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ABSTRACT 
 

The effect of a moderate permanent magnetic field (i.e., 0.50 Tesla) on a structural epoxy 
has been investigated. The magnetic field induced-changes on the microstructure of the 
epoxy system where probed through wide-angle x-ray diffraction (WAXD) and texture 
analysis. Pole figures were generated for all the samples along the directions parallel and 
perpendicular to the applied magnetic field. This allowed, quantitatively, comparing the 
textures and fully understanding the mechanisms that result in a preferred orientation 
generation. The texture analysis revealed that under such moderate magnetic field and 
due to the diamagnetism of the epoxy system, the chains and the cross linking reorient 
biaxially in a plane that shares the magnetic field direction. The evolution of mechanical 
properties (modulus, hardness and toughness) under different thermo-mechanical 
environment was investigated using the instrumented nanoindentation. Improvements in 
both Young’s modulus and hardness by up to 6.6% were observed in the transverse 
direction of the magnetic field. However, evident by the measured elastic and plastic 
work under nanoindentation, it was observed that the magnetically annealed sample 
encountered slight embitterment. Furthermore, the current study reports enhancement on 
the mechanical properties of the epoxy when the nanoindentation tests are carried out 
under elevated temperatures (50-70 °C) below the glass transition temperature of the 
epoxy The time-dependent behavior of the epoxy was investigated under different 
thermal environments on light of the magnetic annealing- induced texture. The storage 
and loss moduli together with tan-delta as measures of the viscoelastic behavior of the 
polymer were measured using the continuous contact compliance module of the 
nanoindenter. The results of the current study showed that even under relatively low 
magnetic fields the mechanical properties, creep resistance and viscoelastic properties of 
the structural epoxy have been improved; tan-delta was measured to be 9.8% less for 
magnetically annealed compared to the neat epoxy sample. 
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CHAPTER 1: BACKGROUND AND THESIS OUTLINE 

 

1.1 Introduction 

 

      Thermosets prepared via curing liquid crystalline monomers possess novel 

mechanical and physical properties. Due to their excellent mechanical properties, 

compared to thermoplastics, epoxies are used extensively as matrices in the fabrication of 

fiber reinforced plastics (FRPs) both at the micro scale, using micro scale carbon fibers 

[4], and at the nanoscale using carbon nanotubes [5]. Furthermore, due to their optical 

anisotropy, liquid crystals have potential in a wide range of applications including optical 

filters, displays, and data storage [6]. They have also been widely used in forms of bulk 

neat resin, coatings, adhesives, and thin films and recently in biomedical applications and 

MEMS/NEMS industry.  

     The mechanical and physical properties of molecular materials such as 

polymers are strongly influenced not only by the molecular structure of the epoxies [7] 

but also by their molecular deformation and orientation behavior of their chains [8] .   

Improving these properties can be achieved by manipulating the spatial arrangement of 

the molecules at the nanoscale via self-organization of the chains [9].  At the macro scale 

introducing texture can be fulfilled by super molecular chemistry or by introducing 

alignment [10]. 

In some studies chains alignment was induced by flow (shear) fields methods, 

such as extrusion [11]  and injection molding [12].  Most of these techniques produce a 

morphology that comprises of an oriented shell of the polymer with a relatively 

unoriented inner core.  This uneven shell-core orientation is attributed to rheological and 

interfacial properties of the constituent components (such as shear viscosity, fluid 

elasticity and interfacial tension); blend composition; and processing variables (such as 

curing temperature and shear rate) [13].  
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Since the use of flow fields poses several limitations on the types of epoxies that 

can be processed, several investigations explored the use of other fields such as electrical 

and magnetic fields or a combination of both [14-16]. 

Shiota et al. (1997) investigated the curing of liquid crystalline (LC) epoxies 

under applied AC electric fields. The investigators observed that the extent of 

polymerization has strongly influenced the molecular response to the AC electric fields, 

the final networks could be aligned only perpendicular to the electric field. The oriented 

network possessed high orientation as well as high translational order. Controlling the 

orientation of organic molecules with electric fields plays an important role in 

commercially important devices, such as liquid crystalline displays (LCDs). The ability 

of electric fields to induce the controlled alignment of lyotropic liquid crystalline polymer 

thin films on micro fabricated substrates was demonstrated by Martin [17].  The polymers 

were oriented by the electric field while in solution and solidified into a stable, oriented 

structure by solvent evaporation. 

Magnetic field induced-alignment of polymeric materials has been the focus of 

numerous investigations [10, 14, 16, 18-27]. Unlike the flow fields, magnetic fields 

effective strength does not decrease in the center of the sample, and thus the formation of 

the core-shell morphology is unlikely [20]. 

Polymeric materials can reorient inside a magnetic field through the diamagnetic 

anisotropy of the constituent chemical units, provided that the magnetic anisotropy and/or 

the size of the molecules is sufficiently large [10].  The energy that the chemical unit 

gains through the interaction with an external magnetic field is dependent on the 

orientation of the unit relative to the magnetic field, and hence the unit tends to align in a 

direction that would minimize its energy [27]. The idea of magnetic induced alignment is 

to orient a liquid crystalline monomer in an external field and subsequently freeze the 

orientation by polymerization and curing, thermally, chemically, or photochemically.  

Obviously, the macroscopic ordering might be irreversibly fixed by the chemical 

reaction, resulting in texture generated anisotropy in the physical and mechanical 

properties [26]. 
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In addition to reorienting the polymer itself, sometimes aligning the polymer 

chains can be utilized to facilitate the alignment of other materials embedded in the 

polymer such as carbon nanotubes both single wall [5] and multiwall [28]. 

   There have been shown significant improvements in mechanical, electrical 

optical and thermal properties of polymeric materials processed under high magnetic 

fields [29]. But few published works have utilized low magnetic fields (i.e., lower than 1 

Tesla). Low magnetic fields have been used to affect the polymerization of methyl 

acrylate by changing the molecular weight of the cured polymers [30]. When the 

viscosity is low the molecules thermal agitation energy to overcome is less, so the 

diamagnetic forces are more likely to produce a texture in the polymer. 

The major reason for using the high magnetic fields (> 1 Tesla) is that using the 

laws of continuum mechanics and thermodynamics it was shown that polymer alignment 

does not favor low magnetic fields [23].  From the continuum point of view owing to the 

diamagnetic anisotropy of chemical bonds, organic molecules have a potential ability to 

align under a magnetic field [31].  Organic crystals [32, 33] and polymeric fibers, [34-38] 

which exhibit anisotropic diamagnetic susceptibility, can undergo magnetic alignment in 

suspension, if their size is large enough to exceed the thermal agitation energy. The 

minimum size required for the magnetic alignment ranges from micrometers to tens of 

nanometers depending on the values of the diamagnetic anisotropy (typically -

10*  emu/mol) of the material and the field strength used (5 – 10 Tesla)[29]. 

     Based on earlier work by Garmestani et al. [5] the alignment of single wall 

carbon nanotubes (SWCNTs)  in high viscosity epoxy utilizing high magnetic filed of 15-

25 Tesla was documented. That alignment occurred at magnetic field, though 15-25 Tesla 

high, is still much lower than the calculated theoretical field strength values based on 

continuum approach. Later, Al-Haik and Hussaini utilized molecular dynamics 

simulation to explain the alignment of polymers under magnetic field [39]. Later they 

used the same approach to explain how the alignment of polymers could mediate the 

alignment of SWCNTs [40]. 

 



 4 

Besides the valid computational tools at nanoscale such as molecular dynamics, 

there is a pressing need for experimental techniques to examine the polymer alignment 

and to investigate the degree of improvements on the polymer mechanical properties 

upon reorientation.  

Diamagnetism aligns the polymer molecules either parallel or perpendicular to the 

field [23, 24, 41]. This can be characterized in the light of wide-angle x-ray diffraction 

(WAXD) and scanning electron microscopy (SEM) imaging of the fracture surface. SEM 

will be a valid tool only if the field is large enough to produce a strong and visible texture 

(fibril). Alternatively, the induced alignment can be investigated indirectly by 

mechanically testing the samples along different directions with respect to the magnetic 

field direction [18]. 

    

1.2 Thesis motivation 

 

Despite the numerous literatures citing success in utilizing high magnetic fields to 

align polymers, fewer citations could be found for utilizing low magnetic fields based on 

permanent magnets.   

Moreover, in the few citations found, there were some controversies and 

contradictions cited by rival groups! For example, scientist from the former Soviet Union 

have carried out major researches back in the 70’s regarding modifying high temperature 

curing resin systems under low magnetic fields and they have reported improvements in 

mechanical, optical and thermal properties in different cases [42-44]. Gerzeski [45]  

showed significant modifications of some of the mechanical properties under fields as 

low as 0.38 Tesla but showed no improvement in Young’s modulus for most of the 

epoxies at the macro scale. It is worth to mention that both groups conducted their 

mechanical testing at the macroscale; using a tensile machine and while the Soviets 

reported some improvements on the elastic modulus and hardness, the US-based group at 

the AFRL reported no such improvements. 

It is rather strange that neither group tried to investigate the microstructure of the 

epoxy upon magnetic processing! Thus, one theory is:  there might have been some 

improvements but the tool to measure the change in the microstructure and the changes in 
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mechanical properties were inappropriate in the previous literature.  Investigating the 

microstructure was carried out for numerous high magnetic field processing 

investigations such as Kimura et al. [23] and Al-Haik et al. [18]  where they investigated 

the magnetically induced changes on microstructures using WAXD, pole figures and 

ESEM analysis. 

Thus in this thesis WAXD and texture analysis of both before and after magnetic 

annealing of epoxy will be investigated at different locations on the samples along 

different orientations with respect to the magnetic field direction. The improvement in 

mechanical properties will be measured using very accurate technique that can detect 

very small changes; nanoindentation rather than macroscale tensile testing. Furthermore, 

the effect of the annealing temperature will be also investigated. 

Furthermore, it is well known that regardless of the improvement in static 

mechanical properties, polymers exhibit significant creep deformation under even low 

loads or even at room temperature.  Therefore, improving creep properties of polymeric 

materials is of high interest as well. Viscoelastic characterization methods such as creep, 

relaxation and dynamic mechanical analysis (DMA) tests needs to be utilized to measure 

the degree of improvement on viscoelastic behavior [41, 46, 47]. Currently, there are very 

few investigations regarding how magnetic processing will affect the long term time-

dependant performance of these polymers [48].  

Hence, in this thesis the creep of the samples before and after magnetic annealing 

will be investigated under constant load and three different temperatures ranging from 

room temperature to a temperature that is close to the glass transition of the polymer.  For 

longer-term creep, the thesis will present the effect of magnetic processing through 

utilizing continuous contact compliance (CCC); i.e. through measuring the changes in 

loss and storage moduli. 
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1.3 Thesis Outline  

 

  The introductory chapter of this MS thesis summarizes the background on the 

state of the art in the field of magnetic processing of polymeric materials together with 

some current challenges and several aspects that have been overlooked under previous 

investigations. In Chapter two, a brief description about the use of WAXD and pole 

figure analysis to describe the orientation of the oriented amorphous epoxy is presented. 

The description of the epoxy system, the samples processing using 0.5 Tesla magnetic 

field, and complete microstructure analysis using WAXD 2-  scan and azimuthal scans 

are presented toward the construction of pole figures using the software PopLA. In 

Chapter 3, mechanical analysis of the effect of magnetic processing on the samples is 

carried out using nanoindentation. Nanoindentation was carried out along the magnetic 

field and the lateral direction at different maximum loads. Furthermore, the affect of 

curing the samples post-magnetic processing under elevated temperatures is also 

investigated. Chapter 4 highlights the effect of magnetic processing on the creep 

properties of the polymeric system utilized through nanocreep tests coupled with 

continuous contact compliance analysis; loss and storage moduli analysis on light of the 

magnetic processing. The thesis concludes in Chapter 5 by presenting major findings and 

some future proposed work.   
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CHAPTER 2: ORIENTATION CHARACTERIZATION OF 

MAGNETICALLY ANNEALED EPOXY 

 

2.1 Orientation Representation for Amorphous Polymers 

 

Epoxies are generally treated as a two-phase system comprising crystalline 

lamellae and noncrystalline segments outside the lamella. The noncrystalline phase is 

usually referred to as amorphous phase, although it is commonly understood that the 

amorphous chain segments outside the lamellae can have some local order.  

An amorphous polymer does not exhibit a crystalline X-ray diffraction pattern. If 

the structure of crystalline polymers is taken to be regular or ordered, then by difference, 

the structure of amorphous polymers contains greater amounts of disorder. The older 

literature often referred to the amorphous state as a liquid state. Today, amorphous 

polymers in the glassy state are typically called amorphous solids. 

Schematically, the structure of bulk amorphous polymers has been linked to a pot 

of spaghetti, where the spaghetti strands weave randomly in and out among each other. 

The spaghetti model provides an entry into the question of partial order in amorphous 

polymers.  

Assuming that the initial sample consists of only isotropic amorphous chains, 

Figure 2-1(a), upon applying an external field, some amorphous chains will become 

oriented, Figure 2-1 (b), and can transform into febrile structure.  Based on previous work 

of Al-Haik et al.[49], the length of the fibril can extend to several micrometers if the 

external magnetic field strength is very high; above 15 Tesla.  
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Figure 2-1:  Schematic diagrams of phase transition and structure development during an 
amorphous polymer reorientation.  After Kawakami et al.  [1]. 
 
 

 

The extent of the short-to-medium range order within the amorphous phase, the 

density, orientation and the conformation of the amorphous chain segments profoundly 

influence the mechanical performance of the polymer.  In particular, modulus, tenacity 

and diffusion are influenced by the amorphous orientation [50].  

            There are several techniques to explore the orientation in amorphous phase 

orientation. These include optical birefringence and sonic modulus [50]. The optical 

birefringence depends on the difference between the refractive index of the oriented 

domains along and perpendicular to a fiber axis. The sonic modulus depends on the 

variation in the acoustic speed with orientation of the amorphous region. Both these 

techniques require the knowledge of the crystallinity of the polymer and both have 

inherent limitations. For example the amorphous orientation obtained via the 

birefringence data- and crystallinity by default- could be ambiguous if the correct values 

of the intrinsic birefringence of the crystalline and amorphous domains are not well 

known. Likewise, prior knowledge of the modulus of the crystalline and amorphous 

domains is essential before using the sonic modulus method. 
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Because of these shortcoming of the above mentioned techniques, it is widely 

accepted to use the wide angle x-ray diffraction (WAXD) method to evaluate the 

amorphous orientation [1, 33, 50-53]. Under various conditions, crystalline substances 

diffract X-rays and electrons to give spots or rings. Amorphous materials, also diffract X-

rays and electrons, but the diffraction is much more diffuse, sometimes called halos [54].  

 

There are a number of differences between x-ray diffraction in polymers and 

metallurgical or ceramic diffraction [51]. 

• Polymers are not highly absorbing to x-rays. The dominant 

experiment is a transmission experiment where the x-ray beam passes through the 

sample. This greatly simplifies analysis of diffraction spectra for polymers but 

requires somewhat specialized diffractometer from those commonly used for 

metallurgy (usually a reflection experiment). 

•  Polymers are never 100% crystalline. XRD is a primary technique 

to determine the degree of crystallinity in polymers. 

•  Synthetic polymers almost never occur as single crystals. The 

diffraction pattern from polymers is almost always either a "powder" pattern 

(polycrystalline) or a fiber pattern (oriented polycrystalline).  

•  Polymers, due to their long chain structure, are highly susceptible 

to orientation. XRD is a primary tool for the determination of crystalline 

orientation. 

• For semi-crystalline polymer crystals display a relatively large 

number of defects in some cases. This leads to diffraction peak broadening. 

• Polymer crystallites are very small with a large surface to volume 

ratio which enhances the contribution of interfacial disorganization on the 

diffraction pattern. 

 

2.2 Texture Analysis of Polymers 

 

There are numerous techniques to quantify the preferred orientation, or” texture” 

of materials, to name some: 



 10 

• X-ray diffraction; pole figures; measures average texture at a 

surface (microns penetration); projection (2 angles). 

• Neutron diffraction; type of data depends on neutron source; 

measures average texture in bulk (centimeters penetration in most materials); 

projection (2 angles). 

• Electron [back scatter] diffraction; easiest [to automate] in 

scanning electron microscopy (SEM); local surface texture (nanometers 

penetration in most materials); complete orientation (3 angles).  

• Polarized optical microscopy: optical activity (plane of 

polarization); limited information (one angle). 

 

X-ray pole figures are the most common source of texture information; cheapest, 

easiest to perform. They have the advantage of providing an average texture over a 

reasonably large surface area (~1mm2), compared to EBSD [2].  

For crystalline materials the pole figure is a presentation of the three-dimensional 

orientation of a crystalline plane.  On a pole figure map, one may observe both the 

location and intensity of the orientation of a crystalline plane with respect to the x, y, and 

z reference directions.  The intensity in the poles represents the variation in diffracted 

intensity of   specific crystal direction with respect to sample reference frame.  More 

concretely, it is the frequency of occurrence of a given crystal plane normal per unit 

spherical area.   

Stereographic pole figures are one method of projecting a three dimensional 

sphere onto a two dimensional plane. Lines drawn from the southern pole of the sphere 

end at points on the northern hemisphere. Where these lines intersect the horizontal plane 

defined by the north-south axis of the sphere is where the orientation defined by each line 

is projected onto the plane. An illustration is shown in Figure 2-2. 

Pole figures show the density of crystallographic poles of certain planes as a 

function of orientation, and so provide a good method of representing orientation. A pole 

is the point of intersection of the normal to a crystal plane with the surface of a sphere 

having the crystal at its center. If the crystallite orientation is completely random, the 

poles will be scattered all over the stereographic projection. If orientation is present, on 
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the other hand, the poles will tend to be concentrated in certain areas within the 

projection, while the remaining areas will be completely unpopulated. 

 

 

 

Figure 2-2: Stereographic projection illustrating the projection of a 3D sphere onto a 2D 
plane [2]. 
 

Two angles were defined to describe the orientation of the sample, named alpha and beta. 

Alpha was defined as the angle the plate normal forms with the sample rotation axis, 

which is perpendicular to the incident beam axis. Beta was the angle in the plane defined 

by the sample rotation axis (rolling direction, RD) and the transverse direction (TD) in 

the sample coordinate system from the axis parallel to the incident beam (normal 

direction, ND) at a sample rotation of  = 0°. A visualization is shown in Figure 2-3. 
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Figure 2-3 Definition of the  and  angles in the sample reference frame. At a sample 
rotation of 0°: The y1 direction is the incident X-ray beam axis; the y2 direction is 
perpendicular to both the incident beam and the sample rotation axis; the y3 axis is the 
sample rotation axis. 
 

The plate normal, S, was calculated based on the angles , . The first step to relating 

these values was to define the incident beam unit vector and determine the reflected beam 

unit vector in terms of ,  and  in the diffractometer coordinate system as shown in 

Figure 2-4: 

     (2-1) 

 

 
The vector representing the plate normal, which is not a unit vector, is found by the 

difference between the incident beam unit vector, p, and the reflected beam unit vector, r. 

Before normalization, S is: 

                       (2-2) 

 

                              (2-3) 
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Figure 2-4 Relationships between the Bragg reflection angle ( ), azimuthal angle ( ), 
and goniometer rotation angle ( ) and the plate normal, S. 

 

After normalization, S becomes the unit vector s 

 

              (2-4) 

 

The same unit vector s, was calculated using simple trigonometric relations in terms of 

the pole figure angles  and . 

                  (2-5) 
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The two representations of s were then equated 

 

     (2-6) 

 

where  and  can be represented in terms of ,  and  as shown in the following 

equations 

            (2-7) 

 

The total intensity of the diffracted X-rays  at any point ( , ) on the (hkl) pole figure is 

given by [2]: 

 

   (2-8) 

 

Here   denote the path through the orientation distribution corresponding to rotation 

about the (hkl) pole. Expansion of the above equation in a series of spherical harmonic 

functions yields 

   (2-9) 

 

where  is a spherical harmonic function, l is the order of the spherical 

harmonic function and  

  (2-10) 

 

where Wlmn are the coefficients of the spherical harmonic functions, and  and  are the 

polar coordinates of (hkl) pole in the crystal coordinate systems. By measuring pole 
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figures of multiple geometrically independent poles we can obtain a set of linear 

simultaneous equations that can be solved for the Wlmn. 

 

Pole Figure Analogy for Noncrystalline Materials: 

For an oriented amorphous material, the relative intensity of the Bragg’s peaks varies as 

the sample is rotated with respect to the incident beam, and it is the graphical display of 

this intensity variation plotted as a function of the sample tilt which generates the pole 

figure. A separate pole figure can be obtained for each different Bragg diffraction 

condition that is satisfied by the sample, and is of sufficient intensity to be monitored as 

the sample is tilted about the Euler angles. In an amorphous sample the angle  at which 

complete set of data is collected is not a Bragg angle, but rather as a fixed angle at which 

one monitors the intensity of the amorphous halo. Thus, the pole figure for amorphous 

material can be thought of as providing a statistical average of the chains axes with 

respect to some preferred processing direction (e.g. magnetic field orientation, or 

mechanical drawing direction).   

 

2.3 Epoxy System 

 

    As mentioned in the first chapter, the degree of alignment from the continuum 

view of point depends on parameters such as activation energy, length and molecular 

weight of the chains and strength of the field. It also depends on certain chemical groups 

in the epoxy systems, which diamagnetically align either parallel or perpendicular to the 

field. 

Most of the previous studies on magnetically aligned resin systems have used 

high viscosity polymers (about 20-120 poise). We believe that if the active diamagnetic 

chains are present, the lower the viscosities the more probable are the chains to produce a 

texture. Our resin system has a viscosity of 900-950 centipoises, when it is mixed with 

the hardener initially. 
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Aeropoxy: 

PR2032 is a medium viscosity, unfilled, light amber laminating resin that is designed for 

structural production applications [47, 55]. 

This polymer is mostly used in structural applications and composites. It has been 

magnetically annealed in a study by Al-Haik et al. [49] under magnetic  fields of 15-25 

Tesla.  

When used with the hardener, PH3660, the combination provides excellent wet-

out of fiberglass, carbon and aramid fibers. Special additives have been incorporated into 

this product to promote chemical adhesion to fabrics made with these fibers. Typical 

applications include aircraft and sail plane skins and structural components, auto bodies, 

radomes and prototype parts. 

Hardener PH3660 is the standard hardener typically used to fabricate high 

performance composite parts. PH3660 has a one-hour working time. In sufficient mass, 

both of these hardeners will cure completely at room temperature (77  or above). For 

small amounts or layered composites PH3660 will require only moderate heat to become 

hard .The higher the curing temperature, the higher the resulting service temperature. 

With a higher temperature cure, a safe service temperature over 200  can be obtained. 

According to the specifications furnished by the manufacturer (PTM&W Industries, 

Inc.), the components of the epoxy used here are Aeropoxy PR2032, a material 

containing diphenylolpropane (bisphenol-A) and a multifunctional acrylate; the hardener 

component Aeropoxy PH3660 is a modified amine mixture. The epoxy contains also 

some acrylic monomers. These materials do not contain any metallic compounds of any 

kind. The absence of metallic compounds in the epoxy resin eliminates the possibility of 

metallic-induced orientation of the polymer chains and cosslinks, and attributes the 

response to the magnetic field to the polymer network itself.   

These products can be considered low toxicity materials that have minimum hazard 

potential when used properly and in a clean and responsible manner. PR2032 does not 

contain any hazardous diluents or extenders. Hardener PH3660 does not contain 

methylene dianiline (MDA), or other potentially harmful aniline derivatives. Neither the 

resin nor the hardeners will crystallize in normal shipping and storage conditions, 
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including refrigerated storage. Both components have excellent moisture resistance, for 

minimal problems in high humidity environments. Properties of the epoxy system are 

listed in Table 2-1. 

Table 2-1 Physical and mechanical properties of the epoxy system 

 

 

 

 

 

 PR2032 with PH3660 

 

      ASTM 
Method 

 
Mix Ratio 

 
100: 27 By Weight, or 3 to 1 By Volume 

PTM&W 

Pot Life @ 77  1 hour D2471 

Color Light Amber Visual 

Mixed Viscosity @ 77 ,cps 900 - 950 cps D2393 

Cured Hard ness, Shore D D 88 Shore D 88 Shore D D2240 

Specific Gravity, grams, cc 1.11 D1475 

Density, lb./cu. Inch 0.0401 D792 

Specific Volume, cu. in./lb. 25.0 D792 

Tensile Strength, psi (1) 9828 psi D638 

Elongation at Break, % (1) 1.90 % D638 

Tensile modulus, psi (1) 418,525 psi/2.885 GPa D638 

Flexural Strength, psi (1) 16,827 psi D790 

Flexural Modulus, psi (1) 462,910 psi D790 

Glass Transition Temp., Tg 196 /91  TMA 

Thermal Coef. of Expansion 
Range: 

4.3 x 10-5 in./in./  D696 
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2.4 Magnetic processing Experiment 

 

Disk-shaped Neodymium 1 1/2 in  magnets grade 50 from Applied Magnets, 

Ontario, Canada, were used in this study. The filed strength and direction were measured 

using the Gaussmeter by Alpha Lab DC Gaussmeter Model1. The magnetic field strength 

was about 0.5 Tesla. The magnets are magnetized through their thickness. Hence, the 

field is perpendicular to the magnet flat surface, As shown in Figure 2-5 the containers in 

which the epoxy to be poured were placed on the top surface of the magnet such that the 

field is parallel to the container axis.  

 

 

Figure 2-5: Schematic of the magnetic processing of the samples. The figure shows the 
axial and lateral directions of the sample with respect to the direction of the maximum 
magnetic field. 

 

The resin and the hardener were mixed by a weight ratio of 100:27.  Mixture was 

prepared more than the amount enough to fill the containers. This was done to make sure 

that the mixture poured in the containers is homogenous, and the mix ratio remains the 

same when it is being poured.  

The mixture was stirred mechanically for 20 seconds to make sure that the 

resin/hardener mixture was homogenous.  Inner sides of the containers were significantly 

smooth. The specific choice of the container was to get a smooth surface of the sample so 
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that there would be no need for polishing. Polishing might affect the surface properties as 

it induces some thermal and mechanical residual effects.  

 The containers were filled with epoxy up to half their length. This helps facilitate 

the degassing of any air bubbles in the mix as the polymer gels fairly fast and the 

degassing occurs from the bottom to the top of the sample. Basically, the shorter the 

sample the faster it gets degassed. The samples with the magnets underneath, while they 

are being cured, will be referred to as “magnetically annealed” and the ones without will 

be called “neat” samples throughout the thesis. A total of four samples for each test were 

made and put in the vacuum bell jar. The chamber was pumped down to 250 torr.  

The heat flux that the samples were receiving while they were getting cured in the 

vacuum chamber was different from the samples on top of the magnets and the ones on 

the plastic disc of the bell jar. To be consistent in all steps, two of the magnets were 

heated up to 500 ° C and held for 15 minutes to completely become demagnetized. The 

measured field with the use of Gaussmeter was very close to zero. These metal cylinders 

were placed under neat samples so that the heat flux becomes the same for both 

magnetically annealed and neat samples.   

The epoxy samples were cut using a high precision diamond saw, Isomet 1000, 

and taken out of the containers. The nanoindentation tests were carried out right after the 

samples were taken out of the containers to avoid any air exposure. This was to eliminate 

any effect from the aging or oxidization of the surface to interfere with the measured 

properties. Further care were taken as the two samples of a kind, either neat or 

magnetically annealed, were tested as the first and  last samples respectively. The other 

two were tested as the second and third samples. Using the above approach, the average 

of the properties for neat and magnetically annealed samples will have the same age. 

  There are many parameters other than the magnetic field effect that can 

contribute to a difference in the properties of magnetically annealed and neat samples and 

results in misleading products. We have to keep all these parameters constant to be able 

to observe the effect of the magnetic annealing. We will discuss these error sources later 

in chapter 3.  

After the samples were glued to the nanoindenter sample holder stub, they were 

investigated with the means of a level to see if the surface to be tested is parallel to the 
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stub surface. Some grinding work was needed in some samples to make the two surfaces 

parallel. Same care was taken before mounting the samples in the WAXD chamber. 

None of the sample’s surfaces were touched before the indentation tests were 

done. Any residual stress due to touching of the sample surface might result in different 

properties. 

 
 

2.5. WAXD Measurements 

 

It is commonly understood that the amorphous chains segments can have some 

long-range order.  The wide-angle x-ray diffraction is used for the conformation analysis 

of the amorphous chain segments ordering. Microstructure and alignment was 

investigated using wide angle X-ray diffraction (WAXD) in a similar way as described 

before [6, 7].  The X-ray facility used was a Philips X’Pert PW3040 MRD X-ray 

diffractometer, equipped with a pole figure goniometer, operating at 40 kV and 45 mA, 

and employing Ni filtered Cu Ka radiation. The machine is located at Materials Science 

and Engineering building at Georgia Institute of Technology, Atlanta. A standard phase 

analysis 2  scan was performed from 5° to 55° in 0.02° per step for a period of 0.2s per 

step.  

The 2  scans for the neat and the magnetically annealed samples at the edge of 

the sample different epoxy samples at  = 0°, are shown at Figures 2-6-7. There is only 

one visible halo between 5° to 55°. We have shown the first part of the scan to focus 

more on the existence of the halo. 
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Figure 2-6 The 2-  scan of a magnetically annealed sample. The scan was performed at a 
point close to the edge of the sample where the magnetic field is maximized. 

 

Figure 2-7 The 2-  scan of a neat epoxy sample at the lower edge of the container. The 
scan was performed at a point close to the edge of the sample where the magnetic field is 
maximized. 
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From the 2-  scans it is evident that there are no significant peaks that could be 

attributed to crystalline lamellae, but only a weak diffuse amorphous halo. The degree of 

crystallinity of epoxy resin is very low.  

Most of the macromolecules are in an amorphous region. The analysis of this halo 

can provide information concerning the structure of the amorphous regions. The position 

of the halo is at 2  =19º. Thus, the pole figure analysis will be carried out at only 2  

=19º. 

 

 

2.6 Texture Results 

 

The reflections from the amorphous halo at 19° were analyzed to determine the alignment 

of the amorphous halo order. The diffraction data was corrected for geometric defocusing 

and background X-ray intensity using standard procedures embedded in the preferred 

orientation software package from Los Alamos (PopLA)[56]. Recalculated experimental 

pole figures were further normalized to satisfy the following condition:  

 

   (2-11) 

where function P(y) is the volume fraction of the sample for which the halo order normal 

h is parallel to the sample direction y composed by azimuthal angle  and radial angle . 

The pole figure analysis was carried out on the surface of the samples at different 

locations L1 and L2 measured along axis parallel to the lateral direction of the magnetic 

field (LD). The points are 4 mm apart. Similarly pole figures were investigated on the 

surface of the samples at three different locations along axis parallel to the magnetic field 

direction (MD); M1 and M2 that are also 4 mm apart. The locations are illustrated in 

Figure 2-8. 
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Figure 2-8: Schematic illustration of four different locations at which individual pole 
figures analysis was carried out. 
 

At each designated location in Figure 2-8, incomplete pole figures were obtained from 

the projections of sample orientation with respect to the incident beam, with azimuthal 

angle  varying from 0° to 85° in 5° intervals and radial angle  varying from 0° to 360° 

in 5° steps.  Representative WAXD azimuthal-radial scan for a magnetically annealed 

sample at location M1 is shown in Figure 2-9. The same azimuthal-radial scan for neat 

sample at the same location M1 is shown in Figure 2-10.   Representative WAXD 

azimuthal-radial scan for a magnetically annealed sample at location L1 is shown in 

Figure 2-11. The same azimuthal-radial scan for neat sample at the same location L1 is 

shown in Figure 2-12.     

 

Magnetic Field 

Direction (MD)

Sample Lateral 
Direction (LD)

L2 

L1 

M1 M2
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Figure 2-9: WAXD azimuthal-radial scan at location M1 for magnetically annealed 
epoxy sample. 

 

Figure 2-10: WAXD Azimuthal-radial scan at location M1 for neat epoxy sample. 
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Figure 2-11: WAXD azimuthal-radial scan at location L1 for magnetically annealed 
epoxy sample. 
 

 

Figure 2-12: WAXD Azimuthal-radial scan at location L1 for neat epoxy sample. 
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From the azimuthal scans, the decrease in the intensity of the peak observed   in 

Figure 2-10 for the neat epoxy as the magnet field is applied is clear in Figure 2-9, and it 

indicates that the magnetic field had minimized the orientation density along the axial 

direction of the samples, (MD) that was parallel to the applied magnetic field.  The 

results of the scan along the sample lateral direction (LD) suggest that the magnetic field 

had forced the amorphous phase to reorient along the transverse direction of magnetic 

field evident by the intense increase of the intensity from the neat sample at L1, Figure 2-

12 to that observed for the magnetically annealed sample at L1 as seen in Figure 2-11.  A 

more practical way to quantify the orientation of the epoxy amorphous halo is to utilize 

the azimuthal-radial scans to produce the pole figure.  Figure 2-13-2-16 shows set of pole 

figures at the locations M1, M2, L1 and L2, respectively. All the pole figures were 

corrected against the background intensity and the defocusing according to procedures 

built in at PopLA. 
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Figure 2-13: Pole figures generated at location M1 for (a) neat epoxy sample and (b) 
magnetically annealed epoxy. 
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Figure 2-14: Pole figures generated at location M2 for (a) neat epoxy sample and (b) 
magnetically annealed epoxy. 
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Figure 2-15: Pole figures generated at location L1 for (a) neat epoxy sample and (b) 
magnetically annealed epoxy. 
 

MD

LD 
ND 

LD 

MD 

ND 

(a) 

(b) 



 30 

 

 

 

Figure 2-16: Pole figures generated at location L2 for (a) neat epoxy sample and (b) 
Magnetically annealed epoxy. 
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In all of these pole figures, the color bar shows the normalized raw pole densities 

plotted in units of time-random distribution in which 1 corresponds to complete random 

orientation distribution.   For Figures 2-13 and 2-14, the intersection of the crosshairs 

corresponds to the magnetic field direction (MD), while the LD represents the later 

direction, and the ND the normal direction. The maximum pole intensity at location M1 

in neat sample (0 Tesla) is 8.82 time- random units which is higher than the 3.36 in the 

magnetically annealed sample. The high pole intensity of the neat epoxy can be explained 

in a similar manner to the microstructure build-up in solidifying metals. That is to say the 

epoxy close to the container bottom -that has a normal MD- will cure first (wall effect) 

and will be most influenced by the weight of the epoxy along the MD direction. Upon 

applying the magnetic field, due to the documented diamagnetism of the epoxy [18] it 

will try to rotate away from the field direction and thus reduce the pole intensity along 

MD. Actually, the intensity of the pole at MD for the magnetically annealed sample is 

virtually 1 a shown in Figure 2-13(b), which means that upon magnetic annealing the 

texture existed along the MD direction; the axial direction of the sample, has disappeared, 

given place to reorientation of the amorphous epoxy in the planes defined between LD-

ND directions. 

Similar observations can be seen in locations far from the edge of the samples; at 

location M2, as shown in Figure 2-14. However, the maximum pole intensities upon 

magnetically annealing the sample dropped from 3.36 to 2.96, and that is mainly due to 

the fact that the field intensity fades away upon moving away from the edge of the 

sample where the field is a maximum. It can be seen far from the field, the pole intensity 

starts building up along MD, as the weight effect becomes more predominant at the 

middle of the sample. 

For the texture in the lateral direction, separate set of pole figures at locations L1 

and L2, shown in Figures 2.15-16. At location L1 for the neat sample the texture arise 

along L1 again due to the wall effect. Figure 2-15(a). Upon applying the magnetic field, 

the biaxial reorientation of the amorphous halo decreases the intensity of the pole along 

LD, and generates a texture in new planes enclosed between the LD-ND directions as 

shown in Figure 2-15(b).  Moving away along the LD to point L2, we still can observe 
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the biaxial reorientation induced by the magnetic field in the LD-ND with lesser pole 

intensity; max intensity 2.94, in Figure 2-16(b). 

From the pole figure analysis one can conclude that a neat epoxy sample will have 

a texture along the walls it cures on; LD and MD. Upon application of the magnetic field, 

biaxial reorientation of the amorphous halo will take place on planes transverse to the 

magnetic field. 

The above mentioned two-dimensional orientation; in-plane orientations, are in good 

agreement with our previous studies of the same epoxy resin system cured under much 

higher magnetic fields (15 and 25 Tesla) magnetic fields in which it was found that the 

presence of the magnetic field during the cure reaction aligned the molecules along the 

applied field [49], shown in Figure 2-17. 

 

 

 
 

Figure 2-17:  The two-dimensional stretching effect a magnetic field exerts on the main 
chains and crosslinks of an epoxy. 
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CHAPTER 3: NANOINDENTATION TESTS AT AMBIENT AND            

ELEVATED TEMPERATURES 

 
3.1 The Nanotest System  

          

The Nano Test 600 is a pendulum based nanoindentation machine developed by           

Micro Materials Ltd. United Kingdom. The system has 3 separate modules that consist of 

indentation, scanning (scratch) and impact. All three modules can be used in conjunction 

with the low load head which is 0.1-800 mN. 

There are a wide range of testing options which the system provides: Spherical 

indentation, pin-on-disc wear testing, continuous contact compliance (CCC) 

measurement, high temperature testing, wet-stage testing, AFM scanning, nano-

positioning, nanoscratch, friction and impact/impulse testing. Transverse sample 

movements during loading enable scanning measurements (scratch testing, fatigue and 

wear testing). Sample oscillation at constant load is used for impact testing, contact 

fatigue testing, nano-positioning and dynamic testing. 

The system is placed inside a thermally insulated cabinet. This cabinet serves to 

reduce air turbulence that would upset the pendulum and to provide a thermally 

controlled environment and also to provide soundproofing to reduce acoustic 

disturbances. The system at UNM has a noise level with a standard deviation of 0.5 mV 

while the reference sample is in contact with the Berkovich tip. 

At the heart of the NanoTest system is a pendulum that can rotate on a frictionless pivot, 

Figure 3-1. A coil is mounted at the top of the pendulum; with a coil current present, the 

coil is attracted towards a permanent magnet, producing motion of the diamond tip 

towards the sample and into the sample surface. The displacement of the diamond tip is 

measured by means of a parallel plate capacitor. One plate of which is attached to the 

diamond holder.  When the diamond moves, the capacitance changes, and this is 

measured by means of a capacitance bridge. The capacitance bridge unit is located close 

to the measuring capacitor in order to minimize stray capacitance effects.   
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Figure 3-1: Schematic of the NanoTest with two different views of the Berkovich 
indenter (Micro Materials Ltd.) 

 

Sample positioning displacement is achieved by means of three DC motors 

driving micrometer stages in an XYZ configuration. The motor control electronics 

consists of a motherboard containing three power modules, an IEEE interface module and 

a backlash control board. The motor power supply is driven by the controllers through 

visual interface of the system software in the computer, with motor positioning obtained 

by means of magnetic encoders. The motor control board communicates with the system 

computer via the IEEE bus. The limit stop defines the maximum outward movement of 

the diamond, and also the operating orientation of the pendulum, when a load is applied. 

Its position is manually adjusted with a micrometer. The equilibrium position of the 

pendulum, with zero load current, is adjusted with balance weights which are movable 

along both the horizontal and vertical axes [57].  

The theoretical resolutions of the UNM system are a load resolution of 1 nN and a 

depth resolution of 0.004 nm as given by Micro Materials Ltd. at the time of purchase. 
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Due to the location’s environmental factors (vibration from other labs, slamming of doors 

on the same floor, etc.) the machine can not actually reach this level of accuracy. The 

machine has a variety of calibrations, some of which are more often performed than 

others. Some of these are: 

• Load calibration – Establishes the forces that can be applied at the diamond tip 

during a measurement 

• Depth calibration – Relates the change in capacitance to a known distance moved 

by a sample in contact with the pendulum 

• Frame Compliance – Corrects for “flexibility” in the structure of the machine 

• Microscope – Includes a calibration for the distance from the indenter tip to the 

focal plane and a calibration to position the sample for precisely placed 

indentations 

 

There are two different methods for accurately determining the machine/frame 

compliance (FC) of the NanoTest system. First method is an indirect method using a 

reference sample of known modulus; fused silica. The second method is the direct 

compliance measurement method. One needs to know the exact area of impression of the 

indenter at any depth to be able to do the analysis using this method, while the indirect 

method assumes an ideal Berkovich shape for high loads/depths. Knowing the properties 

of the reference sample, fused silica in our study, some maximum load indentations, 200 

mN for example, are carried out on the reference sample from which the frame 

compliance is calculated.  

The direct method uses a rigid pin to solder the stage to the indenter. A simple 

load ramp-up is done and the only compliance due to the machine flexibility is measured. 

For our machine a compliance of 0.51 nm/mN was measured using both methods. 

From the measured data the contact compliance can be determined and then the sample 

compliance is obtained from:  

Total (measured) compliance (Ct) = contact compliance (C) + Machine/frame compliance (Cf) 

 

    When the sample compliance is small (high modulus sample) the machine compliance 

makes up an appreciable fraction of the total measured deformation and so small errors in 
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the machine compliance can affect the accuracy of the sample modulus determination. In 

the case of viscoelastic materials which are considered soft compared to metals, the frame 

compliance does not play a critical role. 

 

3.2 Nanoindentation Data Analysis 

 

The Nano Test software uses a method developed by Oliver and Pharr for analysis 

[58]. This method uses the load vs. displacement curves to determine the hardness and 

elastic modulus of a given material.  All the indentations on the polymer samples were 

carried out using a Berkovich indenter. A cross section of the Berkovich indenter is 

shown in. Figure 3-2 (b). A Berkovich tip is a three sided pyramid which is geometrically 

self similar. It has a flat profile with a total included angle of 142.3 degrees and a half 

angle of 65.35 degrees. A typical indentation curve is shown in Figure 3-2(a). This figure 

also shows the values needed to do the analysis described by the Oliver and Pharr 

method. 

 There are three experimental values that are critical to find the hardness and 

elastic modulus. These are the peak load (Pmax), the depth at peak load (hmax), and the 

initial unloading contact stiffness (S).  
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Figure 3-2:  (a) Typical loading vs. indenter displacement curve (b) cross-section of a 

Berkovich indenter trace in the sample. 

 

 

The software analysis begins by fitting the unloading curve from 100% to 40% of 

Pmax. This is achieved by fitting the polynomial: 

 

     (3.1) 

where , m, are constants determined by the least squares fit and hr  is the displacement 

when P=0. By differentiating this equation the contact stiffness can be derived. 

 

    (3.2) 

Once S is found the contact depth can then be calculated using: 

 

     (3.3) 
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where  is an experimentally determined correction factor for the indenter used 

( for a Berkovich indenter tip. for a spherical indenter). The software then 

uses a truncated version of Oliver and Pharr’s area function 

 

              (3.4) 

 

Here  is a fifth order polynomial, the coefficients of which are determined from a 

graph obtained from indentations done on the fused silica. This curve is called the 

diamond area function or DAF for short. As shown in figure 3-3 the curve relates the 

contact area under the tip to the plastic depth. These indentations are carried out in a full 

depth range up to about one micron. For depths deeper than one micron, we assume an 

ideal Berkovich shape which is in good agreement with the tests done on the fused silica. 

 

Knowing the frame compliance and the properties of the reference sample, fused 

silica in our study, we are able to find the projected contact area of the indenter tip at hp. 

Once the stiffness and the projected area are obtained, the software calculates the 

effective modulus using 

   (3.5) 

Cf is the frame compliance factor of the Nano Test system that is found through 

machine calibrations. The hardness to the sample can be computed using 

 

      (3.6) 

where A is the contact area of the indenter. Hence, the reduced modulus can be 

determined from the contact stiffness of the material which can be determined from the 

slope of the unloading curve as shown in Figure 3-2(a).  
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Figure 3-3:  DAF for the Berkovich tip used in this study 

 

The loading setup is shown in Figure 3-4. A representative nanoindentation load 

vs. depth curve on one of the polymer samples of our study is shown in Figure 3-5. As 

illustrated, this curve is different from the loading/unloading curve of Figure 3-2(a).  

   The main idea of the Oliver-Pharr analysis is based on the fact that the 

unloading part of the nanoindentation is largely elastic. This enables us to use the slope of 

this, usually, linear part of the curve to calculate the effective modulus of the tested 

material. For some metals and most of the non-metallic materials deformations under the 

tip are not just elastic-plastic but viscoelastic/plastic deformations occur too. To eliminate 

the viscoelastic/plastic effect, which usually results in a nonlinear unloading curve, the 

sample is held at the maximum load. The sample also can be unloaded faster to diminish 

any of the time dependent properties contribution to the unloading part of the indentation. 

The holding time depends on the material to be tested and can vary from 30 

seconds for metals to 200 seconds or more for viscoelastic materials. By holding the 

sample at maximum load we let the sample to creep [59]. This time period will allow the 

time dependent behavior of the polymer to happen at a slower pace as shown in Figure 3-

6.  
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Creep of the sample at maximum load can be seen in Figure 3-6. For the epoxy in 

our study a time period of 80 seconds was chosen to bring the creep depth vs. time curve 

to a constant slope. The first sharp rise stage of the creep should be avoided as the 

viscoelastic behaviors are still happening at a fast pace. 

 

 

Figure 3-4: Schematic of Loading/Unloading vs. time for an indentation 
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Figure 3-5:  A representative indentation curve on the polymer of the current study with 
creep and thermal drift data collected 
 

 

Figure 3-6: Creep of the sample at maximum load 
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Thermal drift data, which is usually collected at the last part of the unloading for the 

polymer of our study, is shown in Figure 3-7. The second half of the data is used for 

thermal drift corrections. Creep is mostly due to viscoelastic behavior of the material at 

the first half. The creep continues due to the thermal expansions of the indenter and the 

sample. The actual data can be corrected from the data collected at low loads where 

viscoelastic effects are weak. As can be seen in Figure 3-7 the cabinet temperature has 

stayed fairly constant and the thermal drift can be ignored [59]. 

 

Figure 3-7: Thermal drift data collected at 90% of unloading 

Elastic and plastic work: 

Similar to the macroscale tensile stress-strain curves, the area under the 

nanoindentation curve is qualitatively representative of the material toughness. Although 

it is not quantitatively in agreement with the bulk toughness but can be used to compare 

different materials toughness at the same indentation depth. What is presented here is just 

the plastic plus elastic work exerted by the indenter on the sample. These quantities are 

not calculated per volume of the material, hence, they cannot be used to compare two 

toughnesses at different depths. Thus in the current study, one can only qualitatively 

compare the toughness of the samples.  

The elastic and plastic works, as shown in Figure 3-8, can be calculated using: 
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                                                      (3.7) 

                                              (3.8) 

 

Figure 3-8:  Plastic and Elastic work for an indentation 

 

 

3.3 Nanoindentation of Viscoelastic Materials  

 

Nanoindentation testing for extracting mechanical properties of metallic materials 

has become so common and widely used by experts. However, polymeric materials create 

significant challenges for measuring the modulus (E) accurately using indentation testing 

[60]. 

First, many polymers are so soft that the material response cannot be measured at 

all with depth sensing indentation devices because the system compliances are too low. 

Even for stiffer polymers (E > 1 GPa), producing indents with both lateral and depth 

dimensions much less than 1 m is difficult [60, 61]. 

There has been significant effort in the field of indentation of viscoelastic/plastic 

materials [62]. Beside approaches typically used for metals viscoelastic/plastic 
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constitutive behavior, there is not a unique model or interpretation for polymeric 

materials that all the viscoelastic polymeric materials can be described with. 

The effect of different indenter shapes being spherical [63-65], Berkovich, 

canonical [66] and the effective indenter shape [67, 68] have been investigated both  

analytically and experimentally[66]. It was shown that the behavior of the material is 

different depending on the shape of the indenter [69, 70]. 

 Less plastic deformation occurs when the spherical or blunt tips are used while 

plastic deformations are dominant in the case of sharp indentations [66, 68]. 

Stress-strain curve for viscoelastic material can be derived form indentation 

curves done either with spherical or sharp indenters[69]. Several modeling techniques 

have been utilized and some reliable procedures are available for separate extractions of 

elastic and time dependent properties of the materials [67].  Different loading/unloading 

histories are used to make the elastic, plastic and viscous behaviors distinguishable [63, 

64, 68, 71-73].  

It is common that the properties, which are derived from indentation test at 

micro/nano scale, might not fully agree with bulk properties of inhomogeneous materials 

such as epoxies. This is mainly because we are performing the test on the surface of the 

material which might have different properties than the core due to several processing 

factors. 

Variety of finite element method (numerical)[67], dashpot-spring modeling 

(analytical)[65, 68], and experimental works have been utilized to relate the 

nanoindentation curve to viscous and non-viscous properties of the polymeric materials.  

In our study we tried to eliminate any time-dependent behavior by holding the 

sample at maximum load for longer times and unloading at faster paces [71]. The main 

interest of this chapter is to show the mechanical properties for magnetically annealed 

samples by utilizing nanoindentation testing. 
 

3.4 Nanoindentation Results 

 

Nanoindentation tests were carried out along both lateral (LD) and axial 

directions (MD). Axial and lateral directions were defined earlier as in Figure 2-5. 
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Nanoindentations were carried out at maximum load levels of 1, 2 and 5 mN respectively 

to enable the observation of any load dependency of the mechanical properties.  The 

loading rate was set to 0.05 mN/s. The Unloading rate was set to 0.1 mN/s. These rates 

are based on the fact that time-dependent behaviors are strongly present. Upon reaching 

the value of the designated maximum loads the samples were allowed to creep for 80s 

before unloading. A second hold period, as mentioned before, (after unloading to a low 

load level) can be carried out to account for thermal drift. We did not collect any thermal 

drift data in this study as discussed earlier in the chapter. 

A minimum distance of 100 μm was set between each indent. For each sample, a 

total of 5 nanoindentation tests at each load were carried out to calculate the hardness, 

modulus and elastic/plastic work values.  Figures 3-9 and 3-10 show three 

loading/unloading hysteresis series for two epoxy samples processed with and without 

magnetic fields, respectively.  

 

 

Figure 3-9:Nanoindentation load–displacement hysteresis of a sample that was 

magnetically processed. The maximum loads applied were 1, 3 and 5 mN, respectively, at 

a loading rate of 0.05 mN/sec and unloading rate of  0.1 mN/sec. 
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Figure 3-10:Nanoindentation load–displacement hysteresis of a sample that was not 
magnetically processed. The maximum loads applied were 1, 3 and 5 mN, respectively, at 
a loading rate of 0.05mN/sec and unloading rate of 0.1 mN/sec. 

 

The results of the nanoindentation tests along the axial and lateral directions are 

summarized in Table 3-1. It is apparent from Table 3-1 that the magnetically induced 

orientation enhanced the modulus in both axial and transverse direction due to the biaxial 

orientation of the chains explained in Figure 2-17. However, little change was observed 

between the neat and magnetically annealed samples at higher maximum loads- and thus 

at higher indentation depths- as the magnetic field effects fades away. To some extent the 

little improvement was observed for the hardness. Also the magnetic field seems to 

embrittle the samples evident by the decrease in the plastic plus elastic work along the 

both the transverse and axial orientation of magnetic field.  
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Table 3-1 Mechanical properties for magnetically annealed and neat samples in both 

lateral and axial directions 

 

Axial Direction  Lateral Direction  

  

Load 

(mN) 

  With Magnet No Magnet 

% 

change With Magnet No Magnet 

% 

change 

1 4.579 ± 0.171 4.338±0.172 5.6 4.488±0.172 4.358±0.178 3 

3 4.215±0.112 4.126±0.106 2.2 4.023±0.034 3.821±0.087 5.3 

Reduced 

Modulus 

(GPa) 

  5 4.026±0.140 4.041±0.075 -0.4 3.901±0.053 3.655±0.077 6.7 

1 0.2182±0.0229 0.2147±0.0097 1.6 0.1899±0.0032 0.1957±0.0165 -3 

3 0.1965±0.0128 0.1946±0.0063 0.1 0.1766±0.0029 0.1656±0.0074 6.6 
Hardness 

(GPa) 

  5 0.1886±0.0133 0.1906±0.0055 -1 0.1713±0.0043 0.1607±0.0064 6.6 

1 0.26±0.02 0.26±0.00 0 0.29±0.00 0.30±0.00 -3.3 

3 1.27±0.04 1.29±0.02 -1.6 1.392±0.00 1.462±0.02 -4.8 

Elastic+ 

Plastic  

work(nJ) 

  5 2.69±0.07 2.71±0.04 -0.7 2.88±0.03 3.01±0.04 -4.3 
 

 

 

 

3.5 Uncertainties in Nanoindentation Measurements for Viscoelastic Materials 

 

For metals, nanoindentation test at shallow depths of hundreds of nanometers 

reveals that measured hardness increases strongly with decreasing indent depth, which is 

frequently referred to as the size effect [74]. Similar to metals, the hardness of many 

polymers increases with decreasing indentation depths at different depth ranges from 

several microns down to several nanometers. Such phenomenon for metals is commonly 

due to geometrically necessary dislocation densities. The same explanation cannot be 

applied to polymers. Nanoindentation size effects in polymers can be related to Frank 

elasticity which arises from bending distortions of the polymer chains and their 

interactions [75].  It can be shown that size effects are due to the finite bending stiffness 

of the polymer chains and their interactions.[76] 



 48 

Three other major sources of errors are (1) the angle at which the sample is 

mounted on the stub (2) the age of the sample (3) surface roughness. We observed that 

the properties for a sample mounted at an angle of 7 degrees are 5-7% different from the 

properties measured when the sample is mounted parallel to the stub. 

As discussed before in chapter 2, aeropoxy cures at room temperature within 24 

hours. Some nanoindentation tests were performed on the polymer samples and we 

observed that after 4 days of casting, the properties remain constant to an acceptable 

amount. The first two days after the sample has been made, there was a sharp change in 

properties of the sample as the time passes by and indicates that the sample was still 

curing. 

We let the samples cure for 4 days. Then we took them out of the containers and 

did the testing. We did not let the sample surface be exposed to air; hence we do not have 

any oxide layer on top of the sample surface. It can also be seen that the loading part of 

the indentation curve looks normal and there is no change in the trend that the curve 

follows as indenter penetrates through the surface. 

 Roughness can contribute to a change in the measured mechanical properties at 

the surface of the material. According to the atomic force microscopy (AFM) scans we 

performed on the polymer surface, a peak-to-peak roughness of less than 100 nm was 

observed. Tremendous care was taken to make sure that the only difference in properties 

is due to the magnetic field effect and none of the above sources are present. Consistency 

was observed through all making and testing of the samples. 

Figures 3-11 and 3-12 show AFM pictures along with a cross section of an 

indentation. The pile-up phenomenon which results in an overestimation of the 

mechanical properties[77] was observed in the cross sectional view of the indentation in 

Figure 3-12. 
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Figure 3-11:  3-D AFM scan of an indentation 
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Figure 3-12:  2-D AFM scan of an indentation with the cross section showing the pile up  
 

  

3.6 Hot Stage (HS) Nanoindentation  

 

   Since all the mechanical properties are temperature dependant, nanoscale 

measurements at elevated temperature are of high importance. The NanoTest 600 has the 

hot stage (HS) indentation module which allows to measure properties at temperatures as 
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high as 500 °C [78, 79]. Both indenter and sample are heated to the desired temperature 

then a regular is carried out. 

   Polymeric materials have mechanical properties that are strongly time and 

temperature dependent. High temperature properties of epoxies are of high importance 

because the viscoelastic behavior is highly temperature-dependant and dominates as we 

increase the temperature [80-82]. 

Adding the testing under elevated temperature capability to a nanoindenter provides a 

route for testing directly at operating/processing temperature. In addition the glass 

transition temperature of polymers and especially polymer thin films can be obtained by 

measuring their properties while the temperature is being increased [83]. 

 

 
 

Figure 3-13:  Schematic of the NanoTest with the hot stage (HS) installed [3] 
 

As shown in Figure 3-13, an aluminum shield is installed in front of the 

pendulum. The indenter and its heater are passed through this thermal shield. The 

aluminum shield is utilized to prevent any thermal interference with the ambient 

electronics and depth sensing equipment. The sample is mounted on a ceramic thermal 

insulator. The sample heater is located on a thermal insulator. 
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  To eliminate any temperature gradient in the sample and to make sure the stage and 

sample temperatures are the same, 3 milimeters thin samples were prepared for the hot 

stage.  

  All the displacements are highly sensitive to thermal expansion [78, 79]. The air 

convection due to excessive temperature of the testing area causes some noise in the 

depth measurements. Four strips of glass fiber insulation can be placed between the stage 

and shield to stop any airflow around the sample. Complete setup revealing the 

functionality of the hot stage is shown in Figure 3-14. 

 

 

 

 

 

 

 

 

 

 

Figure 3-14: The set up for the Hot Stage 

 

 

It is desired to measure the compliance of the machine at each temperature as the increase 

in the temperature gives a raise to the total compliance [57]. As long as we are doing our 

experiments at low loads, max 5mN, and temperatures, max 70°C, we neglect the effect 

of temperature on the frame compliance. Frame compliance was measured at cabinet 

temperature and applied to all measurements. 

          If necessary, frame compliance can be measured with doing 5, 200mN indents into 

the fused silica. Assuming that our indenter is an ideal Berkovich tip at depths 

correspondent to 200 mN and having the properties of fused silica we can calculate the 

frame compliance. A small piece of fused silica is cemented to the sample plate in 
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addition to the sample under the test to avoid the need for removing the stage to swap 

samples. 

Recently, the use of a dimensionless creep parameter, , has been investigated [82, 

84], as a measure of time-dependent deformation during indentation at constant force. 

 

                                       (3.8) 

where  and  are constants and  is the initial deformation at the 

beginning of the hold period in an indentation test and d is the increase in depth during 

the hold period so that  is the fractional increase in depth during creep duration. It 

has been shown elsewhere that values of for a range of polymer systems appeared 

to correlate with tan delta and with the distance from the test temperature to the glass 

transition temperature [82]. 

This model can be used for the first 20-60 seconds of the creep test. Another 

alternative is to perform the creep test over a long period of time. The time dependent 

properties are not of interest of this chapter and will be discussed later in Chapter 4.  

Examining the behavior of the magnetically annealed versus the neat epoxy at 

elevated temperatures below the glass transition temperature is of great interest. The 

texture in the magnetically annealed epoxy might be affected by the elevated temperature 

and thus it will affect the mechanical properties.  

For the effect of the thermal curing of the sample on the mechanical properties, 

we limited the investigation to the preferred orientation; the lateral direction of the 

sample. Two samples were tested separately under a maximum load of 1 mN, with 

loading rate of 0.05 mN/s and unloading rate of 0.1 mN/s. The indentation tests were 

carried out at 50°C and 70°C, respectively. The glass transition temperature of the 

Aeropoxy is 91°C. The tests were repeated 4 times under each temperature allowing the 

samples to cure for 15 minutes in between each two tests before testing them again. It is 

apparent from Figure 3-15 and 3-16 that the modulus and hardness properties of the 

samples are much less than those measured under room temperature. However, the 

samples in general continue to cure and their hardness and modulus improve if they are 

allowed more time at high temperature below the glass transition of the epoxy; 91 °C. 
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However, the curing under high temperature, as usually predicted for thermosets, 

embrittlled the samples evident by the reduction in the elastic and plastic work, shown in 

Figure 3-17. Interestingly, the samples annealed under the magnetic field, when tested 

along their preferred orientation (LD) direction, they showed relatively higher modulus 

and hardness compared to the neat epoxy samples. More tests were performed to make 

sure that the trend of having improved properties is valid at elevated temperatures. We 

are not interested in showing exact numbers for improvements but rather we have 

presented the plotted result as a proof to the fact that the polymer chains maintain their 

texture at elevated temperatures. 

 

 

 

                 
            Figure 3-15:  Reduced elastic modulus for magnetically annealed, M, and neat 

sample, N, at elevated temperatures of 50°C and 70°C. The sample cures as the 
test is progressing. The horizontal axis corresponds to time or test number. 
Duration between each two tests is 15 minutes. 
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Figure 3-16:  Hardness for magnetically annealed, M, and neat sample, N, at elevated 
temperatures of 50°C and 70°C. The sample cures as the test is progressing. The 
horizontal axis corresponds to time or test number. Duration between each two tests is 15 
minutes. 
 
 

Figure 3-17:  Plastic and Elastic work magnetically annealed, M, and neat sample, N, at 
elevated temperatures of 50°C and 70°C. The sample cures as the test is progressing. The 
horizontal axis corresponds to time or test number. Duration between each two tests is 15 
minutes. 
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CHAPTER 4: EFFECT OF MAGNETIC ANNEALING ON TIME –

DEPENDENT BEHAVIOR 

 

4.1 Nanocreep Test 

 

Although polymeric materials show average to good mechanical properties, they 

posses weak creep properties. Creep is identified as the change in the length of a 

specimen under a constant load/stress. Creep can occur under indentation loading and 

manifests itself as a change of depth while the load is kept constant. Elastic and 

viscoelastic properties can be achieved from creep curves [68]. Analogous to macroscale 

test, creep can be obtained by performing the nanocreep tests over long periods of time. 

There are two distinguishable parts in any nanocreep curve. The first part is a sharp rise 

in depth as shown in Figure 4-1, which is dominant at the first few minutes of the creep 

test. The slope of the creep displacement-time curve remains almost constant after the 

first sharp stage of creep [66, 85]; secondary steady state creep. 

 

 
Figure 4-1: Depth vs. time nanoindentation creep curve for the polymer sample, 
maximum load 5 mN and loading rate of 0.5 mN/s were applied. 
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   Creep tests have been carried out under the same loading condition as normal 

indentations (loading rate of 0.5mN/s) and the samples have been allowed to creep out 

for 45 min under a maximum load of 1 mN. During creep tests temperature was 

maintained at 25 °C using the PID-controlled thermal chamber. Two more creep testes 

were carried out under 1 mN maximum load and at two different temperatures of 50 °C 

and 75 °C, respectively. 

The results of nanoscale creep tests, shown in Figure 4-2, suggest that at room 

temperature the magnetically annealed samples exhibit less creep deformations compared 

to the neat samples. This observation was repeatable in both axial and lateral directions of 

the samples due to the two-dimensional stretching effect of the main chains and the 

crosslinks of the epoxy as a result of the magnetic processing. Like the modulus and 

hardness, the creep resistance of the material was higher along the magnetic field 

direction. The improvements of the creep resistance signifies that the chain segments, 

locally reoriented normal to the sample axis, can be easily stretched along that direction 

compared to the orientation of the magnetic field; along the sample axis. However, at 

room temperature the magnetically annealed samples show more creep resistance 

compared to the neat samples in both MD and LD directions.  

To examine if the improvement on creep resistant will be maintained at elevated 

temperatures, we performed separate creep tests along the lateral direction, at 50 °C and 

70 °C, under the same loading conditions used at room temperature, as shown in Figure 

4-3. The epoxy samples showed significant creep at these temperatures compared to 

room temperature; by an order of magnitude in the case of 50°C and two orders of 

magnitude at 70 °C. However, the samples annealed with the magnet; oriented in the LD 

directions, showed more creep resistance compared to the neat epoxy samples regardless 

of the creep thermal conditions. 

At 70 °C the sample kept creeping at higher rate as the epoxy is close to the 

glassy state. The interdistance between chains is large and hence it is much easier to flow 

under constant load. 
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Figure 4-2: Nanocreep tests of epoxy samples at ambient temperature. A maximum load 
of 1 mN was held constant for 2700 s during the test. M and N correspond to 
magnetically annealed and neat sample, respectively. 
 

Figure 4-3:  Nanocreep tests of epoxy samples in lateral direction at elevated 
temperatures of 50 and 70 . A maximum load of 1 mN was held constant for 2700 s 
during the test. M and N correspond to magnetically annealed and neat sample 
respectively. 
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4.2 Continuous Compliance Calculations  

 

Typical analysis of nanoindentation rely on the fact that the displacements 

recovered during unloading are largely elastic, in which case the elastic punch theory can 

be used to determine the modulus from the unloading part of the load-depth data [60, 86, 

87]. However, for polymers, the unloading behavior of polymeric materials is both elastic 

and viscoelastic. Hence, utilizing standard nanoindentation procedures for polymers leads 

to an overestimation of the elastic modulus [87-89]. Although some correction 

procedures have been suggested to obtain a better estimate, the elastic modulus alone 

does not provide a complete representation of the time dependent properties of polymers. 

Nanoindentation analogies of creep, stress relaxation and dynamic mechanical analysis 

(DMA) have been actively pursued and applied to determine the viscoelastic properties at 

the micro and nano length scales [86-92]. 

Dynamic nanoindentation or continuous contact compliance calculation (CCC), 

which is analogous to DMA, has received a lot of attention from researchers in the past 

few years [93]. In theory, the properties that can be obtained are frequency and 

temperature dependent and include: the storage and loss moduli, the loss tangent (tan ), 

the glass transition temperature, , the mechanical relaxation, and the activation energy 

for the relaxation process. The NanoTest 600 system at UNM is not capable of doing all 

the above tests. 

With dynamic nanoindentation, results can be obtained faster and over a wide 

range of frequencies and the variation of properties can also be obtained as a function of 

depth. Moreover, the loss tangent, which can also be obtained using this technique, has 

been considered by many as a measure of the viscoelasticity of a material. It does not 

only provide an estimate of damping and viscous energy dissipated in a material, but 

gives valuable information about the transition temperatures and the associated activation 

energies when it is used along with the hot-stage. CCC can be very useful in 

characterizing the viscoelastic properties of polymers, polymer coatings and surface 

modified polymers. It can also be used to determine the variation of viscoelastic 

properties in heterogeneous materials like polymer composites and biological tissues. 
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Finally, in addition to determining the viscoelastic properties, dynamic indentation can 

also find application in the characterization of dynamic contacts in MEMS and in contact 

processes like dry friction, abrasive and erosive wear [88, 90, 91]. 

The results form these methods are comparable to the DMA data for the bulk material 

and show a good agreement [88]. CCC uses an oscillating sample and measures the phase 

difference between the input sample oscillations and the depth output of the indenter 

probe. This method eliminates a lot of uncertainties we have in regular analysis of 

nanoindentation curve and enables us to record the properties as a function of depth, 

which is really useful in case of amorphous thin films and materials.  

The first derivative of the indentation load, p, with respect to the indentation depth, h, 

is related to the material properties via, 

 

                                                       (4.1) 

Where E and  are the reduced modulus and Poisson’s ratio of the material 

respectively. The elastic parameters can be replaced by viscoelastic ones. Hence, 

 

                                                     (4.2) 

For a hold period the load and the depth can be written as, 

 

                                                           (4.3.a) 

                                                              (4.3.b) 

Where and are the frequency of the oscillations and phase shift between the input 

load and output depth, respectively. Substituting (4.3.a) and (4.3.b) into (4.2) results in, 
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                                            (4.4) 

Where S and C are the dynamic contact stiffness and dynamic contact damping, 

respectively. For CCC analysis the Nanoindenter can be simply modeled as shown in 

Figure 4-4. 

 

Figure 4-4:  Spring dashpot model for the continuous contact compliance         
measurement. 

\ 

A viscoelastic spring–dashpot model of the material-indenter setup with contact 

stiffness, , and a contact damping, , in parallel, was assumed. The schematic of the 

setup with the sample in place is shown in Figure 4.5. The governing equation of the 

system is given by: 

          (4.5) 
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Figure 4-5: Spring dashpot model of the test setup with the sample in place [88]. 

 

This second order ODE can be solved to get the phase difference between oscillations 

of the sample and the indenter: 

          (4.6) 

The term  is the electronics (static error) contribution to the phase offset. 

Continuous compliance measurements have been carried out at depths over one micron to 

make sure that the tip can be assumed an ideal Berkovich tip. This will lead to a contact 

stiffness proportional to the contact depth. The contact damping is also assumed to be 

proportional to the depth [88]. This assumption leads to a loss modulus value that is 

independent of the depth. Thus equation (4.6) can be rewritten as, 

 

         (4.7) 

where x is the contact depth and c and k are constants. 

The parameters in equation (4.7) can be calculated with the use of a rigid pin and 

a spring as explained below. 

A rigid pin of about the same diameter of the indenter holder hole was used to 

attach the sample stage to the indenter holder. This rigid connection with the damping 

plates removed is used to calculate the frame compliance and the phase contribution of 

the electronics. This rigid pin will eliminate any stiffness or damping effect except for the 
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machine ones. All of the calibrations were performed at the same frequency and position 

of the pendulum as for the actual testing. 

A frame compliance of 0.51 nm/mN was calculated using the data obtained from 

ramping up and unloading the load with the indenter and the stage soldered together. A 

peak load of 500 mN and a rate of 50 mN/sec were used. The load was slowly ramped up 

to 10 mN and held for 80 seconds. Phase shift measurement was collected during the hold 

period. This test was done at the same frequency of 10Hz as the actual test.  The 

parameter , Figure 4-6, is approximately zero when the damping plates are removed. 

The only phase shift is due to the electronics. 

A spring with the stiffness of 2908 N/m was used to attach the sample stage to the 

indenter holder. The spring stiffness was found from the data obtained from loading and 

loading the spring up to 200 mN with a rate of 25 mN/s. 

 

 

Figure 4-6:  Spring dashpot model with the calibration spring in place [88]. 

 

The pendulum resonant frequency was found using the measurements made on a wide 

range of frequencies while measuring the displacement of the pendulum. The maximum 

displacement corresponds to the resonant frequency of the pendulum. Resonant 

frequency of the pendulum found to be 16.9 Hz. 

 Knowing the spring stiffness and the resonant frequency of the pendulum we can 

calculate the pendulum effective mass, 

 

                                                           (4.8) 



 64 

Where f1 = frequency, 1 = angular frequency, s = spring stiffness, and m = 

effective mass of the pendulum. 

Both the instrument frame stiffness and the pendulum support spring stiffness are 

ignored.f1 is actually the frequency for velocity resonance, i.e. the frequency at which 

maximum velocity occurs. The amplitude resonance frequency which the machine 

measures is given by: 

 

2 f2 =                                        (4.9) 

In practice, f1 and f2 are very close. An effective mass of 0.2579 kg was calculated using 

equation (4.8). 

After collection of phase data with a known spring installed and carrying out the 

calibrations, the system damping is found by rearranging equation (4.7): 

 

               (4.10) 

This calibration should be done at a frequency which will not be influenced by 

resonance effects. The results are dependent on the damping plate spacing, so this 

distance must remain constant after calibration. 

It has been found that eddy current damping can also contribute to the system 

damping, especially at higher frequencies [58]. It may be necessary, therefore, to produce 

a curve of system damping vs. frequency if a range of frequencies is to be investigated. 

For our work all the tests were done at 10 Hz. The measured system damping over depths 

of 1-4 microns was 10 N.s/m.  
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Figure 4-7:  Cyclic load-hold-partial unload indentations on epoxy for measuring phase 
during hold period 

 

As shown in Figure 4-7, a set of loading -partial unloading indentations was 

produced, with the phase angle being measured during the dwell period. A loading rate of 

0.5 mN/s and unloading rate of 0.1 mN/s were used. CCC data collected over seven 80 

seconds dwell periods over the depth range of 1-4 microns. The second halves of the 

CCC data were averaged out. Some time is required for the machine to stabilize after 

each loading. The first half of the dwell time was considered for this task. These data are 

used for the measurement of the complex modulus. The contact depth is usually found 

from the unloading curve using the Oliver–Pharr analysis [94] assuming elastic 

deformation. But this procedure is known to give erroneous results for viscoelastic 

materials. Alternative procedures for calculating the contact depth for viscoelastic 

contacts from the initial section of the unloading curve have been suggested by Tang et 

al.[95]. But for the purpose of this study on epoxy, because the sample piles up as the 

indenter penetrates through, the actual depth of penetration of the indenter into the 

material provides a better approximation for the contact depth. Some proposed models 
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are available to compensate for the overestimation in mechanical properties due to the 

pile up. This assumption is supported by the AFM imaging of an indentation on the 

material as shown in Figure 4-8. 

 

 

Figure 4-8:  Cross section of a nanoindention showing pile up  

 

Since all parameters of equation (4.7) are known, a curve fit of the phase versus 

depth will allow us to determine the contact compliance and damping. Figure 4-9 shows 

the CCA data and the model curve fit to it for the neat sample. 

The storage E  and loss moduli E  can be calculated using, 

 

                                                        (4.11) 

                                                     (4.12) 
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Figure 4-9:  A representative of the model fit to the experimental phase shift versus 
depth curve of the polymer sample 
 
 The viscoelastic properties were measured in the lateral direction for both neat 

and magnetically annealed samples are shown in Table 4-1. The magnetically annealed 

sample shows less viscoelastic behavior in the LD direction, evident by the lower tan . 

The results from the CCC analysis verifies the results from the 45 minutes creep tests in 

section 4-1, and shows better creep properties for the magnetically annealed samples. 

 

Table 4-1 Viscoelastic properties measured in the ND direction on the lateral side of the 
samples 
 

 

 
Storage Modulus 
(GPa) Loss Modulus (GPa) 

 

Magnetically annealed 4.84 0.0316 
 

0.00653 

Neat 4.63 0.0335 

 
 

0.00724 

Percentage Change% 4.5 -5.7 
 

-9.8 
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CHAPTER 5 CONCLUSIONS AND FUTURE WORK 

 

5.1 Conclusions 

   Diamagnetic materials align parallel to the high magnetic fields where the levitation or 

micro gravity effect causes the chains to overcome their weight and align in the filed 

direction [18, 28, 5]. Magnetic fields which are still high but not large enough to produce 

levitation can align the diamagnetic molecules and chains diamagnetically in a plane 

perpendicular to the field as shown in the studies done by Kimura et al. and Douglas et al. 

[23-25, 29, 33, 34, 41, 96]. The orientation schematic is shown below in Figure 5-1. 

Diamagnetism based alignment can even occur at magnetic fields as low as 0.5 Tesla. 

This has been shown in the investigations done by Gerzeski [42, 45]. 

 

 
Figure 5-1: Alignment of an anisotropic particle with (a) levitation effect and (b) 
diamagnetism effect under a static field [23]. 
 
 

WAXD is a very useful technique to examine the amorphous orientations in 

polymeric materials. For the case of this study it provided a plehura of information 

regarding the orientations of the aligned chains in the samples. The depth of the X-ray 



 69 

beam which was used in our study, into the material surface was about 200 microns. This 

has given us information not only for shallow depths and the surface but for a thin 200 

microns layer of the polymer. The 2 theta scans verifieed the  existence of a texture 

evident by the halo at . The diamagnetic effect due to the field will result in a texture 

in both ND and LD directions in a bi-axial fashion. All the pre-orientations in the lateral 

direction of  neat sample, evident by the peaks in Figure 2-9, upon applying the magnetic 

field have been suppressed  to one peak, Figure 2-10, around  which corresponds to 

the LD direction. 

Based on the pole figure generated, there was some initial orientation in the neat 

samples confirmed with the texture results. This initial orientation can be attributed to: 

(1) gravity, (2) wall effect and (3) Degassing. Gravity will induce an orientation in the 

MD direction. Curing of the samples starts from the walls of the sample and proceeds to 

the inner core of the material. This will result in a texture induced by the walls of the 

containers. Furthermore, the samples were curing while they were being degassed 

undervacuum. Gas bubbles are likely to induce a texture as they are moving upward in 

the MD direction. All of the above effects are present in the MD direction of the sample 

while the only one present in the ND direction is the wall effect. 

Pole figures generated from phi scans are very beneficial in the manner that they 

show quantitatively, the 3D texture in a 2D fashion and contain all the information in a 

spatial space.  The Phi scan of the neat sample and magnetically annealed ones showed 

the disaaperance of tsome of the preorientations ( peaks) and ethe emerging of new 

orientations upon appliying the magnetic field.  The evolution of these orientations was 

captured quantitively by the pole figures. The pole figure analysis used for this study 

reveal the creation of textures  biaxially ,due to the magnet effect,  in planes that are not 

aligned with the magnetic field. The pole figure also revealed the significant texture due 

to gravity that was observed even after the magnetic annealing. Therfore from the pole 

figureone can conclude that while the magnetic annealing induced new texture, the 

texture generated due to gravity and wall effect was dominant in the samples.   
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Probing the mechanical  properties of the epoxy upon magnetic annealing can 

provide an indirect quantitaive measure of the enhancemnt on the  microstructure and 

thus the mechanical performance of the epoxy system. While macroscale mechanical 

testing can provide a full range of information, but such atesting scale will require a large 

scale sample and the measured properties will be avearged (homogenized) over 

dimensions not necessarly affected by the magnetic field; the magnetic field effect imight 

not be noticed. On the otherhand, for the case of thin films where the magnetic field 

effect  prevales just in shallow depths of the material, nanoindentation should be 

employed to examine the mechanical properties. 

Nanoindentation techniques were not present in the 70’s and early 80’s at the time 

when low magnetic fields were employed to improve polymer’s properties with use of 

low magnetic fields. Using nanoindentation, improvements in both axial and lateral 

directions of the sample has been observed. The Young’s modulus and hardness in the 

lateral direction (LD) under loads of 5 mN have been both improved by 6.6%. The 

polymer chains owing to their diamagnetic nature get densified in the ND and LD 

directions due to the biaxial reorientation and that explaines the imrovements on the 

hardness and Modulus along these dirctions.  However, the plastic plus elastic work has 

decreased by 4.3% under the same load indic ating that the magnetic field embrittled the 

epoxy.  Using high loads (5mN) in the MD direction revealed that no improvement in 

deeper depths is achieved as the magnetic field effect fades away at larger depths (loads). 

Hot stage nanoindentation is a useful technique to obtain the properties in the 

operating temperatures that the material might be exposed to. For the case of this study 

the samples were still curing while the hot stage tests were utilized. Therefore, a range of 

the properties is achieved over different thermal environments. In-situ curing of the 

magnetically annealed samples during the nanoindentation showed better mechanical 

properties at elevated temperatures compared to the neat samples. The goal was to show 

that the texture which has been induced upon magnetic field application can be 

maintained at elevated temperatures.  
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The anlsyisi of the time dependent  behaviour of polymers is of great importance 

to qunatify thier long-term perfprmance.  Creep tests over 45 minutes analogous to macro 

creep, has shown a constant slope in depth vs. time curve beyond the first few minutes of 

the creep test;  steady state creep. The steady state creep rate of the magnetically annealed 

sample in both directions was ireduced in both ambient and elevated temperatures of 50 

and 70°C. comapred to the neat epoxy. Thus, magnetic annealing incraesed the creep 

resistance of the epoxy. 

Continuous contact compliance (CCC) test analogous to the macroscale dynamic 

mecchanical analysis (DMA) test is a very useful tool in determining the  the parameters 

by which the long-term viscoelastic behavior of polymers can be estimated. The 

viscoelastic properties derived from DMA analysis takes very long times to be obtained 

from creep and/or stress-relaxation tests at macro-scale. Similarly, CCC enables us to 

find the valuable loss and storage moduli and the  in realtively short times. Based 

on the CCC analysis  the storage modulus of the magnetically annealed epoxy was 

improved by 4.5 % while its loss modulus decreased by 5.7%. These changes in the 

modului were acoompanied by an  improvements in  by 9.8% for the magnetically 

annealed samples over the neat epoxy samples. 

Overall, using permanent magnets is useful in improving mechanical properties 

and the viscoelastic performance of the polymer thin films or just the surface of the 

polymers. 

 

5.2 Future Work 

• Moderate magnetic field can be utilized align CNTs in a polymeric medium, if we 

add paramagnetic or ferromagnetic nanoparticles to the epoxy mix. 

• Other orientation characterization techniques such as polarized microscopy or 

wide angle scattering instead of diffraction should be tried to provide further 

information about the magnetic induced alignment of the amorphous epoxy. 
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• Different epoxy systems with different viscosities range (low to high) should be 

tried with viscosity as a parameter to investigate the effect of magnetic annealing.  

• Nanoscratch and nano-impact tests should be examined to show the changes on 

the other properties of the polymer due to the magnetic annealing such as wear 

resistance and impact behavior. 

• CCC testing at higher temperatures can provide good information on the 

viscoelastic nature of the improved samples at higher working temperatures. 
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