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Abstract 

 

The Deformation, Yielding, and Fracture of Ultra-High Molecular Weight 

Polyethylene for Use in Total Joint Replacements 

 

by 

 

Louis Gregory Malito 

 

Doctor of Philosophy in Engineering – Mechanical Engineering 

 

University of California, Berkeley 

 

Each year close to one millions patients within the United States, receive a total joint replacement 

(TJR) to alleviate pain from severe debilitating osteoarthritis. TJRs can comprise hip, knee, 

shoulder, and even elbow and ankle replacements. Though these implants differ in anatomical 

function they have a consistent theme, a hard-on-soft bearing couple consisting of hard cobalt 

chrome (CoCr) and soft ultra-high molecular weight polyethylene (UHMWPE). UHMWPE is a 

semi-crystalline polymer with 2-6 million g/mol where long molecular chains create high 

entanglements and help give the material high energetic toughness. These molecular 

characteristics also provide a low coefficient of friction desirable for TJRs. This coupling pair has 

been the standard of care for nearly sixty years however not without some complications. TJRs 

primarily fail from wear debris that is liberated from the UHMWPE bearing surface. This wear 

debris is caused by successive plastic deformation from implant loading leading to crack initiation 

below the implant surface. Crack initiation leads to fatigue crack growth with the eventual 

liberation of debris. As a result of this detriment, there have been several changes to the 

formulations that make up UHMWPE. These changes primarily include radiation cross-linking to 

improve wear resistance. Increased wear resistance comes with concomitant trade-offs to the 

mechanical properties of the material. 

 

Radiation cross-linking through gamma irradiation, introduces free radicals to the material. Free- 

radical need to be eliminated otherwise they will react with the body and cause the polymer to 

oxidize in an in vivo environment. To alleviate these free-radicals post processing is performed. 

This post processing usually consists of thermal annealing treatments either above or below the 

melt temperature of UHMWPE. More recently, UHMWPE materials have moved away from post 

irradiation annealing in favor of antioxidant additions to the material. These antioxidants, such as 

vitamin E, are added to stabilize the material after irradiation and to prevent any possibility of 

oxidative embrittlement during in vivo operation. All of these unique additions to UHMWPE pose 

the important question of how the material’s fundamental mechanical properties are affected. 

There is a plethora of research data on the mechanical properties of UHMWPE and some of its 

material formulations, however when one dives into the procedural methods of these studies there 

are significant inconsistencies.  
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These inconsistencies are rooted in the procedures used to analyze and create material mechanical 

properties. Unlike metallic materials where methods for analyzing mechanical properties are very 

well understood, polymeric materials offer a more complex challenge when interpreting their 

constitutive behavior. This is extremely important when polymeric materials, such as UHMWPE 

are used in safety critical applications such as TJRs. These challenges increase when UHMWPE 

is tailored through combinations of resin type, radiation cross-linking, and antioxidant additions. 

As a result there is a need to answer from a methodological perspective how the mechanical 

properties of UHMWPE change with different material formulations under different loading 

scenarios. 

 

This dissertation provides a comprehensive and thorough assessment of the mechanical properties 

of UHMWPE across 12 different material formulations focusing on how the methods used to 

analyze mechanical behavior can be extremely important. First, a comprehensive microstructural 

analysis is performed through differential scanning calorimetry (DSC) and small angle x-ray 

scattering  (SAXS) to gather microstructure data for its potential effect on mechanical properties. 

Then tensile deformation in UHMWPE and its various material formulations are investigated. 

Engineering versus true tensile stress-strain data is looked at to elucidate the differences between 

analysis methods for determining elastic properties, yield, post yield, and ultimate behavior. 

Tensile constitutive properties are then compared to properties determined from compression and 

nanoindentation in an effort to understand material deformation trends across measurement 

methods. Then microstructure and tensile analysis are applied in the determination of the elastic-

plastic fracture, or J-integral, toughness behavior of UHMWPE. Finally, this study concludes with 

a mechanistic analysis of the crack growth mechanisms to validate fracture toughness methods. 
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Chapter 1 – Motivation 

 
 Ultra-high molecular weight polyethylene (UHMWPE) has been the premier biopolymer 

used in orthopedic implants for over sixty years. Dr. John Charnley, the father of the modern total 

joint replacement (TJR), first used UHMWPE in 1962 after previous failures using 

polytetrafluorethylene as a lubricous counter bearing in his hip replacement design. Since then, 

UHMWPE has found uses in knee, shoulder, elbow and ankle replacements to name a few. Over 

the years there have been many improvements to the material such as cross-linking to prevent wear 

resistance and antioxidant addition to prevent in vivo embrittlement. Despite its long history, use, 

and improvements, when sifting through the literature, understanding UHMWPE’s basic 

mechanical behavior can be somewhat of a mystery. One would think given UHMWPE’s 

extensive track record it would be easy to find values for properties such as Young’s modulus, 

Poisson’s ratio, yield, and fracture toughness. Given the complex mechanical nature that semi-

crystalline polymers exhibit, there are a wide array of procedures researchers have used to report 

mechanical properties. 

  

 Mechanical properties exist within the literature and handbooks however depending on the 

source can vary quite significantly, even by an order of magnitude. There are two main procedural 

choices researchers have to report constitutive properties in polymers, true or engineering. There 

are complexities and subtleties even within defining procedures on these two categories. As a result 

there exists a great need to systematically analyze the mechanical behavior of UHMWPE as it can 

provide a basis for the mechanical analysis of other semi-crystalline engineering polymers. Not 

understanding proper constitutive properties can lead to failure and in the case of orthopedic 

implants, pain and even worse, revision surgery for the patient. Basic tensile constitutive behavior 

can have a cascade effect when performing a mechanical analysis since tensile properties are 

directly linked to fracture toughness behavior.  

  

 It is the aim of this dissertation to provide an extensive mechanical and microstructural 

analysis of UHMWPE as a basis for defining proper analysis methodologies while attempting to 

understand structure property relationships.  
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Chapter 2 – The deformation and yielding of ultra-

high molecular weight polyethylene 
 

Abstract 

This is the first study to simultaneously measure material properties in tension, compression, 

nanoindentation as well as microstructure (crystallinity and lamellar level properties) across a wide 

variety of clinically relevant ultra-high molecular weight polyethylene (UHMWPE) formulations.  

Methodologies for the measurement of UHMWPE mechanical properties—namely elastic 

modulus, yield stress, yield strain, ultimate strength, energetic toughness, Poisson’s ratio, hardness 

and constitutive variables—are evaluated. Engineering stress-strain behavior is compared to true 

stress-strain behavior for UHMWPE across a range of cross-linking and antioxidant chemistry. 

The tensile mechanical properties and constitutive behavior of UHMWPE are affected by resin 

type, antioxidant source and degree of cross-linking. Poisson’s ratio is shown to be affected by 

resin type, antioxidant addition, and cross-linking dosage. Relationships between bulk mechanical 

properties from different measurement methodologies as well as microstructure are analyzed 

across all material formulations using Spearman rank correlation coefficients. Modulus and yield 

strength correlate in both tension and compression. Similarly, tensile and compressive properties 

including modulus and yield strength correlate strongly with crystallinity (Xc) and lamellar 

thickness (D). This work has broad application and provides a basis for interpreting the mechanical 

behavior of UHMWPE used in orthopedic implants. 
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2.1 Introduction 

For nearly sixty years, medical grade ultra-high molecular weight polyethylene 

(UHMWPE) has been the longstanding material of choice for use as a bearing surface in total joint 

arthroplasty (Kurtz 2015).  In its tenure as an orthopedic biomaterial, UHMWPE has undergone 

numerous iterations in its processing in order to address ongoing clinical challenges faced in total 

joint replacements (TJRs) including wear-debris induced osteolysis (Bozic et al., 2009; Muratoglu 

et al., 1999), oxidation embrittlement (Costa et al., 1998; Edidin et al., 2000; Premnath et al., 1996) 

and fracture associated with high cyclic contact stresses (Baker et al., 2003; Furmanski et al., 2009; 

Gencur et al., 2006). Contemporary formulations of UHMWPE are owed to decades of research 

that have addressed challenges of wear, oxidation, and fatigue fracture of this polymer in both 

laboratory as well as clinical settings (Atwood et al., 2011; Kurtz, 2015). 

UHMWPE is a semicrystalline polymer with approximately half of its structure in an 

ordered crystalline lamellae domain (Atwood et al., 2011; Bistolfi et al., 2009; Turell & Bellare, 

2004). The polymer has a very high molecular weight (2-6 million g/mol) that facilitates high 

entanglement density in its amorphous phase and superior energetic toughness as compared to 

other homopolymers (Kurtz, 2009; Pruitt, 2005). Despite its excellent energetic toughness and 

inherent biocompatibility, the polymer in its untailored form is susceptible to wear when 

articulating against the hard bearings typically used in TJRs (Kurtz, 2015; Kurtz, 2009). Cross-

linking through energetic schemes improves wear resistance but comes with a concomitant 

reduction in mechanical properties (Atwood et al., 2011; Crowninshield & Muratoglu, 2008; 

Gencur et al., 2006; Rimnac & Pruitt, 2008) as well as susceptibility to oxidation (Costa et al., 

1998; Kurtz et al., 1999b; Premnath et al., 1996). Initial improvements to oxidation resistance in 

cross-linked formulations of UHMWPE utilized thermal annealing methods yet such treatments 

either failed to fully eliminate free radicals or altered the microstructure in a way that compromised 

fatigue resistance (Sara A Atwood et al., 2011; Morrison and Jani, 2009; Pruitt, 2005).  

Antioxidants such as vitamin E have been recently added to UHMWPE in order to improve 

oxidation resistance without detriment to mechanical properties but are known to limit the extent 

of cross-linking in the polymer (Furmanski & Pruitt, 2007; Oral et al., 2006). With so many options 

available to tailor medical grades of UHMWPE, it is necessary to understand how these alterations 

affect structural properties and performance in orthopedic bearing applications. 

The purpose of this study was to evaluate the microstructure and mechanical properties of 

twelve clinically relevant blends of UHMWPE that provided unique combinations of resin type, 

cross-linking dosage, and antioxidants. We evaluated the microstructure using differential 

scanning calorimetry (DSC) and small angle x-ray scattering (SAXS). In parallel, we conducted a 

comprehensive analysis of constitutive behavior and assessment of mechanical properties in both 

tension and compression. Surface mechanical properties were determined using nanoindentation. 

Correlations between structure and mechanical properties were then assessed for all material 

groups. Our study is, to our knowledge, the first unified body of work to provide a comprehensive 

analysis of microstructure, constitutive behavior in tension and compression, as well as 

nanomechanical properties across a spectrum of clinical formulations of UHMWPE. Our methods 

and analysis provide a basis for engineers and designers to better understand and grasp the 

mechanical performance of UHMWPE used in orthopedic implants. 
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2.2 Materials and Methods  

2.2.1 Materials 

For this study, twelve clinical formulations of UHMWPE were investigated (Table 2.1). Material 

was sourced from three different UHMWPE consolidators: Orthoplastics (Lancashire, UK), 

DePuy (Warsaw, IN), and Quadrant EPP (Fort Wayne, IN). Variations to two base resins, GUR 

1020 and GUR 1050, were investigated across a range of cross-link density and antioxidant 

chemistry. The antioxidants were comprised of 0.1 wt% Vitamin E (VE) and COVERNOX™ 

(AO) (medical grade version of Irganox™ 1010) which were blended into GUR 1020 resin before 

consolidation. Lastly, irradiation cross-linking dosages at 75kGy in base resin materials were re-

melted (RM) to alleviate free radicals and served as cross-linked samples without antioxidants. 

Four distinct material categories (Table 2.1) were explored: 1020 resin (0 kGy, 35 kGy, 75 kGy 

RM); 1020 resin with AO antioxidant (AO 0kGy, AO 80 kGy); 1020 resin with 0.1 wt% vitamin 

E (VE 0 kGy, VE 55 kGy, VE 75 kGy, VE 100 kGy, VE 125 kGy); and 1050 resin  (0 kGy, 75 

kGy RM). All UHMWPE materials were compression molded except for GUR 1050 75kGy RM 

which was ram extruded.  

Table 2. 1 – UHMWPE material formulations and consolidators. Darker colors at the top of the 

table denote base formulations in that group. The following lighter colors denote irradiation 

cross-link treatments to that material formulation group. 
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2.3.2 Methods 

2.3.2.1 Microstructure 

The degree of crystallinity in each of the UHMWPE formulations was determined using 

differential scanning calorimetry (DSC) analysis.  DSC measurements were obtained according to 

ASTM F2625-10 (2016) using a TA Instruments Q2000 DSC (New Castle, DE). The test 

specimens were cut with a clean razor blade from un-tested tensile specimens into 4.9-5.8 mg 

pieces and crimped between a standard DSC aluminum pan and lid. DSC specimens were 

subjected to a heating rate of 10 °C/min up to a temperature of 200 °C. The percent crystallinity 

was determined using the following relationship: 

                                                      %𝑋 =
∆𝐻𝑠

∆𝐻𝑓
× 100%                                            (1) 

where ΔHs is the heat of fusion of the sample in J/g and ΔHf is the heat of fusion of a 100% 

crystalline sample (289.3 J/g for polyethylene as per ASTM F2625). 

Small angle x-ray scattering (SAXS) was utilized to determine lamellar size distribution 

across the UHMWPE groups. SAXS data was collected using a laboratory CuKα rotating anode 

SAXSLAB instrument. The collimated beam had a diameter of approximately 0.4 mm at the 

sample position. The SAXS scattering intensity was collected by a DECTRIS PILATUS 300K 

detector placed at a distance that corresponds to an angular scattering range of qmin = 0.032 [nm-1] 

and qmax=2.5 [nm-1], and the scattering vector, q, was defined as  

 

                                                       𝑞 = (4𝜋/𝜆) sin 𝜃                                              (2) 
 

where λ is the wavelength of the x-ray used (0.154 nm) and θ is half the scattering angle.  The x-

ray source was operated at 45kV and 30mA. Based on beam diameter and sample thickness, the 

sampling volume associated with each x-ray measurement was estimated to be 0.06 mm3. All 

SAXS samples were 4.5mm x 10mm x 1mm (thickness). 

2.3.2.2 Tension Testing and Constitutive Modeling 

Tension testing was utilized to determine the engineering stress-strain and true stress-strain 

behavior across the UHMWPE formulations. The tensile elastic modulus, yield stress, yield strain, 

non-linear hardening coefficients, engineering ultimate stress, true ultimate stress, true ultimate 

strain, and energetic toughness was determined per ASTM D638. Type IV tensile bar specimens, 

approximately 3.2 mm thick and 6mm in width, were CNC machined from stock material with 

n=5 specimens per UHMWPE material group. The specimens were machined such that the gauge 

length was parallel to the long axis of the stock material. Specimens were conditioned at 25 °C 

and 50% relative humidity in a Caron 6010 environmental chamber (Marietta, OH) for at least 40 

hours prior to testing. Tension testing was performed on a Shimadzu AGS-X electromechanical 

load frame (Kyoto, Japan) with a 1kN load cell at 50 mm/min with test temperature maintained at 

23 ± 2 °C.  

Material deformation was measured by a non-contact dual video extensometer (based on a 

Point Grey FL3-U3-88S2C-C camera) validated to the criteria outlined in ASTM E83 for a class 

B-2 extensometer. Custom developed software tracked optical targets on the sample to measure 

true axial, transverse strain, and instantaneous cross-sectional area at the gauge length through the 
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deformation process. The video extensometer was calibrated before use to an Edmund Optics 

0.5mm pitch optical calibration grid, correcting for perspective and non-linear distortion. A gauge 

length of approximately 26mm was used for used for axial strain measurements. In additiona, 

crosshead displacement was also tracked during testing to record engineering tensile properties. 

Finally, the data was analyzed using a custom MATLAB script (Natick, MA). 

Elastic modulus was determined by a linear least squares regression from 0.0005 strain to 

0.009 strain on the true stress-strain curve. Regression analysis was also performed to other upper 

strain limits (0.02 and 0.04) in an effort to understand elastic modulus as a metric for relative 

comparison between material formulations. Engineering and true properties were calculated based 

on their respective curves taking engineering yield stress as the local maximum on the engineering 

curve while true yield stress and strain were calculated using a 0.002 offset line from the elastic 

region on the true curve per the established method of Kurtz and co-workers (Kurtz et al., 2002; 

Kurtz et al., 1998; Kurtz et al., 2006). It has also been found that a two-segment elastic-plastic 

material model closely represents the true stress-strain behavior of UHMWPE in tension (as well 

as compression) when a 0.002 offset line is used to predict yielding. The two segment elastic-

plastic material model is given by: 

                                     𝜎 = {
𝐸휀,                        휀 ≤ 휀𝑦

𝛼 + 𝛽 exp(𝛾휀),      휀𝑦 < 휀 ≤ 0.12             
                           (3) 

where σ (MPa) is the true stress, E (MPa) is the elastic modulus, ε is the true axial strain, εy is the 

true yield strain, α (MPa) is the asymptotic true stress at infinite strains, β (MPa) is the rate at 

which the stress approaches the asymptotic limit and γ represents the curvature of the true stress-

strain curve (Kurtz et al., 1998). Non-linear coefficients, β and γ, for the plastic model were found 

using a least squares regression from true offset yield strain to 0.12 true strain which in previous 

studies was found as the maximum equivalent strain of an UHMWPE tibial component (Bartel et 

al., 1995; Kurtz et al., 1998). The parameter α was eliminated by making the two segment elastic 

plastic model intersect at the yield point producing the following equation: 

                                                  𝛼 = 𝐸휀𝑦 − 𝛽exp (𝛾휀𝑦)                                          (4) 

In addition to the true ultimate stress, engineering ultimate stress was computed as it has been 

found that the latter property best represents the flow stress when constructing the blunting line 

for J-integral based fracture toughness of UHMWPE (Pascaud et al., 1997a; Pascaud et al., 1997b; 

Rimnac et al., 1988). Energetic toughness was found as the area under the true stress-strain curve 

integrated through the failure strain.  

2.3.2.3 Poisson’s ratio 

Poisson’s ratio was determined from uniaxial tension experiments per ASTM D638, 

Appendix A3. Type IV tensile bar specimens, approximately 3.2 mm thick and 6mm in width, 

were CNC machined from stock material with n=5 specimens per UHMWPE material group. 

Specimen conditioning and testing temperature and relative humidity were identical to the method 

described above for the tension specimens. Poisson’s ratio testing was performed using a MTS 

Mini-Bionix II load frame (Eden Prairie, MN) using a 5 kN load cell. A preload of 2.5 N was 

applied at 0.1mm/min to mitigate presence of a toe region during testing. Poisson’s ratio testing 

was then conducted at 5 mm/min per the ASTM standard. UHMWPE deformation was measured 

by the same non-contact video extensometer setup as employed for the tension samples (described 
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above). A gauge length of approximately 5mm was used for axial and transverse strain 

measurements.  

The Poisson’s ratio was determined based on measured true axial and transverse strain as 

defined by ASTM D638 appendix A3:  

𝜈 =
𝑑𝜀𝑡
𝑑𝑃

𝑑𝜀𝑎
𝑑𝑃

                                                       (5) 

where dεt is the absolute change in transverse strain, dεa is the absolute change in axial strain, and 

dP is the change in the applied load. The slopes of dεt/dP and dεa/dP were found from a linear 

regression of the data from 0.0005 true axial strain to the true offset yield strain determined from 

the aforementioned tension experiments. The data was analyzed using a custom MATLAB script. 

2.3.2.4 Compression Testing  

Compression testing was utilized for the determination of elastic modulus, true yield stress 

and true yield strain was performed per the established method of Kurtz and co-workers for 

compression analysis of UHMWPE based on ASTM D695 (Kurtz et al., 2002; Kurtz et al., 1998). 

Cylindrical test specimens were CNC machined from stock material with a 10 mm diameter, 15 

mm height, and a minimum of n = 5 specimens per material group. Specimens were machined 

such that the height of the sample was parallel to the long axis of the stock material to match the 

orientation of the tensile samples. Testing was performed on an Instron 8871 load frame (Norton, 

MA) with a 5 kN load cell. Samples were loaded in compression between two parallel polished 

platens at a rate of 18 mm/min (0.02/s) and a temperature of 25 C. Engineering stress was 

determined as  

𝜎0 =  
|𝑃|

𝐴0
                                                         (6) 

where P is the load and A0 is the initial cross sectional area of the sample. Platen displacement was 

checked for accuracy using a compressometer and found to be in agreement for the displacements 

necessary for our tests and subsequent analysis. According to Kurtz, homogeneous compression 

without barreling can occur up to 0.12 strain therefore assuming constancy of volume up to that 

point (Kurtz et al., 1998). As a result true strain could be calculated straight from the platen 

displacement not exceeding 0.12 strain (Kurtz et al., 2002). As a result true strain, ε, was measured 

according to  

휀 =
|𝛿|

𝑙0
                                                          (7) 

where 𝛿 is the platen displacement and l0 is the starting platen separation. Engineering stress was 

converted to true stress by combining the following equations  

휀 = −ln(1 − 𝑒)                                                 (8) 

𝜎 = 𝜎0(1 − 𝑒)                                                  (9) 

where e, is the engineering strain, and solving for true stress, σ, in terms of true strain to produce 
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𝜎 =  𝜎0exp (−휀)                                              (10). 

Finally, the data was analyzed using a custom MATLAB script.  

 Elastic modulus was determined by a least squares regression from 0.0005 to 0.009 strain. 

Yield stress and strain were calculated from a 0.002 offset line from the elastic region. Analysis 

was performed in this manner based on previous compression work and for direct comparison with 

the true tensile data (Kurtz et al., 2002; Kurtz et al., 1998; Kurtz et al., 2006). 

2.3.2.5 Nanoindentation Testing 

 Nanoindentation was utilized to determine the surface hardness and reduced elastic 

modulus across the UHMWPE formulations (Oliver and Pharr 1992, Pruitt and Rondinone, 1996; 

Klapperich et al., 2001). Samples were fabricated into 4 mm cubes and then microtomed with a 

glass blade to obtain optically smooth surfaces. The tip-area function during indentation is 

described by the following equation: 

𝐴𝑐(ℎ𝑐) =  𝐶0ℎ𝑐
2 + 𝐶1ℎ𝑐 + 𝐶2ℎ𝑐

1/2
+ 𝐶3ℎ𝑐

1/4
                        (11) 

where 𝐴𝑐 is the contact area, ℎ𝑐 is the contact depth, and C0, C1, C2 and C3 are calibration 

coefficients obtained using a polycarbonate standard (Pruitt and Rondinone, 1996; Klapperich et 

al., 2001).  

A TI 900 Hysitron TriboIndenter (Minneapolis, MN) was used to perform indentations at 

ambient temperature using a conospherical diamond tip with a nominal 20 μm radius. The 

indentations were load-controlled with a rate of 30 μN/s. A trapezoidal loading-unloading function 

was used with a ten-second hold at each maximum load to minimize creep effects (Klapperich et 

al., 2001; Pruitt et al., 1996). Each sample group (n=5 specimens per material group) comprised 

15 indentations with a prescribed maximum load of 150-650 uN in equally spaced intervals 

(Klapperich et al., 2001). A custom MATLAB script was created to calculate elastic modulus and 

contact hardness based on the following equations: 

𝑆 =  
𝑑𝑃

𝑑ℎ
=

2√𝐴𝑐

√𝜋
𝐸𝑟                                             (12) 

1

𝐸𝑟
=  

1−𝜐2

𝐸
+

1−𝜐2

𝐸𝑖
                                            (13) 

𝐻𝑐 =  
𝑃𝑚𝑎𝑥

𝐴𝑐
                                                    (14) 

where S is the stiffness and  
𝑑𝑃

𝑑ℎ
 is the slope of the initial unloading portion of the indentation load 

versus displacement curve, 𝐸𝑟 is the reduced elastic modulus, and Hc is the hardness. For 

calculations of reduced elastic modulus a Poisson’s ratio of 0.46 was utilized (Kurtz 2009). 

Experimental Poisson’s ratio from our tests was not utilized in the calculations of nanomechanical 

properties since a full investigation of anisotropic effects was not performed. 
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2.3.2.6 Statistical Analysis 

 Determination of relationships between bulk mechanical properties analyzed from 

different methods as well as relationships between microstructure and mechanical properties was 

performed using a nonparametric Spearman rank correlation coefficient (MATLAB) (Atwood et 

al., 2011). Median values of mechanical properties were used for correlations.  

2.4 Results  

2.4.1 Microstructure 

Crystallinity determined from DSC scans was found to range from 52.4 – 61.2%. A summary of 

crystallinity and microstructure for all material groups is summarized in Table 2.  Lamellar 

architecture was determined from SAXS scattering functions. Paired distance distribution 

functions p(r) were determined using the relationship 

𝑝(𝑟) =
1

𝑟𝑒
2

1

2𝜋2 ∫ 𝑞2𝐼(𝑞) cos(𝑞𝑟) 𝑑𝑞
∞

0
                     (15) 

where, re is the classical radius of an electron (2.81794E-13 cm), I(q) is the experimental scattering 

function, q is the scattering vector, and r is the radial distance perpendicular to lamellar surfaces 

(Iijima and Strobl, 2000; Turell and Bellare, 2004). The inter-lamellar spacing (L) was measured 

from first maximum on p(r) as shown in Figure 1. The scattering function was also used to measure 

specific internal surfaces (Oac), which depicts area per unit volume of the interface separating the 

crystalline and amorphous regions (Turell and Bellare, 2004). Oac was determined as: 

𝑂𝑎𝑐 =  
−2𝑑𝑃/𝑑𝑟

∆𝜌𝑒
2                                            (16) 

where 𝑑𝑃/𝑑𝑟 presents the slope of linear fit to the self-correlation portion of the p(r) function and 

∆𝜌𝑒 is the difference in electron density between the crystalline and the amorphous regions of 

UHMWPE.   
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Figure 2. 1 – One-dimensional correlation function and associated parameters for GUR 1020.  

 

The electron densities of the crystalline and amorphous regions were determined from: 

𝜌 =  
[∑ 𝑧𝑖

𝑛
1 ]𝜌𝑚𝐴𝑣

𝑀
                                                 (17) 

where 𝑧𝑖 is the number of electrons per atomic species, 𝜌𝑚 is the density of the crystalline or 

amorphous regions of UHMWPE (g/cm3), 𝐴𝑣 is Avogadro’s number (mol-1), and 𝑀 is the 

molecular weight (g/mol) of the species. Densities for the crystalline and amorphous regions of 

UHMWPE were determined form 

 

𝜌𝑐 =
1

0.994+2.614×10−4𝑇+4.43×10−7𝑇2                          (18) 

 

𝜌𝑎 =
1

1.152+8.8×10−4𝑇
                                                  (19) 

 



 

11 
 

where T is temperature in degrees Celsius (Tanabe et al., 1986). A temperature of 23 °C was 

chosen to calculate the crystalline and amorphous densities of UHMWPE.    

Finally, lamellar thickness (D) was calculated based on the following equation: 

 

𝐷 = 𝑋𝐶𝐿                                                    (20) 

where Xc is the crystallinity determined from DSC. The thickness of the amorphous region (A) was 

calculated from the difference between interlamellar thickness (L) and lamellar thickness D. These 

microstructural features have been summarized in Table 2.2.  

 

Table 2. 2 – Summary of microstructural properties for the different UHMWPE materials. The 

table follows the color format for the different material formulations established in Table 2.1. 

 

 

2.4.2 Tension Properties and Constitutive Behavior 

 The tensile mechanical properties and constitutive behavior of UHMWPE were affected 

by resin type, antioxidant source and degree of cross-linking (Table 2.3).  The elastic modulus 

ranged from 655-1077 MPa with the highest elastic modulus observed in GUR 1020 AO 80kGy 

and the lowest in GUR 1020 75kGy RM. The regression analysis from 0.0005 to 0.009 strain 

produced the highest R2 values (0.95-0.99) compared to the other regression strain limits 

investigated. Also a strain limit of 0.009 produced the same relative standard deviation for 

calculating elastic modulus as the other strain limits while producing the greatest difference in 

modulus values between material formulations. This helped justify our decision for choosing 0.009 

as the strain limit in determining the elastic properties of UHMWPE for relative comparison 

between formulations. The UHMWPE materials without antioxidants exhibited a decrease in 

elastic modulus with increasing cross-linking; whereas formulations with antioxidants exhibited 
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an increase in elastic modulus with radiation dosage 75-80kGy followed by a decline with further 

irradiation. Overall due to the viscoelastic nature of UHMWPE, elastic modulus will depend on 

deformation rate and not exhibit a clear elastic region. Therefore defining a single value as the 

elastic modulus can be somewhat misleading. Its chief value is as a straightforward comparison 

tool as long as the procedure for calculating elastic modulus is clearly defined such as in the case 

of our study. 

The engineering yield stress in the UHMWPE formulations ranged from 21.7 to 26.2 MPa 

while the true 0.002 offset yield stress ranged from 10.2 - 15.3 MPa and the true 0.002 offset yield 

strain spanned 0.015 to 0.018. As with modulus, GUR 1020 AO 80kGy had the highest yield 

strength for engineering and true values while GUR 1020 75kGy RM exhibited the lowest. The 

non-linear plastic model parameters β and γ ranged between -20.5 to -18.0 MPa and -34.9 to -27.6 

respectively with R2 > 0.99 across all test samples. Representative elastic-plastic material models 

are provided in Figure 2.2. Material groups that had higher moduli and true offset yield stress 

values, exhibited higher plastic hardening curves as shown in Figure 2.2B with GUR 1020 AO 

80kGy compared to GUR 1020 75kGy RM. 

The engineering ultimate stress ranged from 39.7 to 52.9 MPa while true ultimate stress 

ranged between 127.9 to 229.1 MPa. From the experimental data, the engineering ultimate stress 

severely underestimates the true material behavior since it does not account for the stable necking 

UHMWPE undergoes during the deformation process. The true ultimate strain and energetic 

toughness decreased with increasing radiation cross-linking dosages across all materials Figure 

2.3. GUR 1020 VE exhibited the highest engineering ultimate stress, true ultimate stress, true 

ultimate strain, and energetic toughness while GUR 1050 75kGy RM had the lowest values in 

these material properties excluding engineering ultimate stress.  

Representative engineering and true stress-strain curves for the four base materials (GUR 

1050, GUR1020 VE, GUR 1020, and GUR 1020 AO) are provided in Figure 2.4. Note that a local 

maximum is present on the engineering stress-strain curve while no such point is observed on the 

true stress-strain curves. 
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Figure 2. 2 – (A) Representative two segment elastic-plastic material model for UHMWPE using 

average values gathered from GUR 1020. (B) Representative two segment elastic-plastic material 

model highlighting the differences for materials GUR 1020 AO 80kGy and GUR 1020 75kGy 

RM. These two materials exhibited the highest and lowest modulus and yield strength values 

respectively.  
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Figure 2. 3 – Bar charts showing the True Ultimate Tensile Stress, True Ultimate Tensile Strain, 

and Energetic Toughness across all material formulations (mean ± standard deviation). The bar 

charts follow the color format for the different material formulations established in Table 2.1. 
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Figure 2. 4 – (A) Representative tensile behavior for the four base UHMWPE material groups 

engineering stress-strain curves. (B) Representative true stress-strain curves for the four base 

UHMWPE material groups. The stress-strain plots follow the color format for the different 

material formulations established in Table 2.1.
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Table 2. 3 - Engineering and true tensile stress-strain data for all UHMWPE formulations (mean ± standard deviation). 
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2.4.3 Poisson’s Ratio 

 Poisson’s ratio was calculated for the range of UHMWPE formulations using a linear 

regression from true axial strains of 0.0005 to the true tensile yield strain taken from the 0.002 

offset line. This method yielded a Poisson’s ratio for GUR 1020 that matched previously reported 

values of 0.46 (Kurtz, 2009). Figure 2.5 depicts a representative graph of axial and transverse true 

strains versus load. The plot reveals that there is non-linear behavior and highlights the 

complexities of calculating the Poisson’s ratio in polymers such as UHMWPE. The Poisson’s ratio 

values across the UHMWPE material groups are summarized in Table 2.3. As the radiation cross-

linking dosage increased for GUR 1020, Poisson’s ratio values approached 0.50. GUR 1020 AO, 

GUR 1020 AO 80kGy, GUR 1020 VE, and all GUR 1050 formulations exhibited Poisson’s Ratios 

higher than 0.50 suggesting orientation effects from the consolidation process in the material. The 

orientation effect could also come from the process of antioxidant addition and higher molecular 

weight locking in the polymer network structure. As the cross-linking dosage was increased for 

GUR 1020 VE, the Poisson’s ratio decreased and leveled off at roughly 0.46 (Figure 2.6) 

potentially suggesting that chain scission might unlock the network from consolidation and 

antioxidant addition.  

 

Figure 2. 5 – Representative true axial and transverse strains versus load for GUR 1020 used in 

the calculation of Poisson’s ratio. 
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Figure 2. 6 – Poisson’s ratio as a function of radiation dose [kGy] for the GUR 1020 VE 

formulations (mean ± standard deviation).  

2.4.4 Compression Properties 

The compressive elastic modulus, true yield stress, and true yield strain across all 

UHMWPE material formulations are provided in Table 2.4. The elastic modulus in compression 

ranged from 521MPa to 1130MPa. True 0.002 offset yield stress ranged from 10.9 MPa to 15.3 

MPa with 0.002 offset yield strain ranging from 0.015 to 0.029. Overall the moduli and yield 

values measured in compression were not exactly the same as those found in tension however, the 

same trends that were present in tension were present in compression. For instance, GUR 1020 

AO 80kGy exhibited the highest modulus and yield values in tension and compression while GUR 

1020 75kGy RM exhibited the lowest. The majority of  true offset yield strain values in 

compression were below 0.02 strain in accordance with previous work (Kurtz et al., 2002; Kurtz 

et al., 1998). Additionally, the compressive modulus and yield stress of GUR 1050 matched results 

found earlier from Kurtz and colleagues (Kurtz et al., 2002).  
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2.4.5 Nanoindentation Properties 

Reduced elastic modulus and hardness values for all the UHMWPE formulations are 

provided in Table 2.4. Local moduli calculated from nanoindentation were lower on average 

compared to tension and compression. Additionally the relative standard deviations for modulus 

from nanoindentation were higher owing to the non-linearity in the unloading portion of the force 

versus displacement curves. GUR 1020 AO 80kGy exhibited the highest nanoindentation modulus 

and hardness across the UHMWPE formulations which was consistent with results from tension 

and compression. GUR 1020 75kGy RM was not consistent with exhibiting the lowest modulus 

and hardness out of the material formulations as would be inferred from the tension and 

compression results.
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2.4.6 Statistical Analysis 

2.4.6.1 Mechanical Property Statistical Analysis 

 Non-parametric statistical analysis demonstrated that several bulk mechanical properties 

were well correlated across different testing and measurement conditions. Elastic modulus and 

yield strength were well correlated in tension and compression (Table 2.5,2.6). Additionally 

engineering yield stress was well correlated with both tensile and compressive true offset yield 

stress suggesting that bulk mechanical property measurements produce the same trends across 

analysis methods. Nanoindentation hardness was not correlated with any bulk mechanical 

measurement of yield strength however compressive modulus and nanoindentation modulus were 

weakly correlated. This lack of correlation between bulk properties and nanoindentation can 

possibly be attributed to the size scale differences in analysis methods. No correlation was found 

between engineering and true ultimate stress.  

Table 2. 5 – Spearman rank correlation coefficient matrix between the different elastic modulus 

properties of all UHMWPE formulations.  
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Spearman rank correlation coefficients were also performed between the tensile true offset yield 

strength and the non-linear model parameters in an effort to understand plastic hardening behavior 

in UHMWPE. There was a relationship between yield strength and non-linear plastic models 

parameter β ( = -0.860, p = 0.0006) and γ ( = -0.685, p = 0.02) showing that as yield strength 

increased β and γ would decrease. Essentially as yield strength in UHMWPE material formulations 

is increased, the rate at which the material plastically deforms increases as well. A lower β in 

equation 3 translates to a higher rate the material approaches the asymptotic yield stress limit 

which can be seen in figure 2.2B comparing the hardening behavior of the highest and lowest 

strength material formulations. These observations are only valid when looking at UHMWPE up 

to true strains of 0.12 where these model parameters are valid. 

2.4.6.2 Microstructural Statistical Analysis 

 Non-parametric statistical analysis showed that elastic modulus in tension and compression 

correlated with crystallinity (Table 2.7). Poisson’s ratio was found not to correlate with any 

microstructural properties most likely due to our microstructural analysis focusing on lamellar size 

and not orientation.  Engineering and true yield stress values from tension and compression 

correlated well with both crystallinity and lamellar thickness. Tensile modulus correlated with 

lamellar thickness. Non-linear hardening parameters, β and γ, also demonstrated correlation with 

crystallinity. Finally tensile elastic modulus and engineering ultimate stress showed correlation 

with lamellar thickness.  
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2.5 Discussion 

Material properties of UHMWPE depends upon resin type, consolidation process, degree 

of cross-linking, post-irradiation thermal treatment as well as antioxidant chemistry. 

Understanding the constitutive behavior of UHMWPE is requisite for optimizing long-term 

performance of these polymers in TJRs. Moreover, quasi-static properties such as ultimate 

strength, strain to failure and energetic toughness provide insight into clinical performance of these 

polymers in orthopedic bearing applications. To the authors’ knowledge, this is the first 

comprehensive study that characterizes microstructure, tension and compression constitutive 

behavior, as well as nano-mechanical surface properties across a spectrum of clinical UHMWPE 

formulations. The expansive mechanical analysis conducted within this study is an attempt to 

accomplish two primary goals 1.) Thoroughly describe methods in the analysis of basic mechanical 

properties and provide justifications for why these methods are important and should be used 

moving forward 2.) Cohesively link mechanical properties, through multiple deformation schemes 

and microstructure, all in an attempt to provide insight to engineers and designers to improve 

implant performance and longevity. 

Engineering tensile stress-strain tests are commonly used to characterize the mechanical 

behavior of UHMWPE and to compare resins for use in total joint replacements. The constitutive 

behavior of UHMWPE is complicated by its extensive plastic deformation facilitated through 

fibrillation of its microstructure and thus the polymer is more accurately characterized by the use 

of true stress-strain relationships (Kurtz et al., 2002; Kurtz et al., 1998). Figure 2.4 shows a clear 

distinction between the engineering and true tensile behavior for the four base UHMWPE 

formulations. Notably, the engineering stress-strain curve (Figure 2.4A) exhibits a local maximum 

that is generally used as the yield point of UHMWPE. In comparison, the true stress-strain curve 

does not show this maximum but rather it captures the large deformations observed in UHMWPE 

(Figure 2.4B). 

For this study, we used a 0.002 offset line to analyze yielding for the true tensile behavior 

across the UHMWPE formulations in order to directly compare tension and compression 

properties as well as build upon a previously established elastic-plastic material model (Kurtz et 

al., 2002; Kurtz et al., 1998; Kurtz et al., 2006). We found that the tensile true offset yield stress 

values ranged from 10.2MPa to 15.3MPa (true offset yield strain values ranged between 0.015 to 

0.018). In comparison, the compressive true offset yield stress spanned 10.9MPa to 15.3MPa (true 

offset yield strain values ranged between 0.015 to 0.029). It is notable that the measured tensile 

and compressive yield values were extremely close across material formulations. The similarities 

between tension and compression were further corroborated with our Spearman rank correlation 

coefficients demonstrating that the same yield trends exist across loading scenarios and material 

formulations. The yield values only differed for a particular formulation by at most 2.3MPa and 

0.011 strain for GUR 1020 VE 100kGy and GUR 1020 75kGy RM respectively. Additionally the 

range of our yield values were consistent with previous work published by Kurtz and colleagues 

using the 0.002 offset method (Kurtz et al., 2002; Kurtz et al. 2006). The offset method however 

is not traditionally the accepted yield point in a polymer despite the current and previous usage of 

this to determine yield in UHMWPE.  
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The yield point of a material traditionally represents the onset of plastic (permanent 

deformation); however there is microstructural evidence that non-recoverable deformation occurs 

in UHMWPE before reaching the macroscopic yield point or onset of stable necking.  Earlier 

compression studies with simultaneous microstructure characterization have revealed non-

reversible microstructure evolution at small deformations (Bartczak et al., 1992; Lin & Argon, 

1994). Similarly, Kurtz and colleagues demonstrated that there was non-recoverability at 

compressive strains below the 0.002 offset yield strain and that the offset method was a valid way 

to determine when those non-recoverable strains increased sharply (Kurtz et al., 1998). Such 

findings have important implications for designing against and understanding plastic deformation 

of UHMWPE in TJRs. The 0.002 offset method with true stress-strain data serves to conservatively 

predict yield and aid in formulating a more accurate plastic flow model. As a result, we strongly 

urge that true stress-strain data should be used as a more accurate constitutive model for 

determining fundamental material behavior such as modulus, yield and ultimate properties. We 

further suggest moving away from the traditional definition of the local maximum on the 

engineering stress-strain curve as the yield point in UHMWPE as it may overestimate yield 

strength especially for a material used in a safety critical application like that of TJRs.  

Poisson ratio is another important material property that is essential for constitutive 

modeling and analysis of mechanical behavior. The value of Poisson’s ratio of UHMWPE is 

commonly assumed as 0.46; yet little is known about the effects of processing, cross-linking, 

thermal treatments and use of antioxidants on this parameter. The R2 values for the calculation of 

elastic modulus from the true stress-strain data ranged from 0.95 to 0.99 for strains between 0.0005 

and 0.009 demonstrating reasonable linearity to the stress-strain relationship of UHMWPE at low 

strains. According to ASTM D638 (Annex A3), if a polymer exhibits a non-linear stress-strain 

relationship then the Poisson’s ratio should be determined within the true axial strain range of 

0.0005 to 0.0025. The true axial strain limit in our study was chosen as the tensile true offset yield 

strain. This method was employed to determine if the true axial and transverse strain response was 

linear up to that point as well as to compare our values with those reported in the literature 

previously. To the authors’ knowledge, only one modern study, Kurtz et al., 2006, has looked at 

Poisson’s ratio changes due to orientation and radiation cross-linking. For this study, Kurtz et al. 

found Poisson’s ratio within the elastic regime but did not mention any more specifics (Kurtz et 

al., 2006). Figure 2.5 shows that the true axial and transverse strain versus load responses of 

UHMWPE up to the true axial offset yield strain deviate from ideal linearity. Despite this non-

linearity our calculation of Poisson’s ratio produced results consistent with values cited in the 

literature for GUR 1020 (Kurtz, 2009). This method is further corroborated by the low standard 

deviations for our measured Poisson’s ratio values across the UHMWPE formulations.  

It is remarkable that some of the measured values of Poisson’s ratio for various UHMWPE 

formulations exceeded 0.50. This finding suggests some aspect of anisotropy in the polymer and 

is likely attributed to microstructure changes owed to process formulation specifically chain 

alignment in the polymer from compression molding (Bailey, 2012; Chang et al., 1999; Elliott et 

al., 2002; Kempson, 1982). Previously it was thought that compression molding would produce 

material that was more isotropic in morphology however with higher molecular weight resins 

(GUR 1050) and antioxidant additions this is not the case based on our Poisson’s ratio findings 

(Bellare and Cohen, 1996; Kurtz et al., 1999a; Pruitt and Bailey, 1998). As a result, further 

characterization of the Poisson’s ratio and orientation effects on basic mechanical properties 
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(elastic modulus, yield strength, etc.) for various clinical formulations and material processing 

conditions of UHMWPE is highly warranted.  

UHMWPE anisotropy was previously investigated by Kurtz using GUR 1050 50kGy 

cross-linked material that was ram extruded after cross-linking (ArCom XL) to knowingly impart 

directionality into the material (Kurtz et al., 2006). Kurtz found mixed conclusions with some 

mechanical properties being affected by orientation while other properties were not. For instance 

there was basically no change in Poisson’s ratio when measured in compression with different 

orientations to the long axis of the ArCom XL rod stock. At the same time, Poisson’s ratio was not 

investigated for orientation effects in tension. Elastic modulus was another mechanical property 

missing a tensile pairing for orientation effects. Overall from Kurtz et al., 2006 there are still 

unanswered questions regarding anisotropy that warrant further investigation to cohesively 

understand how anisotropic behavior might exist across different loading scenarios, processing 

conditions, resin types and antioxidant additions.   

Anisotropic behavior in UHMPWE is important to understand since implants experiencing 

wear and fatigue can be affected by orientation with drastically different consequences. Ohta 

determined increased wear resistance with preferential crystal alignment to the contact surface 

(Ohta et al., 2003). Pruitt found decreases in fatigue fracture performance when extruded material 

was fatigued perpendicular to the extrusion direction where crystallographic deformation was 

restricted (Pruitt and Bailey, 1998). Our microstructural analysis dealt mainly in the size of 

crystalline and amorphous features in pre-deformed as processed material. Correlations have been 

made with crystallographic orientation throughout the deformation process in UHMWPE and 

HDPE (Bartczak et al., 1992; Bellare and Cohen, 1996; Cohen et al., 1992). It is possible that 

investigations into the crystal alignment pre and post deformation might have explained our 

anisotropic results with Poisson’s ratio. It is recommended that additional SAXS and transmission 

electron microscopy (TEM) studies be performed on antioxidant and high molecular weight resins 

of UHMWPE, across consolidation methods, to better understand these previously unknown 

crystallographic orientation effects. Ultimately microstructural mechanisms, as our study and 

others have shown, are linked to basic mechanical properties like modulus, yield strength, and 

ultimate strength, which are the fundamental requisite material properties for stress analysis of 

orthopedic implants (Atwood et al., 2011; Medel et al., 2009; Simis et al., 2006; Turell and Bellare, 

2004).  

Basic mechanical properties derived from true stress-strain relations and constitutive 

behavior are paramount in simulating accurate material deformation in UHMWPE implants. 

Bergström has developed several comprehensive constitutive models based on limited physical 

experimental true stress-strain datasets (Bergström et al., 2003, 2002). He even mentions the need 

for a more comprehensive mechanical property database to validate his overarching model 

(Bergström et al., 2002). Our study moves toward building that necessary database however 

introducing the need to incorporate potential anisotropic behavior. The prospect of having 

significant differences in modulus, Poisson’s ratio, yield strength, hardening parameters, and 

ultimate strength in different loading scenarios adds complexity to Bergström’s unified model. 

However, part of what a large mechanical property database means for a unified constitutive model 

is culling where anisotropic or other effects might be more or less important to incorporate.     

Our study was able to show a wide range in properties with different material formulations 

while also demonstrating agreement between deformation schemes providing a much needed push 
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to understand which mechanical parameters are the most important for a constitutive model. We 

were able to show agreement between tensile and compressive deformation schemes across 

UHMWPE formulations with correlations to microstructure. These agreements along with past 

studies, justify some validity in the assumption that tension and compression follow almost the 

same behavior up to 0.12 strain in some UHMWPE formulations (Kurtz et al., 1998). At the same 

time, our results show a wide range in elastic-plastic behavior (Figure 2.2) between different 

material treatments highlighting the need to further gather experimental data when UHMWPE is 

altered in some way. The only way to understand material property effects and material anisotropy 

is to conduct additional mechanical testing to provide the necessary modeling parameters. 

Mechanical and constitutive properties for UHMWPE implants however can change during in vivo 

loading and capturing these changes is important for modeling. Often there is insufficient retrieved 

implant material to conduct a bulk tension or compression test of the material. Nanoindentation 

can provide the necessary insights into mechanical property alterations in this scenario. 

 Nanoindentation is another characterization tool that offers a viable method for analyzing 

the surface mechanical properties of UHMWPE. Nanoindentation makes use of indenter tips that 

span from nanometer to micron length scales and for this reason the method offers insight into 

local mechanical properties as well variations in surface hardness owed to microstructure. The 

method differs from bulk mechanical testing not only in size scale sampled but also in its use of 

unloading curves as a metric for determining a reduced modulus and hardness (Oliver and Pharr, 

1992). For these reasons nanoindentation is not expected to provide identical elastic modulus 

values to those measured with bulk tests but rather the method offers correlating trends in modulus 

or hardness across UHMWPE formulations and is useful for retrievals or where material is limited 

(Ebenstein & Pruitt, 2006; Klapperich et al., 2002). Hardness determined from nanoindentation 

correlated with some compressive and tensile yield stress trends across the UHMWPE 

formulations. For GUR 1020 and 1050 resins, the hardness decreased with increased cross-linking 

with the same trend observed in yield stress measured in tension and compression. Similarly, the 

GUR 1020 AO 80kGy and GUR 1020 VE 75kGy exhibited the highest modulus and yield stress 

values in tension and compression which were corroborated in the nanoindentation properties.  

As with the other material characterization techniques, a standardized method is needed 

for nanomechanical characterization of UHMWPE. Nanoindentation is affected not only by 

changes in local microstructure and variations in Poisson’s ratio (as discussed above) but also the 

inherent viscoplastic nature of UHMWPE. Despite these limitations, nanoindentation offers 

general insight into surface mechanical properties. The method may be useful in implant design as 

it can be utilized to assess surface property changes owed to clinical use (Medel et al., 2009).  

 The microstructure evaluation of UHMWPE is equally important in assessing clinical 

outcomes for the polymer. It is well known that lamellar size (thickness and spacing) can have a 

significant effect on crack propagation mechanisms and can directly impact the fatigue fracture 

resistance of the polymer (Atwood et al., 2011; Baker et al., 2003; Simis et al., 2006). SAXS is an 

established method for quantifying lamellar architecture in UHMWPE and provides superior 

sampling statistics compared with other microstructural assessment methods (Turell and Bellare, 

2004). In this study, a number of fundamental mechanical properties were found to positively 

correlate with crystallinity and lamellar thickness, Table 2.8, suggesting that morphological 

changes to UHMWPE can influence mechanical properties. This finding suggests that tailoring the 

microstructure can be an important pathway for achieving optimized mechanical properties of 

UHMWPE across different loading scenarios. 



 

30 
 

2.6. Conclusions  

Our work evaluates methods for measuring elastic modulus, Poisson’s ratio, yield 

conditions in stress and strain, ultimate true stress and strain, and energetic toughness across tensile 

and compressive behavior. Through our methods, this study shows that variations in clinical 

formulations of UHMWPE that span resin type, degree of cross-linking, thermal treatment and 

antioxidant chemistry result in differences in microstructure, crystallinity and mechanical 

properties. This wealth of data provides the necessary insight to orthopedic implant designers and 

engineers. Microstructure measured with DSC and SAXS correlates with mechanical properties 

that are requisite for structural function of this polymer in TJRs. Additionally our methods and 

analysis demonstrate the anisotropic effects in material formulations and consolidation methods 

previously not thought possible requiring future mechanical testing and microstructural evalution. 

Finally, nanoindentation is shown to be a useful metric for determining reduced modulus and 

hardness across UHMWPE formulations. This is the first study to simultaneously capture 

mechanical and microstructural properties across an extensive cohort of UHMWPE formulations 

for use in modern orthopedic implants. 
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Chapter 3 – The fracture of ultra-high molecular 

weight polyethylene 

 

Abstract 

 

This chapter presents a cohesive methodology for quantifying the fracture behavior of structural 

polymers. We accomplish this task by reviewing the complexities of polymer fracture mechanics 

and associated J-integral fracture toughness testing as well as by conducting appropriate nonlinear-

elastic fracture mechanics measurements with comprehensive analysis. J-based crack-initiation 

and crack-growth fracture toughness testing is performed on ten clinically relevant formulations 

of ultra-high molecular weight polyethylene (UHMWPE). This polymer is chosen for its extensive 

literature base in terms of its mechanical properties and fracture toughness behavior, as well as its 

safety-critical importance and broad use in total joint replacements. One of the current limitations 

in polymer fracture characterization is the use of “engineering” constitutive behavior to determine 

initiation fracture toughness compared with “true” constitutive properties. UHMWPE offers a 

plethora of true tensile stress-strain data that serves as a template and predicate base for fracture 

analysis. This chapter aims to demonstrate why using true constitutive behavior for polymer 

fracture mechanics is so important and why a justified comprehensive analysis method is needed 

in order to reliably measure the fracture toughness of polymeric materials.   
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3.1 Introduction 

 

Ultra-high molecular weight polyethylene (UHMWPE) remains the polymer of choice for use 

in total joint replacements (TJRs). Its clinical use spans sixty years and accordingly there is an 

abundance of research literature available that provides insight into the mechanical behavior of 

this polymer (Kurtz, 2015). UHMWPE is a semi-crystalline polymer with crystalline lamellae 

embedded in an amorphous matrix that is well above its glass transition (-80C) temperature (Sara 

A Atwood et al., 2011; Bistolfi et al., 2009; Turell and Bellare, 2004). This polymer is defined by 

its very high molecular weight (2-6 million g/mol) where these long chains facilitate high 

entanglement density that limit the crystallinity to about 50% yet afford the polymer exceptional 

energetic toughness (Kurtz, 2009; Pruitt, 2005). Despite its excellent energetic toughness and 

inherent biocompatibility, UHMWPE in its untailored form is susceptible to wear when 

articulating against the hard bearings typically used in TJRs (Kurtz, 2015, 2009). Modern 

formulations of UHMWPE make use of irradiation cross-linking to improve wear resistance, as 

well as thermal and antioxidant treatments to improve its in vivo oxidative resistance (Kurtz, 2015). 

The improvements to wear and oxidation resistance come though at the expense of mechanical 

properties (Kurtz, 2015) and the detriment of fatigue fracture resistance (Ansari et al., 2016; Sara 

A Atwood et al., 2011; Baker et al., 2003b; Crowninshield and Muratoglu, 2008; Gencur et al., 

2006; Rimnac and Pruitt, 2008; Simis et al., 2006).  

 

Despite its long and storied use in such a safety critical environment, there has been little 

consensus on how to assess the constitutive behavior and the crack initiation fracture toughness of 

UHMWPE. One major incongruity lays its foundation in the discrepancy in using engineering 

versus true stress-strain data to determine its mechanical properties. This problem is not unique to 

UHMWPE and includes a number of engineering polymers. Unlike metallic materials, semi-

crystalline polymers when stressed above glass transition temperature undergo stable necking 

throughout their extensive deformation. This has profound effects when analyzing plastic flow 

properties such as yield strength and ultimate strength that are important parameters for 

determining J-integral based JIc fracture toughness values.  

 

The nonlinear plane-strain initiation fracture toughness value, JIc, is classically defined as the 

end of “apparent” crack extension due to crack-tip blunting, often identified as a stretch zone on 

the fracture surface, at the onset of crack initiation due to material tearing (Clarke et al., 1979; 

Landes and Begley, 1974; Paris et al., 1979). This parameter is determined experimentally using 

a single or multi-specimen test (as defined in the ASTM Standards ASTM E1820 for metals; 

ASTM D6068 for polymers) to create a J-integral versus crack extension JR(a) crack-resistance 

(R-) curve (Figure 3.1). A theoretical blunting line is drawn to intersect the JR curve to determine 

JIc (Clarke et al., 1979; ASTM E1820). The intersection of the blunting line and the R-curve should 

then correlate with crack initiation (at the end of crack extension due to blunting), which in turn 

should be represented by the stretch zone width (SZW) on the fracture surface. In this 

methodology, the SZW can be used directly with the material flow properties to determine JIc since 

the blunting line and stretch zone are directly related to the crack-tip opening displacement 

(CTOD) (Amouzouvi and Bassim, 1982; Liu and Kobayashi, 1980).  
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Figure 3. 1 – Exemplar JR(a) crack-resistance curve based on the ASTM E1820 standard and 

adapted from data gathered within this study. The theoretical blunting lines and exclusion lines are 

depicted in the figure. Data within the 0.15 mm and 1.5 mm exclusion lines are deemed acceptable 

data since it meets the criteria for J-dominance. Valid data are depicted in closed circles while non-

valid data as depicted as open circles.  A power-law curve is fit to the valid data. The point where 

the 0.2 mm offset line intersects the JR is considered to be JQ and can be deemed JIc so long as size 

requirements are met.   

 

The challenge in polymers is the difficulty in observation and existence of a stretch zone that 

shows the extent of crack extension due to blunting that is a result of crazing and/or crack tip 

stretching (Chan and Williams, 1983; Huang and Williams, 1990; Narisawa, 1987; Pascaud et al., 

1997a). As a result, there is currently no accepted definition of JIc for polymers1, whereas a 0.2 

mm offset line parallel to the blunting line and its intersection with a power-law JR curve is used 

                                                            
1 Polymers have historically adopted the use of a blunting line to define initiation toughness but due to the inherited 

complexities in polymer fracture, ASTM has stayed away from implementing an initiation toughness method for 

these materials. 
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to define JIc in metals (ASTM E1820).  JIc measurements for metals by this ASTM method are a 

practical definition of initiation toughness since, akin to polymers, there are complexities in 

identifying the actual point of crack initiation (Huang and Williams, 1990),  yet this technique is 

deemed to produce reliable and repeatable results (Heerens et al., 1988; Schwalbe and Heerens, 

1985). However, in contrast, the methodology for determining a practical definition of initiation 

toughness within the polymer community is still under debate stemming primarily from the 

complexity of polymeric constitutive behavior. 

 

The blunting line approach to determine crack initiation in polymers can lead to severe 

overestimates due to the fact that engineering stress-strain constitutive properties have been 

historically used in polymer fracture mechanics (Chan and Williams, 1983; Hashemi and 

Williams, 1991, 1986a, 1986b; Huang and Williams, 1987; Narisawa, 1987; Narisawa and 

Takemori, 1989; Pascaud et al., 1997a, 1997b; Rimnac et al., 1988; Varadarajan and Rimnac, 

2008). The flow stress used in JIc testing per ASTM E1820 makes use of an engineering definition 

of yield (Y) and ultimate tensile (U) stresses and accordingly the flow stress, σflow = ½ (Y + 

U). This has been well suited for many high strength, low strain-hardening metals as differences 

between true and engineering stress-strain properties are minor (Figure 3.2A) (Heerens et al., 

1988; Landes, 1995; Landes and Begley, 1974; Mills, 1981; Schwalbe and Heerens, 1985).  This 

approach can cause problems in polymers capable of extensive plastic deformation, or low-

strength high strain-hardening behavior, as it can result in a severe underestimate of the flow stress 

and an overly shallow blunting line that intersects the JR curve at larger crack extensions not 

representative of the J-integral values close to the onset of crack initiation (Chan and Williams, 

1983; Hashemi and Williams, 1991, 1986a, 1986b; Huang and Williams, 1987; Narisawa, 1987; 

Narisawa and Takemori, 1989; Pascaud et al., 1997a, 1997b; Rimnac et al., 1988; Varadarajan and 

Rimnac, 2008).  

 

The marked differences in engineering versus true constitutive behavior for a polymer such as 

UHMWPE can be seen in Figure 3.2B where true ultimate stress is nearly four times larger than 

engineering ultimate stress. This difference in material properties has significant importance in 

defining the flow properties of a polymer material for use in a J-based fracture toughness 

assessment and, as such, the current use of such engineering stress-strain properties is clearly 

distorts the measurement of the crack-initiation in these materials. Despite this, to our knowledge, 

no study has as yet employed the true stress form of σflow when measuring the JIc fracture toughness 

of UHMWPE or similar polymers. Owing to its widespread use in TJR, UHMWPE serves as an 

ideal polymer to explore these questions as the extensive literature offers a framework for both 

constitutive and fracture properties (Ansari et al., 2016; Bellare et al., 2016; Gomoll et al., 2002; 

Steven M. Kurtz et al., 2006; Kurtz et al., 2002, 1998, Pascaud et al., 1997a, 1997b; Rimnac et al., 

1988; Sobieraj et al., 2008, 2005; Varadarajan and Rimnac, 2008). 
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Figure 3. 2 – Engineering versus true stress-strain curves for typical metals and semi-crystalline 

polymers. (A) A comparison of both engineering and true stress-strain data of HY130 steel adapted 

from Clarke et al., 1980 (Clarke et al., 1980). The plot highlights the minimal differences between 

engineering and true properties for a high strength low-strain hardening material that the initial J-

integral testing standards for metals were based on. (B) The same comparison for UHMWPE 

adapted from the data supplied for this study. The inserts are zoomed in portions of the true and 

engineering stress-strain curves at the beginning of deformations and up until yielding.  The inserts 

demonstrate the differences in determining yield stress in true versus engineering stress-strain for 

a semi-crystalline polymer. The local maximum on the engineering stress-strain curve is classically 

determined as the yield stress in a semi-crystalline polymer. Note the absence of a local maximum 

in the true stress-strain curve compared to the engineering stress strain and the use of a 0.2% offset 

line to determine yield. Finally note the large differences, nearly a factor of four, in true versus 

engineering ultimate stress. 
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The purpose of this study is to evaluate the fracture toughness behavior of clinically relevant 

UHMWPE formulations to serve as a basis for developing a consistent and appropriate test 

methodology for determining the fracture toughness behavior of structural polymers. Moreover, 

fracture of UHMWPE poses a relevant clinical concern in implant designs with stress risers such 

as locking mechanisms and notches or where impingement overloads the polymer component 

Furmanski et al., 2009;  Ansari et al., 2016). We evaluate the fracture toughness behavior of 

UHMWPE using the procedures outlined in ASTM E1820, ASTM D6068, as well as the earlier 

work of Paris et al. (1979); yet we employ the constitutive behavior evaluated in terms of true 

stresses and strains. Moreover, we seek to address a structure-property correlation in UHMWPE 

across these polymer resins. Specifically, our study assesses whether our methodology yields the 

same decrease in fracture toughness concomitant with increased cross-linking that is known to 

occur with fatigue fracture resistance of UHMWPE (Ansari et al., 2016; Sara A Atwood et al., 

2011; Baker et al., 2003b; Gencur et al., 2006; Simis et al., 2006). 

 

3.2 Background 

 

J-integral fracture testing of polymers is an adaptation of the original multi-specimen J-integral 

resistance curve procedure developed by Landes and Begley for use on metals (Landes and Begley, 

1974). There have been some procedural changes over the years; however, at its core the testing 

method for polymers remains the same. The multi-specimen procedure requires several identical 

test specimens to be loaded to varying displacements to elicit different corresponding amounts of 

crack growth. The specimens are then unloaded and broken to expose the fracture surface for crack 

growth measurement. Chan and Williams were the first to successfully apply this procedure to 

polymers; it was finally adapted to ASTM Standard D6068 with some small variations to the 

original Landes and Begley method (Chan and Williams, 1983; Landes and Begley, 1974).  

 

Ultimately the metals community moved away from the multi-specimen procedure in favor of 

using a single-specimen to generate a JR curve measuring crack growth through elastic (unloading) 

compliance. In the single-specimen procedure, a sample is loaded and then partially unloaded, 

repeating these steps several times to generate a JR curve. Crack extension is determined from the 

unloading steps by measuring elastic compliance which is related to normalized crack length, a/W. 

However, normalized elastic compliance cannot be readily applied to polymers owing to their 

viscoelastic nature.  

 

The single-specimen procedure is challenging for polymers as the normalized elastic 

compliance equations are specific for each polymer and its associated displacement rates. Another 

technical challenge is that many polymers demonstrate hysteresis in their unloading curves and it 

is difficult to pinpoint the range of the elastic region upon unloading to determine elastic 

compliance.  (Chung and Williams, 1991; Hashemi and Williams, 1991). For these reasons, the 

polymer fracture community primarily uses the multi-specimen approach due to the complexities 

of applying the single-specimen procedure to these materials. The multi-specimen procedure offers 

a more conservative approach to creating a JR curve since each data point comes from a separate 

specimen and crack extension is physically measured on the fracture surface.  
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For the multi-specimen procedure, J is calculated according to the following equation: 

 

                                                   𝐽 =
𝜂𝑈

𝐵𝑏0
                                               (20), 

 

where U is the energy required to extend the crack, or the total area under the load versus load-

line displacement curve, b0 is the initial uncracked ligament, and  is known as the eta-factor which 

depends on specimen geometry. This J-integral solution was first developed by Rice and 

colleagues for deeply cracked bend specimens and was the basis for the multi-specimens JR curve 

procedure introduced by Landes and Begley (Landes and Begley, 1974; Rice et al., 1973). 

Equation 1 is the fundamental J solution used in polymer fracture within ASTM D6068.  The 

equation is utilized when plastic displacement outweighs elastic contributions and as a result can 

be directly used on the raw load versus load-line displacement data. An eta-factor of  = 2 was 

found to be sufficient for the original bend specimens and for C(T) specimens was later found to 

be given by  = 2 + 0.522(b0/W) (Clarke and Landes, 1979). To create the JR curve, J is calculated 

at different load versus load-line displacements and married to the corresponding amount of crack 

growth measured on the fracture surface of the specimen. After the construction of a JR curve, the 

data must fall within a validity window to satisfy the Hutchinson-Rice-Rosengren (HRR) field 

verifying that J-dominance is maintained. Currently there are discrepancies between the two J-

integral standards of metals and polymers when it comes to determining a region of valid J data 

on the JR curve. 

 

ASTM E1820 requires 0.15 mm and 1.5 mm exclusion lines in order to determine the window 

of valid J-integral to crack growth data for analysis (Figure 1) and sets a hard limit for crack growth 

to 0.25b0. ASTM D6068 currently does not provide an exclusion window apart from setting a 

minimum of subcritical crack growth at 0.05 mm and a maximum at 0.1b0. The maximum crack 

growth limits for J-integral were originally set according to experimental evidence by Shih which 

showed J was accurately predicted when crack extension was limited to 0.06b0 (Clarke et al., 1979; 

Huang, 1991; Huang and others, 1996; Huang and Williams, 1990; Shih et al., 1978). This limit 

was further justified by Hutchinson and Paris through the non-dimensional parameter, ⍵, was 

required to be much greater than 1: 

 

                                                               𝜔 =
𝑏0

𝐽
⋅

𝑑𝐽

𝑑𝑎
≫ 1,                                                   (21)  

 

where dJ/da is the slope of the J-integral versus crack growth (Δa) curve (Hutchinson and Paris, 

1979). Hutchinson and Paris essentially validated Shih’s data using Equation 2 (Hutchinson and 

Paris, 1979; Shih et al., 1978). As a result, Shih’s work became the basis for the 1.5 mm exclusion 

line. Clarke and colleagues performed a multi-facility round robin study to create the first 

standardized JIc standardized testing procedure using HY130 steel specimens with an approximate 

B of 25.4mm (1 in). Using this as a model along with a starting a/W = 0.5 and applying Shih’s 

criteria of limiting crack growth to 0.06b0, the 1.5 mm (0.06 in) exclusion line was created. The 

0.15 mm (0.006 in) exclusion line was then produced as a corollary to the 1.5 mm exclusion line. 

The point of eliminating crack growth below 0.006b0 was to exclude points where it is difficult to 

distinguish between crack extension due to blunting and actual crack growth (Clarke et al., 1980). 
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The 0.15 mm and 1.5 mm exclusion lines have existed since despite the fact they were based on 

one particular specimen’s dimensions and do not adapt to changes in size. 

 

 As it was thought that limiting crack growth to 0.06b0 might be too stringent. Gordon and Jones 

conducted J-integral testing of a titanium alloy to explore these specimen size effects and found 

that crack extensions up to 0.1b0 still exhibited size-independence (Gordon and Jones, 1989). 

Accordingly, ASTM then adopted a maximum crack growth limit of 0.1b0 for both metals and 

polymers. Later ASTM E1820 relaxed the maximum crack growth limit to 0.25b0 for metals, while 

ASTM D6068 retained a maximum growth limit of 0.1b0 for polymers. Wallin analyzed the growth 

limit of 0.25b0 in metals from a range of J-based toughness data in high and low toughness steels 

to calculate ⍵ and found that the maximum crack growth limit of 0.25b0 was acceptable (Wallin, 

2009). However, corresponding increases to the crack growth limit have yet to be justified or 

accepted for polymers and requires some examination. The question then becomes what is the 

appropriate lower limit for crack growth in polymers? 

 

The 0.05 mm lower crack growth limit in ASTM D6068 was created from a single study from 

Narisawa and Takemori (Narisawa and Takemori, 1989). Huang and Williams have raised several 

issues in regards to their study including recommending using a lower exclusion line based on 

0.006b0 instead of a 0.05 mm lower limit that would not accommodate changes in specimen size.  

(Huang and Williams, 1990). From the work of Shih and Clarke, a lower growth limit of 0.006b0 

should be used for both polymers and metals since that limit accommodates changes in specimen 

dimensions (Clarke et al., 1980; Shih et al., 1978). Now that it is understood how a JR curve can 

be produced and the region of valid data identified, what is the proper way to determine initiation 

toughness in a material? 

 

Currently both ASTM E1820 and D6068 construct a power law through the valid data points 

according to the equation:  

 

                                                                 𝐽 = 𝐶1∆𝑎𝐶2,                                                          (22) 

 

where C1 and C2 are the power-law fit constants. A 0.2 mm offset blunting line is then constructed 

to determine size-dependent fracture toughness values, JQ from the intersection of the 0.2 mm 

offset blunting line and the power-law JR curve. The 0.2-mm offset blunting line is given by the 

following equation: 

 

                                                𝐽 = 2𝜎flow(∆𝑎 − 0.2𝑚𝑚).                                              (23) 

 

The 0.2 mm offset blunting line was implemented to be close enough to actual initiation to produce 

size- and geometry-independent values while increasing reproducibility and reliability in 

measurement (Heerens et al., 1988; Schwalbe and Heerens, 1985). It is a well-defined 

approximation of the crack-initiation toughness, and has been the gold standard ever since. 

However, only ASTM E1820 currently uses this 0.2 mm offset blunting line to determine initiation 

toughness in metals.  

 

The 0.2 mm offset blunting line has been used to analyze initiation toughness in several 

polymers but has not been widely adopted for a number of reasons (Chung and Williams, 1991; 
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Hashemi and Williams, 1991; Pascaud et al., 1997a, 1997b; Rimnac et al., 1988; Varadarajan and 

Rimnac, 2008). First, the blunting and crack growth processes in polymer fracture are not the same 

as in metals. For example, some polymers undergo crazing ahead of the crack tip or undergo 

viscoelastic crack tip stretching (Chung and Williams, 1991). Chung and Williams argued that as 

a result of these two processes the blunting line in polymers is difficult to ultimately establish and 

warrants further investigation if such a line is to be used to define initiation toughness (Chung and 

Williams, 1991). The difficulties in the establishment of a proper blunting line is not a unique 

phenomenon to polymers; it has been present in the metals community as well.   

 

J-integral fracture methods were originally established using high strength low-strain 

hardening metals and engineering flow properties. For example the round robin study that 

established the first J-integral testing standard used HY130 steel (Clarke et al., 1980). Figure 2a 

illustrates the plastic flow properties of HY130 steel and it is clear there is little difference between 

true flow and engineering properties. Using the engineering definition of u, which is customary, 

rather than a more accurate true stress definition, would make little difference to the calculated 

flow stress, flow, and therefore would have very little effect on the determination of initiation 

toughness. When J-based fracture toughness measurements are applied to low-strength, high-strain 

hardening metals, true versus engineering flow properties matter. Several authors have found that 

using engineering flow properties in these metals overestimate JIc and have tried to incorporate 

true stress-strain properties in the use of a blunting line to solve this problem (Heerens et al., 1988; 

Landes, 1995; Mills, 1981; Schwalbe and Heerens, 1985). Ultimately this idea was never 

incorporated into the J-based fracture toughness standard for metals. However, although the 

problem is far more acute for metals, the effect of utilizing true stress-strain flow properties in the 

procedures for measuring the J-based crack-initiation toughness in polymers has yet to be 

explored. 

 

To circumvent the complicated deformation process and use of a blunting line, the polymer 

community has suggested creating a definition for crack-initiation toughness as the J value at 0.2 

mm of crack growth from the power law curve fit: 

 

𝐽0.2 = 𝐶1(0.2𝑚𝑚)𝐶2,                                          (24) 
 

(Hale, 1990; Huang, 1996). Also, the community has suggested using the Tearing Modulus, T, 

given by: 

 

𝑇 =
𝑑𝐽

𝑑∆𝑎

𝐸

𝜎𝑓𝑙𝑜𝑤
2 ,                                                         (25) 

 

where 
𝑑𝐽

𝑑∆𝑎
 is the linear slope of the JR curve, and E is the Young’s modulus,  as an easier and more 

accurate description of polymer fracture behavior (Narisawa, 1987; Paris et al., 1979). These 

suggestions have also not been adopted by the J-based fracture toughness testing standard for 

polymers. The current standard, ASTM D6068, simply requires that one report the power law fit 

constants as the only properties of the JR(a) curve since it is believed the only way to compare 

fracture behavior of different polymers is through direct comparisons of JR(a) curves (Huang, 

1996). Overall the polymer fracture community needs a thorough experimental assessment of 
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historical methods against using proper true stress-strain constitutive behavior in order to finally 

establish a proper procedure for determining the fracture properties of these materials.  This is the 

basis of the current work and provides our rationale for seeking an accurate and reproducible 

means for determining the crack-initiation fracture toughness of polymers. 

 

3.3 Methods 

3.3.1 Materials 

 

Ten clinically relevant UHMWPE formulations were investigated (Table 3.1).  UHMWPE 

was sourced from three different consolidators: Orthoplastics (Lancashire, UK), DePuy (Warsaw, 

IN), and Quadrant EPP (Fort Wayne, IN). Variations to two base resins, GUR 1020 and GUR 

1050, were investigated across a range of cross-link density and antioxidant chemistry. The 

antioxidants were comprised of 0.1 wt.% Vitamin E (VE) and COVERNOX™ (AO) (medical 

grade version of Irganox™ 1010) which were blended into GUR 1020 resin before consolidation. 

Lastly, irradiation cross-linking dosages at 75 kGy in base resin materials were re-melted (RM) to 

alleviate free radicals and served as cross-linked samples without antioxidants. Four distinct 

material categories (Table 1) were explored: 1020 resin (0 kGy, 75 kGy RM); 1020 resin with AO 

antioxidant (AO 80 kGy); 1020 resin with 0.1 wt.% vitamin E (VE 0 kGy, VE 50 kGy, VE 75 

kGy, VE 100 kGy, VE 125 kGy); and 1050 resin (0 kGy, 75 kGy RM). All UHMWPE materials 

were compression molded except for GUR 1050 75kGy RM which was ram extruded. 

 

Table 3. 1 – UHMWPE material formulations and consolidators. Darker colors at the top of the 

table denote base formulations in that group. The following lighter colors denote irradiation cross-

link treatments to that material formulation group. 

 

  

  



 

42 
 

 

 

3.3.2. Mechanical test methods 

3.3.2.1. Tensile constitutive behavior 

 

The Young’s modulus, Poisson’s ratio, yield stress, yield strain, ultimate tensile stress, ultimate 

tensile strain, and energetic toughness were determined in accordance with ASTM Standard D638; 

values were calculated, however, in terms of both engineering and true stresses and strains. Type 

IV tensile bar specimens, measuring ~3.2 mm in thickness and ~6 mm in width, were computer 

numerical control (CNC) machined with 10 specimens per UHMWPE material group, 5 specimens 

for uniaxial tensile testing and 5 specimens for Poisson’s ratio testing.  Gauge lengths of 26 and 5 

mm were used to measure axial and transverse strains, respectively. All specimens were 

conditioned at 25°C with 50% relative humidity in a Caron 6010 environmental chamber 

(Marietta, OH) for at least 40 h prior to testing. Tension testing was performed on a Shimadzu 

AGS-X electromechanical load frame (Kyoto, Japan) with a 1 kN load cell at a displacement rate 

of 50 mm/min with test temperature maintained at 23 ± 2°C. Poisson’s ratio testing was performed 

using an MTS Mini-Bionix II load frame (Eden Prairie, MN) using a 5 kN load cell.  

 

Material deformation for tensile testing and Poisson’s ratio testing was measured by a non-

contact dual video extensometer (based on a Point Grey FL3-U3-88S2C-C camera) setup capable 

of meeting the outlined demands to track true material deformation. Custom developed software 

tracked optical targets marked on the sample to measure true axial strain, true transverse strain, 

and instantaneous cross-sectional area at the gauge length through the deformation process. The 

video extensometer was calibrated before use to an Edmund Optics 0.5-mm pitch optical 

calibration grid, correcting for perspective and non-linear distortion. In addition, crosshead 

displacement was also tracked during testing to record engineering tensile properties. All data were 

analyzed using a custom MATLAB script (Natick, MA). 

 

Young’s modulus was determined by a linear least-squares regression from 0.0005 strain to 

0.009 strain on the true stress-strain curve. Machine stiffness was accounted for during test setup. 

Dynamic mechanical analysis (DMA) is perhaps a better way to calculate elastic modulus in 

polymers; however, it was felt that determining elastic modulus from tensile stress-strain was 

better suited for our study since tensile data would be coupled with tensile fracture data for 

analysis. The true yield stress (σY (true)) was calculated from the intersection of a 0.2% strain 

offset line from the elastic region of the true stress-strain curve (Kurtz et al., 2002, 1998, 2006). 

True energetic toughness was calculated as the area under the true stress-strain curve and the true 

ultimate tensile stress (σU (true)) was determined from the maximum load divided by the 

instantaneous cross-sectional area of the test specimen at that point (Figure 3.2B) determined 

using three-dimensional digital image correlation. Engineering yield stress (σY (eng)) was taken 

as the local maximum on the engineering stress-strain curve, while engineering ultimate tensile 

stress (σU (eng)) was taken as the maximum point on the engineering stress-strain curve, or the 

maximum load divided by initial cross-sectional area (Figure 3.2B). The Poisson’s ratio was 

determined based on measured true axial and transverse strain, as defined by ASTM D638 

Appendix A3:  
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                                                   𝜈 =
𝑑휀𝑡
𝑑𝑃
𝑑휀𝑎
𝑑𝑃

  ,                                                             (26) 

 

where dεt is the absolute change in transverse strain, dεa is the absolute change in axial strain, and 

dP is the change in the applied load. The slopes of dεt/dP and dεa/dP were found from a linear 

regression of the data from 0.0005 true axial strain to yield strain determined from a 0.002 strain 

offset using a custom MATLAB script. A more detailed discussion of this analysis can be found 

in Chapter 2.  

 

3.3.2.2. Fracture toughness testing  

 

Fracture toughness testing was conducted to determine the crack-initiation toughness and 

stable tearing fracture properties using the nonlinear-elastic fracture-mechanics J-integral 

approach outlined in ASTM Standards D6068 and E1820. Compact-tension C(T) specimens were 

CNC machined from stock material to a width W of 31.8 mm and thickness B of 15.9 mm, 

according to the specifications outlined in ASTM D6068. C(T) specimens designated in ASTM 

E1820 require input from a clip gauge to measure crack length during testing through elastic 

unloading compliance. Since ASTM D6068 is a multi-specimen fracture procedure, there was no 

need to machine specimens for use with a clip-gauge. Specimens were initially machined notched 

to a crack length to an a/W ~ 0.5, and then pre-cracked with pristine razor blades to an a/W between 

0.50 to 0.65, as outlined in ASTM D6068. Razor micro-notching was performed due to the extreme 

difficulty in generating a sharp crack via fatigue loading in UHMWPE and other tough polymers 

(Sara A Atwood et al., 2011; Hale, 1990). Producing a razor pre-crack has been shown to produce 

more conservative initiation toughness values (Hale, 1990). Testing for the construction of multi-

specimen polymeric JR curves was conducted on an MTS 831 load frame (Eden Prairie, MN) 

outfitted with an Instron 8800 Fastrack controller (Norwood, MA). 

  

For each J-based R-curve, a minimum of 8 identical C(T) specimens was used to generate 

individual points on the curve, with more specimens being used when available from stock 

material. Specimens were loaded at a displacement rate of 1 mm/min to different displacements to 

elicit corresponding amounts of crack growth and then immediately freeze fractured in liquid 

nitrogen to expose the fracture surface for crack-growth measurement. Crack extension, a, was 

measured on an Olympus microscope stage (Tokyo, Japan) according to the five-point average 

method outlined in ASTM D6068.  J was then calculated according to Eq. 1. The lower limit for 

crack extension, where data can be considered, was restricted to 0.006b0 or ~0.1mm based on our 

b0 values. The corresponding upper limit for crack extension, however, was not limited to the 

suggested 0.1b0 in an effort to explore higher crack growth limits in polymers. The upper limits of 

crack extension were tested for J-dominance by modifying Eq. 2 for use with a power-law fit to 

give:  

 

𝜔 =
𝑏0𝐶2

∆𝑎
,                                                                 (27) 

                                        

(Wallin, 2009). A 0.2 mm offset blunting line (Eq. 3) was constructed to determine size-dependent 

fracture toughness values, JQ.  
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The 0.2 mm offset blunting line was constructed in two ways. One was constructed using a 

σflow that was the average of σY (True) and σU (True). The other way was using a σflow that was the 

σU (Eng.) that has been used previously with J-based toughness measurements on UHMWPE 

(Pascaud et al., 1997a, 1997b; Rimnac et al., 1988; Varadarajan and Rimnac, 2008). Qualification 

for size-independent fracture toughness values, JIc, was determined by satisfying the conditions 

for crack-tip J-dominance and for plane-strain conditions, as per ASTM Standard E1820: 

 

𝐵, 𝑏0 ≥ 𝛼
𝐽𝑄

𝜎flow
.                                               (28) 

 

This produced two sets of comparative results, JQ/JIc using engineering σflow properties, 

JQ/JIc(eng.), and JQ/JIc using the true σflow properties, JQ/JIc(True).  

 

Under ASTM E1820, α = 10; however, originally Landes and Begley proposed that α=25 

to meet size-independent toughness requirements (Landes and Begley, 1974). For our study a more 

conservative α = 25 was used to determine if specimen dimensions met the criteria for a valid JIc. 

Size-independence has not been thoroughly studied for J-based toughness measurements for the 

fracture of polymers. It is unknown at this point if α = 25 is too conservative or not conservative 

enough in determining size independence in these materials. As it stands, further testing for size 

independence should be performed but for the purposes of this study we chose to  use the more 

historical conservative estimate of α = 25. The J-integral value at 0.2 mm crack extension (J0.2), 

using Eq. 6, was also tabulated as a third comparison result against JQ/JIc(Eng.) and JQ/JIc(True). 

 

Once JIc(Eng.) or JIc(True) was determined, the plane-strain mode I fracture toughness was 

back-calculated from the JIc values using the standard mode I J-K equivalence relationship:   

 

𝐾JIc = √
𝐸𝐽Ic

(1 − 𝜈2)⁄  .                                                   (29) 

 

Again, we are unsure if size-independence is accurately met from Eq. 10. As a result, it is entirely 

possible that the KJIc values from Eq. 11 could indeed be size-dependent fracture toughness, KQ, 

values. We hope that through future investigation, our conservative choice of α = 25 produces 

size- intendent values. Finally, the tearing modulus, T, was calculated according to Eq. 7 using the 

true σflow and  
𝑑𝐽

𝑑∆𝑎
 calculated as a linear least squares regression through the qualified data points, 

as outlined by Clarke (Clarke et al., 1980).  

 

3.3.2.3. Fractography  

 

The fracture surfaces of the C(T) specimens were examined using a JEOL scanning 

electron microscope (SEM) (Akishima, Tokyo) to identify the absence or presence of stretch zones 

in fractured samples. These samples were first sputter-coated with gold to make the fracture 

surfaces visible in the SEM, and were viewed from the top down to compare with previous studies 

which investigated stretch zone widths in structural polymers (Chan and Williams, 1983; 

Narisawa, 1987; Pascaud et al., 1997a, 1997b). 
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3.3.2.4. Statistical analysis 

 

 Determination of relationships between microstructural properties and fracture toughness 

properties were performed using a nonparametric Spearman rank correlation coefficient 

(MATLAB) (Sara A Atwood et al., 2011). Microstructural properties were taken for the material 

formulations from Chapter 2. The same statistical analysis was conducted between σflow 

calculated from true and engineering properties with dJ/dΔa. It is our hypothesis that cross-linking 

dosage should affect the tensile flow properties and the JR curve, represented through dJ/dΔa, in 

the same manner, increasing cross-linking dosage will reduce tensile flow properties and resistance 

to fracture. If true flow properties demonstrate the same trend with the dJ/dΔa while engineering 

properties do not, this reinforces our argument that using true versus engineering properties is the 

best way to characterize deformation and fracture in polymers.  

 

3.4 Results 

3.4.1. Tensile constitutive behavior 

 

A summary of tensile true and engineering stress-strain constitutive properties is shown in 

Table 2. The σU (True), is 2.7 to 4.3 times higher than σU (Eng.) across all the UHMWPE material 

formulations. Radiation cross-linking decreases the true ultimate stress, strain, and energetic 

toughness for these materials. GUR 1020 VE has the highest ultimate stress, strain, and energetic 

toughness due to the antioxidant additions. Antioxidant chemistry and cross-linking also affect 

Poisson’s ratio across the material formulations. Notable is that GUR 1050 formulations and GUR 

1020 VE display Poisson’s ratio values higher than 0.5. Cross-linking in the GUR 1020 VE 

decreases Poisson’s ratio with increasing cross-linking dosage where a limit at 0.46 is reached, the 

established literature value for Poisson’s ratio of UHMWPE (Kurtz, 2009). Further discussion on 

the constitutive properties of these materials can be found in Chapter 2. 
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Table 3. 2 – Summary of the true tensile properties used for facture analysis (mean ± standard 

deviation). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

UHMWPE 

material 

formulation

True elastic 

modulus 

[MPa]

Poisson's 

ratio

True 0.2% 

offset yield 

stress [MPa]

True ultimate 

stress [MPa]

True ultimate 

strain 

[mm/mm]

True 

energetic 

toughness                                 

[MJ/mm
3
]    

Engineering 

yield stress 

[MPa]

Engineering 

ultimate 

stress [MPa]

GUR 1020 799.5 ± 26.2 0.459 ± 0.015 10.8 ± 1.2 188.2 ± 17 4.0 ± 0.1 297.9 ± 24.7 23.8 ± 0.2 45.2 ± 2.7

GUR 1020 

75kGy RM
655.1 ± 42.7 0.493 ± 0.034 10.7 ± 0.5 156.3 ± 20.4 3.2 ± 0.1 193.9 ± 20.9 21.7 ± 0.2 44.4 ± 4.3

GUR 1020 

AO 80kGy
1076.8 ± 53.6 0.532 ± 0.013 15.3 ± 0.5 152 ± 10.8 2.9 ± 0.1 190.9 ± 14.5 26.2 ± 0.1 50.5 ± 2.4

GUR 1020 

VE
921.2 ± 13.6 0.633 ± 0.042 13.5 ± 0.4 229.1 ± 9.7 4.2 ± 0.05 361.5 ± 14.7 24.5 ± 0.3 52.9 ± 1.4

GUR 1020 

VE 50kGy
885.0 ± 31.5 0.499 ± 0.017 14.1 ± 1.7 167.1 ± 7.1 3.6 ± 0.1 246.1 ± 11 24.9 ± 0.1 45.1 ± 1.5

GUR 1020 

VE 75kGy
1060.6 ± 37.4 0.421 ± 0.027 14.8 ± 0.3 178.9 ± 10.1 3.3 ± 0.1 241.8 ± 16.4 26.0 ± 0.1 50.7 ± 1.7

GUR 1020 

VE 100kGy
1008.5 ± 36.6 0.464 ± 0.025 14.7 ± 0.7 146.4 ± 13.6 2.9 ± 0.1 183 ± 16.7 25.2 ± 0.2 44.4 ± 2.8

GUR 1020 

VE 125kGy
865.4 ± 56.3 0.461 ± 0.040 14.1 ± 1.1 158.8 ± 9.7 2.9 ± 0.1 187.9 ± 13.6 25.8 ± 0.1 49.1 ± 1.7

GUR 1050 810.6 ± 26.2 0.540 ± 0.076 13.2 ± 0.7 202.8 ± 29.9 3.7 ± 0.3 311.1 ± 50.4 22.9 ± 0.2 50.5 ± 5.7

GUR 1050 

75kGy RM
762.3 ± 32.0 0.521 ± 0.043 11.7 ± 0.4 127.9 ± 12.8 2.4 ± 0.1 137.4 ± 16 24.2 ± 0.2 45.7 ± 3.0

Tensile mechanical properties
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3.4.2. Fracture toughness results  

 

Table 3.3 shows a summary of the fracture toughness values determined using the multi-

specimen approach from JR(a) curves for all UHMWPE material formulations. Figures 3.3-3.4 

show the vast differences in blunting lines using true or engineering flow properties, respectively.   

Experimental JQ values calculated from true and engineering σflow properties differed by 17.6% to 

72.8%. 

 

 

Table 3. 3 – Summary of fracture toughness properties. 

 
 

 

 

 

 

 

 

 

 

UHMWPE 

material 

formulation
C1 C2

J 0.2            

[kJ/m
2
]    

J Ic  (True)                                 

[kJ/m
2
]    

J Q  (Eng.)                                 

[kJ/m
2
]    

K JIC 

(True)              

[MPa√m]  

dJ /dΔa 

[MPa]
T                    ⍵                    

GUR 1020 77.4 0.71 24.7 40.6 87.1 6.41 52.5 4.24 4.3

GUR 1020 

75kGy RM
45.5 0.65 16.0 22.2 30.4 4.38 30.2 2.84 5.3

GUR 1020 

AO 80kGy
49.9 0.66 17.3 24.9 34.4 6.12 30.1 4.63 4.0

GUR 1020 

VE
69.1 0.69 22.9 32.5 66.8 7.07 50.4 3.15 5.7

GUR 1020 

VE 50kGy
59.1 0.67 20.1 30.1 48.7 5.85 39.2 4.10 4.9

GUR 1020 

VE 75kGy
53.1 0.67 18.1 25.4 35.1 5.72 37.1 4.19 4.9

GUR 1020 

VE 100kGy
46.5 0.76 13.7 19.7 27.4 5.03 34.7 5.40 4.9

GUR 1020 

VE 125kGy
42.8 0.67 14.5 19.5 25.2 4.63 30.7 3.55 4.5

GUR 1050 75.0 0.73 23.3 36.1 81.2 6.42 49.2 3.42 3.8

GUR 1050 

75kGy RM
39.0 0.61 14.6 20.2 24.1 4.60 23.4 3.67 5.0

J -Integral fracture property



 

48 
 

 
 

Figure 3. 3 – JR curve of GUR 1020 with 0.2mm offset blunting lines from true and engineering 

flow properties.  JQ is determined at the intersection of the 0.2mm offset blunting line and the JR 

curve. The two different blunting lines illustrate the extreme differences when using true versus 

engineering flow properties especially in tough polymers like untreated GUR 1020 UHMWPE. 

The JR plot follows the color format of the different material formulations established in Table 

3.1. 
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Figure 3. 4– JR curve of GUR 1020 75kGy RM with 0.2mm offset blunting lines from true and 

engineering flow properties. JQ is determined at the intersection of the 0.2mm offset blunting line 

and the JR curve. The two different blunting lines illustrate the differences when using true versus 

engineering flow properties. The differences in blunting lines for GUR 1020 VE 125kGy are less 

pronounced than in Figure 3.3 with GUR 1020 given the high cross-link dosage for this material. 

The JR plot follows the color format of the different material formulations established in Table 

3.1. 
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Figure 3. 5 – JR curves with 0.2-mm offset blunting lines from true flow properties for GUR 1020 

VE antioxidant UHMWPE material formulations. The insert is a close-up where the 0.2mm offset 

blunting lines intersect the various JR curves. The JR plot modifies the color format for the material 

formulations established in Table 3.1 giving the different GUR 1020 VE formulations a variation 

in color gradient to distinguish them from one another. 
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The power-law fit for all JR curves produced statistical R2 values greater than 0.99 and the 

linear fit for 
𝑑𝐽

𝑑∆𝑎
 produced R2 values greater than 0.97. The largest crack extension seen in testing 

was 2.2 mm with ⍵ values ranging from 4.0-5.7. According to Wallin, an ⍵ in excess of 2 is 

required for J-dominance for a maximum crack extension up to 0.25b0 (Wallin, 2009). We 

maintained this criterion up to 0.14b0 demonstrating valid crack extensions in excess of the ASTM 

D6068 standard which prescribes 0.1b0. The lowest crack-initiation toughness values were those 

from J0.2 with the highest toughness values from JQ measured using an engineering σflow.  

 

3.4.3. Fractography  

 

SEM images of representative UHMWPE fracture surfaces are pictured in Figure 4.6. No 

clearly identifiable stretch zone across the representative surface can be seen at higher 

magnification in Figure 4.6C. These results are in contradiction to Pascaud et al. (1997a) but are 

in agreement with the results of Narisawa (1987). UHMWPE is known to produce a cohesive zone 

ahead of the crack tip (Medel and Furmanski, 2015). It is not the same as a craze zone since there 

are no apparant voids that form; however, this cohesive zone could well be the explanation for 

why no visible stretch zones could be seen on the fracture surfaces (Medel and Furmanski, 2015). 

Clearly, the use of a measured stretch zone is not a practical means to assess the extent of crack-

tip blunting prior to crack initiation in all polymers.  
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Figure 3. 6 – Fracture surface of a GUR 1020 VE 50kGy specimen. The black arrow indicates 

crack growth direction. (A) Fractograph with top third of image being initial razor blade notch, 

middle third being ductile crack growth, and the bottom third being brittle growth from freeze 

fracture in liquid nitrogen. (B) Fractograph showing top half of image is the razor blade notch and 

bottom half is ductile growth. (C) Higher magnification fractograph of the transition area between 

razor blade notch and ductile crack growth highlighting the absence of a SZW. The texture of 

ductile crack growth is a result of the cohesive zone that forms in from of the crack tip in 

UHMWPE, similar to a craze zone but without void formation (Kurtz, 2015). 
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3.4.4 Statistical Analysis Results 

 Fracture toughness behavior was compared for trends against microstructural parameters such 

as crystallinity, derived from differential scanning calorimetry (DSC), and lamellar level properties 

derived from small-angle x-ray scattering (SAXS) analysis. Analysis showed no statistically 

significant trends between any microstructural properties and fracture toughness properties. 

Despite this result, there were statistically significant findings between σflow properties and dJ/dΔa. 

Statistical significance (p=0.001) was found between the true σflow and dJ/dΔa while no 

statistically significant trends were found between engineering values of σY, σU, and dJ/dΔa. The 

true σflow was then plotted against dJ/dΔa in order to determine a more exact relationship between 

the two properties (Figure 3.7). This figure demonstrates a potential linear relationship between 

true σflow and dJ/dΔa; accordingly, a linear regression was performed producing an R2 of 0.82, 

indicating that there is proportionality between the true σflow and dJ/dΔa. What this means is that 

cross-linking affects true flow properties and the JR(a) curve in the same expected manner. As 

this is simply not the case for the engineering flow properties, this adds further justification for 

requiring the adoption of the true stress-strain properties for the procedures to reliably measure J-

based crack-initiation toughness in polymeric materials.  
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Figure 3. 7 – Linear correlation between median true flow properties and the linear slope of the 

JR curve, dJ/dΔa. Flow properties derived from true tensile stress-strain constitutive properties 

are shown to correlated well with dJ/dΔa providing some justification for the use of true 

constitutive properties in J-based polymer fracture analysis. 

 

3.5 Discussion  

 

 This study successfully employs true tensile constitutive behavior to reliably define the onset 

of crack initiation in the determination of the J-based fracture toughness in a structural polymer. 

This work discerns itself from the traditional methodology that employs a non-conservative 

engineering basis of the flow stress to determine JIc fracture toughness (Chan and Williams, 1983; 

Hashemi and Williams, 1991, 1986a, 1986b; Huang and Williams, 1987; Narisawa, 1987; 

Narisawa and Takemori, 1989; Pascaud et al., 1997a, 1997b; Rimnac et al., 1988; Varadarajan and 

Rimnac, 2008). Our study offers a methodology that facilitates relative rankings of fracture 

toughness values of a well-known safety-critical medical polymer as the predictive material 

(Huang and others, 1996). This methodology successfully captures the decreases in fracture 

properties resulting from an increasing cross-linking dosage across several clinical formulations 

of UHMWPE; it is further consistent with the known reduction in fatigue fracture resistance 

following such cross-linking (Ansari et al., 2016; Sara A Atwood et al., 2011; Baker et al., 2003b; 

Crowninshield and Muratoglu, 2008; Gencur et al., 2006; Rimnac and Pruitt, 2008; Simis et al., 

2006). Our results demonstrate that we are able to obtain a relative ranking of crack-initiation 

toughness values using a σflow, based on the average of σY (True) and σU (True) while also 

demonstrating, through our SEM images, the complexities in identifying a true site of fracture 

initiation.  

 

J0.2 has been proposed as a measure of initiation toughness in polymers so long as it can provide 

a correct relative ranking or prediction of material performance (Hale, 1990; Huang, 1996). The 

primary concern with J0.2 as a practical crack-initiation toughness value is that it is an arbitrary 

point on the JR curve and does not take into account the material flow properties (Huang, 1996). 

In our study J0.2, JQ(Eng.) and JIc(True) produced nearly identical relative rankings between 

UHMWPE formulations with the exception of GUR 1020 VE 125kGy. Our hypothesis was that 

the material with the highest cross-link density would exhibit the lowest fracture properties. If J0.2, 

JQ(Eng.) and JIc(true) all produce correct ranking according to our hypothesis, then what should 

be the preferred method of measuring initiation toughness in structural polymers? 

 

 JQ(Eng.) values appear to grossly exaggerate the crack-initiation toughness. The fundamental 

point to using an offset blunting line to predict JQ/JIc is to make the measurement repeatable and 

reliable compared to the actual point of initiation seen through the stretch zone (Heerens et al., 

1988; Schwalbe and Heerens, 1985). As a result, the intent of the 0.2 mm offset blunting line is to 

be as close to crack initiation as possible while still allowing for a small amount of crack growth 

to reduce error. Extrapolating Δa from the three highest JQ(Eng.) values (GUR 1020, GUR 1050, 

and GUR 1020 VE) produced crack growths from 0.97 to 1.10 mm. However, it is not possible 

that the SZW would be on the order of 1 mm in these tough polymers. Fracture surfaces on 

specimens with crack growths below 1 mm, as pictured in Figure 4.6, demonstrate rippling and 

crisscrossing, which is evidence of lamellar tearing in UHMWPE, possibly due to the cohesive 

zone (Medel and Furmanski, 2015; Rimnac et al., 1988). Pascaud observed a stretch zone in 
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UHMWPE of ~300μm and noted that the 0.2 mm offset blunting line overestimates JQ/JIc when 

using σflow based on the engineering σU (Pascaud et al., 1997a). Additionally, Varadarajan and 

Rimnac found that JQ values for cross-linked UHMWPE were much smaller when measured from 

the crack-tip opening displacements (CTOD), as compared to a 0.2 mm offset blunting line 

determination from the engineering σflow. Our assessment here is that measuring JQ/JIc for 

polymers according to a 0.2 mm offset blunting line based on an engineering definition of the flow 

stress should be avoided.  

 

We then ask whether alternatively a J0.2 or JQ/JIc(True) definition of the crack-initiation 

toughness should be measured. In Figure 3.5, the JR curves for the GUR 1020 VE 100kGy and 

125kGy materials can be seen to overlap near 0.35 mm of crack extension. There are issues 

defining crack initiation as J0.2 when JR curves overlap. The arbitrary point definition can be 

misleading since the GUR 1020 VE 125kGy material is tougher at crack extensions less than 0.35 

mm compared to the GUR VE 100kGy material while the opposite is true at crack extensions 

exceeding 0.35 mm. Higher cross-linking dosages should reduce fracture toughness; however, 

using J0.2 at small crack extensions in this case implies otherwise. Huang suggested that the only 

way to compare crack growth resistance in polymers is through direct comparison of the entire JR 

curve (Huang, 1996). While we agree that the data presented by the entire JR curve itself is 

important, it does not mean that a practical definition of JQ/JIc should be ignored. If anything, 

defining initiation toughness through an arbitrary point with J0.2 should be avoided.  

 

Historically speaking, the σflow has always been defined in terms of engineering stresses when 

used in J-integral testing of metals (Mills, 1981). Many tough polymers, like UHMWPE, can be 

categorized as low-strength high strain-hardening materials given their low yield strength and 

extensive ductility. The major differences come from how close the engineering properties are to 

the true material properties. Under tensile deformation, many semi-crystalline polymers form a 

stable neck that draws and strain hardens after yielding. Hence, a simple conversion between true 

and engineering stresses, that is typically employed in metals, is not possible in polymers. As a 

result, more sophisticated methods of tracking deformation are required to produce true stress-

strain relationships (G’sell and Jonas, 1979). There are striking differences between engineering 

and true properties in semi-crystalline polymers, such as the UHMWPE materials depicted in 

Figure 3.2B. There is an absence of a local maximum on the true stress-strain curve and the 

ultimate stress is roughly four times higher on the true stress-strain curve, as compared to the 

engineering curve. This has an even larger impact on σflow than compared to low-strength high 

strain-hardening metals and highlights the importance of using true material properties for standard 

tensile behavior and fracture in such polymers. Even though a more accurate description of flow 

properties should be used for fracture in polymers, flow properties should approximately correlate 

with a stretch zone in the material since that is the truest measurement of crack initiation in 

materials. 

 

Our SEM images highlight the complexity of trying to identify true initiation toughness in 

structural polymers. Chan and Williams demonstrated that they were able to produce nearly 

identical values of SZW and interpolated crack-extension at JIc in high-density polyethylene 

(HDPE) using Y (Eng.) as σflow (Chan and Williams, 1983). Narisawa (1987) failed to see a stretch 

zone when testing HDPE whereas Pascaud et al. (1997a) observed a stretch zone in UHMWPE 

and created a correlating blunting line based on his observations. Alternatively, we did not observe 
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stretch zones in any of the clinical formulations of UHMWPE. It is possible that the rupture of a 

cohesive or craze zone in UHMWPE can remove crack extension due to crack-tip blunting. This 

highlights the unique complexities in polymer fracture, justifying SZW and interpolated crack 

extension with very different flow stresses in related polymers and the overall uncertainty in the 

interpretation of subcritical crack growth (Chan and Williams, 1983; Narisawa, 1987; Pascaud et 

al., 1997a). As a result, more work is needed to elucidate why an absence of a stretch zone might 

exist in polymer materials. Overall, this justifies the use of an offset blunting line in the ASTM 

E1820 standard to allow for some amount of crack growth to predict initiation toughness and why 

this can also work for polymers so long as true flow properties are used.  

 

One way we can accurately justify our use of a blunting line that uses true σflow is if it 

corresponds to how the overall JR curve behaves with cross-linking since that is our primary 

method of material ranking. This means that less cross-linking should produce higher crack-growth 

resistance, through a higher dJ/dΔa, and will have a higher σflow producing a steeper blunting line. 

Our study found a strong correlation with true σflow and dJ/dΔa such that the lowest cross-linked 

materials produced the highest true σflow and dJ/dΔa (Figure 7). No correlations were found with 

engineering σflow and dJ/dΔa. This is important for two reasons. The first is that engineering σflow 

does not behave in the same ranked manner as dJ/dΔa with cross-linking. In fact, engineering σflow 

(engineering σu) ranges between 40 to 52 MPa for all material showing no real significant changes 

when cross-linked when it is very clear that material performance should be affected. Secondly, 

the true σflow does rank with cross-linking in the same manner as dJ/dΔa. Values of the true σflow 

range between 70 to 121 MPa showing a much greater spread in properties which is expected when 

comparing cross-linked and non-cross-linked materials. Fundamentally all of this stems from the 

very significant differences in the engineering versus true stress-strain properties for polymer 

materials that exhibit low-strength and high strain-hardening characteristics; indeed, our statistical 

correlations reinforce why using true properties is paramount for the characterization of the J-

based fracture toughness of polymers.  

 

Finally, critical updates need to be added to both ASTM D6068 and ASTM E1820 standards. 

These updates include elimination of the outdated 0.05mm, 0.15mm, and 1.5mm exclusions lines 

in ASTM D6068 and ASTM E1820. Upper and lower exclusion limits should be based on 

specimen size, specifically b0 and not on absolute dimensions. Finally, ASTM Standard D6068 for 

polymers should incorporate a 0.2 mm offset blunting line to enable a reliable determination of the 

J-based crack-initiation fracture toughness, but the flow stress used in the determination of this 

blunting line must be based on the true y and U and not, as is currently employed, on the 

engineering stress calculation.   

 

3.6. Conclusions 

 

Our methodology demonstrates that practical definition of JQ/JIc is possible in polymers 

provided that the true stress-strain relationships are utilized for determining flow stress. True U 

can be up to four times higher compared to engineering U in tough polymers such as UHMWPE. 

This has a significant impact on the flow stress when calculated as the average of y and U. There 

still exists some discrepancies with regard to a correlation of a correct blunting line with a stretch 

zone in polymer materials and additional mechanistic work should be performed to elucidate these 

relationships. Furthermore, it is recommended that the current J-integral standards are updated for 
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several reasons: the ASTM D6068 can include a 0.2 mm offset blunting line to determine JQ/JIc as 

long as true stress-strain properties are used to determine flow stress, and both standards should 

be revised such that the minimum and maximum crack-extension exclusion limits are based on a 

percentage of the initial uncracked ligament, rather than in terms of absolute numbers.  

 

In summary, we have the following specific recommendations for the measurement of the J-

based crack-initiation fracture toughness of low-strength high strain-hardening polymers: 

1. Use of a lower crack-extension exclusion limit of 0.006b0 and an upper exclusion limit greater 

than 0.1b0, where b0 is the initial uncracked ligament. 

2. Use of a 0.2 mm offset blunting line for determining the crack-initiation fracture toughness in 

polymers with the true stress-strain material properties measured in order to calculate the flow 

stress. For strain-hardening polymers, the true constitutive behavior would need to be 

determined by in situ methods, such as video extensometers, that track the long stable neck to 

the point of failure. 

3. Mechanistic work should be performed to solidify the blunting line in polymers and understand 

why there might be an absence or discrepancy in seeing a stretch zone in these materials. 

4. Update of the exclusion line protocols in the ASTM E1820 standard. The current upper limit 

of crack growth, 0.25b0, is acceptable.  
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Chapter 4 – Fracture mechanisms in ultra-high 

molecular weight polyethylene  

Abstract 

This chapter presents mechanistic observations on miniature fracture specimens of ultra-high 

molecular weight polyethylene (UHMWPE) in order to understand the crack growth process in 

this polymer. These observations are performed to elucidate and rationalize procedural methods 

for J-integral fracture toughness testing of polymers.  Small-scale single edge notched bend 

specimens are deformed in a scanning electron microscope (SEM) in order to witness real-time 

crack growth processes. This chapter aims to provide qualitative mechanistic evidence for changes 

to how J-integral fracture toughness is conducted.  
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4.1 Introduction 

 

 Micromechanisms of crack inception and advancement are key to understanding fracture 

toughness properties in structural materials. Intrinsic toughening mechanisms generally take place 

ahead of the crack in a process zone while extrinsic mechanisms occur in the wake of crack 

advance (Launey and Ritchie, 2009). There are two primary fracture mechanisms that occur 

intrinsically in polymers; shear yielding or plastic flow where molecular chains slide past one 

another when a critical shear stress is activated or crazing which occurs in glassy or amorphous 

polymers (Kramer, 1983). When a tensile stress is applied to a glassy polymer, localized void 

formation takes place ahead of the crack tip creating fibrils that carry the load (Kramer, 1983; 

Trassaert and Schirrer, 1983). The crack advances with the rupture of individual fibrils. Many 

semi-crystalline polymers, like high-density polyethylene (HDPE), under tensile load can form 

craze structures (Friedrich, 1983). Crazing in HDPE has been extensively studied as the material 

plays an important role in the safety critical gas pipe industry (Bhattacharya and Brown, 1985; 

Brown et al., 1987; Brown and Bhattacharya, 1985; Friedrich, 1983; Huang and Brown, 1992, 

1991, 1988; Lu et al., 1988; Lu and Brown, 1986; Ward et al., 1991). Ultra-high molecular weight 

polyethylene (UHMWPE) is perhaps an even more safety critical relative of HDPE that is used as 

a counter bearing in orthopedic implants.  

 

 UHMWPE is a semi-crystalline homopolymer with a molecular weight of 2-6 million 

g/mol where these long chains facilitate high entanglement density that afford the polymer 

exceptional energetic toughness (Kurtz, 2009; Pruitt, 2005). Both HDPE and UHMWPE are made 

up of the same homopolymer (polyethylene) but differ drastically in terms of molecular weight. 

Despite superior energetic toughness and a sixty year use in orthopedic implants, the material can 

fail in vivo due to the generation of wear debris from the formation of micro cracks underneath the 

bearing surface (Pascaud et al., 1997b). As a result, understanding fracture behavior and 

mechanisms in UHMWPE is important. There have been numerous fracture studies on UHMPWE 

applying the elastic-plastic fracture mechanics or J-integral approach (Bellare et al., 2016; Gomoll 

et al., 2002; Pascaud et al., 1997a, 1997b; Rimnac et al., 1988; Varadarajan and Rimnac, 2008). 

These studies have explored some mechanistic characterization through scanning electron 

microscopy (SEM) of the fracture surface to understand material behavior (Pascaud et al., 1997a, 

1997b; Rimnac et al., 1988). However, there has been no comprehensive study to examine ductile 

fracture mechanisms in UHMWPE as the crack advances in real-time. Looking at real-time crack 

advance in UHMWPE would solve many unanswered questions in the polymer community as a 

whole.  

 

First there has been a longstanding debate in defining a J-based crack-initiation toughness 

or JIc in polymers. The reason for this is the disagreement in observing a stretch zone on the fracture 

surface that marks the end of crack extension due to blunting and the onset of crack growth due to 

material tearing, the classic definition of JIc (Chan and Williams, 1983; Narisawa, 1987; Pascaud 

et al., 1997a, 1997b; Varadarajan and Rimnac, 2008). Observing real-time shear banding or craze 

mechanisms could provide the necessary information as to why there is an apparent lack of stretch 

zone on the fracture surface in some polymers. Secondly, observing real-time crack growth 

mechanisms could provide the necessary justification for the use of a proper blunting line to define 

JIc in polymers. The blunting line is a theoretical line based on a materials flow stress, σflow, the 

average of the yield and ultimate stress, where its intersection with the J-integral versus crack 
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growth (Δa) curve defines JIc experimentally. Chung and Williams have commented on the 

importance of understanding crack growth mechanisms in different polymers in order to use an 

appropriate blunting line to determine JIc (Chung and Williams, 1991). They commented on how 

depending if the material exhibits crazing or crack-tip stretching, the blunting line slope could be 

drastically different based on those mechanistic cases (Chung and Williams, 1991). 

 

Accordingly, the purpose of this study is to investigate real-time crack growth in different 

clinically relevant UHMWPE formulations to understand how crack growth mechanisms influence 

procedural methods in polymer fracture mechanics analysis. It is done in an effort to build upon a 

comprehensive J-integral fracture study on UHMWPE performed by these authors. The previous 

study was performed to define a standardized method for evaluation of J-integral fracture in 

polymers using UHMWPE as the test material. Unlike crazing in HDPE, UHMWPE has been seen 

in limited studies to produce a cohesive zone ahead of the crack tip (Medel and Furmanski, 2015). 

The cohesive zone looks like a craze or process zone in front of the crack tip but with no void 

formation (Medel and Furmanski, 2015). It has been suggested that the formation and rupture of 

the cohesive zone forms a characteristic rippling and crisscross pattern on the fracture surface but 

has not been observed in real-time (Medel and Furmanski, 2015). Additionally understanding 

cohesive zone rupture might elucidate why difficulties in stretch zone characterization exist in 

UHMWPE, HDPE, and other crazing polymers.    

 

4.2 Methods 

 

 Real-time crack growth observation was performed on miniature single edge notched bend 

(SENB) specimens in a Hitachi S4300SE/N SEM (Tokyo, Japan). SENB specimens were 

machined from stock UHMWPE material formulations to a 5x5mm square cross section and a 

length of 20mm. Specimens were pre-cracked using fresh razor blades to a normalized crack 

length, a/W, between 0.5 and 0.65. Testing for real-time crack growth observation was conducted 

inside the SEM on a Deben in-situ tensile, compression, and horizontal bend stage (Suffolk, UK) 

using a 200N load cell at a rate of 0.4mm/min. Prior to testing, samples were sputter coated in gold 

for imaging inside the SEM. Pictures were captured throughout the deformation process in an 

effort to observe crack growth mechanisms in the material. Based on earlier testing, miniature 

SENB specimen dimensions did not meet criteria for J-controlled crack growth. As a result, 

determination of elastic plastic initiation toughness values was not considered in this study. The 

real-time crack growth observation from this study was meant as a qualitative mechanistic pairing 

to our earlier work. 

 

Six clinically relevant UHMWPE material formulations were observed out of the original 

ten materials from our previous study. The materials were sourced from two different UHMWPE 

consolidators, Orthoplastics (Lancashire, UK) and DePuy (Warsaw, IN). Variations to a single 

base resin, GUR 1020, were investigated across a range of radiation cross-linking dosage and 

antioxidant chemistry. The antioxidants were comprised of 0.1 wt.% Vitamin E (VE) and 

COVERNOX™ (AO) (medical grade version of Irganox™ 1010) which were blended into GUR 

1020 resin before consolidation. Three distinct material categories explored were 1020 resin 

(0kGy, 75 kGy RM); 1020 resin with AO antioxidant (AO 80 kGy); 1020 resin with 0.1 wt.% 

vitamin E (VE 0 kGy, VE 50 kGy VE 125 kGy). GUR 1020 75kGy was re-melted (RM) to alleviate 

free radicals.  
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4.3 Results 

 

 All UHMWPE materials investigated, regardless of antioxidant addition or radiation cross-

linking dosage, exhibited a cohesive zone ahead of the crack tip (Figure 4.1). The cohesive zone, 

from our magnifications, was absent of void formation across all materials as had been previous 

observed in UHMWPE (Medel and Furmanski, 2015). During the deformation process, the 

cohesive zone would begin to form and then stretch out eventually reaching a critical point where 

tearing would occur within the zone.  Tearing of the cohesive zone for crack extensions was 

witnessed in all samples (Figure 4.2 and 4.3). Tearing of the cohesive zone produced the 

characteristic rippling and crisscross fracture patterns seen on previous top down fractographs of 

UHMWPE fracture specimens (Figure 4.2 and 4.3). The cohesive zone would typically begin to 

tear closest to the blunted crack tip where the zone was stretched out the most (Figure 2). As the 

material continued to deform, more material would tear within the cohesive zone moving to the 

zone tip (Figure 3). Eventually the cohesive zone would begin to tear beyond its current tip 

extending into non-deformed material (Figure 4.4). The only difference seen across materials was 

with GUR 1020 VE 125kGy which exhibited the longest cohesive zone at the start of deformation 

compared to all the other material formulations tested (Figure 4.5).  

 

 

 
 

 

 

 



 

62 
 

 

 
 

Figure 4. 1 – SEM images of the crack tip from SENB specimens demonstrating the existence of 

a cohesive zone in front of the frack tip. Voids are absent within the cohesive zone. It appears 

regardless of radiation cross-linking dosage or antioxidant chemistry that all material formulations 

experience a cohesive zone during deformation. (A) Cohesive zone formation in base GUR 1020 

material. (B) Cohesive zone formation in GUR 1020 75kGy RM material. 
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Figure 4. 2 – Close up SEM image of tearing within the edge of the cohesive zone and the 

blunted crack tip for GUR 1020 75kGy RM material. 
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Figure 4. 3 – Close up SEM image showing multiple tear regions within the cohesive zone for 

GUR 1020 75kGy RM material. The multiple cohesive zone tears create the same texture that has 

been seen on top down SEM fractographs from previous UHMWPE fracture studies. 
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Figure 4. 4 – SEM image of the formation of a new part of the cohesive zone in GUR 1020. The 

new part of the cohesive zone can be towards the far left in the image as new material begins to 

tear. 
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Figure 4. 5 – SEM image of the cohesive zone in GUR 1020 VE 125kGy. This material compared 

to the others investigated experienced the longest cohesive zone at the start of the deformation 

process. 

 

 

 Viscoelastic fracture mechanisms were also observed during testing. In many occasions as 

specimens were held under load to take pictures, the cohesive zone would begin to tear under the 

static load. Overall based on our observations it would seem crack growth in UHMWPE begins 

with the formation of a cohesive zone during the blunting process, tearing of the cohesive zone at 

certain critical loads, and finally extension of the cohesive zone into previously non-deformed 

material.  

 

4.4 Discussion 

 

 Slow time dependent crack growth has been investigated by many authors for various 

polyethylene polymers used in the gas pipe industry. These studies have all demonstrated the 

formation of a craze structure ahead of the crack tip with crack advance through the rupture of 

craze fibrils (Bhattacharya and Brown, 1985; Brown et al., 1987; Brown and Bhattacharya, 1985; 

Friedrich, 1983; Huang and Brown, 1992, 1991, 1988; Lu et al., 1988; Lu and Brown, 1986; Ward 

et al., 1991). Our study showed that UHMWPE experiences ductile crack growth in a similar 

manner. A cohesive zone, in place of crazing, would appear in front of the crack-tip where crack 

advance would occur through rupture of the cohesive zone. Microstructural deformation ahead of 
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the crack tip in semi-crystalline polymers has been postulated to follow the deformation seen 

during tensile testing, 1.) Stretching of the amorphous region, 2.) Crystal slip 3.) Fibrillation of the 

crystalline domains 4.) Disentanglement of crystal segments 5.) Finally snapping of bonds between 

elongated chains (Friedrich, 1983). First determined in amorphous polymers, it was found that 

there was a critical molecular weight to be able to form craze structures as chain entanglements 

played an important role in stabilizing craze fibrils.  UHMWPE, due it’s extremely high molecular 

weight, is known to have high entanglement density where the molecular chains do not disentangle 

under 220°C compared to other polyethylene counterparts (Huang and Brown, 1992). Therefore 

UHMWPE should experience significant stable crazing. It is possible that the cohesive zone is 

actually a craze zone where the voids are extremely small. Kurtz was able to see what appeared to 

be craze fibrils spaced 2μm on the fracture surfaces of UHMWPE bulk tensile specimens (Kurtz 

et al., 1998). We could not image the cohesive zone in our samples at much higher magnifications 

due to the charging effects from that part of the sample not being gold coated.  

 

 From our observations, tearing of the cohesive zone is directly responsible for producing 

the crisscross and rippled patterns on the surface of UHMWPE fracture specimens. The rippling 

and crisscross pattern is also seen on the fracture surface of UHMWPE tensile samples (Kurtz et 

al., 1998). In UHMWPE tensile testing, the long stable neck that forms will eventually rupture in 

a fast brittle manner dissipating a large amount of energy creating the rippled and crisscross 

patterns as a byproduct. Many authors have suggested using true stress-strain data compared to 

engineering stress-strain data as a result of the long necking process UHMWPE experiences since 

true stress-strain behavior more accurately accounts for material deformation (Kurtz et al., 2002, 

1998, Sobieraj et al., 2008, 2005). This was a central argument for us in an earlier study applying 

true stress-strain data in the calculation of σflow for J-integral based fracture toughness testing. Our 

real-time crack growth observations in UHMWPE reinforce why true stress-strain properties are 

paramount for J-integral fracture methods in polymers that exhibit craze type regions.  

 

 Essentially craze fibrils or the cohesive zone, are micron size tensile specimens ahead of 

the crack tip that fracture when significantly drawn out to a critical load. Brown and Bhattacharya 

noticed that craze fibrils in HDPE would lengthen by thinning while at the same time, new fibrils 

would form at the end of the deformation zone (Brown and Bhattacharya, 1985). The elongation 

and simultaneous thinning of fibrils is akin to the deformation experienced in bulk tensile testing 

of polymers. Chung and Williams have argued that crazing polymers, like HDPE, will have a 

shallow blunting line compared to other polymer crack-growth schemes. From observing real-time 

crack-growth in UHMWPE and from the extensive work of other authors studying the 

phenomenon of crazing, we feel the opposite is true. The elongation, thinning, and rupture of craze 

fibrils and the cohesive zone elude to the use of constitutive properties that more accurately take 

this type of deformation process into account.  

 

True stress-strain derived constitutive properties in polymers account for the long stable 

neck during deformation to more accurately describe material behavior compared to engineering 

stress-strain derived properties. In many semi-crystalline polymers, such as HDPE or UHMWPE, 

plastic flow properties, like ultimate tensile stress, can differ by a factor of 4X when comparing 

true and engineering constitutive values (Chapter 2,3). J-integral based fracture has long used 

engineering constitutive values to define blunting underestimating material behavior (Chan and 

Williams, 1983; Chung and Williams, 1991; Hashemi and Williams, 1991, 1986a, 1986b, Huang 
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and Williams, 1990, 1987, Pascaud et al., 1997a, 1997b; Rimnac et al., 1988; Varadarajan and 

Rimnac, 2008). Craze fibrils and the cohesive zone experience drawing in the same manner as 

their bulk tensile specimen counterparts producing similar fracture features and strength results. 

Friedrich studied the formation of craze fibrils in polypropylene (PP) and compared the strength 

of those fibrils to the strength of bulk PP tensile samples (Friedrich, 1983). He determined that the 

true stress in the fibrils was in the same order of magnitude as the true fracture stress (or true 

ultimate tensile stress in a polymer) of a bulk PP tensile sample (Friedrich, 1983). Therefore from 

a mechanistic perspective, it makes the most sense to use true constitutive values to define flow 

properties in J-integral polymer fracture.  

 

 Our crack growth observations also point to why there is a discrepancy in the observation 

of a stretch zone on the fracture surface of many polymers. Crazing polymers demonstrate blunting 

at the crack tip from elongation and drawing of the lead fibrils or cohesive zone. Any evidence of 

crack growth due to pure blunting can be eliminated once those lead fibrils or areas of the cohesive 

zone rupture. Depending on fibril size, spacing, orientation, and density, ruptured fibrils can 

present a surface texture where distinguishing between a stretch zone and initial rupture can 

become exceedingly difficult. Typically fibrils or the cohesive zone should rupture in the center 

of the fracture specimen where plane-strain conditions are the closest to being satisfied. Though 

depending on orientation and stress state, some fibrils can fracture anywhere within the craze zone 

making fracture initiation difficult to define from an experimental vantage. Sirimamilla 

demonstrated for time-dependent crack initiation tests in UHMWPE that initiation could occur at 

the side of the specimen with the intersection of the notch tip and machined side groove instead of 

in the center of the notch (Sirimamilla et al., 2013). Does fracture initiation occur with the rupture 

of the first fibril or section in the cohesive zone or does initiation have to cross a size threshold 

requirement? Can initiation be accepted if does not occur in the middle of the specimen where it 

typically is predicted to occur? These questions help explain why JIc has been experimentally 

defined to include a small amount of crack.   

 

 ASTM E1820, the J-integral fracture testing standard for metals, uses a blunting line that 

is offset by 0.2mm, to intersect with the J-integral versus Δa curve to define JIc. This is not an 

exact definition of initiation toughness but a practical definition. It can be very difficult in metals, 

just like polymers, to view the extent of a stretch zone on the fracture surface or distinguish 

between large crack growth and subcritical crack growth (Clarke et al., 1980). As a result this 

became the accepted standard for JIc testing conducted in metals. Polymers experience similar 

issues with metals given the complex nature of a craze or cohesive zone outlined earlier. Therefore 

there is no reason why polymer fracture testing cannot use an offset blunting line to establish a 

practical definition of JIc at an allowable amount of crack growth. 

 

4.5 Conclusions 

 

 Due to UHMWPE’s large molecular weight, high entanglement density, and propensity to 

not disentangle below 220°C are probable reasons why the polymer produces a cohesive zone, or 

craze-like region without identifiable voids, ahead of the crack tip (Huang and Brown, 1992). 

Further it is possible that the cohesive zone is actually a craze zone where the voids are difficult 

to visual due to their small size. All UHMWPE material formulations, regardless of cross-linking 

or antioxidant additions, produced a cohesive zone in advance of the crack tip. The rupture of the 
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cohesive zone, as with craze fibril rupture, is responsible for crack growth in the material 

producing similar crisscross and rippling patterns seen on the fracture surfaces of bulk tensile 

specimens of UHMWPE (Kurtz et al., 1998; Rimnac et al., 1988). Extensive drawing of craze 

fibrils and the cohesive zone point to using true stress-strain derived flow properties in J-integral 

fracture analysis of UHMWPE and other polymer materials. Finally craze fibril or cohesive zone 

rupture are mechanistic explanations for why viewing a stretch zone on the fracture surface of 

UHMWPE and other polymers proves difficult. This points to adopting a practical definition of 

imitation toughness in polymers where a small amount of crack growth is allowed to avoid 

ambiguity. 

 

Acknowledgments 

This work was supported by the endowment from the Lawrence Talbot Endowed Professorship 

and the Ian Finnie graduate research fellowship at the University of California, Berkeley. The 

involvement of Bernd Gludovatz and Robert O. Ritchie, together with the fracture toughness 

testing facilities at the Lawrence Berkeley National Laboratory (LBNL), was supported by the 

Mechanical Behavior of Materials Program (KC-13) at LBNL, funded by the U.S. Department of 

Energy, Office of Science, Office of Basic Energy Sciences, Materials Sciences and Engineering 

Division, under contract no. DE-AC02-05CH11231.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

70 
 

 

 

Chapter 5 – Concluding remarks 

 
Polymeric materials present many unique and interesting challenges when trying to analyze 

their mechanical behavior. Deformation, yielding, and fracture don’t have precise rules and 

definitions leading to a wide reporting of basic properties such as elastic modulus and ultimate 

strength. Nowhere is this more apparent than with ultra-high molecular weight polyethylene 

(UHMWPE) given its extensive use in the safety critical application of total joint replacements 

(TJRs). This dissertation was a small step forward to try and really argue procedurally how 

polymeric materials should be analyzed for their mechanical behavior using UHMWPE as the test 

material.  

 

 True stress-strain testing of polymers has been around since G’sell and Jonas however has 

found limited utility outside of the medical device world when analyzing material mechanical 

behavior (G’Sell and Jonas, 1979). From this dissertation, the differences between ultimate 

properties from true and engineering stress-strain methods can differ by a factor of four. The 

incompressibility assumption that is used in metals to convert between engineering and true 

properties cannot be applied to many polymers given long stable necking. Polymeric materials are 

only increasing in their use given the recent rise in additive manufacturing. More and more 

components that are load bearing will be manufactured out of polymers in this way making it even 

more critical to have correct procedural methods for the mechanical analysis in polymers.  

 

 There is one part of polymer fracture that needs to be more extensively explored which is 

applying the unloading compliance method to analyze crack growth. The fracture analysis 

presented in Chapter 3 is tedious and time consuming. One needs a lot of material and specimens 

to generate a single crack-growth resistance curve. The metals fracture community has moved 

away from a multi-specimen fracture technique to use single-specimen unloading compliance 

method. Though there are more hurdles to adopt this type of a technique for polymers it can be 

done. Hashemi, Chung, and Williams have demonstrated the method is possible and the polymer 

community could benefit from further research into implementing such a technique. This would 

help polymer fracture analysis become better adopted by researchers and engineers ultimately 

providing the necessary data for design of structural components that is currently missing.  

 

 Overall this dissertation makes one small step forward to improving the mechanical 

analysis of engineering polymers especially one used in safety critical orthopedic implants to 

hopefully increase implant longevity and performance. 
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