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Low Earth orbit poses unique challenges to spacecraft due to its harsh 

environment.  Of particular concern is the presence of small, fast moving natural and 

manmade micrometeoroids whose collisions with spacecraft cause damage that greatly 

reduces their effective lifetime.  Polyimide materials, such as PMR-15, have been used 

since the dawn of the space age given their favorable physiochemical properties and 

strength to mass ratio as compared to structural materials like ceramics and metals.  

Recent research on polymer nanocomposites has demonstrated the inclusion of 

nanoparticles into polymer matrices can enhance the mechanical properties of structural 

materials.  Further, considerable attention has been given to investigate mechanical 

properties of metal oxide nanomaterials reinforced polymeric systems, particularly 

focusing on zinc oxide nanoparticles and their inclusion into various polymeric systems. 

In this regard, this thesis focuses on understanding viscoelastic behavior of zinc oxide 

nanorods reinforced polyamide nanocomposites.  A series of polyamide-imide based 

nanocomposites were fabricated by blending polyamide-imide resin with different weight 

ratios of zinc oxide nanorods, and their viscoelastic properties were characterized via 

nanoindentation.  A positive correlation among elastic modulus, stiffness, and hardness 

were found, with the strongest response coming from the composite with 4.76 wt % zinc 

oxide which increased reduced elastic modulus, stiffness and hardness by 32%, 14%, and 



  

 

 

35%, respectively.  Additionally, creep compliance calculations demonstrated a decrease 

in composite creep under constant stress as zinc oxide nanorod weight composition 

increased, with the same trend holding for delayed viscoelastic response; creep 

compliance values decreased from 3570 Pa-1 to 1717 Pa-1 with the addition of 4.76 wt % 

zinc oxide nanorods and delayed viscoelastic response decreased from a 2.2% change in 

depth over 0.51 seconds for the zinc oxide free material to a 1.1% change in depth over 

0.30 seconds for the nanocomposite containing 4.76 wt % zinc oxide.  The roughness 

analysis along with topological analysis of nanocomposites films with respect to the 

weight ratio of ZnO nanorods support the changes in viscoelastic responses, evidencing 

highest favorable interactions between nanorods and polymer chain in the composite with 

4.76 wt % ZnO nanorods, maximizing polymer flow restriction and minimizing 

deformation.  Finally, calculations estimating the velocity of elastic waves and the 

Hugoniot Elastic Limit demonstrated addition of zinc oxide nanorods improve elastic 

wave speed, with the nanocomposite containing 4.76 wt % zinc oxide nanorods having an 

elastic wave speed of 3.57 km/s, which is an 11% improvement as compared to free 

polymer itself. The improvement in elastic properties, elastic wave speed, and Hugoniot 

Elastic Limit imply the 4.76 wt % zinc oxide nanorods containing nanocomposite would 

better resist hypervelocity impacts than nanorod free material. The future work will focus 

on performing hypervelocity impact testing using the facility at the Marshall Space Flight 

Center.  
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CHAPTER I  
 

INTRODUCTION 
 

 

1.1 Overview 

Low earth orbit (LEO) shielding requires robust materials, able to survive 

continuous bombardment from meteoroids, be able to both survive and protect equipment 

and personnel from radiation, and be able to withstand degradation from atomic 

oxygen.1,2  Typical materials investigated for these applications are ceramics, ceramic 

composites, and metals.1,3  The advantage of these materials is their high strength and 

ability to protect against electromagnetic radiation.  These properties are critical as such 

materials must be able to survive years in space without breaking down.1,4–6  These 

materials’ benefits, however, come at the cost of their significant weight. 

Composites are complex materials, consisting of multiple components, typically 

designed to produce a structure with the combined beneficial properties of those 

components.  Polymer composite materials have been extensively studied for use in 

spacecraft.7  Examples of polymer composites investigated for use in space include 

polyethylene/carbon nanostructure composites, where Kanagaraj et al (2007) showed 

adjusting carbon nanostructure content tuned mechanical properties, and Laurenzi et al
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(2020) showed these materials were better suited for radiation shielding.  In addition to 

adding particles to a polymer matrix, researchers have explored adding functionalizations 

to polymers as a way to tune their properties.8,9  For example, Lei et al (2015) developed 

a polyhedral oligomeric silsesquioxane (POSS) polyimide and demonstrated its vastly 

improved atomic oxygen degradation resistance and vastly decreased density.10  Beyond 

improving the aerospace applicability of these polymers, these composites have 

considerably higher strength to mass ratio as compared to ceramic composites and metal 

alloys.  A particularly promising material for use in polymer composites for LEO 

shielding is polyimide.  Developed in the 1960s by Dupont, polyimide has enjoyed 

commercial success in electronics, adhesives and aerospace due to its robust 

physiochemical properties.11  Polyimide’s behavior in hypervelocity impact situations is 

well characterized; Liu et al (2019) demonstrated the effects of film thickness, impact 

velocity and pre-stress has on impact behavior.  They described failure modes of the 

films as well as the microenvironment of the film during impact; high local strain rate, 

temperature and pressure.12  Additionally, the effects of UV radiation on the mechanical 

properties of polyimide is well studied; Dever et al (2001) examined the effects of 

vacuum UV radiation on polyimide films, noting, importantly, that while exposure to UV 

light changed the physical appearance of the films as well as their spectral reflectance, no 

meaningful change in tensile strength was observed.13  Despite these promising 

properties, polyimide alone shows susceptibility to atomic oxygen degradation after 

hypervelocity impacts, resulting in increased erosion rates of the films, as demonstrated 

by Verker et al (2007).14 
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 Over the past few decades considerable research has focused on investigating the 

effects of using nanoparticle fillers in composite materials over bulk fillers.  Indeed, there 

is considerable response in physical properties of composites when using nanoparticles.  

This is commonly attributed to the high surface area to volume ratio of nanoparticles 

compared to their bulk equivalents; Bindu et al (2013) notes that while only a few percent 

nanoparticles are required to attain optimal mechanical properties of natural rubber 

polymers, up to 30 wt % bulk filler is required to obtain similar results.15  The effect of 

this high surface area to volume ratio, and why it leads to a stronger response in changing 

the mechanical properties of composites, is that there is more surface for the matrix of the 

composite to interact with the filler.  In bulk material, the majority of the volume is 

contained within the particles and is unable to interact with the surroundings.  For low 

dimensional nanoparticles, most of the volume is on the surface and free to interact. 

Outside of aerospace applications, considerable research has been conducted on 

tuning mechanical properties of polymers with zinc oxide (ZnO) nanoparticles; 

Thipperudrappa et al (2019) demonstrated a monotonically increasing relationship 

between ZnO nanoparticle composition and tensile strength in glass reinforced epoxy 

systems.16  Mu et al (2015) found that introducing ZnO nanoparticles into 

polytetrafluoroethylene/polyimide blends resulted in increased impact strength with the 

addition of up to 3% ZnO.17  More recently, Baghdadi et al (2019) showed that 

introducing ZnO to epoxy resins increased storage modulus of the composites.18 

Additionally Wacharawichanant et al (2008) conducted a study to determine the effects 

of ZnO particle size had on the mechanical properties of polyoxymethylene/ZnO 
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nanocomposites and found that irrespective of particle size, elastic modulus of 

nanocomposites increased with increasing ZnO content, indicating a decrease in 

deformation due to stress.19 

1.2 Research Goal 

The goal of this research is to develop a polymer-metal oxide nanocomposite with 

favorable hypervelocity impact resistance compared to the neat polymer.  Specifically, 

this thesis aims to synthesize polyamide-imide/zinc oxide nanocomposites and 

characterize their viscoelastic behavior via nanoindentation experiments, demonstrating a 

decrease in deformation response.  Properties focused on include, changes in elastic 

modulus, stiffness, and hardness, elastic wave speed, Huganoit Elastic Limit, creep 

behavior, and delayed viscoelastic response.  Understanding these properties will shed 

light on these material’s suitability for use in aerospace. 
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CHAPTER II  
 

BACKGROUND 
 

 

2.1 Low Earth Orbit (LEO) Environment 

Low Earth orbit (LEO) is the region of near-earth space, extending from the upper 

thermosphere out a few hundred kilometers; typically, LEO is defined as being 150 – 

1000 km above the Earth’s surface.  Several features define the unique environment of 

LEO that must be considered when designing spacecraft for missions in this region: ionic 

radiation, ultraviolet radiation from the sun, atomic oxygen, and micrometeoroids 

traveling at hyper velocities.20,21  This combination of challenges is unique to the LEO 

environment due to the presence of an atmosphere, albeit thin, providing ionizable matter 

not present at higher altitudes.  Examples of craft currently in LEO are the International 

Space Station, the Hubble Space Telescope, Starlink, and, previously, Tiangong-2.  

Additionally, satellites whose purpose is to monitor atmospheric phenomena or image the 

surface of the Earth are often located in LEO.21 

Beginning just below LEO, at 50 km above Earth’s surface, is the ionosphere. 

This region of the atmosphere is characterized by an abundance of species ionized by 

ultraviolet radiation emitted by the sun.  The ionosphere is divided into four regions, D, 

E, F1 and F2, characterized by their altitude and plasma density.22  As one might expect,
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the density of plasma present throughout the ionosphere varies with daylight, as the sun 

provides the energy to create the ionized species (Table 2.1).23  Thermal energies of 

electrons and ions in F2 range from 0.1 eV to 0.2 eV, equivalent to 1200 K to 2400 K.   

 

 

Region Nominal 

Height of 

Peak Density 

(km) 

Plasma 

Density at 

Noon (cm-3) 

Plasma 

Density at 

Midnight (cm-

3) 

Dominant Ion 

D 90 ~1.5 x 104 Vanishes O2
-, O2

+, NO+ 

E 110 ~1.5 x 105 ~1 x 104 O2
+ 

F1 200 ~2.5 x 105 Vanishes O+ 

F2 300 ~1.0 x 106 ~1 x 105 O+ 

Table 2.1: Composition of regions of the ionosphere (NASA, 2007).23 

 

 

In the mid-1960s, much attention was given to exploring solar phenomena both 

on the sun itself as well as the sun’s relationship with the Earth’s atmosphere and species 

its radiation produces.  Figure 2.1 is a composite of data generated from Elektron 11 and 

Explorer XVII in 1966 and 1965, respectively and shows both the ionic and neutral 

species composition of the ionosphere during daytime.22 
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Figure 2.1: Daytime composition of ionosphere (Kelley, 2009).22 

 

 

In its highest concentrations below 700 km, as shown in Figure 2.1, atomic 

oxygen is a particularly reactive neutral species present in LEO.  Atomic oxygen forms 

when high frequency ultraviolet radiation splits O2.  In a higher density atmosphere, such 

as the ozone layer, this species would combine with O2 to form O3 however, LEO is too 

low density for this to occur, and the atomic oxygen is free to react with materials on the 

surface of spacecraft.24  Atomic oxygen produced this way have energies of ~4.5 eV, 

which easily break hydrocarbon bonds present in all polymeric materials.  Defining the 

erosion yield of a material as being the area of polymer eroded per oxygen atom, Table 

2.2 shows several materials and their associated measured erosion yield.24 
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Material Common Name Measured Erosion 

Yield in LEO (x10-24 

cm/atom) 

Epoxide or epoxy Epoxy resin 5208 2.7 

Polyethylene Alathon; Lupolen; 

Hostalen 

3.2-4.5 

Polyimide Kapton HN 3.0 

Polyimide Kapton H 1.5-3.1 

Polyimide Black Kapton 1.4-2.2 

Polymethylmethacrylate Plexiglas; Lucite 3.9-4.8 

Polypropylene Profax; Propathene 4.4 

Table 2.2: Atomic oxygen erosion of various polymeric materials (Banks, 2004).24 

 

 

 LEO is also characterized by the presence of many fast moving objects, both of 

natural and manmade origin.  Particle sizes of these objects range from about a hundred 

meters to fractions of a millimeter and travel up to tens of kilometers per second.25  Large 

objects in LEO are easily tracked from the ground and freely avalible software exists for 

this purpose, such as ORDEM 3.1, as well as software to model debris evolution 

overtime, such as LEGEND which is able to model behavior of particles as small as 1 

mm in diameter.26,27  Figure 2.2 shows all objects being tracked at altitudes less than 

2000 km as of January 1, 2019. This region has the greatest concentration of orbiting 

objects of which 95% are catagorized as debris.28 
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Figure 2.2: Tracked objects at less than 2000 km as of Jan 1, 2019 (ARES | Orbital 

Debris Program Office).28 

 

 

Hyper velocities are defined as being greater than 3 km/s and impacts of particles 

ranging from a few millimeters to less than one millimeter traveling at hyper velocities is 

a major cause of the reduced lifetimes of satellite components.  As previously stated, 

there are models to predict the formation of artificial space debris in this particle size 

range, but there is no way to track these particles. Additionally, LEO hosts an even larger 

population of micrometeoroids than artificial space debris in the particle size regime; 

Graham et al (2000) analyzed a solar array panel taken from the Hubble Space Telescope 

after 43 months in space and found that of the 29 impact craters from hypervelocity 

impacts, 20 were of natural origin, 3 were of artificial origin and 6 were unclassified.29  
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2.2 Hypervelocity Impact Testing 

2.2.1 Hypervelocity Gun Design 

Instead of relying on materials from long term LEO missions returning to Earth 

and being analyzed for hypervelocity impact damage, devices have been made so that 

hypervelocity impacts can be performed under controlled laboratory conditions.  This has 

the benefits of being able to control the physical nature of the projectiles as well as their 

size and velocity.  Additionally, the turnaround time on experiments is orders of 

magnitude faster than waiting on samples to be delivered to and from orbit.  Recognizing 

the importance of performing highly controllable hypervelocity impact experiments, 

NASA has developed and runs frequent experiments on several impact guns housed at 

Marshall Space Flight Center and White Sands Test Facility.30 

 For micrometeoroid impact simulations, a gun able to accelerate a particle from 

rest to tens of thousands of meters per second is required.  These velocities are typically 

achieved using a one or two stage light gas gun, as shown in Figure 2.3.  From the 

breech, a firing mechanism ignites an explosive powder, producing high pressure hot 

gasses that propel a piston forward, similar to how typical guns operate. In front of the 

piston is a chamber of hydrogen gas at ambient temperature blocked from moving out of 

the chamber by a closed rupture valve.  As the piston proceeds through the chamber, the 

hydrogen gas is compressed and forced into a conical region of the chamber. Eventually 

the rupture valve is forced open and the rush of high pressure hydrogen gas accelerates 

the impactor projectile, located on the opposite side of the rupture valve, forward at hyper 
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velocities down a barrel towards the target.31  Note that the barrel and target sit in 

vacuum prior to the introduction of the hydrogen gas. 

 

 

  
Figure 2.3 Light gas gun design. Top: Immediately after the powder is ignited, the piston 

starts moving down the hydrogen filled tube. Bottom: The rupture valve opens, allowing 

the pressurized hydrogen to propel the impactor towards the target at hypervelocity 

(Nellis, 1999).32 

 

 

2.2.2 Laboratory Hypervelocity Impact Tests 

Laboratory based impact testing has been performed on many target objects with 

projectiles of various sizes and compositions.  Motoyashiki et al (2008) investigated the 

impact behavior of ceramics exposed to micrometeors of different sizes traveling at 

different speeds; Figure 2.4 shows the impact crater created on a 1.5 mm thick ceramic 

target by a stainless steel sphere of diameter 500 μm traveling at 4.15 km/s.33  
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Figure 2.4: Ceramic target hit by 500 µm steel sphere. Left: Front of ceramic plate 

showing the creation of a crater as well as complete perforation, approximately 1 mm in 

diameter. Right: Back of ceramic plate showing similar sized perforation as well as large 

symmetric spallation (Motoyashiki, 2008).33 

 

 

 On the front of the ceramic, the impact is characterized by the presence of a hole 

indicating complete perforation of the target, with an approximate diameter of 1 mm. 

Additionally, a crater with a diameter of three times that of the perforation is present, 

emanating from the hole.  The back of the ceramic target shows an equally sized hole 

with a massive spallation.  A spallation is caused, in the case of energetic impacts, when 

an impact on one side of a target results in emission of particles on the opposite side of 

the target.  Motoyashiki additionally showed that for these targets, penetration was not 

required for spallation to occur; by decreasing the diameter of the steel sphere to 300 μm 

or decreasing its velocity to 1.94 m/s, penetration was stopped, but spallation was still 

observed (Figure 2.5).33 
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Figure 2.5: Ceramic target hit by 300 µm steel sphere. Left: Front of ceramic target 

showing impact crater and absence of complete penetration. Right: Back of target 

showing significant spallation despite no penetration (Motoyashiki, 2008).33 

 

 

 These experiments have also been extended to polymeric materials; Perinati et al 

(2014) investigated the hypervelocity impact response of a double walled shield 

consisting of an 8 μm thick polyimide film and 15 μm polypropylene film mounted 45 

mm apart.34  This so called Whipple design is meant to enhance the overall effectiveness 

of the shielding by having the polypropylene catch any fragments produced upon impact 

with the polyimide.  In this experiment, researchers fired a spherical projectile with 

diameter 75 μm traveling at 4.9 km/s at the Whipple target, finding that collision with the 

polyimide resulted in the sphere breaking apart and causing a 10 mm spray to hit the 

polypropylene back-wall as well as complete penetration of the back-wall (Figure 2.6). 
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Figure 2.6: Polyimide/polypropylene Whipple after hypervelocity impact. Left: 4.9 km/s 

impact of 75 μm sphere on 8 μm thick polyimide film, showing the formation of a 106 

μm perforation. Center: 10 mm metal spray on polypropylene back-wall caused by 

polyimide film breaking apart the projectile. Right: Complete perforation of the 

polypropylene back-wall by a large metal fragment from the projectile (Perinati, 2014).34 

 

 

2.3 Relationship Between Impact Response and Elastic Modulus 

While laboratory testing of hypervelocity impact response is considerably more 

convenient than LEO testing, it is still low throughput; Perinati reported that during their 

work on the polyimide/polypropylene Whipples, for each of the 13 impacts they 

performed, it took on average an entire day to obtain a single impact.  It takes 

considerable time to set up the accelerator and once a shot has been made, the chamber 

must be opened, introducing air into the low vacuum environment and the target must be 

visually inspected via microscopy to ensure the shot successfully hit the target.34 Beyond 

this, maintenance on the guns is expensive. 

 Out of the need for less expensive, time consuming, experiments, several 

researchers have developed analytical techniques for predicting the hypervelocity impact 

behavior of target materials.  A key observation related to failure mechanisms in 
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materials undergoing a hypervelocity event is that when the speed of the projectile 

incident to the target exceeds the speed of sound in the target medium, a shockwave is 

formed.  These shockwaves propagate throughout the material and are reflected when 

they reach a boundary, causing them to interfere with other waves, resulting in cracks and 

other failures.35,36 

 Smith et al (2016) described the formation of a shockwave based on the behavior 

of elastic and plastic waves propagating through a material after an impact.37 

The speed of elastic waves is 

𝐶𝑜 = √
𝐸(1 − ν)

ρ(1 + ν)(1 − 2ν)
 

(1) 

where E is elastic modulus and ν is Poisson’s ratio. 

The relation between elastic modulus, Poisson’s ratio and bulk modulus is 

𝐵 =
𝐸

3(1 − 2ν)
 

 

 

for materials experiencing little stress.  Upon impact with sufficient force, a plastic wave 

that propagates slower than the elastic wave will form.  The speed of the plastic wave, 𝐶𝑏, 

can be calculated from 

𝐶𝑏 = √
𝐵

ρ
 

(2) 
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Smith notes that while 𝐶0 is constant, because 𝐵 varies when the material is compressed, 

i.e. compression of the material results in a higher 𝐵 value, 𝐶𝑏 also increases under high 

stress.  Therefore, for an impact with sufficient force, 𝐶𝑏 will eventually exceed 𝐶0 and 𝐶, 

resulting in a shockwave.37 

 The Hugoniot elastic limit (HEL) is the value at which a material starts to lose its 

purely elastic behavior and begins acting like a plastic, and is related to the speed of 

sound and shockwave propagation in a specific medium: 

𝜎𝐻𝐸𝐿 =
1

2
Δ𝑈𝐻𝜌√

𝐸

𝜌𝑖
 

(3) 

where Δ𝑈𝐻 is the experimentally determined free surface velocity and ρ𝑖 the 

instantaneous density, differing from ρ, the material’s density under zero, or close to 

zero, stress.38  When a material begins undergoing plastic deformation, much of the 

structure in the system is weakened.  In addition to understanding at what stresses a 

material undergoes plastic deformation, understanding when a material will undergo 

spalling is also important.  Spalling is the emission of particulates as a result of an impact 

that causes a rupture within a material; Motoyashiki et al (2008) found spalling occuring 

on the backside of their ceramic target as shown in Figure 2.5.33  Roy et al (2016) provide 

an expression for calculating spall strength, or, the strength of a material to resist 

spalling: 

𝜎𝑠𝑝𝑎𝑙𝑙 =
1

2
Δ𝑈𝑓𝑠𝜌√

𝐵

𝜌𝑖
 

(4) 
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where Δ𝑈𝑓𝑠 is the experimentally determined pullback velocity of the free surface.38 

Notice the similarity of the equations describing the HEL and spall strength; both 

are related to the speed of propagating elastic and plastic waves in a material, thus related 

to the elastic modulus of the material.  There are, of course, other factors to consider 

when exploring hypervelocity impacts, such as tensile strength, however the above 

described models for HEL and spall strength give simple parameters for determining how 

wave propagation can lead to material failures, and how changes in elastic modulus can 

enhance a material’s resistance to these failures. 

2.4 Polyimides and Polyamide-imides 

Polyimides are a class of polymers made of repeating units connected by imide 

bonds.  Popularized in the 1960s by Dupont and sold under the brand name Kapton®, 

they have been studied extensively for industrial applications due to their favorable 

physiochemical properties.11,13,39–42 Polyimide research for the past several decades has 

been focused on aromatic polyimides as the presence of aromatic groups along the 

polymer chain enhances the overall strength of the material.  This is due to π − π 

interactions, so that when the material has stress applied to it, the secondary π − π 

interactions resist deformation more so than non-aromatic polyimides.43  Additionally, 

the presence of aromatic group aids immensely in thermal stability.44 
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Figure 2.7: Top: imide unit. Bottom: Kapton® 

 

 

 The standard approach for synthesizing polyimides of all varieties involves 

reacting dianhydrides and diamines in a one or two step synthesis process.45  An example 

of the standard two-step process, shown in Reaction 2.1, involves the reaction of 

pyromellitic dianhydride with a diamine in an appropriate solvent to yield an intermediate 

polyamic acid.  This soluble intermediate is then converted to the polyimide via thermal 

treatment.  
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Reaction 2.1: Reaction between Pyromellitic dianhydride and generic diamine with 

aromatic backbone (De Abajo, 1999).45 

 

 

 Sulub-Sulub et al. (2018) provides an example of a single step polyimide 

synthesis; in  Reaction 2.2, 3,8-diphenylpyrene- 1,2,6,7-tetracarboxylic dianhydride 

(DPPD) was reacted with an aromatic diamine via a polycondensation reaction.46 The 

diamine and DPPD were dissolved into nitrobenzene and heated after which pyridine was 

added followed by additional heating and  benzoic acid addition. After 24 hours, the 

desired polyimide was formed.  
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Reaction 2.2: Reaction of DPPD with aromatic diamine in one step polyimide synthesis 

(Sulub-Sulub, 2018).46 

 

 

Given their commercial importance, processability of polyimides is critical.  An 

unfortunate side effect of the addition of aromatic groups along the backbone of 

polyimides is it results in brittle materials that are difficult to process given their inability 
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to dissolve in standard solvents and poor meltability.44,45  To improve processing, 

researchers have explored adding aromatic and nonaromatic sidechains along the 

polymer.  Susa et al. (2017) explored using fatty diamines with the goal of synthesizing a 

polyimide with more favorable solubility, processability and biodegradability.47  While 

the polyimide product had favorable processability, its glass transition temperature, close 

to room temperature, made it impractical for many applications.  Liaw et al (2012) 

provides a comprehensive review of the effect of diamine geometry on the resulting 

polyimides; introducing kink structures results in polyimides that have greater flexibility 

but decreased thermal stability, by introducing spiro centers, the resulting polyimide has 

decreased molecular packing thus increased solubility, glass transition and thermal 

stability, and, by introducing cardo structures, the resulting polyimide shows increased 

solubility and improved thermal properties.11 

 For applications in aerospace the so-called polymerization of monomeric 

reactants (PMR) process is favored for forming high quality polyimides.  Broadly, the 

PMR process involves forming imide oligomers via the diamine-dianhydride reaction in 

an alkyl solvent containing reinforcing fibers, boiling off the solvent and heating to 

approximately 200 oC until a thick paste is formed, indicating the formation of imide 

oligomers.48,49 Additional heating to approximately 300oC results in complete 

imidization.  The power of this method for forming polyimides comes in the ease of 

formability; after oligomerization, the fibrous material can be formed into the desired 

shape and either stored for later use or immediately heated to create a reinforced 

polyimide composite material.49 
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 Beyond using the PMR method to tailor the processability of polyimides, it has 

been shown that adding certain functionalities to the polymer chain can have a positive 

impact on processability.44 Polyamide-imides are a class of polyimides with the addition 

of an amide functionalization on the polymer backbone.  By the early 1970s, researchers 

recognized the commercial potential of polyamide-imides given their superior physical 

stability and processability.50 The addition of the amide acts to enhance the solubility of 

the polymer allowing for better processability while still allowing for secondary π − π 

intersections present in polyimides which act to add structure to the system.  Given 

polyamide-imides’ solubility and simple reactivity, simple fabrication methods exist 

which rely on using soluble resins with reactants in them that when dissolved and heated 

undergo imidization forming high quality polyamide-imides.51,52  Such a process is rarely 

possible for polyimides given the reagents involved. In fact, typical polyimides 

synthesized this way are prone to high void content due to solvent evaporation during 

polymerization which leads to poor quality materials.48  Additionally,  polyamide-imide 

resins are widely commercially available with their compositions tuned for specific end-

user applications.53 

2.5 Zinc Oxide Fillers for Tuning Mechanical Properties of Polymer Composites 

Recently, considerable research into tuning the mechanical properties of polymer 

matrices has been conducted with particular interest given to zinc oxide (ZnO) 

nanoparticles of various morphologies.  Thipperudrappa et al (2019) explored the effect 

spheroidal ZnO nanoparticles on glass reinforced epoxy nanocomposite laminates, 

showing that the addition of less than 2 wt % ZnO acted to improve tensile strength and 
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impact strength.16  This however, came with the drawback that any amount of ZnO 

caused the composites to show decreased flexure strength, which the authors attributed to 

the ZnO causing brittle fractures to form due to the particle’s resistance to bending.  

Further, for weight fractions greater than 2 wt %, the ZnO tended to hinder the 

mechanical properties of the composite.  This fact was attributed to agglomeration of 

ZnO nanoparticles forming at high concentrations. 

Beyond their laminates, it has been observed that ZnO can tune the properties of 

epoxy resins.  Baghdadi et al (2020) synthesized epoxy resins containing 0 – 5 wt % ZnO 

and found maximum tensile strength with composites containing 2.5 wt % ZnO filler.18  

Additionally, they developed a method for functionalizing the nanoparticles with organic 

surfactants, thus enhancing the interaction between the polymer and the ZnO.  Further 

supporting the theory that low concentrations of ZnO tend to have the most profound 

effect on composite mechanical properties, Mu et al (2015), in their work on self-

lubricating polymer blends, found polytetrafluoroethylene/polyimide blends with 3 wt % 

ZnO showed a 20 % increase in wear resistance. Additionally, the composites with 3 wt 

% ZnO had improved impact and tensile strength.17 

As early as 2008, researchers noted ZnO’s impact on mechanical properties of 

polymer composites; Wacharawichanant et al (2008) synthesized polyoxymethylene/ZnO 

nanocomposites with ZnO particle sizes of 71 nm and 250 nm, both spherical, and carried 

out elastic modulus, tensile strength and impact strength measurements.19  Elastic 

modulus increased with increasing ZnO content for composites containing the smaller 

and larger nanoparticles, with compositions tested ranging from 0 – 8 wt %.  They also 
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observed a very slight decrease in tensile strength with increasing ZnO content compared 

to the neat polymer.  Additionally, they noted composites with different particle sizes had 

similar impact strengths and ZnO concentrations at which maximum impact strength was 

achieved. The composite containing the 250 nm ZnO having a maximum impact strength 

slightly above 1 wt % and the composite containing the 71 nm ZnO having a maximum 

impact strength slightly below 1 wt %. 

2.6 Zinc Oxide Nanoparticle Synthesis 

All of the research mentioned in Section 2.5 used commercially available ZnO 

nanoparticles, and the morphology was approximately spherical.  There exist simple 

synthesis procedures for ZnO, allowing for the formation of ZnO nanoparticles of various 

morphologies with monodisperse particle sizes.  Davis et al (2019) provides a robust 

method for the synthesis of various morphologies of ZnO nanoparticles.54  This synthesis 

exploits both sol-gel synthesis as well as solvent-driven self-assembly.  The sol-gel 

process is shown in Reaction 2.3; a precursor consisting of a metal alkoxide or metal 

halide reacts with a nucleophilic X-OH, to produce an intermediate that undergoes 

condensation to form the desired metal oxide.55 
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Reaction 2.3: Sol-gel synthesis of metal oxide (Livage, 1992).55 

 

 

Davis and colleagues used zinc chloride as the metal precursor and sodium 

hydroxide as the source of the nucleophilic hydroxyl group.54  Additionally, as previously 

mentioned, they introduced a solvent that would aid in driving particle growth towards 

specific morphologies.  To do this, they dissolved the ZnCl2 in a solvent and to this, 

added an aqueous NaOH solution, the reaction proceeding as in Reaction 2.4 for the case 

of dimethylformamide as solvent. 

 

 

 
Reaction 2.4: Sol gel reaction employing solvent driven self-assembly to produce ZnO 

nanostructures (Davis, 2019).54 
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As they explain, solvents selectively adhere to certain crystal facets during crystal 

growth, thus acting as surfactants and limiting growth in those directions.  To summarize 

their results, they found that dimethylformamide and acetonitrile resulted in hexagonal 

rods, dimethyl sulfoxide resulted in slate like structures, toluene resulted in a mixture of 

slates and rods, hydroquinone resulted in spheroidal particles, and m-xylene resulted in 

rods that were shorter than those produced via DMF and acetonitrile. 

2.7 Nanoindentation 

2.7.1 Device Operation 

Nanoindentation is a technique that allows for the determination of mechanical 

properties of a sample such as stiffness, reduced elastic modulus, and hardness by 

probing a relatively small region of the material.  The technique relies on a small tip of 

known geometry applying a defined force to a material and analyzing the material’s 

deformation and reformation during the force loading and unloading.56  For the device to 

determine the depth of penetration into the sample, the Hysitron TI 950 uses a transducer 

design as shown in Figure 2.8. 
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Figure 2.8: Capacitive transducer. Depth of penetration by the tip into the specimen is 

determined by the sign of the signal measured by the center plate (Hysitron, 2014).57 

 

 

 As described in the TI 950 operation manual, as a load is applied to the specimen 

by the tip, the tip will indent some depth into the specimen.  This will cause the center 

plate in the transducer to approach one of the outer plates.  Both outer plates have an 

alternating current running through them, and the amplitude of current in the center plate 

is measured to determine its location relative to the two plates.  This is done by 

converting the voltage amplitude to a direct current signal.  As the center plate 

approaches the lower plate, this signal becomes negative and as the center plate 

approaches the upper plate, the signal become positive.57  This type of capacitive 

transducer allows for sensitivity in depth sensing of <0.2 nm.58 

 A typical nanoindentation experiment consists of first defining the specimen’s 

location in three dimensions using the microscope to the right on the transducer, see 

Figure 2.9. 
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Figure 2.9: Hysitron TI 950 nanoindenter (TI 950 TriboIndenter | In Situ 

NanoCharacterization Solutions).59 

 

 

After this, the stage will move the sample under the tip and the tip will slowly approach 

the sample.  After making contact and settling, the tip will begin to perform the indent by 

applying a load at the user-defined rate and calculating the depth of penetration as a 

function of load. 

2.7.2 Mechanical Properties from Nanoindentation 

After the experiment, the software will generate a load displacement curve and 

produce values of various mechanical properties.  Typical properties of interest include 

stiffness (S), reduced elastic modulus (𝐸𝑟), and hardness (H).  Stiffness refers to a 

material’s ability to resist deformation and is calculated as the instantaneous decrease in 

depth at maximum depth of penetration, typically this occurs at the point of unloading as 

shown in Figure 2.10;56 
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𝑆 =
𝑑𝑃

𝑑ℎ
 

(5) 

 

 

 
Figure 2.10: Typical displacement curve generated from a nanoindentation experiment 

showing stiffness as the line tangent to the unloading curve at maximum depth. 
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 Reduced elastic modulus, also known as reduced Young’s modulus, is a function 

relating stiffness and contact area of the tip: 

𝐸𝑟 =
𝑆√π

2β√𝐴𝑐

 
(6) 

where β is a constant depending on the geometry of the tip and 𝐴𝑐 is the projected contact 

area of the tip.  For a conical tip, 𝐴𝑐 is the area of the circle formed as the intersection of 

the plane of the sample with the tip, as shown in Figure 2.11. 

 

 

 
Figure 2.11: Projected contact area formed by a conical tip on a specimen. 
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The formula for 𝐴𝑐 for conical tips is 

Ac = πhc
2tan2α (7) 

where ℎ𝑐 is the depth of the projected circle in the sample and α is the semi apex angle.  

It is important to note the projected surface will often be lower than the apparent surface 

of the sample.  This is due to two related phenomena: sink-in and pile-up.  Sink-in occurs 

when material tends to be pulled down towards the tip during indentation and pile-up 

occurs when material is pushed out away from the tip (Figure 2.12).60,61 

 

 

 

Figure 2.12: Sink-in and pile-up. Left: sink-in occurs when material sinks toward the tip. 

Right: Pile-up occurs when material is pushed away from the tip (Broitman, 2017).61
 

 

 

To relate reduced elastic modulus with elastic modulus (𝐸), 

1

𝐸𝑟
=

1 − ν2

𝐸
+

1 − ν′2

𝐸′
 

(8) 

where ν and ν′ are Poisson’s ratio of the specimen and tip, respectively, and 𝐸′ is the 

elastic modulus of the tip.62  Determination of Poisson’s ratio requires techniques beyond 

the scope of nanoindentation, and for sufficiently soft specimens compared to the tip, 

𝐸𝑟 ≈ 𝐸. 
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Finally, hardness in the context of nanoindentation is determined by ratio of 

maximum applied load (𝑃𝑚𝑎𝑥) to 𝐴𝑐 

𝐻 =
𝑃𝑚𝑎𝑥

𝐴𝑐
 

(9) 

so that for two materials exposed to the same load, the one that experienced less 

penetration from the tip would have a lower 𝐴𝑐, therefore a greater hardness. 

2.7.3 Tip Selection 

 Tip selection is critical when developing an experiment as many materials show 

varying mechanical properties when tested at various maximum depths when certain tips 

are used, while they show consistent depth-independent results when other tips are 

used.63  Figure 2.13 shows several tip geometries, with the Berkovich tip being the 

standard. 

 

 

 
Figure 2.13: Several tip geometries: a) spherical, b) conical, c) Vicker’s, d) Berkovich, 

and e) cylindrical (Comby-Dassonneville, 2018). 64 

 

 

The changing mechanical properties with depth is referred to as the indentation size 

effect and has been observed in a number of materials from polymers to ceramics to 

metals.  Researchers have observed depth dependent mechanical properties are greater in 
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Vicker’s and Berkovich tips and are less apparent in tip geometries free of edges.63  

Additionally, these effects are more pronounced in soft polymeric materials than in rigid 

materials, therefore use of an edge free tip will give more depth independent results when 

testing polymers. 

2.8 Rule of Mixtures and Modified Rule of Mixtures 

There exist simple models for estimating the mechanical properties of composite 

materials based on the individual properties of the component materials, so called rule of 

mixture equations.  These equations can be applied to elastic moduli, and with the 

assumption that 𝐸 ≈ 𝐸𝑟, also apply to estimating reduced elastic moduli.  The simplest 

approximations for upper and lower bounds on the elastic modulus of a composite 

material are the Voigt and Reuss approximations, with the Voigt approximation 

providing an upper bound based on the assumption that load is applied parallel to the 

filler; so called longitudinal stress, and Reuss approximation providing a lower bound 

based on the assumption that load is applied perpendicular to the filler; so called 

transverse stress.65  The derivation of the Voigt and Reuss approximations follow directly 

from basic definitions, and is described by Pasha et al (2018)66: 

For the Voigt upper bound, for a two-phase composite, consisting of a matrix and a filler, 

the total load sustained by the composite is 𝐹𝑐 = 𝐹𝑚 + 𝐹𝑓 

where 𝐹𝑚 and 𝐹𝑓 are the loads sustained by the matrix and the filler, respectively. 

By definition of stress, 𝐹 =  σ𝐴 

where 𝐴 is the cross sectional area. Thus, 
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σ𝑐𝐴𝑐 = σ𝑚𝐴𝑚 + σ𝑓𝐴𝑓 → σ𝑐 = σ𝑚

𝐴𝑚

𝐴𝑐
+ σ𝑓

𝐴𝑓

𝐴𝑐
 

Assuming equal phase length of the filler and matrix, 
𝐴𝑚

𝐴𝑐
= 𝑉𝑚 and 

𝐴𝑓

𝐴𝑐
= 𝑉𝑓 

where 𝑉𝑚 and 𝑉𝑓 are volume fractions of the matrix and filler, respectively.  Thus, 

σ𝑐 = σ𝑚𝑉𝑚 + σ𝑓𝑉𝑓. 

By definition, for isostrain ϵ𝑐 = ϵ𝑚 = ϵ𝑓, so 

σ𝑐

ϵ𝑐
=

σ𝑚

ϵ𝑚
𝑉𝑚 +

σ𝑓

ϵ𝑓
. 

Because 𝐸 =
σ

∈
, and for a two-component system, 𝑉_𝑚 + 𝑉_𝑓 = 1, 

𝐸𝑐 = 𝐸𝑚𝑉𝑚 + 𝐸𝑓(1 − 𝑉𝑚). (10) 

Deriving the Reuss approximation follows the same argument, however instead of the 

isostrain condition experienced in longitudinal stress, in transverse stress the composite 

experiences isostress; σ𝑐 = σ𝑚 = σ𝑓 =  σ. 

Given that ϵ =
σ

𝐸
, 

𝜎𝑐

𝐸𝑐
=

𝜎𝑚

𝐸𝑚
𝑉𝑚 +

𝜎𝑓

𝐸𝑓
𝑉𝑓 →

𝜎

𝐸𝑐
=

𝜎

𝐸𝑚
𝑉𝑚 +

𝜎

𝐸𝑓
𝑉𝑓, 

and 

Ec
−1 = 𝑉𝑚𝐸𝑚

−1 + (1 − 𝑉𝑚)𝐸𝑓
−1. (11) 

 The utility of the Voigt and Reuss models is the few parameters required to 

generate upper and lower bounds as well as the simple assumptions. 

There exists a myriad of other models for predicting elastic moduli of composite 

materials that rely on more complicated parameters, so called modified rule of mixture 

equations.  One such model is the Halpin-Tsai equation, which in addition to considering 
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volume fraction and matrix and filler elastic moduli, also considers the aspect ratio of the 

filler.67,68  Additionally, unlike the Voigt and Reuss approximations, Halpin-Tsai 

provides a single value for the prediction of elastic modulus, not an upper and lower 

bound. 

The Halpin-Tsai is equation is 

𝐸𝑐

𝐸𝑚
=

1 +  𝜂 ξV𝑓

1 −  ηV𝑓
 

(12) 

where 

η =
𝐸𝑓/𝐸𝑚−1

𝐸𝑓/𝐸𝑚+ξ
,  

and 

ξ = 2 ∗
𝑙

𝑑
 

 

where 𝑙 and 𝑑 are the length and diameter of the filler, respectively. 

2.9 Creep 

Materials that behave viscoelastically when subjected to some minimal stress tend 

to undergo deformation under constant stress above that minimum.  This increase in 

strain under constant stress is referred to as creep.  Essentially all polymeric materials 

experience creep at near room temperature or lower while metals experience creep at 

generally elevated temperatures.69,70  Strain manifests itself in three distinct temporal 

regimes (Figure 2.14): 1. Primary creep which begins from the point of instantaneous 

strain (𝜀0) and ends when strain’s increase with time becomes linear, often characterized 

by an initial steep increase in strain that eventually slows, secondary creep which is the 
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region characterized by a linear relationship between strain and time, and tertiary creep 

where the rate of increase in strain increases until the material eventually fails at the 

rupture point.69,70 

 

 

 
Figure 2.14: Strain versus time curve for viscoelastic material. 

 

 

On a molecular level, for polymeric materials, primary creep occurs as a result of 

polymer chains slipping past each other and reorienting due to mechanical stress, with 

weaker inter and intra molecular interactions resulting an greater susceptibility to creep.70  

What is more, Yang et al (2004) demonstrated that creep can be controlled in certain 

polymeric materials by introducing high aspect ratio carbon nanotubes as fillers. Further, 
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they proposed three mechanisms for load transfer from the matrix to the filler: good 

interfacial strength between filler and matrix, increased immobility of the matrix due to 

nanotubes restricting movement, and, the high aspect ratio of the nanotubes.71  Creep 

compliance (𝐽(𝑡)) is the standard expression for describing creep in materials from metal 

to ceramics to cement to polymers,72 

𝐽(𝑡) =
ϵ(𝑡)

σ0
 

 

where ϵ(𝑡) is strain at time, 𝑡, and σ0 is the constant stress. To model this creep behavior, 

models like the Generalized Kelvin Voigt (GKV) model exist.  This model imagines the 

material of interest as being a series of springs and dashpots set up in parallel, so they 

experience equal strain and so that the stress of the system is the sum of the stresses on 

the two components (Figure 2.15).73–75 

 

 

 

Figure 2.15: Spring and dashpot model for k springs and dashpots in series (Serra-

Aguila, 2019).73 

 

 

With elasticity and viscosity defined as 
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σ = 𝐸𝑛  ∗  ϵ   

σ = ηn ∗
𝑑ϵ

𝑑𝑡
 

 

for this model, σ is equal for all units η, while ϵ is the sum of each unit.73 This model is 

useful for many materials, but fails for materials that experience delayed viscoelastic 

response; the GKV model assumes that a decrease in stress necessarily equals a decrease 

in contact depth (See Section 2.10). 

 For the GKV model, and even the general expression for creep compliance, 

directly determining strain due to curved and pointed geometries is quite difficult due to 

the challenge in modeling stress distribution over curved surfaces, such as cones. Lee et 

al (1955) and Ting et al (1966) devised methods to analyze stress applied to viscoelastic 

bodies by complicated geometries.76  These have been applied by Tweedie et al (2006) to 

compare creep compliance of polymers with different masses as well as to determine the 

linear viscoelasticity of those polymers via nanoindentation experiments using a conical 

tip, and showed that 𝐽𝑐(𝑡) (13) is within 10% of 𝐽(𝑡).72 

𝐽𝑐(𝑡) =
8𝑡𝑎𝑛(𝛼)ℎ2(𝑡)

𝜋𝑃0
 

(13) 

where 

α =
π

2
− θ  

 

 

where ℎ2(𝑡) is depth at time, 𝑡, 𝑃0 is instantaneous applied load, α is the semi apex angle 

and θ is the angle from the surface to the diagonal of the tip.  By applying equation 13 to 
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the hold at maximum load period of a nanoindentation experiment, creep compliance can 

be determined and compared among various materials. 

2.10 Delayed Viscoelastic Response 

 As mentioned in the Section 2.9, the GKV model of the stress-strain relationship 

in viscoelastic materials assumes contact depth decreases with a decrease in applied 

stress.  It is known that for many real materials, particularly soft polymeric materials, this 

assumption is false; continued penetration occurs after stress offloading occurs, resulting 

in the formation of what is called a nose as shown in Figure 2.16.75 

 

 

 
Figure 2.16: Nose of indentation displacement curve, resulting from continued 

penetration during initial unloading. 
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 Much work has been conducted in the last two decades to understand this 

phenomenon and how various experimental parameters contribute to it.  Particularly, 

Ngan et al (2002) conducted a comprehensive study on polypropylene and analyzed the 

nose formation from indentation at various temperatures, unloading and loading rates as 

well as maximum loads.77  Their key findings were: the magnitude of nose formation 

increases with increased maximum load, decreased unload rate, and decreased hold time 

at maximum load.  More recently, Tarefder et al (2012) analyzed the delayed viscoelastic 

behavior of asphaltic materials. Similar to Ngar’s work, they found that increasing the 

hold time at maximum depth acted to decrease the formation of a nose.  They explored 

this further and found that this also acted to decrease the apparent stiffness, thus elastic 

modulus, as well as hardness.78  While current practice to decrease the formation of a 

nose is to increase the hold time, by examining the nose portion of a curve, information 

on the elastic behavior of a composite material can be extracted.  For example, if a 

composite with increased filler content shows a less pronounced nose than a composite 

with less filler, the conclusion can be drawn that the more concentrated composite is less 

viscoelastic than the other composite. 
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CHAPTER III  
 

EXPERIMENTAL PROCEDURES 
 

 

3.1 Zinc Oxide Nanorods Synthesis 

3.1.1 Materials 

Zinc(II)chloride and dimethylformamide (DMF) were obtained from Fisher 

Scientific. All materials were used without further purification. 

Characterization was performed using a Hitachi S-4800 FESEM scanning 

electron microscope.  

3.1.2 Synthetic Procedure 

Zinc oxide nanorods were synthesized following the sol-gel and solvent driven 

self-assembly method, described in Davis et al (2019).54  A solution of 2.5 g of ZnCl2 in 

310 mL of fresh, dry DMF was prepared by adding the solid to the liquid and stirring 

until the solution appeared translucent white. The solution was then sonicated for 5 

minutes to ensure complete dissolution.  3.7 g NaOH was dissolved in 56 mL of water 

and added to the ZnCl2 solution in a round bottom flask while stirring. The solution was 

allowed to stir for 15 minutes at ambient temperature.  The solution was then heated to 80 

oC and stirred for an hour.  After the hour, stirring was turned off and the solution sat at
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80 oC for 24 hours.  The final solution was clear and colorless with white powdery 

precipitate coating the walls of the flask.  The clear solution was decanted off and the 

precipitate was dispersed in RO water then centrifuged to remove remaining reactants 

and side products.  This process was repeated three times, then the liquid was removed, 

and the precipitate dried at ambient temperature to yield 950 mg of product (64% yield). 

The nanorod morphology and dimensionality were visualized using SEM. 

3.2 Polyamide-Imide/Zinc Oxide Nanocomposite Synthesis 

3.2.1 Materials 

Polymer resin poly(trimellitic anhydride chloride-co-4,4′-methylenedianiline) 

(PTMMDA) and n-methyl-2-pyrrolidone (NMP) were obtained from Sigma Aldrich. 

NMP was stored in an air and moisture free environment. 

Thin film morphology characterization was performed using a Hitachi S-4800 FESEM 

scanning electron microscope  

3.2.2 Composite Resin Solution Preparation 

PTMMDA (800 mg) was added to NMP (8 mL) and vortexed for 1 minute to 

disperse and dissolve much of the resin.  The mixture was then sonicated for 30 minutes 

to dissolve remaining resin. The desired amount of ZnO nanorods (final composition of 

2.44 wt %, 4.76 wt %, 9.09 wt % and 16.67 wt %) was dispersed in 8 mL NMP, vortexed 

for 1 minute and sonicated for 30 minutes to ensure good dispersion and break up any 

aggregated particles. The resin solution was added to the ZnO dispersion and sonicated 

for a final 30 minutes.  The mixture was stirred overnight in a glove box to ensure 

complete homogeneity. 
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3.2.3 Composite Synthesis 

An aluminum foil tray was fitted into a 5 cm x 5 cm x 6 mm square cutout of a 

copper block.  8 mL of polymer resin/ZnO dispersion was added to the foil and heated for 

1 hour at 120 oC, the temperature was increased to 150 oC and held for an hour, then to 

180 oC and held for an hour, 195 oC for an hour, and finally 230 oC for 30 minutes.  The 

resulting composite formed on the aluminum foil was removed from the copper tray and 

allowed to cool to ambient temperature, where it was stored covered until 

nanoindentation testing. 

3.3 Nanoindentation 

3.3.1 Equipment 

For these experiments a TI 950 TriboIndenter, as well as TriboScan and 

Triboview software were used and were obtained from Hysitron. A <0.5 μm 60o conical 

tip was used, also obtained from Hysitron. 

3.3.2 Sample Preparation 

Excess foil was removed from edge of samples and a 0.5 cm x 0.5 cm square 

coupon was cut from each sample and mounted on 15 mm diameter AFM sample 

magnetic disc with LocTite®. 

3.3.3 Trapezoidal Load Function 

 A 4 x 4 grid, 15 𝜇m x 15 𝜇m in area, was defined on each coupon in a pristine 

region as determined via microscopy using the built-in microscope on the TI 950 as well 

as the Triboscan software.  Each point of the 4 x 4 grid being the location of an indent, 



  

44 

for a total of 16 indents per composite.  A trapezoidal load function with a maximum load 

of 150 𝜇𝑁, constant onloading over 5 seconds, hold time of 5 seconds, and constant 

unloading of 5 seconds, with a control feedback loop, was used. 

3.3.4 Triangular Load Function 

The analysis area was identified in the same manner for these experiments as for 

the trapezoidal load function, as described in Section 3.3.3.  A triangular load function 

with a maximum load of 150 𝜇N and constant onloading for 5 seconds and constant 

unloading for 5 seconds, with a control feedback loop, was used. 

3.3.5 Imaging 

 Post indent AFM images were taken after each indentation with the following 

parameters: 

 

 

Image Type and Direction Topography, forward 

Scan Rate 1.00 Hz 

Tip Velocity 10.000 𝜇𝑚/𝑠𝑒𝑐 

Scan Size 5.00000 𝜇𝑚 

Setpoint 2.000000 𝜇N 

Integral Gain 240 

Table 3.1: AFM imaging parameters.
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CHAPTER IV  

RESULTS AND DISCUSSION 
 

 

4.1 ZnO Nanorods Synthesis 

 Upon adding ZnCl2 to DMF, dissolution occurred with moderate stirring over a 

few minutes.  Sonication of the solution did not result in any visual changes in the liquid, 

but as will be discussed later, likely contributed to the formation of higher aspect ratio 

nanorods and the avoidance of forming spike-like nanostructures from nucleation sites.  

Within 10 seconds of the addition of aqueous NaOH to the organic phase, the solution 

turned milky white and within a minute of the addition, a milky deposit formed on the 

walls of the container, while a white precipitate began swirling throughout the 

suspension.  The remaining 15 minutes of stirring at room temperature resulted in 

increased precipitate formation as well as the accumulation of precipitate at the bottom of 

the flask.  Figure 4.1 shows the progression of the reaction from before NaOH addition 

through 15 min stirring at room temperature.  The glass above the solution showed 

condensation had formed post NaOH addition, indicating heat had been evolved and is 

likely due to the further dilution of concentrated NaOH.  The sudden opacity upon NaOH 

addition indicates the rapid formation of Zn(OH)2 followed by hydrolysis into ZnO sols.  

These sols then undergo condensation to form larger structures, as indicated by the 
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precipitate formation.  The time-lapse photos in Figure 4.1 imply that the formation of the 

first ZnO gels is rather rapid, as within 1 minute of NaOH addition, precipitate formation 

was observed. 

 

 

Figure 4.1: Time-lapse of ZnO synthesis. From left to right: solution prior to NaOH(aq) 

addition, 10 seconds after addtion, 1 minute after addtion, 15 minutes after stirring at 

room temperature. 

 

 

 Upon heating and stirring, the solution lost all opacity and much of the percipitate 

began coating the walls of the flask.  After 24 hours of heating without stirring, white 

percipitate coated the sides and bottom of the container.  Removing the clear liquid above 

the percipitate was simple as the percipitate adhered strongly to the glass.  SEM images 

of the washed and dried percipitate show the formation of nanorods with dimensions of 

approximately 300 nm in length and 30 nm in diameter.  What is more, the nanorods 

show good monodispersion without individual rods twinning with each other (Figure 

4.3).  The size is notable because these rods are significantly smaller in diameter than 

those reported by Davis et al (2019)54. 
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As Davis and coauthors explain, DMF adsorbs to the {001} facet, thus reducing 

the rate of crystal growth in the [001] direction and resulting in the formation of 1-

dimensional wurtzite nanorods.  Figure 4.2 shows the wurtzite structure of ZnO. 

 

 

 

Figure 4.2: Wurtzite crystal structure of ZnO 

 

 

By sonicating the ZnCl2/DMF solution, any microscopic undissolved crystals are 

dispersed and dissolved. By not sonicating, these unseen particles could act as nucleation 

sites or accumulation sites for ZnO sols, thus resulting in rods that emanate from a single 

point.  Additionally, DMF tends to degrade to dimethylamine upon storage. Recall that 

the selectivity of solvent adsorption onto crystal facets is governed by solvent polarity. 

DMF is polar aprotic while dimethylamine is polar protic. The contamination of 

dimethylamine into the reaction mixture likely interferes with the crystal growth.  While 

this degradation occurs during the course of the ZnCl2 → ZnO reaction due to heating, 

using fresh DMF ensures the amount of dimethylamine present is minimal.  Additionally, 
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pervious ZnO nanorod synthesis attempts were not done with fresh DMF and showed the 

formation of nanorods growing radially from a single node.  Figure 4.3 shows the 

nanorods produced in this work as well as those produced without sonication during 

ZnCl2 dissolution in DMF and with old DMF. 

 

 

  

Figure 4.3: ZnO nanorods synthesized previously as well as in this work. Left: ZnO 

nanorods synthesized without ZnCl2 solution sonication or use of fresh DMF. Right: ZnO 

nanorods produced in this experiment 

 

 

4.2 Polyamide-Imide/ZnO Nanocomposite Synthesis 

 PTMMDA is highly soluble in NMP, however as the concentration of resin 

increases so does the viscosity of the solution.  Additionally, undissolved resin tends to 

aggregate and form a protective layer that is difficult to disperse with stirring and 

shaking.  For these reasons, the long sonication steps were critical.  Likewise, the ZnO 

tended to resist dispersion with hand shaking and vortexing alone and required extensive 

sonication.  Upon addition of the ZnO suspension and the PTMMDA solution, the 
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resulting composite suspension homogenized rapidly with minimal agitation.  The 

suspension formed was an opaque yellow. 

 Upon heating to 120 oC and holding for an hour, the dispersion changed from an 

opaque yellow to amber.  Heating to 150 oC resulted in increased solvent evaporation, 

with more evaporation occurring when heated to 180 oC.  After an hour at 180 oC, all 

solvent appeared to be evaporated though the composite was still semi-flowable.  After 

an hour at 195 oC, the composite was completely cured, however the temperature was 

increased to 230 oC for 30 minutes to ensure complete annealing.  Figure 4.4 shows the 

formation of the polyamide-imide composite with no ZnO added. 

 

 

    

Figure 4.4: Left to right: Aluminum tray in copper mold. Composite after 150 oC 

heating. Composite after 180 oC heating. Final composite after full cure process. 

 

 

 Preliminary work on determining the proper furnace temperature ramp 

demonstrated that temperatures below 120 oC were insufficient in causing solvent 

evaporation and curing of the resin.  Additionally, by decreasing the hold time, the 

solvent evaporation occurred too rapidly, which caused bubbling across the surface.  The 
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presence of these bubbles would lead to questionable indentation results as the bubble 

thickness would be too thin for reliable and repeatable data. 

The density of the ZnO free polyamide-imide was found to be 1.71 g/mL, and the 

thickness of the composites produced had an average thickness of 0.67 mm ± 0.13 mm.  
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4.3 Nanoindentation - Trapezoidal Load Function 

4.3.1 Stiffness, Reduced Elastic Modulus, Hardness Results 

Polymer chain reinforcement with nanomaterials directly correlates to the overall 

stiffness (S), reduced elastic modulus (Er) and hardness (H) as evidenced by the 

following equations, in which all three mechanical properties depends on the depth, with 

𝐴𝑐 being a value dependent on depth where 𝐴𝑐 = πℎ𝑐
2𝑡𝑎𝑛2α (7), and a decrease in depth 

implies higher respective values. 

𝑆 =
Δ𝑃

Δℎ
 

(5) 

𝐸𝑟 =
𝑆√π

2β√𝐴𝑐

 
(6) 

𝐻 =  
𝑃𝑚𝑎𝑥

𝐴𝑐
 

(9) 
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Figure 4.5: Correlation of Maximum depth each composite with respect to ZnO 

composition. 

 

 

 As depicted in Figure 4.5, there is a decrease in penetration depth with respect to 

ZnO nanorods weight composition.  Importantly, the rate of change in maximum depth as 

a function of ZnO composition decreases at high filler loadings.  As expected, this 

corresponds with similar trends for stiffness, reduced elastic modulus, and hardness, as 

summarized in Table 4.1 and Figure 4.6.  Stiffness shows a linear increase with increased 

ZnO weight composition (R2 = 0.93) from 0 to 9.09 wt % ZnO.  Beyond this 

concentration, the stiffness does not change.  Similarly for hardness, there is a linear 

trend from 0 to 4.76 wt % ZnO (R2 = 0.98) with little change in hardness beyond this 

point; the hardness for the 4.76 wt % and 9.09 wt % composites are essentially equal 
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while the hardness for the 16.67 wt % composite is almost within the margin of error of 

the 9.09 wt % composite.  Finally, there is a similar linear trend in reduced elastic 

modulus from 0 to 4.76 wt % ZnO (R2 = 0.97).  These composites show a constant 

increase in reduced elastic modulus, while the rate of increase decreases, similar to the 

trend in penetration depth. 

 

 

ZnO 

Concentration 

(wt %) 

Average 

Maximum 

Depth (nm) 

±SD 

Stiffness (μN/
𝑛𝑚) ±SD 

Reduced 

Elastic 

Modulus  

(GPa) ±SD 

Hardness 

(GPa) ±SD 

0 400 ±8.50 3.25 ±0.02 4.64 ±0.03 0.384 ±0.001 

 

2.44 296 ±4.00 3.56 ±0.05 5.64 ±0.09 0.473 ±0.006 

4.76 266 ± 6.00 3.69 ±0.06 6.14 ±0.08 0.522 ±0.01 

9.09 258 ±12.8 3.88 ±0.1 6.47 ±0.2 0.525 ±0.02 

16.67 238 ±14.3 3.88 ± 0.08 

 

6.79 ±0.2 0.580 ±0.04 

Table 4.1: Mechanical properties of polyamide-imide/ZnO nanocomposites 



  

54 

 

Figure 4.6: Top left: Stiffness of nanocomposites, top right: Reduced elastic modulus of 

the nanocomposites, bottom: hardness of the nanocomposites 

 

 

4.3.2 Enhancement of Mechanical Properties 

 It is important to emphasize the utility of nanofillers over their bulk equivalents.  

The effect of decreasing the volume of a material into the nanoscale results in particles 

with a high surface area to volume ratio, effectively increasing the available surface to 

interact with its surroundings.  As noted by Bindu et al (2013) in their investigation of the 

reinforcement mechanism in rubber nanocomposites, up to 30 wt % bulk filler is required 
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to attain the same benefits as only few percent nanofiller.15  To better understand the 

relationship between bulk and nanofiller material on the mechanical properties of 

composites, Shahbazi et al (2006) created as series of HDPE/hydroxyapatite composites 

using both commercially available, bulk hydroxyapatite as well as nano hydroxyapatite.79  

They found that by using 50-140 nm spherical nano hydroxyapatite, they were able to 

increase elastic modulus by 1.10-1.43 times compared to commercially available material 

with a particle size of 3-8 μm.  They reasoned that the enhancement in mechanical 

properties is due to an increased number of contact points for the nanomaterial compared 

to the bulk material.   

Wacharawichanant et al (2008) noted that the partially covalent nature of ZnO 

and the polar nature of polyoxymethylene promoted favorable interactions between the 

filler and matrix.19   For the system described here, during the annealing process, the 

semi-covalent nature of the nanofiller and polar nature of the matrix allow for strong 

interactions so that when the composite is fully cured, a dispersed network of randomly 

oriented ZnO nanorods has formed throughout the polymer.  Further, Wacharawichanant 

found that by decreasing the radius of spherical ZnO while maintaining constant wt % 

composition, elastic modulus was improved, albeit only slightly.  They ascribed this 

finding to an increase in interfacial surface area, allowing for greater interactions between 

the polymer network and the ZnO.  In the experiment reported here, nanorods were used, 

which can be approximated as cylindrical, and given the surface area of a cylindrical 

particle is greater than that of a sphere of equal volume, there are is more available area 
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on the filler here than if spherical particles where used, meaning a greater area of the 

polymer to interact with the facets of ZnO rods. 

 Bindu et al (2013) found there was a linear relationship between modulus and 

ZnO nanofiller content.  This was attributed to the large surface area of the filler allowing 

for strong interactions between the components, so that the polymer tended to adsorb to 

the nanofiller, constraining the movement of the polymer network in the vicinity of the 

nanofiller.  Additionally, they found that the nanoparticles tended to occupy void pours 

within the polymer or ‘free volume holes’ which are regions of the composite previously 

free of nanofiller, and that the number and size of these regions decreased with increasing 

nanofiller content.15  In addition to direct adsorption and non-covalent bonding, Yang et 

al (2007), who explored viscoelastic behavior of carbon nanotube reinforced 

polypropylene, found the presence of a nanofiller restricts polymer flow due to the rigid 

nano-reinforcement network that has formed.71  These findings give an indication of the 

mechanism behind ZnO nanorods’ influence on the mechanical properties of the 

polyamide-imide composite reported here. 

Herein, 1D wurtzite ZnO nanorods with a length of 300 nm and diameter of 30 

nm are used as filler.  The partial negative charges on the polyamide-imide chain interact 

with the partial positive charges on the ZnO rods, as described in Figure 4.7. 
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Figure 4.7: Interaction between polyamide-imide and ZnO 

 

 

The resulting composite consists of ZnO rods coated with adsorbed polyamide-

imide dispersed throughout a polyamide-imide polymer matrix (Figure 4.8). 
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Figure 4.8: Zinc oxide and polyamide-imide interacting. Left: Adsorption of polyamide-

imide onto ZnO nanorods. Right: nanofiller dispersion throughout polymer matrix 

 

 

 As stress is applied to the polymer network of the ZnO free material, the weak 𝜋-

𝜋 bonds of the polyamide-imide are broken resulting in polymer chains sliding past one 

another (Figure 4.9), thus allowing for continued penetration. 
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Figure 4.9: π-π bonds breaking due to applied stress 

 

 

In the presence of nanofiller reinforcement, both direct adsorption of the polymer on the 

filler as well as flow restrictions of the polymer by the filler result in a more robust 

material able to resist deformation.  This is due to load transfer; as stress is applied to the 

matrix, instead of the matrix experiencing strain due to the complete applied stress, some 

of that stress is transferred to the filler.71  For polymer adsorbed to a nanorod, load 

transfer occurs with little displacement.  For polymer not directly adsorbed to the filler, 

some degree of displacement occurs before its flow is halted due to the rigid network of 

nanoparticles.  The result of this is the matrix experiences a fraction of the total stress 

applied and therefore undergoes lesser deformation, and, as the ZnO nanofiller has a 

greater capacity to resist strain, its deformation is negligible. 

4.3.3 Aggregation at High ZnO Concentrations 

 As demonstrated in Section 4.3.2, addition of a nanofiller to a polymer network 

enhances the mechanical properties of the network through physiochemical interactions 
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between the filler and the matrix, which allow for load transfer from the matrix to the 

filler.  However, as seen in Table 4.1, the ability of ZnO to enhance the mechanical 

properties of the polyamide-imide/ZnO composites decreases with increased ZnO weight 

composition; while elastic modulus values increase, the rate of increase rapidly 

diminishes.  This phenomenon has been reported by many researchers who attribute this 

to aggregation of ZnO at sufficiently high concentrations.16,18,19,80  Towards an 

explanation for this phenomenon, similar to the influence of surface area on enhancing 

elastic modulus of composites, Wacharawichanant et al (2008) found that increased 

surface area lead to increased aggregation of spherical ZnO.19  This can be rationalized 

by noting the partially ionic, partially covalent nature of ZnO means that ZnO particles 

can interact with each other via electrostatic interactions (Figure 4.10). 

 

 

 

Figure 4.10: Interaction between ZnO nanoparticles 
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Interparticle distance between ZnO nanorods decreases with increased concentration, 

allowing for stronger interparticle forces.  Eventually interparticle distance will be low 

enough that the interparticle forces between ZnO rods becomes larger than that between 

ZnO and polyamide-imide, thus aggregation will occur.  In support of this argument, 

Bindu et al (2013) found that beyond 3 wt % ZnO nanofiller composition, the 

nanoparticle-nanoparticle interaction was stronger than the rubber- nanoparticle 

interaction, resulting in aggregation of ZnO nanoparticles, which manifested itself as 

large aggregates on the surface of the composite.15  Further, given the aggregation of the 

nanofiller, they found that the number of free volume holes between particles increased at 

high filler concentrations. 

 Both top down and profile topographical AFM images were taken of each 

nanocomposite post indentation, as shown in Figure 4.11 and Figure 4.12, respectively.   
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Figure 4.11: AFM images of composite surface post indentation.  From top left to right: 

0 wt %, 2.44 wt %, 4.76 wt %. Bottom left to right: 9.09 wt % and 16.67 wt %. 

 

 

Top down images show the presence of aggregated material in the form of spherical 

protrusions from the surface, with the number and size of the aggregates increasing with 

ZnO weight composition.  A similar trend can be observed in surface roughness from 

Figure 4.12. 
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Figure 4.12: AFM images of composite roughness post indentation.  From top left to 

right: 0 wt %, 2.44 wt %, center left to right: 4.76 wt %, 9.09 wt %, bottom: 16.67 wt %. 

 

 

Defining surface roughness as the maximum height of a protrusion from the surface, 

ignoring the pileup due to the indenter, the ZnO nanofiller free material shows no surface 

roughness, which increases to approximately 15 nm for the composite containing 16.67 

wt % ZnO.  Approximate surface roughness of each composite is summarized in Table 

4.2. 
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ZnO Concentration (wt %) Approximate Surface Roughness (nm) 

0 0 

2.44 0 

4.76 4 

9.09 13 

16.67 14 

Table 4.2: Approximate surface roughness 

 

 

 Additionally, SEM images of the nanocomposite surfaces demonstrate 

aggrigation of material at the surface of composites containing higher weught 

composition of ZnO, as shown in Figure 4.13. 

 

 

  

  
Figure 4.13: SEM images of composites. Top left: 0 wt % ZnO composite, top right: 

4.76 wt % ZnO composite, bottom left: 9.09 wt % ZnO composite, bottom right: 16.67 wt 

% ZnO composite. 
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Consistent with findings from other researchers, as ZnO content increases, 

aggrigates on the surface on the polyamide-imide/ZnO nanocomposites form.  These 

aggrigates manifest themselves as protrusions coming from the surface, and are 

quantifiable by estimating surface roughness. This aggrigation occurs due to decreased 

interparticle distance between the ZnO nanorods leading to increased attraction between 

the nanoparticles.  The presence of these aggrigates has the effect that the effective ZnO 

nanorod composition in the composite is lower than the actual composition, since some 

ZnO is locked up in aggrigates, thus unable interact with the polymer matrix.  It has the 

additional effect of changing the system from a purely nanoreinforced system to a system 

with bulk-like ZnO, given the effective particle size increase of the aggrigates.  The linear 

relationship between ZnO composition and mechanical properties of the nanocomposite 

ceases beyond 4.76 wt % ZnO nanorods.  This indicates that beyond this concentration, 

aggrigation of ZnO nanorods begans to significantly hinder the filler’s ability to further 

improve the mechanical properties of the system. 

4.4 Elastic Waves and Hugoniot Elastic Limit 

 Recall, shockwaves, which contribute significantly to the destructive nature of 

hypervelocity impacts, occur when plastic waves travel faster, and overtake, elastic 

waves.  The speed of a plastic wave is represented by the following equation 

𝐶𝑏 = √
𝐵

ρ
 

(2) 

where 𝐵 and 𝜌 are the bulk modulus and density of the material.  Bulk modulus changes 

when a material is compressed, as it would be in a hypervelocity collision event.  
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Nanoindentation, unfortunately, does not give any information related to bulk modulus in 

compressed situations.  Fortunately, the speed of elastic waves can be calculated given 

the equation  

𝐶𝑜 = √
𝐸(1 − ν)

ρ(1 + ν)(1 − 2ν)
 

(1) 

where 𝜈 is Poisson’s ratio.  Like elastic modulus, Poisson’s ratio of composites can be 

approximated using rule of mixture equations by 

𝜈𝑐 = 𝜈𝑚𝑉𝑚 + 𝜈𝑓𝑉𝑓.  

 Like bulk modulus, nanoindentation is unable to determine Poisson’s ratio, so for 

the polyamide-imide matrix, a value of 0.45 will be used, which is taken from Solvay’s 

Torlon®4203 technical sheet, and is in agreement with other polyamide-imide 

documentation.81  For ZnO, 0.32 is the value of Poisson’s ratio used here.82  Note density 

will also change with each composite.  Table 4.3 and Figure 4.14 show the speed of 

elastic waves, Poisson’s ratio, and the elastic modulus of each composite.  Excitingly, 

there is a drastic increase from 3.21 km/s to 3.57 km/s from the composite containing no 

ZnO to the composite containing 4.76 wt % ZnO. Additionally, there is a slight decrease 

in speed of the elastic wave for the 16.67 wt % composite compared to the 9.09 wt % 

composite.  This data combined with stiffness and hardness further supports the use of 

4.76 wt % ZnO nanorods for enhancing polyamide-imide mechanical properties. 
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ZnO wt % Density 

(g/mL) 

Elastic 

modulus 

(GPa) 

Poisson’s 

ratio 

Speed of 

Elastic 

Wave 

(km/s) ±SD 

Percent 

change 

from 0 wt 

% 

Composite 

0 1.71 4.64 0.450 3.21 ±0.01 0.00 

2.44 1.74 5.64 0.449 3.48 ±0.03 8.45 

4.76 1.77 6.14 0.448 3.57 ±0.02 11.4 

9.09 1.82 6.47 0.446 3.57 ±0.05 11.3 

16.67 1.90 6.79 0.444 3.50 ±0.06 9.06 

Table 4.3: Physical properties of the nanocomposites including estimated elastic wave 

velocity 

 

 

 

Figure 4.14: Elastic wave speed of composites 
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 Finally, rough estimations of the Hugoniot Elastic Limit (HEL) based on some 

generalizing assumptions can be made.  Recall 

𝜎𝐻𝐸𝐿 =
1

2
Δ𝑈𝐻𝜌√

𝐸

𝜌𝑖
 

(3) 

where Δ𝑈𝐻 is the free surface velocity and 𝜌𝑖 is the instantaneous density.  Δ𝑈𝐻 is 

experimentally determined, and cannot be easily approximated, so instead of directly 

approximating 𝜎𝐻𝐴𝐿, this section will focus on approximating 𝜎𝐻𝐴𝐿/Δ𝑈𝐻.  Similarly, 

nanoindentation cannot approximate 𝜌𝑖, so the assumption 𝜌 = 𝜌𝑖 will be made.  Table 

4.4 and Figure 4.15 show the change in 𝜎𝐻𝐸𝐿/Δ𝑈𝐻 for each composite compared to the 

ZnO free material.  Similar to elastic wave velocity, the ratio of HEL to free surface 

velocity increased with increasing ZnO concentration.  Interestingly, the 16.67 wt % ZnO 

nanorod composite shows the highest value for 𝜎𝐻𝐸𝐿/Δ𝑈𝐻. 

 

 

ZnO wt % Percent Increase of 𝜎𝐻𝐸𝐿/Δ𝑈𝐻 Compared 

to 0 wt % composite 

0 0.00 

2.44 11.1 

4.76 16.8 

9.09 21.6 

16.67 27.4 

Table 4.4: Change in approximated HEL for each composite compared to ZnO free 

polymer 
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Figure 4.15: Increase in 𝜎𝐻𝐸𝐿/𝛥𝑈𝐻 for each composite relative to the ZnO free polymer 

 

 

 Given the dependence of the speed of elastic waves on the elastic modulus and 

density of the medium, analyzing these two components gives insights into why the 4.76 

wt % ZnO nanocomposite performs better than the other composites in light of the 

discussion in Section 4.3.1.  Increases in stiffness and elastic modulus are due to the 

interaction between the components of the nanocomposite.  In the ZnO free material, the 

only interactions are the chemical bonds within the polymer and non-covalent 

interactions between chains.  As ZnO is added to the system, adsorption of polyamide-

imide onto the ZnO nanorods occurs, caused by strong intermolecular forces between 

them, thus increasing the stiffness and elastic modulus of the material.  With the addition 
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of the ZnO, however, the density of the composite also increases.  For the 2.44 and 4.76 

wt % ZnO nanocomposite, the increase in elastic modulus is large enough to negate the 

increase in density and results in a material with higher elastic wave speed.  However, 

with the addition of 9.09 wt % ZnO nanorods, because the interparticle distance between 

the ZnO nanorods decreases, so does the strength of the particle – particle interactions, 

and aggregation occurs as shown in Figure 4.12.  The aggregated ZnO particles cannot 

participate in strengthening the composite due to their separation from the polyamide-

imide.  Therefore, the small increase in elastic modulus they provide is not enough to 

compensate for the increase in density caused by their addition, and the speed of elastic 

waves is not positively impacted. 

 4.5 Modified Rule of Mixture 

 Recall from Section 2.8 that the Voigt and Reuss approximations form lower and 

upper bounds on the elastic modulus of a composite material.  The information needed 

for these approximations are elastic modulus of the matrix, elastic modulus of the filler, 

and volume fraction of the matrix.  For the composites synthesized herein, the matrix 

material is polyamide-imide and the filler material is ZnO nanorods.  Assuming reduced 

elastic modulus is equal to elastic modulus, which is a reasonable estimation for materials 

sufficiently softer than the tip, the elastic modulus of the polyamide-imide is 4.64 GPa.  

The density of the polyamide-imide matrix was determined via pycnometry, giving a 

value of 1.71 g/mL. 

Extensive literature exists exploring the mechanical properties of ZnO bulk and 

nanostructures, utilizing different techniques.  Standard results for ZnO elastic modulus 
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range from 100 GPa to 200 GPa, depending on the morphology of the nanostructure.67,83–

87  Despite the wealth of available literature, there are no reports on the elastic modulus of 

ZnO nanorods to date.  Fortunately, Stan et al (2007) explored diameter dependence of 

ZnO nanowires on their elastic properties and found that nanowires with a diameter of 36 

nm have an elastic modulus of 155 GPa.86  Given the similarity in diameter of those 

nanostructures and the ones reported here, the ZnO elastic modulus value of 155 GPa will 

be used.  The density of ZnO is well documented to be 5.6 g/mL, as reported in the 83rd 

edition of the CRC Handbook of Chemistry and Physics.88 

The Voigt approximation is 

𝐸𝑐 = 𝑉𝑚𝐸𝑚 + (1 − 𝑉𝑚)𝐸𝑓 (10) 

and Reuss approximation is 

𝐸𝑐
−1 = 𝑉𝑚𝐸𝑚

−1 + (1 − 𝑉𝑚)𝐸𝑓
−1. (11) 

Volume fractions of the filler and matrix are shown in Table 4.5. 
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ZnO wt % of composite Volume fraction ZnO (𝑉𝑓) Volume fraction 

Polyamide-imide (𝑉𝑚) 

 

0 0 1 

2.44 0.00740 0.992 

4.76 0.0143 0.986 

9.09 0.0270 0.973 

16.67 0.0484 0.952 

Table 4.5: Volume fraction ZnO and polyamide-imide in composites 

 

 

Recall the Halpin- Tsai model, which considers filler aspect ratio as well as volume 

fraction and elastic moduli of filler and matrix: 

𝐸𝑐

𝐸𝑚
=

1 +  𝜂 ξV𝑓

1 −  ηV𝑓
 

(12) 

where 

η =
𝐸𝑓/𝐸𝑚−1

𝐸𝑓/𝐸𝑚+ξ
,  

and 

ξ = 2 ∗
𝑙

𝑑
 

 

where 𝑙 and 𝑑 are the length and diameter of the filler, respectively. 

The approximate length of the ZnO nanorods is 300 nm and the approximate diameter is 

30 nm.  Therefore, ξ = 2 ∗
300 𝑛𝑚

30 𝑛𝑚
= 20. 
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To calculate η, simply use the 𝐸𝑓 and  𝐸𝑚 values for ZnO and the polyamide-imide, 

respectively: 

η =
𝐸𝑓/𝐸𝑚−1

𝐸𝑓/𝐸𝑚+ξ
=

155 𝐺𝑃𝑎/4.64 𝐺𝑃𝑎−1

155 𝐺𝑃𝑎/4.64 𝐺𝑃𝑎+20
 =  0.60678. 

Finally, the approximated elastic modulus according to Halpin-Tsai can be calculated by 

𝐸𝑐 =
1+0.60678∗20∗𝑉𝑓

1−0.60678∗𝑉𝑓
 * 4.64 GPa.  

The elastic modulus approximations based on the Voigt and Reuss upper and 

lower bounds as well as the Halpin-Tsai model and experimental data are summarized in 

Table 4.6 and Figure 4.16.  Notice the Halpin-Tsai values lie strictly between the Voigt 

and Reuss models, as must be the case as they form definite upper and lower bounds.  

Comparing the experimental results with the predictive models shows some interesting 

behavioral changes as ZnO composition increases: for low, <4.76 wt %, ZnO nanorod 

nanocomposites, there is a strong response to increased filler content, as would be 

expected.  In fact, the response is stronger than that predicted by the Halpin-Tsai model.  

The experimental data overperforming the model is likely due to the use of high aspect 

ratio nanostructures; as previously described, the high surface area to volume ratio of 

these structures allows for greater interactions between the polyamide-imide matrix and 

the nanofillers.  Such interactions and high surface area are not accounted for in the 

Halpin-Tsai equation, which only considers volume fraction, component elastic moduli 

and aspect ratio.  However, once the composition reaches 10 wt % ZnO, the Halpin-Tsai 

model overestimates the elastic modulus.  What is more, from approximately 5 wt % ZnO 
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onward, the rate of increase in elastic modulus as a function of filler content is 

approximately equal to that predicted by the Reuss bound.   

 

 

ZnO wt % of 

Composite 

Voigt  

Upper bound 

(GPa) 

Reuss  

Lower bound 

(GPa) 

Halpin-Tsai 

(GPa) 

Experimental 

(GPa) 

0 4.64 4.64 4.64 4.64 ± 0.032 

2.44 5.75 4.67 5.08 5.64 ± 0.092 

4.76 6.79 4.71 5.49 6.14 ± 0.082 

9.09 8.70 4.76 6.26 6.47 ± 0.17 

16.67 11.9 4.88 7.59 6.79 ± 0.22 

Table 4.6: Comparative predicted elastic modulus with experimental results 

 

 

 

Figure 4.16: Voigt, Reuss and Halpin-Tsai approximations plotted against experimental 

data for elastic modulus 



  

75 

 As discussed in Section 4.3.1, as ZnO composition increases, aggregates of ZnO 

form due to the polymer being unable to further interact with additional ZnO as a result 

interparticle attraction.  This observation explains the trend in experimentally determined 

elastic modulus compared to the rule of mixture and modified rule of mixture models in 

Figure 4.16.  In the ZnO free polymer, the polymer has no filler to transfer load to, 

therefore experiences great strain.  The addition of 2.44 wt % ZnO and 4.76 wt % ZnO 

creates a composite with a nano-reinforcing network throughout with some slight 

aggregation of ZnO, as seen in Figure 4.12.  This composite allows for load transfer via 

both the intermolecular interactions between the matrix and filler as well as through flow 

restrictions and shows a strong response with greatly improved elastic modulus; almost as 

strong as that predicted by the Voigt bound.  Beyond 4.76 wt % ZnO, additional ZnO 

tends to aggregate, and the additional ZnO can only participate in load transfer through 

polymer flow restriction.  This reveals itself through a very weak response with only 

slight improvements in elastic modulus with rates of increase being equal to that as 

predicted by the Reuss lower bound. 

4.6 Creep 

 Recall that creep is the change in strain under constant stress.  In these 

experiments, creep manifests itself as continued deformation during the 5 second hold at 

maximum load.  To understand the deformation occurring during the hold at maximum 

load, Figure 4.17 shows the change in depth of the indenter during the hold period.  The 

hold period for each composite is characterized by an initial period of rapid penetration 

that rapidly develops into a linear curve.  Comparing this to the standard strain versus 
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time curve, for polyamide-imide/ZnO composites, a 5 second hold time at approximately 

150 𝜇N is sufficient to completely profile primary creep and enter the secondary creep 

region, as described in Figure 2.14. 

 

 

 

Figure 4.17: Depth versus time during hold at maximum load 

 

 

To better understand the rate of indentation during the hold period and how it 

changes throughout the 5 seconds, consider the derivative of the time displacement curve, 

as shown in Figure 4.18.  There is a clear decrease in rate from the composite containing 
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no ZnO and those containing 2.44, 4.76, 9.09, and 16.67 wt % ZnO.  It is difficult to 

distinguish between the rates of 4.76, 9.09, and 16.67 wt % composites. 

 

 

 

Figure 4.18: Rate of deformation during hold at maximum load 

 

 

In light of the discussion of the difference in effective ZnO content given the 

aggregation of particles at higher concentrations, the indistinguishability of rate of 

deformation is not surprising.  However, Figure 4.17 shows that there is still a significant 

difference in depth at maximum load in the 16.67 wt % ZnO composite and all other 

composites. 
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 Recall that to approximate creep compliance through nanoindentation  

𝐽𝑐(𝑡) =
8𝑡𝑎𝑛(𝛼)ℎ2(𝑡)

𝜋𝑃0
 

(13) 

where 

α =
π

2
− θ 

For this experiment, α = 60o=
π

3
 and 𝑃𝑜 = 150 μN, therefore (13) simplifies to 

𝐽𝑐(𝑡) =
8√3ℎ2(𝑡)

π ∗ 150μ𝑁
 

 

Figure 4.19 shows the creep compliance of the 5 nanocomposites; unsurprisingly the 

general trend is the same as shown in Figure 4.17.  Figure 4.20 shows the creep 

compliance at the start and end of the hold time for each composite.  This data confirms 

there is indeed a constant decrease in creep with increased ZnO content.   
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Figure 4.19: Creep compliance of composite 



  

80 

 

Figure 4.20: Creep compliance and the beginning and end of the hold at maximum load 

 

 

This decrease in creep is attributed to ZnO’s ability to still have stress transferred 

to it at elevated concentrations; even if the dispersion of ZnO throughout the polymer 

network is poor at high concentrations, there is still more filler present to have stress 

transferred to it via flow restriction.  Considering the slowed change in creep compliance 

with increased ZnO content, as well as the similar rates shown in Figure 4.18, 

aggregation of ZnO limits the effectiveness of using high filler concentrations to 

significantly reduce creep, with amounts greater than 4.76 wt % ZnO showing essentially 

no effect on rate reduction.  
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4.7 Delayed Viscoelastic Response 

Recall that in the context of nanoindentation, delayed viscoelastic response 

manifests itself as continued deformation of the material beyond the point of the 

application of maximum load.  Figure 4.21 shows the average load displacement curves 

for each nanocomposite using a triangular load function.  Here, delayed viscoelastic 

response manifests itself as the appearance of a ‘nose’ protruding from the curve during 

initial unloading.  As seen in Figure 4.21, this nose is significantly more prominent in the 

composite containing no ZnO than the other composites.  What is more, it appears that 

the composite containing 16.67 wt % ZnO has no discernable nose. 

 

 

 

Figure 4.21: Average load displacement with no hold at maximum load 
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The continued penetration after initial unloading, due to delayed viscoelastic 

response, produces a region of negative curvature.  This can be seen in Figure 4.22, 

where the region around maximum load at the end of onloading and the beginning of 

unloading is shown.   

 

 

 

Figure 4.22: Curvature in load displacement curve around the point of initial unloading. 

 

 

 As the polymer has stress applied to it, recall weak π-π bonds are broken and the 

polymer chains begin to move.  Once the maximum load is reached and the stress applied 

to the polymer begins to decrease, the polymer still experiences some strain due to 
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whatever load is still being applied, thus deformation continues. Beyond this, it takes 

time for the π-π interactions to recommence, meaning that during the time before these 

interaction reform the entire polymer network is much weaker.  For composites with a 

ZnO nanofiller component, the ZnO network acts to restrict polymer movement as well 

as absorb some of the stress.  This results in a material that is less prone to continued 

deformation. 

 The time between the point of maximum load to the point of maximum depth was 

calculated to quantify the temporal nature of delayed viscoelastic response in these 

composites.  To better understand the spatial nature of this response, the relative change 

in depth from the point of maximum load to the point of maximum depth was also 

determined.  Table 4.7, Figure 4.23, and Figure 4.24 show the values associated with 

delayed viscoelastic response.  There is an almost linear trend for change in depth as a 

function of ZnO composition.  In fact, by disregarding the 4.76 w t% composite, a clear 

linear trend with 𝑅2 = 0.99 is found.  A similar trend, with 𝑅2 = 0.94, is found for time to 

maximum depth as a function of ZnO composition.  

 

 

ZnO wt % in composite Percent change in depth Time (s) from maximum 

load to maximum depth 

0 2.2 0.51 

2.44 1.92 0.41 

4.76 1.08 0.30 

9.09 1.27 0.31 

16.67 0.73 0.22 

Table 4.7: Percent change in depth and time between maximum load and maximum 

depth for polyamide-imide/ZnO nanocomposites 
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Figure 4.23: Percent change in depth from the depth at maximum load to maximum 

depth. 
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Figure 4.24: Time from the point of maximum load to the point of maximum depth. 

 

 

 Both the change in depth and time to maximum depth demonstrate the 4.76 wt % 

composite shows the second best resistance to delayed viscoelastic response, behind the 

16.67 wt % composite.  However, as previously demonstrated, the 16.67 wt % composite 

contains considerable ZnO aggregates and its mechanical properties are only slight 

improvements compared to the 9.09 wt % composites. 

 These experiments have demonstrated that addition of ZnO nanorods into a 

polyamide-imide matrix improves the mechanical properties of the composites, with 

properties of interest being stiffness, elastic modulus, and hardness.  It was found that 

beyond 4.76 wt % ZnO nanorod content, aggregation of the nanofiller dominated and 
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diminished the capability of additional nanofiller to enhance the properties of the 

composite.  The mechanism behind ZnO nanorod’s ability to enhance the mechanical 

properties of the network is attributed to favorable interactions between the polyamide-

imide and the ZnO, resulting in adsorption of the polymer on the nanorods.  However, 

beyond a certain ZnO composition, the interparticle distance is sufficiently low that 

particle-particle interactions between ZnO nanorods are strong enough for aggregation to 

occur.  Beyond enhancing the mechanical properties, the elastic wave speed and 

Hugoniot Elastic Limit of the 4.76 wt % ZnO nanocomposite showed the best response.  

Creep evaluation further showed that beyond 4.76 wt % ZnO, the rate of strain at 

constant load did not change, indicating addition of additional ZnO was incapable of 

changing this creep behavior.  Finally, delayed viscoelastic response analysis agreed with 

the creep findings, showing the 4.76 wt % ZnO nanocomposite best resisted delayed 

viscoelastic response.  Given these findings, the 4.76 wt % ZnO nanocomposite is the 

best candidate as a material for use as hypervelocity shielding. 
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CHAPTER V  
 

CONCLUSIONS AND FUTURE WORK 
 

 

In conclusion, a series of polyamide-imide/zinc oxide nanocomposites with 

various concentrations of ZnO nanofiller were synthesized via a polymer resin solution 

and characterized via nanoindentation to elucidate possible applications in aerospace as 

shielding.  During nanorod synthesis, it was found that the use of fresh DMF as well as 

sonication during metal oxide precursor dissolution strongly aided in producing high 

quality rods by ensuring complete ZnCl2 dissolution, thus eliminating the presence of 

possible seed crystals.  Additionally, a slow temperature ramp from 120 oC to 230 oC 

produced high quality composite materials. 

 A trapezoidal load function with a maximum force of 150 𝜇N and a hold at 

maximum force of 5 seconds was used to determine stiffness, elastic modulus, and creep 

behavior of the composites.  An initial linear increase in stiffness, hardness, and elastic 

modulus as a function of ZnO nanorod content was found for composites containing 0 – 

4.76 wt % ZnO nanorods, followed by a much slower change in physical properties for 

composites containing 9.09 wt % and 16.67 wt % ZnO nanorods.  The enhancement in 

mechanical properties of the composite was attributed to load transfer from the polymer 

to the ZnO via direct adsorption of polyamide-imide onto the ZnO nanorods as well as 



  

88 

flow restriction of the polyamide-imide by the ZnO nanorod network.  AFM and SEM 

images indicate a large number of aggregated particles formed at ZnO concentrations of 

9.09 wt % and 16.67 wt % which cause significant surface roughness, and lead to the 

diminishing benefit of adding more ZnO into the composites.  This aggregation occurs 

due to strong interparticle attraction between the rods at small interparticle distances.  

These findings were consistent with existing literature and indicate an effective saturation 

of the composite with ZnO.  Based on the aggregation and diminished returns with 

respect to mechanical properties of adding additional ZnO, the 4.76 wt % ZnO composite 

showed the best response. 

Comparing the experimental elastic modulus values to values given from the 

Voigt and Reuss upper and lower bounds as well as the Halpin-Tsai approximation 

further supports the theory that load transfer and ZnO interaction with the polymer 

enhance the elastic modulus of the composites, while aggregation diminishes the efficacy 

of adding additional ZnO beyond 4.76 wt %. 

Using the equations for elastic wave speed, it was shown that the ZnO free 

polymer had elastic wave speed of 3.21 km/s, with each composite up to 4.76 wt % 

having an increasing speed, with a maximum speed coming from the 4.76 wt % ZnO 

composite, with a value of 3.57 km/s.  Composites with higher ZnO content showed 

either no increase in elastic wave speed compared to the 4.76 wt % ZnO nanocomposite 

or a decrease in wave speed.  This is due to a significant increase in density of the 

composites with high ZnO content and only a slight increase in elastic modulus, caused 

by particle aggregation.  𝜎𝐻𝐴𝐿/Δ𝑈𝐻 values were computed for the composites and it was 
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found that there was a constant increase in these values for all concentrations of ZnO.  

creep rate and creep compliance were calculated from each indentation experiment and it 

was found that strain during constant stress decreased with increased ZnO weight 

composition, while the rate of creep beyond 4.76 wt % ZnO was unchanged, indicating 

that while strain may decrease at higher ZnO weight compositions, beyond 4.76 wt %, 

the rate of deformation is unaffected by adding additional filler content.  Delayed 

viscoelastic response analysis found that increased ZnO considerably decreased the 

viscoelastic nature of the nanocomposites, manifesting itself in the composites with 

higher ZnO composition experiencing very little continued penetration once unloading 

began, with the 4.76 wt % ZnO composite showing the best resistance to continued 

deformation.  Given the data presented, the 4.76 wt % ZnO composite demonstrated the 

best performance relative to its filler content and is thus best suited for aerospace 

application for hypervelocity impact purposes. 

 Next steps in this research will be to perform hypervelocity impact tests on these 

composites to test their true ability to resist damage from micrometeoroids.  Despite the 

promising results reported here, parameters beyond HEL and elastic wave speed 

contribute to a materials’ resistance to hypervelocity impacts.  Towards better 

understanding the predictability of hypervelocity behavior, ultimate tensile strength 

information combined with elastic properties gathered herein can be applied to existing 

models using finite element analysis to model impact behavior.  Additionally, 

experiments related to atomic oxygen degradation resistance should be performed as 

atomic oxygen is prevalent in LEO and is a key contributor to failure of polyimide 
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materials.  Finally, UV resistance testing should be performed on these materials; given 

that ZnO is a known UV absorber, it is likely these materials would show better 

resistance to damage from UV than current state of the art polyimides. 
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APPENDIX A: MULTICURVE ANALYSIS 
 

 

Trapezoidal load function 

 

0 wt % ZnO Composite 

 

 
Note: Test#1 excluded from data analysis due to poor quality indent. 

 

2.44 wt % ZnO Composite 

 

Test# hc(nm) Pmax(µN) S(µN/nm) A(nm^2) hmax(nm) heff(nm) Er(GPa) H(GPa) hf(nm) m X(mm) Y(mm) Drift(nm/s)

1 337.73 148.0244 3.457542 368502.7 369.222615 369.8391 5.046404 0.401692 -0.00711 8.638835 -87.1872 1.012 0.046271

2 364.6851 148.0752 3.228213 382879.8 398.319592 399.087 4.622381 0.386741 36.52683 7.904233 -87.1823 1.012 0.014448

3 367.3566 148.0197 3.257839 384108.3 400.665179 401.4328 4.657336 0.385359 37.77177 8.003994 -87.1773 1.012 0.04109

4 369.8975 148.013 3.280348 385243.5 402.856183 403.7384 4.682601 0.384206 -3.2E-05 8.947882 -87.1722 1.012 0.114614

5 369.231 148.0107 3.194343 384948.8 403.269707 403.9824 4.561575 0.384494 47.33827 7.697036 -87.1872 1.017 0.181456

6 371.3729 148.028 3.261656 385887.8 404.596858 405.4111 4.652029 0.383604 -9.1E-05 8.932851 -87.1823 1.017 0.177807

7 370.706 147.9851 3.271327 385597.9 403.782254 404.6338 4.667576 0.383781 -0.02512 8.945304 -87.1772 1.017 0.210957

8 369.8409 148.0261 3.266363 385218.6 403.213913 403.8297 4.662788 0.384265 0.000049 8.910953 -87.1723 1.017 0.200218

9 372.1387 147.9902 3.271605 386217.9 405.32437 406.0648 4.664225 0.383178 0.000029 8.97683 -87.1873 1.022 0.168669

10 370.51 147.933 3.270813 385512.3 403.528166 404.4311 4.667361 0.383731 -0.0331 8.942745 -87.1823 1.022 0.184493

11 370.4873 148.0313 3.251464 385502.4 403.832029 404.633 4.639811 0.383996 -0.01252 8.887918 -87.1773 1.022 0.180216

12 369.2563 147.9303 3.239237 384960.1 402.850216 403.5075 4.625618 0.384274 4.446567 8.738258 -87.1723 1.022 0.199077

13 371.3309 147.976 3.221163 385869.6 404.762734 405.7849 4.594383 0.383487 41.9905 7.919131 -87.1872 1.0272 0.125281

14 372.2642 148.0342 3.23803 386271.7 405.744331 406.5522 4.616036 0.383238 13.46423 8.598222 -87.1823 1.0272 0.134746

15 371.5775 148.029 3.255848 385976.3 404.8577 405.6766 4.643213 0.383518 3.536772 8.844931 -87.1773 1.0271 0.136114

16 363.1627 148.0331 3.261015 382163.7 396.430797 397.2088 4.673722 0.387355 -4E-06 8.750097 -87.1723 1.0271 0.130299

Test# hc(nm) Pmax(µN) S(µN/nm) A(nm^2) hmax(nm) heff(nm) Er(GPa) H(GPa) hf(nm) m X(mm) Y(mm) Drift(nm/s)

1 267.4192 148.039714 3.6073 314728 298.025113 298.1984 5.697041 0.470374 37.72952 6.346873 -86.1597 -3.7602 0.0449

2 266.8162 148.034712 3.533048 314170.2 297.808042 298.2412 5.584726 0.471193 35.57161 6.268963 -86.1547 -3.7599 -0.220023

3 275.2182 147.963222 3.584393 321800.2 305.757674 306.1781 5.598315 0.459798 18.2159 6.975854 -86.1497 -3.7601 -0.132382

4 266.9802 148.007594 3.586504 314322 297.561612 297.9311 5.667855 0.470879 -0.0001 7.219437 -86.1447 -3.7601 -0.01269

5 265.9191 148.019644 3.570257 313337.4 296.456897 297.0134 5.651037 0.472397 7.765762 6.976698 -86.1597 -3.7551 0.028844

6 268.9165 147.949933 3.558045 316106.2 299.936253 300.1028 5.60699 0.468039 44.61062 6.144328 -86.1546 -3.7551 0.047317

7 265.6248 147.980951 3.534621 313063.5 296.768844 297.0244 5.597078 0.472687 25.44604 6.486825 -86.1497 -3.7551 0.13954

8 265.968 147.95357 3.603521 313382.9 296.46453 296.7615 5.703274 0.472118 -0.01539 7.228226 -86.1447 -3.7551 0.109854

9 265.7677 147.986161 3.553145 313196.6 296.586111 297.0048 5.625216 0.472502 35.43517 6.280281 -86.1597 -3.7501 0.100559

10 264.5003 148.081671 3.535733 312013.4 295.509679 295.9114 5.608253 0.4746 45.76672 5.972681 -86.1547 -3.7501 0.122302

11 261.8927 148.07073 3.490162 309557.6 293.333333 293.7116 5.557888 0.47833 45.28127 5.85573 -86.1497 -3.7501 0.125521

12 267.9198 148.024053 3.435858 315189.8 299.629678 300.2314 5.422304 0.469635 80.71033 5.095409 -86.1448 -3.7501 0.097236

13 260.4936 148.026882 3.639027 308227.9 290.806709 291.0018 5.807432 0.480251 0.808606 7.13398 -86.1597 -3.7451 0.065537

14 265.6706 148.042307 3.53072 313106.2 296.713114 297.1179 5.590521 0.472818 51.99054 5.846141 -86.1547 -3.7451 0.107079

15 257.3214 147.942302 3.565358 305182.4 288.264417 288.4421 5.718186 0.484767 18.82816 6.497604 -86.1497 -3.7451 0.084441

16 260.8976 148.007126 3.641527 308612.7 291.328117 291.3808 5.807797 0.479589 0.000041 7.169053 -86.1447 -3.7451 0.04361
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4.76 wt % ZnO Composite 

 

 
 

9.09 wt % ZnO Composite 

 

 
Note: Test#1 and Test#4 excluded from data analysis due to poor quality indent. 

 

 

 

 

 

 

 

 

 

 

 

 

Test # hc(nm) Pmax(µN) S(µN/nm) A(nm^2) hmax(nm) heff(nm) Er(GPa) H(GPa) hf(nm) m X(mm) Y(mm) Drift(nm/s)

1 222.3536 147.975814 3.620163 268895.5 252.575775 253.0102 6.185449 0.55031 -13.5653 6.521652 -86.2202 -5.1469 0.047519

2 226.4998 147.975839 3.582464 273449 257.219746 257.479 6.069858 0.541146 30.87665 5.485996 -86.2152 -5.1468 -0.192794

3 226.409 147.989276 3.654056 273349.9 256.452509 256.784 6.192279 0.541391 30.90877 5.577165 -86.2102 -5.1469 -0.150876

4 234.6788 147.997297 3.665255 282238.9 264.795043 264.9627 6.112665 0.524369 19.39874 6.08156 -86.2052 -5.1469 -0.103304

5 238.3467 148.097303 3.705074 286095.9 268.211191 268.3253 6.137279 0.517649 1.028275 6.687193 -86.2202 -5.1419 -0.048985

6 238.7622 148.055808 3.662062 286529.5 268.917841 269.0845 6.061441 0.516721 11.49875 6.371212 -86.2152 -5.1419 0.003594

7 240.8993 147.981047 3.621373 288748.8 271.372598 271.5468 5.971014 0.512491 37.25144 5.733646 -86.2102 -5.1419 0.039678

8 242.4975 147.954661 3.647658 290396.4 272.771989 272.9187 5.997267 0.509492 29.12515 6.010458 -86.205 -5.1419 0.026403

9 234.1952 147.996483 3.656935 281726.3 264.168725 264.5478 6.104334 0.52532 55.92686 5.154941 -86.2201 -5.1369 0.040489

10 235.2893 148.0437 3.70672 282884.5 264.970552 265.2438 6.174759 0.523336 13.64775 6.299463 -86.2152 -5.1369 0.018315

11 240.3331 147.967562 3.750462 288162.5 269.702024 269.923 6.190145 0.513486 -3.35416 6.926622 -86.2102 -5.1369 0.01448

12 240.5203 147.989948 3.761493 288356.5 269.887718 270.0278 6.206263 0.513219 -2.57279 6.928749 -86.2051 -5.1369 0.045573

13 243.918 147.999591 3.78997 291852.2 273.034492 273.2058 6.215686 0.507105 -0.02625 6.996919 -86.2201 -5.1319 0.030992

14 239.6333 148.016286 3.752567 287436.2 268.92472 269.2163 6.201441 0.514953 -3.98313 6.926259 -86.2151 -5.1319 0.049023

15 233.8557 147.987639 3.762196 281365.9 263.159075 263.3572 6.284063 0.525961 -9.19639 6.928959 -86.2102 -5.1319 0.031731

16 241.8283 147.96648 3.699476 289707.7 271.486063 271.8257 6.089687 0.510744 -4.63028 6.911986 -86.2052 -5.1319 0.043474

Test# hc(nm) Pmax(µN) S(µN/nm) A(nm^2) hmax(nm) heff(nm) Er(GPa) H(GPa) hf(nm) m X(mm) Y(mm) Drift(nm/s)

1 199.1507 147.960883 4.344684 242261.6 224.728382 224.6924 7.820792 0.610748 -10.8666 6.916893 -87.8962 -4.0619 -0.311425

2 238.6671 147.993498 3.817919 286430.3 267.577166 267.7392 6.320509 0.516682 18.63927 6.426251 -87.8912 -4.062 -0.202314

3 241.3007 148.054085 3.758722 289163.5 270.728688 270.8428 6.193031 0.512008 32.04083 6.062582 -87.8863 -4.0621 -0.109574

4 192.3206 148.026715 5.055693 234070.5 214.371013 214.28 9.258534 0.632402 100.9393 3.871029 -87.8812 -4.0621 -0.047619

5 236.3667 148.097207 3.796313 284020.4 265.534559 265.6248 6.311347 0.521432 46.07436 5.62794 -87.8962 -4.0571 -0.000003

6 236.1248 147.987109 3.834069 283765.7 265.14989 265.0732 6.376976 0.521512 16.66209 6.435867 -87.8912 -4.0571 0.037654

7 234.7008 148.043252 3.840391 282262.1 263.395542 263.6125 6.404481 0.524489 1.596212 6.796967 -87.8862 -4.0571 0.047693

8 236.0602 147.958699 3.750294 283697.7 265.502261 265.6496 6.238386 0.521536 57.74665 5.269695 -87.8812 -4.0571 0.039286

9 234.3809 148.008651 3.93934 281923.2 262.254679 262.5599 6.573442 0.524996 0.000012 6.988189 -87.8962 -4.0521 0.085535

10 231.258 148.044345 3.880823 278594 259.973911 259.8688 6.514376 0.531398 14.5824 6.429919 -87.8912 -4.0521 0.088296

11 236.3666 148.020813 3.820193 284020.3 265.453662 265.4268 6.351049 0.521163 41.94203 5.767805 -87.8862 -4.0521 0.079029

12 232.185 147.999479 3.962436 279586.2 260.333478 260.198 6.639558 0.529352 15.82178 6.542759 -87.8813 -4.0521 0.080287

13 232.9513 147.992244 3.902634 280403.8 261.210807 261.3921 6.529811 0.527783 -0.00996 6.89331 -87.8962 -4.0471 0.042712

14 229.27 148.002214 3.965616 276454.9 257.15611 257.261 6.682413 0.535357 -3.38353 6.983788 -87.8912 -4.0471 0.047786

15 231.6999 147.975461 3.992907 279067.4 259.409578 259.4946 6.696833 0.53025 27.34207 6.264306 -87.8863 -4.0471 0.00076

16 228.6643 148.060364 3.989205 275800.2 256.47285 256.5007 6.730137 0.536839 -0.01166 6.911239 -87.8813 -4.0471 0.048843
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16.67 wt % ZnO Composite 

 

 
 

Triangular Load Function 

 

0 wt % ZnO Composite 

 

 
 

 

 

 

 

 

 

 

 

 

 

Test# hc(nm) Pmax(µN) S(µN/nm) A(nm^2) hmax(nm)heff(nm) Er(GPa) H(GPa) hf(nm) m X(mm) Y(mm) Drift(nm/s)

1 234.8686 148.0632 4.01585 282439.7 262.518 262.5209 6.694983 0.524229 -0.00044 7.120246 -86.0398 -6.1817 0.69161

2 231.75 148.036 3.990413 279121 259.4678 259.5734 6.692007 0.530365 -0.00088 6.997008 -86.0348 -6.1818 0.018443

3 235.1572 147.9968 3.982072 282744.9 263.0705 263.0315 6.635087 0.523429 19.56428 6.550846 -86.0298 -6.1817 -0.01145

4 224.8198 148.0718 3.939452 271611.8 252.989 253.01 6.697247 0.54516 43.23311 5.581114 -86.0248 -6.1818 0.032474

5 222.0955 147.9824 3.807461 268609.9 251.2791 251.2453 6.508926 0.550919 45.89838 5.283401 -86.0397 -6.1768 0.111154

6 220.8557 148.0024 3.796879 267234.6 250.0052 250.0907 6.507515 0.553829 66.03195 4.721875 -86.0348 -6.1768 0.145385

7 216.5776 148.095 3.774153 262445.3 245.8851 246.0071 6.52732 0.564289 69.41636 4.500357 -86.0297 -6.1768 0.160812

8 211.5357 148.0176 3.841661 256715.4 240.3226 240.4329 6.717813 0.576583 51.90524 4.893061 -86.0248 -6.1768 0.199163

9 213.0749 148.0621 3.798419 258474.4 242.0844 242.3099 6.619558 0.572831 56.46071 4.767817 -86.0397 -6.1718 0.208166

10 201.6633 148.0013 3.769166 245236.3 230.8865 231.113 6.743536 0.603505 91.98947 3.543075 -86.0349 -6.1718 0.190301

11 199.8194 148.0127 3.887311 243055.4 228.486 228.3763 6.986046 0.608967 62.22083 4.363803 -86.0298 -6.1718 0.161743

12 199.5089 147.9992 3.950924 242687 227.5683 227.6034 7.105755 0.609836 31.99228 5.221953 -86.0248 -6.1718 0.184459

13 196.0909 148.0045 3.872875 238610.9 224.7009 224.7527 7.024625 0.620276 31.8126 5.048717 -86.0398 -6.1668 0.168243

14 193.5318 147.9318 3.888138 235534 222.1247 222.067 7.098224 0.62807 36.50887 4.877082 -86.0348 -6.1668 0.155918

15 193.1132 148.0779 3.833297 235028.8 222.0033 222.0853 7.005623 0.630041 53.13775 4.373551 -86.0298 -6.1668 0.155511

16 189.6522 148.0101 3.852808 230829.7 218.2731 218.4643 7.105038 0.641209 61.65888 4.081756 -86.0248 -6.1668 0.140762

Test# hc(nm) Pmax(µN) S(µN/nm) A(nm^2) hmax(nm) heff(nm) Er(GPa) H(GPa) hf(nm) m X(mm) Y(mm) Drift(nm/s)

1 327.6962 146.311498 3.472918 362243.5 354.058842 359.2932 5.11245 0.403904 -0.32672 8.536106 -87.2027 0.9692 0.086127

2 325.9398 146.280505 3.569158 361097.9 351.592848 356.6782 5.262452 0.405099 -0.2853 8.709699 -87.1977 0.9692 -0.169595

3 325.6704 146.300063 3.500936 360920.9 351.659012 357.012 5.163129 0.405352 -0.31833 8.550854 -87.1927 0.9692 -0.15824

4 325.9169 146.378505 3.536383 361082.9 351.706077 356.961 5.214236 0.405388 -0.34173 8.632137 -87.1876 0.9692 -0.0487

5 323.4011 146.318107 3.583002 359416 348.914925 354.0286 5.295209 0.4071 -0.34323 8.677771 -87.2026 0.974 -0.048919

6 324.0364 146.401966 3.572765 359839.8 349.625395 354.7693 5.27697 0.406853 -0.314 8.665383 -87.1976 0.9742 -0.04614

7 323.906 146.409068 3.577194 359753 349.491021 354.6023 5.28415 0.406971 -0.30425 8.671388 -87.1927 0.9742 -0.017316

8 325.4782 146.330512 3.566696 360794.4 351.099755 356.2484 5.261033 0.405579 -0.32231 8.691141 -87.1876 0.9742 0.009912

9 323.3814 146.302404 3.57333 359402.9 349.035617 354.0885 5.281012 0.407071 -0.32731 8.65635 -87.2026 0.9792 0.009684

10 323.5828 146.350901 3.556479 359537.5 349.207839 354.4457 5.255124 0.407053 -0.33854 8.621626 -87.1977 0.9792 -0.001542

11 323.9071 146.330413 3.595222 359753.7 349.362063 354.4331 5.310774 0.406752 -0.33264 8.716312 -87.1927 0.9792 0.021263

12 324.6348 146.360241 3.540464 360237.2 350.295908 355.6393 5.226376 0.406289 -0.34448 8.611269 -87.1877 0.9792 0.014375

13 325.6994 146.302957 3.593492 360940 351.024856 356.2344 5.299489 0.405339 -0.36407 8.758768 -87.2027 0.9842 0.020634

14 324.2763 146.291438 3.503202 359999.3 350.353753 355.5958 5.17308 0.406366 -0.33248 8.523319 -87.1977 0.9842 0.016877

15 323.1323 146.272801 3.508082 359236.2 349.205546 354.4043 5.185785 0.407177 -0.31633 8.507317 -87.1927 0.9842 -0.005169

16 323.3148 146.3816 3.564773 359358.3 349.141887 354.1123 5.268693 0.407342 -0.30916 8.631086 -87.1876 0.9842 0.04177
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2.44 wt % ZnO Composite 

 

 
 

4.76 wt % ZnO Composite 

 

 
 

9.09 wt % ZnO Composite 

 

 
 

Test# hc(nm) Pmax(µN) S(µN/nm) A(nm^2) hmax(nm) heff(nm) Er(GPa) H(GPa) hf(nm) m X(mm) Y(mm) Drift(nm/s)

1 233.9865 146.457518 3.760448 281504.8 259.481568 263.1966 6.279592 0.520266 -7.03112 6.938374 -86.1605 -3.7167 0.230861

2 229.3348 146.367335 3.864828 276524.9 253.992139 257.7385 6.511752 0.52931 -6.11502 6.967049 -86.1555 -3.7168 -0.137108

3 226.1752 146.383488 3.927096 273094.9 250.469031 254.1316 6.658089 0.536017 -6.16891 6.983201 -86.1505 -3.7168 -0.091257

4 233.0944 146.35252 3.93744 280556.3 257.107125 260.9715 6.586259 0.521651 -0.02874 7.0219 -86.1455 -3.7168 -0.075284

5 224.1359 146.399355 3.914042 270860.8 248.298386 252.1886 6.663267 0.540497 -8.88664 6.979945 -86.1605 -3.7118 -0.030295

6 221.387 146.270762 3.922406 267824.6 245.418855 249.3553 6.715249 0.546144 -11.041 6.982801 -86.1555 -3.7118 -0.03133

7 229.2064 146.406765 3.888728 276386.2 253.515646 257.4431 6.553665 0.529718 -5.11203 6.97376 -86.1505 -3.7118 -0.030431

8 222.0022 146.352974 3.922949 268506.7 245.997506 249.9824 6.707643 0.545063 -10.5024 6.98222 -86.1455 -3.7118 0.00684

9 223.3749 146.321985 3.872711 270023.2 247.726521 251.712 6.603123 0.541887 -11.6356 6.970033 -86.1605 -3.7068 -0.024039

10 220.1117 146.353009 3.904525 266406.5 244.232365 248.2239 6.702404 0.54936 -13.3376 6.978148 -86.1555 -3.7068 -0.01023

11 224.3036 146.42746 3.909093 271045.2 248.433404 252.3972 6.652579 0.540233 -9.0057 6.978531 -86.1505 -3.7068 0.041537

12 224.8243 146.370346 3.898229 271616.7 249.148736 252.9852 6.627107 0.538886 -8.92975 6.975488 -86.1455 -3.7068 0.011026

13 217.8893 146.40985 3.859062 263920.9 242.426894 246.3437 6.655485 0.554749 -17.8969 6.964839 -86.1604 -3.7018 0.013217

14 219.8185 146.318542 3.897394 266079.7 243.957305 247.9755 6.69427 0.549905 -13.9195 6.975932 -86.1555 -3.7018 -0.008791

15 219.2051 146.295963 3.912062 265394.8 243.256215 247.2522 6.72813 0.551239 -13.7554 6.979535 -86.1505 -3.7018 -0.015558

16 219.2564 146.383702 3.914562 265452.1 243.3903 247.3024 6.731702 0.551451 -13.7185 6.980164 -86.1455 -3.7018 -0.024278

Test# hc(nm) Pmax(µN) S(µN/nm) A(nm^2) hmax(nm) heff(nm) Er(GPa) H(GPa) hf(nm) m X(mm) Y(mm) Drift(nm/s)

1 231.0098 144.374677 3.874334 278327.8 255.414137 258.9581 6.506592 0.518722 -1.20362 6.98151 -87.1687 -5.6222 0.099008

2 228.5747 146.423577 3.799129 275703.3 253.99359 257.4807 6.410588 0.531091 -10.338 6.948865 -87.1637 -5.6222 -0.303015

3 225.5091 146.438376 3.778257 272366.9 251.045747 254.5777 6.414298 0.537651 -14.5083 6.94269 -87.1587 -5.6221 -0.218063

4 225.3087 146.401627 3.842645 272147.5 250.416383 253.8831 6.526238 0.537949 -11.3032 6.96042 -87.1537 -5.6222 -0.179307

5 224.0986 146.426461 3.846716 270819.9 249.389253 252.6476 6.549147 0.540678 -12.3513 6.961691 -87.1687 -5.6172 -0.105791

6 215.4607 146.496266 4.047549 261183.9 239.552042 242.6061 7.017036 0.560893 -11.267 7.014263 -87.1637 -5.6172 -0.047021

7 219.5281 146.497253 3.925234 265755.6 244.224371 247.5196 6.746198 0.551248 -13.0677 6.982149 -87.1587 -5.6172 -0.005113

8 221.8414 146.508927 3.882481 268328.5 247.004673 250.1433 6.640653 0.546006 -12.9113 6.970937 -87.1537 -5.6172 0.016322

9 223.8104 146.359532 3.89311 270502.8 248.914834 252.0063 6.632016 0.541065 -10.1993 6.974572 -87.1687 -5.6122 -0.011716

10 224.759 146.480986 3.918929 271545.1 249.514283 252.7924 6.663174 0.539435 -8.11995 6.980407 -87.1637 -5.6122 0.041224

11 221.7625 146.441122 4.000367 268241.1 246.009061 249.2177 6.843401 0.545931 -7.1429 7.003063 -87.1587 -5.6122 0.010362

12 223.6795 146.495495 3.93439 270358.7 248.223654 251.6055 6.704123 0.541856 -8.44769 6.984178 -87.1536 -5.6122 0.00752

13 215.7345 146.4442 3.98396 261493.6 240.110321 243.3034 6.902704 0.56003 -13.9475 6.998414 -87.1687 -5.6072 -0.025568

14 219.9167 146.528998 4.017268 266189.2 244.14927 247.2728 6.898751 0.550469 -8.26284 7.005816 -87.1637 -5.6072 0.026601

15 218.7166 146.439238 3.997323 264848.3 243.203374 246.1924 6.881854 0.552917 -10.2931 7.001233 -87.1587 -5.6072 -0.014736

16 224.8656 146.480502 3.962131 271662 249.314086 252.5932 6.73518 0.539201 -5.91381 6.992322 -87.1537 -5.6072 0.046954

Test# hc(nm) Pmax(µN) S(µN/nm) A(nm^2) hmax(nm) heff(nm) Er(GPa) H(GPa) hf(nm) m X(mm) Y(mm) Drift(nm/s)

1 224.9489 146.523913 4.014928 271753.4 249.452286 252.32 6.823781 0.53918 -3.34651 7.005564 -89.9863 -6.7572 -0.11163

2 192.4575 146.449706 4.481531 234236.1 214.274945 216.9664 8.204162 0.625222 -9.86779 6.941388 -89.9812 -6.7572 -0.325464

3 211.7104 146.429331 4.094679 256915.5 235.416613 238.5311 7.15747 0.569951 -12.7629 7.027065 -89.9763 -6.7571 -0.234674

4 211.6278 146.408832 4.093677 256820.9 235.453562 238.4513 7.157037 0.570081 -12.8457 7.026412 -89.9713 -6.7571 -0.143562

5 216.8312 146.448026 4.114214 262731.1 240.447376 243.5279 7.111578 0.557407 -6.76832 7.031657 -89.9863 -6.7523 -0.058164

6 209.38 146.426935 4.068109 254237.9 233.119667 236.3754 7.148374 0.575945 -16.2941 7.019797 -89.9813 -6.7523 -0.002079

7 200.7618 146.457923 4.286064 244171.4 223.823798 226.3898 7.685039 0.599816 5.822118 6.454873 -89.9763 -6.7523 0.006453

8 210.7609 146.432275 4.128312 255826.8 234.220073 237.3636 7.231598 0.572388 -12.1775 7.035219 -89.9713 -6.7523 0.038965

9 209.9099 146.373625 4.18715 254848.4 233.161185 236.1283 7.348732 0.574356 -10.3385 7.050406 -89.9863 -6.7475 0.047078

10 212.0584 146.496634 4.099537 257313.7 235.821724 238.8596 7.160414 0.569331 -12.2713 7.027602 -89.9812 -6.7475 0.049007

11 212.2136 146.415518 4.069028 257491.1 236.304774 239.2008 7.104678 0.568624 -13.4053 7.020165 -89.9762 -6.7475 0.036935

12 209.8436 146.447361 3.998452 254772.1 234.167693 237.3131 7.018605 0.574817 -19.1252 7.001535 -89.9713 -6.7473 0.046989

13 213.9487 146.454206 3.997788 259469.2 238.592347 241.4241 6.953631 0.564438 -13.0355 6.94603 -89.9863 -6.7423 0.047777

14 214.7603 146.462296 3.986444 260390.6 239.626711 242.3154 6.921622 0.562472 -8.17752 6.817972 -89.9813 -6.7423 0.047282

15 211.8498 146.40598 4.060808 257075.1 235.70436 238.8899 7.09606 0.569507 -14.1263 7.017816 -89.9762 -6.7423 0.049251

16 208.1894 146.449927 4.129015 252862.5 231.768859 234.7908 7.275101 0.579168 -14.7488 7.035528 -89.9713 -6.7423 0.046371



 

109 

16.67 wt % ZnO Composite 

 

  

Test# hc(nm) Pmax(µN) S(µN/nm) A(nm^2) hmax(nm) heff(nm) Er(GPa) H(GPa) hf(nm) m X(mm) Y(mm) Drift(nm/s)

1 186.056 146.501167 4.064846 226427.2 210.398091 213.0868 7.568584 0.647012 1.020782 5.884018 -86.0403 -6.1513 -0.152281

2 171.1398 146.489668 4.099226 207761.5 195.291825 197.9418 7.96809 0.705086 -23.3742 6.193094 -86.0353 -6.1512 -0.135204

3 172.6065 146.532491 4.181797 209624.3 197.001673 198.8869 8.092394 0.699025 47.84276 4.310551 -86.0303 -6.1512 -0.110244

4 174.864 146.593554 4.125728 212480.3 199.669907 201.5127 7.930052 0.689916 50.747 4.243148 -86.0253 -6.1512 -0.025147

5 172.3302 146.543548 4.251941 209273.8 195.995337 198.179 8.235019 0.700248 -10.8945 6.066238 -86.0402 -6.1462 -0.070924

6 172.75 146.525015 4.246734 209806.2 196.303945 198.6272 8.214491 0.698383 -18.9242 6.305292 -86.0353 -6.1462 -0.037781

7 168.9476 146.444632 4.209399 204966.6 192.253656 195.04 8.237841 0.714481 -17.6329 6.113063 -86.0302 -6.1462 -0.043915

8 165.2032 146.474941 4.095642 200164.5 189.849996 192.0259 8.110793 0.731773 -0.01269 5.369665 -86.0253 -6.1462 0.012007

9 162.4243 146.525665 4.215867 196578.1 186.112733 188.4911 8.424693 0.745381 -30.4658 6.299873 -86.0402 -6.1412 0.022787

10 161.3187 146.439701 4.232658 195146.3 184.709944 187.2669 8.489223 0.75041 -32.6286 6.355808 -86.0353 -6.1412 -0.008125

11 159.6624 146.509371 4.324156 192995.8 182.835831 185.0736 8.72092 0.759133 -35.5923 6.512849 -86.0302 -6.1412 0.016735

12 159.2441 146.591086 4.266979 192451.7 182.528326 185.0102 8.617762 0.761703 -39.7588 6.542584 -86.0253 -6.1412 -0.022727

13 159.5104 146.500125 4.32777 192798.1 182.172485 184.8987 8.732682 0.759863 -42.4611 6.716453 -86.0402 -6.1362 0.009877

14 157.4075 146.497499 4.315153 190058.2 180.213531 182.8697 8.769761 0.770803 -43.2881 6.661583 -86.0353 -6.136 -0.003913

15 149.6137 146.49263 4.336528 179821.4 172.697522 174.9495 9.060587 0.814656 -31.1555 6.101196 -86.0304 -6.136 0.011597

16 152.385 146.495498 4.341745 183475.6 175.070239 177.6909 8.980697 0.798447 -40.784 6.475028 -86.0253 -6.136 -0.010805
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APPENDIX B: AFM IMAGES POST INDENTATION 
 

Trapezoidal load function 

 

0 wt % ZnO Composite  
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2.44 wt % ZnO Composite 
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4.76 wt % ZnO Composite 
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9.09 wt % ZnO Composite 
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16.67 wt % ZnO Composite 
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Triangular load function 

 

0.00 wt % ZnO Composite  
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2.44 wt % ZnO Composite  
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4.76 wt % ZnO Composite 
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9.09 wt % ZnO Composite 
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16.67 wt % ZnO Composite 
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