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Abstract	  
UHMWPE has been historically utilized as a bearing contact surface in 
prostheses due to its excellent characteristics in different aspects and its great 
compatibility with the human body. In the other hand the carbon allotropes as 
multiwalled carbon nanotubes MWCNTs or nanodiamonds NDs own promising 
properties that make themselves very useful for specific applications, for example 
in the manufacturing of nano-composites developing or improving certain 
properties. 
  
More and more is the number of TJR surgeries performed around the word and 
the materials development is essential to extend the prostheses lifetime. 
  
At the time to improve these materials through carbon nano-composites the major 
problem lies on the wear debris generated by the action of time and usage of the 
prostheses. This debris promotes bone diseases and consequently a further 
implant damage. 
  
The project chronology begins from the composite manufacturing stages and 
finishes with the material characterization: morphological, mechanical and 
thermal. The aim of the thesis is analyse the different composites and make a 
comparison between them and the source material, in order to detect possible 
improvements or properties enhancement. The manufacturing methods are based 
on previous research and optimal techniques and conditions that were stabilized 
before and also briefed in this project. 
  
To get this it has been used UHMWPE GUR-1020 as source material, widely 
utilized on biomedical applications, reinforced with carbon allotropes MWCNTs 
and NDs. The two different Nano-composites obtained are mixed in 0,1 an 2 wt% 
of reinforcement. A total of 5 materials are compared: pure UHMWPE, 
UHMWPE/MWCNT (0,1 and 2 wt%), UHMWPE/ND (0,1 and 2wt%). 
  
MWCNT were widely studied as polyethylene reinforcement in orthopaedic 
applications, however NDs are practically novel as UHMWPE reinforcement for 
surgical applications. 
  
Finally this study seeks obtain a Rank of conclusions about carbon nano-
composites of UHMWPE that could be helpful for other researching or stabilize a 
base for future ones. 
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Abbreviations	  
• TJA: Total joint arthroplasty. 
• UHMWPE: Ultra high molecular weight polyethylene. 
• SWCNTs: single-walled carbon nanotubes. 
• MWCNTs: multi-walled carbon nanotubes. 
• CNTs: Carbon nanotubes. 
• NDs: Carbon nanodiamonds. 
• UHMWPE/MWCNT: Composite of UHMWPE reinforced with MWCNTs. 
• UHMWPE/ND: Composite of UHMWPE reinforced with NDs. 
• DCM: Direct compression moulding. 
• To: Extrapolated onset temperature taken as oxidation temperature. 
• Tg: Glass transition temperature. 
• Tc: Crystallization temperature. 
• Tm: Melting temperature. 
• Xc: Crystallinity index [%]. 
• T10: Temperature at 10% of oxidation. 
• Tmax: Temperature of max degradation ratio in TGA analysis. 
• TGA: Termogravimetric analysis. 
• DTG: Differential thermal analysis. 
• DCS: Differential scanning calorimetry. 
• SEM: Scanning electron microscopy. 
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1 INTRODUCTION 
The problem of join replacement is rising day by day, thus technology must take 
a part on this to develop and adapt the technic to new potential issues	  [1]. The 
Ultra high molecular weight polyethylene UHMWPE has been used in total joint 
replacements as a bearing contact surface for decades and the promising 
properties of the carbon nano-allotropes are well known. In this project were 
conducted the manufacturing and the characterization of two different composites 
using UHMWPE as a matrix: UHMWPE reinforced with MWCNTs and 
UHMWPE reinforced with NDs. Both nano-composites were mixed in 
proportions of 0,1 and 2 wt% to compare them and study possible enhancement 
respecting to pure UHMWPE. To manufacture the composites was utilized the 
Ball-milling technique. This technique, carried out under optimal parameters, 
Evelina et al. [2], results in a final product with much better characteristics than 
other obtained through other methods such as Melt Mixing or In-situ 
Polymerization, etc.  
 
The characterization processes were focused on different aspects: morphological, 
mechanical and thermal. Another interesting point studied in this work is the 
effects of the sterilization by gamma irradiation on the material and how it affects 
to its thermal and mechanical properties. 
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 The human arthroplasty as a global problem 1.1
Osteoartritis is one of the most prevalent degenerative diseases. That is reflected 
in one 9.6% of men and 18% of women over the world with ages over 60 year 
that have joint degenerative disease. Although ageing is a crucial factor, younger 
patients are being more common due other factors; some of this tendency is 
shown in Fig. 1.  
 
The rate of hip and knee replacements have increased over the last ten years in 
most of the European countries, mainly due to the population ageing, but also due 
to the confidence motivated by the development in this type of surgeries that now 
can reach a high level of efficiency. Joint replacement (hip and knee) is 
considered the most efficient method to stop osteoarthritis and reduce pain, 
restoring to the patient to a normal and functional life [3]. 
 
In a typical joint replacement, the surgical procedure aims to relieve pain and 
give to the joint its natural functionality replacing the joint weight-bearing 
surfaces. 
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Fig. 1. Trends in hip and knee replacements between years 2000 and 2010 
specified by country [3]  
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 Mechanics of the human joint 1.2
The physics of the natural human joints, its structure and its functionality are very 
complex. It is necessary to understand or at least have a general knowledge about 
these aspects in order to start developing joint replacements. 
 
It is possible to consider the natural joint as a tribological system; the synovial 
joint system is considered a perfect tribological system, formed by a load bearing 
with a minimal wear and friction. During these last years, researches in articular 
biomechanics demonstrated how the joint friction coefficient, a dimensionless 
parameter that represents the ratio between the frictional forces on the normal 
force, could be close to zero	  [4].  
 
It is essential for developing materials and designing better replacements to 
understand the body mechanics (static, cinematic and kinetic) on the natural join 
because the replacement should mimic the natural functionality. 
 
There exist numerous models and theories to explain the biomechanics of a 
human joint. In this chapter, these theories are not deeply studied because that is 
not the matter of the project but they are briefed. To do this the hip join is 
selected as model due its general complexity. 
 
This biomechanical system can be explained from different points of view: 
 

  

Fig. 2. Left: Method of free body diagram. Right: momentum method	  
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• Statics: There are two models to explain the statics of the hip join. Free-
body diagram and momentum diagram of Fig. 2. Taking into account the 
gravity force and its reaction against the floor: the force produced by the 
abductors muscles “A” and the reaction force over the head of the femur 
“R”. 

 
• Kinematics: Taking into account a reference system, Fig. 3, the rank of 

movements in a hip joint and its interaction with the body and other joints 
are evaluated. Here, the standard mobility ranks are stabilised by 
consensus. 

 
• Dynamics: The forces generated in a joint are measured by different 

methods doing dynamic and kinetic tests. Internal forces under specific 
loads are studied depending on the normal-life activity. The “human gait” 

is the concept studied in this point as the principal function of the lower 
part of the human body. A large list of movements, displacements, gait 
cycles and forces are generated in this model. An example is the study of 
the “Gait Dynamics” or the “Loads model” [5]. 

 
All of these internal and external forces are supported by the frictional bearing 
contact surfaces on the articulation. The natural human motion, produces tensile 
stresses, compression forces, shear forces, torque, bending moment and 

Fig. 3. Hip joint planes and axes references 
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tribological processes, this last aspect is produced by incidence of friction 
between the contact surfaces involved in a lubricated synovial system. 
 
The efforts combined to repetitive cycles, can generate damage in the joint 
through tribological phenomena, affecting the entire system, the frictional bodies 
or/and the environment surrounding it. 
 
The most common problems are: Injuries, fractures, ligament ruptures and 
diseases. For example osteoarthritis caused by ligament wearing or osteolysis 
caused by wearing debris leading in further bone absorption and bone anomalies 
[6].  
 

 The material UHMWPE 1.3
Since the 50´s, Ultra High Molecular Weight Polyethylene has been produced 
trough the Ziegler process [1]. The Ultra high molecular weigh polyethylene is a 
thermoplastic polymer within the linear-homopolymers. It is formed by very long 
chains with a high degree of alignment and the same type of monomers. 	  
 
 

The bonding strength between chains of UHMWPE is low; the molecules are 
connected through relatively weak Van der Waals bonds. Thanks to this, the 
molecular structure can displace and re-organize itself with the effect of high 
temperatures. When it is cooled down, the molecular chain tends to form local 
ordered regions known as crystalline lamellae. The degree of crystallinity in 
UHMWPE is normally about 35 to 75%. In comparison to other polymers, ultra 
high molecular weight polyethylene has superior properties, which makes it 
unique for medical applications. It has very high wear resistance, high impact 
strength, and resistance to abrasion. Also it owns very high chemical properties 

Fig. 4. UHMWPE monomer structure 
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as resistance to chemical interaction, corrosion, etc. Finally this material is no 
toxic for human physiology and it is biocompatible [7,8]. 

1.3.1 Research on UHMWPE for medical applications 
UHMWPE has been used for orthopaedic applications for more than 50 years. 
The first type of UHMWPE, 1900H, was produced by Basell Polyolefins (USA); 
this one is nowadays discontinued. There are standards that regulate the 
requirements for using this material on medical applications. One example of 
these standards is ASTM F648, which classifies the UHMWPE in different types 
(1,2,3) depending on its molecular weight. Currently, the most standing resigns 
are GUR-1020 and GUR-1050 supplied by Tycona GmbH now Celanense 
(Germany). The characteristics of these resigns are similar having the 1050 
higher molecular weight. Some of these properties are explained in more detail in 
Part I: point 3.1.1. 
 
There are some properties that make this polymer suitable for articulation contact 
bearing surfaces. One of them is the high biocompatibility, demonstrated through 
many experiments along the history [9].	   UHMWPE also has a good wear 
resistance and low coefficient of friction but despite of this, always exist a 
problem of wearing at the contact surfaces. This wear mechanism generates 
debris that affects the prostheses contact and the bone structure, leading in bone 
adsorption, osteolysis, which further promotes aseptic loosening. 
	  
To avoid the debris generation and improving the wear resistance of the 
UHMWPE there are different methods such as crosslinking	   [10,11],	   thereby 
decreasing oxidation resistance; UHMWPE reinforced with biomolecules [12] or 
reinforcing it with carbon nano-allotropes, nano-composites, [13]. 
 

1.3.2 Crosslinking and Gamma-sterilization 
As it was appointed before, one o the most popular techniques to improve the 
wear resistance of the UHMWPE is the process of high-crosslinking [14]. To get 
a higher degree of crosslinking in a matrix is achieved irradiating the polymer 
and there are also several methods for it. For high-crosslinking is normally 
induced high-energy irradiation as electron-beam irradiation, lower energy 
irradiations as gamma irradiation do not have big impact on molecular 
crosslinking but is confirmed that it produces a certain degree of it. 
 
The levels of irradiation used to achieve high-crosslinking are high (100 to 140 
kGy by electron bean or other)	  comparing with the sterilization process	  (25 to 40 
kGy by γ − irrad steril, gas plasma or other).	  	  
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Normally, once the prosthesis parts are manufactured they are sterilized, to do 
that the most used method is the sterilization by Gamma-radiation. This process 
may cause negative effects and degradation of the material if it is not carried out 
under optimal conditions. Gamma-radiation introduces free radicals into the 
polyolefins [14,15], those radicals can generate crosslinking and chain scission 
on the polymer matrix. Depending upon the irradiation environment both 
processes can occur: The first one is typical in a Nitrogen environment and the 
second one takes place when the irradiation is performed in air atmosphere but 
both occur in some degree. 
 
The interest is to get a crosslinking degree to increase the wear resistance without 
the effect of chain scission, it is tried to avoid air atmospheres where the amount 
of oxygen is greater and it plays a crucial roll due to it owns a very high 
reactivity with the free radicals produced during gamma-radiation. The oxidative 
processes are produce by the free radicals and the polymer capacity to uptake 
oxygen, oxidation makes the polymer stiffer and more brittle loosing at the same 
time mechanical properties 
 
Despite of make irradiation on inert gas, the number or free radicals can further 
increase and the reaction remains over the time producing a continuously chain 
scission, it leads in a lower molecular weight and higher crystalline polymer. As 
a summary, the polymer reduces its long-term performance because its lower 
wear and fatigue resistance.  
 
To reduce the impact of degenerative oxidation on Crosslinking there are 
different methods such a thermal stabilization, annealing and remelting [16] or 
new tendencies like adding alpha-tocopherol (vitamin E) as antioxidant agent 
[17,18].  
 
Studies have found that Gamma irradiation produces, thanks to crosslinking 
effect an increasing in the melting temperature To, crystallinity index Xc, 
temperature of maximum decomposition rate Tmax, increment on thermal 
stability and Young´s Nowadays the difference found between crosslinked and 
non-crosslinked acetabular cups for hip replacements are not significant, as 
recent studies have shown, there is a	  need to make more in vivo experiments to 
achieve more accuracy results. In this report is performed a study about the 
effects of sterilization by gamma-irradiation on thermal and mechanical 
properties of the concerning materials. 
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 Carbon Nano-structures 1.4
Carbon is considered a unique element because of its capacity to form long 
chains which central core is constituted only by carbon atoms therefore giving 
rise to molecules able to create new materials	  [19]. 
 
Carbon is the first element in the group 14. It is non-metallic and tetravalent, 
having four valence electrons available to form covalent bonds. Elemental carbon 
exist in three bonding states, sp, 𝑠𝑝!    𝑠𝑝! hybridizations, and the corresponding 
three carbon allotropes with an integer degree of carbon bonds hybridization are: 
Diamond, graphite and carbine. All other carbon forms constitutes called 
transitional form divided in two super groups, mixed short-range (carbon black) 
and intermediate carbon forms (fullerenes, CNT, etc.). In general different 
approaches could be used to classify carbon nano-structures. The appropriate 
method of classifications depends on the field of application, it is logical to base 
this classification on existing carbon allotropes but there is not consensus on how 
many of them exist in the reality. From time to time appear new publications 
claiming for new crystalline or allotropic forms [20].  For this study has been 
taken in account two allotropes that are interesting due their promising 
performance as composite reinforcement for medical applications: Carbon 
nanotubes, CNTs and nanodiamonds, NDs. 
 

1.4.1 CNTs 
This trendy Carbon allotrope has an uncertain origin, normally is attributed to 
Sumio Lijima, NEC 1991, but there are previous studies and images that present 
hollow carbon fibbers at nanoscale diameter, Morinobu Endo 1970´s. The first 
Smalley and others carried out sintered CNTs at Rice University. 
 
Carbon nanotubes have a long aspect ratio, length up to 50µμm and diameters 
about 5 to 15nm. Hollow structure formed by one atom thick walls (graphene 
sheets). These sheets are rolled in different configurations depending on the 
rolling vector (zig-zag, armchair, chiral) as can be seen on Fig. 5. 
 
There are different methods to sintering CNTs. Just mention the most important 
depending on the operating temperature: Arc discharge	  [22], chemical vapour 
deposition	  [23]. 
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CNTs can be classified by its structure: single wallet CNTs, SWCNTs and Multi-
walled CNTs, MWCNT; in function of the number of graphene sheets that 
conform the tube, Fig. 6. Multi-walled carbon is a type of CNTs, which is formed 
by concentric tubes one atom 
layered of graphite.  They are an 
excellent novel material for nano-
filler of various polymer matrices 
because of their specific strength, 
stiffness, thermal conductivity, 
electrical capacity, and thermal 
stability	  [7].	  
 
One important aspect mentioned 
before is the functionalization of 
CNTs. The main reason of 
functionalization is to increase the 
capacity to iterate with other 
structure, for example a polymeric 
matrix in this case.  The two main 
types of functionalization are 
covalent through acid medium and 
non-covalent functionalization. In 
the fist one, surface modification is carried out by formation of carboxyl or other 
groups; in the second one, molecules are attached to the CNT surface without 
creating any chemical bond, just Van der Walls forces take place in this 
iterations, in this way the original properties of the carbon nanotube is preserved. 
 

Fig. 6. Single walled and multi walled 
CNTs [21] 

Fig. 5. CNTs rolling configuration, [21] 
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1.4.2 NDs 
Nanodiamonds were produced for the first time in USSR in the 60s. They have 
many interest in the present: fluorescent nanodiamonds for medical imaging, 
magnetic sensors, using for composites, etc	   [24].	  The most used techniques to 
sinter them are detonation technique, laser ablation, high-energy ball milling and 
plasma assisted among others.  
 
The structure of NDs is variable and it is possible to find a large rank of types of 
these carbon allotropes, actually there is not a consensus about this	   [25]. They 
consist basically in a diamond core with a graphitic shell and round shape, Fig. 7. 
The sizes vary from 1nm, as a 0D isolated particles; particles on a surface, 2D; 
3D assemblies of diamonds and clusters of 10nm or more. Other important and 
widely utilised in science applications are the ultra dispersed diamonds produced 
in bulk quantities by detonation	  [26]. 
 

 
 
 

  

Fig. 7. Bare nanodiamonds (bucky-diamonds) composed of a di- 
amond and graphitic-like surfaces, [25] 
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1.4.3 Biocompatibility 
Carbon nano-particles are relatively a new discovery; there are many studies 
about them but not enough to make a conclusion about their health iteration. 
Has been researched that CNTs can be potentially dangerous for health. The main 
danger comes from the total surface area to which the target organ is exposed, the 
surface chemical reactivity, the small physical dimensions that can penetrate in 
the organ and the solubility. The particles can disperse before the toxic reaction 
starts	  [27]. 
 
About NDs is known that they are inert [2]. Surface modification plays an 
important roll on this, because depending on the surface functionalization the 
iteration with other systems can vary.  
 
To make a depth study of biocompatibility is complex and expensive. Companies 
tends sometimes to think in the possible incomes due such a so extraordinary 
properties, but it is important to develop suitable and practical methods of 
manufacture nanoparticles taking in account environmental and workers health 
factors. 

 

 Brief theory of Nano-composites 1.5
A composite material is a non-natural material composed by, at least, two 
different phases with different chemical properties separated by an inner-counter 
face. Normally these materials are integrated by a main phase, matrix, which 
contains another dispersed phase.  
 
In this work, UHMWPE is reinforced with MWCNTs or NDs, which have 
dimensions about 5 to 10 nm, so we are talking about a polymer-based 
(UHMWPE) nanocomposite, due one of the phases has less that 100nm.	  
 
The properties of polymer-based composite directly depend on the acquired 
structure and on the level of interaction between matrix and filler. Superior 
mechanical properties in a polymer-based composite require achieving high load 
transfer capability from the matrix to the filler	  [28].	  
 
CNTs have been considered as a perfect reinforcement for polymer composites 
due their excellent properties, [29,30] but far from this fact, many of the times 
these properties can be not transferred to the matrix and the final behaviour of the 
composite is worst than the base material. This problem is caused by two main 
factors: 
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• The difficult of dispersion of CNT into the matrix. 
• The low bonding interface strength between the CNT and the matrix. 

 
To achieve a good dispersion and bonding iteration between the  
nano-reinforcement and the matrix has been used numerous techniques like 
surface functionalization as mentioned before or CNT growing,	  [31].	  
 
Therefore is difficult to manufacture nanocomposites with a good iteration 
matrix-reinforcement. In this project was used a relatively new and promising 
technique to mix the UHMWPE powder with the respecting nano-reinforcements 
NDs or MWCNTs: ball-milling. This technique has been utilised before with 
very good results	  [2,7,18,32]. The specifications of this technique are exposed in 
Part I: point 0. 
 

1.5.1 Structure 

 
 
Composite materials are classified depending on the type of reinforcement, it is 
possible to find: particle reinforcement, fibre reinforcement and structural 
composites, Fig. 8.  The composites studied in this work concern the first two: 

Fig. 8. Types of nano-reinforcement: Particles, fibers and layered 
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UHMWPE/ND as a particle reinforcement nano-composite and 
UHMWPE/MWCNT as a fibre reinforcement nano-composite. It is important to 
mention that the last one can be treated as particle reinforcement depending on 
whether the MWCNTs are continuous (long length) and aligned on the matrix. It 
is known that aligned fibre is traduced as better behaviour in a specific working 
direction, isotropic behaviour,	  [33]. 
 

1.5.2 Properties 
In major of the composites, the matrix transfers part of the efforts to the 
reinforcement. The grade of reinforcement and improvement on mechanical 
behaviour depends on the interface cohesion between the two phases. 
 
In the case of the particle-reinforced composites, the matrix support the major 
part of the load and the dispersed particle hinder the dislocation displacements. 
Therefore the plastic deformation is restrained and the elastic modulus increases 
as well as the hardness and the tensile strength,	  [33]. 
 
It is possible to summary some advantages and issues of polymer-based carbon 
nano-composites: 
 

• The extremely high mechanical properties of CNTs and NDs give a big 
potential for use this particle as a reinforcement for polymer, is because of 
this field is so trend. 
 

• Unfortunately, these properties are not fully transferred in terms of 
mechanical performance. This is due the problem of manufacturing and 
dispersion on the matrix. 
 

• There are some techniques to improve the mechanical performance as 
surface functionalization, but it is still long time to find efficient methods 
to take full advantage of these materials. 
 

• It is unclear the effects on the health of this carbon structures.  
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2 SCOPE AND OBJECTIVES 
Total joint arthroplasty (TJA) is one of the most frequent surgical successes in 20 
century. The evolution of these operations has been huge since its beginning, 
methods and materials have been developed and they have achieved great results. 
It has been demonstrated that UHMWPE has high quality properties to be used in 
this type of surgery. However, the problem of wear debris still remains 
unresolved and it is one of the critical points in joint replacements. Therefore it is 
important to continue researching new materials that allow the UHMWPE have 
an even more effective and long time life. 
  
The proposal of this present thesis is to manufacture and characterize different 
carbon nanocomposites formed by UHMWPE reinforced with MWCNTs or ND 
in different mass fractions in order to obtain possible improvements in materials 
for orthopaedic applications. To prepare the composite Ball milling technique is 
used in optimal operating conditions. The following characterizations are carried 
out in this study. 
 

• Morphological characterization by SEM. 
• Mechanical characterization by tensile test and micro-hardness. 
• Thermal characterization by TJA and DSC 

 
Trough the techniques listed above are obtained mechanical, thermal and 
morphological properties that describe the studied materials and give and idea 
about the feasibility of addition of carbon allotropes as reinforcement of 
UHMWPE bearing contact surfaces in joint replacements 
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3 MATERIALS AND METHODS 
In this chapter it is going to be described the used materials and methods to 
manufacture the carbon nanocomposites studied in this project. As it was 
mentioned in the introduction and previous points, UHMWPE is utilized as 
polymeric matrix due to its proved properties in joint bearing surfaces and Ball 
milling as mixing technique to manufacture the composites is utilized to its great 
results obtained in previous works under optimal operating conditions. 
 

 Materials 3.1
Five types of material are object of study:  
 

• Pure UHMWPE 
• Two composites: 0,1 and 2wt%. UHMWPE as polymeric matrix and 

MWCNT as reinforcement. 
• Two composites: 0,1 and 2wt%. UHMWPE as polymeric matrix and NDs 

as reinforcement. 
• Apart of this five materials, for some characterizations, all of them have 

been summited to a process of sterilization by gamma irradiation to 
compare them with non-irradiated as it will be explained in future points of 
the text work. These ones are mentioned as “irradiated” 

 
 

 
 
  

Material Label 
Pure UHMWPE UHMWPE 

Nanocomposite UHMWPE/MWCNT 0,1wt% MWCNT 0,1% 

Nanocomposite UHMWPE/MWCNT 2wt% MWCNT 2% 

Nanocomposite UHMWPE/ND 0,1wt% ND 0,1 % 

Nanocomposite UHMWPE/ND 2wt% ND 2 % 

Table 1. Material labels	   
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3.1.1 UHMWPE 
The UHMWPE used in this work is GUR-1020 powder medical grade 
polyethylene type 1[9]	  supplied by Ticona GmbH (Germany), Fig. 9. GUR-1020 
has an extensive presence on joint replacement [1]. There is a range of 
characteristics, either morphological or physical, that an ultra high molecular 
weigh polyethylene must achieve to be used on surgical implants, ATSM F648 
proposes these specifications and GUR-1020 meets these requirements. Some 
properties of GUR-1020 are listed on the following table. 
 

Melting point [Cº] 130 [34] 

Density, powder [ !
!"!] 0,93 [34] 

Average molecular weight, powder. [ !
!"#

] 3.5×10!  [9] 

Average particle size, powder [µμm] 140 [9] 

Average Tensile strength, moulded. [Mpa] 51, min 35 [1,9] 

Average Young´s modulus, moulded. 
[Mpa] 500-800 [9] 

Average Yield strength, moulded. [Mpa] 21-28 [9] 

Average Ultimate strain, moulded. [%] 350-500, min 300	  [1,9] 

 
 
 

	  
	  
	  
	  
	  
	  
	  
	  

	  
 

Table 2. GUR 1020 UHMWPE powder resin properties 

Fig. 9. UHMWPE GUR-1020 as received SEM images	  
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3.1.2 MWCNTs 
 
As reinforcement is used short thin multi-wall carbon nanotubes 
𝑁𝑎𝑛𝑜𝑐𝑦𝑙!" (Belgium) NC3101, produced via the catalytic carbon vapor 
deposition (CCVD) process. 
 

Carbon purity [%] >95 

Acid functionalized MWCNT COOH 

Average particle diameter [nm] 9,5 

Average length [µμm] 1,5 

Tensile strength [Mpa] 10000-60000 

Tensile Modulus: [Gpa] 1000 
 
 
 

 
Source: [35]	  
	  

 
  

Table 3.	  MWCNTs  properties 

Fig. 10. Nanocyl NC-3101. TEM image [35]	  
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3.1.3 NDs 
Carbon Nanodiamonds supplied by the International Technology Center, ITC 
Raleigh North Carolina. Cubic Phase diamonds Acid functionalized. 
 
 

Carbon purity [%] >98 

Acid functionalized ND COOH 

Average particle diameter [nm] 4.0 

Phase Cubic Diamonds 

Bulk powder density [ !
!"!] 0,3-0,7 

 
 
 
 

 
Source: [36] 
 
 
 

 
 
 

Table 4.	  NDs properties  

Fig. 11. ITC Acid functionalized NDs. TEM image [36] 
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 Manufacturing 3.2
 
 

 
 
Mixing material 
 
The first step is to prepare the material before introduce it into the milling jar. 
The necessary amount of the concerning carbon allotrope is measured with high 
accuracy in a balance and then mixed with 30ml of pure ethanol to further help 
the dispersion and break the maximum clusters that is possible. 
 
Ultrasonic dispersion 
 
The mixture of the ethanol and the carbon allotrope is ultrasonicated for 10 
minutes in order to facility and disperse the particles as much is possible before 
mix they with the UHMWPE powder. After that the resulting liquid is put 
together the UHMWPE inside the milling jar. 
 
  

Fig. 12. Composites manufacturing process 
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3.2.1 Ball milling  
In this thesis all the material have 
been manufactured through the same 
method: Planetary ball-milling. This 
technique has been studied by many 
researchers [37,38,39]	   and it was 
found that it is very efficient, fast and 
easy to carry out, at the same that it 
does not entails high costs.  
 
As is represented in Fig. 13, the 
machine is composed by main 
wheel, in which is placed the bottle 
or jar with small hard balls and the 
components to mix inside. The 
wheel is actuated by a axe located in 
its centre and connected to an 
engine. The effect of this eccentric 
location of the jar planetary 
construction produces centrifugal 
forces that lead in collisions between 
the small balls and thus the mixing 
of the components Fig. 14. 
 
 

 
 

 

Fig. 13. Ball milling jar in an upper view 
during rotational movement. Base or main 
wheel and balls inside. Centrifugal forces 
make the material mixing between the 
balls impact. 

Fig. 14. Components: carbon nanoparticles+ethanol+UHMWPE	  
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The used equipment was a Planetary ball- mill Retsch PM-100. 
 
 

The milling jar has a volume of 
500ml and its interior is made of 
𝑍𝑟𝑂!, the balls have a diameter 
of 5mm and they are 
manufactured with the same 
material.	  
 
Ball-Mixing technique under 
optimum operating parameters is 
crucial to achieve proper particle 
dispersion into the bulk material 
and directly affect the bulk 
properties of the final composite. 
  
 
 

 
 
Optimal ball-milling conditions: 
 

• Ball mixing technique: wet mixing, ethanol as a dispersant. As a result of 
the experiments as been found that wet mixing is more efficient in 
nanoparticle dispersion into bulk UHMWPE [2].	  

• Jar proportions: 1/3 material charge, 1/3 balls charge, 1/3 free space to 
allow movement. According with Retch specifications for this kind of 
work	  [40].	  

• Mixing velocity: 400rpm 
• Mixing time: 2 hours. 
• Mixing time and velocity are critical to achieve an efficient dispersion of 

the nanoparticles into UHMWPE.  Previous experiments confirm that 
400rpm mixing velocity do not damage plastically the UHMWPE, lower 
velocities do not disperse the particles property and higher velocities cause 
damages on nanoparticles and plastic deformation on UHMWPE 
molecules [41,42].	  

 
Also experiments show that high rotational speeds (close to 400rpm) avoid 
cluster formations and improve the dispersion of MWCNT on the bulk 
UHMWPE. Mixing times up to 4 and 8 hours at 400rpm lead powder deformed 

Fig. 15. Planetary ball equipements. The jar 
and the base Planetary disk inside 
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and polymer fibrils reputing. Mixing times of 2h gives a better dispersion of 
MWCNT and also reduction of cluster size without material damage [42]. 
 
 
Oven drying. Powder composite 
 
The last step before obtaining the nanocomposite powder is to dry the mixture 
removed from the ball-milling in an oven for one day in order to remove the 
excess of ethanol. 
 

3.2.2 Sintering by compression moulding. Consolidate 
composite 

 
UHMWPE does not flow as low weight polyethylene; so, methods commonly 
used for thermoplastics as injection moulding are not practical for this material. 
Historically, moulded method has been used for UHMWPE surgical applications. 
One of the most popular methods is Direct Compression Moulding DCM, which 
produces finished or semi-finished products using individual moulds. The 
principal mechanism of powder consolidation is self-diffusion. Molecular chains 
intermingle at a molecular level. Since self-diffusion is a limited process, is 
required enough time at a suitable pressure and temperature to allow the 

Fig. 16. Flash type mould for UHMWPE nano-composites 

 



Part I: Bases of the study Materials and methods 
 

 31 

migration of chains through grain boundaries and forming a proper consolidation,	  
[43]. The operating conditions of a moulding process can deeply affect the final 
product properties; these must reach a rank of specifications also mentioned in 
ASTM F-648 as well as the powder form, [9]. 
 
In this work, a Direct Compression Moulding has been executed in order to get 
consolidate specimens to make those characterizations that a sintered specimen 
was needed: Tensile test, DSC and micro-hardness. As guidance, the standards 
ASTM D-4703 and D-1920 were followed for compression moulding of [44,45]. 
 
The used machine was a Fortune hot-press with automatic controlled platforms 
temperature, times and pressures. A flash picture-frame mould was used in Fig. 
17. Once the mixed UHMWPE nano-composite powder was dried in an oven at 
60ºC for 24h, it was deposited between a base plate and a steel frame (picture 
plate frame) and then pressed with the help of a sample shaped stamp.  
 
 

 
 
 

 
 
Between the moulded material and the steel plates a 0,05mm CuZn film as a 
parting agent was placed. The material was preheated to erase previous thermal 
history and the maximum moulding pressure was applied following a specific 
cycle Fig. 17. Finally the material within the mould was cooled-down, by 
“procedure C” [45] using water passing-thought the machine platens. The sample 
was finally extracted from the mould and the thin sheets took away.  

Specimens holes/Frame  3 
Specimen dimensions [mm] 115x17x2 
Preheat time [min] 10	  [45] 
Moulding Temperature T1 [ºC] 190  
Moulding Pressure P1 [Mpa] 18 Note. 1 
Moulding Load [kN] 105  
Number of pressure cycles 5 [44] 
Cycle time [s] 90 
Sintering time [min] 30  

Cooling rate [ º!
!"#

] 30.Procedure  "C  " [45] 

Table 5. Sintering parameters. Compression moulding. 
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The followed cycle allows, in the heating phase, the material flows to stabilize 
itself reaching its melting point and thus losing prior thermal history. In a second 
phase, a number of pressure and relaxing cycles were applied in order to allow 
those possible air bubbles go outside the material and thereby improving 
compaction. In a second to last stage, the material was left for a while to get 
homogenisation; in this step, its molecules can freely move without accumulation 
of stresses. Finally a medium velocity cooling ratio allows the crystallization and 
the solid material is obtained in the end. 
 
In	   Table 5, the sintering parameters to reach high quality specifications are 
exposed.  
 

	  

Fig. 17. Compression moulding optimized cycle followed on the hot press machine. 
First preheating, second compaction, third sintering and finally cooling  
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Fig. 18.	  Left: Base plate, picture frame and upper plates of the mould; Right : 
Composite preparation into the mould.	  

Fig. 19. Composite samples after moulding with the CuZn film still attached 

Note. 1.	  The moulding pressure affects the characteristics of the final product 
[7]it is proved that pressures about 15Mpa lead in good results for this kind of 
materials and applications 
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 Procedure for sterilization by gamma irradiation 3.3
An important part of this project is to study the effect of sterilization on 
UHMWPE implant components. On of the most common methods to sterilize 
medical grade materials is gamma irradiation. Previously in the point 1.3.2 some 
concepts about this procedure were presented and in this chapter, the process 
overcame to irradiate all the materials object of study in this project is exposed in 
more detail. 
 
Bottled in a sterile environment with argon. 
 
In a polyethylene jar Fig. 20, were introduced all the samples. The air was slowly 
removed form the jar through the introduction of Argon that has more density 
than air and pushes this one upwards. Once this step was done, the jar was sealed 
and packed for shipment. The importance of bottle the samples in an inert 
ambient without oxygen remains by the negative processes that can occur with 
the presence of oxygen due to the oxidative reactions produced by the excess 
growing of free radicals and further chain scission [10,47,48] 

 
𝜸- Irradiation details 
 

• Installation: Cobalt-60 facility. 
• Dose expected kGy: 30kGy. 
• Packaging: Dental implant packaging; new vial. Argon atmosphere. 
• Irradiation cycles: 2 cycles, one to achieve 28.7 kGy during 30,000 

effective seconds and a second cycle to achieve 30kGy during 2400 
effective seconds. 

• Effective absorbed Dose (Dissymmetry results, uncertainty of 3,4%): 
31,2kGy±3,4% 

Fig. 20. Packaging process. Put in the samples in an inert ambient by the 
addition of Argon gas. 
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Regulations: The irradiation has been done based on the following 
standards. 
 

• ISO 11137, Sterilization of health care products. Radiation. 
• EN-ISO-13485. Productos Sanitarios. Sistemas y gestion de Calidad. 

Requisitos para fines reglamentarios. 
• ASTM E2303. Standard guide for absorbed-dose mapping in Radiation 

processing facilities. 
• ISO/ASTM 51702. Standard Practice for dissymmetry in gamma 

irradiation facilities for radiation processing. 
• ISO/ASTM 51276. Standard practice for use a polymethylmethacrylate 

dissymmetry system. 
• Aragogamma S.L. Quality Management Systems.( Code PR-PR-04) 
• Aragogamma´s S.L. General Calibration Procedure (Code: DT-PR-10) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Note. 2. In the annexes is attached the operating certificate provided by the 
company, Aragogama S.L. 
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1 INTRODUCTION 
Before a new UHMWPE orthopaedic application is launched to the market, it 
must overcome a series characterization test to be approved. 
 
The EE.UU organization, food and drugs administration (FDA) has set a glossary 
of tests that the individuals have to apply to a new UHMWPE previous 
implantation on humans [2]. 
 
Also FDA based on ASTM standards has set a list of common characterization 
techniques used in UHMWPE powder, consolidate and post-irradiated stock. In 
this work, some of the most important characterizations were performed taking in 
account these recommendations. 
 
2 MORPHOLOGICAL CHARACTERIZATION 
 
There are many parameters that can influence the final properties of a consolidate 
form of an UHMWPE component, for example the mixing parameters at the time 
to prepare the nanocomposites, or the moulding conditions among others. These 
conditions can deeply affect the bulk material morphology. 
 
To give some highlights about nanocomposites morphology a scanning electron 
microscopy (SEM) was used. The importance of the micro-scale morphology is 
huge, critical data can be obtained from it. An example of the interesting 
information is the dispersion of the nano-particles through the polymeric matrix; 
another one is the examination of the crystalline or amorphous regions that which 
can give an idea about the material structure and mechanical properties. SEM is a 
useful technique to overtake these things. 
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 Scanning electron microscopy SEM 2.1
The scanning electron microscopy SEM is a device that allows seeing images 
through the action of a electron beam acting on the sample. The major part of 
SEMs require that the sample to be electric conductor, the samples are normally 
covered by a thin layer of metal and the electron bean iterates with it and is 
capture by a series of electromagnet lens that conform the image. This equipment 
is useful to give information about surface morphology or elemental composition 
of the sample. 
 
Materials and methods 
 
The used equipment shown in Fig. 1 left, was a JEOL JSM-6460LV electron 
microscopy with tungsten filament with an accelerating voltage from 0,3 to 30kV 
and magnifications from 5x to 100000x. 
 
 

In this characterization non-irradiated material was tested, pure UHMWPE, 
UHMWPE/MWCNT and UHMWPE/ND both in 0,1 and 2wt%, were examined, 
see Table 1. All of them in powder form obtained after ball-milling and oven 
drying. To prepare the sample for SEM inspection, the samples were covered 
with a 10nm gold layer Fig. 1. The accelerating voltage in all the tests was 10kV. 
 
  

Fig. 1. Left: JEOL JSM-6460LV electron microscopy; Right: Samples covered 
with a thin gold layer. 
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Material Label 
Pure UHMWPE UHMWPE 

Nanocomposite UHMWPE/MWCNT 0,1wt% MWCNT 0,1% 

Nanocomposite UHMWPE/MWCNT 2wt% MWCNT 2% 

Nanocomposite UHMWPE/ND 0,1wt% ND 0,1 % 

Nanocomposite UHMWPE/ND 2wt% ND 2 % 

Table 1. Materials label 

Fig. 2. Up left; UHMWPE 100x; Up right: HUMWPE/ND 100x; Down left: 
UHMWPE/ND 2wt% 500x; Down right: UHMWPE/MWCNT 2wt%, 500x. 
Geometrization and delamination effects 
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Result and discussion 
 
In general terms and to summarize, it is possible conclude that the ball milling 
process has a visible effect on UHMWPE granular and molecular morphology, in 
all cases, grains geometrization is observed possibly due to the heat and energy 
action, resulting in an elastic deformation with flatter areas and delamination as 
can be seen in Fig. 2. At a molecular level, in turn it shows that the matrix 
acquires a more consolidated form so that the polymer characteristics, fibers and 
the tiny spheres, conform a homogeneous and compact bulk mass, Fig. 2 and Fig. 
3; this may be due to, once again, influence of the heat but also may be due to the 
effect of the nanoparticles, which form a compaction together with the polymer. 
 
 

In Fig. 2, it is possible to 
appreciate the effects of ball-
milling on the macroscopic 
composite grains: Up it is 
shown the geometrization of 

UHMWPE/ND 
nanocomposite in comparison 
with pure material; down the 
delaminated regions. 
 
About the molecular level, in	  
Fig. 3, the fibers and spheres 
of non-milled UHMWPE are 
clear represented, however it 
is possible to advise the 
homogenization produced on 
the composites after milling 
in Fig. 2 down. 
 

Talking about nano nanoparticles dispersion, with the addition of 
nanoparticles/fibers, some agglomerations in form of small grains or material 
attached are generated. These agglomerations are more drastic and fibrous in the 
case of UHMWPE/MWCNT as is observed in Fig. 4	  left, this may be due to its 
thinner and longer geometry leading in a worse dispersion. It is always observed 
that there exist major amount of agglomerates in the cases of 2wt%. Also it is 
interesting to advice about the welding between the polymer molecules that is 
induced by the thermal action, but it is noteworthy that this homogenization is 
higher for UHMWPE/MWCNT. Therefore, the level of cluster formations and 
heterogeneity in the case of MWCNTs is higher than NDs at a macroscopic level 

Fig. 3 UHMWPE GUR-1020, morphology of 
non- ball-milled grains, it is possible to se the 
molecules morphology with the fibers and 
spheres 
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and it may affect some macroscopic characterizations such as tensile test. In the 
other hand, at a intermolecular level, homogenization and connexion between 
molecules is greater for MWCNTs composites than NDs composites, which is 
observed in the intermolecular welded zones of Fig. 5, producing MWCNTs 
more compact composites. Perhaps the solution is to further improve the ball 
milling conditions or major dispersing MWCNTs before mixing to avoid 
macroscopic cluster formation. 
 
In the images above can be seen the welding between polymer molecules, in the 
case of UHMWPE/MWCNT composites, this effect is even more pronounced, 
which in turns generates a more consolidated polymer. 
 

 
Conclusions 
 
Ball milling although its functionality and good results are previously reported 
and proved, induces a rank of physical changes on the polymer grains due to the 
thermal and energy action: elastic deformation in form of geometrized structures, 
delamination and welding.  
 
Carbon nano-reinforcement clusters and segregated structures are present in a 
macroscopic scale but a mixing of also a good iteration matrix-reinforcement is 
clear thus homogenised structures are visible.  
 
 

Fig. 4. Left: UHMWPE/MWCNT 2wt% 1000x; Right UHMWPE/ND 2wt% 1000x 
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UHMWPE/MWCNT composites tend to for more fibrils due to their geometry 
but it seem that at a molecular level the material is more compact than 
UHMWPE/ND. Composites with 2wt% tend to form much more segregated 
structures and worst dispersion. 
 
 
 

 

Fig. 5. Up left: Pure UHMWPE 10000x; Up right: UHMWPE/ND 2wt% 
5000x; Down: UHMWPE/MWCNT 2wt% 5000x 
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3 MECHANICAL CHARACTERIZATION 
 
Tensile test and microhardness were performed on the materials to characterize 
important mechanical properties. In this case both gamma irradiated and not 
irradiated samples were conducted on. Tensile test is one of the most used 
methods to characterize UHMWPE and the standard, which manages it, is ASTM 
D638. In the other hand, micro indentation testing Hardness Vickers is used in 
this case to give an idea of the mechanical properties at molecular scale what is 
directly related to macro scale processes as, for example, wear behaviour. 
 
 

 Tensile test 3.1
Introduction 
 
The tensile test is a commonly used method to obtain certain mechanical 
properties, important at the time to characterize the materials. The materials that 
concern this project have been tested. Additionally other materials complement 
this test: the same nano-composites subjected to a process of sterilization by 
Gamma-Irradiation. The objective here is to predict if Gamma-sterilization, 
commonly used today when making the packaging of sterile prosthesis, can 
generate remarkable changes in the mechanical properties. 
 
Materials and Methods 
 
Pure UHMWPE GUR-1020 and UHMWPE nano-composites reinforced with 
MWCNT or ND in 0.1 and 2wt% all sintered and moulded as described in Part I 
of this project: point 1.3.2. Furthermore these materials have been subjected to a 
process of 𝛾-irradiation for sterilization. The sterilization procedure is detailed in 
Part I: point 0 
 
The Table 2 represents the material label in each case, the irradiated samples 
have not a specific label, they are just denominated as “irradiated” in each case 
but owning the same label as non-irradiated.	  
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Specimens: 
 
Three specimens of each material were taken for testing and make a standard 
deviation. There are rules governing this type of test concerning polyethylene, 
ASTM 638M or the equivalent standard EN ISO 527-1. Since the objective of 
this study is to compare different materials together to observe possible 
improvements in properties, the standard is not strictly followed; nevertheless it 
has been taken into account certain parameters in the manufacturing and test 
methods. 

 

Material Label 
Pure UHMWPE UHMWPE 

Nanocomposite UHMWPE/MWCNT 0,1wt% MWCNT 0,1% 

Nanocomposite UHMWPE/MWCNT 2wt% MWCNT 2% 

Nanocomposite UHMWPE/ND 0,1wt% ND 0,1 % 

Nanocomposite UHMWPE/ND 2wt% ND 2 % 

Table 2. Material labels 

Fig. 6. Test specimens. Dimensions with the Gage-length 
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Regarding specimens has been 
taken into account the M-I models 
suitable for ASTM reinforced 
composites, in this case the 
dimensions are not exactly the 
same but they approach as 
indicated on the standard, Fig. 6. 
The borders were lightly sanded 
with extra fine grain sandpaper in 
order to homogenise the edges 
before testing. Sandpaper was used 
as adherent contact between the 
clamp and specimen as is 
represented on Fig. 7. The adopted 
dimensions and shape were 
decided according to the 

restrictions in the available mould. The absence of neck in the specimen 
geometry causes problems related to the stress distribution, becoming the area in 
contact with the clamps more sensitive to fails earlier, so it was necessary to 
adjust the pressure in the clamps to minimise over stresses. As noted above, the 
objective of this study is to compare properties, not characterize them according 
to a specific standard. 
 
Tensile test equipment: 
 
A universal testing machine INSTROM 
3366 was used for testing, Fig. 8. A load 
cell of 10kN and compressed air assisted 
clamps, with an individual pressure of 
10psi. 
 
Method: 
 
The tests were conducted in laboratory at 
constant relative humidity and 
temperature (22 ±0.5 °C, 14-20% RH). 
The control was monitored thought 
Bluehill software; the loading method 
was configured as a tensile extension 
absolute ramp with a testing velocity of 6 
mm/min. To obtain an average of the 
sectional area five measurements of the 
thickness and width were performed in 

Fig. 7. Real samples. 

Fig. 8. Tesile test device. INSTROM 
3366 
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each specimen. Excel was used to analyse the raw data and estimate the 
concerning mechanical properties: 
 

• Young´s modulus [Mpa]: Extensometer was not used. To measure this 
parameter, a tendency line was adjusted regarding the region on 0,005 and 
0,0025 mm/mm [3] in the Stress-Strain curve was adjusted. Then, the 
obtained slope of the line is equal to the tangent Young´s modulus. 

 
• Tensile strength. This parameter is defined as yield or at break depending 

on the material behaviour and interest of applications	   [4]. In this study 
these the two points were analysed. 

 
o Yield strength [Mpa]. It was defined as the point where the load, 

after a constant increasing immediately started to decrease. 
 

o Stress at break [Mpa]. The stress value when the specimen totally 
breaks. Note. 3 

 
• Strain at break [%]: It was determined as the value of elongation in % 

when the sample totally breaks. 
 
 
 
Results and discussion 
 
The stress-strain curves of the different materials follow the same tendency as is 
represented in	  Fig. 9, except the case of MWCNT that, due to the formation of 
segregated structures, the specimen fails before than presumably should to. It is 
possible to see the typical ductile behaviour: the maximum stress of the elastic 
region (yield point) gives way to the start of the necking and then, the stress is 
progressively increasing along with the strain until the total fracture. 
 
 
 

Note. 3: In all the cases except those with 2wt% of MWCNT, the maximum 
stress was at break, the exceptional cases where at yield due to the formation 
of segregated structures that produces a premature sample failure. 
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The Young´s modulus has an 
enhancement of 34,6 % after 
Gamma-irradiation. This 
property is measured at the early 
strain start at the elastic region 
therefore, in this zone, the roll of 
the reinforcing particles not very 
important and the matrix governs 
this the material behaviour.  
 
Here it is really important to take 
in account how the gamma-
irradiation produces internal 
morphological and chemical 
changes, this is exposed in the 
Part I: point 1.3.2, in general 
promoted by crosslinking and 
chain scission. The effect of 
crosslinking induced by the 

Fig. 9. Stress-Strain curve. Behaviour of the materials tested. UHMWPE and 
MWCNT/ND composites. 

Fig. 10. Typical stress-strain curve of 
plastics. The tangent modulus in a 
thermostable curve is greater than the 
thermoplastic´s one. 
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gamma-irradiation leads in the linking of molecules producing other 
macromolecules and cross-linked matrix,	  Fig. 13. The result is a stiffer material, 
Fig. 10. In both cases, irradiated and non-irradiated, it can be seen a slight 
increasing of young´s modulus in UHMWPE/MWCNT showing the highest 
value on 2wt%, the opposite occurs on ND reinforcement, which reduces the 
elasticity comparing to pure UHMWPE. Some researches found that when the 
content of MWCNT is greater than 0.5wt%, the young ́s modulus decreases due 
to the formation of segregated structures, [5] ;other found that until 3wt% the 
young´s modulus increases	  [6].  In general it is found that the value of Young´s 
modulus increases in the case of MWCNT but the opposite occurs with ND 
reinforcement. The incorporation of this stiff carbonaceous reinforcement may 
transfer certain rigidity to the matrix. 
 
 

 
Yield strength remains almost constant in different nanocomposites; this fact is 
logic since the UHMWPE matrix basically governs this property, which is the 
same for all of them. Anyway it is possible to appreciate an enhancement in the 
case of MWCNT composites. It can be explained because the yield point is just 
the moment when the plastic deformation occurs and in this point, the 
displacement starts at molecular level, the reinforcement add more difficulty to 
that displacement, and in case of MWCNT, due to their high surface energy and 
high aspect ratio, the iteration with the matrix is higher than NDs.  
 
There is an enhancement of Yield in the irradiated samples, this is related one 
more time with the effects of 𝛾-irrad: crosslinking and chain scission. Due to the 
effect of irradiation, it is promoted an increasing on the lamellar thickness that 
directly affects the yield point; also the chain scission promotes a high cohesion 
between nano-reinforcement and the matrix	   [6]. Although the irradiation was 
carried out in an sterile ambient without presence of oxygen, always there is a 

Fig. 11. Young´s modulus results 
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degree of chain scission promoted by the free radicals formed in gamma 
irradiation and diffusion of oxygen to the [7]. Finally it is also important to 
appoint that Yield strength is deeply affected by the formation of aggregated 
structures that influence the initiation of failure due to the stress concentration 
[8]. 
 
 
About stress at break, the same behaviour for ND and MWCNT take place, 
although this tendency is more pronounced in this last case: there is an 
enhancement in amounts close to 0,1% but the property decreases close to 2wt%. 
Some researchers found that the optimum amount of nano-reinforcement is 

around 0,5wt%	   [5]. The fact of this enhancement can be due to the excellent 
mechanical strength and modulus of the nano-reinforcement. 
 

Fig. 13. Formation of macromolecules after gamma irradiation by 
crosslinking action [10] 

 

Fig. 12. Yield strength results. 
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Also it is seen that the material fails earlier with de increasing of wt%, it can be 
explained by fracture mechanics in thermoplastics. In a tensile deformation, the 
polymer molecules align each other, if there is any cluster inside the polymeric 
matrix, stress concentrations can be generated leading in micro-cracks around the 
cluster through a phenomena called crazing. If the amount of clusters is great the 
risk of failure is greater. 
 
In the other hand, there is an appreciable increment of this parameter in the case 
of irradiated samples. Has been found that gamma irradiation increases the 
crystallinity index, Part II: point 4.1, due to the chain scission, lowering the 
weight of the polyethylene at the same time. The chain scission is presumably 
caused due to reaction of oxygen diffused into the polymer with free-radicals 
(created by the irradiation process)	   [6]. Also significant cross-linking occurred 
shortly after and during gamma-irradiation	   [6,8]. Just remember that the 
technique of crosslinking is achieved by using much higher levels of gamma-
irradiation, electron beam irradiation 100kGy	  [10]. Hence, the crosslinking makes 
more difficult to rich the plastic region and further the rupture.  
 
 
 

Finally the elongation at break remains almost constant in all type of 
reinforcement but it is appreciable a decreasing if increases the amount of 
reinforcement. This is promoted by formation of clusters inside the polymeric 
matrix.	   The addition of nano-reinforcement affects negatively in the fracture 
behaviour due to the ductile restriction in the matrix [6]. The fact of the 
elongation after irradiation increases is not so clear but there are some researchers 
that found that behaviour	  [7]. Other researcher found that this parameter almost 
remain constant in case of low-density polyethylene	  [9]. Also it can be explained 
by a crystallinity change during gamma irradiation: During irradiation, the energy 
impact promotes a degree of cold crystallization in the polymer and this 
molecular alignment can contribute to a further bigger elongation.  

Fig. 14. Stress at break results. 
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Mechanical	  property	   Material	   UHMWPE	   ND	  0,1%	   ND	  2%	   MWCNT	  0,1%	   MWCNT	  2%	  

Young´s	  [Mpa]	  
Non	  irra	   693,6±31,2	   670,2±37,6	   667,9±22,3	   728±13,8	   739,6±23,8	  
Irrad	   925,9±16,7	   958,7±71,5	   897,9±12,7	   933,2±11,6	   990±7,7	  

Yield	  Strenght	  
[Mpa]	  

Non	  irra	   16,5±0,3	   16,1±0,8	   15,9±0,3	   16,7±0,7	   16,8±0,3	  
Irrad	   19±0,4	   19,1±1,5	   19,4±0,6	   18,7±0,5	   18,8±0,1	  

Stress	  at	  break	  
[Mpa]	  

Non	  irra	   20,3±1,8	   21±1,9	   18,7±0,7	   23,2±4,7	   10,46±3,3	  
Irrad	   27,8±2,5	   26,9±1,1	   25,9±2,2	   20,7±1,6	   11,3±2,4	  

Strain	  at	  breal	  
[%]	  

Non	  irra	   541,5±30,7	   497,7±67,4	   421,4±23,5	   446,5±34,6	   148±30,7	  
Irrad	   627,2±17,3	   622,1±26,9	   601,2±17,4	   522,1±34,6	   189,4±76,9	  

Property Mean enhancement in properties after 
irradiation in % 

Young´s modulus 34,6 
Yield strength 16 
Stress at break 28,8 
Strain at break 25,7 

Fig. 15. Strain at break results 

Table 3. Tensile test results: UP: Different nanocomposites irradiated, non-irradiated 
and standard deviation. Down: Properties enhancement regarding pure UHMWPE 
after irradiation in  %. 
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Conclusions 
 
Remark two important conclusions: those affecting the different types of 
materials and those affecting the gamma irradiation.  
 
In a first end, what affects different materials, can be confirmed that the 
MWCNTs have better mechanical properties than the NDs reinforcement, they 
are more rigid than the source material while maintaining the same elastic limit, 
however the ND reduce its stiffness. The yield strength is not significantly 
affected because all the materials have the same polymer matrix (UHMWPE). 
Furthermore, according to the stress at break, the same trend exists MWCNT and 
ND composite around to 0.1wt% where the property is increased. The opposite 
occurs in amounts up to 2wt%, this behaviour is more pronounced in the case 
where the 0.1% MWCNT, standing out with 20.8 MPa. Finally talking about 
maximum elongation, there is a decreasing if the amount of reinforcement 
decreases, this is directly related to the clusters formation promoted by poor 
dispersion as can be appreciate in Fig. 16.  
 
From the point of view of the gamma radiation sterilization, the most important 
conclusion of this study is that sterilization process by Gamma-irradiation, 
𝛾 − 𝑖𝑟𝑎𝑑, contributes to a mechanical properties change, which affects the source 
material.  

 
All mechanical properties have an increase, 
the largest occurs in the young's modulus 
with 34.6% increase. The enhancement of 
the properties is direct related with a degree 
of crosslinking and chain scission promoted 
by the irradiation, so it is important to 
remark that even so low intensities of 
𝛾 − 𝑖𝑟𝑎𝑑  involves a change on molecular 
structure. The fact of crosslinking and chain 
scission changes the crystallinity index of 
the material and the oxidative behaviour 
over time. It is well known that crosslink 
beneficiates the wear resistance but 
increases risk of oxidative degradation. 
 
 
 
 

Fig. 16. Clusters formation due to 
a inadequate dispersion. 
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Suggestions and future work 
 
Sterilization by 𝛾 − 𝑖𝑟𝑎𝑑 (25-45kGy), is commonly carried out in this kind of 
applications, it is important to take in account how it affects the material and 
know how to take advantage of it. 
 
This work has been governed by a reticent problem: the cluster formation. From 
here is remarked that to achieve certain and objective results, the composite 
manufacturing method must be totally conditioned. A method to disperse the 
nano-particles as best into the matrix, to be sure that the tensile properties are not 
going to be governed by tensile concentrations due to segregated structures must 
be overcame. Also try to strictly following a standard method an try to work at 
the time with the same criteria is critical to get good results. 
 
There must be more amount of wt% to give more reliable data about mechanical 
properties of these nano-composites.  
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 Surface microhardness testing 3.2
 
Introduction 
 
Although wear mechanism is very complex and its processes are not totally 
understood concerning human joints mechanisms, it is known that wear is 
influenced by factors as the details of the contact stress, the relative motion, the 
presence of third bodies, the surface roughness or the mechanical and adhesive 
properties of both UHMWPE and the associated counter bearing surface	  [11]. But 
wear also deepens upon events close attached to the micro/nano-structure and 
deformation mechanisms. Wear particle generation process takes place on the 
scale of microns and smaller	   [11], the UHMWPE performance on the scale of 
microns or smaller is critical to understand how UHMWPE wears.  
 
Material and methods 
 

 
 
 
 

To perform this study a Matsuzawa MXY micro-hardness tester was used. This 
device is based on hardness Vickers represented on Fig. 17, governed by this 
equation: 
 
 

𝐻𝑉 =
𝐹𝑥2sin  (136

!

2 )
𝑑!

 
 
 
 
 

Material Label 

Pure UHMWPE UHMWPE 

Nanocomposite UHMWPE/MWCNT 0,1wt% MWCNT 0,1% 

Nanocomposite UHMWPE/MWCNT 2wt% MWCNT 2% 

Nanocomposite UHMWPE/ND 0,1wt% ND 0,1 % 

Nanocomposite UHMWPE/ND 2wt% ND 2 % 

Eq. 1. Hardness Vickers equation 

Table 4. Material labels 
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Where: 
 

• HV [ !"#
!!!]: Hardness Vickers  

• F [Kgf]: applied load 0,01 
• d [𝑚𝑚!]: Average of the two diagonals indentation mark, Fig. 17. 
• Load application time [s]: 20  
• 40x zooming to identify the indentation. 

 
 
This is a software-based device and the hardness, is automatically measured by 
selecting the indentation area through a computing method,	   Fig. 18. Ten 
experiments on each type of nano-composite were performed to get and average 
and a standard deviation. No surface conditioning was applied to the specimens 
before testing; they were tested directly from DCM (direct compression 

moulding). 
 
 
 

 
 
Results and discussion 
 
Initially, results were obtained directly from the automatically measurement 
allowed by the microhardness device, Fig. 18, but the characteristics of this 
materials results in a very low values of HV and the machine does not found 
much difference between them. It is because of that the results where manually 
calculated through the formula using the diagonals d obtained from the 
indentation marks. In Table 5 the test results are exposed, the column called “HV 

Fig. 17. Hardness Vickers diagram 
Fig. 18. Computer device to measure HV 
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machine” represents the value from the automatic measurement previously 
explained, it is possible to appreciate the same tendency as “HV formula” 
anyway.  
 
After this clarification, in Fig. 19 test results are exposed. The bars represent the 
average value and standard deviation of the HV values calculated through 
indentation diagonals d an HV formula. On the left, in dark grey, the values of 
non-irradiated materials and on the right, the values of irradiated materials.  
  
 

 
 
 
 

 
 
Talking about different nanocomposites, the results show an increasing of 
hardness in the composites regarding UHMWPE, it seems that with the addition 
of more amount of reinforcement, HV increases as it can be seen in non-irrad ND 
2%, MWCNT 2% and irrad MWCNT 2%. Something singular ocurrs in irrad ND 
2%, which shows a decreasing respect ND 0,1%, it could be a measurement 
problem or a problem on the sample manufacturing. It seems that MWCNTs 
composites own the major value of HV, values are greater in general for these. 
 
This increment in HV is related to the characteristics of these particles, which 
have superior mechanical properties (The used MWCNTs own a hardness of 
Gpa). Other researchers found the same behaviour adding CNT to a UHMWPE 
matrix although hardness values were slightly higher	   [12].	   The addition of 

Material	   HV	  Formula	   HV	  machine	  
Enhancement	  
regarding	  pure	  
UHMWPE	  [%]	  

UHMWPE	  
Non-‐irrad	   3,47±0,13	   3,3±0,4	   -‐	  
Irra	   4,30±0,14	   	   -‐	  

ND	  0,1%	   Non-‐irrad	   3,57±0,22	   3,6±0,5	   2,7	  
Irra	   4,77±0,18	   	   10,9	  

ND	  2%	  
Non-‐irrad	   3,61±0,18	   4,0±0	   5,9	  
Irra	   4,32±0,15	   	   0,6	  

MWCNT	  0,1%	   Non-‐irrad	   3,61±0,07	   4,0±0	   4,1	  
Irra	   4,39±0,2	   	   2,1	  

MWCNT	  2%	  
Non-‐irrad	   3,81±0,2	   4,0±0	   9,8	  
Irra	   4,84±0,2	   	   12,5	  

Table 5. HV Results 
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MWNCT and ND also increases the crystallinity index of virgin UHMWPE, Part 
II: point 4.1,	  which further increasing of hardness	  [13]. The variation of hardness 
in respect to virgin material is about 3 to 10% on enhancement depending on the 
material, it can be seen in Fig. 20	  for irradiated and non-irradiated. 
 
 
 

 
Another cause for this increasing can be given by the sample preparation process, 
the surface hardness is highly influenced by factors as sintering, sample 
preparation, surface conditioning, etc; at the time to mould the sample, due to the 
material flow and high surface functionalization of the carbon nano-
reinforcement, many of them remain in contact with the mould surfaces 
producing a harder layer on the outer faces of the sample. Taking into account 
that this test is performed on the outer surfaces, the increment of hardness can be 
related with this distribution, what in summary is beneficial to reach a good wear 
behaviour 
 
Another researchers explain this increment after irradiation by the concept of 
plasticity index. In this work has not been performed an elastic recovery 
measurement but, based in other researchers, is interesting to appoint some 
information:  Plasticity index increases along with the hardness [14], also the 
addition of MWCNT implies an increment of crystallinity and therefore the 
hardness; due to the strong interfacial bonding between MWCNT and 

Fig. 19. Hardness Vickers pure UHMWPE and different nanocomposites wt% 
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UHMWPE, the first ones help to the UHMWPE in the elastic recovery what 
suppose a reduction in the plasticity index. Reduction in plasticity index 
minimizes the wear volume due to the reduction in severity of asperity contact	  
[13]. 
 

 
 
 
About irradiated and non-irradiated material, the difference is clearly noticeable. 
The surface hardness increases after gamma irradiation in a mean of 24,9% (irrad 
and non-irrad means comparison) 
 
The effect of gamma irradiation induces a degree of crosslinking on the material 
and therefore the crystallinity, Part II: point 4.1, is increased what can explain, at 
the same time the increasing in hardness.  
 
  

Fig. 20. HV enhancement in % regarding pure UHMWPE. Outer ring: 
irradiated; Inner ring: non-irradiated 
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Conclusions 
 
After gamma irradiation the surface hardness has an important enhancement, this 
is due to the crystallinity index that becomes higher. 
 
The addition of carbon nano-reinforcement leads in a clear increment of hardness 
comparing to source material UHMWPE and it increases with the wt% 
increment. The difference between UHMWPE/MWCNT and UHMWPE/ND is 
not really important but it seems that MWCNT composites own higher results. 
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4 THERMAL CHARACTERIZATION 
The polymers degradation processes have a great importance in this study. All 
the polymers, including UHMWPE, modify their original properties over time. 
These physical or chemical changes can be result of either intrinsic composition a 
structure of the polymer or the ambient conditions that surrounds it.  
 
Chemical composition has a crucial influence on the degradation process, but 
other factors such as the structural configuration or Tm and Tg (melting and glass 
transition temperatures) are also responsible for it. Both, high degree of 
crystallinity and high Tg, make difficult the formation of unstable components 
and degradative processes. 
 
Another important factor that influences polymer degradation is the ambient 
conditions. In one hand, there is some type of changes produced by mechanical 
treatments in presence of oxygen, for example manufacturing processes. In the 
other hand, changes are performed by the chemical iteration between the polymer 
and the atmosphere. 
 
There are several ways of degradation in a specific ambient or atmosphere: 
thermal-decomposition, oxidation, hydrolysis, photo-degradation, etc. In this 
particular case the study is focused in how temperature affects UHMWPE in an 
oxidative context (thermal oxidation). Polymer oxidative processes follows a 
mechanism controlled by free radicals iteration. In this mechanism the initiation 
is the first step and free radicals appear promoted by thermal energy. These 
radicals experiment oxidation along the propagation step, forming other chemical 
forms. Finally, in the ending step, these forms react between each other 
producing stable products [14].	  
	  
[1] After this summary, it can be exposed the important role that thermal 
behaviour performs on UHMWPE prosthesis. Thermal oxidation generates wear 
particles, which in turn, produce damage to the prosthesis and further diseases. 
The degree of crystallinity is highly related to the wear [17].	  The addition of 
carbon nanoparticles as MWCNT leads to an improved crystallinity  
thus also in a wear resistance improvement. In addition, the reinforcement of 
UHMWPE with carbon nanoparticles makes the former strong against thermal 
oxidation processes	  [6]. 
 
Thermal stability and some remarks about thermal oxidation behaviour of virgin 
UHMWPE and UHMWPE reinforced with ND or MWCNT has been studied by 
two different ways: Thermogravimetric analysis (TGA) and differential scanning 
calorimetry (DSC). Through the last method also has been obtained important 
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parameters as melting temperature (To), crystallization temperature (Tc) and 
degree of crystallinity (X!). 
 

 Differential scanning calorimetry DSC 4.1
 
Introduction 
 
This technic allows finding thermal transitions in polymers or other substances. It 
is possible to find enthalpy variations for example specific heats, melting points, 
glass transitions among other first and second other transitions. 
 

 
This instrument measures the energy transferred in a sample when this one is 
summited to a lineal heating or cooling rate previously programed, the initial and 
final temperatures are specified before testing. The instrument has two pans with 
the reference inert material and the sample object of study, Fig. 22	  Fig. 21. The 
programme tries to keep the same temperature constant in both samples thus, the 
difference in electric energy provided by the electric resistance in each pan to 
keep equal temperature is the resultant in form of heat absorbed or transferred in 
the studied sampled (endothermic or exothermic process). In a typical DSC 
curve, Fig. 21, this energy is represented against the programmed differential 
temperature. 
 

Fig. 21. DSC diagram 
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The crystallization phase in non-
amorphous polymers occurs when 
in a further cooling, the attractive 
forces between neighbour 
molecules increase very rapidly 
and in some point there is an 
abrupt compaction or compression 
of the polymer molecules into a 
tight, orderly structure. In a fast 
explanation of bulk 
crystallization, the formation of 
crystalline regions lamellae Fig. 
23	  left	  are allowed by the iteration 
forces between molecules, these 
lamellae are connected or 

embedded in amorphous regions, them also further forms a network called 
spherulites, Fig. 23 middle, and finally this last ones can, for example, grown in a 
cubic array until spheres impinge, Fig. 23	   down. Crystallization is time-
temperature dependent, also the crystallinity index depends on the moulding or 
flow process [18].	  
 
In Fig. 24, a typical DSC curve is represented. There are two curves: down is 

represented, with a solid line, the heating of a hypothetic substance; up, with a 
dashed line, the cooling. Both are under the same heating and cooling 
temperature rate. 
 

Fig. 22. Reference sample and studied 
sample. Aluminium pans 

Fig. 23. Left: Lamellae structure; Middle: Spherulites; Right: Spherulites grown. 
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Heating curve. Three important points: 
 

A. Glass transition: This is a second order transition that occurs when an 
amorphous or semi-crystalline material reaches its functionality. It is 
important in polymers because it represents the temperature of plastic 
behaviour. The extrapolated glass temperature Tg represents the start of the 
process [19]	  (Note. 4). 

 
B. Cold crystallization: This phenomenon takes place in low-degree 

crystallinity polymers or those what have been squeezed rapidly from 
liquid state making impossible an alignment of the molecules before 
solidification. Once the polymer is in solid state, some molecules have 
internal tensile efforts that are diffused during the heating. This molecules 
try to order themselves and a degree of crystallization appears called cold 
crystallization, the fact of ordering produces energy, it is because of that is 
represented as a exothermic process with an positive enthalpy soft	  grey	  
area. The start of this phenomenon is represented as the extrapolated cold 
crystallization temperature, Tcc [20].	  

 
C. Melting point: In this point takes place the fusion of the crystalline regions. 

This is a molecular disordering process, so it is necessary to apply energy; 
it is an endothermic first order transition with a negative enthalpy	   dark	  
grey	  area. This transition starts in the extrapolated onset temperature, To 
[20].	  

 
Cooling curve. One important point: 
 

D. Crystallization: In one point during the cooling down the polymer, in 
liquid state starts to solidify and at the same time, crystallization starts. 
Solidification and crystallization starts at the same point, the crystallization 
temperature, Tc [20]. Here, an ordering of molecules takes place so there 
exist an exothermic process, represented as a positive enthalpy in lined	  
area.	  

 
Other important parameters of a DSC analysis: 
 
 

• Peak length: represented as peak temperature Tp. 
•  
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• Crystallinity index: The index of crystallynity of the studied material can 
also be calculated with the help of this curve and Eq. 2. 

 
 

𝑋! =
∆𝐻
∆𝐻!""

×100 

 
 

 
Where ∆𝐻 represents the total specific energy obtained in the heating (dark area 
minus soft area) and ∆𝐻!""  is the enthalpy of fusion of a 100% crystalline 
material, in the case of UHMWPE setted on 289J/g [20].	  The integration rank to 
calculate ∆𝐻 was from 50 to 160ºC (ASTM)	  [20]. 
 
 

 

Eq. 2. Crystallinity index expression. 

 

Fig. 24. Typical DSC curve. Down: heating; Up: cooling. 

 
Note. 4. In all cases the transitions initiations is took as the extrapolated onset 
temperature because this point is not affected by Mass or heating rate as is 
represented in Fig. 25. 



Part II: Characterization methods Thermal characterization 
 

 70 

 

 
 
Materials and methods 
 
Materials 
 
In this study UHMWPE GUR-1020 and UHMWPE nano-composites reinforced 
with MWCNT and ND in 0,1 and 2wt% were analysed, both irradiated and non-
irradiated materials and all in consolidate form. All the material specifications, 
sintering parameters, irradiation process or another details are detailed in 
previous chapters. Table 6, represents the material label in each case, the 
irradiated samples have not a specific label, and they are just denominated as 
“irradiated” but with the same label as non-irradiated. 
 

 
 
 

Material Label 
Pure UHMWPE UHMWPE 

Nanocomposite UHMWPE/MWCNT 0,1wt% MWCNT 0,1% 

Nanocomposite UHMWPE/MWCNT 2wt% MWCNT 2% 

Nanocomposite UHMWPE/ND 0,1wt% ND 0,1 % 

Nanocomposite UHMWPE/ND 2wt% ND 2 % 

Fig. 25. Mass influence on DSC test results. 

Table 6. Material labels 



Part II: Characterization methods Thermal characterization 
 

 71 

Method 
 
The utilized device was a SHIMADZU DSC-60,	  Fig. 26, this one was calibrated 
with Idium before testing. The next parameters summarize the followed method: 
 

• 7mg of each material in consolidate form were encapsulated in aluminium 
pans,	  Fig. 22. 

• Heating rate of 10ºC/min from room temperature (20ºC) to 200ºC Held 
isothermally at 200ºC for 2min to erase previous thermal history.  

• Cooling down at a rate of 10ºC/min until room temperature. 
 

 

 
 
To calculate the parameters, DSC software was used, which automatically 
calculates specific properties on the obtained results.  
 
 
 
 
  

Fig. 26. SHIMADZU DSC-60. DSC Device 
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Results and discussion 
 
The table below represents the calculated values of Tc, Tp, To and crystallynity 
index.  
 
 

 
 

 
As is shown on the results, the difference in crystallynity between irradiated and 
non-irradiated UHMWPE is small, about a 2,2% (44,9% to 47,1%). Some 
researchers found an enhancement of 10% (47% to 57%) in samples of moulded 
UHMWPE after irradiation of 25kGy in air, [21]. They explain this change in 
crystallinity thought the chain scission induced by irradiation even at low doses. 
Other studies explain that this is the result of tie molecules being cut, allowing 
chains to arrange themselves more easily and pack together such that the 
crystallinity as well as the density rises [22].	  As commented many times in this 
report, irradiation in presence of oxygen produces free radicals which react with 
molecular oxygen of the material that further results in chain scission, however 
the sterilization process performed in this study is in an inert ambient but the 
chain scission could always exist [6,9]. Other studies	  [5,9], also obtained a slight 
increase in the crystallinity index of pure UHMWPE. Martínez Morlanes et al. 
found an enhancement of 3% (54,8 to 57,9%) after gamma irradiation at 90kGy; 

PROP TIPE UHMWPE MWCNT 
0,1% 

MWCNT 
2% 

ND 
0,1% ND 2% 

Tc  [ºC] 
Non-Irrad 122 122 123 122 122 

Irradiated 121 - - - - 

Tp  [ºC] 
Non-Irrad 137,4±2,4 134,07 134,75 134,7 134,23 

Irradiated 135,7±0,07 - - - - 

To [ºC] 
Non-Irrad 127,3±0,56 125,86 126,6 126,18 125,68 

Irradiated 126,2±0,28 - - - - 

Xc [%] 
Non-Irrad 44,96±2,6 48,5 51,58 46,6 51,7 

Irradiated 47,16±2,3 - - - - 

Table7. DSC results. Crystallization temperature, peak length temperature, 
extrapolated onset temperature, degree of crystallinity. 
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they explain this phenomenon also through the chain scission induced by the 
irradiation and the higher mobility of the new short-er chain and the local stresses 
relaxation. As a conclusion it can be relevant that chain scission produces a 
increment in the crystallinity index. 
 
Differences between other parameters (To, Tc or Tp) are not significant. The 
variation is about 1ºC in each case and it is possible to see that, in all cases, the 
temperature is minor in the I-UHMWPE. Some researchers [5,22]	   found an 
increasing of To after irradiation suggesting that the melting process is being 
kinetically arrested by the crosslinks, thus, producing higher melting 
temperatures. 
 
Down in Fig. 27 and Fig. 28 DSC curves of UHMWPE and I-UHMWPE are 
represented. In each image, down is represented the heating until 200ºC and up 
the cooling both at a temperature rate of 10ºC/min. As is possible to appreciate, 
there is not any peak of cold crystallization, this fact is typical in this material due 
to it has a high level of crystallinity before testing and also due to its molecules 
are so long to have align themselves during heating up, there is not an 
appreciable cold crystallization. The enthalpy of fusion was measured by the 
DSC software tool from 50ºC to 160ºC, also other properties (Tp,To,Tc) were 
automatically measured through software assistance. 
 
 

Fig. 27. Non-Irradiated UHMWPE DSC Curve. Down: Heating; Up: 
cooling. 
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Talking about the influence of 𝛾 − irrad, it is easy to appoint that crystallinity 
tends to increase with the increment of reinforcement wt% for both MWCNTs 
and NDs as can be seen in  
. 
 
There is not much previous research about NDs behaviour concerning DSC 
analysis in orthopaedic applications. Evelina Enqvist [24], found an increasing of 
Xc with the addition of 0,5wt% of NDs, which is affected by the ball milling 
parameters. She also found a slight variation on crystallinity for those MWCNT 
composites in 0,5wt%, and also very influenced by the milling conditions. Other 
researchers have confirmed the results obtained in this work, B.Meschi Amoli et 
al.	  [25]. Generally, the addition of solid particles to a polymer matrix can induce 
the content of crystallinity because of the heterogeneous nucleation of crystalline 
microdomains. As can be appreciated in the results, the other studied parameters 
present no significant differences.  
 
Down the DSC curves of different nanocomposites, UHMWPE/MWCNT and 
UHMWPE/ND are represented.  DSC analysis of irradiated nanocomposites have 
not been performed because presumably, the irradiation just affects the 
UHMWPE matrix and very slightly the nano-reinforcement, in addition, a change 

Fig. 28. Irradiated UHMWPE DSC Curve. Down: Heating; Up: cooling. 
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in crystallinity has been previously proved on pure irradiated and non-irradiated 
UHMWPE. 
 

 
 
Conclusions 
 
Gamma irradiation promotes an increasing of crystallinity index Xc, this is 
principally governed by the effect of chain scission that occurs in this process.  It 
is true that the chain scission degree is significantly influenced by the presence of 
oxygen during gamma irradiation process, however the energy induced on the 
material generates free radicals that always are susceptible to react with the 
oxygen; this oxygen can be diffused into the material even once it is packed on 
an sterile ambient, or can be gained during storage. In this work it is found that 
crystallinity increased significantly so UHMWPE source material is affected. 
 
Also was found an increasing of Xc with the addition of MWCNTs and NDs but 
the melting temperature, crystallinity temperature and peak temperatures do not 
change significantly for all cases: irradiated and non-irradiated UHMWPE and 
different nano-composites. 
 
 

Fig. 29. Non- irradiated DSC curves. MWCNT and ND composites 0,1 and  wt% 
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Suggestions for future work 
 
This study has been carried out through one simple heating and cooling cycle. It 
is assumed that in order to obtain more accuracy results, a series of heating and 
cooling cycles must be followed	  [20]. Also just sintered materials were studied, 
could be interesting to perform the experiment on powder state. 
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 Thermogravimetric analysis TGA 4.2
 

Introduction 
 
Thermogravimetric analysis is a technique through the mass of a specific 
substance is monitored as function of temperature or time while the test specimen 
is subjected to a controlled temperature programme. Through the dynamic mass-
change determination, the mass of the specimen increases or decreases as 
function of temperature [26].	  
	  
 
Materials and method 
	  
The experiment was carried out in air (oxidative atmosphere). An amount of 7mg 
of substance was evaluated at a rate of 10 °C /min, from room temperature 
(22°C) to 700°C, to ensure that the weight of the substance was stable and all 
chemical reactions had finished. Virgin UHMWPE GUR-1020, and ultra high 
molecular weigh polyethylene reinforced with NDs or MWCNTs in 0,1 and 2wt 
% were measured and compared performing 3 experiments on each material to 
obtain an average of the results and a standard deviation. 
 
 

 
 
 
 

 
 
  

Material Label 
Pure UHMWPE UHMWPE 

Nanocomposite UHMWPE/MWCNT 0,1wt% MWCNT 0,1% 

Nanocomposite UHMWPE/MWCNT 2wt% MWCNT 2% 

Nanocomposite UHMWPE/ND 0,1wt% ND 0,1 % 

Nanocomposite UHMWPE/ND 2wt% ND 2 % 

Table 8. Material labels. 
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It is common to run a substance out in an inert atmosphere whereby it just 
experiments reactions due the temperature influence, without presence of oxygen 
(pyrolysis). However, in this case the interest was focused in the substance 
oxidative behaviour, therefore, samples were conduced under air atmosphere; 
also because commercial samples are in contact with air most of the times [27]. 
 
 
In order to describe the results, an average of the 3 tests was represented by type 
of reinforcement and compared with pure material (UHMWPE). The next 
parameters were studied taking into account the ISO standard [29]	  as guidance: 
 

• Extrapolated onset temperature or oxidation temperature To, that is the 
temperature when the oxidation starts. 

• The maximum degradation ratio temperature, Tmax. 
• The temperature at 10% of weight lost, T10. 
• The thermal degradation tendency.  

  

Fig. 30. UHMWPE GUR-1020 TGA curve. 
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Results and discussion 
 
In all the TGA results was found a weight gain, this gain can be appreciated in  
it Fig. 30,	  around 200ºC after To, this fact can be result of many circumstances:  
Weight gain can be produced when an oxidative ambient reacts with the 
substance, in this study the ambient was air. But another reason may be presence 
of impurities or contaminants that react at lower temperatures and catalyse the 
oxidation	  [28]. 
	  
 

PROP	   PURE	  
UHMWPE	  

ND	  0,1%	   ND	  2%	   MWCNT	  
0,1%	  

MWCNT	  2%	  

To	   193,7±5,8	   193,3±2,9	  
	  

197,3±2,3	  
	  

196,7±5,8	  
	  

190,3±2,8	  	  

Tmax	   383,3±28,
9	  

360±17,3	  
	  

376,7±17,5	  
	  

370±15,4	  
	  

430±17,3	  
	  

T10	   305±18,0	   284,6±20,5	  
	  

313,3±10,4	  
	  

293,3±15,2	  
	  

305±5	  
	  

 
ND 0,1% start the oxidation at the same time that UHMWPE but its thermal 
stability is lower as can be seen on Tmax that reduces 20ºC the max degradation 
ratio. The beginning of the degradative behaviour also is worst than pure material 
due to the difference in T10 is about 15ºC lower, Fig. 32. 
 
When the addition of NDs increases to 2wt%, the start of the oxidation becomes 
better than pure material; it takes place about 4ºC later. The thermal stability is 
better than ND 0,1% because Tmax increases but still being worst than pure 
material, 10ºC less. The degradative behaviour at the beginning is better than 
source material and also is enhanced respect to 0,1wt%. As a conclusion, ND 2% 
is better than ND 0,1% in terms of oxidative behaviour and thermal stability, and 
also it is enhanced respect to pure UHMWPE due to all the temperatures are 
higher except Tmax that is almost the same and within the standard deviation. In 
Fig. 31, the offset of ND 2% is noticeable in respect to the other materials what 
can give an idea about but this offset is not much great.  

Table 9. TGA experiment results. Oxidation temperature, max degradation 
rate temperature. And Temperature at 10% of weight loss. 
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Fig. 31. TGA curves of UHMWPE/ND. Thermal stability regarding 
different wt% and UHMWPE 

Fig. 32. TGA curves of UHMWPE/ND. Thermal stability regarding 
different wt% and UHMWPE 
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In the case of MWCNT 0,1% the oxidation starts later than source material, about 
4ºC as is shown in Fig. 34, and it is proximately the same as ND 2%, however the 
thermal stability decreases as can be seen in Tmax which is decreases 10ºC in 
comparison with source material, but it is almost the same than ND 2% just 6ºC 
below. The oxidation at the beginning is worst than pure material and also than 
ND 2%. As a conclusion the tendency is that UHMWPE/MWCNT have a good 
thermal behaviour because the results on MWCNT 0,1wt% are better than ND 
0,1% but worst than ND 2%. In comparison to pure UHMWPE the thermal 
behaviour is worst except To that is increased. 
 
In case of MWCNT 2% the oxidation behaviour is very deteriorated, it starts 
before than UHMWPE and the other nano-composites. Despite this, as as it is 
possible to see in the offset of MWCNT 2% of Fig. 33, the thermal stability is 
really enhanced with 50ºC of difference between pure material and the 
degradation at the beginning remains constant. 
 

 
 
 

Fig. 33. TGA curves of UHMWPE/MWCNT. Thermal stability regarding 
different wt% and UHMWPE 
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In DTG curves of Fig. 35	  it	  is possible to appreciate the maximum rate in weight 
loss during the thermal degradation. A direct conclusion that can be obtain is that 
the addition of ND an MWCNT increases the maximum degradation temperature 
(Tmax). Comparing with pure material, MWCNT 2% has a 40ºC greater Tmax 
and ND 2% 10ºC greater regarding UHMWPE that is prove of improvement of 
thermal stability in reinforced UHMWPE.  
 
Conclusions 
 
As a conclusion, NDs have a good thermal behaviour as reinforcement of 
UHMWPE close to 2wt%. Thermal properties are improved, oxidation starts later 
and the maximum rate of weight loss starts later. Despite of the degradation rate 
seem to be a little worst, the beginning of the oxidation and Tonset start later than 
pure material. 
 
In case of MWCNTs the improvements are not as clear as NDs, the most 
important point here is the enhancement of thermal stability with the addition of 
2wt% but in the other hand, the oxidation resistance is decreased, this fact can be 

Fig. 34. Amplified region of TGA curve of UHWMEP/MWCNT. 
Oxidation temperature To and T10% 
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due to a and optimum amount of MWCNT exists and is in between 0,1 and 
2wt%.  
 

 

Fig. 35. DTG curves of NDs and MWCNT nanocomposites and pure 
UHMWPE 
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1 CONCLUSIONS 
The use of NDs and MWCNTs as reinforcing ultra high molecular weigh 
polyethylene is committed to a range of very strict manufacturing criteria. The 
key element that determines to obtain good results is the nano-reinforcements 
dispersion into the polymer matrix. The Ball-milling technique has proved to be 
highly effective and low cost with reduced process times, but the formation of 
segregated structures remains. 
 
As a conclusion, it was exposed that MWCNTs tend to have better behaviour that 
NDs as UHMWPE reinforcement. It has been seen that the morphological, 
mechanical and thermal properties experience greater improvements in 
MWCNT/UHMWPE composites. It is also proved that respecting to the 
reinforcement proportion, improvement occurs close to 0.1wt% instead of 2wt%, 
that contrary, often suffers loss in properties. 
 
It should be noted another important point that is the effect of gamma irradiation, 
used in the sterilization of orthopaedic components. It has been concluded that 
gamma-irradiation provides some properties improvement due to the crosslinking 
induced even at low doses, increasing the hardness, mechanical strength and the 
crystallinity index. But it is important to keep in mind that chain scission occurs 
and this affects negatively the oxidation resistance by the effect of oxygen. No 
post-irradiation treatments as annealing, vitamin E doping or remelting to prevent 
these processes were applied. 
 
Finally notice the need to stop thinking whether it is really profitable to use this 
kind of nanomaterials. It is known that the cost of these particles is very high due 
to its difficult and limited production, moreover UHMWPE owns in itself great 
features that make it a widely used material in orthopaedic applications and 
finally, there are treatments (crosslinking, annealing, doping with vitamin E, 
remelting, etc.) to further improve their properties directly applied on the material 
without deep structure changes.
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2 SUGGESTIONS FOR FUTURE WORK 
 
 
Primary 
 

• Mass fraction Optimization: It is necessary to study many more 
reinforcement proportions and compare them to each other strictly 
following the regarding standard for each characterization method.  

 
• Processes optimization: a comparison should be made with different times 

and moulding cycles as well as mixing parameters taking in account the 
industrial reality, in order to know the optimal conditions. 

 
 
Consequent 
 

• Tribological Study: One of the biggest problems in bearing UHMWPE 
bearing contact surfaces in joint replacements that exist today is the debris 
generation results of friction and the component wear. These generate 
difficulties prosthesis loosing. It could be interesting to study the 
tribological behaviour of the studied materials following the same research 
line. 

 
• Biocompatibility study: A study of the biocompatibility of this carbon 

allotropes and their influence in the human body in short and long term 
should be done. 

 
• Improvement in mechanical characterization: Fatigue strength and 

compressive testing. 
 

• Study of the post irradiation effects: high crosslinking, annealing, E-
vitamin doping, remelting. 
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1 GENERAL OVERVIEW OF COSTS, BUDGET 
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2 OTHER DOCUMENTS 
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