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ABSTRACT 

 

     Alumina particles filled Ultra-high Molecular Weight Polyethylene (UHMWPE), with Al2O3 

contents 0, 1, and 2.5 wt% were milled for up to 10 hours by the mechanical alloying (MA) 

process performed at room temperature to produce composite powders. Compression molding 

was utilized to produce sheets out of the milled powders.   A partial phase transformation from 

orthorhombic and amorphous phases to monoclinic phase was observed to occur for both the un-

reinforced and reinforced UHMWPE in the solid state, which disappeared after using 

compression molding to produce composite sheets.  The volume fraction of the monoclinic phase 

increased with milling time, mostly at the expense of the amorphous phase.  The melting 

temperature decreased as a function of milling time as a result of modifications in the UHMWPE 

molecular structure caused by the milling.  At the same time, for a given alumina composition 

the activation energy of melting increased with milling time. Generally, the crystallinity of the 

molded sheets increased with milling time, and this caused the yield strength and elastic modulus 

to increase with milling time for a given alumina composition.  However, the tensile strength and 

ductility remained about the same.   
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Chapter 1 

1. Introduction 

      In last three decades polymer-matrix composites (PMCs) have been of interest to industry 

and researchers, particularly in the areas of automotive, aerospace, electronic systems, medical 

products, civil construction, chemical industries, and consumer appliances [1, 2]. This interest is 

driven by properties and qualities such as high strength to weight ratio, good electrical insulation, 

non-corrosive, ability to transfer load, easy and inexpensive processing, etc. [3, 7]. PMCs 

generally consist of fibers (carbon, nylon, rayon or glass) or particles (SiO2, Al2O3, TiO2, and 

CaCO3) reinforcing a polymer matrix to produce material has superior and unique mechanical 

and physical properties [4]. 

     Fiber reinforcement represents physical rather than a chemical means of changing a material 

to suit various engineering applications [8-15]. While, particle fillers are employed to improve 

high temperature performance, reduce friction, increase wear resistance and to reduce shrinkage 

[16, 17]. The particles also share the load with the matrix, but to a lesser extent than a fiber [3]. 

Particle reinforcements are therefore used to improve stiffness but not generally to strengthen 

[18]. From the mechanical point of view it cannot be said that the incorporation of fillers in 

polymer matrix always positive effects.  For example, elastic modulus, hardness and wear 

resistance can lead to deterioration of tensile strength and ductility deteriorated. 

    Some properties can be evaluated a priori with sufficient accuracy (elastic modulus); however 

the processing technique that is used has a lot to do with the actual property values obtained. The 

strain to failure, for example, is very sensitive to defects that can easily be introduced into the 

material during processing. The aggregates are also an element of discontinuity in the material, 

which determines the deterioration of some important mechanical properties, such as impact 

resistance; the formation of aggregates must be prevented from forming during processing.  In 

this field experience has shown that the physical and mechanical characteristics of the composite 

depend, in addition to the properties of the individual components, the size, the shape and degree 

of dispersion of the particles, as well as the degree of accession between the latter, and the 

polymer matrix [8-15]. 
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     With the growing demand of particles reinforcement polymer matrix composites, economic 

competition and ecological pressure, there is an increasing need to synthesis particles 

reinforcement polymer matrix composites from a cost effective source and by a cheap method. 

The incorporation of particle fillers in a polymer matrix can bring about dramatic changes in the 

properties of polymer matrix. To produce a PMC which has good properties by using particle 

reinforcement, a narrow particle size distribution, high surface area and homogenous dispersion 

should be achieved. Without a good proper dispersion of the nano or micro particles in the 

composite, filler aggregates would act as defective sites; these defective sites (agglomerates and 

segregation) limit the mechanical performance [ 8,  19- 21]. In order to acquire a good dispersed 

composite with separated particles, the manner of combining polymers and particles should be 

considered as the most important key to gain the desired material properties. For dispersing the 

particles in polymer, mechanical alloying has been established as a good processing tool which 

breaks up agglomerates and distribute filler particles homogeneously in the polymer [ 21- 23]. 

This unique capability of mechanical alloying is a reason for choosing mechanical alloying as a 

processing technique for this work. 

     In this study, Ultra-high Molecular Weight Polyethylene (UHMWPE) and alumina powders 

were milled to achieve intimate blends in the solid state. The mechanical-alloyed powders were 

then molded by compression to produce polymer composite sheets of UHMWPE/ Al2O3 and 

then characterized using X-ray diffraction (XRD), differential scanning calorimetry (DSC), and 

tensile testing of sheets samples. Likewise, powder samples from milling were characterized by 

XRD and DSC.   
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Chapter 2 

2. Background 

2.1 Polymer Matrix Composites 

     Polymer-matrix composites (PMCs) have been widely used in engineering applications in the 

last four decades, but humans have known composite materials since ancient times.  The first use 

of composites date back to the 1500s B.C. when early Egyptians used a mixture of mud and 

straw to create strong and durable buildings [24]. In general, composites are materials that are 

combinations of two or more organic or inorganic components. One material serves as a 

"matrix," which is the material that holds everything together, while the other material serves as 

reinforcement, in the form of fibers or particles embedded in the matrix. The matrix holds the 

reinforcement to form the desired shape while the reinforcement improves the overall 

mechanical properties of the matrix. When designed properly, the new combined material 

exhibits better strength than would each individual material [3- 5]. The concept of composites is 

not a human invention. For example, wood is a natural composite material consisting of one 

species of polymer-cellulose fibers with good strength and stiffness in a resinous matrix of 

another polymer, the polysaccharide lignin [3]. According to a study in 1973, around 80% of the 

research and development in composite materials has been done since the early 1960s [25]. For 

60 years, scientists have focused to understand the concepts of composite materials composed of 

reinforcement such as fibers, particles, flakes, and/or fillers embedded in matrixes of the 

polymers, metals, or ceramics and develop it to use in different applications [4]. PMCs had a 

large share in this research on different application, including the aerospace and automotive 

industries, electronic systems, medical products, civil construction, chemical industries, and 

consumer appliances [1, 2]. 

     The first modern polymer used in composites was thermosetting phenol formaldehyde resin, 

discovered by Belgian chemist Leo Baekeland in 1909; it was called Bakelite resin [24, 26]. The 

following years, especially in 1930s, saw much developments in the synthesize of new polymers 

by Carleton Ellis, Carothers, Kienle and many others. These works later became the backbone of 

the matrices of composites that have been most prominent in the decades after. When fiberglass 
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became more commercially available in the early 1940s, the aircraft radomes in the United State 

began to be built by fiberglass reinforced polymers (FRP) [27].  In 1950s, application of fiber-

reinforced plastics expanded to include industry of boat hulls, car bodies, and truck cabs [4]. FRP 

showed many uses at that time since it is easy to make them into complex shapes.  

     There are three major types of composite matrices namely metals, ceramics and polymers.  These are 

used to produce metal matrix composites (MMC), ceramic matrix composites (CMC), and polymer 

matrix composites (PMC).  Typical reinforcements used in PMC are fiber (glass, carbon and boron) or 

minerals particles such as SiO2, Al2O3, TiO2, and CaCO3. In general reinforcement used to 

improve strength, stiffness, impact resistance, and wear resistance to the relatively weak matrix.  

For example in fiberglass reinforced polymers, the fiber reinforcement carries the load applied to 

the material and the polymer matrix transfers stresses between adjoining fibers through adhesion. 

The reinforcement also offers resistance to weathering and corrosion [3-7]. PMCs have grown so 

rapidly during the past several decades because they are easy to process; they also melt at low 

temperatures compared with metals and ceramics and this low melting point keeps the fibers safe 

from the effect of the high temperature.  

     One classification scheme of polymers is based on their response to rising temperatures. The 

two subdivisions are thermoplastic and thermoset (Figure 1). 

 

 

 

(a) 

 

 

 

(b) 

Figure 1: (a) Thermoplastics polymer. (b) Thermosets polymer. 

 

 thermoplastics 

Polyethylene Polystyrene Polyamides Nylons Polyropylene 

 thermosets 

Epoxy Phenolic polyamide Polyester 
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2.1.1 Thermosetting polymer matrix 

     Thermoset or Thermosetting polymers have cross-linked or network structures that consist of 

long hydrocarbon molecules with primary bonds holding the atoms in the molecule together [ 3- 5, 

 24,  28,  29]. Since the intermolecular covalent bonds cannot be broken easily without breaking 

the intramolecular covalent bonds, thermosets cannot be melted or soften by heating, but 

decompose on heating. The particularity of primary bonds and three dimensional cross-linked 

structures for thermosetting polymers makes them tend to have high dimensional stability, high 

temperature resistance, good resistance to solvents, and good bonding to reinforcement; 

furthermore, thermoset polymers have low cost, low viscosity and ease of processing [ 3- 5,  24, 

 29]. The most common thermoset polymers used as composite matrices are unsaturated 

polyesters, epoxies, vinylesters, and high-performance thermosets.  

2.1.2 Thermoplastic polymer matrix 

     Thermoplastic polymers have linear or branched structures consisting of long hydrocarbon 

molecules that are held together by secondary (van der Waals) bonds and mechanical 

entanglements [ 3- 5,  24,  28,  29]. Thermoplastic polymers melt to a viscous liquid at the 

processing temperature, when the thermal energy is sufficient to overcome secondary bonds. The 

main advantages of thermoplastics are toughness, easy processing, recyclability and low volatile 

emissions, but their high viscosity and poor adhesion with reinforcement reduces the chances as 

composite matrices [ 30]. Thermoplastic polymers are divided into two parts: amorphous glassy 

thermoplastics and semicrystalline thermoplastics. Amorphous glassy thermoplastics like 

poly(ether sulfone) (PES) or poly(etherimide) (PEI) are of some interest for use as advanced FRP 

matrix materials, but there remain concerns over their solvent resistance [ 29]. If the 

thermoplastic solidified from the melt state and its molecules arranged itself in a regular pattern, 

it is called a semicrystalline thermoplastic [ 3- 5,  24,  28,  29]. The degree of crystallinity depends 

on the cooling rate which means that the higher degree of crystallinity has slower cooling rates, 

and the degree of crystallinity has significant effect on the final matrix properties [ 3- 5,  24,  28, 

 29]. Semicrystalline thermoplastics polymer are tough and stronger than amorphous 

thermoplastics. They are also have more resistant to dissolution and temperature environmental 

compared with amorphous thermoplastics [ 3- 5,  24,  28,  29]. Semicrystalline thermoplastics 
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polymer with these advantages have ample chances to be used in many advanced applications as 

composite matrices. For example, poly(phenykene sulfide) (PPS), poly(ether ether ketone) 

(PEEK), and poly(ether ketone ketone) (PEKK) with carbon fiber are used in aerospace 

applications [ 31- 33], and polypropylene (PP) [ 34] Polyamides (PA6, PA66) [ 35] are widely used 

in FRP applications in the automotive industry. Whereas, hydroxyapatite/polyethylene (HA/PE), 

carbon fiber/ultra high molecular weight polyethylene (CF/UHMWPE), carbon fiber/poly(ether 

ether ketone) (CF/PEEK) [ 36,  37], carbon fiber/ polyamide12 (CF/PA12), carbon fibre/ 

polyamide12/ hydroxyapatite (CF/PA12/HA) [ 38- 41], alumina particles/ ultra high molecular 

weight polyethylene (Al2O3/UHMWPE) [ 16], titanium dioxide particles/ultra high molecular 

weight polyethylene (TiO2/UHMWPE) [ 17] are used in biomedical and biomaterials 

applications. 

2.2 Some issues effects on the properties of the polymer composite 

     In the preliminary definition of the composites materials, we said that the composites 

materials consist from two or more components combined together. In other words, two or more 

phases at macro, micro, or nanoscopic levels, not soluble in each other are combined together in 

order to enhance the matrix properties. Thus, the properties of the composite material depend on 

the matrix, the reinforcement and the boundary layer between the matrix and reinforcement, 

called “interphase zone” [ 8- 10,  42]. Consequently, in order to design a polymer composite 

material that has good and optimal properties, there are many variables related to the matrix; 

reinforcement and interface zone should be considered to achieve the desired properties.  

     First, the type of matrix plays an important role because every matrix has its unique physical 

properties from other matrices. In general, the physical properties that are most important for 

processing polymers as a composite matrix are viscosity, temperature, cycle time, and work 

environment. In this research project, we use semicrystalline thermoplastic UHMWPE matrix 

and there are other factors that should be considered such as the degree of crystallinity, spherulite 

size and crystalline orientation have a profound effect on the ultimate properties of the polymer 

composite [ 10,  11].  

     Second, the reinforcements also are not less important than the matrices type in influencing 

the properties of the composites. Reinforcement types as (fibers or particles), filler content, 
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aspect ratio, strength, orientation, and the interfacial strength are of prime importance to the final 

balance of the properties of the composite [ 8- 15]. As we use Al2O3 particles, with size of 0.3 µm, 

as reinforcement in this work, the narrow particle size distribution, high surface area and 

homogenous should be achieved to get composite has good properties. Without a good proper 

dispersion of the nano or micro filler particles in the composite, filler aggregates will form which 

tend to act as defect sites; these defect sites limit the mechanical performance. Agglomerates and 

segregation also adversely influence physical composite properties such as optical transmissivity 

[ 8,  19- 21]. In order to acquire a good dispersed composite, the manner of combining polymers 

and particles should be considered as the most important key to gain the desired material 

properties. For dispersing the particles in polymer, mechanical alloying has been established 

which applies high shear forces during a dispersion process in order to break up agglomerates 

and to distribute the individual fillers homogeneously in the polymer [ 21,  23]. This mechanism 

for mechanical alloying to curb the agglomerates occurring is one of the reasons that led to 

choose mechanical alloying known as “attrition milling” to use it as dispersing technique in this 

work. 

     Finally, the performance and success of the polymer reinforcement essentially depend on the 

bonding or adhesion between matrix and filler. However, the properties of the polymer 

composites are a result of the combination of the filler and matrix properties and the ability to 

transfer stresses across the filler-matrix interface “interphase zone” [ 8,  43- 45]. The interphase 

zone in composites is the part of the matrix surrounding the filler surface, and possessing local 

properties different from those of the bulk matrix. The size, structure and type of interphase vary 

strongly and depend on the nature of the filler and its surface as well as on the polymer matrix 

[ 46- 50]. On the other hand, the size, structure, and type of interphase have critical effect to the 

mechanical strength of the adhesive bond [ 43,  44,  51]. High adhesive strength can be expected 

only when strong polar interactions or chemical bonds exist across it. Otherwise, several 

modification methods are used to enhance and improve the interfacial adhesion between the filler 

and matrix such as the filler surface treatment “sizing agents” and increasing the surface contact 

area of the filler with the polymer matrix [ 8,  51]. Occurrence of mechanical alloying process 

offset by a reduction in the particle size leads to increase the surface area, and increase the 

number of interfaces [ 52]; and as we use particulate reinforcement in this work, mechanical 
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alloying has been used as the method to increase the surface area contact to enhance and improve 

the interfacial adhesion between the Al2O3 filler and the UHMWPE matrix. 

2.3 Mechanical Alloying 

     Mechanical alloying (MA) is a solid-state powder processing technique used to produce 

homogeneous materials by blending and alloying dissimilar elemental powder mixtures. 

However, MA is a high energy ball milling process technique based on the principle of the 

deforming, fracturing, welding, and rewelding, which repeatedly occur to the trapped powder 

particles between two or more colliding balls, to create homogeneous alloyed microstructure or 

uniformly dispersed particles in a matrix [ 53 . This technique was developed in the late 1960’s 

by John Benjamin and co-workers at the International Nickel Company (INCO) to produce 

complex oxide dispersion-strengthened (ODS) alloys [ 53- 56]. In general, MA techniques be 

based on grinding media (vial and balls) and agitating source (shaking, vibration, attrition and 

planetary mill) [ 57]. However, during MA processing, powders are loaded into a vial along with 

hard wear-resistant charge balls and milling by one of the agitating sources that mentioned above 

for the desired time and the charge ratio (weight of charge balls divided by weight of powders). 

The high energy impacts between the balls and the powder that is trapped between them or with 

the vial walls induces deforming, fracturing, welding, and rewelding when the agitating process 

begins as seen in Figure 2. 

 

Figure 2: Illustration of a collision between two balls and trapped powder [ 57] 
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As agitating or milling begins and continues, the high energy impacts, attrition, shear and 

compression occur causing deformation to the powder particles, leading to reduction in the 

particles size and work hardening. At a constant rate, the collisions occur repeatedly by fracture, 

deformation and interdiffusion thereby cold welding on the powder particles, and forming a 

lamellar structure [ 57- 58]. Over time, a steady state particle size is achieved, while structure 

refinement continues as shown in Figure 3.    

 

Figure 3: Particle evolution during mechanical alloying. [ 59] 

 

     Different types of milling equipment have been developed for mechanical alloying such as 

SPEX mill, planetary ball mill and attritor mill. The SPEX mill is functionally described as a 

shaker mill or high-energy ball mill; this Mixer/Mill shakes a vial loaded with 10-20 g of the 

powder of known composition that needs to process hard wear-resistant balls by using movable 

arm to generate different movements back, forth, and lateral at approximately 1200 Hz as shown 

in Figure 4 [ 57].  
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Figure 4:                        SPEX 800 mill                           Vial and grinding media 

     The planetary ball mill, also known as centrifugal or ball mills, simply consists of a set of 

vials that arranged on a rotating support disk. The vials are rotated on their axis and also on a 

disk the opposite direction producing planetary motion and centrifugal force. Since the vials and 

the supporting disk rotate in opposite directions, the centrifugal forces alternately act in like and 

opposite directions. This motion causes both impact and friction effects as the balls collide with 

the vial wall and run down the side as seen in Figure 5. 

  

Figure 5: (a) Fritsch Pulverisette P-5 four station ball mill. (b) Schematic depicting the ball 

motion inside the ball mill [ 57]. 
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     In the Szegvari attritor mill that we used in this study, the powder to be milled is charged into 

a vertical tank filled with grinding media. Both the powder and grinding media are then agitated 

by an impeller with arms causing the media to exert shearing and impact forces on the powder 

particles leading to repeated fracture and welding as seen in Figures 6 and 7. This action 

produces extremely fine and homogenous dispersions powder particles. Attritors have the 

advantage of large-scale production with capacities between 0.5 and 40 kg which can be milled 

at a time. The velocity of the grinding medium in the attritors as linear velocity is much lower 

(about 0.5 m/s) than in the planetary or SPEX mills, and consequently the energy of milling in 

the attritors is low [ 57]. 

 

Figure 6: The Szegvari attritor mill. Professor Alex Aning’s lab, MSE VT, Blacksburg, VA 

 

Figure 7: Diagram of the components of the stationary tank of an attritor mill [ 57]. 
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     High-energy ball milling is a complex process, which requires optimization of many 

parameters to achieve the desired product. The parameters of important a during the mechanical 

alloying process are grinding or milling media type, atmosphere, process control agent (PCA) 

and the input energy parameters such as charge ratio, milling time, milling speed, and milling 

temperature [57]. 

      Grinding media, the contamination arising from the grinding media (vial and balls) is of great 

importance during the material processing. The degree of contamination depends largely on the 

mechanical properties of the powder that is being milled, as well as the chemical affinity of the 

material to some of the elements of the milling media [ 60]. For example, during the milling of Ni 

for 24h by SPEX milling, the Fe contamination was 13.6 wt%, while Nb, milled at the same 

parameters developed only 4.03 wt% Fe contamination [ 61]. Also, high energy mills systems 

such as the SPEX mills with longer milling times have big effects on the milled material due to 

the increased amount of contamination [ 57]. Occasionally, the level of contamination could be 

significantly high. For example, over the synthesis of Ni-AL alloys by using stainless steel vials 

and balls, the Fe contamination gets values of up to 18% [ 62]; Fe contamination has also been as 

high as 33% in some Tungsten milling experiments [ 63]. The suggestions to control and reduce 

this issue are: use low energetic mills whenever possible, inert milling media, and tungsten 

carbide vials and balls are also preferred. Sometimes, the milling media are built up from the 

same material as the powders, although this can often become technologically difficult and 

expensive [ 57]. 

     The control of the milling atmosphere is also an important issue during the milling process 

and involves prevention of any undesired reactions of mechano-chemical nature or 

contamination that could happen in the product materials. When using milling process in air 

atmosphere, the product will contain a significant amount of contamination from oxygen and 

nitrogen [ 57]. Usually these effects are not desirable, and the best way to overcome this issue is 

by carrying out the milling process under the vacuum or in an inert gas, such as argon or helium 

[ 57]. 

     Mechanical alloying may not be a successful and feasible process if the balance between the 

cold welding and fracturing of the powder particles is not achieved [ 57]. Without adding a 

process control agent (PCA) into the powder matrix during milling, cold welding will dominate 
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and the particles will agglomerate [ 57]. A PCA acts as a lubricant or surfactant, absorbs on the 

surface of the powder particles, and limits cold welding; and a typical PCA used in high-energy 

ball mills is stearic acid, with a concentration of 1-5 wt% of the total powder charge [ 57]. 

     The other important parameters, which should be considered, are called input energy 

parameters (milling time, charge ratio, milling speed, and milling temperature).   The time that is 

spent on the milling is the most important parameter. However, milling time used to achieve a 

steady state between the fracturing, cold welding and diffusion of the powder particles which 

they have influence on the powder microstructure and phase evolution when changing milling 

time and milling system type [ 64- 66].  In fact, the milling time required for a mechanical 

alloying process varies depending on the type of milling system used, the type of material, the 

ball-to-powder ratio and the temperature of milling [ 57]. 

     Charge ratio is the ratio of the weight of the balls to the powder and it has a significant effect 

on the milling time. However, the milling process with higher charge ratio has shorter processing 

time because of the increasing of the number of impacts events which means more energy 

transferred to the powder particles which is explained by increasing the kinetic energy per unit 

mass of ball mill powder, and consequently milling process takes place faster [ 57]. For example, 

the Ti-Al powder mixture was milled by SPEX to produce amorphous phase took 7 hours with 

charge ratio of 10:1, and it took 2 hours by using charge ratio of 50:1, and only 1 hour by using 

charge of 100:1 [ 57]. Lisboa et al. showed that when milled Al50Si30Fe15Ni15 by SPEX 8000 for 

40 hours with charge ratio of 15:1 and 95 hours with charge ratio of 10:1, both the milled gave 

almost similar patterns considering phases, position of crystalline peaks and relative intensities 

[ 67]. 

     Milling speed is one of the important parameters that affects mechanical alloying products. 

The mechanical alloying processes with the higher milling speed have higher input energies 

compared with the lower milling speed because of the increasing the number ball collisions with 

the charge powder and therefore increasing mechanical alloying process [ 57]. Therefore, it is 

easy to form a homogeneous alloyed microstructure or uniformly dispersed particles in the 

matrix, and amorphous due to the increase of the strain and defects concentration as the milling 

speed increased [ 68]. Sadrnezhaad et al. reported that the amounts of amorphization and 

diffusion for Ni-Ti powder mixture that was milled by a vertical attritor, are functions of the 
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milling speed and other input parameters [ 69]. In contrast, very low rotational speeds lead to 

very long periods of milling and a large inhomogeneity in the alloy because of inadequate energy 

input [ 70]. On the other side, very high milling speed leads in a reduction of milling time and 

thus effectiveness of alloying decreases because of the decrease in time available for diffusion of 

the solute. Also, very high milling speeds originate greater contamination due to the excessive 

heat and wear between the balls by themselves or with the vial walls [ 70]. 

     Milling temperature is also an important parameter, and must be considered during the 

mechanical alloying process because of its influence on the final structure of the milled powder. 

However, during mechanical alloying, some of the mechanical energy converts to heat through 

plastic deformation. Also, the nature of the exothermic chemical reactions that happen during the 

milling process is another cause to the increase of the temperature. The increasing of the 

temperature, higher concentration on the lattice defects, and larger grain boundary surface 

accelerate the diffusion processes [ 57]. Since diffusion processes are involved in the formation of 

alloy phases irrespective of whether the final product phase is a solid solution, intermetallic, 

nanostructure, or an amorphous phase, it is expected that the milling temperature will have a 

significant effect in any alloy system [ 57 . For example, “during planetary ball milling of a Cu-

37at%Ag powder mixture, it was noted that a mixture of an amorphous and crystalline 

(supersaturated solid solution) phases was obtained on milling at room temperature; instead, only 

a Cu-8at%Ag solid solution was obtained on milling the powder at 200°C. Similar results were 

also reported by others in the Cu-Ag, Zr-Al, and Ni-Ag alloy systems and were explained on the 

basis of the increased diffusivity and equilibration effects at higher temperatures of milling [ 57 .” 

Milling at lower temperatures, such as cryomilling, has been shown to reduce the time required 

to produce nanocrystalline materials. For example, Al powder was milled for 20 hours by a high-

energy ball mill at room temperature produced a grain size of approximately 25 nm, while it took 

8 hours of milling in a Szegvari cryomill to achieve the same result [ 71]. 

     Mechanical alloying has achieved great success as a processing technique for preparation of 

alloyed powders or composites in powder form [ 57- 58]. In the early 1980s, the era of the 'Solid 

State Amorphization' (SSA) was started by using a mechanical alloying technique [ 72] which did 

not confine on the SSA materials only, but also it drove up and spreaded to include many 

different synthesized materials, such as nanocrystalline materials [ 73], stable and metastable 
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materials [ 57], composites and nanocomposites materials [ 74- 75], and intermetallic compounds 

[ 76]. MA widely applied to metallic systems, but in the late of 1980s, and early of 1990s Shaw 

and coworkers studied the possibility to use mechanical attrition to the polymeric materials for 

blending and alloying and its effects on the structure and properties of the processed material 

[ 77- 80]. Subsequently, others have studied milling-induced changes in the structure of several 

semicrystalline and amorphous homo-polymers [ 18,  81- 93]. Recently, MA was used for 

preparing binary polymer/polymer mixtures and to disperse nano-fillers into polymer matrices 

[ 93- 95]. We used the mechanical alloying attritor technique in this work to obtain composite 

powders with improved reinforcement distribution and also to study this process by means of 

some process parameters and their influence on some of the material properties. 

 2.3.1 Mechanically alloying polymer 

      Mechanical alloying of polymeric materials career is a relatively new technique; however, 

the ideas and concepts to use mechanical alloying for processing polymeric materials appeared 

for the first time by Shaw in 1988 [ 96], where he and his team presented through their 

preliminary experiments in early of 1990s the possibility of using mechanical alloying technique 

for processing polymeric materials and the extent of its implementation and promising on the 

future [ 97- 98 . Shaw’s team has studied and characterized cryomilling for several types of 

thermoplastic polymers, including polyamide (PA), and polyethylene (PE) as singly processing 

and equal mixture [ 96], also Pan and Shaw studied polypropylene (PP), polystyrene (PS), 

acrylonitrile-butadiene-styrene (ABS), ultra high molecular weight polyethylene (UHMWPE), 

PA- UHMWPE and PA-ABS blends [ 77- 80,  97- 100 . After initial efforts and success to Shaw’s 

team, many studies have been conducted in order to use MA for polymer processing. For 

example, Ishida reported a study about MA for PTFE and PE as milled separately and as 50/50 

blends [ 81]. In this study, the MA was carried out in a high-energy vibration ball-mill under an 

argon atmosphere and charge ratio of 70:1, using stainless steel balls. Also, Farrel et al. studied 

MA and MM blends of PP and Vectra B950 by using a SPEX 8000 mixer/mill with charge ratio 

of 4:1 [ 18]. Castricum et al. also had work on milling pure polymer and structure phase 

transformation, including PS and polyethylene glycol (PEG) by using a vibratory mill and PE by 

using planetary mill [ 82]. In contrast, Font et al. have studied several works on polymeric 

materials, using centrifugal ball mill to amorphize the organic compounds sucrose and PET [ 83], 
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and PBT as well as alloying of PET/PBT [ 93 . Also, Font’s group studied prepared binary 

mixtures of poly(etherimide) (PEI) with poly(ethylene terephthalate) (PET), poly(butylene 

terephthalate) (PBT), and poly(ether ether ketone) (PEEK) by centrifugal ball mill [ 92]. More 

studies on MA of polymeric materials were by Archie P. Smith et al. at North Carolina State 

University (NCSU) [ 85- 91,  101- 105]. The NCSU group has studied Vectra and PET with 

different degrees of crystallization, relied to use MA to get a refined microstructure on a smaller 

scale than is achievable by conventional melt processing [ 85,  91,  105]. On other works, NCSU 

group have studied poly(methyl methacrylate) (PMMA), poly (ethylene-alt-propylene) (PEP), 

and polyisoprene (synthetic rubber, SR) [ 86,  88- 103]. Thereafter, NCSU group started studying 

phase morphology to the polymeric materials included PMMA/SR and PMMA/PEP, processed 

by MA, using scanning electron microscopy, transmission electron microscopy, scanning 

transmission X-ray microscopy (STXM) and near-edge X-ray absorption fine structure (NEX-

AFS) microscopy, which takes advantage of the differences in relative X-ray absorption of the 

two polymer components in the mechanically alloyed blend [ 85- 91,  101- 105].  

     Later, many studies with different ideas and concepts have been done [ 94,  95,  106- 114]. For 

example, using MA for coating a ceramic (BaTiO3) with a polymer (LaRC-TPI) for composite 

grain boundary capacitor applications [ 106], and study the miscibility of low density 

polyethylene (LDPE) and isotactic polypropylene (ὶPP) by (CO2 assisted mechanical alloying) 

[ 107]. Other studies like cryogenically mechanically alloyed polymer–polymer system 

polycarbonate (PC) and poly(aryl ether ether ketone) (PEEK) [ 108], cryogenically milled post-

consumer mixed plastic waste stream consisting primarily of PP and PE [ 109], and morphology 

changes on Ultra-high molecular weight polyethylene (UHMWPE) milled by MA [ 110]. 

     Recently, Nanoscale Polymer Blends via Mechanical Milling takes place in the MA 

application [ 94,  95,  111- 114]. For example, a study of Acrylic/nano-silica composite latexes 

prepared by blending via high shear stirring and ball milling [ 94], effects of ball milling 

dispersion of Nano-SiOx particles on impact strength and crystallization behavior of Nano-SiOx–

Poly(phenylene sulfide) Nanocomposites [ 95]. Azhdar et al. studied the efficacy of preparing 

composite powder of nickel-ferrite (NiFe2O4) nanopowders and ultrafine PMMA, by comilling 

the mixture of PMMA and NiFe2O4 in the solid state by low-temperature mechanical alloying, 

and producing polymer nanocomposite PMMA/NiFe2O4 using high-velocity cold compaction 
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[ 111]. In contrast, Zhang et al. have studied mechanical properties of PEEK/nano-SiO2 

composites compounded using a ball milling technique [ 112]; also, Jose´ et al. reported that the 

high energy milling can be used as processing technique for polymer matrix nanocomposites and 

as an effective approach to disperse ceramic SiO2 nanoparticles in a polymer matrix of 

epoxy[ 113 . Whilst, Vertuccio et al. worked on nano clay reinforced poly(ε-caprolactone) 

(PCL)/starch blends obtained by high energy ball milling [ 114]. 

2.3.1.1 Particle Size 

     Through the studies mentioned above, we concluded that the mechanical milling gives rise to 

the reduction of the particle size of the milled powders with increased milled time [ 77,  81,  90, 

 91,  97,  99,  105]. For example, Pan and Show [ 97] reported that the PA particle size is a function 

of time, when they used cryogenic MM. However, the reduction of particle size happens rapidly 

and considerably in the first 6 hours, after that it keeps continuing on, but with a much slower 

rate as seen in Figure 8. 

 

Figure 8: PA particle size vs. milling time for PA powder milled by cryogenic mill at -150°C 

[ 97]. 

     Also, Ishida [ 81] observed the reduction of particle size and the effect of milling time on 

particle size for the PTFE/PE mixture powders, when using the high-energy vibration ball-mill 

for mechanical alloying of PTFE and PE. After 1h of milling, agglomerated flattening has been 
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obtained, and after 5h of milling, rapid reduction in powder size occurs, and after 25h of milling 

the degree of decrease in the powder size becomes small as seen in Figure 9. 

 

Figure 9: Average of particle size as a function of milling time for PTFE/PE mixture powders 

[ 81]. 

     Other work done by Smith et al. [90] using cryogenic MA to blend the PMMA and either PEP 

or PI resulted in particle size reduction being effected over time in the high-energy ball mill, as 

was a reduction in crystallite grain size, both of which reached minimum values at extended 

milling times. In contrast, when using MM on polymeric materials at room temperature, it will 

note an initial increase in average particle size as flake-like agglomerates form, and a reduction 

in size at longer milling times occurs as a complex deformation field in which shear, multi-axial 

extension, fracture, and cold welding proceed concurrently [91]. 

2.3.1.2 Crystallization and Crystal Structure 

     Through mechanical milling and alloying polymeric materials has also been shown that a 

crystal structure transformation amorphization or happens, which is in a way similar to metals 

[ 93,  105,  115]. However, the transformation could occur by changing in the degree of the 

polymer crystallinity by reduction in crystallinity or complete amorphization and depend largely 

on the nature of each polymer [ 80,  81,  83,  99].  
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     Shaw et al. in studies of MM and MA for PA and PE [ 78,  79,  97,  99,  100] reported that when 

characterized the solidified PA and PE milled and regular thermal PA and PE by using X-ray 

diffraction, the mechanically processed PA and PE showed a decrease in the amount of 

crystallinity compared to the regular thermal materials. Also, the crystal structures had been 

altered somewhat due to special interactions between the molecules such as chemical reaction 

and physical interpenetration. 

     Font et al. [ 83] have reported that there is a complete amorphization for the sucrose and PET 

with increasing the milling time and differences between the amorphization and crystallization 

that produced by MA and melt quenching as shown in Figure 10. 

 

Figure 10: (a) XRD patterns of Sucrose: a: crystalline, b: amorphous produced by quenching, and 

c: amorphous produced by ball milling for 60h. (b)  XRD patterns of PET: a: produced by slow 

cooling from the melt, and b: amorphous produced by ball milling for 20h [ 83]. 

 

In contrast, PBT milled for 8 days in work done by Font et al. [ 93], showed no noticeable effects 

by ball milling and only a little smoothing of the diffraction peaks as seen in Figure 11, also in 

this study they worked on blends of PET and PBT and they found the amorphization of PET 

within the blend and that the differences in recrystallization depend on the concentration of PBT 

present as shown in Figure 12. 

(a) (b) 
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Figure 11: XRD patterns of PBT: a: as received, and b: as milled for 8 days [ 93]. 

          

Figure 12: XRD patterns of 50% PBT/PET mixtures: a: unmilled mixing and b: prepared by 

milled for 15h. (-103) reflection peak of PET is indicated in curve a by ▼ [ 93]. 

 

Also, Font et al. in another work on semicrystalline PEEK reported that partial amorphization 

has been created by using ball milling [ 115], and Figure 13 shows that the diffraction pattern of 

milled material being smoother than that of unmilled PEEK. Therefore, X-ray diffraction results 

confirm the recrystallization of the fraction of material amorphized by ball milling. 
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Figure 13: Room temperature XRD patterns for PEEK samples: (a) unmilled, and (b) milled for 

24h [ 115]. 

 

     Also, Martin and Kander [ 108] reported a complete amorphous material occurring in 

PC/PEEK system, prepared by cryogenic MA for 10 hrs as seen in Figure 14. 

 

Figure 14: WAXD spectra of semicrystalline, unmilled PEEK and amorphous PEEK MM 10h 

[ 108]. 

     Ishida characterized PE, PTFE and PE/PTFE before and after 26h of ball milling by using X-

ray diffraction [ 81]. The results showed that the XRD lines of the PTFE and PE processed 
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individually became broadened and with less intensity after ball milling as shown in Figures 15 

and 16, respectively. 

 

Figure 15: XRD patterns for PTFE (a) before and (b) after 26h of ball milling [ 81]. 

 

 

Figure 16: XRD patterns for PE (a) before and (b) after 26h of ball milling [ 81]. 
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The PE displayed more affected than the PTFE because the amorphization of PE is affected 

faster than that of PTFE; also PE after MM shows a change in the crystal structure by 

transformation from monoclinic to orthorhombic. In case of PTFE/PE the XRD patterns in 

Figure 17 showed that the peaks become broadened due to the strains that develop and because 

of reduction in the particle size and peaks of PE are lowered as amorphization is approached, 

while there is considerable residual crystalline peak of PTFE. Therefore, mechanical alloying of 

polymer systems has the possibility of the producing amorphous powders. 

 

Figure 17: XRD patterns for PTFE/PE (a) before and (b) after 26h of ball milling [ 81]. 

     Castricum et al. also reported that an almost complete phase transformation from the 

orthorhombic to the monoclinic structure happened to the HDPE milled by planetary milling 

technique [ 82]. The XRD patterns in Figure 18 showed the phase transformation from the 

orthorhombic to the monoclinic structure and the effect of the milling time on the degree of 

transformation. Also, Castricum reported that HDPE with flakes shape was used, the 

transformation was most complete. Castricum concluded that the degree of transformation 

depending on the milling time, molecular mass, particle size and shape of the polymer. 
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Figure 18: XRD patterns for HDPE after various periods of milling [ 82]. 

     Gabriel et al. [ 110] also noted that phase transformation took place in UHMWPE, using 

different techniques of High-energy mechanical milling. The XRD patterns in Figure 19 showed 

the phase transformation from the orthorhombic to the monoclinic. This work proved that larger 

phase transformation occurred for the UHMWPE milled in attritor mill; and Gabriel thought that 

happening due to the high intense shear forces between the polymer and the milling balls and/or 

to the smaller temperature achieved into attritor drum. 

 

Figure 19: XRD patterns for UHMWPE: non-milled P4 and polymer milled in planetary, SPEX 

and attritor mills for 8h [ 110]. 
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     Balik et al. [ 91] at NCSU reported that amorphous occurs to PET during mechanical milled at 

room temperature and at cryomilled, whilst a changing in crystallinity occurs very rapid and 

occurring within the first hour of milling when milled at room temperature. Balik explained that 

the PET molecules become aligned with their phenyl rings in a stacked parallel arrangement, but 

such stacking is lost upon further milling and the molecules become rotationally disordered 

about the chain axis as seen in the Figures 20 and 21 for WAXS. The degree of crystallinity 

increases for PET samples with an initially low crystallinity, and tends to decrease for samples 

with an initially high crystallinity. Also, through observation, the effect of milling time on 

crystallinity for the low crystallinity samples appears very similar to that of annealing the sample 

at 190°C. 

 

Figure 20: WAXS patterns of high crystallinity PET milled at room temperature [ 91]. 

 

Figure 21: WAXS patterns of low crystallinity PET milled at room temperature [ 91]. 
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     Also, in another work at NCSU simillar to Balik's work, but more complete study to the 

effects of MM on PET done by Bai et al. [ 105  have been confirmed Balik’s results and 

observations. WAXS Figures 22, 23, and 24 show same results on Balik’s work. 

 

Figure 22: WAXS patterns of high crystallinity PET milled at room temperature [ 105]. 

 

Figure 23: WAXS patterns of low crystallinity PET milled at room temperature [ 105]. 
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Figure 24: WAXS patterns of low crystallinity PET cryomilled at – 180 °C [ 105]. 

 

     In contrast, Farrell et al. [ 18] in studying for PP MM reported that PP milled for 4h did not 

show any change in crystalline structure or the degree of crystallinity, and it was evidently clear 

from XRD pattern as shown in the Figure 25. 

 

Figure 25: XRD patterns for PP: as- received and milled 4h [ 18]. 
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2.3.1.3 Thermal Properties 

     As the MM and MA causes reductions in the particles size of the material by repeating the 

fracturing, deforming, cold welding, and diffusing together to these particles, with increased 

milling time. Since we are regarding polymeric materials, a reduction in molecular weight or 

polymer degradation is expected; and this degradation leads to changes on the polymer 

properties such as mechanical, and physical. Thus, many studies have looked into the effect of 

MM and MA on the thermal properties for several different polymers. 

     Work done by Smith et al. [ 87] at NCSU using high energy mechanical milling to mill the 

PMMA, PI, and PEP showed that the milling of PMMA with three different grades in number- 

and weight average molecular weight showed decreasing in glass transition temperature with 

increasing the milling time and milling temperature. Figure 26 shows the relation between the 

change in glass transition temperature (∆Tg = milled glass transition temperature – unmilled glass 

transition temperature) and milling time. Also, PEP milled via cryogenic mechanical milling 

showed decreasing in glass transition temperature; however, the rate of the decreasing glass 

transition temperature is much slower compared with the PMMA case as shown in Figure 27. 

 

Figure 26: The relationship between the change in glass transition temperature ∆Tg and milling 

time: cryomilled h-PMMA (○), ambimilled h-PMMA (●), m-PMMA (∆) and l-PMMA (◊).The 

lines (solid for cryomilled samples and dashed for ambimilled samples) [ 87]. 
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Figure 27: The relationship between the change in glass transition temperature ∆Tg and milling 

time: cryomilled PEP (○) and PI (∆) [ 87]. 

 

Cryomilled PI also exhibited reduction in glass transition temperature but behaved differently in 

that the decrease was in the glass transition temperature. Where, the glass transition temperature 

initially increased and reached a sharp maximum point at a relatively short time about 2h 

subsequently decreased almost back to zero, increasing slightly from zero by about 2.78°C after 

10h, as illustrated in Figure 27 by the relation between the ∆Tg and milling time. Smith et al. 

explained that the PI chains undergo chemical crosslinking during cryomilling. They conceive 

that with the higher non-equilibrium conditions, two things are happening: (a) a dynamic 

competition between chains breaking resulting in a decrease in molecular weight, and (b) a 

crosslinking enhancing an increase in molecular weight. 

     Also in another work at NCSU, Balik et al. [ 91] reported that melting temperatures (Tm) of 

PET increase slightly for milled samples at room temperature, whereas cryomilled samples 

showed a relatively constant Tm with milling time. In contrast, the crystallization temperature 

(Tc) of PET showed a decrease from about 130°C to 100°C after 2 hrs of low crystallinity PET in 

both cases of the milling, room temperature milling and cryomilled. While, Tc for high 

crystallinity PET decreased to 100°C after 20 min of milling at room temperature and remain 

constant thereafter. Also in this work, Balik has been covered Vectra and blends of Vectra with a 

PET via MA, and resulted that the Tm of Vectra milled at room temperature exhibited decreasing 
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from about 283°C to 274°C after 16h. Whereas, PET/Vectra exhibited essentially the same 

features as pure PET since the magnitude of the thermal changes occurring in Vectra are 

relatively insignificant compared with PET. 

     Font et al. [ 83] in studying for sucrose and PET to create amorphous by ball milling noted 

that the temperature of the exothermic crystallization for the amorphous sucrose produced by 

ball milling can be observed with increasing in the Tc and enthalpy of crystallization as milling 

time increasing; whereas amorphous sucrose created by melting and quenched does not have it. 

As for the PET amorphous formed by ball milling for 20h exhibited lower Tg than the amorphous 

that was created by melting and quenched, while Tc for PET that is mechanically amorphized is 

higher than in PET quenched, just before Tm. 

     Ishida [ 81] have studied PE/PTFE prepared by MA for 40h and he found that there is a slight 

increase in Tm of the PE and a clear decrease in enthalpy of the PE, while PTFE showed 

decreasing  in Tm from 338.4°C to 326.3°C and decreased a little bit in the enthalpy does not take 

into account. Also, Ishida noted that there is a reduction in the temperature of the start of 

decomposition after mechanical alloying of PTFE and PE and he concluded that PTFE and PE 

begin to become miscible with a mechanical alloying process. 

2.3.1.4 Molecular Weight 

     Reduction in molecular weight for polymeric materials is as a result of expected in the 

process MM or MA. However, the repetition for the complex shearing, fracturing and deforming 

with continuing milling may leads to break the polymer chains and decrease molecular weight 

[ 116]. Since many polymer properties depend on the molecular weight, the decrease in the 

molecular weight leads to degradation of these properties. Therefore, measurement and 

calculation of molecular weight of a polymer milled or alloyed mechanically was taken into 

account in several studies for polymer MM and MA [ 82,  87,  90,  91,  97,  101,  105,  108,  116]. 

     At NCSU, many studies led by Smith have been included measurement and calculation of the 

molecular weight for polymer milled or alloyed mechanically [ 87,  90,  101]. Smith et al. in these 

studies about the response of the PMMA, PI, and PEP to solid state processing using high energy 

mechanical milling, concluded that the molecular weight has decreased with significant chains 

breaking preferentially for all polymers milled, and it goes down more with milling time 
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increased as seen in the Figures 28. Other work done at NCSU to study structural changes in 

PET induced by mechanical milling, but this time led by Bia [ 105]. 

 

Figure 28: the Mn (open symbols) and Mw (filled symbols) vs. tm: (a) high molecular weight 

PMMA subjected to cryomilling (circles, solid lines) and ambimilling (triangles, dashed lines); 

(b) cryomilled medium molecular weight PMMA; (c) cryomilled low molecular weight PMMA; 

(d) cryomilled PEP [ 87]. 

 

The decrease in molecular weight of PET upon milling was noted and this reduction in molecular 

weight of PET is more pronounced for ambimilled compared to cryomilled PET. Also, at NCSU, 

Balik et al. [ 91  confirmed Bia’s work on the MM of PET that causes a significant reduction in 

molecular weight, more so for ambimilled than for cryomilled samples. 

     In the results reported by Martin and Kander [ 108] about the molecular weight for the PC and 

PEEK that cryogenically mechanically milled there is an indication of a very small decrease in 

the molecular weight of the PC milled for 10h. This decrease suggests that some chain 

degradation might have occurred during cryogenic MM of PC. Whereas, PEEK milled also for 
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10h showed significant decrease in the molecular weight which decreased from 33,500 g/mol to 

20,628 g/mol. 

     In contrast, Castricum et al. [ 82] reported that there is no noticeable difference in the Mw, Mn 

or z-average molecular weights for PS, PE or PEG; this minimal difference means no molecular 

weight reduction. Castricum suggested that no bond breaking (scission) or chemical changes 

(crosslinking) took place during milling, and this suggestion exhibits the carbon-carbon bonds 

strong to break by the energy drove from MM. 

     At a complete contrast, Shaw et al. [ 97] noted that there is an increase in the molecular weight 

of ABS, prepared by MM (18,000 g/mol), compared with that prepared by thermal melt 

processing (17,000 g/mol); this probably increase in the molecular weight came as a result of 

crosslinking between the broken chains that produced by chain scission during milling. 

2.3.1.5 Mechanical Properties 

     Pan and Show [ 78,  80,  96,  97,  99,  100] reported and believed that mechanical processing 

technique and alloyed polymers can produce a much stronger material than that prepared by 

traditional processes. They explained the enhancement or improvement shown in the mechanical 

properties due to the physical interpenetration occurring during MA at the molecular level 

between amorphous and crystalline regions.  

     For example, they [ 99] reported that some mechanical properties for polyamide have shown 

enhancement when using cryomilled for 24h. However, polyamide prepared by cryomilled for 

24h and consolidated showed improvement in hardness, strength, and ductility compared with 

the traditionally melting process or mechanically cut material.  

     Also in another work, Pan and Show [ 80] observed that the hardness of PA and PE cryomilled 

for 24h have increased much higher compared to those of regular thermal melt material. They 

reported that the hardness were increased by 12.7% and 31.8% for MM PA and MM PE 

respectively, compared to those of regular thermal melt materials. Whilst, PA/PE on a 50:50 

weight showed a large improvement in hardness around 33% compared to regular thermal melt 

PA/PE. 
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        NCSU has published several research papers concerning the effects of MM and MA on the 

mechanical properties of polymeric materials [ 87,  89- 91].  

     For example, Balik et al. [ 91] found that significant increase in Knoop hardness for MM of 

pure PET and Vectra at room temperature compared to the cryomilled. Also, MA of PET/Vectra 

at room temperature exhibited an increase in Knoop hardness compared to the cryomilled.  

     Also, Smith et al. [ 89] reported that there is a significant improvement in impact strength for 

the MI/PMMA/PI milled cryogenically for 5 hours. Smith's results showed that the impact 

strength exhibited an improvement with addition MI copolymer, even with low MI 

concentrations as seen in the Figure 29. Smith et al. explained that the MI copolymer and PI 

homopolymer can intercrosslink and toughen the PMMA matrix. The impact strength results in 

Figure 29 showed relatively constant up to 8wt. % copolymer and may reflect the number of 

molecules that are capable of chemically crosslinking during cryomilling. Also, in Figure 29, the 

author does not have full understanding of the increase in impact strength that arises when the 

concentration of MI copolymer reaches 10wt. %. Smith et al thought this increase probably due 

to the single-phase behavior that affects the impact strength of the blend because the STXM 

images showed that the sample with 10wt. % copolymer appeared as quasi-homogeneous. 

Whereas, the relation between the impact strength and milling time showed positive relationship 

until the continuous PI phase is formed, at which point the impact strength drops precipitously as 

shown in the Figure 30. 

 

Figure 29: Impact strength Vs. MI copolymer concentration for PI/MI/PMMA blends cryomilled 

for 5h [ 89]. 
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Figure 30: Dependence of impact strength on tm for 22/6/72 wt % of PI/MI/PMMA blends [ 89]. 

 

In contrast, Smith et al. [ 87] observed a reduction in the impact strength of PMMA with 

increasing milling time, and this reduction in the impact strength comes as a result to the 

molecular weight reduction. However, breaking the chains leads to the reduction in molecular 

weight which increases substantially with increasing milling time; thus the reduction in the 

impact strength of the PMMA matrix has occurred to coincide with an increase in milling time. 

     In other works, Smith et al. [ 90] reported that the toughness of the PEP/PMMA milled 

cryogenically for 10h decreased monotonically with the increasing milling time, whereas the 

impact strength of PI/PMMA also milled cryogenically for 10h is nearly independent of milling 

time. The impact strength results of PEP/PMMA with concentration below 10wt.% PEP showed 

relatively constant with no noticeable changed, but an increase of the concentration of PEP more 

than 10% leads to gradually lower impact strength as seen in the Figure 31. According to Figure 

31, the impact strength of PI concentration between 10 and 20wt. % showed some improve. 

Addition of the all the impact strength results were significantly below that of the as-received 

PMMA, whereas the PI/PMMA after cryomilling for approximately 8 hrs showed more fracture 

resistant than the pure PMMA. Also, the difference in impact strength between PEP/PMMA and 

PI/PMMA returns to the alteration in rubber concentration. 
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Figure 31: The impact strength vs. rubber concentration for 25/75 PEP/PMMA (○) and 25/75 

PI/PMMA (∆) milled cryogenically for 5h. The solid line denotes a linear regression of the 

PEP/PMMA data, while the dashed line connects the PI/PMMA data points [ 90]. 

 

     Srinivas and Lyons [ 109] also reported that post-consumer mixed polymer waste, mostly 

consisting from PE and PP cryogenically milled showed significantly improve in the modulus of 

the mixed polymer. However, the post-consumer mixed polymer waste milled cryogenically for 

15 min an exhibited increase in modulus and reached 45%. Whereas, tensile strength increased to 

19% after milled for 5 min, and remained almost the same when milled further. 

2.3.2 Mechanically alloying polymer nanocomposites 

     Polymer nanocomposites materials are classified under particles reinforced polymer matrix. 

However, the polymer matrix mostly blends with the inorganic particles to enhance the polymer 

matrix properties, and this issue has been widely investigated in the past decades. It has been 

found that particle size plays an important role in the improvement of the properties and the 

composite efficiency. Several studies have reported that the polymer matrix properties such as 

the mechanical, thermal, dimensional stability, and other properties have gotten significantly 

improved, by the incorporation of nanoparticles [ 117- 127]. The polymer nanocomposites have 
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shown great promise for high-performance composite polymer materials with low density and 

high mechanical strength and stiffness using nanoscale reinforcement. The improvement in 

properties that occurred goes back to the very large surfaces area of interactions between the 

polymer matrix and reinforcement, which provide by nanoparticles [ 124,  125]. In contrast, the 

nanoparticles susceptibility to agglomerate makes the processing of nanocomposites a rather 

complex and difficult task, usually when use conventional methods [ 118- 125]. However, the 

inherent mutual attractive forces for the large surfaces area of the nanoparticles and the high 

viscosity for some polymer matrices, making nanoparticles dispersing homogeneously difficult. 

Therefore, it is necessary to find out new methods to achieve this requirement. The “solid state 

methods,” such as mechanical milling (MM) or mechanical alloying (MA) by ball milling might 

be good alternative not only because of its potential results but also from an economical point of 

view. Moreover, MM and MA both have two interesting points; first these techniques are useful 

methods for processing powders materials. Second, they are good methods to reduce and control 

the particles size distribution, to help the chemical reaction in solid state, to produce phase 

amorphization and to the synthesis of nanoparticles. Accordingly, several studies have been used 

high energy ball milling to produce polymer nanocomposites materials and utilizing its 

advantage in particles size distribution [ 94,  111- 114,  128- 133]. 

     Shaw and Gowler were pioneers in using MA to produce polymer composite materials, using 

PP/SiC mixed cryogenically milled for 19h [ 128]. Shaw and Gowler found that the crystallinity, 

compression strength, ductility, hardness for PP/SiC prepared via MA were considerably 

decreased compared with the melting processing of pure of PP. Whereas, the only positive effect 

was, increasing in elastic modulus reached to 23% more than that in the melting processing of 

pure of PP. Shaw and Gowler were optimistic with the results that they obtained, and they 

concluded that MA technique can induce interactions between the polymer  and ceramic leading 

to a good bonding between them. From this bonding, Shaw and Gowler believed that MA can 

produce polymer ceramic mechanical alloyed compounds by desired properties, and also has a 

great promising chance to consider as method to produce polymer ceramic composite materials. 

     In results presented by Lu and Pan [ 94], PPS/nano-SiOx powder milled attritorly for 12h. 

They reported that the systematic interface energy was increased totally by using ball milling, 

and at the same time the kinetic energy also saw increased, leading to prevent the nano-SiOx 
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from agglomeration, and by reducing, or prevent attraction between nano-SiOx particles. Also, 

they observed that ball milling process reduces the surface tension of the interface between nano-

SiOx and PPS give rise to high bond density. Furthermore, PPS/nano-SiOx showed an increased 

in impact strength that reached to 89%. This improvement is due to the good bonding between 

the polymer matrix and nano-SiOx, helping to transfer the energy between the particles and 

matrix. Whereas, crystallization temperature, melting temperature, and melting enthalpy showed 

remarkable reduction, and also crystallinity showed reduction reached to 25%. 

     The work of Castrillo et al. [ 130] showed results on MA of PMMA/fumed silica nanoparticles 

mixtures. It has been observed in the AFM results that homogeneous dispersion of the fumed 

silica nanoparticles within the PMMA was obtained by using high energy ball milling process. 

Furthermore, the SEM results exhibited a reduction in the particles size of the PMMA/silica. 

Also, DSC analysis proved that the chains scission that occurred during the high energy blending 

process caused reduction in the molecular weight of the PMMA, leading to lower Tg. Through 

these results, Castrillo concluded that the milling time has a big effect on the properties of the 

PMMA/fumed silica nanoparticles, and it is possible to produce transparent nanocomposites with 

excellent moldability by using high energy ball milling process. 

     In order to produce polymer nanofiller, Azhdar et al. [ 111] have studied PMMA 

nanocomposite by using MA, but in this time a metal has been used as nanofiller instead of 

ceramic. In this work, it has been used a cryogenic MA to alloy PMMA and nickel iron oxide 

(NiFe2O4) nanopowders. Azhdar summarized that high energy ball milling process give a good 

homogeneous dispersions of nanoparticles NiFe2O4 in the PMMA matrix. However, milling with 

longer time showed a higher degree of dispersion of the nanopowder on the PMMA particle 

surfaces. 

     Zhang et al. [ 112] incorporated nano-SiO2 particles into a PEEK matrix by a planetary ball 

mill for 24h of alloying. The results showed that the incorporation of nano-SiO2 leads to a 

significant improvement in material stiffness and a decrease in material ductility, and also wear 

resistance of PEEK/nano-SiO2 showed significantly improved. Zhang also reported that the 

PEEK/nano-SiO2 mixtures showed an increase in cold crystallization exotherm, and melting 

temperature. Whereas Zhang noted that nano-SiO2 content in the composite has effects on the 

crystallization behavior of PEEK. However, cooling crystallization temperature showed an 
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increase due to the nucleation sites that provided by the lower content of nano-SiO2 particles. 

Whereas, the case of higher contents of nano-SiO2 particles showed postpone on the cooling 

crystallization due to prevention the arrangement of the long molecules or impeding the 

formation of lamellae. 

     Hedayati et al. [ 129] followed most of the procedure used in Zhang's [ 112] work with the 

exception of added 3-Glycidoxypropyltrimethoxysilane (GPTMS) silane coupling agent to the 

nano-sized silica particles, and milled for 15h. Hedayati conducted TEM on PEEK/SiO2 

nanoparticles with and without GPTMS milled 15h. Deagglomerated and dispersed 

homogeneously SiO2 nanoparticles in PEEK matrix were achieved, and confirmed in this work 

that the SiO2 nanoparticles with GPTMS have more uniform dispersion than the ones without 

GPTMS. According to the XRD results, Hedayati deduced that the degree of crystalline was 

decreased after milling process due to the hindrance in the PEEK molecular mobility during the 

cooling crystallization process. Also, crystalline microstructure deteriorated faster during milled 

and the size of the crystalline lamellae becomes too small. He suggested that the changes in 

crystalline structure resulted from the strong shear forces induced from the impact of milling 

media. Whereas, the DSC analysis showed an increase in melting temperature, cold 

crystallization enthalpy and also a decrease in fusion heat, and crystallization temperature of the 

milled samples. 

      Jose´ et al. [ 113] carried out mechanical alloying of 1–3 wt% SiO2 nanoparticles blends of 

SiO2/epoxy with a SPEX 8000 mill.  Jose´ reported that good particle dispersion was achieved 

and observed in the results of TEM and SEM. He concluded that it is possible to produce 

polymer nanocomposites with thermoset matrix by using high energy mill processing. 

     A more recent study about epoxy nanocomposite material produced by mechanical alloying 

was reported by Lingaraju et al. [ 132]. Epoxy resin was reinforced with 0.3 up to 3 wt% silica 

nanoparticle by using planetary ball mill. The results showed a reduction in the particle size 

occurred rapidly between 4-25h milling, whereas after 25h, there was no significant reduction, 

but a gradual decrease. Lingaraju conducted SEM photos on epoxy/silica nanocomposites 

samples. Good and uniform dispersion for the silica particles into epoxy matrix was observed. 

Also, Lingaraju carried out impact strength, tensile strength, and Barcoll hardness measurements 

on epoxy/silica nanocomposites samples. The improvement on mechanical properties was 
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observed, and samples with 1 wt% of silica showed improvement of 6⋅6% in impact strength, 

2⋅09% in tensile strength, and 2% in Barcoll hardness. Lingaraju also conducted wear test that 

showed reduction in the wear rate reached to 750%, and he concluded that wear rate is inversely 

proportional to the hardness of the nanocomposites. 

     Work was done by Vertuccio et al. [ 114], using centrifugal ball mill to produce polymer 

nanocomposite from incorporation of nanoclay into poly(ε-caprolactone) (PCL)/High amylase 

maize starch. Results showed that PCL crystalline structure as pure or blended with starch and 

clay did not affect from milling process. Also, the thermal degradation of PCL–starch blend did 

not affect from milling process, but with addition of 3% of clay seems to influence only the step 

associated with the PCL degradation. Whilst, XRD patterns for the composite alloyed showed 

that the clay exhibited a gradual change on its structure by losing its basal plane order with 

longer milling time. Vertuccio guessed that the clay particles sectioned on the basal plane 

preferentially during alloyed processing. Whereas, Vertuccio confirmed that the nanometric of 

clay dispersion into the PCL–starch starts appearing after milled 7h or higher milling times. 

Also, Vertuccio clearly observed in the SEM results that the bonding and interconnection 

between the PCL and the starch becomes better when the PCL–starch–clay mixture milled for 

10h. Moreover, dynamic mechanical tests confirmed that chains mobility of clay/PCL-starch was 

decreased due to the increasing intercalation of PCL and starch into the clay sheets. on the other 

hand, Vertuccio reported that there is an improvement on the elastic modulus, by addition of 

3%wt. of clay.  From these results on elastic modulus improving, Vertuccio considered that 

improving in mechanical properties can obtain it, by completing the delamination of the clay 

structure. Thus, Vertuccio summarized his work that “the milling process is a promising 

compatibilization method for PCL–starch systems and at the same time it is a useful tool to 

improve the dispersion of nanoparticles into the polymer blends. A better dispersion of the clay 

particles, as well as a good compatibilization between PCL and starch can improve both 

mechanical and barrier properties" [ 114]. 

     A very recent paper published by Tadayyon et al. [ 133] has addressed the thermal behavior of 

medium density polyethylene reinforced with nano-sized alumina after mechanical alloying 

process, by using planetary ball mill technique. Tadayyon conducted TEM micrographs on 

medium density polyethylene (MDPE) alloyed mechanically for 5, 10, 20, and 40h, with 
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different weight percent of Al2O3 (0 up to 15wt. %). Increasing the reduction of the Al2O3 

particles size and dispersal uniformly homogeneously into MDPE matrix with longer milled time 

was observed. In addition, TEM micrographs showed good adhesion in the MDPE/Al2O3 

nanocomposite. Also, thermal stability of the MDPE/Al2O3 nanocomposite was studied by TGA. 

The MDPE/Al2O3 nanocomposite exhibited higher thermal stability compared with the pure 

MDPE. Tadayyon interpreted this improvement in the thermal stability that were likely due to 

two factors: firstly carbon-oxygen bonds that occurred in the MDPE/Al2O3 nanocomposite 

during the milling, makes the degradation of MDPE/Al2O3 more difficult. The second thing is 

interaction between Al2O3 particles and MDPE matrix that causes to establish the reinforcements 

in MDPE matrix. Tadayyon however reported that there was no significant change in 

crystallization temperature of MDPE as milling time increases. Meanwhile, crystallization 

temperature of MDPE showed that increased with Al2O3, the content increased. Tadayyon 

explained that it is supposed to be the result of the Al2O3 particles being effectively dispersed 

throughout the MDPE matrix, promoting heterogeneous nucleation. Whereas, the degree of 

crystallinity of MDPE exhibited decreasing with Al2O3 content increased. Tadayyon suggested 

that as the Al2O3 particles were added to the MDPE matrix, the particles were found to obstruct 

the mobilization of the MDPE macromolecular chain and prevent the macromolecular segment 

from obtaining ordered alignment of the crystal lattice. 

2.4 Summary of literature research 

     In summary, polymer composite materials, and especially thermoplastic polymer composites 

that are reinforced by using particulate reinforcements have been the subject of recent studies on 

processing and characterization. As mentioned in the literature review, many published research 

and studies have shown that particulate reinforcement polymer processing parameters such as 

blends methods, processing temperature, particles size and distribution, particle and polymer 

types, and others affect the polymer composites’ performance. The most challenging parameter 

is the uniformed and homogeneous dispersion of the particles in the polymer matrix. However, 

micro and nanoparticles have a high susceptibility to agglomerate and this agglomeration makes 

production of polymer particles composites a difficult task. Therefore, it is necessary to find out 

new methods to achieve this requirement. Thus, several attempts have been done to incorporate 

the particles uniformly and homogeneously into the polymer matrix, creating polymer particles 
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composite. One of these methods of incorporating micro and nanoparticles uniformly and 

homogeneously into the polymer matrix is the mechanical alloying by using high energy ball 

milling.  As introduced, discussed, and mentioned in the literature above, promising results have 

been observed. This method solves the agglomerate issue, caused by particles aggregation in the 

polymer matrix. To better understand the behavior of the particle enhanced polymer matrix 

created using the mechanical alloying method, a study on the composite material 

UHMWPE/Al2O3 processed by MA and characterized will be discussed in this work. 
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Chapter 3 

3. Experimental Procedure 

3.1 Material Selection 

     The materials selected for this research consists of ultra-high molecular weight polyethylene 

(UHMWPE) powder supplied by Sigma-Aldrich and aluminum oxide (Al2O3). The UHMWPE 

has a melting point of 134°C, a molecular weight Mw of 3,000,000- 6,000,000 and a density of 

0.94 g/mL at 25°C; moreover, the UHMWPE was dried at 80°C overnight in a vacuum oven 

before the milling process. The Al2O3 powder specification is deagglomerated Alpha Alumina 

with particle size of 0.3µ.  

     These materials were selected because of the interest to enhance the mechanical properties of 

the polymeric composite material, as mentioned in the introduction and literature. The 

UHMWPE was especially chosen because of its resistance to wear and impact; UHMWPE 

continues to find increasing industrial applications, including can and bottle handling machine 

parts, moving parts on weaving machines, bearings, gears, artificial joints, chutes and slides for 

directing particulate solids, edge protection on ice rinks, and  butchers' chopping boards. Due to 

these applications, it is of interest to improve UHMWPE mechanical properties. Moreover, the 

wear of UHMWPE and wear debris generated at the surface is now recognized as the major 

cause of loosening and failure of the total joint replacement, in the case of artificial joints 

application. Accordingly, many techniques have been applied to improve the mechanical 

properties of UHMWPE which is necessary to enhance its matrix and surface properties for 

biomedical application. For this reason, Al2O3 has been used to reinforce UHMWPE by using 

MA in a move to understand the behavior of the particle reinforced polymer matrix by the MA 

powder processing technique.  

3.2 Powder Processing and Sample Preparation 

     UHMWPE and 0, 1.0 and 2.5 wt.% Al2O3 powders were mechanically alloyed for up 10 

hours. The mechanically-alloyed powders were then molded by compression to produce polymer 

composite sheets of UHMWPE/Al2O3 from the melt and characterized. Characterization included 

X-ray diffraction (XRD), differential scanning calorimetry (DSC), optical microscopy, and 
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tensile testing of the sheet samples. Likewise, powder samples from milling were characterized 

by XRD, and DSC. 

3.2.1 Mechanical Alloying 

     Mechanical alloying was conducted using a Union Process Szegvari Attritor as shown in 

Figure 32. The milling vertical tank and balls in diameter of 6.35 mm used were stainless steel. 

             

Figure 32: The Szegvari attritor mill that was used in this work. Professor Alex Aning’s lab, 

MSE VT, Blacksburg. 

 

A ratio of milling ball weight to powder weight (charge ratio) of 30:1 was used with balls 

weighing around 3750-g and powder (UHMWPE + Al2O3) weight around 125-g. All the 

mechanical alloying was conducted at room temperature (20°C) and an air atmosphere with the 

impeller rotation speed of 300 RPM. The mechanical alloying procedures were carried out to 

investigate the effect of milling time and Al2O3 wt. % content in the milled powder as shown in 

Table 1. 
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Table 1: The mechanical alloying experimental design. X signs indicate to the experiments that 

have been performed. 

Milling Time (Hours) UHMWPE – 0 wt.% 

Al2O3 

UHMWPE – 1 wt.% 

Al2O3 

UHMWPE – 2.5 wt.% 

Al2O3 

0 X   

1 X X X 

2 X X X 

5 X X X 

10 X X X 

 

3.2.2 Compression Molding 

     Following the MA mixing, samples were powder-milled and thus were compression-molded 

into plates with dimensions of 150x50mm under a load of 3 metric tons at 230°C as shown in 

Figure 33. 

 

(a)                               (b)                             (c)                           (d)                         (e) 

Figure 33: compression molding process steps (a) First, cover the mold base by a kapton film. (b) 

Second, pour 8 g of the milled powder in the mold. (c) Next, the spread the powder over the 

mold. (d)  Then, cover the powder by a kapton film. (e) Finally, close the mold and press it. 
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The Carver laboratory press was used in this study as seen in Figure 34. The top and bottom 

platens of the press are independently controlled and heated with electric resistance heaters. The 

sample was inserted with a guide between the platens, and a hydraulic pump raised and lowered 

the bottom platen to apply consistent load to molten polymer. 

 

Figure 34: Carver press used for pressing polymer sheets. Professor Donald G. Baird’s lab, 

Chem E VT, Blacksburg. 

 

First, 8 grams of milled powder have pressed by load of 3 metric tons at room temperature for 3 

to 5 min until the load become almost constant. Then, the heaters’ temperature was set at 230°C 

and the sample was left in the hot press for 30 min for isothermal heating. Finally, after 30 mins., 

the heaters were turned off and the mold was left in the heaters for slow cooling rate until cooled. 

Subsequently, a polymer sheet with dimensions of 150 x 50 mm and around 1 mm thickness was 

obtained as seen in Figure 35. 
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Figure 35: An example shows polymer sheets of (a) UHMWPE milled for 10h. (b) UHMWPE- 

2.5wt. % Al2O3 milled for 10h. 

 

3.3 Characterization 

     Mechanically alloyed UHMWPE/Al2O3 powders and their corresponding compression 

molding sheets were characterized to investigate the effect of the milling processes and Al2O3 

content on the structure and properties of the composite. 

3.3.1 Differential Scanning Calorimetry (DSC) 

     Differential scanning calorimetry (DSC) was conducted on the milled pure UHMWPE and 

UHMWPE/Al2O3 powders and their corresponding sheet samples using a Netzsch STA 449 C 

Jupiter TG-DSC. The samples were placed in an aluminum crucible and then placed on the tray 

at the DSC chamber. In the next step, the DSC chamber was sealed, two evacuation cycles 

applied, and then purged with nitrogen gas. The samples were heated in an N2 atmosphere from 

25ºC to 300ºC at rates of 5 ºC/min and 20ºC/min, whereas 25ºC to 400ºC at a heating rate of 

40ºC/min. The DSC data showed endothermic peaks which were analyzed using the Proteus 

software as exemplified in Figure 36. The maximum deviations for the DSC data are in the range 

of 2% according to the Netzsch’s specifications. 

(a) 

(b) 
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Figure 36: An example of DSC data analyzed for endothermic peak of UHMWPE pure powder 

as received with heating rate of 5ºC/min using the Proteus software. 

 

3.3.2 X-Ray Diffraction (XRD) 

     Panalytical X’pert Pro PW 3040 diffractometer generator was used in this work to obtain X-

ray diffraction patterns. Panalytical X’pert Pro PW 3040 diffractometer generates the X-rays (k-

α) from Cu source using a generator power of 45 kV and 40 mA. for this work, was used the 

nickel filter, 10 mm mask, 1º anti-scatter slit, and Bragg angle (2θ) range from 0º to 60º. X-ray 

diffraction spectra were collected for UHMWPE powders and sheets samples before and after 

mechanical milling processing. Also, X-ray diffraction spectra were collected for UHMWPE/ 

Al2O3 after mechanical alloying processing. These X-rays diffraction spectra were done for all 

the samples in order to compare crystalline index values as well as crystal structure information. 

The XRD results were analyzed by using MDI Jade software to separate crystalline from 

amorphous reflections and calculate the amounts of each phase present in the bulk as seen on the 

Figure 37. 
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Figure 37: Examples shows the XRD data analyzed for the complex crystalline and amorphous 

peaks by using MDI Jade software (a) UHMWPE powder unmilled. (b) UHMWPE powder 

milled for 1 hour. 

 

3.3.3 Microscopy 

     Microm HM325 Microtom was used to prepare samples for microscopic examination using  

Carl Zeiss Axiovert 200M microscope. 

 

3.3.4 Tensile test 

     All the tests were performed at room temperature (20ºC) on a COM-TEN DFM500 universal 

testing machine at a constant crosshead speed of 1.8 - 2.2 mm/min. The sample dog-bone 

specifications were according to the ASTM D3039/D3039M-08. The specimens having a 1 mm 

thickness were machined from the compression molded plates. The length overall of dog-bone 

specimens is 38 mm. The length and width of narrow section are 14 and 5 mm, respectively as 

seen on the Figure 38. All presented data corresponds to the average of five measurements. 

A B 

2θ 2θ 
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Figure 38: An example of (A) Dog-bone specimens. (B) Set the specimen for tensile test. (C) 

Tensile test.  
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Chapter 4 

4. Results and Discussion 

4.1 Powder Characterization 

4.1.1 X-ray Diffraction 

     X-ray diffraction was performed on the as received and milled UHMWPE powders as well as 

milled UHMWPE/Al2O3 alloy powders. All of the diffraction peaks have been normalized by the 

largest peak of the scan – the (110) peak of the orthorhombic phase. Figure 39 shows the 

diffraction patterns representing structural evolution with milling time in pure UHMWPE.  Two 

major changes are observed with milling time.  First, a monoclinic crystal structure develops at 

the expense of the amorphous and orthorhombic structure of the semicrystalline UHMWPE; this 

stress induced phase transformation phenomenon has been known to occur in UHMWPE for 

years [ 134- 135].  Generally in this work, the volume of the monoclinic phase increases as those 

of the amorphous and orthorhombic decrease with milling time. The (001) peak of the 

monoclinic is evident, but two smaller monoclinic peaks – (002) and (201) – are buried and not 

evident in these patterns. 

 

Figure 39: X-ray diffraction patterns for as received UHMWPE milled for up to 10 hours. 
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These planes are identified when the diffraction patterns are analyzed using MDI Jade software.  

The monoclinic phase transformation is induced by shear stresses caused by the impacts on the 

powders trapped between the milling balls.  This phenomenon is known to occur in UHMWPE 

specimens deformed by tension, rolling and mechanical alloying [ 82,  110,  134- 146].  Second, 

there is broadening in the original orthorhombic peaks with milling time as a result of 

microstructural refinement and other defects introduced in the power from the milling process 

[ 82].  Figure 40 and 41 show the X-ray diffraction patterns for UHMWPE - 1 wt. % Al2O3 and 

UHMWPE - 2.5 wt. % Al2O3 blends milled for up to 10 hours.  The trends in structural 

development are similar to that of the milled pure UHMWPE.  In general, the total crystallinity 

increases at the expense of amorphous with milling time for all three cases. 

 

Figure 40: X-ray diffraction patterns for UHMWPE-1wt. % Al2O3 milled for up to 10 hours 

compared with un-milled UHMWPE. 
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Figure 41: X-ray diffraction patterns for UHMWPE-2.5wt. % Al2O3 milled for up to 10 hours 

compared with un-milled UHMWPE. 

 

Figures 42, 43, 44, and 45 show x-ray diffraction peaks for constant milling times as a function 

of alumina composition. For a given milling time the monoclinic (001) intensity peaks remain 

about the same for the zero and 1 wt. % alumina milled powders, however the peaks for the 2.5 

wt. % alumina do decrease. In the case of orthorhombic, the intensity of the strongest peak (110) 

also remains about the same for all compositions and milling times, however the intensities of 

the (200) peaks decrease with composition for each of the milling times. It must be noted that 

two of the peaks representing the developing monoclinic structure are buried beneath the 

orthorhombic (200), and as result the MDI Jade software has been used to deconvolute the 

spectrum and the results are reported and discussed below. 
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Figure 42: X-ray diffraction patterns for UHMWPE/Al2O3 and alloyed for 1 hour. 

 

 

Figure 43: X-ray diffraction patterns for UHMWPE/Al2O3 and alloyed for 2 hours. 
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Figure 44: X-ray diffraction patterns for UHMWPE/Al2O3 and alloyed for 5 hours. 

 

 

Figure 45: X-ray diffraction patterns for UHMWPE/Al2O3 and alloyed for 10 hours. 
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materials during milling, it is necessary to isolate the various peaks in the convoluted x-ray 

spectra. This is achieved using MDI Jade software. A fixed background and pseudo-Voigt fitting 

function is used in deconvolution and the integrated peak intensities are used to calculate the 

amounts of each phase present in the bulk as exemplified in Figure 46 for the amorphous and 

major peaks of the orthorhombic and monoclinic phases.  The volume fraction of each phase is 

then obtained from the ratio between the area under its crystalline peaks and the total area under 

the diffraction curve. 

   

Figure 46: X-ray diffraction patterns analysis by the MDI Jade software (a) UHMWPE powder 

milled for 10 hours. (b) UHMWPE- 1wt. % Al2O3 powder milled for 10 hours. 

4.1.2.1 The Effect of Milling Time on Crystallinity 

     Figures 47, 48, and 49 show the results for the relative change in the crystallinity as a function 

of milling time. Overall, the total crystallinity of the UHMWPE and UHMWPE/Al2O3 samples 

increases substantially at the end of 10h milling from the original un-milled state, from 54 % for 

the un-milled to between 65 and 80%. The volume fraction of the orthorhombic phase drops 

during the first two hours of milling while that of the monoclinic phase increases; in fact the 

volume fraction of the monoclinic phase surpasses that of the orthorhombic after two hours of 

milling.  However, by the end of 10h milling, the volume fraction of orthorhombic is higher than 

that of monoclinic.  It seems clear from Figures 47, 48, and 49 that both the original amorphous 

and orthorhombic phases contribute to the new developing monoclinic phase.  The amorphous 

Amorphous 
Orthorhombic 

A 

001 

201 

002 

Monoclin

ic 

B 

110 

200 

Amorphous 
Orthorhombic 

Monoclini

c 

2θ 2θ 



56 
 

phase seems to contribute the most. The specific reaction steps by which this process takes place 

is however not understood.  

 

Figure 47: Evolution of the crystalline phase for UHMWPE powder as a function of the milling 

time as calculated from the integrated X-ray diffraction by the MDI Jade software. 

 

 

Figure 48: Evolution of the crystalline phase for UHMWPE- 1wt. % Al2O3 powder as a function 

of the milling time as calculated from the integrated X-ray diffraction by the MDI Jade software. 
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Figure 49: Evolution of the crystalline phase for UHMWPE- 2.5wt. % Al2O3 powder as a 

function of the milling time as calculated from the integrated X-ray diffraction by the MDI Jade 

software. 

 

4.1.2.2 The Effect of wt. % Al2O3 Contents on Crystallinity 

     Figures 50, 51, and 52 show the results for the corresponding relative changes in crystallinity 

of the milled specimens as a function of the Al2O3 composition.  There are not obvious trends in 

the plots. A key observation is that the highest volume fraction (49 %) of the evolving 

monoclinic phase is observed after milling pure UHMWPE for 2h as shown in Figure 51. Also, 

there seem to be a linear relationship between the total crystallinity and the composition of 

alumina in the 1h milled samples as seen in Figure 52. While the 2-h milled UHMWPE yield the 

highest crystallinity when it is pure, it also has the lowest crystallinity at 2.5 wt. % alumina 

(Figure 52). 

 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

0 1 2 3 4 5 6 7 8 9 10 11 

% Crystallinty 

Milling time (h) 

% Orthorhombic  

% Monoclinic  

% Crystallinity 



58 
 

 

Figure 50: Changes in the % orthorhombic with the wt. % Al2O3 for different milling time. 

 

 

Figure 51: Changes in the % monoclinic with the wt. % Al2O3 for different milling time. 
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Figure 52: Changes in the total % crystallinity with the wt. % Al2O3 for different milling time. 

 

Figure 53 shows amorphous volume fraction versus alumina composition. Overall, the volume 

fraction drops from a value of 45 % for un-milled pure UHMWPE down to between 26 and 37 % 

for the various milling times, and as mentioned in the crystalline case, there seem to be a linear 

relationship between amorphous fraction and alumina composition.  

 

Figure 53: Changes in the % amorphous with the wt. % Al2O3 for different milling time. 

50 

55 

60 

65 

70 

75 

80 

85 

90 

0 0.5 1 1.5 2 2.5 3 

% crystallinity 

Wt.% Al2O3 

0 hr 

1 hr 

2 hrs 

5 hrs 

10 hrs 

13 

18 

23 

28 

33 

38 

43 

48 

0 0.5 1 1.5 2 2.5 3 

Amorphous% 

Wt.% Al2O3 

0 hr 

1 hr 

2 hrs 

5 hrs 

10 hrs 



60 
 

4.1.3 Differential Scanning Calorimetry Analysis 

     Typical differential scanning calorimetry (DSC) results are shown in Figures 54 – 56 for 

a heating rate of 5°C/min.  The melting point decreases for both unreinforced and alumina 

reinforced UHMWPE samples as milling time increased. This is due to the lowering of 

molecular weight resulting from the breaking of carbon bonds in the chains [ 82,  133].  

 

Figure 54: Differential scanning calorimetry curves for pure UHMWPE milled for different times 

at heating rate of 5°C/min. 
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Figure 55: Differential scanning calorimetry curves of the UHMWPE- 1wt. % Al2O3 milled for 

different times at a heating rate of 5°C/min. 

 

Figure 56: Differential scanning calorimetry curves of the UHMWPE- 2.5 wt. % Al2O3 milled for 

different times at a heating rate of 5°C/min. 

Analyses of the effect of milling time and alumina composition on the melting temperature, 

activation energy, and enthalpy of melting from the DSC results are discussed in greater detail in 

the next section. 
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4.1.3.1 The Effect of Milling Time and Reinforcement on Melting Temperature 

     The melting point of milled powders is plotted as a function of milling time for up to 10 

hours, and the results are shown in Figures 57 – 59. As noted in the previous section, the melting 

point for both pure UHMWPE and UHMWPE/alumina composites decreases with milling time.  

The temperature decrease is steeper in the composites, getting bigger as the mass of alumina is 

increased. In Figure 58 the drop is nearly 10 °C for the UHMWPE-2.5 wt% Al2O3 as compared 

with the pure as-received UHMWPE. The temperature drop is also presented in Figures 60 – 62 

for three heating rates 5, 20 and 40°C/min. The relationship between melting point and alumina 

composition is linear for a given heating rate, with the negative slope getting bigger with 

increased heating rate. 

 

Figure 57: The effect of milling time on the melting temperature for UHMWPE/Al2O3 with 

different milling time at heating rate of 5°C/min. 
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Figure 58: The effect of milling time on the melting temperature for UHMWPE/Al2O3 with 

different milling time at heating rate of 20°C/min. 

 

 

Figure 59: The effect of milling time on the melting temperature for UHMWPE/Al2O3 with 

different milling time at heating rate of 40°C/min. 
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Figure 60: The effect of wt. % Al2O3 contents on the melting temperature for UHMWPE/Al2O3 

with different milling time at heating rate of 5°C/min. 

 

 

 

Figure 61: The effect of wt. % Al2O3 contents on the melting temperature for UHMWPE/Al2O3 

with different milling time at heating rate of 20°C/min. 
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Figure 62: The effect of wt. % Al2O3 contents on the melting temperature for UHMWPE/Al2O3 

with different milling time at heating rate of 40°C/min. 
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                                                     ln[
 

Tm
2     C - 

Ea

 
 (

1

Tm
)                                              Eq. 1 [ 136] 

Where C is a constant and R is the universal gas constant. The plot of ln[    
    versus 1/Tm 

yields a straight line.  The activation energy can then be determined from the slope, −Ea/R: 

                                                  Ea = - (slope * R)                                                      Eq. 2 
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     In this work the Kissinger’s relation was used to analyze the melting point of the UHMWPE 

and UHMWPE/Al2O3 powders as a function of milling time and also as a function of wt. % 

Al2O3.  Samples were heated at 5, 20, and 40 K/min. The plots are shown in Figures 63, 64, and 

65 for pure UHMWPE, UHMWPE- 1wt. % Al2O3 and UHMWPE- 2.5wt. % Al2O3.  In each of 

the three figures, the curves for the Kissinger plots for the milling times seem to converge at 

approximately 140
o
C; this could represent the DSC peak performed at a very slow rate. The 

calculated activation energy values for the UHMWPE and UHMWPE/Al2O3 systems milled for 

up to 10 hours are provided in Table 2 and also plotted in Figures 66 and 67 as a function of 

milling time and alumina composition, respectively. 

 

Figure 63: Plots of ln[    
     versus 1/Tm for UHMWPE- 0wt. % Al2O3 for different milling 

time. 
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Figure 64: Plots of ln[    
     versus 1/Tm for UHMWPE- 1wt. % Al2O3 for different milling 

times. 

 

 

Figure 65: Plots of ln[    
     versus 1/Tm for UHMWPE- 2.5wt. % Al2O3 for different milling 

times. 
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Table 2: Activation energy of melting Ea for UHMWPE and UHMWPE/Al2O3 systems. 

Milling time (hrs) 
Activation energy of melting (kJ/mol) 

UHMWPE- 0wt.% Al2O3 UHMWPE- 1wt.% Al2O3 UHMWPE- 2.5wt.% Al2O3 

0 148.7   

1 182.6 202.8 218.4 

2 207.2 256.3 268.1 

5 299.6 338 356.9 

10 296.9 432.6 489 

 

     

 It is clear from Figures 66 and 67 and Table 2 that activation energy for melting increases both 

as a function of milling time and alumina composition. In Figure 66, there is a linear relationship 

between activation energy and milling time with the slope increasing with alumina composition.  

As milling proceeds the amorphous phase and the crystalline phases heavily deform and blend 

intimately and, also, become refined. The increase in activation energy with milling may be due 

to topological constraints brought about by the intimate and small scale blending of the phases 

caused by mechanical alloying [ 148]. This situation is aggravated when alumina particles are 

present for they get in the way, as seen in Figure 67 where activation energy increases linearly 

with alumina composition for a given milling time.  Here also, the slope becomes steeper with 

milling time.  
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Figure 66: Activation energy of melting Ea for UHMWPE and WHMWPE/wt. % Al2O3 as a 

function of milling time. 

 

 

Figure 67: Activation energy of melting Ea for UHMWPE and WHMWPE/wt. % Al2O3 with 

different milling time as a function of wt. % Al2O3 contents. 
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4.1.5 Enthalpy of melting 

     The enthalpy of melting for milled UHMWPE and UHMWPE/Al2O3 powders were calculated 

from the DSC scans using the Proteus software.  The results are plotted in Figures 68 and 69 for 

constant alumina compositions and constant milling times, respectively. For the samples tested at 

5°C/min and 40°C/min, there do not seem to be any empirical relationship.  However, at 

20°C/min, there is a linear relationship between enthalpy and milling time, as well as enthalpy 

and alumina composition.  The enthalpy values decrease as a function of both milling time and 

alumina composition. Even though it is difficult to initiate melting, because of the reduced 

molecular weight caused by the milling the melting enthalpy decreases with milling time. The 

presence of hard alumina particles contribute to the incision of polymer molecules, so their 

presence does reduce melting enthalpy as well. 

 

Figure 68: Enthalpy of melting for UHMWPE and WHMWPE/wt. % Al2O3 as a function of 

milling time. 
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Figure 69: Enthalpy of melting for UHMWPE and WHMWPE/wt. % Al2O3 with different 

milling time as a function of wt. % Al2O3 contents. 
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Monoclinic phase has disappeared after melting, and amorphous volume fraction has decreased 

after melting. 

 

Figure 70: X-ray diffraction patterns for UHMWPE-1wt. % Al2O3 sheets milled up to 10 hours 

compared with sheets prepared from as received UHMWPE. 

 . 

 

Figure 71: X-ray diffraction patterns for UHMWPE/Al2O3 sheets milled for 1 hour compared 

with sheets prepared from as received UHMWPE. 
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Figure 72: X-ray diffraction patterns of UHMWPE as received powder and sheet. 

 

Figure 73: X-ray diffraction patterns of UHMWPE milled 10 hours as powder and sheet. 
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Figure 74: X-ray diffraction patterns analysis by the MDI Jade software (a) UHMWPE sheet of 

powder milled for 5 hours. (b) UHMWPE- 2.5wt. % Al2O3 sheet of powder alloyed for 5 hours. 

 

4.2.2.1 The Effect of Milling Time on Crystallinity 

     Figure 75 shows the results for the relative change in the crystallinity of the three 
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fact that it would take a shorter time for the alumina to refine and homogeneously disperse in the 

1.0 wt. % alumina sample than the 2.5 wt. % sample, leading to a more homogeneous crystalline 

structure.      

Amorphous 
Orthorhombic 

A 

Amorphous 
Orthorhombic 

B 

2θ 2θ 



75 
 

 

Figure 75: Evolution of the crystalline phase for UHMWPE/wt. % Al2O3 sheets as a function of 

the milling time as calculated from the integrated X-ray diffraction by the MDI Jade software. 
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defects introduced by the milling process and the presence of fine alumina particles. 
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Figure 76: Evolution of the crystalline phase for the UHMWPE powder including orthorhombic 

and monoclinic phase, sheet and orthorhombic as a function of the milling time as calculated 

from the integrated X-ray diffraction by the MDI Jade software. 

 

 

Figure 77: Evolution of the crystalline phase for the UHMWPE- 1wt. % Al2O3 powder including 

orthorhombic and monoclinic phase, sheet and orthorhombic as a function of the milling time as 

calculated from the integrated X-ray diffraction by the MDI Jade software. 
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Figure 78: Evolution of the crystalline phase for the UHMWPE- 2.5wt. % Al2O3 powder 

including orthorhombic and monoclinic phase, sheet and orthorhombic as a function of the 

milling time as calculated from the integrated X-ray diffraction by the MDI Jade software. 
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Figure 79: Evolution of the crystalline phase for UHMWPE/Al2O3 sheet with different milling 

time as a function of the wt. % Al2O3 as calculated from the integrated X-ray diffraction by the 

MDI Jade software. 

 

 

Figure 80: Evolution of the crystalline phase for UHMWPE/Al2O3 powder, sheet and 

orthorhombic at one hour as a function of the wt. % Al2O3 as calculated from the integrated X-

ray diffraction by the MDI Jade software. 
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Figure 81: Evolution of the crystalline phase for UHMWPE/Al2O3 powder, sheet and 

orthorhombic at 2 hours as a function of the wt. % Al2O3 as calculated from the integrated X-ray 

diffraction by the MDI Jade software. 

 

 

Figure 82: Evolution of the crystalline phase for UHMWPE/Al2O3 powder, sheet and 

orthorhombic at 5 hours as a function of the wt. % Al2O3 as calculated from the integrated X-ray 

diffraction by the MDI Jade software. 
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Figure 83: Evolution of the crystalline phase for UHMWPE/Al2O3 powder, sheet and 

orthorhombic at 10 hours as a function of the wt. % Al2O3 as calculated from the integrated X-

ray diffraction by the MDI Jade software. 

 

4.2.3 Differential Scanning Calorimetry Analysis 

     Figures 84, 85, and 86 an examples show the typical DSC traces obtained for UHMWPE 

sheets of different wt. % Al2O3 contents and milling time at a heating rate of 5, 20, and 

40°C/min. DSC results were used to determine the effect of milling time and wt. % Al2O3 

contents on the melting temperature, activation energy, and enthalpy of melting to the 

UHMWPE sheets. 

 

 

 

 

 

30 

35 

40 

45 

50 

55 

60 

65 

70 

75 

80 

85 

0 0.5 1 1.5 2 2.5 3 

%Crystallinty 

Wt.% Al2O3 

10 hr- powder 

10 hrs- sheet 

10 hr- Orthorhombic 



81 
 

 

 

 

 

 

 

 

 

Figure 84: Differential scanning calorimetry curves of the UHMWPE- 0wt. % Al2O3 sheets for 

different milling time with heating rate of 5°C/min. 

 

 

Figure 85: Differential scanning calorimetry curves of the UHMWPE- 1wt. % Al2O3 sheets for 

different milling time with heating rate of 5°C/min. 
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Figure 86: Differential scanning calorimetry curves of the UHMWPE- 2.5wt. % Al2O3 sheets for 

different milling time with heating rate of 5°C/min. 

 

4.2.3.1 The Effect of Milling Time on the Melting Temperature 

     The effect of milling on melting temperature of UHMWPE/Al2O3 sheets for different wt. % 

Al2O3 contents and at different heat rates 5, 20, and 40°C/min are shown in Figures 87, 88, and 

89. 

 

 

-1 

-0.8 

-0.6 

-0.4 

-0.2 

0 

0.2 

0.4 

60 90 120 150 180 210 240 270 300 

0wt.%- 0hrs 

2.5wt.%-1hrs 

2.5wt.%-2hrs 

2.5wt.%- 5hrs 

2.5wt.%- 10hrs 

Heating rate 5°C/min 

 

T( °C) 

(mW/mg)  

Endotherm 



83 
 

 

Figure 87: The effect of milling time on the melting temperature for UHMWPE/Al2O3 sheets 

with different milling time at heating rate of 5°C/min. 

It is evident that the melting temperature of UHMWPE/ Al2O3 alloyed sheets, represented by 0, 

1, and 2.5wt. % in Figures 87, 88, and 89, reached highest points in 1wt. % Al2O3 sheets at 

various milling times (between 2 and 10h) at every heating rate.  It is unclear why this 

composition behaves this way. 

 

Figure 88: The effect of milling time on the melting temperature for UHMWPE/Al2O3 sheets 

with different milling time at heating rate of 20°C/min. 
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Figure 89: The effect of milling time on the melting temperature for UHMWPE/Al2O3 sheets 

with different milling time at heating rate of 40°C/min. 
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Figure 90: The effect of wt. % Al2O3 contents on the melting temperature for UHMWPE/Al2O3 

sheets with different milling time at heating rate of 5°C/min. 

 

 

Figure 91: The effect of wt. % Al2O3 contents on the melting temperature for UHMWPE/Al2O3 

sheets with different milling time at heating rate of 20°C/min. 

139 

140 

141 

142 

143 

0 0.5 1 1.5 2 2.5 3 

T (°C) 

wt.% Al2O3 

1 hrs 

2 hrs 

5 hrs 

10 hrs 

Heating rate 5°C/min 

144 

146 

148 

150 

152 

154 

156 

158 

0 0.5 1 1.5 2 2.5 3 

T (°C) 

wt.% Al2O3 

1 hrs 

2 hrs 

5 hrs 

10 hrs 

Heating rate 20°C/min 



86 
 

 

Figure 92: The effect of wt. % Al2O3 contents on the melting temperature for UHMWPE/Al2O3 

sheets with different milling time at heating rate of 40°C/min. 

     Tables 3, 4, and 5 present the results of melting temperature of UHMWPE/Al2O3 powder and 

sheets that obtained at various heating rate 5, 20, and 40°C/min to see the effect the milling time 

on the melting temperature. As seen in Tables 3, 4, and 5, the melting temperature of 

UHMWPE/Al2O3 sheets samples are generally lower than the powder samples.  

 

Table 3: Melting temperature of UHMWPE- 0wt. % Al2O3 as powder and sheets with different 

heating rate. 

Melting temperature of UHMWPE- 0wt. % Al2O3 (°C) 

 Heating rate 5°C/min 

 

Heating rate 20°C/min 

 

Heating rate 40°C/min 

Milling time (hr) Powder Sheet Powder Sheet Powder Sheet 

0 149.4 139.057 159.3 150.675 170.1 152.921 

1 148.7 141.437 158.2 151.107 165.7 170.426 

2 147.5 141.51 156.2 151.277 162.4 160.052 

5 147.1 141.524 153.8 150.962 157.3 159.556 

10 146.3 141.524 151.7 150.654 156.6 160.36 
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Table 4: Melting temperature of UHMWPE- 1wt. % Al2O3 as powder and sheets with different 

heating rate. 

Melting temperature of UHMWPE- 1wt. % Al2O3 (°C) 

 Heating rate 5°C/min 

 

Heating rate 20°C/min 

 

Heating rate 40°C/min 

Milling time (hr) Powder Sheet Powder Sheet Powder Sheet 

1 148.5 139.381 157.2 151.091 163.8 160.398 

2 147.5 141.856 155.5 151.167 159.4 159.543 

5 145.9 141.727 152.5 151.091 154.6 169.378 

10 145.1 142.092 150 155.913 152 159.179 

 

Table 5: Melting temperature of UHMWPE- 2.5wt. % Al2O3 as powder and sheets with different 

heating rate. 

Melting temperature of UHMWPE- 2.5wt. % Al2O3 (°C) 

 Heating rate 5°C/min 

 

Heating rate 20°C/min 

 

Heating rate 40°C/min 

Milling time (hr) Powder Sheet Powder Sheet Powder Sheet 

1 148.5 141.483 156.4 145.791 162.7 169.449 

2 147.3 141.461 153.7 150.535 158.8 160.247 

5 146.5 139.249 151.7 150.718 155.1 159.354 

10 145.6 139.349 149.7 151.17 151.8 160.352 

 

4.2.4 Activation Energy of Melting for Sheets 

     Using Kissinger’s relation (Eq. (1)) and (Eq. (2)) in section 4.1.4, the plots of ln[    
     

against (1/Tm) are shown in Figures 93, 94, and 95 for UHMWPE and UHMWPE/Al2O3 sample 

sheets corresponding the various milling times.  Activation energy of melting was determined 

from slopes of the plots, and they are displayed in Table 6. 
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Figure 93: Plots of ln[    
     versus 1/Tm for UHMWPE- 0wt. % Al2O3 sheets with different 

milling time. 

 

 

Figure 94: Plots of ln[    
     versus 1/Tm for UHMWPE- 1wt. % Al2O3 sheets with different 

milling time. 
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Figure 95: Plots of ln[    
     versus 1/Tm for UHMWPE- 2.5wt. % Al2O3 sheets with different 

milling time 

 

     The results shown in Table 6 and Figures 96 and 97 show no clear trend in terms on milling 

time or composition in the activation energy of melting Ea of UHMWPE/Al2O3 sheet samples.   

 

Table 6: Activation energy of melting Ea for UHMWPE and UHMWPE/Al2O3 sheets systems. 

Milling time (hrs) 
Activation energy of melting (kJ/mol) 

UHMWPE- 0wt.% Al2O3 UHMWPE- 1wt.% Al2O3 UHMWPE- 2.5wt.% Al2O3 

0 196.7163   

1 95.64771 141.3098 83.93286 

2 161.4138 169.4787 157.9883 

5 165.9119 100.7444 147.662 

10 157.6807 164.4901 141.4096 
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Figure 96: Activation energy of melting Ea for UHMWPE and WHMWPE/wt. % Al2O3 sheets 

samples as a function of milling time. 

 

Figure 97: Activation energy of melting Ea for UHMWPE and WHMWPE/wt. % Al2O3 sheets 

samples with different milling time as a function of wt. % Al2O3 contents. 

4.2.5 Enthalpy of melting 

     The enthalpies of melting for the samples were calculated from the DSC graphs by Proteus 

software. Typical plots of the enthalpy of melting for UHMWPE and UHMWPE/Al2O3 sample 

70 

90 

110 

130 

150 

170 

190 

210 

0 1 2 3 4 5 6 7 8 9 10 11 

 Ea (kJ/mol) 

Milling Time (h) 

Ea: 0wt.% Al2O3 

Ea: 1wt.% Al2O3 

Ea: 2.5wt.% Al2O3 

70 

90 

110 

130 

150 

170 

190 

0 0.5 1 1.5 2 2.5 3 

Ea (kJ/mol) 

wt.% Al2O3 

1 hrs 

2 hrs 

5 hrs 

10 hrs 



91 
 

sheets as a function of milling time, and alumina composition are shown in Figures 98 and 99 for 

the 5°C/min rate.  Overall it is highest for pure UHMWPE and lowest for the 1wt. % alumina in 

the milling time range.  When plotted as a function of alumina composition, the enthalpy crests 

at 1wt. % alumina. 

 

Figure 98: Enthalpy of melting for UHMWPE and WHMWPE/wt. % Al2O3 sample sheets as a 

function of milling time. 

 

Figure 99: Enthalpy of melting for UHMWPE and WHMWPE/wt. % Al2O3 with different 

milling time as a function of wt. % Al2O3 contents. 
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4.2.6 Microscopy 

Representative optical micrographs of compaction molded samples which were microtomed are 

presented in Figures 100 and 101.  Figure 100 shows equiaxed grains in the compression molded 

sheet of the UHMWPE-1wt% alumina powders that were milled for 1 hour. However the 10h 

milled sample in Figure 101 shows a different microstructure; it is fibrous in nature. 

 

Figure 100: Photomicrograph of a compression molded sheet of the composite of the 1wt.% 

Al2O3 that was milled for 1 hour. 

200 µm 
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Figure 101: Photomicrograph of a compression molded sheet of the composite of the 1wt.% 

Al2O3 that was milled for 10 hours. 

 

4.2.7 Tensile test 

     Representative engineering stress-strain curves for the UHMWPE and UHMWPE/Al2O3 

samples are shown in Figures 102, 103, and 104. Average yield strength, tensile strength, 

Young’s modulus, and elongation to failure values were determined from the tensile tests and are 

recorded in Tables 7- 18. 
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Figure 102: Representative engineering stress-strain curves for tensile tests performed on 

UHMWPE samples milled for different hours. 

 

 

Figure 103: Representative engineering stress-strain curves for tensile tests performed on 

WHMWPE- 1wt. % Al2O3 samples milled for different hours. 
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Figure 104: Representative engineering stress-strain curves for tensile tests performed on 

WHMWPE- 2.5wt. % Al2O3 samples milled for different hours. 

 

Table 7: Averages of yield strength measurements on compression molded sheets of pure 

UHMWPE milled up 10 hours. 

Milling time (h) 0 1 2 5 10 

Mean of yield strength (MPa) 18.2 18.2 17.7 19.1 19.7 

standard deviation 0.15 2.1 0.65 1.6 1.0 

 

Table 8: Averages of tensile strength measurements on compression molded sheets of pure 

UHMWPE milled up 10 hours. 

Milling time (h) 0 1 2 5 10 

Mean of tensile strength (MPa) 36.3 40.9 44.1 38.4 40.7 

standard deviation 5.0 3.4 1.7 1.3 1.5 
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Table 9: Averages of modulus measurements on compression molded sheets of pure UHMWPE 

milled up 10 hours. 

Milling time (h) 0 1 2 5 10 

Mean of modulus (MPa) 227.3 221.2 216.3 223.9 240.1 

standard deviation 17.5 15.5 6.2 13.2 7.1 

 

Table 10: Averages of % elongation measurements on compression molded sheets of pure 

UHMWPE milled up 10 hours. 

Milling time (h) 0 1 2 5 10 

Mean of % elongation 553.4 621.1 635.0 557.7 618.5 

standard deviation 56.9 21.6 27.7 36.2 23.6 

 

 

Table 11: Averages of yield strength measurements on compression molded sheets of composite 

UHMWPE- 1wt.% Al2O3 milled up 10 hours. 

Milling time (h) 1 2 5 10 

Mean of yield strength (MPa) 18.9 18.5 19.1 19.1 

standard deviation 1.3 0.92 0.64 0.319 

 

Table 12: Averages of tensile strength measurements on compression molded sheets of 

composite UHMWPE- 1wt.% Al2O3 milled up 10 hours. 

Milling time (h) 1 2 5 10 

Mean of tensile strength (MPa) 43.0 41.3 47.3 40.2 

standard deviation 3.9 2.2 1.5 2.3 
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Table 13: Averages of modulus measurements on compression molded sheets of composite 

UHMWPE- 1wt.% Al2O3 milled up 10 hours. 

Milling time (h) 1 2 5 10 

Mean of modulus (MPa) 231.2 229.0 220.8 242.36 

standard deviation 8.3 11.3 11.7 19.2 

 

Table 14: Averages of % elongation measurements on compression molded sheets of composite 

UHMWPE- 1wt.% Al2O3 milled up 10 hours. 

Milling time (h) 1 2 5 10 

Mean of % Elongation 646.3 562.3 596.2 620.5 

standard deviation 11.3 30.4 70.6 21.8 

 

Table 15: Averages of yield strength measurements on compression molded sheets of composite 

UHMWPE- 2.5wt.% Al2O3 milled up 10 hours. 

Milling time (h) 1 2 5 10 

Mean of yield strength (MPa) 19.3 19.1 18.2 18.3 

standard deviation 0.73 1.2 1.5 1.21 

 

Table 16: Averages of tensile strength measurements on compression molded sheets of 

composite UHMWPE- 2.5wt.% Al2O3 milled up 10 hours. 

Milling time (h) 1 2 5 10 

Mean of tensile strength (MPa) 41.3 41.2 38.3 40.1 

standard deviation 1.8 0.50 1.6  
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Table 17: Averages of modulus measurements on compression molded sheets of composite 

UHMWPE- 2.5wt.% Al2O3 milled up 10 hours. 

Milling time (h) 1 2 5 10 

Mean of Modulus (MPa) 245.9 234.3 229.1 232.4 

standard deviation 13.4 7.9 6.5 6.6 

 

Table 18: Averages of % elongation measurements on compression molded sheets of composite 

UHMWPE- 2.5wt.% Al2O3 milled up 10 hours. 

Milling time (h) 1 2 5 10 

Mean of % Elongation 567.2 589.7 594.8 625.4 

standard deviation 29.0 22.1 14.1 43.0 

 

     The UHMWPE and UHMWPE/Al2O3 samples exhibited reasonable and comparable tensile 

strength and elongation values of about 36- 47 MPa and 553- 646 % respectively, when 

compared to those reported in the literature for UHMWPE which is 38- 48 MPa and 350- 525 % 

[ 28]. The results presented in this study suggest that deformation of UHMWPE and reinforcing it 

with Al2O3 particulates result in improvement in the tensile strength and elongation of 

UHMWPE as evident in Figures 105 and 106. In general most of the improvement is found in 

the 1.0 wt. % alumina samples, and/or the longest milled samples.  This has already been 

explained as caused by homogeneous dispersion of defects.  The mechanical properties of the 

longest (10h) milled samples are the most consistent/stable. 
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Figure 105: Averages of tensile strength of compression molded sheets WHMWPE/wt. % Al2O3 

with different milling time as a function of wt. % Al2O3 contents. 

 

Figure 106: Averages of elongation of compression molded sheets WHMWPE/wt. % Al2O3 with 

different milling time as a function of wt. % Al2O3 contents. 

It is evident from Figures 107 and 108 that the tensile strength and elongation have very complex 
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weight reduction, which should lower the mechanical properties. The nature of the dispersion of 

the reinforcement in the UHMWPE adds to this complexity. It is however clear that all the 

milled and reinforced sheets have better properties than the compression molding as received 

UHMWPE and also what has been reported for UHMWPE in the literature [ 28].   

 

Figure 107: Averages of tensile strength of compression molded sheets for different composition 

WHMWPE/wt. % Al2O3 as a function of milling time. 

 

Figure 108: Averages of elongation of compression molded sheets for different composition 

WHMWPE/wt. % Al2O3 as a function of milling time. 
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Chapter 6 

6. Summary 

     Mechanical alloying (MA), a high-energy ball milling technique, was used to produce 

composite powders of ultra-high molecular weight polyethylene (UHMWPE) and alumina in the 

solid state.  Three alumina compositions were studied (0.0, 1.0 and 2.5wt. % alumina), and 

milling was done for up to 10 hours. The resulting MA powder composites were compression-

molded to create 1-mm sheets. Both powders and molded sheets were characterized using x-ray 

diffraction and differential calorimetry.  Tensile tests were performed on the sheets.  

X-ray results provided information on the phases present in the polymer. UHMWPE is a 

semicrystalline polymer with orthorhombic structure.  MA led to a partial phase transformation 

from the amorphous and orthorhombic structure to a metastable monoclinic structure, mostly at 

the expense of the amorphous structure in all milled powders.  The volume fraction of the 

monoclinic phase and also the total crystallinity (monoclinic plus orthorhombic) increased with 

milling time – up to 85% in one instance as compared to 55% in the as-received UHMWPE.  The 

orthorhombic structure disappears after compression molding.  However the volume fraction of 

monoclinic phase in compression molded sheets remained higher (up 67%) than found in milled 

UHMWPE powders, and most of the time higher than the volume fraction of the as received 

powders. Alumina composition did not have a clear trend on crystallinity. 

The results of the DSC analysis showed a decrease in the melting temperature as function of 

milling time, while the activation energy of melting increased as milling time and alumina 

composition increased.  The microstructure of compression molded sheets changes from 

equiaxed structure for shorter milled powders to fibrous structure for longer milled powders.  

Generally, the crystallinity of the molded sheets increased with milling time, and this caused the 

yield strength and elastic modulus to increase with milling time for a given alumina composition.  

However, the tensile strength and ductility remained about the same. 
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Chapter 7 

7. Future work 

     For a better understanding of the changes in the powder blends caused by mechanical alloying 

and the relationship between microstructure and mechanical properties, more studies need to be 

conducted as listed below: 

 Measure the molecular weight of milled powders and compression molded sheets.  

 Investigate the effects of higher Al2O3 content on the composite microstructure, and its 

physical and mechanical properties. 

 Use AFM and SEM to study distribution and/or dispersion of the three phases and 

alumina particles present in milled powders as well as the compression molded sheets 

and relate them to their physical and mechanical properties, and review and determine the 

contamination that arise from the grinding media (vial and balls) during the MA process. 

 Finally, perform wear resistance test on the compression molded composite sheets to see 

if they would be found beneficial in applications such as artificial joints. 
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