since the gripper parts, collets, and tube specimen are designed to have smooth 

metal contact surfaces with similar surface roughness, it was assumed that these contact 

surfaces have the same friction coefficient in the FEA simulations for simplification purpose. 

By varying the clamping force and friction coefficient from 0.1 to 0.3 (the regular friction 

coefficient on the screw and fastener contact surfaces including the flat surfaces is around 

0.08~0.23 from the Machine Design book, and the coefficient range used here is only for 

showing the influence of friction coefficient), the relationships between the clamping force 

and compressive normal force on the tube outside surface from collet are generated as shown 

in Figure 44. It is seen that the friction coefficient can influence the normal force on the tube 

outside surface such that if decrease the friction coefficient the normal force will increase 

accordingly under the same clamping force. The gripping force is obtained using the product 

the normal force and friction coefficient, and the relationships between the clamping force 

and gripping force under different friction coefficients are also shown in the figure. 

According to the simulation results, the decrease of normal force and increase of friction 

coefficient neutralize each other during the multiplication, therefore, the gripping force is not 

significantly affected by the friction coefficient but the clamping force.  

Additionally, the friction coefficient can also affect the maximum equivalent stresses on the 

tube and plug as shown in Figure 45. According to the curves in the figure, it is easily 

observed that higher friction coefficient can lead to a decrease of equivalent stress on the 

tube and plug. This is because the higher friction coefficient leads to a lower normal force on 

the tube gripping surface as indicated in Figure 44, which means the normal stress on the 

plug, collet and gripper front section will also decrease. Consequently, the equivalent stresses 

on these parts decrease as well. Since the higher friction coefficient can result in lower 

normal force on the collet and specimen for conducting the same gripping force, the gripper 

parts should be fabricated that the contact surfaces have appropriate roughness to increase the 

friction coefficient and reduce the stresses on the tube and plug.  
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Figure 44: Clamping force versus the normal compressive force and gripping force under different 

friction coefficients  

 

Figure 45: Clamping force versus the maximum equivalent stress on tube and plug 
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4.3.4 The Influence of Inside Diameter on Plug Strength 

According to the simulation results described above, the gripping capability of grippers will 

be mainly influenced by the clamping force. In order to reach the required gripping force, the 

gripper must be tightened under a clamping force between 2300N and 2800N, which can 

result in a high compression stress on the plugs. Since the feasibility and cost of the plugs 

heavily depend on the inside hole diameter, the relationship between the hole diameter and 

maximum equivalent stress on the plug must be investigated through FEA simulations to 

decide appropriate plug hole size. It was found that the maximum equivalent stress on the 

plug will increase proportionally with hole diameter as shown in Figure 46. Therefore, 

smaller hole diameter is preferred from the perspective view of reducing stress on the plug. 

However, if the inside diameter is 0.2mm, the plugs can only be machined to have a support 

length of 2mm which is not beneficial to the uniform stress distribution on the tube and 

gripper parts. Even though the stress will increase using bigger hole diameter, it is still 

recommended to have plugs with inside diameter between 0.25mm and 0.3mm so the plug 

can be fabricated with longer support length. And the plug material must be appropriately 

selected and treated to provide enough strength for the gripping operation.  

 

Figure 46: Plug inside diameter versus maximum equivalent stress on the plug 

1200

1300

1400

1500

1600

1700

1800

1900

2000

2100

0.15 0.2 0.25 0.3 0.35M
ax

im
u

m
 E

q
u

iv
al

en
t 

St
re

ss
 O

n
 t

h
e 

P
lu

g 
(M

P
a)

Plug Inside Diameter (mm)

Plug Stress under 2300N Loading Force (MPa)

Plug Stress under 2800N Loading Force (MPa)



 

68 

4.3.5 The Influence of Collet Shape on Gripping Force 

During the gripping operation, the split surfaces of the collet will be compressed towards 

each other and the collet stiffness against bending requires extra clamping force for 

generating the gripping force. Therefore, as shown in Figure 47, two types of collets were 

designed to compare their working performance. The second type of collet has two separate 

half shapes so the bending stiffness is removed during the gripping operation.  

 

Figure 47: Collet types: (1) split shape and (2) half shape 

Figure 48 shows the FEA simulation results of normal stress on the microtube gripping area 

using the two types of collets under the same clamping force. The results show that the half 

shape collet can provide more uniform compressive stress on the tube surface with higher 

stress values compared to the split shape collet. For both of the tubes, the stress is 

symmetrically distributed on the gripping areas, the maximum stress happens around the split 

edges of the collets and the stress magnitude becomes lower at the locations away from the 

edges. The stress magnitude is also gradually increasing from the collet front tip to the end.  
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Figure 48: The normal compressive stress (MPa) along radial direction on the tube gripping area under 

2300N clamping force: (a) split shape collet and (b) half shape collet 

The gripping force of the two collets under the same clamping force and boundary conditions 

are shown in Figure 49. The second type of collet can provide 7~12% more gripping force 

than the split collet because of the higher normal stress. However, the second type of collet is 

more difficult to be used in the gripping operation since the half collets cannot be easily 

aligned in the grippers.  

Figure 50 shows the stress distribution on the tube and gripper parts using half shape collet in 

the gripping operation. Similar to the split shape collet, the maximum stress on the half shape 

collet also happens at the split edges. Consequently, the maximum stresses on the tube and 

plug happen on the tube and plug walls between the split edges. The shape change of collet 

does not obviously affect the stress distribution on the front section.  
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Figure 49: Clamping force versus gripping force for the two collet 

 

Figure 50: The equivalent stress (von-Mises stress, MPa) distribution on the tube and other gripper parts 

under 2300N clamping force and half shape collet 
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In summary, compared to the split collet, the half shape collet can use lower clamping force 

to provide higher normal stress and conduct a refined gripping on the microtubes. However, 

since this collet is divided into two halves, it is time consuming and difficult to position and 

assemble the collets in the grippers.  

4.4 Preliminary Tests 

The working performance of the grippers were carried out to determine the maximum tensile, 

compression, and torsional loads they can withstand.  

4.4.1 Experiment Setup 

Since the loading frame was still under development process when the grippers were 

fabricated, a temporary manual loading frame shown in Figure 51 was used to conduct the 

experiments. The grippers were mounted on the right crosshead and rotation axle so they can 

transmit the loads onto the specimen directly. The frame handle can rotate the transmission 

screw to apply tension/compression load onto the left crosshead, the load is then transmitted 

to the right crosshead through the frame holders or digital scale. Tension force can be 

recorded using the scale. The rotation axle can rotate the gripper and transfer torsion load.  

The static gripping force of the grippers was determined experimentally by affixing a 

microtube specimen in the collets of the grippers and applying a load to the tube using the 

load frame. Two types of stainless steel 304 samples were used in the experiments in the 

experiments, heat-treated microtubes and microtubes in an as-received state. The heat 

treatment process was carried out as follows: i) The specimens were sealed in an argon 

atmosphere; ii) After which they were heated to 1060℃ in an atmospheric furnace and hold 

at this temperature for 90 minutes; iii) Finally the tubes were quenched in water. The 

specimens were then cut into sections of 20mm or 10mm in length. The 20mm long tubes 

were used in tension/torsion tests and the 10mm long tubes were used in compression 

experiments to avoid buckling failure. More detailed information about the tube material 

used to make the samples is provided in Table 5. The experiments were carried out by 

increasing the load from zero until the gripper either slipped, or the workpiece failed.  



 

72 

 

Figure 51: Manual loading frame and microtube specimen grippers 

Table 5. The detailed information of the micro tube specimen. 

Precision Miniature Stainless Steel Tubing, 

McMaster-Carr Product code: 8988K47 

Material SS304 

Gauge 19.5 

OD 0.039" 

Wall 0.006" 

ID 0.027" 

OD Tolerance ±0.0005" 

Wall Thickness Tolerance ±10% 

Maximum psi @ 72° F 3,000 

RoHS Not Compliant 

Tubing meets ASTM A908. Straight lengths also 

meet Fed.Spec. GG-N-196. 
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4.4.2 Performance Tests of Grippers  

Before starting the test, the specimen outside surface, collet tips and gripper front sections 

were marked using red marker to record the positions of each part. Figure 52 shows the 

tensile test results of as-received and heat-treated specimens. The tensile gauge length of the 

specimens between the two collets was about 11.4±0.1mm. It was seen that the grippers 

were able to tightly clamp the specimen gripping areas and pull both types of the tubes until 

they fractured. The red markers show that there was no specimen slipping on the grippers 

during the tests. The as-received specimens were made using cold drawing process, and these 

specimens did not fracture even under 50kg tension force, which is the maximum measuring 

capability of the scale. For the heat-treated microtubes, the ultimate tension forces were 

around 44~46kg. After the microtubes fractured, the lengths of as-received tubes increased 

0.84~0.97mm and the lengths of heat-treated tubes increased 2.77~3.84mm. Obvious 

thinning happened on the fracture surface of as-received microtubes. In contrast, the heat-

treated microtubes only showed very slight thinning around the fracture surface and the 

diameter was relatively uniform along the tube axial direction.   

 

Figure 52: Tensile tests of the microtube specimens 
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In the compression tests, the specimen total length was 10mm and the compression gauge 

length on the tube was about 1.4±0.1mm. Figure 53 shows the test results of microtubes 

under compression load only. Both of the as-received and heat-treated tubes bulked during 

the compression process. The specimen diameter of the as-received microtube increased 

0.05mm around the buckling area. The heat-treated microtube fractured due to too much 

bending loads. 

 

Figure 53: Compression tests of the microtube specimens 

Figure 54 shows the test results of microtubes under torsion and combination of torsion and 

tensile loads. Similar to the tensile test, the red markers were used to check if specimen 

slipping happened on the tube and grippers during the test. The same specimen gauge length 

used in tensile tests was applied in the torsion tests as well. The test results show that the 

grippers can perform these material tests successfully without any specimen slipping. In the 

pure torsion test, the as-received specimen started buckling in the middle position after 

rotating more than 180°, and it fractured after about two rotations. In contrast, the heat-

treated microtube did not show obvious buckling but distortion along the axis direction. The 

heat-treated microtube began to fracture after about three full rotations. For the microtube 

tests under both tension and torsion loads, the frame handle and rotation axle were rotated in 

the same direction. Both of the as-received and heat-treated specimens did not show buckling 

on the specimen surface during the test process. The as-received specimen fractured after 

about one half rotation and the specimen length increased 0.2mm. The heat-treated microtube 

did not fracture until three to four rotations and the specimen length increased 3.1mm.  
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Figure 54: Torsion and tension tests of the microtube specimens 

4.4.3 Discussion 

According to the FEA simulation results and preliminary experiments, the manual grippers 

are capable of providing enough gripping force required for the tests. In the experiments, the 

specimens were tightly clamped by the grippers without slipping. However, there are some 

drawbacks in the gripper designs. The manual grippers were designed to grip microtube 

specimens by tightening the clamping screws. This type of design cannot precisely control 

the gripping force which is not applicable on various microtubes with different material 

properties. The hydraulic gripper can control the clamping force via adjusting the gripping 

pressure. But the preliminary hydraulic grippers have some design drawbacks, such as the 

water sealing mechanism and big dimensions of pressure fittings, and the design must be 

refined to get rid of these drawbacks.   

The FEA simulation results show that the equivalent stress on the plug becomes extremely 

high when the gripping force is above 2300N. Also, the maximum equivalent stress on the 

gripped area of the specimen will be above 300MPa which is close to or beyond the yielding 

strength of annealed stainless steel. One way to reduce the plastic deformation on the tube 
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clamped area is to determine the optimal gripping force through experiments. If the specimen 

is under annealed condition, the maximum gripping force required for performing the 

material testing should be lower than that for non-annealed specimens. Thus the clamping 

screws can be tightened less to reduce the plastic deformation on the specimen gripping zone. 

Similarly, for heated specimens the material yield strength will decrease and the specimen 

will become “softer”. The gripping force can also be reduced accordingly.  

4.5 Conclusion 

A set of manual grippers and a set of hydraulic gripper that can subject a tubular specimen 

under compression, tension, and torsional loads were developed. Additionally, the grippers 

can be connected to a cooling system to maintain safe working temperature on the grippers 

under specimen heating conditions. The gripping force and gripper component strengths were 

analyzed with the aid of FEA. Preliminary experiments were carried out to determine if the 

gripper can withstand maximum test loads without slipping. The following conclusions are 

drawn from this chapter: 

 The FEA simulation results show that gripping force on the microtube outside surface 

and stress on the gripper components increase proportionally with the clamping force. 

The longer plug and higher average friction coefficient on the gripper contact surfaces 

can result in a more uniform stress distribution on the tube and gripper components 

with lower stress magnitude.   

 According to the simulation results, the maximum equivalent stress on the plugs 

heavily depends on the plug inside diameter and gripper clamping force. The stress 

will increase proportionally with the hole diameter and clamping force. The half-

shape collet has no bending stiffness, so it can provide better gripping force compared 

to the split-shape collet, but the half-shape collet requires careful alignment, thus 

difficult to use.  

 The FEA simulations show that the equivalent stress on microtube specimen increase 

with the clamping force in a much slower rate compared to the other components due 

to the high hydrostatic stresses on the tube. However, the maximum equivalent stress 
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on the tube will be above the material yield strength in the gripping process if the 

clamping force is close to or above 2300N. The experimental results exhibited plastic 

deformations on the gripping areas of the heat-treated specimens.  

 The gripper was subjected to tension, compression, and torsional loads in the 

preliminary tests. No slipping was observed up to a maximum force above 490N till 

the specimen broke.   
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CHAPTER 5:  HEATING SYSTEM DEVELOPMENT 

5.1 Introduction 

In order to accurately evaluate the material properties of a microtube specimen under various 

temperatures, it is necessary for the heating system of the MMTS to generate a uniform 

temperature distribution at the central area of the specimen. However, current heating 

methods either cannot generate uniform temperature distributions on specimens, or they 

cannot be combined with SEM and multiaxial material tests as indicated in Table 6. The 

primary objective of this chapter is to develop a novel hybrid heating method to generate 

uniform temperature distribution at least over the central regions of the microtube specimens. 

Thermal-Electrical and Transient Thermal FE analyses were performed to determine the 

temperature distributions and preheating times of the micro specimens under coil heating, 

electric-resistance heating, and hybrid heating method. Based on the simulation results, a 

hybrid heating method was developed for obtaining the desired uniform temperature 

distribution on the microtube specimens. Experiments were conducted to validate the hybrid 

heating design concepts and simulation results of the heating methods.   

Table 6: The limitations of current heating method  

Heating methods Limitations 

Electric-resistance heating Non-uniform temperature distribution [44]-[47] 

Chamber heating 
Long preheat time, cannot be applied within SEM 

[48]-[50] 

Induction heating 
Non-uniform temperature and strong magnetic 

field [53], [54] 

Laser heating Non-uniform temperature distribution [55]-[57] 

Heating stage 
Not applicable on multiaxial tests like torsion and 

tube bulging test [51], [52] 
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5.2 Heating Methods Development 

5.2.1 Specimen Heating Requirements 

The developed heating system should allow material testing of microtube specimens at 

elevated temperature conditions. The temperature values on the specimen center should vary 

from room temperature to 1000℃ under both the vacuum environment inside SEM and the 

gaseous condition outside SEM. The temperature need to be uniformly distributed on the 

specimen center with a temperature-difference error of less than 2% of the required 

maximum temperature value. The specific design requirements for the heating system are 

given in Table 7.  

Table 7: The specific design requirements for the grippers heating system 

Heating 
Temperature on 

Microtube 
Specimen 

Maximum 
Temperature 

1000℃ 

Minimum 
Temperature 

Room Temperature (About 22℃) 

Heating 
Requirements 

Specimen 
and Testing 

Loads 

Microtube specimens under 
combinations of tension, compression, 

torsion, and internal pressure loads 

Working 
Environment 

Vacuum environment inside SEM and 
gaseous condition outside SEM 

Temperature 
Distribution 

Uniform temperature distribution (2% 

variance) on specimen center region 

 

5.2.2 Heating Mechanism Design 

A specially designed heating method is used; the design of the heating methods are shown in 

Figure 55. The heating method is primarily composed of two specially designed grippers, 

heating coils, ceramic insulators and power system for resistance heating of the tubular 

specimen. In the coil heating process, the coils are heated by current and heat flux can be 

conducted from the coils into the specimen through the electric insulators to heat the end 
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parts of the specimen. An electric-resistance heating is obtained by applying electric voltage 

between the two grippers, following which current will conduct through the specimen and 

generate Joule heat on the specimen. Since the specimen is small and the heating power is 

low, the grippers can be cooled by natural convection when performing low temperature test. 

For tests under vacuum environment or high temperature condition, coolant grooves are 

designed in the grippers to apply water cooling on the grippers in the heating process. The 

metallic tubular specimen has the same dimensions and properties as discussed before. The 

ceramic insulators have 2mm OD, 1mm ID, and 1.2mm length. The heating coils have 

0.25mm wire gauge, and they are uniformly twined on the outside surfaces of the insulators. 

In the testing process, the specimen ends are clamped by the collets on the grippers to apply 

mechanical loads on and current through the specimen. Two plugs are designed to fit into 

tube ends to support the tube wall during the gripping operation.  

 

Figure 55: The hybrid heating mechanism model, (a) the grippers and specimen, (b) the cross section 

view of the heating mechanism 
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5.2.3 FEA Simulations for the Heating Methods 

In order to illustrate how the hybrid heating method is developed and how it works, FEA 

simulations were carried out to show the heat transfer analysis of the coil heating method and 

the electric-resistance heating method individually. The simulation results of these two 

methods show how the radiation and natural convection heat transfer effects can influence 

the temperature distributions on the specimens. Process variables such as heating coil length 

and specimen length are investigated to understand the influences of these variables on the 

heating methods. Finally, detailed FEA analysis of the hybrid heating method is shown in 

this section to demonstrate how the coil heating and electric-resistance heating can be 

combined to generate highly uniform temperatures on specimens.  

5.2.3.1 Major Assumptions and Material Properties 

Thermal-Electric and Transient Thermal FEA simulations in ANSYS Workbench are 

conducted to analyze the temperature distributions on the specimens under different heating 

methods. The preheating time and input power for heating the specimens to steady heat 

transfer status are also investigated in the simulations. Several assumptions are made to 

simplify the simulation process: 

 Contact surfaces are set to bonded conditions with a thermal conductance 

0.1W/mm^2·K [47] in the simulation process. 

 The coolant groove surfaces are set to a constant temperature of 22°C to simulate the 

water cooling function in the simulations. 

 In the Transient Thermal simulation, the Joule heat effect on the model parts is 

simulated as uniform internal heat generation. 

 The natural convection coefficients on the outside surfaces of the specimen, and the 

insulators and heating coils are assumed to be the same; the coefficients on the rest of 

the surfaces of the model are also assumed to be the same.  

 Specific resistance and radiation emissivity values of the materials are assumed to be 

constants and independent of temperature in the simulation process. 
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The grippers and specimen are made of stainless steel, the collets and plugs are made of A2 

tool steel. The heating coils are made of Nichrome 80 and the ceramic insulators are made of 

Alumina 960. The natural convection coefficients on the outside surfaces of the specimen can 

be calculated based on the specimen geometry features. The convection coefficients on the 

gripper outside surface apply the values of Stagnant Air-Vertical Planes in ANSYS. The 

properties of these materials, natural convection coefficients, and surface emissivity values 

for the preliminary FEA analyses are shown in Appendix B.  

5.2.3.2 Boundary Conditions used in the FE Models 

In the simulation process, all the heating methods use the same heating mechanism as shown 

in Figure 55, except that the coils and insulators are removed from the model in the 

simulations of electric-resistance heating. In the FEA simulations, natural convection and 

radiation B.C.s are applied on the exposed outside surfaces of the model parts, and a constant 

temperature 22℃ is applied on the coolant groove surfaces to simulate the water cooling 

condition.  

For the Thermal-Electric simulations, current is applied on the coils in the coil heating 

simulations. In the simulations of electric-resistance heating of the specimen, current is 

applied on the grippers. But in the hybrid heating simulations, currents are applied on the 

coils and specimen individually. The current inputs and outputs B.C.s in each method are 

shown in Figure 56.  
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Figure 56: The electric current inputs and outputs on each heating method: (a) coil heating, (b) electric-

resistance heating, and (c) hybrid heating 

The specimen length in coil heating and hybrid heating methods refers to the length between 

the two coils. But the specimen length in electric-resistance heating refers to the length 

between the two grippers. During the simulation process, the current inputs for generating 

required temperature distribution profiles on the specimens are decided by manipulating the 

current inputs iteratively. In the coil heating simulation process, the same current input was 

applied on both of the coils to calculate the temperatures on the specimen ends. The current 

was increased or decreased till the temperatures on the specimen ends reach the required 

values. In the simulation process of electric-resistance heating, a current input was applied on 

the specimen and the same procedure was repeated as discussed in coil heating, till the 

temperature on specimen center reached the required value. In the simulation process of 

hybrid heating, one current was applied on the microtube specimen and the other current was 

applied on the coils to calculate the temperature distribution. If the temperature on the 

specimen center was lower or higher than the required value, then the current on the 

specimen was increased or decreased. The temperatures on the specimen ends were 

controlled by controlling the current input on the coils. In the hybrid heating method, since 
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the specimen was heated by the heat flux from both the coils and itself, the required currents 

on the coils and specimen was lower than those in each of the heating methods separately.  

5.2.4 FEA Simulation Results of Electric-Resistance Heating 

5.2.4.1 Temperature Evolution in the Preheating Process 

In the simulations of electric-resistance heating, all the maximum temperatures on the 

specimen centers are heated to a value close to 1000℃. Figure 57 and Figure 58 show the 

changes of temperature distribution versus the heating time in the preheating processes of a 

3mm tube specimen and a 50mm tube specimen, respectively. The required electric currents 

for heating the two tubes are 50.45A for 3mm specimen length and 13.44A for 50mm 

specimen length. In the preheating process, the maximum temperature always happens at the 

specimen center and the temperature value gradually decreases toward specimen ends. 

Additionally, the total preheating time increases with the specimen length.  

 

Figure 57: The evolution of temperature distribution on the electric-resistance heating model in the 

preheating process, 3mm specimen length 
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Figure 58: The temperature distribution changes on the electric-resistance heating model in the 

preheating process, 3mm specimen length 

Figure 59 shows the evolution of temperature distribution profiles versus preheating time in 

the heating process of a 3mm specimen. If ∆T, which is shown in Figure 59, is defined as the 

temperature difference at tube center between the current heating time and the final steady 

status, ∆T  will become zero when the preheating process is finished. The temperature 

distribution profiles are in parabolic shapes, and the preheating time is around 2s.  Figure 60 

shows the evolution of temperature distributions on a tube with 50mm specimen length. As 

compared to the short tube, the temperature values increase uniformly at the center of long 

specimen and the temperature distribution profiles have flat shapes. The preheating time 

increases as the specimen becomes longer.   
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Figure 59: The temperature distributions on a 3mm specimen under electric-resistance heating condition 

 

Figure 60: The temperature distributions on a 50mm specimen under electric-resistance heating 

condition 
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Figure 61 shows the preheating times of the specimens under electric-resistance heating 

condition. The preheating time increases significantly with the specimen length if the 

specimen is short. But when the specimen length is increased to more than 20mm, the change 

in preheating time with changing specimen length will slow down and even disappear. This 

is because the Joule heat densities on short specimens are much higher than those on the long 

specimens, which can result in much shorter preheating times on short specimens. However, 

for specimens longer than 20mm, the Joule heat density will be the same on all the specimens 

and the preheating time will also be close to each other.  

 

Figure 61: Preheating time vs. specimen length under the electric-resistance heating condition 

5.2.4.2 Temperature Distributions under Steady State Condition 

The steady temperature distributions on different specimens under the electric-resistance 

heating condition are shown in Figure 62. The temperature distributions exhibit parabolic-

shape profiles on short specimens. But if the specimen length is increased the temperature 

distribution profiles will have flat shapes at the specimen center areas. This is because the 

internal heat generation on the center areas of long specimens will be fully consumed by the 

radiation and natural convection effects. The heat generation and consumption reaches a 
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balance around the specimen center area, and little temperature gradients and heat transfer 

along specimen axial direction are generated on the specimen. Additionally, the Joule heat 

density on a short specimen is much higher than that on a long specimen for heating the 

specimens to the same maximum temperature. This is because short specimens have bigger 

temperature gradients and conduct more heat flux into grippers, which requires higher Joule 

heat in the heating process. Therefore, electric-resistance heating method cannot be used to 

generate uniform temperature on short microtube specimens. 

 

Figure 62: The temperature distributions on different specimen lengths under electric-resistance heating 

The power inputs for heating the specimens up to 1000℃ are shown in Figure 63. The 

current input curve shows that the required current decreases significantly with the specimen 

length if the specimen is short, but when the specimen length becomes longer than 20mm, 

the current input will stabilize and remain a constant. This is because the temperature 

distribution on a long specimen will have a flat profile around the specimen center, the 
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radiation and natural convection heat transfer effects are compensated by the Joule heat 

completely in this area. The input power will decrease with the specimen length when the 

specimen is less than 10mm. But when the specimen length becomes longer than 10mm, the 

required power input will increase approximately linearly with the specimen length. The 

reason for this effect is that when the specimen is short the temperature gradients on the 

specimen and grippers are high, this can result in a big amount of heat flux being conducted 

into the gripper. The flux will be taken away by the cooling which is a waste of energy. If 

increase the length of short specimen in a small amount, the temperature gradients on the 

specimen and grippers will become more flat and less heat flux will be conducted into the 

grippers. Even though increasing the specimen length requires more energy input on the 

specimen, but the value for increasing energy input is less than the reduction of heat flux loss 

in the grippers, therefore, the total power input decreases. However, when the specimen 

length keeps increasing and becomes longer than 10mm, the temperature gradients on the 

specimen ends and grippers will become steady and the reduction of heat flux loss in the 

grippers will disappear. But the input voltage will keep increasing to realize the required 

current on the specimen, and the total energy input will also increase.  

 

Figure 63: The relationship between the specimen length and power input or current input 
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5.2.5 FEA Simulation Results of Coil Heating 

5.2.5.1 Temperature Evolution in the Preheating Process 

According to the results of Transient Thermal simulations, the temperature distribution on 

the specimen varies during the preheating process and finally reaches a steady status. Figure 

64 shows the evolution of temperature distribution during the preheating process for heating 

a tube with 3mm specimen length to 1000℃ at specimen ends. The temperatures at specimen 

ends increase first and then extend to specimen center. The heating process on the specimen 

is close to the steady state when preheating time reaches 5s, however, the total preheating 

time required to reach the final steady status is much longer than 5s since the temperature 

change on specimen slows down significantly when the temperatures are close to steady state 

values. 

 

Figure 64: The evolution of temperature distribution on the coil heating model in the preheating process, 

3mm specimen length 
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Figure 65 and Figure 66 show the evolutions of temperature distribution on the tube 

specimen during the preheating process of coil heating model with different coil lengths. The 

specimen ends were all heated to 1000℃. The tube ends covered by the heating coils were 

heated up first in the preheating process, then heat flux was transferred into the tube center 

through conduction heat transfer. The temperatures at the tube center were always lower than 

those at the tube ends due to the radiation and natural convection effects on the tube 

specimen outside surface. The simulation results demonstrate that changing the coil length 

will not influence the temperature distribution at specimen center and obviously affect the 

preheating time.  

 

Figure 65：The evolution of temperature distribution on the coil heating model in the preheating 

process, 20mm specimen length 
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Figure 66：The evolution of temperature distribution on the coil heating model in the preheating 

process, 20mm specimen length and long coils 

Figure 67 shows the temperature distributions on a 3mm length specimen under different 

preheating times. It requires 15𝑤/𝑚𝑚3  internal heat generation on the coils to heat the 

specimen ends close to 1000℃, “R & N” in the figure means that radiation and natural 

convection conditions are applied in the simulation. If ∆T, which is shown in Figure 67, is 

defined as the temperature difference at tube center between the current heating time and the 

final steady status, ∆T will become zero when the preheat process is finished. The ∆T at 5s is 

4.65℃, and the temperature distribution curve at 5s is very close to the steady temperature 

distribution; thus the temperature profiles at 5s and 50s coincide. According to the 

temperature distribution curves, the temperature values around the center area are always 

lower than those around the specimen ends covered by the heating coils. This is due to the 

heat energy loss on the specimen center surface as discussed before. The temperature 
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variance between the maximum temperature at the specimen ends and the one at the 

specimen center is 58.35℃ for the 3mm specimen length.   

 

Figure 67: The temperature distributions on a 3mm specimen under coil heating condition 

The simulation results of temperature distributions on a 20mm specimen length between the 

coils are shown in Figure 68. If the specimen length is increased the heat energy loss on the 

specimen center can result in a more severe non-uniform temperature distribution with larger 

temperature variance. Additionally, the preheating time also increases with specimen length 

due to the increase of specimen material and heat loss on bigger specimen surface.  

The preheating time based on the temperature difference ∆T for each specimen length are 

shown in Figure 69. The figure shows that the specimen length will influence the preheating 

time. The curves imply that the preheating time will not increase with the specimen length 

when it is above 50mm. Additionally, the preheating time also depends on the requirement of 
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∆T: smaller ∆T value requires longer preheating time. But the preheating time will not be 

obviously influenced by the heating coil length.  

 

Figure 68: The temperature distributions on a 20mm specimen under coil heating condition 

 

Figure 69: Preheating time vs. specimen length under three ∆𝑻 values 
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5.2.5.2 Temperature Distributions under Steady State Condition 

Figure 70 shows the steady state temperature distributions on the specimens with different 

lengths under the same radiation and natural convection B.C.s. The heating coil length is 

1.2mm. All the temperatures at the specimen ends are heated to 1000℃. As shown in the 

figure, if the specimen length is short, the temperature distribution on the specimen center 

will exhibit a parabolic profile with the minimum temperature located at the middle of the 

specimen. If the specimen length is increased, the temperature values around the specimen 

center will decrease. But the decreasing speed will slow down significantly when a much 

longer specimen is used, and the temperature distribution profile at the center area will 

become flat. The possible explanation for this phenomenon is that the energy loss on the 

specimen center, which is due to the radiation and natural convection, decreases when the 

size of the specimen becomes longer and the surface temperature is low. If the heating coil 

length is increased, the temperature distributions on the specimens will be influenced 

accordingly as shown in Figure 71 and Figure 72. The temperature distribution profiles on 

the specimen end areas under the longer coils become less sharp, and the specimen total 

length increased because of the longer heating coil length.  

 

Figure 70: The steady temperature distributions on the specimens with 1.2mm heating coil length and 

various specimen lengths 
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Figure 71: The steady temperature distributions on the specimens with 2mm heating coil length and 

various specimen lengths 

 

Figure 72: The steady temperature distributions on the specimens with 5mm heating coil length and 

various specimen lengths 
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If the specimen length between the coils is constant and the temperature values on the 

specimen ends are heated close to 1000℃ as shown in Figure 73, the specimen will have the 

same temperature distribution on the center area even if the specimens are heated by different 

heating coils. This is because the specimen parts between the coils are under the same heat 

transfer B.C.s around the center areas, no matter what coil length is used. However, the 

maximum temperature on the specimen will increase by using longer coils and the maximum 

temperature location will move towards the specimen parts covered by the coils.  

 

Figure 73: Temperature distributions on the specimens heated by different length coils 
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The relationship between the specimen length and the temperature variance is demonstrated 

in Figure 74. The temperature variance will increase rapidly with an increase in the specimen 

length from a small value. But when a longer specimen is used, this trend to increasing 

temperature variance will be less significant and even disappear. Based on the curves in the 

figure, the temperature variance will increase when the heating coil length increases. 

Therefore, the coil heating method cannot conduct uniform temperature distribution on the 

microtube specimen. The temperature at the middle of the tube is always lower than the 

temperature at the tube ends.  

 

Figure 74: Temperature variance along length direction vs. tube length between the two coils 

5.2.6 FEA Simulation Results of Hybrid Heating 

5.2.6.1 Temperature Evolution in the Preheating Process 

Figure 75 and Figure 76 show the evolution of temperature distributions on a 3mm tube 

specimen and a 50mm tube specimen respectively under the preheating process of the hybrid 

heating method.  The Joule heat density is 13.3W/mm^3 on the coils and 0.823W/mm^3 on 

the tube specimens. As shown in the figures, the specimen are uniformly heated and the 

preheating times of long specimen under the hybrid heating condition are much shorter than 

those of coil heating.  
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Figure 75：The temperature distribution changes on the hybrid heating model in the preheating process, 

3mm specimen length 

 

Figure 76: The temperature distribution changes on the hybrid heating model in the preheating process, 

50mm specimen length 
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Figure 77 shows the evolution of the temperature distribution profiles versus preheating time 

for the hybrid heating process of a 3mm tube specimen. The temperature values on the tube 

between the two coils are lower than those on the tube ends covered by coils at the beginning 

of the preheating process, which means the coils heat the specimen faster than the Joule heat 

on the specimen. However, as the heating time increases the center temperatures become 

closer to the ones on the specimen ends, finally these values will be fairly close to each other 

leading to uniform temperature distribution at the specimen center. Figure 78 shows the 

evolution of the temperature distribution profiles of a tube with 50mm specimen length. As 

the specimen length is increased, the temperature distribution will become more flat around 

the center of the specimen.  

 

Figure 77: The temperature distributions on a 3mm specimen under hybrid heating condition 

The preheating time of the hybrid heating method are plotted in Figure 79. The preheating 

time will increase with the specimen length when the length is short, but this trend will 

significantly slow down when the specimen length becomes longer. For long specimens, the 
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preheating times of the hybrid heating have similar values as those of the electric-resistance 

heating. This is because the specimen is heated directly by Joule heat in both of the heating 

methods, and the Joule heat can heat the specimen much quicker than heat conduction via the 

coils.  

 

Figure 78：The temperature distributions on a 3mm specimen under hybrid heating condition 

 

Figure 79: Preheating time vs. specimen length under the hybrid heating condition 
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5.2.6.2 Temperature Distributions under Steady State Condition  

Figure 80 shows the results of steady temperature distribution profiles for 3mm specimen 

while Figure 81 show the results of 50mm specimen. Both of the specimens are heated under 

the same power input condition. According to the curves in the figures, the temperature 

distribution profiles on the specimen center generated by coil heating and electric-resistance 

heating have similar shapes but in opposite directions. If the electric-resistance heating and 

the coil heating are appropriately combined, a uniform temperature distribution at the center 

of the specimen can be achieved as shown in Figure 80 and Figure 81. The input power 

densities on the heating coils and specimen are constants for heating the specimens to the 

same temperature. This is because the Joule heat on the specimen is only used to fully 

compensate the radiation and natural convection effects on the specimen surface, and these 

effects will remain constant as long as the temperature on the surface is uniform and 

constant.   

 

Figure 80: The temperature distributions on a 3mm specimen under different power input B.C.s 
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Figure 81: The temperature distributions on a 50mm tube specimen under different power input B.C.s 

In the steady state condition of hybrid heating, the relationship between specimen length and 

temperature variance, which is the difference between the maximum and minimum 

temperatures on the specimen part between the coils, is shown in Figure 82. Since there are 

defects of non-uniform temperature distributions on the specimen cross section surface close 

to heating coils, the error bars in the figure show the limits of temperature variance including 

the defects. According to the curve, the temperature variance is relatively stable as compared 

to the temperature distribution defects on specimen cross section surfaces. The temperature 

distribution on the specimen will be more severely influenced by the non-uniform conduction 

heat flux from the coils when the specimen length is short. When the specimen length 

becomes longer, the internal heat generation on the specimen will mainly influence the 

temperature distribution on specimen center, the heat loss from natural convection and 

radiation will be compensated by the Joule heat and more uniform temperature distribution is 

generated.  
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Figure 82: The temperature variance on the specimens versus specimen length 

According to the simulation results, the current inputs on the heating coils and tube specimen 

in the hybrid heating method are not influenced by the specimen length. This is because the 

Joule heat generated by the electric current on the specimen is used only to fully compensate 

the radiation and natural convection heat loss on the specimen surface, and this heat loss 

remains constant on a unit surface area as long as the temperature on the surface is uniform 

and constant. Therefore, the total power input on the tube specimen will increase linearly as 

the specimen length increases as shown in Figure 83. Since the coils keep the same shape in 

the entire hybrid heating simulations, the total power input on the coils is constant for the 

same required heating temperature.  

 

Figure 83: The power inputs on the tube specimen and heating coils versus specimen length 
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5.3 Experimental Verification 

5.3.1 Experiment Setup 

The heating experiment set up is shown in Figure 84. Two power supplies were used in the 

experiments: BK PRECISION 1760 for the current on the heating coils and BK PRECISION 

1790 for the current on the tube specimen. A K type thermocouple with 0.05mm wire gauge 

was used for temperature measurement. The thermocouple was connected to an 80TK 

thermocouple module which was plugged on a FLUKE 189 multimeter to record the 

temperature value.   

 

Figure 84: The heating experiment set up and equipment 

As shown in Figure 85, the grippers were mounted on the testing frame and thermally 

isolated from the testing frame parts by putting two small Alumina 960 ceramic insulators 

(small disk shape with approximate 6.5mm diameter and 1.75mm thickness) between the 

grippers and testing frame walls. A specially designed thermocouple mount was used to 

precisely move the thermocouple along specimen axial direction so it could measure the 

temperatures along the specimen surface during the heating experiment.  
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Figure 85: The experiment set up for hybrid heating and coil heating of 10mm specimen 

5.3.2 FEA Simulations with Refined Material Properties and Boundary Conditions 

Since the material properties of the gripper components, heating wires and tube specimen 

have complex non-linear material properties, new FEA simulations were generated to verify 

the experiment results. The refined heat transfers B.C.s are:  

 The thermocouple conductivity of ceramic material is very low (4.615W/m*K) and 

the connecting screws have tiny cross section areas (4.5mm2 for each srew). During 

the heating process, there would be very small amount of heat flux conducting from 

grippers into the testing frame through these screws and insulator. Therefore, it can be 
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approximately assumed that the grippers were thermally isolated from the testing 

frame; the grippers, specimen, and heating coils were cooled by air convection and 

radiation heat transfers.  

 Since the thermocouple has relatively small wire gauge (0.05mm diameter), it was 

assumed that the heat flux conducted from the specimen into thermocouple can be 

neglected.  

 The heating coil wire was connected with electric wires (wire gauge 18) and mounted 

on the testing frame. Some of the heat flux generated on the coil would be conducted 

from the coil wires into the electric wire and testing frame during the heating process. 

It was found that the average temperatures on coil mount and electric wires were 

close to 40~60 ℃  in the heating experiment. Therefore, it is assumed that the 

temperature on coil end surfaces was approximately cooled to a constant temperature 

(50 ℃) in the heating process. 

 Ignore the conduction heat transfer from the grippers to the electric wires which were 

used for conducting specimen current. 

 The experiments were performed in a lab room with AC, and the air convection 

condition can be regarded as constant.   

Since the grippers were isolated from the testing frame and they were cooled by air 

convection and radiation heat transfer in the experiment, it is reasonable to just use the 

gripper models to analyze the heat transfer in the heating process. The geometry model of 

hybrid heating in the FEA simulations is shown in Figure 86. For the electric-resistance 

heating, the coil and insulators would be removed from the model.  
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Figure 86: The geometry model of coil heating and hybrid heating mechanism in the FEA simulations 

According to the discussions above, the B.C.s in the FEA simulations are concluded as 

follows: 

 The experiments were performed in a lab under regular AC condition. The typical air 

velocity in a building with AC is about 0.1~0.3 m/s for maintaining the room 

temperature close to 22~24.5ºC [61]. Since the grippers are not in standard shapes, 

for simplification, it was assumed that the convection coefficients on all the gripper 

outside surfaces were the same and equal to the convection coefficient on the 

cylindrical surface.  
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 The thermal conductance between the metal contact surfaces and ceramic-metal 

contact resistance is set as 10000 W/𝑚2 ∙ ℃  [62] and 4000 W/𝑚2 ∙ ℃  [63] 

respectively. 

 The electrical contact conductance between the metal contact surfaces is set as 22 

W/𝑚𝑚2 [64].  

 The end surfaces of the heating coil wire are set as constant temperature (50 ℃) 

according to the reasons discussed before. Electric current input and output are also 

applied on these two surfaces. 

 All the connection surfaces between every two model parts were left as program 

controlled. 

 All the material properties are shown in Appendix C. 

 The emissivity values on the model parts were set as constants in all the simulations, 

the values are shown in Appendix C.   

5.3.3 Experiment and FEA Simulation Results 

Three sets of tests for the electric-resistance heating, coil heating, and hybrid heating were 

performed. In each set of tests, three specimen lengths (3mm, 10mm, and 15mm) were used. 

In the electric-resistance heating experiments, three currents (4A, 8A, and 12A) were applied 

to heat each specimen and perform the experiments. In the coil heating experiments, three 

currents (1.75A, 2A, and 2.25A) were applied on the coils to heat the specimen. In the hybrid 

heating tests, three currents (1.75A, 2A, and 2.25A) were applied to the coil and the current 

inputs on the specimen were found by using the iteration method mentioned before. It was 

found that the three current inputs (7.3A, 8.5A and 13.5A) on the specimen could be 

combined with the currents on the coils correspondingly to generate approximate uniform 

temperature distributions on the 3mm specimen. And these currents were also applied on 

10mm and 15mm specimen as well. The experiment and simulation results are shown in 

Figure 87-Figure 89.  
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Figure 87: The experiment and simulation result of electric-resistance heating method 
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Figure 88: The experiment and simulation result of coil heating method 
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Figure 89: The experiment and simulation result of hybrid heating method 
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The error bars on the curves from experiment results show the temperature variance during 

the measurement process. And the error bars on the curves from the simulation results show 

the temperature variance on the same cross section surface on the specimen. According to the 

curves in these figures, it is observed that the FEA simulation results fit well with experiment 

data for all the three specimens under the currents inputs. The temperature differences 

between the experiment and simulation results are shown in Table 8. 

Table 8: The maximum temperature difference between the experiment and simulation results 

 
Specimen length 3mm 10mm 15mm 

Electric-
resistance 

heating 

Maximum temperature 
difference (%) under 4A -6.20% -3.19% -7.5% 

Maximum temperature 
difference (%) under 8A 0.37% -0.19% -5.17% 

Maximum temperature 
difference (%) under 12A 3.77% 3.64% 1.24% 

Coil 
heating 

Maximum temperature 
difference (%) under 1.75A 

1.3% -4.73% -11.20% 

Maximum temperature 
difference (%) under 2A 

6.26% 10.5% -2.16% 

Maximum temperature 
difference (%) under 2.25A 

9.07% 14.24% 3.40% 

Hybrid 
heating 

Maximum temperature 
difference (%) under 1.75A, 

7.3A 
-2.80% 2.89% -3.66% 

Maximum temperature 
difference (%) under 2A, 

8.5A 
-3.32% -5.64% 0.26% 

Maximum temperature 
difference (%) under 2.25A, 

13.5A 
1.48% 8.81% 8.28% 

 

5.3.4 Discussion 

According to the curves in the coil heating method, it is seen that the temperature results 

from the simulations have more flat temperature distribution curves than those from 
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experiment. One possible reason for this phenomenon is that the convection coefficients and 

radiation emissivity values used in the FEA simulations were lower than the actual values in 

experiments, and the heat transfer effects from air convection and radiation were 

underestimated. Another possible reason is that the thermocouple conducted heat flux from 

the specimen during the measurement process and the local temperature on the specimen was 

reduced. 

The FEA simulation results show that the required currents for the hybrid heating should be 

independent from the specimen length. However, the results of experiments and FEA 

simulation verifications show that the maximum temperature on the specimen will increase 

with specimen length under the same current inputs. This is probably because that the 

currents used in the experiments were not the optimal values, the currents on specimen were 

higher than the required values.  

5.4 Integration with Loading Frame 

The final heating coils of hybrid heating mechanism in the MMTS were designed as shown 

in Figure 90. The coils are twisted into a special shape using Nichrome 80 heating wire with 

0.25mm gauge. The ceramic insulator fits in coil center and it is covered by four coil circles. 

The wire ends of heating coil can fit into two stainless microtube sheaths to increase the 

heating mechanism structure stiffness. The most critical heat generation on the heating coils 

for realizing hybrid heating is the Joule heat on coil circles which cover the ceramic 

insulators. Using the microtube sheaths can increase the cross section area for electric 

conductance and reduce total resistance around the coil ends. Therefore, less Joule heat is 

generated on the non-critical coil parts to reduce the local temperature and save energy. The 

microtube sheaths can fit into two copper connectors which were designed to connect the 

electric wires and sheaths. A heating coil mount as shown in the figure was designed to hold 

the copper connectors and assemble the heating coil onto the loading frame.  
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Figure 90: The heating coil assembly and mount 

The assembly model of final loading frame design with manual grippers and hybrid heating 

parts is shown in Figure 91. The coil mount on the torsion gripper side is attached to a sliding 

rail of the loading frame, thus the mount and coil are fixed on the frame during specimen 

heating operations. The coil mount on the tension/compression gripper side is fixed on a rod 

which is assembled on the crosshead, therefore, the coil mount and heating coil will move 

with the crosshead during material tests. Two electric wires are connected to the gripper front 

sections through screw fittings as shown in the figure to conduct current through the 

specimen. The hybrid heating function can be realized by heating the coils and specimen 

simultaneously under the certain conditions as discussed before.  
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Figure 91: The assembly model of final loading frame design with manual grippers and hybrid heating 

components 

5.5 Conclusions 

A new hybrid heating method which can apply uniform temperature distributions on 

microtube specimens was developed. In the hybrid heating method, coil heating and electric-

resistance heating were combined to compensate for the heat transfer defects of each other. 

Electrical and Transient Thermal FEA simulations were applied to analyze the heating 

methods. The following conclusions are drawn from this chapter: 

 Electric-resistance and coil heating methods can create opposite temperature profiles 

along the microtube specimen length. The hybrid heating can combine these two 
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methods to generate uniform temperature distributions on the specimens. The 

temperature distribution profiles on the specimens under the coil heating and electric-

resistance heating conditions heavily depend on the specimen length.  

 In the coil heating process, increasing the heating coil length can influence the 

temperature distributions on the specimen surfaces which are covered by the coils. 

But the temperature distributions at the specimen centers will not be influenced by 

this change. 

 In all the three heating methods, longer specimen length will result in an increase in 

the preheating time, but this trend will significantly slow down when the length of the 

specimen is increased. Also the requirement of a smaller ∆T value will increase the 

preheating time. The preheating times of the same specimens under the electric-

resistance heating and hybrid heating conditions are much shorter than those under 

the coil heating condition. 

 The non-axisymmetric features of the heating coils and collets can result in non-

uniform temperature distributions on the specimen cross section surfaces. The non-

uniform temperature distribution effects will decrease as the temperature location 

moves away from the coils and the collets.  

 The experiment and FEA simulation verification results show similar profiles of 

temperature distributions on the specimen under electric-resistance, coil heating, and 

hybrid heating conditions. However, the FEA simulation results underestimate the 

temperatures around the specimen ends. The possible reason is that the actual contact 

surfaces between the grippers and specimen have higher electrical contact resistance 

and lower thermal conductance than those applied in the FEA simulations. 

 In the coil heating, the temperature distribution profiles from the FEA simulations 

have more flat shapes than those from the experiment. This may be attributed to the 

fact that the FEA simulations used smaller convection coefficients and radiation 

emissivity values. Additionally, the thermocouple was not cemented on the specimen 

which could result in underestimation of temperature in the measurement process.  
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 In the hybrid heating method, the experimental results show flat temperature 

distribution profiles on all the specimens, but the results from FEA simulations show 

non-flat and slight parabolic temperature distribution shapes. The possible causes for 

this phenomenon are that the simulations underestimated the air convection effects on 

the specimen under high temperature condition, or the electric contact resistance and 

thermal conductance between the gripper components and microtube were not equal 

to the real conditions in the experiments. 
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CHAPTER 6: PROTOTYPE MULTIAXIAL MINIATURE TESTING SYSTEM AND 

FREE-BULGE TEST OF MICROTUBES 

6.1 Introduction 

The main purposes of this chapter are to introduce the whole MMTS and investigate the flow 

stress and formability of SS304 microtubes through free-bulge tests. The subsystems of the 

MMTS, the 3D DIC system, pressurization system, cooling system, loading frame and 

heating system, are discussed to describe their features and functions. Additionally, the free-

bulge tests are performed by prescribing internal pressure to the microtube specimens to 

investigate the material flow stress. The hybrid heating method developed in Chapter 5 is 

used to perform the free-bulge tests under different temperatures to evaluate the temperature 

effects on bulge responses.  

6.2 Developed MMTS 

The developed MMTS is shown in Figure 92. The pressurization system, cooling system, 

power supplies, and the control module of the ADMET loading frame have been combined 

into a single, unified testing cart. The loading frame and monitor are located on the top of the 

cart so the operators can observe the system readouts as well as the sample itself during the 

testing process.  The hybrid heating power supplies and computer are located on the easy to 

access shelf just below the top surface of the cart and the cooling and gas pressurization 

systems are located in the bottom cabinet of the cart.   
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Figure 92: Developed MMTS in a system cart 
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6.2.1 Strain Measurement System 

The VIC-3DTM digital image correlation (DIC) system, as shown in Figure 93，will be used 

to measure axial and circumferential strains in the micro tubular specimens during the 

material test. The VIC-3DTM system provides full-field displacements and strains using a 

pair of stereo-mounted digital cameras. The initial investigation of the 3D DIC system for 

using in the microtube experiments has been conducted by a PhD student Farhan Rahman. 

The main features of the 3D DIC system are shown in Table 6.1.  

 

Figure 93: the VIC-3DTM 5.0MPMeasurement System 
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Table 9: The main features of the VIC-3DTM Measurement System Acquired  

Full-field of 

measurement 

3D coordinates, displacements, velocities, strain tensor, major and 

minor strains 

High strain 

resolution 

0.005% (50 microstrain)  

Strain range from 0.005% (global) to 2000% 

In-plane resolution up to 1/100000×field of view (FOV)  

Out-of-plane resolution up to 1/50000×field of view (FOV)  

Data export 
Data can be exported in Tecplot, ASCII as well as spreadsheet-

compatible files 

Analog data 

recording 

The system is capable of acquiring external analog voltages 

simultaneously with the image acquisition. All analog voltage 

measurements can be added to the VIC-3D project for use and 

manipulation as a measurement variable 

Deformation 

display 

The analysis software includes graphical display of deformations and 

strain distributions over a 3D depiction of the geometry of the test 

article 

The analysis software includes graphical display of all data as an 

overlay over the image taken of the test article with user-selectable 

transparency 

Post-

processing 

The analysis software includes post-processing features such as 

minimum/maximum, mean and standard deviation, time-slice 

extraction, stress-strain curve generation, data extraction along lines, 

etc. 

Coordinate 

systems 

The analysis software provides a variety of methods to select 

coordinate systems and transform coordinates systems. 

6.2.2 Pressurization system 

The free-bulge testing of the microtubes will be tested at high temperature up to 1000℃ 

using nitrogen gas for internal pressurization. The pressurization system is designed and 

developed by a MS student, Brain Carcaterra as shown in the Figure 94 and Figure 95. Two 

nitrogen tanks are used to provide the inlet pressure and drive pressure separately into the gas 

booster. As an alternative the drive pressure can also be applied by the shop air when 

available. The inlet pressure and drive pressure values are controlled via the regulators. The 
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supply of output pressure from the booster is controlled directly by a high pressure valve and 

the pressure is measured by a pressure gauge. According to the manual from the company, 

the booster output pressure can be approximated using: 

Pout = 150 × 𝑃𝑑𝑟𝑖𝑣𝑒 + 5 × 𝑃𝑖𝑛𝑙𝑒𝑡     (6.1) 

𝑃𝑖𝑛𝑙𝑒𝑡 ≤ 7 × 𝑃𝑑𝑟𝑖𝑣𝑒     (6.2) 

The drive pressure 𝑃𝑑𝑟𝑖𝑣𝑒 can be prescribed in the range  20 𝑝𝑠𝑖 ≤ 𝑃𝑑𝑟𝑖𝑣𝑒 ≤ 125 𝑝𝑠𝑖, and the 

inlet pressure 𝑃𝑖𝑛𝑙𝑒𝑡 ≥ 100 𝑝𝑠𝑖. Based on the formula the pressure range of the booster can 

be 3500 psi minimum and 15000 psi maximum, and hence the desired pressure can be 

obtained by controlling the inlet and drive pressures. However, the real output pressure does 

not fit the formula very accurately. The measured output pressures under various inlet and 

drive pressures are shown in Table 10. The output pressure fits the formula well when the 

drive pressure is low, but when the drive pressure is higher than 40 psi the real output 

pressure will be few thousands of psi higher than the expected value. Therefore, the internal 

pressure values in the material tests will be recorded by the pressure gauge. In the future, the 

pressurization system will be upgraded by installing an electronic controller to prescribe 

pressure precisely within 0 to 15000 psi.  

 

Figure 94: Diagram of the pressurization system design 
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Figure 95: Pressurization system for internal pressure loading function 

Table 10: The output pressure from the booster under different inlet and drive pressures 

Inlet 
Pressure 

(psi) 

Drive 
Pressure (psi) 

Output Pressure 
Based on Formula 

(psi) 

Output Pressure 
from Experiment 

(psi) 

100 20 3500 3800 

100 40 6500 6500 

100 60 9500 12800 

100 80 12500 15800 

6.2.3 Gripper Cooling System 

The gripper cooling system used during specimen heating is designed and developed by a BS 

student Yu-Chin Chan as shown in Figure 96. Yu-Chin also performed the CFX FEA 

simulations for determining the minimum required coolant flowrate. The system consists of 

two tanks for supplying and receiving cold water, and one pump for circulating the water. . 

The pump and tanks are connected to the testing device by 1mm stainless steel tubing which 

is affixed to the grippers via aluminum glands and copper sleeves.  
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Figure 96: The cooling system design 

The cooling capability of this system was tested by Lin Li and the experiment setup is shown 

in Figure 97. The microtube specimen was gripped via the manual grippers, and both the coils 

and specimen current were used to perform hybrid heating on the micotube. Two K type of 

thermocouples and a thermocouple module were used to measure the temperature on the tube 

and gripper main bodies during the heating process. The cooling system was used to supply 

ice water to cool the grippers. The test results are described in Table 11. The test data show 

that the cooling system can maintain the grippers at safe working temperature when the 

specimen was heated to a high temperature value of 750℃. The elevated temperature above 

this value was not tested because the heating coil were burnt out during the test.  
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Figure 97: Heating experiment setup 

Table 11: The temperatures on the grippers under various specimen heating conditions 

Specimen 
Temperature (℃) 

Tension Gripper Main 
Body  (℃) 

Torsion Gripper Main 
Body  (℃) 

90 17.3 16.5 

200 17.5 15.8 

360 17.5 17 

470 20 15 

540 21 20 

610 22.2 22 

750 22 22 

6.2.4 Loading Frame 

The loading frame purchased for the MMTS was designed and developed by ADMET at 

Norwood, MA and is shown in Figure 98. This loading frame is equipped with a 



 

127 

tension/compression and torsion load cell with ±1500N and 0.5N-m capacity, respectively. 

The tension actuator drives the transmission screw to move the crosshead along the sliding 

rails. The grippers can be mounted on the front mounting plates of the load cell and torsion 

actuator. The motions of linear and torsion actuators are measured by axial displacement 

encoder and torsion encoder respectively. A list of the major specifications of the loading 

frame is shown in Table 12.   

 

Figure 98: eXpert 4000 1.5kN-0.5Nm Axial-Torq Loading Frame  



 

128 

Table 12: The specifications of ADMET eXpert 4000 loading frame  

Specifications  Value 

Force Capacity (N) 1500 

Torque Capacity (N-m) 0.5 

Force Load Resolution (N) 0.15 

Torque Resolution (N-m) 0.00005 

Stroke (mm) 60.9-102.7 

Maximum Linear Speed (mm/min) 5 

Maximum Rotation Speed (rotation/min) 2.7 

Footprint (mm) 294×98×50 

6.2.5 Heating System 

The hybrid heating system for performing the free-bulge test is designed as shown in Figure 

99. The Nichrome heating wires are twisted into coil shape and inserted in stainless 

microtube sheaths. The microtube sheaths and electric wires are bonded together via copper 

tube and mounted on loading frame using specially designed coil mounts. Two BK Precision 

power supplies were used to provide the required current inputs through the coils and tube 

specimen separately. The specifications of the power supplies are shown in Table 13. 

 

Figure 99: The hybrid heating system of MMTS  
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Figure 100: The BK supplies of the hybrid heating system 

Table 13: The specifications of the BK power supplies 

Specifications 
Power Supply Model 

BK 9182 (specimen 
current) 

BK 9171 (coil current) 

Output Rating 10V, 20A 10V, 10A 

Maximum Output Power 100W 200W 

Line Regulation (Voltage) ≤ 0.01 %+1 mV 

Line Regulation (Current) ≤ 0.01 %+250 uA 

Load Regulation (Voltage) ≤ 0.01 %+1 mV 

Load Regulation (Current) ≤ 0.01 %+250 uA 

Programming/Readback Resolution 
(Voltage) 

1mV 

Programming/Readback Resolution 
(Current) 

1mA 

Programming/Readback Resolution 
(±% output+offset Voltage) 

≤ 0.05 % +5 mV 

Programming/Readback Resolution 
(±% output+offset Current) 

≤ 0.1 % +2 mA ≤ 0.1 % +5 mA 

6.3 Flow Stress Determination Using Tube Free-Bulge Test 

In this study, the material yield test, forming limit test, and free-bulge test were initially 

planned to be carried out to evaluate the yield criteria, forming limit diagram, and material 

flow stress of microtubes after the MMTS was assembled and finished. However, since the 
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3D DIC system was not ready for use and the axial force measurement of the load cell 

stopped working, as well as, the output pressure of the pressurization system could not be 

precisely controlled, these issues caused that the material yield test and forming limit test 

were not captured in this study. Hence, the results presented here are preliminary for proof of 

concept using free-bulge tests and hybrid heating method to evaluate the material flow stress 

of microtubes under different temperatures. The free-bulge tests were carried out for only 

two temperature levels. Future tests and analysis are required to establish accurate flow stress 

at different temperature levels.  

6.3.1 FE Analysis of Tube Free-Bulge Test 

The free bulge tests of microtubes were analyzed through the Explicit Dynamics FE 

simulations. The variables in the tests, such as the internal pressure, bulge length, tube wall 

thickness, and temperature, were investigated to evaluate the influence of these factors on the 

free-bulge shape and bulge diameter of the microtubes.  

6.3.1.1 The Simulation Boundary Conditions 

The tube free-bulge tests were analyzed using 2D axisymmetric Explicit Dynamic 

simulations in ANSYS. The model geometry and simulation boundary conditions are shown 

in Figure 101. The tube ends and free-bulge dies were fixed in the simulations. Frictional 

contacts were applied on the surfaces between the dies and tube with a friction coefficient 

equaled to 0.15. The dies were set as rigid bodies. A maximum pressure of 15000psi was 

applied on the inside wall of the microtube to simulate the internal pressure load. The 

microtube was assigned with temperature dependant material properties of stainless steel 

304. The detailed information regarding the material properties are described in Appendix D. 

All the microtubes used in the simulations had an outside diameter of 1.067mm. The internal 

pressure, tube wall thickness, bulge length, and material temperature, were used as 

parameters in the free-bulge tests simulations.   
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Figure 101: The 2D axisymmetric model of the tube free-bulge test and boundary conditions 

6.3.1.2 Simulation Results and Discussion 

Figure 102 shows the evolution of tube free-bulge process under increasing pressures. The 

microtube in the figure has 1.067mm OD and 0.0635mm wall thickness. The bulge length 

between the dies is 1.0mm. The tube is loaded with an internal pressure starting from 3000 to 

15000psi. The simulation results show that the tube material will not yield until the pressure 

reach 6000psi. The bulge diameter increase obviously with the internal pressure when the 

pressure value is above 6000psi, and the maximum bulge diameter is around 1.53mm under 

15000psi internal pressure. If the tube outside diameter is constant and increase the tube 

thickness, the relationship between the internal pressure and maximum tube bulge diameter is 

shown in Figure 103. As the tube wall thickness increases, the minimum pressure for yielding 
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the tube materials increases as well. When the tube thickness is above 0.1207mm, the 

15000psi internal pressure is not enough to make the tube material yield and deform 

plastically.  Therefore, it is required to use thin-walled tube specimens of which the ratio 

between tube outside diameter and wall thickness is above 10 to evaluate the material flow 

stress via the MMTS.  

 

Figure 102: The tube bulging process under increasing pressures 

The effect of the free-bulge length on the tube bulge shape and diameter is shown in Figure 

104. The simulation results show that the bulge diameter will increase with the free-bulge 

length, at the same time, the curvature of the free-bulged tube wall become more flat at the 

center area. However, according to Hwang’s research [34], a smaller free-bulge length can 
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get a larger bulge height without bursting.  Additionally, the stress state at the center of the 

tube material depends on the curvatures of the free-bulged shape which is heavily affected by 

the free-bulge length. The value of the length is usually constrained between one to two times 

of the tube specimen diameter in order to accurately predict the free-bulge tube profile via an 

analytical model [32]. In summary, the shorter bulge-length should be used for higher tube 

bursting diameter and the longer bulge-length should be used for bigger bulge diameter under 

low internal pressure.  

 

Figure 103: Internal pressure versus the bulge diameter of the microtubes with different wall thicknesses 

As shown in Figure 106, if apply high temperature condition on the tube material during the 

bulge test process the tube material yield strength and work hardening effect will decrease as 

the temperature increases. Consequently, the microtubes free-bulge profile will have bigger 

bulge diameters and lower radii of curvature at the tube center under the same internal 

pressure. The temperature effect on the diameter of the free-bulged tubes is shown in Figure 

106. The tube materials start yielding under lower internal pressures and the tube will have 

bigger diameters under the same pressure loading as the temperature on the tube increases. 
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Since the microtubes in the simulations use the material properties of stainless steel 304 for 

general application purpose, the results can only be used to roughly predict the free-bulge 

shapes under different temperatures and they cannot reflect the size effect on material 

properties. The real material flow stress, deformation characteristics, and the temperature 

effect on material properties of the microtubes need to be investigated through free-bulge 

tests in which the microtubes are free-bulged under various combinations of internal 

pressures and high temperature conditions.   

 

Figure 104: The effect of the free-bulge length on the bulge shape and diameter under 15000psi internal 

pressure 
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Figure 105: The temperature effect on the bulge shape and diameter under 15000psi internal pressure 

 

Figure 106: The temperature effect on tube bulge diameter 
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6.3.2 Experiment Setup and Test Procedures 

The main purpose of this section is to investigate the material flow stress of micro tubular 

materials via free-bulge tests under different temperatures. The micro tubular specimens were 

prepared using a SS304 microtube bought from New England Small Tube Corporation. The 

microtube had 1.07mm outside diameter, 0.94mm inside diameter and 0.066mm wall 

thickness. The microtube was cut into specimens with 13.5mm length and heat treated 

following the procedures discussed in Chapter 4. The manual loading frame and 

pressurization system were used to apply axial constrain and internal pressure simultaneously 

onto the microtube specimens in the material tests. Two free-bulge dies made of H13 tool 

steel were put on the microtube ends to allow the tube to freely bulge at the center area as 

shown in Figure 107. The dies have a small fillet of 0.3mm radius at the inlet zone. The 

ceramic insulators and heating coils on the dies were part of the components used for 

applying hybrid heating on the specimens to conduct the high temperature condition. A K 

type of thermocouple was used to measure the temperature on specimen surface.  

 

Figure 107: The free-bulge and hybrid heating test set up 
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Test procedures: 

1. Assemble the loading frame and grippers, connect all the electric wires and water 

tubing of the heating and cooling systems onto the grippers; 

2. Insert plugs into the microtube specimen ends, put the specimen into the tension 

gripper, then tight the gripper to clamp and seal the end; 

3. Assemble the free-bulge dies, ceramic insulators, and heating coils onto the 

microtube specimen; 

4. Insert the other specimen end into the torsional gripper, then tight the grippers to 

clamp and seal the end;  

5. Turn on the cooling system and power supplies to heat the specimen via hybrid 

heating method, adjust the input currents on the heating coils and specimen to obtain 

the desired temperatures; 

6. Turn on the pressurization system to gradually apply internal pressure into the 

microtube specimen until the pressure reach the desired values or the tube burst; 

7. Release the pressure, untight the grippers, disassemble the heating coils and ceramic 

insulators, then take the specimen out of the grippers; 

8. Repeat the procedures 2-7 and test the microtubes under various internal pressures 

and temperatures; 

9. Mount the free-bulged specimens using epoxy and grind them to the mid planes of the 

specimens; 

10. Use a digital microscope to measure the bulge diameters and wall thicknesses of the 

specimens at the middle of the tube bulge profile; 

11. Use the obtained bulge diameters, wall thicknesses, and an analytical model 

developed for analyzing free-bulged tube profile to evaluate the strains and stresses at 

the pole point of the tube bulge profile; 

12. Input the data of the equivalent strains and stresses of the microtubes in a stress-strain 

plane, plot a power trend line to represent the estimated flow stress curve. 
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6.3.3 Free-Bulge Test Model  

He et al. [32] developed an analytical model which can be used to determine the stresses at 

pole point on the bulged tube. The tube bulge test model is shown in Figure 108, the tube 

specimen ends are fixed, the tube is free-bulged by internal pressure with certain bulging 

length Lb. The tube specimen wall thickness t0 and outer diameter D0 are measured by using 

microscope before the bulge test, the bulging height h is measured during the test process, 

pole thickness tP  was measured after the test process. The strains at pole point P in the 

circumferential, thickness and axial directions were determined through Eqs. (6.3)-(6.5). All 

the strains were calculated from the pole radius 𝑅𝑃 and pole thickness 𝑡𝑝 measured in the 

bulge test process.  

 

Figure 108: Model diagram of tube free-bulging test 

𝜀𝜃 = ln (
𝑅𝑃−𝑡𝑃/2

𝑅0−𝑡0/2
) = ln (

𝑅0+h−𝑡𝑃/2

𝑅0−𝑡0/2
)     (6.3) 

𝜀𝑡 = ln (
𝑡𝑝

𝑡0
)      (6.4) 

𝜀𝑧 = −𝜀𝑡 − 𝜀𝜃      (6.5) 
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Figure 109 shows a differential element of the free-bulged tube part at point P, in which 𝜌𝜃 

(𝜌𝜃 = 𝑅𝑝) and 𝜌𝜑, 𝜎𝜃 and 𝜎𝑧 are curvature radii and stresses in the circumferential and axial 

directions respectively. According to the analytical model in He et al.[32], the stress on the 

pole point can be calculated by following Eqs. (6.6)-(6.7).  

 

Figure 109: Stress analysis at central position of bulging zone 

𝜎𝑧 =
𝑃𝑖(𝑅𝑝−𝑡𝑝)

2
 

2𝑡𝑝(𝑅𝑝−𝑡𝑝 2⁄ )
       (6.6) 

𝜎𝑧
(𝜌𝜃−𝑡𝑝 2⁄ )

(𝜌𝜑−𝑡𝑝)(𝜌𝜃−𝑡𝑝)
+ 𝜎𝜃

(𝜌𝜑−𝑡𝑝 2⁄ )

(𝜌𝜑−𝑡𝑝)(𝜌𝜃−𝑡𝑝)
=

𝑃𝑖 

𝑡𝑝
      (6.7) 

The analytical model in Hwang et al. [33] was used to describe the free-bulged tube profile 

and evaluate the required curvature radius. In the analytical model, the free-bulged tube 

profile is assumed to have an elliptical shape, the parameters of bulge die and tubular 

material of the model are shown in Figure 110.  
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Figure 110: Schematic of tube free-bulge profile 

The tube thickness 𝑡0, tube radius 𝑅0, bulge zone length 𝐿𝑏 and the bulge die radius 𝑅𝑑 were 

measured before the bulge test. The bulge die radius 𝑅𝑑 was specified during die fabrication 

process, the tube thickness and radius were obtained as discussed previously, and the bulge 

length 𝐿𝑏 was obtained by measuring the distance between the two dies 𝐿𝑏 and adding 2𝑅𝑑 to 

the distance. The tube material and die separate at point 𝑒, and the coordinates 𝑅𝑒 and 𝑍𝑒of 

the contact point 𝑒 can be expressed as 

𝑅𝑒 = 𝑅0 + 𝑅𝑑(1 − cos 𝜙𝑒)       (6.8) 

𝑍𝑒 =
𝐿𝑏

2
− 𝑅𝑑 sin 𝜙𝑒        (6.9) 

The half lengths of the minor axis 𝑅𝑃 and major axis 𝑅𝑍 of the elliptical surface at free bulge 

region can be solved as  

𝑅𝑃 = √𝑅𝑒(𝑅𝑒 + 𝑍𝑒 tan 𝜙𝑒)       (6.10) 
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𝑅𝑍 = √𝑍𝑒(𝑍𝑒 + 𝑅𝑒 cot 𝜙𝑒)       (6.11) 

Since 𝑅𝑃  was obtained through the measurement process, 𝑅𝑧  was able to be obtained 

numerically from Eqs. (6.8)-(6.11). The axial radius 𝜌𝜑 of curvature at the pole p of the tube 

was then calculated as  

𝜌𝜑 = 𝑅𝑍
2/𝑅𝑃       (6.12) 

The linear model in He et al. [35] can be used for pole thickness prediction in the bulge 

experiment process 

𝑡𝑝 = 𝑡0 − (
𝑡0−𝑡𝑒𝑛𝑑

ℎ𝑒𝑛𝑑
) ℎ     (6.13) 

where 𝑡𝑝  and ℎ are the instantaneous pole thickness and bulge height respectively during 

bulge test, 𝑡𝑒𝑛𝑑 and ℎ𝑒𝑛𝑑 are the final pole thickness and bulge height after bulge test. The 

obtained axial radius 𝜌𝜑  and pole thickness 𝑡𝑝  were put into Eq. (6.7) to solve for 

circumferential stress 𝜎𝜃. Assuming the tubular material is isotropic material, the von-Mises 

yield function was applied to calculate the equivalent stress and strain as: 

𝜎 = √𝜎𝜃
2 − 𝜎𝜃𝜎𝑧 + 𝜎𝑧

2      (6.14) 

𝜀̅ = √
2

3
(𝜀𝑡

2 + 𝜀𝜃
2 + 𝜀𝑧

2)        (6.15) 

6.3.4 Test Results and Discussion 

In the free-bulge tests, two sets of microtubes were tested at temperatures of 300℃ and 

500℃, respectively. In the beginning of the tests, the microtubes were heated to the desired 

temperatures and then loaded with an increasing internal pressure until the tube burst as 

shown in Figure 111 to find the pressure limits. It was found that the microtube specimen 

burst at internal pressures of 14200psi and 13600psi when heated to 300℃  and 500℃ , 

respectively. Since the microtubes were burst by high-pressurized nitrogen gas, the tube 
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material at tube center was blasted into small pieces and the tube wall was teared into sharp 

edges. Therefore, protection shield need to be used to protect the operators when bursting the 

microtubes.  

 

Figure 111: Burst microtube under elevated temperature 

The rest of free-bulge tests were carried out using several pressures below the pressure limits 

for each heating temperature. Two specimens were also free-bulged using an internal 

pressure of 15000psi under the room temperature.  After the tests, the deformed specimens 

were mounted in epoxy and ground to the mid plane, as shown in Figure 112. The Axiovert 

40 MAT digital microscope, shown in Figure 113, from the Material Science and 

Engineering Department was used to capture images of the sectioned tube. The wall 

thickness and bulge diameter of the deformed tube were then measured digitally using a 

program to relate the number of pixels in the image to a known distance, as seen in Figure 

114 and Figure 115. The microtube did not deform when it was loaded under low level 

pressure, but it showed an obvious increase in the tube diameter and decrease in the tube wall 

thickness around the bulge zone when the tube was loaded sufficiently.   
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Figure 112: Free-bulged microtubes mounted in epoxy 

 

Figure 113: The Axiovert 40 MAT digital microscope used for measuring the microtube specimens 
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Figure 114: Microtube bulged under 8200psi internal pressure and 300℃  

 

Figure 115: Microtube bulged under 13800psi internal pressure and 300℃ 
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The analytical model in section 6.32 was used to calculate the stresses at the pole point of the 

free-bulged tube. The following data was used as inputs to the analytical model: the distance 

between the two bulge dies 𝐿𝑑 was 1.20±0.05mm which was measured using digital calipers; 

the bulge die radius 𝑅𝑑 was 0.30mm; the tube specimen wall thickness t0 and outer diameter 

D0  were equal to 0.066mm and 1.07mm, respectively; and the bulge zone length 𝐿𝑏  was 

𝐿𝑏=𝐿𝑑 + 2𝑅𝑑=1.81±0.05mm. The measured input pressure, bulge diameter, and tube wall 

thickness, as well as, the strains and stresses calculated at the pole point of the microtubes are 

shown in the Table 14. Two of the measured bulge diameters which were marked using red are 

smaller than the original tube diameter, which is probably caused by over grinding of the 

specimens before the measurement step.  The analytical model cannot be applied to these two 

specimens.   

Table 14: Free-bulge test results of microtubes 

Internal 

Pressure 

(psi) 

Bulge 

Diameter 

(mm) 

Wall 

Thickness 

(mm) 

Axial 

Stress 

(MPa) 

Hoop 

Stress 

(MPa) 

Radial 

Strain 

Hoop 

Strain 

Axial 

Strain 

Equivalent 

Strain 

Equivalen

t Stress 

(MPa) 

Room Temperature 

1.50E+04 1.08E+00 6.49E-02 3.55E+02 7.55E+02 -1.65E-02 1.27E-02 3.83E-03 1.73E-02 6.54E+02 

1.50E+04 1.11E+00 6.56E-02 3.60E+02 7.59E+02 -6.54E-03 3.48E-02 -2.83E-02 3.70E-02 6.58E+02 

300°C Heating Temperature 

7.00E+03 1.05E+00 6.84E-02 N/A N/A N/A N/A N/A N/A N/A 

8.20E+03 1.07E+00 6.58E-02 1.89E+02 4.04E+02 -3.03E-03 4.71E-03 -1.68E-03 4.77E-03 3.51E+02 

9.00E+03 1.07E+00 6.45E-02 N/A N/A N/A N/A N/A N/A N/A 

1.00E+04 1.08E+00 6.59E-02 2.32E+02 4.95E+02 -1.36E-03 1.17E-02 -1.03E-02 1.28E-02 4.29E+02 

1.12E+04 1.08E+00 6.11E-02 2.85E+02 6.05E+02 -7.68E-02 1.81E-02 5.87E-02 8.03E-02 5.24E+02 

1.28E+04 1.10E+00 6.23E-02 3.24E+02 6.83E+02 -5.77E-02 3.17E-02 2.60E-02 5.78E-02 5.92E+02 

1.38E+04 1.11E+00 6.03E-02 3.69E+02 7.72E+02 -8.97E-02 4.85E-02 4.11E-02 8.98E-02 6.68E+02 

500°C Heating Temperature 

3.00E+03 1.07E+00 6.51E-02 6.98E+01 1.49E+02 -1.31E-02 9.56E-04 1.22E-02 1.46E-02 1.29E+02 

8.20E+03 1.09E+00 6.23E-02 2.07E+02 4.36E+02 -5.72E-02 2.79E-02 2.93E-02 5.72E-02 3.78E+02 

9.40E+03 1.11E+00 6.47E-02 2.31E+02 4.85E+02 -1.97E-02 4.25E-02 -2.28E-02 4.25E-02 4.20E+02 

1.00E+04 1.10E+00 6.49E-02 2.41E+02 5.09E+02 -1.65E-02 2.79E-02 -1.14E-02 2.80E-02 4.41E+02 

1.20E+04 1.20E+00 5.77E-02 3.68E+02 7.40E+02 -1.34E-01 1.27E-01 6.85E-03 1.51E-01 6.41E+02 

1.30E+04 1.23E+00 5.65E-02 4.24E+02 8.34E+02 -1.55E-01 1.60E-01 -4.58E-03 1.82E-01 7.23E+02 
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Figure 116 shows the flow stress data of the microtube under 500℃ obtained from Table 14. 

A power law trend lines is plotted through the data to represent the estimated flow stress 

curve. The microtube bulge diameters from material tests are much smaller than the predicted 

diameters from the FEA simulations, therefore, the flow stress obtained from the test results 

is much higher than the bilinear material flow stress model in Appendix D. This is probably 

because microtube specimens were only heat-treated to reduce the material yield strength and 

increase the material ductility but did not reach the fully soft-annealed condition. The 

hardening effect created by the drawing manufacturing process was not completely removed 

in the heat treatment and this effect caused the abnormal high flow stress in the microtube 

specimens. Additionally, the errors in specimen grinding and the measurement of the tube 

bulge diameters and wall thickness, such as inaccurate grinding to tube middle plane and 

underestimating the tube wall thickness, could also lead to an overestimation of the flow 

stress.   

The deviation of the flow stress data from the trend lines and the scatter of the data points can 

be attributed to several factors: 1) the specimens were ground manually and over-grinding or 

under-grinding could introduce errors in the measurements; 2) the epoxy did not flow inside 

the specimen during the mounting process, absence of epoxy support on the inside of the tube 

can result in burrs being created on the tube wall during the grinding process and influence 

the measurement accuracy; 3) since the specimens are thin and small, the force applied on the 

tubes during disassembling operation that moved the tube out of the grippers could slightly 

deform the tubes and affect the test results; 4) the dimensional tolerance of the specimens and 

the testing device can also influence the test results; 5) size effect could appear on the 

specimens and result in inhomogeneous deformations and scatter of stress-strain data. To 

avoid or solve these issues, the 3D-DIC system needs to be used in the free-bulge tests to 

measure the multiaxial strains on the tube pole point and the bulged tube diameters without 

touching the tubes. All the strains and bulge diameters of the microtube specimen will be 

obtained through the test process. The analytical model can be then used to calculate the 

stresses. The issues in the specimen mounting, grinding, and disassembling processes will, 

thus, be avoided. The size effect on the material flow stress must be investigated using the 



 

147 

flow stress data obtained from a large number of material tests under the same conditions. By 

using the 3D-DIC system the strains and bulge diameters on the microtube specimens can be 

recorded under any internal pressure, it is not required to stop and replace the specimen for 

each specific internal pressure, therefore, the time cost of free-bulge test can be significantly 

reduced.  

 

Figure 116: Flow stress data of the microtubes under 500℃  

6.4 Conclusion 

The developed subsystems of the MMTS were described to show the detailed information 

regarding the system design. Then, the flow stress of SS304 microtubes under elevated 

temperatures was investigated through free-bulge tests. The following conclusions were 

drawn from this chapter: 

 The prototype MMTS was fabricated and assembled. The requirement of multiaxial 

loading on microtubes was realized using the pressurization system, loading frame 
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and developed grippers. The heating function was realized via the hybrid heating 

method and the cooling system.  

 The cooling system can maintain the grippers under safe working temperature when 

the specimen is heated up to 750℃.  

 The grippers can clamp and seal the microtube specimen up to 15000psi of internal 

pressure without slipping or leaking. The grippers can also be combined with the 

hybrid heating method to perform free-bulge tests of microtubes under elevated 

temperature conditions.   

 The free-bulge tests of the microtube specimens were analyzed using FE simulations 

to investigate the effect of test parameters, including the internal pressure, bulge 

length, tube wall thickness, and temperature, on the free-bulged tube shape and bulge 

diameter.  

 The preliminary free-bulge tests of the microtube specimens were carried out using 

the internal pressure and elevated temperature through the MMTS. The material flow 

stress of the microtubes were obtained by using the test results and an analytical 

model developed for free-bulge test.   

 There is scatter in the obtained flow stress data which is probably caused by errors in 

the specimen grinding and measurement process and/or by size effect. The 3D-DIC 

system needs to be used to improve the accuracy of the test procedure and results in 

the future.  
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CHAPTER 7:  CONCLUSIONS AND FUTURE WORK 

7.1 Conclusions 

The work presented in this research summarizes the development of a multiaxial 

miniaturized testing system which can apply axial force and internal pressure onto a micro 

tubular specimen for material testing under adjustable elevated temperature conditions. 

Attention was also paid to the loading frame dimensions, materials and vacuum compatibility 

of the testing system so it can be fit in SEMs for in-situ studies. The development of the 

microtube grippers and the heating function were specifically addressed in this study. The 

gripping force and gripper component strength were analyzed via FEA simulations and the 

working performance of the grippers was verified experimentally through uniaxial and 

multiaxial material tests on SS304 microtubes. A hybrid heating method, which generates a 

uniform temperature distribution on microtubular specimens, was developed to allow highly 

controlled elevated temperature conditions to be applied during materials testing. Finally, the 

material flow stress and deformation characteristics were investigated via free-bulge tests 

under various internal pressure and elevated temperature loading conditions. The following 

conclusions were drawn from the study:  

 In the gripper development process, the gripping force and several design variables 

that influence the component strength of the grippers were analyzed through relevant 

FEA simulations. The FEA simulation results show that gripping force on the 

microtube outside surface and stress on the gripper components increase 

proportionally with the clamping force. The longer plug and higher average friction 

coefficient on the gripper contact surfaces can result in a more uniform stress 

distribution on the tube and gripper components with lower stress magnitude.   

 The manual grippers were verified experimentally and are able to apply a wide range 

of axial forces and internal pressures onto microtubular specimens. Thus, they can 

carry out a variety of multiaxial material tests on microtube specimens to investigate 

the deformation characteristics and material properties of microtubes at both room 
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and elevated temperatures.  Specifically, the apparatus can generate axial load of up 

to 550 N and provide internal pressures of 15000psi to the specimens. 

 Coil heating and electric-resistance heating create opposite temperature profiles along 

the specimen length. Hybrid heating combines these two temperature profiles to 

create a highly uniform temperature distributions by using the strengths of one 

method to compensate for the deficiencies of the other. Additionally, this heating 

method can be applied on both uniaxial and multiaxial tubular material tests. 

 The hybrid heating experiments and FEA simulation results are in good agreement on 

the temperature distributions. However, the simulation results slightly underestimated 

the temperatures around the specimen ends which could be caused by the errors in 

estimations of the electrical contact resistance and thermal conductance on the actual 

contact surfaces between the grippers and specimen.  

 The major design aspects of the testing system have been addressed and the 

subsystems have been integrated together in a cart. The pressurization system and 

cooling system were tested to prove that the working performance of these systems 

meets the development requirements.  

 The integrated MMTS was applied to perform free-bulge tests to investigate the 

deformation characteristics and material flow stress of SS304 microtubes under 

various temperatures. The preliminary material flow stress of the microtubes was 

obtained by using the test results and an analytical model developed for free-bulge 

test. There is scatter on flow stress data, and this is probably caused by issues in the 

specimen grinding and measurement processes.  The 3D-DIC system need to be 

applied in the testing process to avoid these issues in the future.  

7.2 Future Work 

While the major design aspects of the testing system have been addressed and several 

positive outcomes were realized in this research effort, the MMTS is still in the prototype 

phase of development. Several aspects of the system’s function and design could be explored 

to further develop the testing apparatus:   
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 Use non-contact temperature measurement methods, such as infrared thermometer or 

camera, to obtain the full-field temperature distributions on the specimen and gripper 

parts 

 Test the loading frame and hybrid heating method in SEMs or a vacuum chamber to 

verify their working performance regarding in-situ material microstructure study 

 Refine the design of hydraulic-controlled grippers to achieve automatic gripping of 

microtube specimens 

 Integrate all the loading function control programs and sensors of the MMTS to 

realize close-loop control on the material testing process  

Besides the improvement of the MMDT, more comprehensive material tests can be carried 

out to investigate the size effect on material properties of microtubes. The following aspects 

can be focused on: 

 Prepare microtube specimens with different thicknesses and grain sizes in various 

materials and perform material yield tests, forming limit tests and bugle tests to 

investigate size effect on the mechanical properties and deformation characteristics of 

microtubes 

 Use the results of the material tests to develop material models that can describe the 

material flow stress of micro tubes under multiaxial loading and various temperature 

conditions 
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Appendix A 

Table 15: The material properties and general data of Nitronic 60 stainless steel 
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Appendix B 

Table 16: Thermal and electric properties of the materials applied in the initial FEA simulation 

Alumina 960 

Density 3000 kg·m^-3 

Isotropic thermal conductivity 4.615 W·m^-1·C^-1 

Specific heat 700 J·kg^-1·C^-1 

Nichrome 80 

Density 8410 kg·m^-3 

Isotropic thermal conductivity 60 W·m^-1·C^-1 

Specific heat 450 J·kg^-1·C^-1 

Isotropic resistivity 700 ohm·cmil·ft^-1 

Stainless Steel 

Density 7750 kg·m^-3 

Isotropic thermal conductivity 15.1 W·m^-1·C^-1 

Specific heat 480 J·kg^-1·C^-1 

Isotropic resistivity 
463.28 

ohm·cmil·ft^-1 

Structural Steel 

Density 7850 kg·m^-3 

Isotropic thermal conductivity 60.5 W·m^-1·C^-1 

Specific heat 434 J·kg^-1·C^-1 

Isotropic resistivity 
102.28 

ohm·cmil·ft^-1 

 

Table 17: Natural convection coefficients on the outside surfaces of the specimen, insulators and heating 

coils, surface temperature coefficient type 

Temperature (°C) 
Convection coefficients 

(W/mm^2·°C) 

38 2.31E-05 

98 2.86E-05 

178 3.37E-05 

378 3.84E-05 

578 4.31E-05 

978 4.92E-05 

1000 4.96E-05 
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Table 18: Natural convection coefficients on the gripper outside surfaces, average film temperature 

coefficient type 

Temperature 
(°C) 

Convection coefficients 
(W/mm^2·°C) 

1 9.50E-07 

10 2.05E-06 

100 4.41E-06 

200 5.56E-06 

300 6.36E-06 

500 7.54E-06 

700 8.43E-06 

1000 9.50E-06 
 

Table 19: Emissivity values of different materials 

Material Emissivity 

Nichrome 0.98 

Stainless steel 
(specimen) 

0.4 

Stainless steel (gripper) 0.2 

Alumina 960 0.45 
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Appendix C 

The material properties used in the refined FEA simulations. 

Table 20: The electrical resistivity and thermal conductivity of SS304 for the micro tube specimen [65] 

SS304 

Temp (K) Temp (ºC) 
Electrical 

Resistivity (1E-08 
Ohm*m) 

Thermal 
Conductivity 

(W/m*K) 

273 -0.15 69.6 14.39 

293 19.85 71.3 14.76 

300 26.85 71.9 14.89 

350 76.85 76 15.79 

400 126.85 79.8 16.61 

500 226.85 86.8 18.28 

600 326.85 93.3 19.77 

700 426.85 99.2 21.21 

800 526.85 104.3 22.59 

900 626.85 108.6 23.99 

1000 726.85 112.5 25.33 

1100 826.85 115.8 26.58 

1200 926.85 118.7 27.81 

1300 1026.85 121.4 29.18 
 

Table 21: The electrical resistivity and thermal conductivity of SS316 for the gripper parts [65] 

SS316 

Temp (K) Temp (ºC) 
Electrical 

Resistivity (1E-08 
Ohm*m) 

Thermal 
Conductivity 

(W/m*K) 

273 -0.15 75.4 12.97 

293 19.85 77.1 13.31 

300 26.85 77.7 13.44 

350 76.85 81.5 14.32 
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400 126.85 85.2 15.16 

500 226.85 91.7 16.8 

600 326.85 97.9 18.36 

700 426.85 103.1 19.87 

800 526.85 108 21.39 

900 626.85 112.1 22.79 

1000 726.85 115.7 24.16 

1100 826.85 118.9 25.46 

1200 926.85 121.7 26.74 

1300 1026.85 124.3 28.02 
 

Table 22: The electrical resistivity and thermal conductivity of NIC80 for the heating coil [66] 

Nichrome 80 

Temp (°C) 
Electrical Resistivity 

(1E-08 Ohm*m) 

Thermal 
Conductivity 

(W/m*K) 

20 108.057595 13.16239 

93 109.7865165 16.67647 

204 112.055726 19.9593 

315 113.8927051 22.003 

427 115.1893963 23.40833 

538 115.6216267 24.41821 

649 114.9732811 25.18497 

760 114.7571659 25.78697 

871 115.1893963 26.27216 

982 115.8377418 26.67154 

1093 116.4860874 27.00602 
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Table 23: The material properties of alumina 960 for the ceramic insulation 

Alumi

na 960 

Density 3000 kg·m^-3 [67] 

Isotropic thermal conductivity 
4.615 W·m^-1·C^-1 

[67] 

Emissivity 0.45~0.65 [68] 

 

Table 24: The material properties of A2 tool steel for the collets 

A2 Tool 

Steel 

Density 7860 kg·m^-3 [69] 

Isotropic thermal conductivity 26 W·m^-1·C^-1 (at 95℃) [69]  

Electric resistivity 

It was found that the range for 

electrical resistivity of some 

principal tool steels is from 3.8E-07 

to 6.2E-07 Ω*m at room 

temperature [70]. In the simulation, 

the value 5E-07 Ω*m was used to 

approximate the resistivity of the A2 

tool steel. 
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The emissivity B.C.s and values on the model parts in the simulations are shown in Figure 

117 and Table 25. 

 

Figure 117: The emissivity B.C.s on each model part: (a) gripper outside surface, (b) specimen exposed 

surface, (c) ceramic insulations, (d) heating coils 

Table 25: The emissivity values on the model parts 

Model Part Emissivity Value 

Gripper (SS316) 0.3 [71] 

Micro Tube (SS304) 0.9 [71] 

Ceramic Insulations (Alumina 960) 0.5 [68] 

Heating Wire (NIC 80) 0.87  [68] 
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The forced air convection B.C.s and values on the model parts in the simulations are shown 

in Figure 118 and Table 26. Since the cylindrical surfaces of the ceramic insulations were 

covered by the heating coils, the convection on these two surfaces was neglected in the 

simulations. And for simplification, it was also assumed that the convection coefficients on 

the vertical surfaces of the ceramic insulations have the same values as the convection 

coefficients on the heating coils on the insulations. The heating coils on the insulations can 

be approximated as cylindrical surfaces, and the convection coefficients on these surfaces 

were calculated based on the outer diameter of the coil shapes.  

 

Figure 118: The convection B.C.s on each model part: (a) gripper outside surface, (b) specimen exposed 

surface, (c) heating coil on the ceramic insulations, (d) heating coil strips. 
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Table 26: The convection coefficients on the model parts in the simulations [68], [72]. 

Surface 
Temp 
(°C) 

Average Heat Transfer Coefficient (W/m^2*K) 

Gripper 
Surface 

Tube Surface 
Heating Coil on the 
Ceramic Insulation 

Heating Wire in the Air 

38 10.46363 63.2497 38.01719 141.2632 

98 10.28794 62.86763 37.62944 141.7106 

178 10.64288 65.87648 39.2359 150.0959 

378 10.49933 66.97636 39.42292 156.4873 

578 10.32473 67.60311 39.38652 161.3319 

778 10.31035 69.07564 39.88476 167.8539 

978 10.27087 70.14187 40.19936 172.9673 

1000 10.21503 69.94002 40.04364 172.8054 
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Appendix D 

The temperature dependent material properties of stainless steel 304 predicted using the data 

[74] and material model [75].  
Table 27: The isotropic elasticity of SS304 under various temperatures [74] 

 

Table 28: The bilinear isotropic hardening parameters of SS under various temperatures [75] 

  

 


