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Polymer has been used extensively for the final MEMS structures or devices. In order to ensure 

the design reliability, it is critical to precisely determine the mechanical properties of the 

polymer-based electronic packaging materials at microscale. In recent years, nanoindentation 

technique is gradually becoming an effective technique for determining the local mechanical 

properties at the microscale and nanoscale. In this study, the mechanical properties of SU-8, a 

photoresist material of great interest to MEMS community, were measured under both 

micropillar compression and nanoindentation on a film on a substrate by nanoindentation. 

Measurement results in literature characterizing the mechanical behavior of SU-8, by elastic-

plastic analysis of nanoindentation data, have shown to provide incorrect results. In this study, an 

appropriate viscoelastic analysis of nanoindentation load-displacement data was conducted, the 

time-average Young’s modulus at a given strain rate was determined to be near 3.6 GPa, which 

agrees with the reported values in literature obtained from tension and bending, and also 

correlates reasonably well with data from microcompression. This work indicates that 
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viscoelastic analysis is necessary to extract the valid mechanical properties at nano/microscales 

for SU-8. 

The same viscoelastic analysis approach has also been applied to characterize the mechanical 

properties of a molding compound on a packaged integrated circuit (IC) by spherical 

nanoindentation using a 50 µm radius diamond tip. The molding compound is a heterogeneous 

material, consisting of assorted diameters of glass beads embedded in an epoxy. Statistical 

analysis was conducted to determine the representative volume element (RVE) size for a 

nanoindentation grid. Nanoindentation was made on the RVE to determine the effective 

viscoelastic properties. The relaxation functions were converted to temperature-dependent 

Young’s modulus at a given strain rate at several elevated temperatures. The spatial distribution 

of the Young’s modulus at a given strain rate was also determined using nanoindentation with a 

Berkovich tip.  

In addition to the application on MEMS structure, nanoindentation technique has also been 

extended to characterize the fiber reinforced polymer matrix composites, which have found 

increasing applications in such areas as aerospace, automotive, wind farms, offshore drilling, 

sports, and construction. In this study, Fiber push-in nanoindentation was conducted on a 

unidirectional carbon fiber reinforced bismaleimide resin composite (IM7/BMI) subjected to 

environmental degradation to determine the interfacial shear strength. It was found that thermal 

oxidation at 245oC in air leads to a significant reduction in interfacial shear strength of the 

IM7/BMI unidirectional composite. Moisture-saturated specimens under thermal shock showed a 

significant reduction in interfacial shear strength as well.  
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It is thus encouraged to increase the interfacial strength of fiber reinforced polymer matrix 

composites. In this study, we propose using multiwall carbon nanotube sheet to spiral-wrap 

around an individual carbon fiber for enhancement of mechanical properties of the fiber/matrix 

interphase that directly influences the fiber/matrix debond strength and compressive strength of 

the composite. Different methods were used in experiments to characterize the interfacial shear 

strengths. All experimental results show consistently a significant improvement in interfacial 

shear strength by using MWNT scrolled carbon fibers in a composite. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

In recent years nanoindentation technique, also known as depth-sensing indentation, is gradually 

becoming an effective technique for determining the local mechanical properties at the 

microscale and nanoscale. The areas of its applications have been growing in the past 25 years 

due to the commercial availability of nanoindentation instrumentation and the ease of applying 

the technique to measure mechanical properties of very small amounts of materials, such as thin 

solid films deposited on substrate, wires, components in microelectromechanical and 

nanoelectromechanical systems (MEMS/NEMS). Nanoindentation Methods for measuring the 

elastic-plastic properties, such as Young’s modulus and hardness, have been well established by 

Oliver and Pharr [1, 2]. The Oliver-Pharr method simplifies nanoindentation experiment 

procedures significantly on elastic-plastic material, due to the fact that the contact area is 

measured at submicron resolution through indenter shape calibration, which does not require to 

image the nanoindentation impression optically, as conventional indentation experiments did. 

 The materials used by the MEMS and NEMS industries are not only the typical silicon-

based materials, but also metals, ceramics and polymers. For the proper functioning of 

MEMS/NEMS, it is important to calculate the stress and deformation to ensure the design 

reliability. To this end, it is critical to determine the mechanical properties of the electronic 

packaging materials at microscale for stress analysis of the MEMS. While nanoindentation 

technique has been widely used to measure mechanical properties of elastic-plastic component 

on MEMS, it has attracted increasing attention for measuring mechanical properties of 
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viscoelastic materials, such as polymers. The Oliver-Pharr method, however, experiences 

difficulties to measure the mechanical properties of viscoelastic materials. One well-known 

phenomenon is the formation of unloading “nose” or negative stiffness during unloading that 

often occurs during slow loading-unloading history in nanoindentation on a viscoelastic material. 

Thus, measurement results in the literature characterizing the mechanical behavior of viscoelastic 

components on MEMS, by the Oliver-Pharr method, have shown to provide incorrect results. 

Numerous approaches have been developed to measure the mechanical properties of viscoelastic 

materials [3-5]. Lu et al [3] developed a method to measure the creep compliance of polymers 

using either a Berkovich or a spherical indenter tip, by analyzing the nanoindentaion loading 

curve. The creep compliance can be converted to the time-average Young’s modulus at a given 

strain rate [3]. 

 In this study, we will use this method to determine the time-average Young’s modulus of 

SU-8 thin film, which is a negative photoresist material of great interest of the MEMS 

community. We find that nanoindentation of SU8 can be successfully modeled and therefore 

used for the extraction of mechanical properties from SU8, if this material is analyzed as a 

viscoelastic material. The method in general and the extracted values in particular are definitely 

of interest to the MEMS community in view of the design of SU8 MEMS devices. 

 In accelerated life testing for an integrated circuit (IC) under thermal cycling, the molding 

compound can play a significant role on the active device, wire bonds and package leads, and 

result in mechanical failure. In this study, we will addresses an important question, related to 

prediction of the lifespan of integrated circuits exposed to thermal cycling. The goal is to 

determine time dependent behavior of molding compound. The experiments were performed on 
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end predict itself, using nanoindentation technique and results were compared to measurements 

performed on bulk specimen made from the dame material.  

In addition to the application on MEMS structure, nanoindentation technique has also been 

extended to characterize the fiber reinforced polymer matrix composites, which have found 

increasing applications in such areas as aerospace, automotive, wind farms, offshore drilling, 

sports, and construction. In these composites failure manifests in one of the four primary modes: 

fiber microbuckling in compression, fiber/matrix interfacial debonding, fiber fracture (or 

fragmentation), and matrix cracking. Load transfer has to take place through the interface 

between the fiber and polymer matrix, and the matrix is primarily responsible for shear load 

transfer. In this investigation, fiber push-in nanoindentation was conducted on a unidirectional 

carbon fiber reinforced bismaleimide resin composite (IM7/BMI), subjected to environmental 

degradation, to determine the interfacial shear strength. It is evident that extensive thermal 

oxidation and steam blistering degrade the fiber/matrix bonding, which makes it easier to initiate 

and propagate microcracks along the interface, potentially leading to global failure of the 

structural components in aircraft. 

It is thus encouraged towards increase the interfacial strength of fiber reinforced polymer 

matrix composites. In this study, we propose to use CNT sheet to spiral-wrap around an 

individual carbon fiber for enhancement of mechanical properties of the fiber/matrix interphase 

that directly influences the fiber/matrix debond strength and compressive strength of the 

composite. 

This dissertation is divided to the following six chapters. The first chapter here gives general 

introduction and background on the nanoindentation. Chapter 2 presents the mechanical 
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characterization of SU-8 by compression of micropillars and nanoindentation on a film supported 

by a substrate, taking the viscoelastic effect into account. Chapter 3 describes the mechanical 

properties of a molding compound on a packaged integrated circuits at service temperatures. 

Chapter 4 presents fiber push-in experiments and simulations on evaluating the effects of thermal 

oxidation and steam blistering on the interface behavior of IM7/BMI unidirectional composite. 

Chapter 5 discusses the novel approach to improve the interface strength of polymer matrix 

composite, by using carbon nanotube sheet scrolled carbon fibers. Chapter 6 discusses the 

general conclusions and future work. Each chapter has an introductory remarks specific to the 

topic and conclusions of the findings. 
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CHAPTER 2 

CHARACTERIZATION OF THE MECHANICAL BEHAVIOR OF SU-8 AT 

MICROSCALE BY VISOELASTIC ANALYSIS* 

2.1 Introduction 

Ever since its invention by IBM [1], the epoxy-based negative photoresist SU-8 has been used 

extensively for nano/micro-fabrication, for lithography, as a sacrificial micro-mold for 

electroplating, and also as the final microstructures in MEMS, including micro gears [2], optical 

waveguide [3], microfluidic channel [4], micro-cantilevers for atomic force microscopy [5], and 

neural probes [6]. The widespread applications derive from its unique set of properties including 

exceptional photosensitivity, ease of manipulations, mechanical stiffness and strength, and 

thermal and chemical stability [7, 8].  

 In recent years, there is an increasing trend in the use of SU-8 for the final MEMS structures 

or devices. Proper estimation of mechanical properties of SU-8 is certainly beneficial in some of 

the devices such as SU-8 microneedle [9] and SU-8 implantable neural interface devices [6, 10]. 

It is crucial to have precisely measured mechanical properties of SU-8 at microscale for certain 

applications such SU-8-based intraocular pressure sensor [11] and SU-8 cantilever-based sensors 

[12, 13].  

 For the proper functioning of SU-8, it is important to calculate the stress and deformation to 

ensure the design reliability. To this end, it is critical to determine the mechanical properties of 

                                                 

* Reprinted with permission from “Xu, Tingge, Jun Hyeon Yoo, Sachin Babu, Samit Roy, Jeong-Bong Lee, and Hongbing Lu. 

"Characterization of the mechanical behavior of SU-8 at microscale by viscoelastic analysis." Journal of Micromechanics and 

Microengineering 26, no. 10 (2016): 105001.” Published August 23, 2016. doi:10.1088/0960-1317/26/10/105001 © IOP 

Publishing. Reproduced with permission. All rights reserved. 

10.1088/0960-1317/26/10/105001
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SU-8 at microscale for stress analysis of the SU-8 MEMS. The reported glass-transition 

temperature (Tg) for fully crosslinked SU-8 is over 200oC, and the degradation temperature (Td) 

is around 380 oC [1]. To determine the bi-axial elastic modulus and the coefficient of thermal 

expansion (CTE), Lorenz et al. [7-8] measured the bow response of a 20 µm thick SU-8 film on 

both Si and Al substrates after being subjected to a thermal cycling (∆𝑇=75oC). The reported bi-

axial modulus was 5.18 GPa, and the CTE was 52 ppm/oC. They also measured the friction 

coefficient, yielding a value of 0.19. Numerous results have been reported for the Young’s 

modulus of SU-8 [14-26]. The reported Young’s modulus varies from 0.9 to 7.4 GPa. Lorenz et 

al reported a tensile modulus of 4.02 GPa for a 200 µm SU-8 film [14]. Namazu et al. [15] 

conducted tensile tests on microscale and macroscale SU-8 specimens, and reported a Young’s 

modulus of 3.5 GPa for samples of all sizes tested. Robin et al. [16, 17] conducted in-situ 

microtensile tests under a scanning electron microscope, and reported Young’s modulus values 

between 2.3 and 4.4 GPa, at different strain rates and sample preparation conditions. In addition 

to tension, nanoindentation was made on SU-8 thin films [18-24], and gave a Young’s modulus 

value that is typically 1.5 to 2 times of the data obtained from microtension or bending [23]. 

 It has been determined for many metal and polymer materials that its mechanical properties 

depend on the size [27-29]. It is in general a belief that SU-8 shows size-effect in the mechanical 

properties. Robin et al. [17] investigated the size effect of SU-8, and found that the mechanical 

properties depend on the size of the SU-8 sample when the sample thickness is smaller than 2 

µm. For micropillar compression experiments reported in literature, focused ion beam (FIB) was 

often used to prepare a micropillar specimen. That approach is not appropriate for polymer 

because it can induce significant surface defects due to the interaction of the high-energy Ga ions 



 

7 

with polymer [30]. In addition, if FIB is used to prepare a SU-8 micropillar, the micropillar will 

be supported by the SU-8 substrate. Under microcompression, the micropillar has a tendency to 

sink into the substrate, making it difficult to calculate the mechanical properties of the 

micropillar [31].  

 In this paper, we used ultraviolet (UV) lithography process to prepare SU-8 micropillars on 

silicon substrate, so that it is accurate to calculate the resulting stress and strain under 

compression to determine the mechanical properties of SU-8 micropillars of different diameters. 

The micropillars prepares using this process do not have beam damage on the surface typically 

accompanied by micropillars prepared by focused ion beam [29]. The micropillars were 

subsequently compressed using a flat-ended tip under a nanoindenter to measure the mechanical 

response.   

 In addition to micropillar compression in this paper, we also carried out nanoindentation on 

a SU-8 film supported by a substrate to measure the properties. This is a convenient approach, 

which was used extensively for characterization of the mechanical properties of small amounts 

of polymers. Wouters et al. carried out nanoindentation experiments on SU-8, and found that the 

Young’s modulus determined from nanoindentation was different from those obtained in tension 

or bending experiments [23]. They indicated that the Oliver-Pharr method [32, 33] for 

nanoindentation is not appropriate for measurement of Young’s modulus for SU-8, and that 

numerous testing conditions, including loading/unloading rate and holding time, can affect the 

results. As reported by Namazu et al., SU-8 exhibits viscoelastic behavior even at room 

temperature [15]. As such, the Oliver-Pharr method experiences difficulties to measure the 

mechanical properties of viscoelastic materials since the method does not take into account of 
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viscoelastic behavior. For a viscoelastic material, the fading memory effects are present in the 

nanoindentation load-displacement curve. A well-known phenomenon is the formation of 

unloading “noise” giving negative stiffness during slow unloading [34, 35]. Therefore 

viscoelastic analysis is necessary to measure the accurate mechanical properties of a polymer by 

nanoindentation, even a fast loading/unloading rate is applied: there is a tendency for the Oliver-

Pharr approach to overestimate the Young’s modulus [36]. Numerous approaches have been 

developed to measure the mechanical properties of viscoelastic materials [36-38]. Lu et al. [36] 

developed a method to measure the creep compliance of polymers using either a Berkovich or a 

spherical indenter tip, by analyzing the nanoindentaion loading curve. The creep compliance can 

be converted to the time-average Young’s modulus at a given strain rate [36]. This approach has 

been applied to composites [39, 40], biomedical materials [41, 42], and other time-dependent 

materials. In this paper, we will use this method to determine the time-average Young’s modulus 

of SU-8 thin film at a given strain rate, and examine the validity of the nanoindentation 

technique for SU-8.  

2.2 Experimental details 

2.2.1 Sample preparation 

An array of circular cylindrical SU-8 micropillars with diameters of 6 ~ 18 µm and a pitch of 100 

µm was fabricated with lithography process, as shown in Figure 2.1. SU-8 2025 (MicroChem 

Inc., Woburn, MA) was first spin-coated on silicon wafer to form a 25 µm thick SU-8 film. The 

SU-8 on the substrate was subsequently soft baked on a hot plate at 65°C for 3 minutes, at 95°C 

for 5 minutes, and it was then cooled down to and baked at 65 °C for 3 minutes. After that an 



 

9 

ultraviolet (UV) light dose of 160 mJ/cm2 was used to form the micropillar array as shown in 

Figure 2.1(c). Next, the SU-8 sample was baked again with the same procedures used in the soft 

bake process. The actual height of a micropillar as measured by a profilometer was 24.1 µm. It is 

noted that the SU-8 micropillars fabricated in this way are slightly tapered, with a tapering angle 

near 2o. The diameter at the top surface is close to the nominal value, while the diameter at the 

bottom surface is smaller than the nominal value.  

 

Figure 2.1. Fabrication sequence of SU-8 micropillar for nanoindentation testing (a) bare silicon 

wafer (b) SU-8 2025 spin coating (c) UV-expose (d) patterned SU-8 micropillar with various 

sizes. 
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2.2.2 Microcompression of a SU-8 micropillar 

Once the SU-8 micropillar array was fabricated, microcompression on a micropillar was 

conducted on an Agilent G200 nanoindentation system. The nanoindentation system can reach a 

maximum indentation depth of 500 µm (resolution of 0.2 nm) and a maximum load of 500 mN 

(resolution of 50 nN). A diamond flat punch tip, with 100 µm diameter was used as a 

compression platen for this microcompression. The diameter of the flat punch was larger than 

SU-8 micropillars, thus resulting in a uniaxial compression configuration. All the 

microcompression experiments were conducted under load-controlled conditions. Since the 

Agilent G200 system is inherently a load-controlled equipment, it is convenient and better suited 

for the measurement performed under load-controlled loading history [43].  Care was taken to 

minimize the effect of dust or other particles between flat punch indenter and the micropillar 

sample surface, the diamond flat punch was cleaned before testing, and the samples were 

prepared and stored in sealed storage cases in the clean-room facility. To make sure that the 

indenter tip is in full contact with the top surface of a micropillar, calibration was performed to 

obtain an accurate lateral position of the flat punch relative to the sample surface with the use of 

an optical microscope on the nanoindentation system. More experimental details are described in 

[28, 33]. 

 Microcompression experiments were conducted on SU-8 micropillars of diameters of 8, 12 

and 16 µm at constant loading rates of 0.05, 0.5, and 5 mN/s to investigate the effect of loading 

rate. For micropillars with the same diameters, the same maximum load was reached, while the 

loading rates were controlled and varied by specifying the duration of the loading time. 

Microcompression was also conducted on micropillars with diameters of 6, 8, 10, 12, 14, 16 and 
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18 µm, under a fixed loading rate to investigate the sample size effect, if any. Care has been 

taken to avoid buckling. The Euler’s buckling load F=π2EI/He
2, where E is the Young’s modulus, 

I is the area moment of inertia of the cross section, and He is the effective height of the 

micropillar (in this case equals half of the height of the micropillars), respectively. If the 

slenderness ratio (effective height to the radius of gyration) is smaller than √2𝜋2𝐸/𝜎𝑦, the Euler 

formula gives a unit load (critical load divided by cross sectional area) higher than the yield 

stress 𝜎𝑦 of the materiel; under such a situation, the Johnson formula is appropriate, in which 

case,  the buckling load F=𝜎𝑦𝐴[1 − (
𝜎𝑦

4𝜋2𝐸
) (

𝐻𝑒

𝑟
)

2

], where A is the cross section area and r is the 

radius of gyration.  In this study, the aspect ratios (height to radius) of micropillars are at or 

smaller than 4, corresponding to a slenderness ratio of 2. Using estimated values for Young’s 

modulus and yield stress for SU-8, when at an aspect ratio of 4, the SU-8 micropillar will not 

experience buckling before yielding occurs. The load-displacement data obtained from 

microcompression on the nanoindentation system converted to stress-strain relationship. Eight or 

more experiments were conducted under same conditions (loading rate, micropillar size) to 

obtain reproducible data. 

2.2.3 Nanoindentation on SU-8 thin film 

In addition to microcompression on a micropillar, nanoindentation on a SU-8 thin film was also 

conducted on film prepared by the same process as described in Section 2.1. The thickness of the 

thin-film was around 21 µm. The same Agilent G200 nanoindentation system was used, with a 

diamond Berkvoich indenter tip. A maximum load of 5 mN was applied on the indenter tip with 
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constant loading rates of 0.25, 1, and 2.5 mN/s, with a holding time of 10 s. All experiments 

were conducted at room temperature. 

2.3 Results and discussion 

2.3.1 Microcompression of SU-8 micropillars 

Engineering stress-strain curves 

 The engineering stress-strain relationships were calculated from the load-displacement data 

acquired during microcompression experiments. Figure 2.2 shows typical load-displacement 

curves at a loading rate of 0.5 mN/s for eight SU-8 micropillars with a diameter of 18 µm. The 

nonlinear region, designated as “toe” region, below 200 nm is due to the imperfect contact 

between the micropillar and flat punch tip. It is followed by a linear region, which ends with 

yielding at the onset of nonlinearity. This is followed by strain burst, corresponding to a plateau 

region, leading to failure of the micropillar. This observation is consistent with results reported 

previously on single crystal micropillars [28, 30]. To the best of our knowledge, this paper 

reports the first set of results for microcompression of SU-8 micropillars. The load-displacement 

curves obtained from micropillars with the same diameter are highly reproducible. Consequently, 

highly repeatable results have also been obtained for micropillars with different diameters. The 

undeformed and deformed shapes of the 18 µm diameter SU-8 micropillars are shown in Figure 

2.3. It is noted that the bottom end of a SU-8 micropillar is supported by the rigid silicon wafer. 

Therefore, there is no sink-in of the micropillar into the substrate, as confirmed in Figure 2.3(b). 

Microcompression experiments were conducted on several different diameters with several 

different loading rates to investigate the size effect and rate-dependent behavior, if any.  
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Figure 2.2. Typical microcompression load-displacement curves for SU-8 micropillars at a 

loading rate 0.5 mN/s. Curves from eight microcompression experiments are plotted. The curves 

are highly reproducible, with a difference within 1% in loading portion where data is analyzed to 

determine mechanical properties of SU-8.  

  

 

Figure 2.3. (a) SEM micrograph for an undeformed SU-8 micropillar with 18 𝜇m diameter (b) 

deformed shape of a SU-8 micropillar with 18 µm diameter. With the use of an aspect ratio at or 

smaller than 4 buckling was not observed in microcompression.  
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The micropillars fabricated by UV lithography is slightly tapered with a tapering angle of 2-

3o, due to the deep etching process used for the micropillars. The tapered geometry of the 

micropillar is next considered to calculate stress and strain data, following the methods by Zhang 

et al. [44] and Shin et al. [31]. With the consideration of the tapered geometry of a micropillar, 

the Young’s modulus E could be calculated using [45] 

                 (2.1) 

where P is the compressive force, H is the height of the micropillar, D0 is the maximum diameter 

of the micropillar, 𝜃 is the tapering angle, and 𝛿 is the displacement.  

 To calculate the stress, the compressive force was divided by the cross section area of the 

micropillar. Previous studies by Zhang et al. [44] and Frick et al. [46] suggested the use of the 

diameter at the mid-span of the micropillar to calculate the cross section area for stress 

calculation. This approach has been generally accepted [31, 47-49].  

 To verify this approach, we conducted finite element method (FEM) simulations. 

Microcompression of a SU-8 micropillar was simulated using ABAQUS standard V6.14 [50]. 

An axisymmetric model was established and the typical meshes for a SU-8 micropillar are shown 

in Figure 2.4. Approximately 6,000 and 18,000 CAX4R elements were used, for 6 µm and 18 

µm diameter micropillars, respectively. The micropillar height was 25 µm for both simulations. 

The flat punch indenter tip and substrate were modeled as rigid. Mesh convergence studies were 

conducted to ensure that proper mesh refinement has been achieved.  

0 0

4

( 2 tan )

PH
E

D D H  
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Figure 2.4. FEM simulations (a) Typical mesh and von Mises stress map at a deformed state for 

a micropillar with 6 µm diameter, a half model is shown (b) Typical mesh and von Mises stress 

contour plot at a deformed state for a micropillar with 18 µm diameter, a half model is shown. 
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Figure 2.5. Comparison of the true stress-strain relationships. The black dash-dot line provides 

the input stress-strain relationship in ABAQUS simulations; the other lines are the recovered 

results from FEM simulations considering the tapered geometry.  

 

Since the load-displacement curves shown in Figure 2.2 resemble the behavior of an elastic-

perfectly plastic material, an elastic-perfectly plastic model was used in FEM simulations. The 

Young’s modulus and yield strength were taken as 4 GPa and 80 MPa, respectively for the 

model. Figure 2.4(a) and 4(b) show contours of von Mises stress on the deformed configurations 

for 6 µm and 18 µm diameter micropillars, respectively. Stress concentration occurs due to the 

tapered geometry at the bottom end of the micropillar, which leads to yielding in the region 

where the stress reaches the yield strength.  To investigate the effect of the tapered geometry, the 

top, middle and bottom diameter for each micropillar were used to calculate the engineering 
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stress, respectively. The input to the FEM simulations is shown by the black dash-dot line. As 

indicated in Figure 2.5, using top diameter underestimates the Young’s modulus and yield 

strength, while the use of the bottom diameter overestimates the mechanical properties. The 

degree of inaccuracy increases as the micropillar diameter decreases. However, if the diameter of 

the mid-span of the micropillar is selected as the reference diameter, a very good agreement with 

FEM on Young’s modulus is observed, as shown in Figure 2.5.  

 Performing FEM simulations shows that it is appropriate to take the diameter of the mid-

span of the micropillar’s cross-sectional area for the calculation of the Young’s modulus. 

However, the yield strength determined by the mid-span diameter is still underestimated, and the 

error increases as the diameter of micropillar decreases. In this paper, we labeled the size of the 

micropillars using the diameter of the top surface. The diameter of the mid-span of the 

micropillar was used for calculating engineering stress. 

Effect of Loading Rate  

Figure 2.6 shows the engineering stress-strain curves of micropillars with different diameters 

subject at several loading rates. Each curve represents the average data from five independent 

microcompression experiments, the differences in results obtained from different experiments 

are in general within 1%; the error bars are not plotted since they are nearly invisible. Due to 

uncertainties (mainly noisy data in results obtained from short times in the loading period) in 

experimental data for microcompression on 8 µm micropillars at a loading rate of 5 mN/s, those 

data are not included in Figure 2.6. In Figure 2.6, toe correction at small strains, up to 0.8% has 

been made on these curves following the ASTM Standard D695-15 [51]. All the engineering 

stress-strain curves are plotted up to the strain level of 8%. The calculation of the Young’s 
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modulus relies primarily on the data outside of the toe region, typically at strains between 0.8% 

and 3.5%. Figure 2.6 indicates that both Young’s modulus and compressive yield strength 

increase with the increase of loading rate. These results show that SU-8 exhibits rate-dependent 

behavior even at room temperature.  

 

Figure 2.6. Microcompression experiments data: engineering stress-strain curves for SU-8 

micropillars at different loading rates. One curve corresponds to the average data from five 

independent microcompression experiments. The differences in results obtained from different 

experiments are in general within 1%; the error bars are not plotted since they are nearly 

invisible.  

 

 

Viscoelastic Analysis of Microcompression of SU-8 micropillars 

 Since SU-8 exhibits viscoelastic behavior at room temperature, viscoelastic analysis is used 

on experimental data. The load-displacement data obtained in microcompression experiments 

was used to calculate the time-average Young’s modulus at a given strain rate, using viscoelastic 

analysis. Following a similar approach shown in [36,52,53], the time-dependent 
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microcompression displacement 𝛿(t), under a prescribed arbitrary compressive loading history 

P(t)  in a viscoelastic material, is given by, 

          (2.2) 

where C(t) is the uniaxial creep compliance. H is the height of the micropillar, D0 is the 

maximum diameter of the micropillar. The general representation of the creep function based on 

the Kelvin model is, 

           (2.3) 

where C0 and Ci (i=1,…N) are creep coefficients and 𝜏𝑖 (i=1,…N) are retardation times. Under a 

constant rate loading history, 𝑃(𝑡) =  �̇�𝑜𝑡𝐻(𝑡), where �̇�𝑜 is the constant loading rate, 𝑡 is elapsed 

time, substituting Equation (2.3) into (2.2) yields, 

          (2.4) 

By fitting Equation (2.4) to the experimental load-displacement curves, the best-fit parameters C0 

and Ci can be determined. Once C0 and the Ci are determined, Equation (2.3) is used to calculate 

the creep compliance C(t). The Young’s relaxation modulus E(t), is determined using the 

Volterra equation [54], 

0
( ) ( )

t

E C t d t                                                              (2.5) 

Although Equation (2.5) is ill-posed [55, 56], errors in the relaxation modulus can be minimized 

if the creep compliance data is developed for very short times. The algorithm recently developed 

by Luk-Cyr et al. [57] was implemented to avoid the ill-posed issue of the Volterra equation. 

From Equation (2.5), Young’s relaxation modulus, 𝐸(𝑡)  was obtained in the form of the 

generalized Maxwell model given as, 
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(2.6) 

where 𝐸∞  and 𝐸𝑖  (i=1,…N) are relaxation coefficients, and 𝜆𝑖  (i=1,…N) are relaxation times, 

respectively. For a linearly viscoelastic material under uniaxial stress state, the uniaxial stress 

𝜎(𝑡) can be calculated from the applied strain history 휀(𝑡), using the Boltzmann superposition 

principle,  

(2.7) 

For a linearly viscoelastic material, the fundamental viscoelastic functions in the time domain are 

relaxation and creep functions. Young’s modulus at a given strain rate can be calculated from a 

viscoelastic function. In engineering applications, the linearly viscoelastic material is often 

modeled as a linearly elastic material, in which Young’s modulus and Poisson’s ratio are used as 

input. In this paper, Young’s modulus at a given strain rate is calculated from the Young’s 

relaxation function. Under a constant strain rate 휀(𝑡) = 휀0̇𝑡, where 휀0̇ is the constant strain rate, 

Equation (2.6) becomes [58],                                                                                                                                                                   

  (2.8) 

where  �̅�(휀0̇)  is the Young’s modulus at strain rate 휀0̇ , and �̅�(𝑡)  is the average Young’s 

relaxation modulus from time t0 to t. Equation (2.8) indicates that the Young’s modulus at a 

given strain rate is equal to the time-average Young’s relaxation modulus. At constant strain rate 

휀(𝑡) = 휀0̇𝑡, substituting relaxation modulus in Equation (2.6) into Equation (2.8) yields,  

          (2.9) 

The time-average Young’s modulus at a given strain rate is thus determined. 
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We re-evaluated the data shown in Figure 2.6, and present the Young’s modulus value as a 

function of strain rate in Table 2.1.  We only fit the displacement up to 300 nm, corresponding to 

1.2 % strain, below which the SU-8 micropillars of different diameters show linear behavior. As 

strain rate increases, the time-average Young’s modulus increases.  

Table 2.1. Young’s modulus at a given strain rate determined by viscoelastic analysis on 

microcompression data: strain rate effect.  

 

Diameter (µm) Young’s modulus (GPa) Strain Rate (s-1) 

6 3.12 ± 0.02 3.2×10-4  

6 4.86 ± 0.03 2.1×10-3 

12 3.04 ± 0.03 1.5×10-4 

12 4.11 ± 0.04 1.2×10-3 

12 4.75 ± 0.04 9.1×10-3 

16 2.91 ± 0.02 8.3×10-5 

16 3.72 ± 0.02 6.8×10-4 

16 4.66 ± 0.03 5.3×10-3 

 

Size Effect 

Numerous studies have shown size-dependent behavior at small scales for various materials [27-

31, 43-49]. Size-effect has been reported for SU-8 thin film from nanoindentation experiments 

using a sharp indenter tip [26] and microtensile tests [15, 17]. Microcompression on a micropillar 

has been used extensively to investigate the size effect in plastic deformation. Those results show 

in general “smaller is stronger” [27-31, 43-49]. To investigate the size effect, a stress rate 

approximately 1.8 MPa/s was used for all diameters. 

 Engineering stress-strain relationships for micropillars with diameters of 6, 8, 10, 12, 14, 16, 

and 18 µm are plotted in Figure 2.7. The engineering stress-strain curves start with linear elastic 

behavior, followed by yielding. After around 2.5% strain, all the samples display large strain 

bursts and no work-hardening was observed. Since the experiments were conducted under load-
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control, the strain bursts may suggest the existence of a relatively strong strain softening after 

yielding [30]. The inset of Figure 2.7 shows that the time-average Young’s modulus at a given 

strain rate decreases from 4.42 GPa to 3.73 GPa, as the diameter increases from 6 µm to 18 µm. 

The approximate strain rate is shown in Table 2.2, they are generally in the neighborhood of 10-3 

s-1. The average value is 4.1 GPa, which is in a good agreement with data obtained by García et 

al. [59], who reported Young’s modulus of 3.7 GPa for a SU-8 micropillar with 40 μm diameter.  

Table 2.2. Young’s modulus at a given strain rate determined by viscoelastic analysis on 

microcompression data: size effect. 

 

Diameter (µm) Young’s modulus (GPa) Strain Rate (s-1) 

6 4.42 ± 0.03 7.6×10-4 

8 4.28 ± 0.05 8.4×10-4 

10 4.19 ± 0.05 7.8×10-4 

12 4.18 ± 0.04 8.0×10-4 

14 4.09 ± 0.02 9.6×10-4 

16 3.81 ± 0.02 1.04×10-3 

18 3.73 ± 0.03 1.1×10-3 

 

The yield strength as a function of size shows “the larger the stronger” phenomenon. Such 

behavior has been observed in nanocrystalline metals, for example, Jang and Greer [60] 

performed in-situ compression experiments on 60 nm nanocrystalline Ni-W nanopillars and 

discovered that their strength decreases by 42% as pillar diameter changes from 1.6 µm down to 

100 nm. However, not only because such length scale was not reached in this study, but also, 

unlike crystalline materials, there is no intrinsic structural length scale in the pure SU-8 epoxy 

that could influence the yield strength at the microscale. The underlying mechanisms governing 

this behavior are not clear. Availability of the weak bonds, which affect the yielding in glassy 

polymers [61] may be different.  
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Figure 2.7. Engineering stress-strain curves for SU-8 micropillars with different diameters. Each 

curve is the average data from 10 independent microcompression experiments, the differences in 

results obtained from different experiments are in general within 1%; the error bars are not 

plotted since they are nearly invisible. The inset shows the Young’s modulus and yield strength 

as a function of micropillar diameter. 
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In addition, failure stress in amorphous materials depends strongly on the local strength, 

which in turn depends on morphology and topography [62]. In this case, in analysis, the choice 

of reference diameter could affect the result in the calculation of yield strength. As stated in 

2.3.1, while one can determine the Young’s modulus with accuracy, the yield strength can be 

underestimated when the mid-surface diameter is used for calculation of stress. The degree of 

under-estimation is larger for a smaller diameter, as shown in Figure 2.5. A similar trend is also 

shown in Figure 2.6. The compressive yield strength (108.4 ± 10.0 MPa) determined from 

compression of a micropillar is slightly higher than the value obtained from tensile tests (nearly 

60~70 MPa [16, 17]). These results are consistent with data reported for in polymers. For the 

sizes of micropillars investigated in this study, the yield strength does not show size effect.  

2.3.2 Viscoelastic Analysis of Nanoindentation on SU-8 Thin Film 

Nanoindentation with a Berkovich tip was made on 25 µm thick SU-8 film supported on silicon 

wafer substrate. The nanoindentation load-displacement curves are shown in Figure 2.8. At the 

same loading rate, the nanoindentation load-displacement curves are consistent. The initial part 

of the unloading curves does not show “noise” or negative unloading slope. The Young’s 

modulus values calculated by the Oliver-Pharr method were 5.88 ± 0.02, 5.87 ± 0.02, and 5.97 

± 0.03 GPa, at loading rates 0.25, 1.0 and 2.5 mN/s, respectively. These Young’s modulus 

values are within the range of 5~7.4 GPa reported in literature from nanoindentation 

measurements on SU-8 thin film in the literature [18-24]. SU-8, however, is a polymer, 

exhibiting viscoelastic behavior, so that viscoelastic nanoindentation analysis is necessary to 

determine accurately the Young’s modulus. This will be described in this section.  
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Figure 2.8. Nanoindentation load-displacement curves at three different loading rates. 

 

Lu et al. [36] developed a method using viscoelastic analysis to extract the shear creep 

compliance of a viscoelastic material from nanoindentation load-displacement curve. In this 

section, we apply that approach to calculate the Young’s modulus of the SU-8 thin film.  

 The Berkovich indenter tip is modeled as an axisymmetric conical indenter with a half-cone 

angle of 70.3o. Under a constant rate loading history, 𝑃(𝑡) =  �̇�𝑜𝑡𝐻(𝑡), where �̇�𝑜 is the constant 

loading rate, 𝑡  is elapsed time, and 𝐻(𝑡)  is the Heaviside unit step function, considering 

nanoindentation by a rigid conical indenter tip into a half-space composed of  a linearly 

viscoelastic material, the nanoindentation displacement h(t) is  given by, 

                     (2.10) 

where 𝛼 = 19.7o, and  𝜈 is the Poisson’s ratio, which is taken as 0.22 [18]. 𝐽0 and 𝐽𝑖 (i=1,…N) are 

shear creep coefficients and 𝜏𝑖  (i=1,…N) are retardation times.  
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In the generalized Kelvin model, 𝐽(𝑡) is given as a Prony series, 

                                                                                                                                                  (2.11) 

The Volterra equation is now given as, 

                                                                                                                                                  (2.12) 

It is noted that the choice of the fitting parameters is not unique and that different parameter sets 

can provide the same shear creep compliance. Knauss and Zhao [63] indicated that the choice of 

the retardation times is not subject to single stringent criterion and suggested that allowing for 

one retardation time per decade is usually satisfactory. In this paper, five predetermined 

retardation times were selected, they are 0.01 s, 0.1 s, 1 s, 10 s, and 100 s, which will encompass 

the experimental time frame to provide a smooth creep function. The corresponding compliance 

parameters 𝐽𝑖 were obtained from this curve fitting process. The best-fit parameters were then 

used in Equation (2.11) and Equation (2.12) to obtain the Young’s relaxation modulus. Finally 

Equation (2.8) and Equation (2.9) were used to calculated the Young’s modulus at a given strain 

rate.  

In Figure 2.9, one set of nanoindentation data was used to illustrate the viscoelastic analysis 

approach. Both the experimental and fitted load-displacement curves are shown in Figure 2.9(a). 

The least squares correlation coefficient is 9.9 × 10-5, indicating a good correlation. The 

parameters used in Equation (2.10) to obtain the fitted curve as shown in Figure 2.9(a) were used 

in Equation (2.11) to calculate the shear creep compliance, given as, 

            

(2.13) 
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where t is time in seconds. By implementing the approach developed by Luk-Cyr et al. [57], the 

Young’s relaxation function was determined as, 

                                    

205.4 14.63 1.273

31 0.1027

( ) 3.345 6.917 1.898 0.8917

4.585 10 0.08929 GPa

t t t

t t

E t e e e

e e

  

  

   

                            (2.14) 

The Young’s relaxation function and shear creep compliance are shown in Figure 2.9(b). 

Subsequently the Young’s modulus at a given strain rate 9.3×10-4 s-1 was calculated as 3.426 

GPa. In this paper the nanoindentation is conducted under a constant loading rate. Time-average 

Young’s relaxation modulus values were calculated via Equation (2.8), since it is equivalent to 

Young’s modulus at a given strain rate. The nominal strain rate was determined from Equation 

(2.9) up to compressive strain 휀=1%. For the loading rates 0.25 mN/s, 1 mN/s, and 2.5 mN/s, the 

time-average Young’s modulus determined are at strain rates in the neighborhood of 1×10-3, 

4×10-3, and 8×10-3, respectively. 

 Following these procedures, nanoindentation data at three different loading rates, 0.25 mN/s, 

1 mN/s, and 2.5 mN/s was analyzed. The time-average Young’s modulus at each loading rate 

was determined to be 3.48±0.05, 3.51±0.02 and 3.65±0.02 GPa, respectively. The time-average 

Young’s modulus shows a slight increasing trend as the strain/loading rate increases, which is 

typical for a viscoelastic material. The time-average Young’s modulus values determined by 

viscoelastic analysis of nanoindentation on SU-8 thin film agree very well with that determined 

by microcompression conducted on SU-8 micropillars. 
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Figure 2.9. Typical nanoindentation results on SU-8 thin film, at a loading rate 0.25 mN/s 

(a) experimental and fitted nanoindentation load - displacement curves, (b) shear creep 

compliance and Young’s relaxation modulus. 
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Table 2.3. Comparison of Young’s modulus obtained from different experiments and analysis. “-

--” indicates that data was not available from literature. 

References Method Strain/Loading Rate  
Young’s Modulus 

(GPa) 

Namazu et al. [15] Tensile Tests 1×10-4 s-1 3.56 

Robin et al. [17] Tensile Tests 0.001 s-1 3.55 

Robin et al. [17] Tensile Tests 0.01 s-1 3.96 

Wouters et al. [23] Tensile Tests 1.5×10-4 s-1 2.2 

Wouters et al. [23] 

Nanoindentation  

(Oliver-Pharr 

Method) 

--- 7.4 

Chiou et al. [18] 

Nanoindentation  

(Oliver-Pharr 

Method) 

--- 5.2 

Al-Halhouli et al. 

[19] 

Nanoindentation 

(Oliver-Pharr 

Method) 

0.3 mN/s 5.6 

Seena et al. [20] 

Nanoindentation  

(Oliver-Pharr 

Method) 

--- 6.0 

Kandpal et al. [21] 

Nanoindentation  

(Oliver-Pharr 

Method) 

--- 8.1 

Kang et al. [22] 

Nanoindentation  

(Oliver-Pharr 

Method) 

--- 5.4 

Le Rouzic et al. [24] 

Nanoindentation  

(Oliver-Pharr 

Method) 

--- 6.1 

Our Results 
Micropillar 

Compressions 
 4.1 

Oliver-Pharr Method Nanoindentation 0.25 mN/s 5.88 ± 0.02 

Oliver-Pharr Method Nanoindentation 1.0 mN/s 5.87 ± 0.02 

Oliver-Pharr Method Nanoindentation 2.5 mN/s 5.97 ± 0.03 

Viscoelastic Analysis Nanoindentation 0.25 mN/s 3.48±0.05 

Viscoelastic Analysis Nanoindentation 1.0 mN/s 3.51±0.02 

Viscoelastic Analysis Nanoindentation 2.5 mN/s 3.65±0.02 

 

 In addition, they are consistent with the data reported in literature [15, 17, 23], obtained 

from uniaxial tensile experiments. It is noted that the Young’s modulus obtained from the 
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Oliver-Pharr method give values around 6.0 GPa, these Young’s modulus values overestimated 

the Young’s modulus of SU-8 thin film. The comparison is shown in Table 2.3. Robin et al. [17] 

determined that the Young’s modulus values were 3.55 and 3.96 GPa for 0.001 s-1 and 0.01 s-1, 

respectively. Their data agree reasonably well with the Young’s modulus determined by 

viscoelastic nanoindentation, at strain rates 0.001 s-1 and 0.008 s-1 (3.48 and 3.65 GPa, 

respectively). Thus, this study indicates that nanoidentation is still an effective tool to determine 

the mechanical properties of SU-8 thin film, provided that appropriate viscoelastic analysis is 

used.  

2.4 Conclusion 

Mechanical properties of SU-8 were measured by compression of micropillars and 

nanoindentation on a film supported by a substrate. Microcompression experiments were 

conducted on different sizes of SU-8 micropillars at different loading rates. It was confirmed that 

SU-8 exhibits viscoelastic behavior at room temperature, and its mechanical properties are rate-

dependent. The mechanical properties of SU-8, including the Young’s modulus and yield 

strength are generally higher at higher loading rate. Young’s modulus and yield strength were 

also determined as a function of micropillar diameter. Young’s modulus shows a decreasing 

trend, from 4.4 GPa to 3.7 GPa, as the diameter increases from 6 µm to 18 µm. The yield 

strength shows an increasing trend as sample size increases. Further investigations are needed to 

obtain in-depth understanding to explain the observed size-dependency. Since SU-8 is a 

viscoelastic material, an appropriate analysis of nanoindentation load-displacement data was 

conducted. Time-average Young’s modulus at a given strain rate determined by our approach 

agrees very well with literature values obtained from tensile or bending tests, and also correlates 
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reasonably well with data from microcompression. Considering the ease of preparing SU-8 thin 

film, nanoindentation is still a very effective technique for characterizing mechanical properties 

at small scales. In this case, viscoelastic nanoindentation analysis is needed to extract the 

mechanical properties.  
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CHAPTER 3 

MEASUREMENT OF TEMPERATURE-DEPENDENT YOUNG’S MODULUS AT A 

STRAIN RATE FOR A MOLDING COMPOUND BY NANOINDENTATION† 

3.1 Introduction 

Typical integrated circuits (IC) are assembled from multiple components, including molding 

compound, die-attach adhesive, silicon dielectric, solder joints, and copper traces/pads. Each 

component has its own constitutive behavior when subjected to thermal cycling. In accelerated 

life testing for an IC under thermal cycling, the molding compound can play a significant role on 

the active device, wire bonds and package leads, and result in mechanical failure. The molding 

compound is made of assorted diameters of glass beads embedded in a polymer such as epoxy, 

and exhibits viscoelastic properties which depend on the processing conditions, geometry, 

confining conditions by neighboring components, as well as temperature. In order to mitigate 

failure in the package design and improve the life predication capability, the mechanical 

properties of all the components are required. Unfortunately, material properties are often 

difficult to obtain, particularly over the temperature range the IC may experience. Mechanical 

properties of the polymers, such as molding compounds rarely have sufficient properties since 

they generally exhibit viscoelastic characteristics. Accordingly, the effort presented will focus on 

the development of the temperature-dependent Young’s modulus at a given strain rate of a 

heterogeneous molding compound [1-6].  

                                                 

† Reprinted with permission from “Xu, T., Y. Du, H. Luo, G-H. Kim, Z. Xu, M. Minary-Jolandan, L. Stark, T. Baughn, and H. 

Lu. "Measurement of Temperature-Dependent Young’s Modulus at a Strain Rate for a Molding Compound by 

Nanoindentation." Experimental Mechanics (2016): 1-13.” Published September 22, 2016. doi:10.1007/s11340-016-0205-7 © 

Society for Experimental Mechanicsl2016. Reproduced with permission. All rights reserved. 

10.1007/s11340-016-0205-7
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Moreover, molding compounds may exhibit viscoelastic behavior even at room temperature 

[1-8], and it is well known that the mechanical properties of polymers exhibit loading/thermal 

history and morphology which may depend on processing conditions. In addition, the 

viscoelastic properties depend on the confining conditions imposed from adjacent packaging 

materials and their corresponding coefficient of thermal expansion. Under confining pressure, 

the polymer could shift its viscoelastic properties towards glassy state [9].  

The characterization of viscoelastic properties, such as the relaxation modulus is normally 

conducted using either relaxation or creep experiments in the time domain, or using dynamic 

mechanical analysis (DMA) in the frequency domain [10,11]. The viscoelastic properties for a 

molding compound on a production integrated circuit depend on the processing conditions where 

conventional tensile and compression experimental results from a bulk material may be not 

applicable. In recent years the nanoindentation technique, also known as depth-sensing 

indentation, is gradually becoming an effective technique for determining the local mechanical 

properties at the microscale and nanoscale. Methods for measuring the elastic-plastic properties, 

such as Young’s modulus and hardness have been well established by Oliver and Pharr [12-13]. 

The wide acceptance of nanoindentation technique stems from improvements incorporated in the 

technique. For example, the need for the direct observation of the residual indentation impression 

is no longer required. Instead, the unloading curve is used to extract the elastic properties of an 

elastic-plastic material, namely, elastic modulus and hardness by calculating the area of the 

indent impression from the loading/unloading curves. This method is very well established and 

has been implemented in commercially instrumented nanoindenters for use on elastic-plastic 

materials, such as sand grains [14-16], glass bead [17], and metal-organic framework materials 
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[18]. Inverse methodologies, using numerical techniques, in combination with experimental 

results have been developed effectively to measure material properties and also stress-strain 

relationships [19-20].  

 

Figure 3.1. Nanoindentation load-displacement curve showing a negative slope at the initial 

unloading stage at a loading/unloading rate of 0.2 mN/s. 

 

The Oliver-Pharr method, however, experiences difficulties to measure the mechanical 

properties of viscoelastic materials. One well-known phenomenon is the formation of unloading 

“nose” or negative stiffness during unloading that often occurs during slow loading-unloading 

history in nanoindentation on a viscoelastic material [21-22]. For nanoindentation conducted on 

polymers, a negative slope of the initial unloading curve was formed as shown in Figure 3.1. In 

which case, viscoelastic analysis is needed to extract the mechanical property data. In recent 

years, numerous methods have been developed to measure linearly viscoelastic functions of 

polymers, composites, biomedical materials, and other time-dependent materials, in both time 
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and frequency domain. Lu et al. [23] developed to measure the creep compliance of polymers 

using either a Berkovich indenter or a spherical indenter. Huang et al. [24] measured the 

viscoelastic functions in the frequency-domain using a spherical indenter. Huang and Lu [25] 

devised a method to measure two independent viscoelastic functions using both axisymmetric 

and asymmetric nanoindenter tips allowing separation of two independent viscoelastic functions. 

Cheng et al. [26] derived analytical solutions for linearly viscoelastic deformation under a flat-

punch indentation and provided a method to measure viscoelastic properties described by a 

three-element viscoelastic model. Lu et al. [27] developed methods to measure general linearly 

viscoelastic functions in both time and frequency domains using flat punch nanoindentation. 

Cheng and Cheng [28] derived an expression of unloading stiffness for a linearly viscoelastic 

solid under nanoindentation. Cheng et al [29] derived a relationship between the initial unloading 

slope, contact depth, and the instantaneous relaxation modulus for displacement-controlled 

indentation in a linearly viscoelastic solid by a rigid indenter with an arbitrary axisymmetric 

smooth profile. Cao [30] developed a nanoindentation method to determine the exponent of a 

viscoplastic material in which stress follows a power law relationship with the strain rate. Kucuk 

et al. [31] modeled spherical nanoindentation on poly(methyl methacrylate) (PMMA) using the 

nonlinear Burgers model. By inverse calculations from the finite element simulations, they were 

able to capture the unloading “nose”. Nanoindentation has been used for the characterization of 

the viscoelastic behavior of a wide range of materials. Lu et al [32] measured both the in-plane 

and the through-thickness linearly viscoelastic properties of the single-wall carbon nanotubes 

(SWNT)/polyelectrolyte multilayer nanocomposite film. Using AFM nanoindentation 

measurement, Francius et al. [33] measured the viscoelastic properties of polyelectrolyte 
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multilayer films represented by a standard linear solid model. Sadr et al. [34] measured the 

properties of dental compounds and found that the Young’s modulus was significantly over-

estimated using nanoindentation technique without consideration of viscoelastic effects. Huang 

et al. [35] and Daphalapurkar et al. [36] used nanoindentation to measure viscoelastic properties 

of a human tympanic membrane. These techniques can be used to measure viscoelastic 

properties through theoretical or numerical analysis.  

Specifically for molding compounds, measurement results in the literature characterizing the 

mechanical behavior by the Oliver-Pharr method [1, 37] have shown to provide incorrect results. 

At elevated temperatures, the pronounced viscoelastic effects will exacerbate the inaccuracy of 

the measurements. Thus alternative viscoelastic measurement methods must be used in order to 

extract accurate temperature- and time-dependent properties of the molding compound. In 

addition, because the molding compound consists of assorted diameters of glass beads embedded 

in an epoxy, it is highly heterogeneous. To determine the material properties of a molding 

compound on a packaged IC, full-field deformation measurement techniques were used [38,39]. 

Digital Image Correlation (DIC) technique [40,41] was used in connection with numerical 

analysis to determine the material properties [38,39].  However, to the best of our knowledge, 

there is no published work to measure the mechanical properties of heterogeneous molding 

compounds at elevated temperatures by nanoindentation.  

Thus, the purpose of this paper is to characterize the material behavior of a molding 

compound at various temperatures for use in structural analysis which takes material properties 

as a function of temperature, to improve the life prediction capability for integrated circuits 

subjected to thermal cycling. It is also important to understand the impact on the properties of a 
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material imposed by the constraints from the over molding materials and adjacent components. 

Based on these concerns the material testing is directed at measuring the Young’s modulus at a 

given strain rate of a molding compound over temperature, in-situ, in an integrated circuit 

package. The material in test will also be subjected to the assembly process environment, which 

will provide more representative values during thermal cycling. At selected service temperatures, 

time dependent properties of the molding compound, in thin form, were measured by 

instrumented nanoindentation developed by Lu et al. [23]. The IC was polished to expose the 

molding compound, and then nanoindentation experiments were conducted on the exposed 

compound to determine the nanoindentation displacement as a function of time subjected to a 

prescribed load history. The nanoindentation load-displacement curve was analyzed and 

temperature-dependent Young’s modulus at a given strain rate was determined. The spatial 

distribution of the Young’s modulus at a given strain rate on the heterogeneous molding 

compound was determined from a series of nanoindentations. The Young’s modulus at a given 

strain rate mapping was compared with an optical micrograph of the tested region of the molding 

compound. 

3.2 Theoretical Background 

Lu et al. [23] developed a method using viscoelastic analysis to extract the shear creep 

compliance of a viscoelastic material from a nanoindentation load-displacement curve. In this 

paper, we follow a similar approach to obtain the shear creep compliance of the molding 

compound. The relaxation modulus was determined through the interconversion of the 

viscoelastic properties, to determine the temperature-dependent Young’s modulus at a given 

strain rate. This approach is based on linear viscoelasticity and Sneddon’s solution [42].     
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Under a constant rate loading history, 𝑃(𝑡) =  �̇�𝑜𝑡𝐻(𝑡), where �̇�𝑜  is the constant loading 

rate, 𝑡 is elapsed time, and 𝐻(𝑡) is the Heaviside unit step function, consider nanoindentation by 

a rigid spherical indenter tip into a half-space composed of  a linearly viscoelastic material, the 

nanoindentation displacement h(t) is,   

                      (3.1) 

 

where 𝑅 is the indenter tip radius,  𝜈 is the Poisson’s ratio, which is assumed as 0.3. J0 and Ji 

(i=1,…N) are shear creep coefficients and 𝜏𝑖 (i=1,…N) are retardation times. In the generalized 

Kelvin model 𝐽(𝑡) is given as,  

                                                                                                                                                   (3.2) 

By fitting Equation (3.1) to the experimental load-displacement curves generated from the 

nanoindentation, the parameters J0  and Ji can be determined. Once J0 and the Ji are determined, 

Equation (3.2) can be used to describe the creep compliance J(t). Other viscoelastic functions, 

such as the Young’s relaxation modulus E(t), can be determined using the Volterra equation [9]. 

                                                                                                                                                    (3.3) 

Although Equation (3.3) is ill-posed [43-44], errors in the relaxation modulus can be 

minimized if the creep compliance data is developed for very short times. Several methods are 

available in literature [46-48], and the algorithm recently developed by Luk-Cyr et al. [46] was 

implemented to avoid the ill-posed issue of the Volterra equation. 
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From Equation (3.3), Young’s relaxation modulus, 𝐸(𝑡) was obtained from the generalized 

Maxwell model as, 

                                                                                                                                                    (3.4) 

where 𝐸∞  and 𝐸𝑖  (i=1,…N) are relaxation coefficients, and 𝜆𝑖  (i=1,…N) are relaxation times, 

respectively. For a linearly viscoelastic material under uniaxial stress state, the uniaxial stress 

𝜎(𝑡) can be calculated from the applied strain history 휀(𝑡), using the Boltzmann superposition 

principle  

(3.5) 

 

For a linearly viscoelastic material, the fundamental viscoelastic functions in the time 

domain are either relaxation or creep. Young’s modulus at a given strain rate can be calculated 

from a viscoelastic function. In engineering application, the linearly viscoelastic material is often 

modeled as a linearly elastic material, in which Young’s modulus and Poisson’s ratio are used as 

input. In this paper, the Young’s modulus at a given strain rate is calculated from the Young’s 

relaxation function. Under a constant strain rate 휀(𝑡) = 휀0̇𝑡, where 휀0̇ is the constant strain rate, 

Equation (3.5) becomes [48, 49]                                                                                                                                                                   

(3.6) 

 

where  �̅�(휀0̇) is the Young’s modulus at strain rate 휀0̇, and �̅�(𝑡) is average Young’s relaxation 

modulus from time t0 to t. Equation (3.6) indicates that Young’s modulus at a given strain rate is 

equal to the time-average Young’s relaxation modulus. The value of t0 is chosen to be a short 
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time in order to develop dependable experimental data. At constant strain rate 휀(𝑡) = 휀0̇𝑡 , 

substituting relaxation modulus in Equation (3.4) into Equation (3.6) yields,  

           (3.7)     

In addition, the temperature-dependent Young’s relaxation modulus was also determined at the 

end of loading. For example, if the elapsed time is 5 seconds, then  

(3.8) 

3.3 Experiments 

The tensile specimens were prepared using the injection molding process, and the Young’s 

modulus was determined at selected temperatures. For nanoindentation experiments, the selected 

IC was embedded into epoxy potting material (modified Bisphenol A-Epichlorohydin Epoxy, 

Allied High Tech Products, Inc.). Each potted sample was cured at room temperature for 24 

hours. The ICs were cut diagonally to expose a large area to observe significant number of 

different sizes of the embedded glass beads as shown at low magnification in Figure 3.2(a) and a 

higher magnification in Figure 3.2(b). The exposed surface of the molding IC was chemo-

mechanically polished to a surface roughness around 30 nm. An Atomic Force Microscope 

(AFM) image of the surface profile is shown in Figure 3.2(c). The glass beads are somewhat 

circular and are typically on the order of 10 to 30 µm in diameter. The beads are surrounded by 

the epoxy. An Agilent G200 Nano Indenter was used for nanoindentation measurements. The 

indenter can reach a maximum indentation depth of 500 µm (resolution at 0.2 nm) and a 

maximum load of 500 mN (resolution at 50 nN). 
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Figure 3.2. Surface images of the exposed molding compound: (a) optical micrograph of an IC 

chip at low magnification; A - Epoxy matrix, B - Solder, C - Die attach adhesive, D - Silicon die, 

E - Molding compound, (b) optical micrograph at a higher magnification of the rectangular 

region in (a), (c) AFM image showing the surface topography of the molding compound after 

polishing. Surface roughness (RMS) is 31.6 nm. 
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A spherical indenter tip with radius of 50 μm, made from a single crystal diamond, was used 

in this investigation. The schematic diagram of spherical indenter is shown in Figure 3.3(a). 

Ivankovic et al. [1] used a Berkovich tip to measure the Young’s modulus of molding 

compounds, to indent deeply to obtain the bulk property. However, since the aim of this paper is 

to measure the Young’s modulus at elevated temperature, strong viscoelastic effects will play an 

important role, so that Ivankovic’s approach [1] may not guarantee the accuracy of measurement, 

especially at elevated temperatures. The analysis approach was restricted to linear viscoelasticity 

following the approach in [23], which restricted the initiation of plastic deformation. The large 

spherical indenter was chosen since it will reduce the possibility of a nonlinear deformation. A 

maximum load of 100 mN was applied on the indenter tip with a constant loading rate of 20 

mN/s. Experiments were conducted at 20oC, 50oC, 70oC, 90 oC, 110 oC, 125 oC, using an Agilent 

heating stage. 

Clearly, a single nanoindentation experiment provides only local mechanical properties 

since the diameter of the glass beads varies from approximately 10 to 30 µm. The spherical 

indenter tip with a large radius was used to indent on a glass bead and the surrounding epoxy 

simultaneously. Indentation sites were laid out in a rectangular array with a 50 µm Cartesian 

spacing in both directions, as schematically illustrated in Figure 3.3(b). The purpose was to 

provide sufficient distance between neighboring indents to mitigate any residual stress influence. 

Since the size of the glass beads in the molding compound in this study range from 10~30 µm, a 

spherical nanoindenter tip radius of 50 µm was used, giving a contact radius of approximately 10 

µm at a nanoindentation depth of 1 µm. The spherical tip will make contact with glass beads 

and/or epoxy under nanoindentation at different sites.  When a sufficiently large number of 
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nanoindentations are made, statistical analysis will provide effective mechanical properties of the 

molding compound. 

 
Figure 3.3. Illustration of the spherical indenter and indentation sites: (a) geometry of spherical 

indenter tip, (b) a rectangular grid of nanoindentation sites. 
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3.3.1 Determination of Representative Volume Element (RVE) 

Since the size of the glass beads in the molding compound in this study range from 10~30 

µm, a spherical nanoindenter tip radius of 50 µm was used, giving a contact radius of 

approximately 10 µm at a nanoindentation depth of 1 µm. The spherical tip will make contact 

with glass beads and/or epoxy under nanoindentation at different sites.  When a sufficiently large 

number of nanoindentations are made, statistical analysis will provide effective mechanical 

properties of the molding compound. In order to establish a rational for the minimum number of 

indentations, a total of 100 experiments were performed. In Figure 3.4, nanoindentation load-

displacement data from 5 to 100 nanoindentations was evaluated in groups. The initial average 

value of Young’s modulus at a given strain rate was obtained from a 5 nanoindentation sample 

set. The sample set was subsequently increased to the number of indents shown on the abscissa 

in Figure 3.4 with the average value of Young’s modulus at the given strain rate and the error 

bars (representing the standard deviation). The data suggests that at least 40 nanoindentations 

were required to produce a stable and converged result, with equally important the variation of 

the standard deviation. Figure 3.4 indicates that the first 2 to 3 data points were low, the data 

then increased and became stable. It suggests that there were not enough indents involved at the 

5 and 10 indents to capture the effective properties of the heterogeneous molding compounds. As 

the number of indents increased, larger area was involved and the higher standard deviation 

reflects the heterogeneous nature of the molding compound. The size of an RVE determined by 

nanoindentation likely depends on the radius of the spherical tip used. In section “Spatial 

Distribution of Young’s Modulus”, the RVE size will also be determined using a Berkovich tip, 

and compared with the RVE size determined by the spherical tip with 50 µm radius.  
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Figure 3.4. Average Young’s modulus at strain rates near 10-3 s-1 as a function of the number of 

indents in a rectangular grid of nanoindentation sites; the data is used to determine the 

representative volume element size. 

 

Another approach to establish the RVE or number of indents is by use of the well-known 

ten-time rule. For a composite material, the RVE is generally ten times of the largest 

characteristic dimension. For the molding compound under study, the largest diameter of the 

bead is around 30 µm. Thus a square region with side lengths of 300 µm would provide a 

qualified RVE. The area of the recommended RVE is 90,000 µm2. For a 10 × 5 indentation sites, 

with 50 µm spacing, the area is slightly larger than the 90,000 µm2. Accordingly, 50 

nanoindentation experiments are sufficient to characterize the effective properties of the molding 

compound under study.  The 10 × 5 indentation sites, with 50 µm spacing, were used for room 

and elevated temperature experiments. 
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3.4 Results and Discussions 

In this section, the methodology for determining Young’s modulus at a given strain rate at room 

temperature will be demonstrated. The nanoindentation results are used to determine the 

temperature-dependent Young’s modulus at a given strain rate, which will be compared with 

modulus data from bulk sample. Finally, the spatial distribution of the experimentally determined 

Young’s modulus values at a given strain rate will be correlated with an optical micrograph 

showing the matrix materials and glass beads of the molding compound. 

3.4.1 Nanoindentation at Room Temperature 

The nanoindentations were made at the 20 × 5 grid to extract the effective property of the 

molding compound. Nanoindentations were carried out under load-control, in which the indenter 

tip was pressed onto the sample and the load was increased linearly while simultaneously 

recording the displacement. In the approach used in this paper, the loading curve rather than the 

unloading curve was used to extract the viscoelastic functions. Thus, in Figure 3.5, only the 

loading portion of the nanoindentation load-displacement curves at 20o and 125oC are shown and 

the unloading portion is not shown. Since the nanoindentation experiments were conducted 

under a prescribed force history, and the measurements were made on displacements at different 

sites, scattering in the displacements was reflected in the two phase material consisting of the 

soft polymer and the stiff glass beads, the error bars show the standard deviation in the 

displacements. When the indenter primarily touches the polymer, the maximum displacement is 

relatively large, as compared to an indention made directly on a glass bead. The displacement at 

maximum load varied from 400 to 1000 nm.  
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Figure 3.5. Nanoindentation load - displacement curves at 20oC and 125oC. Experiments were 

conducted under a given nanoindentation force history, the error bar shows standard deviation in 

displacements. 

 

For each nanoindentation experiment, a nonlinear least squares fit was implemented to fit 

Equation (3.1) into the experimental load-displacement curve to determine the best-fit 

parameters: 𝐽0, 𝐽1, …, 𝐽𝑁 for the given  𝜏1, 𝜏2, . . . , 𝜏𝑁. It is noted that the choice of the fitting 

parameters is not unique and that different parameter sets can provide the same shear creep 

compliance. Knauss and Zhao [50] indicated that the choice of the retardation times is not 

subject to single stringent criterion and suggested that allowing for one retardation time per 

decade is usually satisfactory. In this paper, five predetermined retardation times were selected, 

they are 0.01 s, 0.1 s, 1 s, 10 s, and 100 s, which will encompass the experimental time frame to 

provide a smooth creep function. The corresponding compliance parameters 𝐽𝑖  were obtained 

from this curve fitting process. The best-fit parameters were then used in Equation (3.2) and 
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Equation (3.3) to obtain the Young’s relaxation modulus. Finally Equation (3.6) and Equation 

(3.7) were used to calculated the Young’s modulus at a given strain rate. 

 

Figure 3.6. Nanoindentation results at 20oC: (a) experimental and fitted nanoindentation load - 

displacement curves, (b) uniaxial creep compliance and Young’s relaxation modulus. 
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This procedure is illustrated with one set of nanoindentation data. Both the experimental and 

fitted load-displacement curves are shown in Figure 3.6(a). The least squares correlation 

coefficient is 1.3×10-4, indicating a good correlation. The parameters used in Equation (3.1) to 

obtain the fitted curve as shown in Figure 3.6(a) were used in Equation (3.2) to determine the 

shear creep compliance, given as, 

            

(3.9) 

 

where t is elapsed time in seconds. By implementing the approach by Luk-Cyr’s et al. [42], the 

Young’s relaxation function was determined as,  

 

 (3.10) 

 

The uniaxial creep compliance (can be directly calculated from shear creep compliance by 

assuming the constant Poisson’s ratio) and Young’s relaxation function are shown in Figure 

3.6(b). Subsequently the Young’s modulus at a given strain rate 8.3×10-4 s-1 and Young’s 

relaxation modulus 𝐸5𝑠 were calculated as 17.4 GPa and 16.4 GPa, respectively.  

Similarly, for the rest of the 100 experiments conducted at room temperature, curve fitting 

was performed with the same procedure shown above. Finally, the average value of all one 

hundred experiments, for the two phase material was obtained and cited as Young’s modulus at 

room temperature for a given strain rate. As long as the indentation area meets the RVE 

requirement, the effective property of the highly heterogeneous molding compound can be 

determined. In this study, the isotropic response of the molding compound was assumed. Future 
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work may take into account the anisotropy of the interface of glass beads and surrounding 

polymer matrix. 

3.4.2 Nanoindentation at Elevated Temperatures 

Nanoindentation load-displacement curves generated from experiments at elevated 

temperatures were obtained at 50±0.3oC, 70±0.5oC, 90±1oC, 110±2.2oC and 125±3oC. Figure 

3.7 shows the average experimental and fitted curves for all temperatures.  

 

Figure 3.7. Typical nanoindentation load - displacement curves at several temperatures. Solid 

lines are experimental data and dotted lines are fitted curves from Equation (3.1). 

 

Clearly the higher temperature softens the polymer and reduces the stiffness. The 

temperature influence is also observed in Figure 3.5 from the wider data band for the 125oC 

experiment as compared to the 20oC data bands. The wider data bands at 125oC suggest the 
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polymer is sufficiently soft to allow the indenter to deflect not only the polymer but also the 

glass beads in the polymer. It is possible that the polymer at 125oC has reached the glass 

transition region. 

As shown in Figure 3.7, when temperature increased, the displacement at maximum load 

became larger, a common trend for most materials. At temperatures lower than 90oC, the typical 

nanoindentation load-displacement curves were close to each other, and the range of the 

maximum displacement for the 20oC to 90oC temperature range was very similar, indicating that 

the molding compound has not approached its glass transition region and the reinforcement from 

the glass beads is significant. When the temperatures were increased to approximately 110oC and 

125oC, both the shape of nanoindentation curves and the maximum displacement values changed 

significantly, compared to those below 90oC. Note that, for the molding compound under 

investigation, the displacement limit for linear viscoelasticity was set to 1200 nm, thus, at 125oC, 

the nanoindentation load-displacement curve up to 1200 nm depth was used for fitting by 

Equation (3.1) and shown in Figure 3.7. Following the previous procedures, the Young’s 

modulus at a given strain rate and Young’s relaxation modulus  𝐸5𝑠  for each experiment, at each 

temperature were calculated and the effective properties were calculated from the average of the 

results obtained at different sites. 

Figure 3.8 shows the Young’s modulus at a given strain rate and Young’s relaxation 

modulus  𝐸5𝑠. As expected, the effective Young’s modulus decreases as the temperature 

increases. In addition, the error bar indicates the standard deviation. The standard deviation is 

higher at lower temperatures, this is likely due to the fact that at lower temperatures the polymer 

provides support to the glass beads so that there is a significant contrast in modulus values, 
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depending on whether the indenter tip makes contact with only polymer or the glass beads 

supported by the stiff polymer at a lower temperature. 

 

Figure 3.8. Temperature-dependent modulus data, including Young’s modulus at strain rate in 

the neighborhood of 10-3 s-1. Young’s relaxation modulus at time t = 5s which is the ending point 

of nanoindentation experiment at various temperatures, and bulk data obtained from dog-bone 

samples. 

 

 However, at elevated temperatures (especially at 110oC and 125oC), the polymer 

approached its glass transition region and became softer, providing less support to the glass 

beads, and thus the load spreading of the glass beads had less influence on the deflection 

response. Also, Figure 3.8 shows the comparison of the two calculated temperature-dependent 

effective Young’s modulus values obtained from nanoindentation with the material properties 
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obtained from bulk samples. It is seen that, at temperatures lower than 110oC, the effective 

Young’s modulus values obtained from nanoindentation agree reasonably well with data 

obtained from bulk samples. At 110oC and 125oC, the effective Young’s modulus values 

obtained from nanoindentation were lower than data for the bulk samples. For bulk samples 

under uniaxial loads for measurement of Young’s modulus, glass beads displace collectively to 

satisfy plane assumption, thus glass beads provide stiffness to the molding compound; for a 

small amount of molding compound in IC under nanoindentation, glass beads, with a weak 

support from polymer at a higher temperature, are displaced by a nanoindenter tip and deform 

locally so that the contribution of the softer material behavior from the polymer plays a more 

significant role in the stiffness of the molding compound, giving smaller modulus than the 

traditional bulk testing. The higher modulus values compared to the lower nanoindentation 

values is influenced by the bulk material sample size interacting with the large volume of beads, 

by the influence of the Poisson contraction during experiment.  The effect on packaging 

dimensions and processing [51,52] herein may explain the difference at high temperatures 

between the bulk material data and the nanoindentation results. 

3.4.3 Effect of Poisson’s Ratio 

In general, for a viscoelastic material, Poisson’s ratio is a function of temperature and time. In 

the analysis of the nanoindentation data in this study, a constant Poisson’s ratio of 0.3 was used 

for all temperatures, primarily for the following reasons: first, the Poisson’s ratio of 0.3 is often 

used for finite element analysis of molding compound used in the glassy state; second, the 

Poisson’s ratio is in general around 0.3 for epoxies at room temperature, it becomes larger when 

the temperature gradually approaches the glass transition regime. The volume fraction of glass 
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beads in the molding compound in this study is approximately 70%. When the rule of mixture is 

used to estimate the Poisson’s ratio at elevated temperatures, the Poisson’s ratio for the molding 

compound will not change appreciably with temperature, and as a result the calculated Young’s 

modulus data is not sensitive to the Poisson’s ratio.  

Table 3.1. Effect of Poisson’s ratio on the average Young’s modulus at given strain rate. 

Temperature (oC) Assumed 

Poisson’s ratio  

Young’s 

Modulus at 

given strain 

rate (GPa) 

Poisson’s ratio 

taken from [1] 

Young’s 

Modulus at 

given strain 

rate (GPa) 

Difference in 

modulus 

22 0.3 25.8±9.0 0.32 25.9±9.1 0.4% 

50 0.3 25.7±9.3 0.34 26.4±9.6 2.7% 

70 0.3 25.2±8.9 0.37 26.6±9.4 5.4% 

90 0.3 22.5±7.4 0.38 24.1±7.9 6.9% 

110 0.3 12.2±4.1 0.395 13.2±4.4 8.4% 

125 0.3 3.2±0.6 0.42 3.5±0.7 10.5% 

 

Since the Poisson’s ratio for the molding compound at elevated temperatures is not available 

in literature, we took the temperature-dependent Poisson’s ratio data for PMMA [54] to estimate 

the trend of the Poisson’s ratio for the epoxy used in this study. The Poisson ratio for the epoxy 

is estimated to be between 0.3 and 0.45. If the Poisson’s ratio of the molding compound is same 

as the epoxy, Young’s modulus at given strain rates at different temperatures was obtained by the 

viscoelastic analysis. The calculated effective properties are shown in Table 3.1. The difference 

is in general less than 10%. If the rule of mixture is used, the Poisson’s ratio of the molding 

compound is estimated in the range of 0.28 at room temperature to 0.34 at 125oC, giving a 

difference of less than 3% in Young’s modulus at a given strain rate.   
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3.4.4 Spatial Distribution of Young’s Modulus 

Nanoindentation on composites and other multi-phase materials was made to determine the 

properties of the individual constituents [55-58]. In this study, however the attention was not 

focused on extracting material properties for individual phases, rather the effective properties of 

a two-part heterogeneous molding compound. The approach used for the development of the 

RVE also provided a method to produce a mapping of the experimental Young’s modulus over 

the region of interest. The Young’s modulus map was plotted to compare the experimental 

results with an optical micrograph, to show the polymer and the random bead distribution. 

Clearly the high value of Young’s modulus regions should map to the locations in the optical 

micrograph showing glass beads as observed in Figure 3.9(a). 

To obtain a high resolution modulus map, a Berkovich tip was used. The maximum 

nanoindentation load was selected as 15 mN and the molding compound region of interest used a 

30 × 30 grid with a 5 µm distance between neighboring nanoindentation sites. The typical 

maximum displacement attained was around 700 nm. Thus the 5 µm distance was sufficient to 

eliminate the residual stress effect from other indents, since the plastic zone was around 2~3 

times of the maximum nanoindentation depth [59, 60]. The equation for linearly viscoelastic 

analysis with a Berkovich tip can be found in [23]. After obtaining the discrete Young’s modulus 

at each nanoindentation site, instead of plotting results directly like a checkerboard [55, 58], 

cubic interpolation was implemented to obtain a smooth contour plot.  Figure 3.9(b) shows that 

the spatial distribution of Young’s modulus has captured the influence of the glass beads and the 

surrounding polymers. There is in very good agreement between the optical micrograph and 

Young’s modulus map, which further validated the approach. 
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Figure 3.9. Spatial variation of effective Young’s modulus at strain rates near 10-3 s-1: (a) 

optical micrograph of residual indents from 30 × 30 nanoindentations by Berkovich tip on the 

surface of a molding compound, (b) distribution of effective Young’s modulus at strain rates 

near 10-3 s-1 in the same area shown in (a). 
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Since a grid pattern of nanoindentations were conducted, the data contains information such 

as surface and volume fraction. With information contained in the experiments, further statistical 

analysis can be applied to determine the properties of the polymer and glass beads 

independently, then generate the molding compound properties based on the statistical 

representation of the constituents. Statistical analysis was conducted on the data in the Figure 

3.9(b). The volume ratio of glass beads to epoxy in the molding compound can be determined as 

the proportion of the frequency of Young’s modulus measured by nanoindentation when the 

number of data points is large. Due to the heterogeneous nature of the sample, the glass beads 

and the epoxy are in random distributions, and the probability density function follows a 

Gaussian-like distribution.  

 

Figure 3.10. Histogram for the Young’s modulus at strain rates near 10-3 s-1 for the molding 

compound. The peaks values are for epoxy and glass beads. Volume fraction of the glass beads is 

78.2%. 
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From the histogram in Figure 3.10, two peaks were identified. The probability distribution 

of Young’s modulus of the molding compound is assumed to follow the summation of two 

independent Gaussian distributions given by, 

     

(3.11) 

where 𝜇1 and 𝜇2 are the expectation values; 𝜎1 and 𝜎2  are the standard deviations (SDs) for the 

epoxy and glass beads, respectively; 𝛼 and (1- 𝛼) are the weight factors for the epoxy and glass 

beads, respectively. The best-fit parameters were determined using the Levenberg-Marquardt 

algorithm. Table 3.2 summarizes the best-fit model parameters with 0.661 coefficient of 

determinant. The volume ratio for epoxy to glass beads was determined as 21.8/78.2. 

Table 3.2. Parameters for the Bi-modal Gaussian distribution of the Young’s modulus at a given 

strain rate of the molding compound. 

Parameters 1 (GPa) 1 (GPa) µ2 (GPa) 2 (GPa)  

Value 10.3±0.34 3.02±0.48 37.5±5.44 28.7±9.78 0.218±0.080 

Constituent  Epoxy Epoxy Glass beads Glass beads Epoxy 

 

The optical micrograph of the molding compound, as shown in Figure 3.9(a), was analyzed 

using ImageJ [61], and the surface fraction of glass beads was calculated as 70.3%, which is 

close to the 78.2% volume fraction obtained from the statistical analysis of the Young’s modulus 

data. The effective Young’s modulus at a given strain rate, obtained from the rule of mixture, is 

E = 31.5 GPa, which is slightly higher than what was obtained from average data, 28.8 GPa, 

from the 900 sites of nanoindentation; the difference is about 9.4%. Also, from the spherical 
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nanoindentation, the effective Young’s modulus at a given strain rate was obtained as 25.8 GPa. 

These numbers are in general in reasonable agreement. 

RVE analysis was made for nanoindentation using a Berkovich indenter tip at 900 

nanoindentation sites. The average value of Young’s modulus at a given strain rate was obtained 

from nanoindentation on a square grid of N × N, where N is the number of grid points on each 

side of the square. The space between two neighboring grid points was maintained at 5 µm. The 

number of grid points was gradually increased, subsequently the average value and the standard 

deviation of Young’s modulus at the given strain rate were evaluated.  

 

Figure 3.11. Average Young’s modulus at given strain rates as a function of the number of 

indents (N×N) in a rectangular grid of Berkovich nanoindentation sites. 

 

In Figure 3.11, nanoindentation load-displacement data from 1 ×  1 to 30 ×  30 

nanoindentations are shown in groups. The data suggests that at 26 ×  26 nanoindentations, 
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corresponding to an RVE area of 125 µm × 125 µm, were required to produce converging result. 

The side length of 125 µm is about six times of the average glass bead diameter, which is 20 µm. 

In comparison with the RVE size (90,000 µm2) determined by the 50 µm spherical tip, the RVE 

size determined using a Berkovich tip is smaller. However a much larger number of 

nanoindentations are needed to obtain the effective mechanical property data compared with the 

use of spherical tip with 50 µm radius: It only took 50 nanoindentations to obtain the effective 

Young’s modulus at a given strain when a spherical tip of 50 µm radius was used, while it 

required more than 600 nanoindentations using a Berkovich tip. The effective Young’s modulus 

at a given strain rate, obtained from RVE using Berkovich tip, is about 28.8 GPa, which is within 

12% of the value of 25.8 GPa, which is the value determined by RVE using spherical 

nanoindentation.  

Table 3.3. Young’s modulus of the molding compound obtained from different methods. 

Method E (GPa)  Standard 

Deviation 

Elastic-plastic analysis 

[12,13] 

39.7              15.6 

Viscoelastic analysis [23] 28.8  16.4 

 

As mentioned earlier, the Oliver-Pharr method, experiences difficulties to measure the 

mechanical properties of viscoelastic materials. One well-known phenomenon is the formation of 

unloading “nose” or negative stiffness during unloading that often occurs during slow loading-

unloading in nanoindentation on a viscoelastic material [21, 22]. For our experiments, a negative 

slope of initial unloading curve was shown as in Figure 3.1. For those 900 nanoindentation 

experiments mentioned above, the average Young’s modulus calculated from Oliver-Pharr 
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method is shown in Table 3.3, which yields a nearly 40% larger Young’s modulus value than 

obtained from the approach used in this paper. 

3.5 Conclusions 

Young’s modulus for a molding compound was measured by nanoindentation on a production IC 

that was potted and cross-sectioned. A 50 µm radius diamond spherical tip was used in 

nanoindentations, from which the effective properties of the highly heterogeneous molding 

compound were determined. The effective Young’s modulus values at a given strain rate were 

obtained at 20oC, 50oC, 70oC, 90oC, 110oC and 125oC. The experimental load-displacement 

curves were fit to an analytical model, generating the parameters for the Prony series for the 

shear creep compliance function, which was further inverted to determine the effective Young’s 

relaxation modulus and also the Young’s modulus at a given strain rate. 

Two separate definitions, namely an effective Young’s modulus at a given strain rate and 

Young’s relaxation modulus at a given time were used to represent the temperature-dependent 

Young’s modulus of the molding compound. The values obtained from the two methods were in 

good agreement with data obtained from bulk samples at or below 90oC. However when the 

temperature was near or higher than 110oC, the Young’s modulus at a given strain rate 

determined by nanoindentation was significantly lower than the data obtained from bulk 

samples. In addition, nanoindentations were made at a large number of sites on a rectangular grid 

using a Berkovich tip, to generate the spatial distribution of Young’s modulus at room 

temperature to compare to an optical micrograph of the molding compound. The modulus map 

was in a good agreement with optical micrograph showing high modulus values in regions where 

glass beads were prevalent and low modulus values elsewhere.  
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CHAPTER 4 

EVALUATION OF THE EFFECT OF THERMAL OXIDATION AND MOISTURE ON 

THE INTERFACIAL SHEAR STRENGTH OF UNIDIRECTIONAL IM7/BMI 

COMPOSITE BY FIBER PUSH-IN NANOINDENTATION 

4.1 Introduction 

Bismaleimide (BMI) composites have been used extensively for structural components in 

aircraft, including composite frames for turbine engines and engine exhaust washed structures 

due to a unique combination of high service temperature, reasonably high fracture toughness and 

epoxy-like processing conditions [1, 2]. BMI composites, however, are known to have very 

limited service life under worst-case operational conditions, due to chemical, physical and 

mechanical degradation under harsh environmental conditions such as temperature cycles and 

atmospheric humidity experienced in flight [3–5]. Failure of composites in these aggressive 

environments has a direct impact on operational cost and fleet readiness. For an IM7/BMI 

unidirectional composite after exposure to 195°C and 245°C for 2 months, we have reported its 

dynamic compressive behavior at high strain rates [5]. The results show that thermal oxidation 

leads to a significant reduction in stiffness and strength. In a follow-up work [6], the dynamic 

compressive experiments were conducted to determine the effect of thermal oxidation on the 

mechanical properties of the BMI resin at high strain rates. The resin exposed to 245°C for 1500 

hours shows only slightly reduced mechanical properties, which is in stark contrast to the data 

reported for IM7/BMI unidirectional composite oxidized for two months at 245°C [5]. It 

indicates that degradation in composites is likely due to matrix shrinkage and debonding at the 

interface between fibers and matrix. Consequently, measuring the thermal degradation of the 
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neat resin is a necessary, but not sufficient step for understanding the appropriate mechanism for 

synergistic degradation at the fiber/matrix interface in a composite. In this paper, an investigation 

was made to determine the effect of thermal oxidation on the fiber/matrix interface behavior 

directly using push-in nanoindentation. 

Composites can absorb moisture not only during the flight but also in storage. Although it 

has been known that moisture-induced swelling may degrade the fiber/matrix interface [4], most 

of literatures investigating the moisture effect in polymer composites have placed an emphasis 

for predicting the diffusion of moisture, and moisture concentration as a function of position and 

time. Much less attention is given to the degradation of fiber/matrix interface due to the long-

term moisture effects [7, 8]. During the service, the moisture-saturated polymer composites can 

be subjected to rapid heating. If the heating is too fast for the absorbed moisture, likely in the 

form of vapor to escape, large internal water vapor pressures can develop, leading to void 

nucleation in matrix and at the fiber/matrix interface. The steam-induced delamination and 

blistering (referred as steam blistering effect in this paper) can potentially cause failure of the 

composite. This phenomenon has led to many research interests from both experimental [9, 10] 

and theoretical perspectives [11, 12]. While more detailed literature review can be found in [11] 

and the reference therein, investigations on the effect of steam blistering on the degradation of 

interfacial shear strength, especially for BMI composites, are very rare. 

Over decades, a number of experimental techniques have been developed to evaluate the 

fiber/matrix interface adhesion by mechanically  characterizing the interfacial shear strength 

(IFSS) [13].  IFSS is commonly measured using micromechanical test methods such as the 

single-fiber fragmentation test [14], the microbond test [15–17], the single-fiber push-out test 
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[18, 19], and the fiber push-in test [20–22].  Yang et al. [16] measured  IFSS  of thermal-

oxidative degradation glass fiber-polypropylene composites by microbond test. Yu et al. [7] 

reported long-term moisture effects on IFSS measured by microbond test. Micrbond test utilize 

single fibers embedded in a matrix, which has inherent difference with actual as-processed 

composites. To study the environment effects such as thermal oxidation and steam blistering, it is 

necessary to measure IFSS on the actual composites, in which case fiber push-out and fiber push-

in tests can be applied. However, the fiber push-out test requires the cumbersome preparation of 

very thin sample (~50 μm), and sample tends to break during the polishing very easily, which 

results in extremely low yield in sample preparation. Due to these reasons, the fiber push-in 

experiments were conducted in this investigation. To the best of our knowledge, for IM7/BMI 

composites, there have been no results reported on the effect of thermal oxidization and steam 

blistering, with an emphasis on fiber/matrix interface behavior. 

In this chapter, unidirectional IM7/BMI composite was exposed to thermo-oxidation at 

elevated temperatures, close to and above the service temperature for 2 months. IM7/BMI 

laminates were also immersed in water for 2 years at room temperature. The moisture-saturated 

specimens were heated to 260oC under different thermal histories, and the interfacial shear 

strength was characterized by fiber push-in nanoindentation. The effect of thermal oxidation and 

steam blistering was then investigated and discussed in detail.  
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4.2 Material and experiments 

4.2.1 Material 

The thermal oxidized unidirectional IM7/BMI composite plates were the same as those used in 

our work published earlier [5], thus only a brief description on specimen preparation is presented 

here, and more details can be found in reference [5]. The composite square plates with a nominal 

thickness of 2.0 mm and a side length of 150 mm, were oxidized at 195oC (close to the service 

temperature of 204oC) and at 245oC (higher than the service temperature but lower than glass 

transition temperature of 270 oC) in air, respectively for 1500 hours (about 2 months). After 1500 

hours of oxidation, the central portion (at least 41 mm away from all edges) of the large 

composite plates were cut into small rectangular specimens using 0.3 mm thick diamond-coated 

saw blade under cooling by flowing water. Subsequently, the specimens were washed, cleaned 

and dried at 60oC for 72 hours. Figure 4.1 shows a schematic diagram of a unidirectional 

IM7/BMI composite specimen prepared from a composite panel after oxidation. “x1” is along the 

fiber direction.   

 To investigate the effect of steam blistering, 6 pieces of unidirectional IM7/BMI composite 

plates of 38.1 mm wide and 127.0 mm long were cut from composite plates with a thickness of 

2.0 mm and 304.8 mm side-length, the samples were immersed in water for nearly 2 years at 

room temperature. The mass of each plate was weighed by a digital balance (Denver Instrument, 

APX-200). Before weighing, the plate specimens were removed from water, dried with clean 

tissues until the tissue did not absorb water. 
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Figure 4.1. Schematic diagram of a thermally oxidized IM7/BMI unidirectional composite 

laminate after exposure to a high temperature. The schematic diagram shows a central portion of 

a larger laminate after oxidation. The oxidized composite contains three zones: Zone I (fully 

oxidized zone), Zone II (active reaction zone), and Zone III (unoxidized zone). A Cartesian 

frame is also shown, with x1 aligned with fiber direction. 

 

The average weight gain was 0.787% in 1.5 years and no additional weight gain was 

detected thereafter, indicating that it took about 1.5 year to reach a water saturated state. A 0.3 

mm thick diamond-coated blade saw was used to cut the specimens. After cutting, the cutting 

surfaces were lightly polished by #600 sandpaper to produce smooth surface. Subsequently, the 

specimens were washed, ultra-sonically cleaned and then placed back into water. Two heating 

procedures, namely sudden heating (under thermal shock) and ramp heating, were used. In the 

first procedure, a specimen was directly placed inside an oven preheated to 260 C. In the second 

procedure, temperature was slowly ramped up to 260C at a rate of approximately 6C/min in a 
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Fisher Scientific oven LB 305745M (320C maximum temperature with ±2C accuracy). For 

heating at a ramp temperature history, it took 40 minutes to increase the temperature to 260C at 

a rate of approximately 6C/min. The final average weight loss was 0.760%. For the step 

heating, the wet sample was directly placed inside the oven preheated to 260C for 5 minutes; 

and the average final weight loss of a specimen was 0.727%.  

 

Figure 4.2. Scanning electron micrograph of a cross-section of a pristine IM7/BMI composite. 

The highlighted regions in the red and green boxes are used in full 3D finite element simulations 

(shown in Figure 4.8).   

 

The unidirectional IM7/BMI composite specimens were prepared in six conditions, namely 

baseline specimens, specimens oxidized at 195C, specimens oxidized at 245C, wet specimens 

(fully saturated, and no steam blistering), saturated specimens undergoing step heating history to 

260C, and saturated specimens undergoing ramp heating history to 260C. The composite 

specimens were embedded into epoxy potting material (modified Bisphenol A-Epichlorohydin 
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Epoxy, Allied High Tech Products, Inc.).  Each potted sample was cured at room temperature for 

24 hours. The cross section perpendicular to the fibers of the unidirectional composite specimens 

were polished first by #800 and #1200 sandpaper, respectively. The specimens were then 

polished by a MultiPrepTM system polishing machine using alumina suspension with particle size 

from 1 µm to 50 nm in sequence. Figure 4.2 shows a typical scanning electron microscopic 

(SEM) images of the cross-sectional area of baseline specimen.  Most of the cross sections of the 

IM7 fibers were found to be in an approximately circular shape, and the plane parallel to the 

specimen surfaces can thus be considered to be perpendicular to the fiber. They were used for 

fiber push-in nanoindentation in the fiber directions.  

4.2.2 Fiber push-in nanoindentation 

In this paper, interfacial shear strength was determined by fiber push-in nanoindentation 

experiments [20, 21, 23]. All the fiber push-in nanoindentations were conducted on an Agilent 

G200 nanoindentation system. The nanoindentation system can reach a maximum indentation 

depth of 500 µm (0.2 nm resolution) and a maximum load of 500 mN (50 nN resolution).  A flat 

punch tip (Micro Star Tech) of 3 μm in diameter was used in this investigation. In order to 

conduct nanoindentation on an IM7 carbon fiber (5 μm in diameter) at close to the center of a 

fiber as possible, calibration was conducted to obtain an accurate lateral position of the indenter 

relative to the sample surface with the use of an optical microscope on the nanoindentation 

system. All the fiber push-in nanoindenations were conducted at a constant loading rate of 1 

mN/s. Considering the fact that the 45o cone angle of indenter used in this investigation, the flat 

punch tip will not touch the matrix if the maximum displacement is below 1 μm. In this study, 

the maximum load was chosen such that the maximum nanoindentation displacement was below 
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700 nm. Twenty-five fiber push-in nanoindentations were conducted for each preparation 

condition of the IM7/BMI composite specimen. During the experiment, it was found that error in 

positioning of the flat punch indenter was accumulated over time, making it difficult to push the 

target fiber right at the center. Thus, the residual indents were checked every five push-in 

experiments, if the nanoindentation site was off from the center by more than 1 μm, the data was 

disregarded and the calibration between flat punch tip and optical microscope was re-conducted. 

The procedure mentioned above was repeated until 25 fiber push-in nanoindentations were 

completed, with all the nanoindentation sites located approximately in the center of IM7 carbon 

fibers. Attempts were made to select target fibers that have approximately the same diameter and 

local fiber configurations, which best represent the overall volume fraction. Fibers selected in 

experiments were nearly hexagonally packed, and they were not touching the surrounding fibers. 

During a fiber push-in nanoindentation experiment, the flat punch tip was pressing on an 

individual fiber until fiber/matrix interface debonding occurred. The applied nanoindentaion load 

and the resulting nanoidentation displacement were recorded. A typical push-in nanoindentation 

load-displacement curve follows an “S” shape [23]. The initial nonlinear region at small depths, 

designated as “toe” region, is the result of imperfect contact between the fiber and flat punch 

indenter. As the flat punch tip makes full contact with the fiber end, the resulting push-in load 

follows a linear relationship with the displacement, giving a contact stiffness S0, representing 

linear elastic deformation of fiber and matrix. The end of the linear region marks with the 

beginning of the fiber/matrix interface failure, or debonding. A simplified shear-lag model [20–

25]gives the expression for the interfacial shear strength, 𝜏0
𝑆𝐿 

            𝜏0
𝑆𝐿 =

𝑆0𝑃𝐶

2𝜋2𝑟3𝐸𝑓
                                                          (4.1) 
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where S0 is the stiffness (slope) of the linear elastic region, Pc is the critical load at the onset of 

nonlinearity, r is the fiber radius, Ef is the longitudinal elastic modulus of the fiber. The stiffness 

of the elastic region 𝑆0 depends on the fiber and matrix properties, as well as the confinement 

from the surrounding fiber and matrix, which depends on the local fiber volume fraction. 

Rodríguez et al. [21] performed a series of numerical simulations, and reported that the above 

shear-lag model underestimated interfacial shear strength for push-in experiments conducted at 

the central fiber of highly-packed clusters with hexagonal symmetry, and proposed a simple 

relationship to provide correction. However, the relationship reported in [21] is based on fiber 

and matrix properties of one composite with specific compound and fiber/matrix configurations. 

The relationship does not necessarily hold for the IM7/BMI composite used in this investigation. 

Thus, for IM7/BMI composites used in this study, numerical simulations were conducted to 

assist the determination of interfacial shear strength. 

4.3 Finite element model 

4.3.1 General model 

An inverse method is used to determine the interfacial shear strength from the push-in 

nanoindentation on the composites. To this end, finite element method (FEM) was used to 

simulate the fiber push-in experiments on IM7/BMI composite. The commercial software 

package ABAQUS V6.14 was used for the modeling. A typical three-dimensional (3D) FEM 

model used to simulate the fiber push-in nanoindentaions is shown in Figure 4.3. The baseline 

case of a 3D FEM model is simplified as one sixth of the entire 3D model to reduce the 



 

82 

computational time by considering the hexagonal symmetry of the fiber packing. A flat punch tip 

of 3 μm in diameter, which is same as the one used in experiments, is modelled as rigid.  

 

Figure 4.3. Three dimensional finite element models for nanoindentation push-in experiment for 

IM7/BMI composite. (a) overall geometry and FEM mesh; (b) top surface of the FEM model for 

pristine composite, with a local fiber volume fraction of 0.6; (c) top surface of the FEM model 

corresponding to a local fiber volume fraction of 0.9. 
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The central IM7 carbon fiber with 5 μm diameter is surrounded by six IM7 carbon fibers. 

Those carbon fibers are embedded in the BMI matrix and this central region is surrounded by an 

annular region of homogeneous material continuum with effective properties of IM7/BMI 

composite. The height and radius of the FEM model were selected to be 375 and 80 μm, 

respectively. This model size was found to be large enough to avoid sample size effect on the 

push-in nanoindentation load-displacement curve. The distance between the central fiber and 

surrounding fiber is specified such that it corresponds to a 60% fiber volume fraction. It was 

found that the local fiber arrangement used in this investigation agreed well with the 

experimental results. The validity of this assumption will be addressed in the Discussion section. 

Table 4.1. Material properties used in FEM simulations 

Material property  IM7 fiber IM7/BMI composite BMI matrix 

Longitudinal modulus  E1  (GPa) 276 174 4.6 

Transverse modulus     E2    (GPa) 19 12.1  

Shear modulus             G12  (GPa) 27 9.0  

Poisson’s ratio              𝜈12 0.2 0.36 0.35 

Poisson’s ratio              𝜈23 0.2 0.45  

Longitudinal CTE        𝛼1  (10-6 /oC) -0.4 0.25 44 

Transverse CTE           𝛼2  (10-6 /oC) 5.6 21.1  

 

The carbon fiber is modeled as a transversely isotropic and linear elastic solid, and the 

BMI matrix is modeled as a linear elastic isotropic solid. Material properties used in simulations 

were taken from previously published data [26, 27], as summarized in Table 4.1. The yield 

strength of BMI matrix is above 200 MPa [28], which is several times larger than the interfacial 

shear strength. Since the yield strength is twice as large as the interfacial shear strength, plastic 

deformation of the matrix was not taken into account in this investigation, assuming linear elastic 

response of BMI matrix will not affect the onset of nonlinearity, and the results on the interfacial 
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shear strength [21, 29]. In the FEM models, different parameters were considered, these include: 

interfacial strength, interfacial fracture energy, local fiber arrangement, curing residual stresses, 

and friction coefficient.  The FEM model contains 117,422 linear hexahedral fully-integrated 

elements (C3D8) and 2,010 linear wedge fully-integrated elements (C3D6). Adaptive meshing 

was used, and very fine mesh was used at the fiber/matrix interface and the region underneath 

the flat punch indenter. The fiber/matrix interface was considered as infinitesimally thin, and a 

surface-based cohesive interactions were used in the model to take into account of the 

fiber/matrix debonding and effect of friction during fiber push-in nanoindentations. Mesh 

convergence studies were conducted to ensure that proper mesh refinement has been achieved. 

4.3.2 Surface-based cohesive behavior 

To model the debonding between fiber and matrix, a surface-based cohesive interaction was used 

and the interface was assumed to satisfy bilinear traction separation law. The undamaged and 

uncoupled linear elastic traction separation behavior is defined as, 0 0

0 0

0 0

n nnn
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ttt t

t K
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t Kδ

                                     (4.2) 

where t is nominal traction vector and 𝜹 is separation displacement vector. K is stiffness matrix. 

The subscripts n, s, and t represent normal, shear and tangential components at the fiber/matrix 

interface, respectively. Damage is initiated once the quadratic traction criterion is satisfied,  
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85 

where 𝑡𝑛
0, 𝑡𝑠

0 and 𝑡𝑡
0 are normal, shear, and tangential interfacial strength, respectively. Brackets 

for tn are the Macaulay brackets, which return the argument if it is positive and give a zero if the 

argument is negative, since the compressive normal stresses will not open the crack [15, 21, 30]. 

It is noted that the fiber push-in nanoindentations only provide the values of the interfacial shear 

strength. In this study, the interfacial strengths in three directions are assumed equal to each 

other, namely 𝑡𝑛
0 = 𝑡𝑠

0 = 𝑡𝑡
0 = 𝜏0. The cohesive behavior is defined to follow the linear softening 

damage evolution law,  

(1 )D t Kδ                                                                    (4.4) 

where D is damage parameter defined as 0 in the case of no damage and 1 at the complete 

failure. Additional details on the bilinear traction separation law can be found elsewhere [15]. 

  In this investigation, a series of simulations were conducted by varying interfacial shear 

strength, 𝜏0 = 40, 50, 60, 70, 80, 90 and 100 MPa; interfacial fracture energy, Gc =2, 5, 10, 20, 

30, 40 and 80 J/m2; friction coefficient, 𝜇 = 0, 0.2, 0.4 and 0.6. To study the effect of residual 

stress induced in the curing process, isotropic coefficient of thermal expansion for the BMI 

matrix, and anisotropic coefficients of thermal expansion for IM7 fiber and IM7/BMI composite 

were used, with values given in Table 4.1. An initial stress state was introduced based on a 

cooling from the curing temperature of 227oC to room temperature. The conclusions obtained 

from above simulations will be used to interpret the experimental data. 
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4.4 Results and discussions 

4.4.1 Fiber push-in nanoindentation and FEM simulations: baseline specimens 

Fiber push-in nanoindentations were conducted first on pristine IM7/BMI composite, and the 

experimental load-displacement curves are shown in Figure 4.4, from which a reasonably good 

reproducibility can be observed. 

 

Figure 4.4. Nanoindentation push-in experimental and simulated load-displacement curves for 

IM7/BMI pristine specimen. Black lines represent the experimental results, other color curves 

are FEM simulation results with different input values for the interfacial shear strength. 

 

The experimental load-displacement curves are also compared with simulated curves. They 

agree with each other reasonably well, especially in the linear region, indicating that our FEM 

model with a fiber volume fraction of 60%, both for overall composite, and for local region 

could capture the mechanical behavior of IM7/BMI composite during the fiber push-in 
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nanoindentations. For a detailed microscopic analysis of the load-displacement relationship, fiber 

push-in nanoindentations were paused at different loading stages, and unloaded. SEM 

micrographs of the push-in fibers were acquired to illustrate the deformation process, as shown 

in Figure 4.5.  

 

Figure 4.5. SEM images of sample surfaces after interruption at different loading stages during 

the fiber push-in experiments. (a) experiment paused at nearly 150 nm nanoindentation depth: 

initiation of fiber/matrix debonding; (b) experiment paused at approximately 250 nm 

nanoindentation depth: progression of the fiber/matrix debonding; (c) experiment paused at 

nearly 400 nm nanoindentation depth: fully fiber/matrix debonding; (d) another experiment 

paused at nearly 400 nm nanoindentation depth: fully fiber/matrix debonding, the debonding was 

also observed at a neighboring fiber. 

 

By increasing the load, stress at the fiber/matrix interface increases. At the stage 

corresponding to the nanoindentation depth of approximately 150 nm (Figure 4.5(a)), there was 

an initiation of fiber/matrix debonding, as indicated by the white marker. As nanoindentation 
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depth reaches nearly 250 nm, the crack propagation resulted in a larger region of debonding 

between fiber and matrix, as shown in Figure 4.5(b). Finally, when the nanoindentation depth is 

close to 400 nm, fiber has fully debonded from the matrix, which are shown in Figure 4.5(c) and 

4.5(d). SEM micrographs confirm that the indenter tip has made contact with the fiber only, it 

did not touch the surrounding matrix region. In some situations, partial debonding also occurred 

in the neighboring fibers (Figure 4.5(d)). Following this observation, cohesive interaction 

between neighboring fibers and BMI matrix was also included in our FEM simulations. The 

debonding in neighboring fibers has been successfully captured by our FEM model, the details of 

which will be discussed in Section 4.4.1.  

In order to determine the interfacial shear strength accurately from experimental load-

displacement curves, a series of FEM simulations were conducted to study the effects of 

interfacial shear strength, interfacial fracture energy, friction between fiber matrix, and residual 

stress induced in curing process. By doing so, the shear-lag model (Equation (4.1)) was 

examined by comparing results with FEM simulations, the comparison indicates that the shear-

lag model is applicable to the experimental fiber push-in configuration of IM7/BMI composites 

used in this investigation. For the first set of fiber push-in simulations, friction and curing 

residual stresses were neglected, and all the fiber/matrix interfaces were assumed to have the 

identical interfacial fracture energy Gc of 20 J/m2. To perform a parametric sensitivity study, 

different interfacial shear strengths were assigned in the FEM model, which fall in the typical 

range of interfacial shear strength of carbon fiber reinforced polymer composites: 40, 50, 60, 70, 

80, 90 and 100 MPa, respectively. The corresponding load-displacement curves predicated by 

FEM are shown in Figure 4.6(a), it was found that all the curves have the same initial slope, 
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followed by a non-linear region, and a plateau region with constant load, corresponding to the 

propagation of the interface crack from the upper surface, and steady-state situation of crack 

propagation, respectively. Further, the lower the assigned interfacial shear strength, the lower is 

the onset of nonlinearity. Those behaviors are very similar to those reported in reference [21]. 

Those results are not surprising since the initial slope is governed by the geometry configuration, 

and elastic properties of the fiber and matrix. The constant load at steady-state is controlled by 

the interface fracture energy, as shown in Figure 4.6(b).  

 

Figure 4.6. FEM simulated nanoindentation push-in load-displacement curves for pristine 

composite. (a) curves showing the effect of interfacial shear strength, the onset of fiber/matrix 

debonding is marked with different symbols; (b) effect of interfacial fracture energy; (c) effect of 

curing residual stress and friction coefficient; (d) effect of local fiber volume fraction. 
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The push-in nanoindentation load-displacement curves in Figure 4.6(b) are collected 

from the second series of FEM simulation by varying Gc =2, 5, 10, 20, 30, 40 and 80 J/m2 while 

interfacial shear strength was kept at a constant value of 60 MPa. It was concluded that the 

values for interfacial fracture energy did not affect the onset of nonlinearity, thus confirmed that 

the calculation of interfacial shear strength is independent of interfacial fracture energy, for fiber 

push-in nanoindentations [21].  

Effects of friction and curing residual stresses were also examined. FEM simulations 

were conducted with different values of the friction coefficient, namely 0, 0.2, 0.4, and 0.6. An 

initial stress state was introduced based on a cooling from the curing temperature of 227oC to 

room temperature. In this set of FEM simulations, interfacial shear strength and interfacial 

fracture energy were given as 60 MPa and 20 J/m2, respectively. The corresponding load-

displacement curves are shown in Figure 4.6(c). It was found that friction increases the 

interfacial shear resistance [21,31], and residual compressive stresses due to curing further 

enhance the interfacial shear resistance which is due to the added friction resulting from the 

residual compressive stresses. The onset of nonlinearity is not affected by the existence of 

friction [21] and thermal residual stresses [31], thus the calculation of interfacial shear strength 

are unlikely to be affected by these parameters.  

FEM simulations have also been conducted to take into account of the configuration with 

extremely high local fiber volume fraction (Vf = 0.9). Figure 4.3(c) shows the FEM mesh of the 

top surface, this model is very similar to the configuration in reference [21]. For this case, 

interfacial fracture energy was assumed to be 20 J/m2 and interfacial shear strength was 40, 60, 

and 80 MPa, respectively. It was assumed that no friction and residual thermal stress exist. Load-



 

91 

displacement curves obtained from the above model are compared with baseline FEM model (Vf 

= 0.6), shown in Figure 4.6(d). The initial stiffness increases as local fiber volume fraction 

becomes larger, while the critical load at onset of nonlinearity turns to be lower. 

 

Figure 4.7. FEM simulation of fiber push-in experiments, cohesive interfaces were considered 

between neighboring fibers and matrix (a) nanoindentation push-in load-displacement curves. 

“CCA” represents “Cohesive surfaces exist in Central fiber/matrix and Adjunct fiber/matrix 

region. “CC” represents “Cohesive surface only exist in central fiber/matrix region; (b) enlarged 

figure of nanoindentation push-in load-displacement curve, a slight difference is observed in the 

steady-state crack propagation region; (c) contour plot of the damage initiation parameter 

(CSQUADSCRT) of the cohesive surface; the red region corresponds to the initiation of 

fiber/matrix debonding; (d) damage parameter of the cohesive surface; the red region represents 

fully-debonded fiber/matrix interface. The fiber/matrix debonding region in the neighboring fiber 

is the closest to the central fiber. 

 

 In addition, debonding of neighboring fiber was investigated by using this model. The 

interfacial shear strength was set to be 40, 80, and 100 MPa, respectively, and interface fracture 



 

92 

energy was assumed to be 20 J/m2. The interface properties were assumed to be the same for 

both cohesive surfaces, namely central fiber/matrix and neighboring fiber/matrix. 

As shown in Figure 4.7(a) and (b), cohesive interaction between neighboring fiber and 

matrix has negligible effect on the overall load-displacement relationships. Differences are only 

observed in the steady-state crack propagation region. Figure 4.7(c) and (d) indicate that 

initiation and propagation of debonding at the neighboring fiber/matrix interface does occur. And 

debonding occurs in the region close to the central fiber. This agrees with the observation in 

experimental results shown in Figure 4.5(d). 

Equation (4.1) was used to calculate the interfacial shear strength. It was found that the 

shear-lag model underestimates the local constraint effect for Vf = 0.9 FEM model, and an 

empirical correction coefficient 1.32 could be used for such a model, with the consideration of 

IM7/BMI composite material properties. The empirical correction coefficient is not universal, 

which depends on geometry configuration and constitutive behavior of fiber, matrix and 

surrounding composites. More details can be found in the work by Rodríguez et al. [21], where 

the correction coefficient is 1.92 in their case.  

In this investigation, Vf = 0.6 FEM model was chosen as the baseline model for the 

following reasons: First, in contrast to Vf = 0.9 FEM model, for FEM model with Vf = 0.6, 

interfacial shear strength calculated by Equation (4.1) is very close to the interface strength 

assigned. This is due to the fact that, the shear-lag model works very well if the surrounding fiber 

constraint is not high, such as in the extreme cases such as Vf = 0.9 model, detailed discussions 

can be found in [22].  Second, as shown in Figure 4.5, a very good agreement has been reached 

between experiments and Vf = 0.6 FEM model, particularly on the initial stiffness part. In the 
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case where Equation (4.1) was not used, inverse method can be used to allow the simulation 

curves to agree with experimental data, by adjusting the interface properties. Such an inverse 

calculation method will not be possible for Vf = 0.9 model, since the initial slope of load-

displacement curve will not change by modifying interface properties only. For the work 

reported in [21]. There are non-negligible differences between experimental load-displacement 

curves with their simulation curves, in the sense of initial slope and critical load. We should be 

very careful to apply an empirical correction coefficient, which obtained from one initial 

stiffness, to load-displacement curve with the other clearly distinguishable initial stiffness.  Last, 

but not least, a perfect hexagonal packing, i.e, symmetric and highly packed central fiber can be 

found. However, the surrounding fiber of this 7 fibers may not be hexagonally-packed, and in 

some cases, matrix rich region can be found near to a hexagonal-packed fiber, which can be seen 

in Figure 4.2 and Figure 4.5. The constraint effect from surrounding fiber and matrix is not that 

strong, compared with Vf = 0.9 FEM simulation, where only the central fiber and 6 fibers around 

it was considered, while the surrounding area is assumed to behave as bulk composite. Recently, 

Jäger et al. [30] and Naya et al. [32] used a larger RVE, taken from cross-section micrograph, in 

their FEM simulation, which is very promising. When such a RVE is used, the fiber volume 

fraction in the central part (multiple fibers surrounded by matrix) is comparable to fiber volume 

fraction of the bulk composites, which supports our model assuming local fiber volume fraction 

equals the global. In our case, computational cost is much smaller in comparison with references 

[30, 32].   
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Figure 4.8. FEM simulation results for fiber push-in experiments. Full 3D FEM models were 

considered. (a) local fiber arrangement of Case 1, surface information was taken from the red 

box in Figure 4.2; (b) local fiber arrangement of Case 2, surface information was taken from 

green box in Figure 4.2; (c) push-in load-displacement curves.  
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It was observed that there was slight uncertainty of the experimental load-displacement 

curves, the reason of which can be different surrounding environment of the analyzed fibers 

and/or deviation of nanoindentation site from the center of the IM7 fiber. The baseline FEM 

model is established under the assumption of symmetric loading and geometry. Two non-

symmetric configurations were simulated, as shown in Figure 4.8. The entire 3D model was 

simulated due to the loss of symmetry. There are 425,650 and 435,351 elements, respectively. 

The fiber arrangement in central region was taken from the SEM micrograph, as shown in Figure 

4.2. It is seen that both the critical load and the slope of nanoindentation load-displacement 

curves of these two configurations are slightly different with the baseline FEM model. However, 

IFSS calculated by shear-lag model is fairly accurate.  

Due to the reasons mentioned above, it was determined to use the Vf = 0.6 model as the 

baseline simulation model. Even though there is a slight underestimation of interfacial shear 

strength for some extreme cases, namely a lot of fibers highly hexagonally-packed together, the 

interfacial shear strength obtained in this study can be at least considered as lower bound. In our 

experiments, such extreme situation was not easy to find, and nanoindentation made on those 

area, if any, has been avoided.  

4.4.2 Effect of thermal oxidation on interfacial shear strength 

After isothermal oxidation for 1500 h, the composite specimens show larger reduction in 

interfacial shear strength for specimens isothermally oxidized at 245oC than at 195oC. The 

specimens were cut from areas of the oxidized plates far away from the edges [5], oxidation 

occurs primarily in the thickness or the 𝑥3- direction. After thermal oxidation, composites have 

three oxidative zones from the surface to the core of a unidirectional composite specimen [5, 33], 
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namely zone I, zone II and zone III, as schematically shown in Figure 4.1. The oxygen diffused 

from atmosphere into the surface layer, to form oxidized and damaged zone I; zone II is the 

active oxidation process zone, which is the transition region between zone I and zone III. Zone 

III is in the central core region occupied by the unoxidized material if it has not yet been 

oxidized. After 2 months of exposure to elevated temperatures, the outer layers of composite 

panel have been thermally oxidized while the interior was thermally aged but not necessarily 

oxidized. In this study, fiber push-in experiments were conducted on zone I (close to the edge of 

the specimens) and zone III (close to the center of the specimens).   

 

Figure 4.9. Experimentally obtained nanoindentation push-in load-displacement curves for 

unidirectional IM7/BMI specimen: effect of thermal oxidation. 

 

Figure 4.9 shows the load-displacement curves from fiber push-in nanoindentations on 

different specimens, namely baseline specimens, specimens oxidized at 195C, specimens 
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oxidized at 245C. In Figure 4.9, the initial nonlinear region was removed, in other words, toe 

correction at small displacement has been made on these curves following the ASTM Standard 

D695-15. Equation (4.1) uses linear slope of the load-displacement curve, which is outside of the 

toe region. Figure 4.9 indicates that for specimens oxidized at 195C, the change of slope and 

critical load is not apparent, while for specimens oxidized at 245 C, both the linear slope and 

critical load reduce significantly, in particular, in zone I.  

To determine the interfacial shear strength, it is important to accurately identify the critical 

load at the onset of nonlinearity of load-displacement curve. The algorithm for seeking the onset 

of nonlinearity is briefly introduced here: the data point between 0 mN and 10 mN was used to 

obtain an average slope. For every data point thereafter, the slope was compared with the 

average slope. If the difference was larger than 0.5%, the data point was marked as a “suspect” 

point. The 30 data points following the “suspect” point were checked to compare the slope with 

the average slope. If any slope from these 30 data points was same or within 0.5% difference 

compared with the average slope, the “suspect” point was disregard. Otherwise, the “suspect” 

point is marked as “critical” point. The above iteration continues until the critical load is found. 

The algorithm mentioned above has been implemented in a MATLAB routine. The MATLAB 

routine was checked and verified with FEM simulations curve to ensure its accuracy, then it was 

applied to experimental load-displacement curve to determine the critical load.  

The interfacial shear strength determined by fiber push-in nanoindentations is summarized 

in Table 4.2. After oxidation for 1500 h at 195oC, the interfacial shear strength shows almost 

negligible reduction (1.4 % only) compared with baseline, indicating good durability at a service 

temperature of 195oC for IM7/BMI composites. After oxidation for 1500 h at 245oC, the 
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interfacial shear strength in zone III shows a reduction of 18.7% compared with baseline data, 

while the interfacial shear strength in zone I shows a very significant reduction of 64.7%, 

compared with baseline. It indicates that significant reduced durability at a temperature that is 

40oC higher than the service temperature (204oC) for IM7/BMI composites. The degradation in 

interfacial strength concur and provide direct evidence of the marked reduction in compressive 

stiffness and strength of the composites reported earlier [5]. 

Table 4.2. Summary of interfacial shear strength of IM7/BMI composite in different conditions. 

Samples Interfacial shear strength (MPa) Percentage of reduction (%) 

Baseline 58.3 ± 3.7 -- 

Oxidized at 195 oC 57.5 ± 4.9 1.4 

Oxidized at 245 oC, Zone III 47.4 ± 4.3 18.7 

Oxidized at 245 oC, Zone I 20.6 ± 3.5 64.7 

Water immersion for 2 year 56.7 ± 2.9 2.7 

Ramp heating 57.1 ± 3.7 2.1 

Step heating 47.7 ± 2.8 18.2 

 

4.4.3 Effect of steam blistering on interfacial shear strength 

Figure 4.10 shows the load-displacement curves of fiber push-in nanoindentations on different 

type of specimens, namely baseline specimens, water-immersed specimens, ramp heating, step 

heating. It is observed that load-displacement curves obtain from the water-immersed specimens 

and ramp heating specimens are comparable with baseline, while load-displacement curves 

obtained from step heating specimens show reduction in both initial slope and critical load. The 

interfacial shear strength determined by fiber push-in nanoindentations is summarized in Table 

4.2. It is found that there is a negligible reduction in interfacial shear strength of both water-

immersed specimens and ramp heating specimens, compared with baseline data. A significant 

reduction (18.2%) in interfacial shear strength is found in step heating specimens, compared with 
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baseline. It indicates that the fiber/matrix interface of IM7/BMI composites can sustain long-

term moisture exposure without appreciable degradation in interfacial shear strength. It also 

indicates that slow heating will simply dry the IM7/BMI composites while rapid heating may 

result in large internal water vapor pressures, leading to void nucleation in matrix and at the 

fiber/matrix interface, which reduces the fiber/matrix interface strength. The degradation at the 

interface makes it easier for the initiation and propagation of microcracks, which can potentially 

lead to global failure of the structural components in aircraft. 

 

Figure 4.10. Experimentally obtained nanoindentation push-in load-displacement curves for 

unidirectional IM7/BMI composite specimen: effect of steam blistering. 

 

 The degradation at the interface was also confirmed by SEM micrographs of IM7/BMI 

composite specimens, as shown in Figure 4.11. Figure 4.11 (a) and (b) were acquired in zone I 
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which is the fully oxidized region of IM7/BMI specimens oxidized at 245oC. It was observed 

that microcracks or initiation of debonding exist extensively at fiber/matrix interface, which 

correlate with the degradation of interface strength. Figure 4.11(c) and (d) show the typical 

surface of IM7/BMI specimens under step heating history. For some of the fibers, microcracks 

are clearly observed at the fiber/matrix interface, which confirms the previous hypothesis 

mentioned in last paragraph.  

 

Figure 4.11. Typical SEM micrographs of IM7/BMI unidirectional composite sample surfaces. 

The white arrows point to the pre-existing initial cracks at the fiber/matrix interface (a) thermally 

oxidized zone at 245oC, fully oxidized region (Zone I); (b) enlarged view of thermally oxidized 

zone at 245oC, Zone I; (c) one region formed after a step heating history; (d) another region after 

a step heating history. 
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4.5 Conclusions 

Fiber push-in experiments were conducted to evaluate the effects of thermal oxidation and steam 

blistering on the interface behavior of IM7/BMI unidirectional composite. Systematical FEM 

simulations with appropriate geometric configuration have been performed to validate and justify 

the fiber-push in experiments. Parametric study shows that lower-bound interfacial shear strength 

can be determined by shear-lag model, regardless of the interfacial fracture energy, residual 

stresses due to curing process, and friction between fiber and matrix. FEM simulations agree 

reasonably well with the fiber push-in nanoindentations for baseline specimens. For composite 

specimens isothermally oxidized at 195oC for 2 months, the degradation in interfacial shear 

strength was found to be negligible. For composite specimens isothermally oxidized at 245oC for 

2 months, significant degradation was found in interfacial shear strength, namely 18.7% 

reduction in central unoxidized zone III and 64.7% reduction in oxidized and damaged zone I, 

respectively. Those results provide direct evidence that extensive oxidative degradation of 

fiber/matrix interface strength, resulting in easier fiber/matrix debonding and crack growth, is the 

primary cause of the eventual dynamic compressive failure observed in prior studies. For 

composite specimens immersed in water for 2 years, the degradation in interfacial shear strength 

was found to be negligible, indicating a reasonably good moisture resistance of IM7/BMI 

composites. For the composite specimens immersed in water for 2 years, two temperature 

histories were involved to study the effect of steam blistering. It was conclude that ramp heating 

at a rate of nearly 6C/min was a slow drying procedure with negligible reduction in interface 

strength, while specimens subjected to a sudden heating was found to have an 18.2% degradation 

in interface strength. In this investigation, it is evident that extensive thermal oxidation and steam 
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blistering degrade the fiber/matrix bonding, which makes it easier to initiate and propagate 

microcracks along the interface, potentially leading to global failure of the structural components 

in aircraft. 
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CHAPTER 5 

CARBON NANOTUBE SHEET SCROLLED FIBER COMPOSITE FOR 

ENHANCEMENT IN INTERFACIAL SHEAR STRENGTH 

5.1 Introduction 

Fiber reinforced polymer matrix composites have found increasing applications in such areas as 

aerospace, automotive, wind farms, offshore drilling, sports, and construction. In these 

composites failure manifests in one of the four primary modes: fiber microbuckling in 

compression, fiber/matrix interfacial debonding, fiber fracture (or fragmentation), and matrix 

cracking. Load transfer has to take place through the interface between the fiber and polymer 

matrix, and the matrix is primarily responsible for shear load transfer. The stiffness and 

transverse strength of fiber reinforced composites depends on the behavior at the interface with a 

thickness on the order of 100 nm or less. Swadener et al. [1] determined that the failure or the 

delamination of a glass fiber occurs in the matrix 3 nm away from the fiber surface. Similar 

behavior has also been observed in Single Wall Carbon Nanotube (SWNT)/nanocomposites. 

Ding et al. [2] observed that a few nanometers of polycarbonate remains wrapped around a 

SWNT when the SWNT is pulled out of the polycarbonate matrix during fracture. In order to 

increase the strength of composites, it is critical to improve the interfacial mechanical properties 

through modification of the polymer matrix, fibers and/or the interface.  

The high tensile strength of fiber reinforced polymer matrix composites (PMC) is mainly 

derived from the high strength of the carbon (or glass) fibers embedded in the matrix. Fibers 

typically have high strength in tension. However, their compressive strength is generally much 

lower due to the fact that under compression, the fibers tend to fail through micro-buckling (or 
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kinking) well before compressive fracture occurs. Also, fiber misalignment and presence of 

voids during manufacturing processes contribute to a further reduction in compressive strength. 

In fact, the overall compressive strength of a PMC is only about 50% of the tensile strength, and 

hence there is potential for significant improvement. Further, the mechanical load transfer in 

carbon fiber composites is often limited by the strength of the interface between fiber and matrix. 

In recent years considerable effort has been directed towards increase the strength of matrix by 

introducing nanofillers to the matrix to make nanocomposites [3,4], or to increase the interfacial 

strength using carbon nanotubes (CNTs) grafted on carbon fibers in the radial directions [5-16]. 

The improvement in interfacial strength, however, is generally not significant, and CNT grafting 

often results in a reduction in the properties of the carbon fiber. 

In this chapter, we will take a different approach. We propose to use CNT sheet to spiral-

wrap around an individual carbon fiber. While the CNT sheet scrolled on the carbon fiber has the 

potential to enhance mechanical, thermal, and electrical properties, this project focuses on 

investigating the enhancement of mechanical properties of the fiber/matrix interphase that 

directly influences the fiber/matrix debond strength and compressive strength of the composite. 

The CNT sheet drawn from MWNT forest is meso-porous with high specific surface area [17-

21], consequently very small amount of CNT sheet in weight can be used to wrap around large 

volume of carbon fibers. Upon impregnation in a polymer, the wrapped CNT sheet is 

impregnated in the polymer to form nanocomposites, thereby modifying the polymer matrix near 

a carbon fiber due to the high volume fraction of well-aligned CNT in the matrix, and 

mechanical interlocking. 
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5.2 Nanoscale fabrication of MWNT scrolled carbon fiber composite  

Under proper conditions, MWNT forests will exhibit special properties to allow it to be drawn 

into a continuous, high quality sheet.  

 

Figure 5.1. MWNT forest conversion into sheets and assemblies of those sheets. (a) Photograph 

of a 3.4-cm-wide, meter-long MWNT sheet. (b) SEM image of a MWNT forest being drawn into 

a sheet. (c) SEM micrograph showing the cooperative 90º rotation of MWNTs in a forest to form 

a sheet. (d) SEM micrograph of a two-dimensionally re-reinforced structure fabricated by 

overlaying four nanotube sheets with a 45º shift in orientation between successive sheets [17]. 

 

Figure 5.1(a) shows a self-supporting 3.4 cm wide, 1 meter long MWNT sheet hand drawn 

from a nanotube forest. Figure 5.1(b) shows the SEM micrograph of a MWNT forest being 

drawn into a MWNT sheet. Figure 5.1(c) shows a SEM micrograph of the cooperative 90- 

rotation view of MWNTs in a forest to form a sheet. The nanotube sheets can also be oriented 

and laminated as shown in Figure 5.1(d). We have observed that the drawability of the MWNT 

depends strongly on the degree of MWNT alignment in a forest. MWNT forest with volumetric 
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MWNT density of 23 mg/cm3 is not drawable, while a MWNT forest with volumetric density of 

39 mg/cm3 is drawable. Higher volumetric MWNT densities yield better aligned and more 

drawable forests. Liquid densified MWNT sheet shows tensile strength of 450 MPa. The CNT 

sheet drawn from CNT forest is an aerogel with a mass density of near 1.0 mg/cm3 and an 

internal surface area near 500 m2/g. Densification of MWNT aerogel sheet in a liquid leads to 

formation of MWNT xerogel sheet with density of 1.5 mg/ cm3, which still has low density and 

high internal surface area. 

 

Figure 5.2.  (a) A schematic diagram showing a MWNT scrolling a carbon fiber. Drawing is not 

to scale, (b) MWNT sheet used in experiments. 

 

Figure 5.2(a) shows a schematic diagram of a MWNT sheet being wrapped 

circumferentially on a carbon fiber at a wrapping angle α. The MWNT wrapped carbon fiber is 

then embedded into a polymer matrix. The inner ply of the MWNT sheet adheres to the carbon 

fiber via Van der Waals forces. Figure 5.2(b) shows the actual pulled MWNT sheet before 

warping.  Figure 5.3 shows sized fibers after MWNT scrolling following the scheme in Figure 
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5.2(a). 0, 30 and 45o wrap bias angle was used for this case. The effect of bias angle on 

interfacial shear strength will be investigated. 

 

Figure 5.3. The same magnification was used in all SEM micrographs. (a) A segment of the 

single carbon fiber, (b) a segment of the single carbon fiber with 0o warp bias angle, (c) a 

segment of the single carbon fiber with 30o bias angle (d) another segment of the same single 

carbon fiber with MWNT plies scrolled around it. (e) A segment of the single carbon fiber with 

45o warp bias angle, (f) another segment of the same single carbon fiber with 45o warp bias 

angle. 
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 Different segments of the same carbon fiber with and without MWNT sheet overwrap are 

shown. The same magnification was used in both SEM micrographs. As can be seen, MWNT 

sheet wraps very well around the single carbon fiber, giving a very uniform diameter. It is noted 

that at this magnification, SEM micrograph cannot resolve the meso-pores. The large number of 

scrolled MWNT plies has increased the fiber diameter by nearly 150%. For practical 

applications, a small number of CNT plies may be used to wrap a carbon fiber, so that the 

diameter change is insignificant. Consequently, this technique is not anticipated to reduce the 

carbon fiber volume fraction significantly.  

 The approach mentioned above has been working very well for preparation of “modal” 

single fiber composite. In order to prepare a specimen with multiple fibers, which is more 

comparable with the realistic polymer based composites such as IM7/BMI used in chapter 4. 

False twisting method has been applied to wrap MWNT onto carbon fiber bundle, as 

schematically shown in Figure 5.4. 

 
Figure 5.4. Schematic diagram showing a MWNT scrolling a carbon fiber bundle by false-

twisting process [22]. 
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Figure 5.5 shows the SEM images of MWNT wrapped carbon fiber bundles prepared by false-

twisting method. It can be observed that the MWNT is well aligned with fiber direction, 

corresponding to a bias angle of 0o. It is noted that at this magnification, SEM micrograph cannot 

resolve the meso-pores.  

 

Figure 5.5. (a) SEM micrographs showing carbon fiber bundle with each fiber wrapped by 

MWNT. (b) SEM micrographs in a larger magnification. 
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5.3 Interphase stiffness and enhancement mechanism 

It is well known that both the fiber and the MWNT can modify the polymer properties near the 

interface. The confinement provided by the fiber and the MWNT will modify the properties in 

these cases.  Figure 5.6 shows the surface topography measured by AFM of the exposed profile 

of the baseline and MWNT scrolled carbon fiber embedded in polymer matrix. It can be 

observed that there is an apparent interphase region in Figure 5.6(b). The mismatch in the wear 

behavior and hence the susceptibility toward interfacial weakness is dramatically reduced by the 

scrolling of carbon nanotube around the fiber. 

 

Figure 5.6. Surface topography measured by atomic force microscopy of (a) carbon fiber 

embedded in polymer matrix, (b) MWNT scrolled carbon fiber embedded in polymer matrix.  

 

In this study, nanoindentation was conducted to determine the properties of the polymer at 

the interface. Modulus scanning using a cube corner nanoindenter tip was conducted on baseline 

specimen (IM7 carbon fiber embedded in Epon 862 matrix) and IM7 wrapped by MWNT  (bias 

angle : 0o and 45o). The same Agilent G200 nanoindentation system was used, and the maximum 
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nanoindentation depth was about 200 nm. The distance between two nanoindentation sites was 

selected to be 1.5 µm, which is large enough to ensure there is no residual stress effect from the 

neighboring nanoindentation. Figure 5.7 shows typical experimental results. It is very 

distinguishable when indenter made contact on fiber, fiber/matrix interphase or matrix only, as 

shown in Figure 5.7(b).  

 

Figure 5.7. Modulus scanning to determine the interphase stiffness (a) residual nanoindents 

showing the line scan (b) typical nanoindentation load-displacement curves when 

nanoindentation was made on different target.   
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For each type of specimen, five fibers were scanned to ensure enough information for statistical 

analysis.  The results are shown in Figure 5.8. For nanoindentation made on fiber, there is not 

much difference in modulus for three cases. However, indentation modulus in the interphase 

region near to fiber is 4.33 ± 0.05 GPa, 13.2 ± 1.2 GPa, 24.7 ± 3.2 GPa for baseline, IM7 

wrapped by MWNT with a 45o bias angle, and IM7 wrapped by MWNT with a 0o bias angle, 

respectively, which clearly shows the improvement in interphase stiffness. Indentation modulus 

in the interphase region near to epoxy is 3.76 ± 0.08 GPa, 7.8 ± 2.6 GPa, 16.1 ± 0.9 GPa for 

baseline, IM7 wrapped by MWNT with a 45o bias angle, and IM7 wrapped by MWNT with a 0o 

bias angle, respectively. 

 

 
 

Figure 5.8. Modulus scanning results. X-axis denotes the distance from the fiber edge.
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The enhancement of the interphase stiffness, as shown in Figure 5.8, is very promising, and it 

contributes to the improvement of interfacial shear strength as will be discussed in next section. 

FEM simulations were conducted to illustrate the effect of MWNT-polymer nanocomposite 

interphase region. A spherical tip with a diameter of 10 µm was used to make nanoindentation on 

the baseline and MWNT scrolled carbon fiber case. The nanoindentation modulus scan data was 

used as input for FEM simulations. The stress distribution underneath the nanoindenter is shown 

in Figure 5.9. 

 

Figure 5.9. FEM simulations of a spherical nanoindentation (a) stress distribution of the baseline 

case, (b) stress distribution of the MWNT scrolled carbon fiber embedded in polymer matrix. 

The plot scale bar is same for both figures. 
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Figure 5.9 shows that the existence of MWNT-polymer nanocomposite interphase region plays a 

significant role: the stress transition from carbon fiber to polymer matrix became much 

smoother; and the maximum stress in matrix reduced from 152.9 MPa to 87.6 MPa, for baseline 

and MWNT scrolled carbon fiber case, respectively.  

 It is thus proposed the MWNT scrolling will enhance the interface strength by the following 

two mechanism working together: first, adhesion between MWNT ply and carbon fiber. The 

incorporation of the scrolled MWNTs increase the specific surface area significantly, improve 

Van der Waals interaction at the interface, hence the interfacial shear strength; second, MWNT 

wrapped carbon fiber is impregnated into the polymer matrix, polymer will infiltrate into the 

pores of the multilayer CNT sheet to bond with the carbon fiber to form CNT/polymer 

nanocomposite surrounding a fiber. It provides reinforcement to the interface between carbon 

fiber and polymer matrix. In order to examine the proposed enhancement, a series of experiments 

were conducted to measure the apparent interfacial shear strength, which will be discussed in 

details in next section. 

5.4 Characterization of interfacial shear strength 

It was determined that the MWNT/polymer nanocomposite in the interphase region has a  

modulus significantly higher than that of the polymer matrix, thus allowing stress to be optimally 

distributed in the interphase region – the maximum shear stress is much lower than the case 

without CNT scrolling carbon fiber under the same applied shear force. In this investigation, 

Different methods were used in experiments to characterize the interfacial shear strengths: these 

include fiber pullout, fiber pushout by a nanoindenter tip, and pushin by a flatended 
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nanoindenters tip. Finite element analysis incorporating interfacial normal and shear traction 

separation laws in the cohesive interface was conducted to extract the interfacial shear strength. 

5.4.1 Fiber pull-out  

In this section, the interfacial shear strength is determined by using fiber pull-out test. A sized 

carbon fiber tow (IM7, Hexcel) was infiltrated with polyvinyl alcohol (PVA) to bind the fibers 

within the tow. Two different tows were used in this preliminary work, they are 250 μm and 130 

μm. The MWNT aerogel sheets (10 mm long, 5 mm wide) were scrolled around each of the 

carbon fiber tows, and densified with acetone. A long fiber tow was cut into smaller segments for 

making the scrolled fibers and for the control specimen (without the use of MWNT sheet 

scrolling). Wrapping angle was 0º with the MWNT sheet aligned with the carbon fibers. The 

MWNT scrolled carbon was then immersed in epoxy matrix (Epon Resin 862, Hexion), and 

subsequently placed on a paper frame to hold the sample, as shown in Figure 5.10(a).  

 

Figure 5.10. (a) A schematic for fiber pull-out test when a CNT scrolled fiber is embedded in a 

polymer at the bottom of the paper frame.  (b) Fiber pulled out from epoxy matrix. 
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Different embedded lengths of the scrolled carbon fiber in epoxy were tried and it was found that 

the embedded length has to be small (typically ≤ 1 mm) in fiber pull-out test for CNT scrolled 

IM7 fiber due to enhanced interfacial shear strength, and hence smaller critical length. After 

curing for twelve hours the paper frame holding the embedded scrolled fiber sample was 

clamped in an Instron fixture for fiber pull-out test. For comparison, a control experiment was 

conducted using IM7 (without MWNT wrapping around it) fiber tow embedded in epoxy. Figure 

5.10(b) shows that the fiber has been successfully pulled out with embedded length as 1 mm. The 

pull-out force was plotted as a function of displacement for each of the two cases and shown in 

Figure 5.11. The use of scrolled fiber embedded in epoxy has increased the pull-out force from 

an average value of 17.8 N to an average value of 30.0 N for the 130 μm (an increase of 68.5%), 

and has increased the pull-out force from 24.9 N to 35.2 N for the 250 μm tow (an increase of 

41.4%). 

 
Figure 5.11. Force vs. displacement in the pull-out tests. Black lines are results for MWNTs 

sheet scrolled sized-carbon fiber. Red lines are results for the control without MWNT scrolling. 

(a) A carbon fiber tow with a diameter of 130 μm. CNT scrolling increased the pull-out force 

from 17.8 N to 30.0 N for the 130 µm tow (increase of 68.5 %). (b) A carbon fiber tow with a 

diameter of 250 μm. CNT scrolling has increased the pull-out force from 24.9 N to 35.2 N for the 

250 µm (an increase of 41.4%). 
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The area enclosed by the pull-out force-displacement curve up to the peak load, indicative of the 

toughness or ductility of the interface, has improved in both cases. As mentioned earlier, in order 

to successfully pull out the fiber from the matrix, fiber embedded length has to be smaller than 1 

mm, which is very hard to control, and is also a potential source for inducing errors. Thus some 

other approaches may be necessary to accurately determine the interfacial shear strength. 

5.4.2 Fiber push-out: Experiment and FEM simulations 

To further confirm the enhancement of interfacial shear strength provided by MWNT, we 

characterized the interfacial shear strength by fiber push-out test, a nanoindenter tip pushes the 

fiber out and the resulting load is recorded as a function of displacement for analytical or finite 

element analysis to determine the interfacial properties.  Fiber push-out tests were conducted on 

a 40 μm tow embedded in a BMI (bismaleamide) polymer matrix. The embedded length of the 

tow was 60 μm that has been pushed out of the matrix using nanoindentation.  

 

Figure 5.12. The FEM model for the simulation of fiber push-out experiment. 
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 To extract the interfacial shear strength from push-out test, FEM analysis was conducted. In 

FEM simulations, an axisymmetric model was used as shown in Figure 5.12, both the fiber tow 

and BMI resin were assumed to be linearly elastic. The height of sample is 60 μm, diameter of 

the fiber tow is 40 μm, the 10 μm  spherical indenter tip  was modeled as rigid. A FEM model 

consists of nearly 15000 elements, with refined mesh in the region under indenter and at the 

interface between fiber and BMI resin. To model the delamination between fiber and matrix, a 

cohesive zone model was used and the interface was assumed to satisfy bilinear traction 

separation law (Equations (4.2)-(4.4)), which has been discussed in details in chapter 4.  

 

Figure 5.13. Force vs. displacement in the push-out tests. Solids line is simulation result for 

MWNTs sheet scrolled sized-carbon fiber. Dashed line is simulation result for the control 

without MWNT scrolling, a tow with a diameter of 40 μm. The blue triangle and the black round 

markers represent the experimental MWNT scrolled carbon fiber and carbon fiber alone, 

respectively. 

 

An inverse calculation was conducted to fit nanoindentaton load-displacement curve into 

experimental results. Figure 5.13 shows both experimental and simulated load-displacement 

curves, the push-out force for control (fiber alone) is 141.68 mN in experiment, and 148.38 mN 
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in simulation. For fiber scrolled with WMNT, push-out force is 256 mN in experiment; and 

simulation gives a value of 258.65 mN. In both cases, simulation and experimental results agree 

with each push out force as a function of displacement for two cases: a carbon fiber embedded in 

BMI (baseline), and a CNT wrapped fiber embedded in a BMI resin.  

 

Figure 5.14. Bilinear traction separation law offer best-fit load-displacement curve between 

simulation and experiments. 

 

The cohesive law used for the best-fit cases is shown in Figure 5.14, it can be seen that the 

use of scrolling CNT sheet delayed the onset of damage initiation, and increased fracture 

toughness (increases energy required to create a unit new surface. Note that the interfacial shear 

strength of carbon fiber (without MWNT warpped) is 19.8 MPa which is very close to 

experimentally determined value (18.79 MPa), and the interfacial shear strength used in MWNT 

scrolled simulation was 35 MPa, which is also very close to the interfacial shear strength 33.96 

MPa determined by experiments. 
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5.4.3 Fiber push-in experiments and simulations 

Over decades, a number of experimental techniques have been developed to assess fiber/matrix 

interface adhesion by characterizing the mechanically measured value of interfacial shear 

strength (IFSS).  IFSS is commonly measured using micromechanical test methods such as the 

single-fiber fragmentation test, the microbond test, the single-fiber push-out test, and the fiber 

push-in test. The commonest measurement techniques applied to single-fiber microcomposites is 

the fiber fragmentation test. However, one drawback is that, if MWNT is wrapped around the 

single fiber, from our preliminary experimental efforts, it is very hard to observe the birefringent 

patterns for determining the fiber fracture length. Thus we are not able to evaluate the 

improvement on interfacial shear strength offered by MWNT via single-fiber fragmentation test. 

Other tests suffer from several experimental difficulties: the fiber pull-out test is not easy to 

perform because it requires a very short embedded length, in order to successfully pull out the 

fiber from the matrix instead of breaking the fiber, typically fiber embedded length has to be 

smaller than 1 mm, which is very hard to control, and is also a potential source for inducing 

errors. The fiber push-out test requires the cumbersome preparation of very thin sample (~50 

μm), and sample tends to break during the polishing very easily, which results in a very low 

successful rate of sample preparation. These considerations lead to the need to conduct push-in 

test which is performed on a thicker real composite specimen with a thickness of few mm. 

 In this investigation, three types of samples are prepared: (a) sized IM7 fiber embedded in 

Epon 862 matrix (b) unsized IM7 fiber embedded in Epon 862 matrix (c) sized IM7 fiber 

wrapped by MWNT and embedded in Epon 862 matrix. Each sample was cured at room 

temperature for 24 hours. The cross section perpendicular to the fibers of the unidirectional 
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composite specimens were polished first by #800 and #1200 sandpaper, respectively. The 

specimens were then polished by a MultiPrepTM system polishing machine using alumina 

suspension with particle size from 1 µm to 50 nm in sequence. All the samples have the final 

dimensions approximately as 15 mm × 10 mm × 5 mm. All the fiber push-in nanoindentations 

were conducted on an Agilent G200 nanoindentation system. A flat punch tip (Micro Star Tech) 

of 2.2 μm in diameter was used in this investigation. In order to conduct nanoindentations on the 

IM7 carbon fibers (5 μm in diameter) as much center as possible, calibration was performed to 

obtain an accurate lateral position of the indenter relative to the sample surface with the use of an 

optical microscope on the nanoindentation system. All the fiber push-in nanoindenations were 

conducted at a constant loading rates of 1 mN/s. The experimental results are shown as in Figure 

5.15.  

 

Figure 5.15. Fiber push-in experiments to determine IFSS : (A) Load displacement curves. The 

solid line is sized carbon fiber with CNT. The blue line is unsized fiber without CNT. The red 

dash line is sized fiber without CNT. (B) IFSS calculated by shear lag model. 
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 The shear-lag model (Equation (4.1)), which has been well justified in Chapter 4, was used 

to determine the interfacial shear strength.  The IFSS determined by Equation (4.1) are shown in 

Figure 5.15(b). Comparing sized IM7 wrapped by CNT (49.5±18.7 MPa) with sized IM7 without 

CNT (26.8±5.6 MPa), both embedded in Epon 862 matrix, introducing CNT results in 87% 

improvement in IFSS. 

5.5 Conclusions 

In this study, we have demonstrated the feasibility of repeatable fabrication of carbon fiber with 

different MWNT sheet bias angle has been established. The technique allows warpping a carbon 

fiber (or carbon fiber bundles) with MWNT sheet at different bias angles. Two different bias 

angles, namely 0o and 45o, were fabricated as example. The MWNT scrolled carbon fiber in a 

polymer matrix to form a nanocomposite interphase region, thereby creating a well aligned 

CNT/polymer nanocomposite interphase region near a carbon fiber to enhance the mechanical 

stiffness, strength and ductility of the interphase. Modulus scanning has been performed, and it 

was found that the modulus in the interphase region has been improved significantly (200% and 

400% for 0o and 45o MWNT wrapping respectively), thus allowing stress to be optimally 

distributed in the interphase region – the maximum shear stress is much lower than the case with 

MWNT scrolling carbon fiber under the same applied force. Different experimental methods 

were used to determine the interfacial shear strength, all of which show consistently a significant 

improvement by using MWNT scrolled carbon fibers in a composite. 
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CHAPTER 6 

CONCLUSIONS AND OUTLOOK 

6.1 Conclusions 

In this study, nanoindentation was used to characterize the mechanical behavior of multiple 

materials at small scales, which includes viscoelastic behavior of SU-8 negative photoresist, 

temperature-dependent modulus of molding compound in integrated circuits, interface 

degradation of carbon fiber reinforced polymer matrix composites due to the environmental 

effects; and enhancement in interface properties by introducing a carbon nanotube sheet scrolling 

fiber as reinforcement. 

 The mechanical properties of SU-8 at microscale were measured under both micropillar 

compression and nanoindentation on a film on a substrate. The effects of loading rate and 

micropillar size are examined. It was determined that the SU-8 exhibits viscoelastic properties at 

room temperature, the time-average Young’s modulus increases in general with the loading rate. 

The average Young’s modulus determined by compression of a micropillar was 4.1 GPa at a 

strain rate near 10-3 s-1.  For nanoindentation on a SU-8 film supported by a silicon substrate, the 

default output from the nanoindenter for the Young’s modulus was approximately 6.0 GPa with 

the consideration of elastic-plastic behavior of the SU-8. When the viscoelastic effects were 

considered, the time-average Young’s modulus at a given strain rate was determined to be near 

3.6 GPa, which agrees with the reported values in literature obtained from tension and bending, 

and also correlates reasonably well with data from microcompression. This work indicates that 

viscoelastic analysis is necessary to extract the valid mechanical properties at nano/microscales 

for SU-8. 
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 The mechanical properties of a molding compound on a packaged integrated circuit were 

measured by spherical nanoindentation using a 50 µm radius diamond tip. Statistical analysis 

was conducted to determine the representative volume element (RVE) size for a nanoindentation 

grid. Nanoindentation was made on the RVE to determine the effective viscoelastic properties. 

The relaxation functions were converted to temperature-dependent Young’s modulus at a given 

strain rate at several elevated temperatures. The Young’s modulus values at a given strain rate 

from nanoindentation were found to be in a good agreement with the corresponding data 

obtained from tensile samples at or below 90oC. However, the values from nanoindentation were 

significantly lower than the data obtained from tensile samples when the temperature was near or 

higher than 110oC, which is near the glass transition. The spatial distribution of the Young’s 

modulus at a given strain rate was determined using nanoindentation with a Berkovich tip. The 

spatial variation of the Young’s modulus at a given strain rate is due to the difference in 

nanoindentation sites (glass beads, epoxy or the interphase region). A graphical map made from 

an optical micrograph agrees reasonably well with the nanoindentation results. 

Fiber push-in nanoindentation was conducted on a unidirectional carbon fiber reinforced 

bismaleimide resin composite (IM7/BMI) after thermal oxidation to determine the interfacial 

shear strength. A unidirectional IM7/BMI laminated plate was isothermally oxidized under 

various conditions, including in air for 2 months at 195oC and 245oC, and immersed in water for 

2 years to reach a moisture-saturated state.  The water-immersed specimens were subsequently 

heated to 260oC upon sudden heating, or under slow heating at a rate of approximately 6oC/min, 

respectively. A flat punch tip of 3 μm in diameter was used to push the fiber into the matrix 

while the resulting load-displacement data was recorded. From the load-displacement 
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relationships, the interfacial shear strength was determined using a shear-lag model, which was 

verified by finite element method simulations. It was found that thermal oxidation at 245oC in air 

leads to a significant reduction in interfacial shear strength of the IM7/BMI unidirectional 

composite, and moisture concentration has a negligible effect on the interfacial shear strength. 

For moisture-saturated specimens under a slow heating rate, there is no detectable reduction in 

the interfacial shear strength. In contrast, the moisture-saturated specimens under thermal shock 

showed a significant reduction in interfacial shear strength. Scanning electron micrographs of 

IM7/BMI composite reveal that both thermal oxidation at 245oC in air and sudden heating 

induced debonding along the fiber/matrix interface, thereby weakening the interface. 

A method is introduced to use carbon nanotube (CNT) sheet to scroll carbon fibers to 

enhance the interfacial shear strength of the composite. The CNT sheet is drawn from multiwall 

carbon nanotube (MWNT) forest, it is then used to wrap around a carbon fiber, and is 

impregnated into polymer matrix. Since CNT is meso-porous with high specific surface area, a 

very small amount of CNT sheet in mass can wrap around a large volume of carbon fibers. The 

CNT scrolled carbon fiber in a polymer matrix to form a nanocomposite interphase region, 

thereby creating a well aligned CNT/polymer nanocomposite interphase region near a carbon 

fiber to enhance the mechanical stiffness, strength and ductility of the interphase. The technique 

allows wrapping a carbon fiber with CNT sheet at different bias angles. Nanoindentation was 

made to measure the spatial distribution of the Young’s modulus in the interphase region 

containing the MWNT/polymer nanocomposite. It was determined that the MWNT/polymer 

nanocomposite in the interphase region has modulus significantly higher than that of the polymer 

matrix, thus allowing stress to be optimally distributed in the interphase region – the maximum 
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shear stress is much lower than the case without CNT scrolling carbon fiber under the same 

applied shear force. Different methods were used in experiments to characterize the interfacial 

shear strengths; these include fiber pull-out, fiber push-out by a nanoindenter tip, shear of a 

microbond attached to a carbon fiber and push-in by a flat-ended nanoindenter tip. Finite element 

analysis incorporating interfacial normal and shear traction separation laws in the cohesive 

interface was conducted to extract the interfacial shear strength. All experimental results show 

consistently a significant improvement in interfacial shear strength by using MWNT scrolled 

carbon fibers in a composite. 

6.2 Outlook 

Beyond the work in this thesis, the following questions remain interesting to explore in future 

work. 

6.2.1 FEM Simulation of SU-8 microcompression 

There is difference between simulation results and experimental data and the difference occurs in 

the plastic regime. In current simulation, an elastic-perfectly plastic model was used, with an 

intention to simulate the linear response, and the onset of plastic deformation to extract Young’s 

modulus and yield strength. The model used in our simulation does not have ability to capture 

hardening or softening, if any in the material. The strain-bursts shown in Figure 2.6 suggest the 

existence of a relatively strong strain softening in the plastic region. Once plastic deformation 

occurs, it continues catastrophically until the micropillar is fully compressed. To simulate the 

entire plastic deformation, another appropriate nonlinear constitutive model is needed. This is 

beyond the scope of the current study, which focused on measurements of Young’s modulus. In 
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the future, simulations with other constitutive models need to be conducted to reach agreement 

with experiments. This has been tried by implementing Boyce vicoplastic model through 

VUMAT. However, there are still some deficiencies. In order to quantitatively characterize the 

strain softening, a displacement-controlled nanoindentation system is needed. In-situ 

nanoindentation system “Nanofilp” may be an option, which can record the deformation process, 

and compared with FEM simulation. 

6.2.2 Long-term viscoelastic properties of molding compound at service tempertures 

In current study, the relaxation modulus measured by use of nanoindentation. The specimen IC 

was potted, cross-sectioned and polished prior to the testing. However the relaxation time was 5 

seconds. Additional temperature points and length of time are needed to complete the 

viscoelastic master curve used in the constitutive relationship in a structural analysis. In future 

work, uniaxial relaxation experiments can be conducted on molding compound in bulk form, the 

relaxation experiment can be conducted to find the relaxation modulus over a period of 104 s. 

The selected strain measurement technique will be a non-contact measurement method referred 

to as digital image correlation technique (DIC).  

6.2.3 Wrap carbon fibers with MWNT sheet to form fiber tows 

In the current research, we have characterized the interfacial shear strength of MWNT scrolled 

single carbon fiber composite using a suite of technique, including fiber-pull out, fiber push-out, 

fiber push-in nanoindentation, and observed consistently improved interfacial shear. All data 

indicated an improvement of interfacial shear strength from 40% to over 100% from the baseline 

data obtained from the situation where MWNT sheet was not used. The significant enhancement 
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in interfacial shear strength has potential to translate into enhanced strengths in compression, 

shear and perhaps even in tension. Our current method, however, relies on primarily manual 

operations and thus cannot produce enough materials for ASTM standard testing on larger 

samples for validation, or for making large volume of materials for practical applications.  

 In future work, a continuous nanomanufacturing process can be developed to wrap 

individual carbon fibers with MWNT sheet to form tows. This scalable nanomanufacturing 

process should allow preparation of large quantities of MWNT scrolled tows, which will be 

subsequently used to prepare unidirectional or woven prepregs for use in polymer matrix 

composites. ASTM standard composite testing can then be conducted using samples prepared 

from these prepregs, and modeling and simulations will be conducted to optimize the material 

design, and the processing conditions. 

 

 

 

 

 

 

 

 



 

 
 

134 

BIOGRAPHICAL SKETCH 

Tingge Xu was born in Zhongjiang, Sichuan province, China in 1992. In the 2009 National 

College Entrance Examination, he ranked 1st in Zhongjiang and was admitted by Shanghai Jiao 

Tong University, where he obtained his B.S. degree in 2013, majoring in Mechanical 

Engineering. After graduation, he came to The University of Texas at Dallas to pursue his PhD 

degree under the supervision of Dr. Hongbing Lu. His current research focuses on mechanical 

characterization of microelectronics, composites, and time-dependent materials at small scales. 

His research involved a combination of experiments (primarily nanoindentation), analytical 

modelling, and numerical simulation (mainly finite element method). He received the best 

graduate student award from ASEM North Texas Section. He was also the recipient of multiple 

travel grants and scholarships. 

 

 

 

 

 

 

 



 

 
 

 

CURRICULUM VITAE 

Tingge Xu 

Education 
The University of Texas at Dallas (UTD)                      Richardson, TX 

Ph.D. in Mechanical Engineering       Advisor: Dr. Hongbing Lu                                           May 2017  

Cumulative GPA: 4.0/4.0 

 

Shanghai Jiao Tong University (SJTU)                          Shanghai, China 

B. Eng. of Mechanical Engineering & Automation                                                  June 2013 

Honor class 

 

Professional Experience 
Research Assistant, Department of Mechanical Engineering, UTD, Richardson, TX     08/2013-Present 

 Four years of experience on mechanical characterization of microelectronics, composites, and time-

dependent materials at small scales. My research involved a combination of experiments (primarily 

nanoindentation), analytical modelling, and numerical simulation (mainly finite element method). 

 
Teaching Assistant, Department of Mechanical Engineering, UTD, Richardson, TX    08/2014-05/2016 

 Advanced Solid Mechanics (graduate level), Continuum Mechanics (graduate level) 

 Mechanics of Materials Laboratory (undergraduate level)  

 

Publications 
1. Tingge Xu, Yingjie Du, Huiyang Luo, Gyu-ho Kim, Zhe Xu, Majid Minary-Jolandan, Les Stark, 

Terry Baughn, and Hongbing Lu, “Measurement of Temperature-Dependent Young’s Modulus at a 

Strain Rate for a Molding Compound by Nanoindentation,” Experimental Mechanics, 2016. DOI 

10.1007/s11340-016-0205-7 

2. Tingge Xu, Jun Hyeon Yoo, Sachin Babu, Samit Roy, Jeong-Bong Lee and Hongbing Lu, 

“Characterization of the mechanical behavior of SU-8 at microscale by viscoelastic analysis,” Journal 

of Micromechanics and Microengineering, 26, 105001, 2016 

3. Zhenxing Hu, Tingge Xu, Huiyang Luo, Rong Z. Gan, and Hongbing Lu, "Measurement of thickness 

and profile of a transparent material using fluorescent stereo microscopy," Optics Express 24, 29822-

29829 2016 

4. Yingjie Du, Tingge Xu, Thomas M Shaw, Xiao Hu Liu, Griselda Bonilla, Han Li, and Hongbing Lu, 

“A novel tri-layer nanoindentation method to measure the mechanical properties of a porous brittle 

ultra-low-K dielectric thin film”, Extreme Mechanics Letters, 2017, in press 

5. Tingge Xu, Huiyang Luo, Zhe Xu, Zhenxing Hu, Majid Minary-Jolandan, Samit Roy, and Hongbing 

Lu, “Evaluation of the effect of thermal oxidation and moisture on the interfacial shear strength of 

unidirectional IM7/BMI composite by fiber push-in nanoindentation”, Experimental Mechanics, 

under review 

6. Tingge Xu, Yingjie Du, Huiyang Luo, Zhenxing Hu, Lei Guo, and Hongbing Lu, “Characterization 

of the Mechanical Properties of Mason sand at Grain-Level by nanoindentation”, Experimental 

Mechanics, in preparation 



 

 

7. Huiyang Luo, Zhenxing Hu, Tingge Xu, and Hongbing Lu, “High-strain rate compressive behavior 

of a clay under uniaxial strain state”, Dynamic Behavior of Materials, Volume 1. Springer 

International Publishing, 2017, 117-122. 

8. Huiyang Luo, Tingge Xu, Xuemin Wang, and Hongbing Lu “Interaction of Shock Wave with 

Granular Materials”, Challenges in Mechanics of Time Dependent Materials, Volume 2. Springer 

International Publishing, 2016. 35-43. 

9. Katsuyuki Sakuma, Buck Webb, Xiao Hu Liu, John Knickerbocker, Thomas Weiss, Shidong Li, 

Hongqing Zhang, Conor R Thomas, Eric Perfecto, Tingge Xu, and Hongbing Lu “Fluxless Bonding 

Process Using Thermo-Compression Micro-Scrub for 61 µm Pitch SnAg Solder 3-D 

Interconnections”, In Electronic Components and Technology Conference (ECTC), 2016 IEEE 66th, 

pp. 329-335. IEEE, 2016. 

 

Conference Presentation (Selected) 

1. Tingge Xu, Jun Hyeon Yoo, Jeong-Bong Lee, and Hongbing Lu, “Mechanical properties 

characterization of SU-8 at microscale by viscoelastic analysis”, 2017 SEM Annual-A305, June 12-

15, 2017, Indianapolis, Indiana 

2. Tingge Xu, Huiyang Luo, Zhenxing Hu, Samit Roy, and Hongbing Lu, “Evaluation of 

Environmental Effects on Interfacial Shear Strength of Unidirectional IM7/BMI Composite by 

Nanoindentation”, 2017 SEM Annual-A194, June 12-15, 2017, Indianapolis, Indiana 

3. Tingge Xu, Huiyang Luo, Samit Roy, and Hongbing Lu, “Effects of Thermal Oxidation on the 

Interfacial Shear Strength of IM7/BMI Composite by Fiber Push-in Nanoindentation”, 14th 

International Conference on Fracture (ICF14), June 18-23, 2017, Rhodes, Greece 

4. Tingge Xu, Yingjie Du, Xiao Hu Liu, Thomas M. Shaw, Griselda Bonilla, and Hongbing Lu, “Try-

Layer Nanoindentation for Mechancial Characterization of Ultra-Low-K Dielectrics”, IEEE 

International Interconnect Technology (IITC), May 16-18, 2017, Hsinchu, Taiwan 
5. Tingge Xu, Gyu-ho Kim, Jing Lu et al., "Carbon Nanotube Sheet Scrolled Fiber Composite for 

Enhancement in Interfacial Shear Strength", IMECE2016-65736, November 11-27, 2016, Phoenix, 

Arizona 

6. Tingge Xu, Yingjie Du, Gyu-ho Kim et al., "Measurement of Temperature-Dependent Young’s 

Modulus of Molding Compound at Elevated Temperatures", InterPACKICNMM2015-48157, July 6-

9, 2015, San Francisco, CA 

7. Tingge Xu, Gitogo Churu, Alison Lee et al., "Mechanics of Aerogels – Modeling and Simulations of 

Multifunctionalities: Part II", IMECE2014-4028, November 14-20, 2014, Montreal, Canada 

8. Tingge Xu, Gitogo Churu, Alison Lee et al., "Mechanics of Aerogels – Modeling and Simulations of 

Multifunctionalities: Part I", IMECE2014-4027, November 14-20, 2014, Montreal, Canada 

 

Selected Honors and Awards  
2016   Cyrus Cantrell III UTD Phi Kappa Phi Travel Grant 
2016   PhD Research Small Grant at UTD 

2016   Louis Beecherl, Jr. Graduate Fellowship at UTD 

2016 Phi Kappa Phi Honor Society 
2015   ASME Graduate Student Award (North Texas Section) 

2015 Ericsson Graduate Fellowship at UTD 

2014 Golden Key International Honor Society 

2012 National Encouragement scholarship 

2011&2012 Academic Excellent student scholarship in SJTU 

 




