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Abstract

The effects of the addition of UHMWPE particles, of nominal h80 mmi size, on the fracture toughness, flexural modulus and strength of

composites made with dimethacrylate resins (60/40 wt/wt BisGMA–TEGMA) were investigated as a function of volume fraction of UHMWPE

(0–60 vol%) and particle surface treatment. Interfacial shear strengths (t) were measured via microbond shear strength tests using Spectra900e

(UHMWPE) fibers and BisGMA–TEGMA beads. t increased by a factor of 4 compared with untreated UHMWPE, and surface treated particles

improved the mechanical properties of the composite. Fracture toughness (KIC) and flexural modulus (E) increased with increased volume fraction

of UHMWPE, with maximum KIC/E increases (at 60 vol%) of 238%/25% compared with the neat resin. SEM images showed debonding as well

as yielding and fibrillation of the UHMWPE particles, suggesting that these were significant toughening mechanisms.

q 2006 Published by Elsevier Ltd.
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1. Introduction

Dental composites and acrylic bone cements are typically

prepared from brittle dimethacrylate resins that can fracture

and wear. Fracture results both from the development of

microscopic cracks originating in areas of stress concentration

(flexural fatigue) or from the application of a sudden force

(impact). Increase in fracture toughness without decrease in

strength has been the goal of numerous research efforts to

improve the performance of dental resin composites and

acrylic bone cements. Some improvements in toughness have

been achieved through modifications of the resin itself [1], for

example formulations of polybutadiene/bis-phenol A copoly-

mers [2], dimethacrylate resins with aromatic ‘hard’ segments

and polybutadiene ‘soft’ segments [3], and Bis-phenol-A bis-

(2-hydroxypropyl) methacrylate (BisGMA)/tri(ethylene

glycol) dimethacrylate (TEGDMA) resins with methacrylate-

terminated poly(butadiene-acrylonitrile-acrylic acid) terpoly-

mers [4]. Another approach to improve fracture toughness has

been to reduce areas of stress concentration by introducing sites
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for internal stress relief, through the incorporation of porosity

[5].

The most common method for improvement of fracture

toughness in brittle resins, such as those formed from

dimethacrylates or polymethylmethacrylate (PMMA), is

through the addition of fillers [6], which can be rubber [7–9],

inorganic [10] or core–shell particles [1,9,11]. The mechanism

or combinations of mechanisms through which energy is

dissipated can be different depending on many factors such as

the type, volume fraction, size and shape of filler, as well the

degree of adhesion between the filler and matrix [12–14]. In

general, rubber provides the largest toughening increase, but at

the expense of a decrease in modulus of the composite, whereas

inorganic particles provide less toughening, but with improve-

ments in the modulus. In rubber-reinforced composites,

toughening is believed to be the result of cavitation of the

rubber particles followed by [15,16] or coupled with [17] shear

yielding of the matrix. This is manifest by holes in fracture

surfaces that are larger than the original rubber particles, and in

the beveled edges of the voids [18]. In inorganic-reinforced

composites (such as with glass spheres), toughening occurs

through crack pinning, microcrack formation, debonding and

shear yielding, although there is debate concerning interpret-

ation of the microscopy images of the fracture surface [19,20].

The performance of glass-reinforced composites is also

affected by the adhesion between the particles and the matrix
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[21–23], which is often improved through the use of

compatible silane coupling agents [24].

High-density polyethylene (HDPE) [25] and ultra high

molecular weight polyethylene (UHMWPE) fibers [26–33] and

beads [34,35], and UHMWPE coated glass beads [36] have

also been used as fillers to improve mechanical properties of

acrylic dental-composites and bone cements due to their high

toughness, chemical and abrasion resistance, and low moisture

absorption. Since polyethylene is chemically inert, methods

have been developed to increase the wettability or chemical

bonding of the low surface energy filler with polar matrix

resins. Surface modification techniques such as corona and

plasma discharge [30,32,37] have been used to introduce high

surface energy groups such as carbonyl, hydroxyl or carboxyl

functionalities to PE or UHMWPE, which may then bond

either physically or chemically to the resin [25,35,38,39].

Chromic acid grafting of functional silanes of UHMWPE (in

the gel state) using peroxides [40], hydroperoxide-initiated

grafting of polymers [41], chemical oxidation polymerization

[42] onto UHMWPE fibers and swelling/chemical methods

[43], have been used to improve adhesion to resins.

The goal of the current work was to investigate the use of

UHMWPE powder as filler for BisGMA–TEGDMA based

dental composites to improve fracture toughness without

significant loss in other mechanical properties, and to use

SEM to elucidate the toughening mechanism. The UHMWPE

powder was used as received, or with surface treatments

designed to enhance wetting or chemical bonding of the

UHMWPE to the polar BisGMA/TEGDMA resin. The

bonding between the UHMWPE surface and resin matrix

was evaluated by surface treatment of Spectra900e fibers

(Honeywell, Inc.) and measurement of the interfacial strength

(t) by microbond shear tests, which was developed for small

diameter fibers [44–46], and for which the stress distribution is

similar to that in a real brittle matrix composite. Only the

apparent interfacial shear strength values, which are average

values, were reported, and thus only qualitative differences

between the efficiency of the surface modifications were

obtained. More quantitative characterization of the data, in

which local interfacial parameters instead of the average values

are used, which takes into account the contributions of both

bonding and friction to adhesion [47,48] and which includes

the effect of bead geometry on the stresses [49], permits better

correlation with molecular parameters.

Composites were made at 0, 5, 10, 20, 25, 30 and 60 filler

volume percent without surface treatment and with surface

treatments that provided wetting/covalent bonding to the resin.

The effect of the UHMWPE filler on the fracture toughness,

flexural modulus and flexural strength of the composites was

evaluated. At 60% loading of treated UHMWPE particles,

fracture toughness increased 230% compared with the neat

resin but there was also a decrease of w50% in the flexural

strength. The moduli of all the composites increased up to

about 25% compared with the neat resin. Significant debonding

and rupture of the UHMWPE particles was observed on the

fractures surfaces of the composites that failed in three-point

bending.
2. Materials and methods

2.1. Chemicals

Spectra900e fibers (1200 Denier), kindly provided by

Honeywell Inc. were washed by refluxing with acetone at 56 8C

for 2 h followed by overnight evacuation at room temperature

(to remove the sizing). Bis-phenol-A bis-(2-hydroxypropyl)-

methacrylate(BisGMA), tri(ethylene glycol)dimethacrylate

(TEGDMA), hydroquinone monomethylether (HMME), ter-

tiary amine dimethylaminoethyl methacrylate (DMAEMA),

polymethylmethacrylate (PMMA) and camphorquinone (CQ)

were obtained from ESSTECH, stored under refrigeration and

used as received. UHMWPE powder (nominal size h80 mmi),

p-xylene, decahydronapthalene (decalin), triethylamine (TEA)

from Aldrich, 3-methacryloxypropyltrichlorosilane (Cl-MPS),

octadecyltrimethoxy silane (M-OTS), and acetoxyethyltri-

chlorosilane (Cl-AES) were obtained from Gelest and used

without further purification.

2.2. Preparation of the resin

0.06 kg of BisGMA were weighed into a Teflon beaker and

mixed with 0.04 kg of TEGDMA (in the dark). This mixture

was stirred manually with a glass rod until a uniform

consistency was achieved. After addition of 0.0005 kg

photosensitizer (CQ), 0.0005 kg reducing agent (DMAEMA)

and 0.0000085 kg HQ, it was stirred overnight in the dark using

a magnetic stirrer. The homogeneous mixture was then bottled

and stored for future use.

2.3. Modification of UHMWPE surface

The surfaces of the Spectra900e fibers/UHMWPE powder

were modified using the coupling agents shown in Fig. 1. The

following treatments, described below and shown in Scheme 1

were: (a) swelling with 5% octadecyltrimethoxy silane (M-

OTS) solution in p-xylene at 110 8C for 2 h followed by

quenching in dry ice (to prevent the diffusion of silane out of

the UHMWPE) [50]; the reactions were carried out under N2

purge, and the fibers/powder were rinsed/centrifuged in

acetone and evacuated overnight at RT (vacuum 0.05 mmHg

measured using a McLeod gauge).

The ethoxy/methoxy groups that were on or near the surface

of all the fibers were then hydrolyzed in 0.1 M HCl for 30 min

at 50 8C, followed by washing (3x) with acetone and overnight

evacuation (0.05 mmHg) at RT. Lastly, the –Si(OH)3 groups

were reacted with Cl-MPS/Cl-AES, in order to attach

methacrylate double bonds/polar groups that could react

with/wet the resin. The fibers/powder were dispersed in

anhydrous pentane and Cl-MPS/Cl-AES (25% by volume)

was added using a preheated syringe; TEA was added as a

catalyst. The reaction was carried out for 5 h at RT in an argon-

purged glove box. The trichlorosilane end groups are expected

to form a cross-linked silane layer on or below the fiber surface.

The presence of TEA serves as a catalyst for enhanced silane

attachment on silica surfaces, and thus might facilitate
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Fig. 1. Structures of silane coupling agents used for modification of UHMWPE

fibers/particles.
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crosslinking of the chlorosilane groups on the fiber surface as

well. The Cl-MPS/Cl-AES treated fiber/powder was sonica-

ted/centrifuged in pentane and methanol (3x) to remove the

unattached free Cl-MPS/Cl-AES and TEA, respectively. The

self-polymerized but unattached Cl-MPS floated or remained

dissolved in both solvents and could be removed. The

fibers/powder were evacuated (0.05 mmHg) at RT for 12 h.

2.4. Preparation of composites

Composites containing 5, 10, 20, 25, 30 and 60 vol%

UHMWPE with or without surface treatment were prepared.

The particles were dispersed into the resin (total volume

10 mL) manually using a glass rod, over a period of 2 h. After

stirring, the mixture appeared visually homogeneous. Since the

particles were over 80 mm in diameter and the resin was a clear

liquid, a gradient in the refractive index could be observed

when the particles eventually migrated towards the top of the
p-xylene, M-
OTS
120˚C , 2hrs

Swollen
Layer
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0.1 M HCL
50˚C 
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Scheme 1. Reaction showing surface modification
resin. In order to avoid any demixing after homogeneity had

been achieved, the composite mixture was immediately poured

into a syringe, followed by injection and rapid cure (2 min) in

the molds. SEM images of many samples showed that single

particles and aggregates of up to four particles were typically

observed.
2.5. Characterization
2.5.1. Preparation of the microbond shear strength samples

The microbond shear strength samples were prepared by the

spontaneous formation of fine resin beads on the fibers, as the

dry fiber was pulled through a resin droplet. The beads were

about 0.1–0.4 mm in embedded length and care was taken to

ensure a spacing distance between them such that several

specimens could be prepared along one fiber length. The fibers

were cured in a light-curing oven (Dentsply/York division

model TCU-II, 115 V, 600 W) for 4 min, and then placed in

Petri dishes overnight at 37 8C. One end of the fiber was fixed

onto a piece of cardboard using (5 min) epoxy, and allowed to

completely cure overnight. The cardboard end of the sample

was inserted in the top grip of an Instron tensile tester (Model

1122). The fixed bottom grip consisted of a specially made

fixture [51] that had two glass slides that could be moved

horizontally. The upper grip was used to position the bead just

below the slides, which were closed until they just touched the

outer surface of the fiber. The load was measured at a crosshead

speed of 1 mm/min and testing was complete when the bead

had been pulled from the fiber or the fiber failed.

The peak load from the load versus displacement curve was

recorded and used to calculate the interfacial shear strength (t)

from the following equation:

tZ
F

pdl

� �
;

where t is the apparent interfacial shear stress at failure, F is

the peak debonding load, d is the fiber diameter and l is the

embedded length of the resin bead, which was measured using

a microscope, and was in the range of 0.03–0.15 mm.
Cl-MPS/Cl-AES
+ TEA at RT, 
pentane 5 hrs 

OH
MPS/AES

OH MPS/AES

of UHMWPE surface on fibers and particles.
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2.5.2. Flexural strength, flexural modulus and fracture

toughness tests

Flexural strength and flexural modulus of the composites

were determined by a three-point bending test. Cross-sectional

beams (30!2!2 mm3) were prepared in a split steel mold,

which had upper and lower (glass) cover plates. The sample

bars were cured in a light-curing oven (Dentsply/York division

model TCU-II, 115 V, 600 W) from the two opposite surfaces

for 2 min. After curing, the samples bars (nZ10) were

removed from the mold and polished using 600 grit SiC

paper. The polished samples were further cured at 37 8C in air

for 12 h. The specimens were loaded to failure on a servo

hydraulic tensile testing machine (MTS Mini-Bionix 2) at a

crosshead speed of 1 mm/min. The distance between the

support beams was 25 mm.

The flexural strength (in MPa) was calculated from the

formula

FSZ
3lF

2BH2

where l is the distance between the supports in mm, F is the

failure load (N), B is the width and H is the height of the beam

in mm.

The flexural modulus (in GPa) was calculated from the

formula:

EZ
F

D

� �
l3

4BH3

� �

where l is the distance between the supports in mm, B andH are

the specimen width and height, respectively, in mm, and F/D is

the slope in the initial linear region of the load–displacement

curve.

Bar-shaped, single-edge-notch bending, fracture toughness

specimens (25 mm!5.0 mm!2.5 mm) were fabricated in a

steel mold with a razor blade insert to produce a sharp notch at

midspan (a/WZ0.5), where aZnotch length andWZspecimen

width. Fracture toughness (KIC) was determined by single-edge

notch beam method according to ASTM E399. Specimens

(25!5!2.5 mm3) were prepared in a steel mold with a razor

blade insert to produce a sharp notch at midspan (a/WZ0.5),

where aZnotch length and WZspecimen width. Curing and

storage conditions were similar to those described in the

flexural strength test. The specimens were loaded to fracture at

a crosshead speed of 0.1 mm/min.
Table 1

Interfacial shear strengths of BisGMA–TEGDMA (60/40) beads on surface treated

Fiber Treatment

UHMWPE No treatment

UHMWPE Swelling with fluorescent silane at 110 8C for 2 h followed

UHMWPE Swelling with 5% OMS at 110 8C for 2 h followed by hyd

UHMWPE Swelling with 5% PE-silane at 110 8C for 2 h followed by

UHMWPE Swelling with OMS at 110 8C for 2 h followed by hydroly

UHMWPE Plasma treatment with SiO2CMPS

E-glass No treatment

E-glass MPS silanization
KIC was calculated for each specimen according to the

following formula

KIC Z
PfLf ða=WÞ

BW1:5

where Pf is the fracture load (N), L is the span length in mm, B

is the thickness and W is the width of the specimen in mm.

f(a/W) is a function of a and W as described in ASTM E399.

After the fracture toughness test, the fragments of the

composite specimens were mounted on aluminum stubs and

sputter coated for SEM evaluation (JEOL 6300FV).
3. Results

3.1. Microbond shear strengths

The results of the microbond shear strength tests are

presented in Table 1, along with data for silica fibers (with or

without MPS treatment) using BisGMA/TEGDMA beads. The

interfacial strength increased about four-fold for BisGMA/

TEGDMA beads on the UHMWPE fibers for the treated versus

untreated fibers. For the samples in which OMS was

subsequently reacted with Cl-MPS or Cl-AES, the former

had slightly greater interfacial bonding. The values of t

(z4 MPa) for these surface treatment methods for UHMWPE

were approximately the same as that obtained for untreated

glass fibers. By contrast, for MPS treated glass fibers, a value of

t of 15.0 MPa was obtained.
3.2. Mechanical property data

The fracture toughness (KIC), flexural modulus (E) and

flexural strength (s) data are presented in Figs. 2–4, and

summarized in Table 2. Both fracture toughness and modulus

increase upon addition of UHMWPE, but with a decrease in

flexural strength. Fig. 2 shows that addition of increasing

amounts of UHMWPE result in increased fracture toughness

for the untreated, Cl-MPS and Cl-AES treatments, as expected

based on the increased fracture toughness of UHMWPE

compared with the BisGMA/TEGDMA resin. At a fixed

volume percent of UHMWPE filler, fracture toughness

increased in the order KIC(Cl-AES)OKIC(Cl-MPS)OKIC

(untreated). A maximum toughness increase of 238% was

observed at 60% loading of the Cl-AES treated UHMWPE.
Spectra900e UHMWPE or E-glass fibers

Interfacial strength (MPa)

1.06 (G0.18)

by hydrolysis and Cl-MPSCTEA treatment 4.09 (G0.75)

rolysis and Cl-MPSCTEA treatment 4.22 (G0.28)

hydrolysis and Cl-MPSCTEA treatment 2.98 (G0.41)

sis and Cl-AES and TEA treatment 3.89 (G0.29)

4.01 (G0.52)

3.77 (G0.50)

15.05 (G1.71)
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Table 2

Composite mechanical properties of UHMWPE filled BisGMA–TEGDMA

(60/40) resins

Filler type Filler

(vol%)
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Fig. 2. Fracture toughness, KIC (MPam1/2) as a function of volume percent

UHMWPE for untreated, Cl-AES and Cl-MPS treated particles.
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In the case of glass beads, fracture toughness is usually

observed to increase with increase in volume fraction of beads,

but the incremental toughening effect decreases with increas-

ing volume fraction [52]. This same effect is observed for the

addition of UHMWPE particles, especially for the Cl-MPS and

untreated particles, where there is minimal change in KIC

between 30 and 60 vol% UHMWPE. At 30 vol%, KIC for the

UHMWPE/BisGMA/TEGDMA resins was twice as great as

for the glass filled systems [53]. However, for the UHMWPE

filled systems, KIC was very similar for 30 and 60 vol%,

whereas KIC doubled between 30 and 60 vol% for the

glass filled systems [53]. At 60 vol% the order of fracture

toughness was KIC(Cl-AES/UHMWPE)OKIC(Cl-MPS/

UHMWPE)wKIC(MPS/glass)OKIC(untreated/UHMWPE)O
KIC(untreated/glass). Thus, although treated UHMWPE always

improved the fracture toughness of the BisGMA/TEGDMA

resin up to 60 vol% loading, the incremental improvements

were greatest below 30 vol%.

The data presented in Fig. 3 and Table 2 indicates that the

improvements in toughness were not gained at the expense of a

decrease in modulus, and in fact that there were increases of

about 30% in the moduli of the composites (average of

3.7 GPa) compared with the neat resin (2.8 GPa). Although the

UHMWPE surface treated with Cl-MPS, and thus capable of

forming covalent bonds with the resin, had the highest values
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Fig. 3. Flexural modulus, E (GPa) as a function of volume percent UHMWPE

for untreated, Cl-AES and Cl-MPS treated particles.
of E at all volume fractions (except 20 vol%) all the values

were similar within experimental error).

In order to understand the increase in modulus of all the

samples compared with the neat resin, it is useful to investigate

the crystallinity of the UHMWPE particles used to make the

composites. The modulus of UHMWPE depends considerably

on processing conditions, varying from w0.8 to 1.4 GPa for

compression molded samples to 40–70 GPa when drawn, and it

is difficult to measure the modulus of the w80 mm irregularly

shaped particles. However, the degree of crystallinity is higher

for the ‘as received’ powder compared with compression

molded samples, as shown in Fig. 5, where DHm decreases

from 190 to 120 J/g and Tm decreases from 144 to 135 8C when

the ‘as received’ powder is melted. These values are similar to

those measured for UHMWPE molded sheets obtained

commercially [54,55].

Fig. 4 shows the clear decrease in flexural strength with

increasing volume percent of UHMWPE for the untreated, Cl-

MPS and Cl-AES treatments. The flexural strength was
None 0 2.81 (0.27) 113.7 (6.65) 0.75 (0.05)

Untreated 5 3.31 (0.40) 85 (8.95) 0.80 (0.07)

10 3.82 (0.54) 70 (13.2) 0.84 (0.15)

20 3.64 (0.31) 64.21 (5.81) 1.12 (0.05)

25 3.46 (0.30) 59.25 (2.45) 1.26 (0.11)

30 3.39 (0.54) 58.85 (6.45) 1.37 (0.05)

60 3.70 (0.47) 55.95 (4.15) 1.39 (0.09)

Cl-AES

(wetted)

5 3.39 (0.69) 94.50 (9.20) 1.61 (0.18)

10 3.80 (0.25) 79.50 (9.3) 1.68 (0.11)

20 4.30 (0.32) 65.8 (5.70) 1.74 (0.22)

25 3.60 (0.36) 61.15 (4.85) 1.79 (0.16)

30 3.34 (0.30) 59.35 (2.4) 1.80 (0.14)

60 3.21 (0.25) 50.55 (6.90) 1.82 (0.11)

Cl-MPS

(bonded)

5 3.72 (0.64) 101.4 (7.84) 0.92 (0.13)

10 4.38 (0.42) 95.65 (10.75) 0.99 (0.09)

20 4.07 (0.40) 82.74 (9.76) 1.37 (0.09)

25 4.03 (0.16) 70.15 (5.45) 1.48 (0.09)

30 3.92 (0.28) 66 (5.45) 1.52 (0.11)

60 3.82 (0.40) 59.85 (7.25) 1.59 (0.10)
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greatest for the UHMWPE treated with Cl-MPS and least for

the composites prepared with the untreated UHMWPE.

3.3. SEM fracture surfaces

Typical SEM micrographs of the UHMWPE particles are

shown in Fig. 6(A) and (B) at two magnifications. The irregular

particles with rough surfaces have average dimensions of 80–

100 mm!100–150 mm. Fracture surfaces of 30 vol%

UHMWPE in BisGMA/TEGDMA are presented in

Fig. 7(A)–(D). There are several interesting features, which

suggest the types of fracture modes that occur in these samples.

The UHMWPE particles can be observed fractured, whole and

still embedded in the matrix, and as the craters left by particle

pull-out from the matrix. The average particle size of the

craters left by the UHMWPE particles is the same as that of the

original particles. The topography of these craters, as well as

that of the particles left protruding from the resin is also the

same as that of the original particles. There is no evidence of

yielding of the resin near the particles, such as bent edges

around the craters, as can be observed in rubber reinforced

brittle matrices [18]. There is also no evidence of the tail

structures observed in glass-reinforced composites, which are

actually steps on the fracture surface that are formed when two

secondary crack fronts divided by a glass bead meet with each

other [52].

The most salient feature of the fracture surface is the

propagation of the crack through the UHMWPE particles,

producing what appears as yielding of the UHMWPE into

many small fibrils from within the particle and microvoid

formation. Occasionally, as observed at the bottom of

Fig. 7(D), the result of the crack propagation was to pull out
Fig. 6. SEM images of UHMWPE particles at two magnifications.
a portion of the UHMWPE particle in the form of a larger fibril;

the static image does not convey that the pulled out portion was

mobile on the fracture surface. By contrast, in rubber-

reinforced composites, the rubber particles after rupture are

believed to line the walls of the voids that are left behind [18].

Lastly, fracture through the resin produced the relatively

smooth surface characteristic of brittle failure, as was also

observed for the glass filled specimens [56], with additional

step structures, sometimes occurring between two particles (or

voids) and ‘lance’, also called ‘river’ or ‘hackle’ features.

All modes of fracture were observed for the untreated, Cl-

AES and Cl-MPS treated beads. However, the greatest

percentage of fracture through the UHMWPE particles

occurred for the Cl-AES and Cl-MPS treatments, and the

greatest number of pullout of UHMWPE particles without

attached resin was observed for the untreated UHMWPE filled

BisGMA/TEGDMA composites.

4. Discussion

The purpose of the current investigation was to determine

whether addition of UHMWPE particles could improve the

fracture toughness of a brittle, in this case BiSGMA–

TEGDMA, resin without a concomitant loss in modulus, and

further, to ascertain the toughening mechanism. Addition of

UHMWPE did improve both the toughness and modulus of the

composites, but with a decrease in flexural strength. Both

surface treatments, namely attachment of Cl-AES, which was

expected to improve the wettability of the UHMWPE to the

polar BisGMA/TEGDMA resin, or Cl-MPS, which was

expected to also enable bonding to the resin, increased KIC

compared with untreated UHMWPE, but the effect was greater

for the Cl-AES. In the case of the moduli, the data indicate that,

within the experimental uncertainty, the untreated, Cl-AES and

Cl-MPS treated samples had similar effects, that is, all the

moduli increased by the same percentage with respect to the

neat resin. Lastly, although the flexural strength decreased for

all the samples compared with the neat resin, the decrease was

least for the composites prepared with Cl-MPS, and was similar

for the untreated and Cl-AES treated UHMWPE.

The results of the microbond shear strength data show that

the effects of the Cl-AES and Cl-MPS treatments on

UHMWPE are very similar to each other (tz4 MPa), and

significantly less than that obtained for surface treatment of

glass fibers with MPS (tz15 MPa). The similarity between the

values of t for BisGMA/TEGDMA beads on Cl-MPS/Cl-AES

treated UHMWPE and untreated glass (tz4 MPa) suggests

that there are not many functional groups [Si–CH2–CH2–CH2–

O–CaO(CaCH2–CH3), Si–CH2–CH2–O–CaO(CH3)] on the

surface of the UHMWPE after treatment, and that the product

of the number and strength of the interactions are similar for

the three surfaces. The slightly polar silica surface [containing

SiOH groups] and the AES or MPS modified UHMWPE

surface may have similar wetting affinity for the polar

BisGMA/TEGDMA resin, resulting in similar values of t.

For MPS treated silica, a monolayer (and sometimes multi-

layers) of silane attaches to the surface, providing a higher



Fig. 7. SEM images of fracture surfaces of composites prepared with 30 vol% UHMWPE in BisGMA/TEGDMA (60/40) resin: (A) untreated; (B) Cl-AES treated;

(C) Cl-MPS treated; (D) Cl-MPS treated at lower magnification showing large UHMWPE fibril. Arrows show direction of crack propagation.
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density of reactive methacrylate sites [51]. Thus, it may be only

for the MPS modified silica that significant covalent bonding

with the resin takes place, although the slight increase in t for

the Cl-MPS compared with the Cl-AES treatment of

UHMWPE may also reflect some covalent bonding for the

former. The strength of the interfacial interactions, described

by parameters such as interfacial shear stress (t), characterize

load transfer through the interface. Only a more detailed

analysis, which is beyond the scope of the current investi-

gation, can correlate this data with the work of adhesion, which

on a molecular level depends on the number and type of

interfacial bonds [57–59].

Lastly, it should be pointed out that, unlike the smooth

UHMWPE fibers used for the microbond shear tests, the treated

UHMWPE particles are very irregular, so that mechanical

interlocking of the resin with the particles may also contribute

to the mechanical properties.

The improvement in toughening was expected, based on the

higher toughness of UHMWPE compared with the brittle

BisGMA/TEGDMA resin, and is consistent with other reports

in the literature. Increases in fracture toughness have similarly

been observed in acrylic resins reinforced with UHMWPE

fibers [26] and chopped UHMWPE fibers [29]. However, no

increases in fracture toughness were observed for untreated

[34] or (proprietary) treated UHMWPE beads [35] up to 10%
loading in acrylic resins. In the case of our untreated

UHMWPE beads, there were also no significant increases in

fracture toughness up to 10% loading compared with the neat

resin. Thus, it is possible that the proprietary treatment on the

UHMWPE particles [35] was not effective at compatibilizing

the beads with the matrix.

Our data also suggests that the influence of the Cl-AES and

Cl-MPS treatments on the toughness is similar, namely that

they both increase the wetting of the UHMWPE particles to the

resin, although, in addition, there may be a small amount of

covalent attachment of the Cl-MPS treated UHMWPE to the

resin. If this occurs, and it is easier for the Cl-AES treated

UHMWPE to debond from the resin compared with the Cl-

MPS treated UHMWPE, the contribution of debonding to the

fracture toughness will be more important for the more easily

debonded Cl-AES treated sample; the untreated UHMWPE,

with no adhesion to the resin, would make no contribution via

this mechanism to the fracture toughness.

Decreases in fracture toughness were previously observed

when HDPE beads (untreated or with a reactive gas treatment)

partially replaced glass in BisGMA/TEGDMA composites

[25]. These results are also not in disagreement with our data.

HDPE, which has lower fracture toughness than UHMWPE,

was used in the study. More importantly, since both glass and

HDPE act as impact modifiers, the results simply suggest that
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at the concentration used in the study, glass was more effective

than HDPE as an impact modifier.

Lastly, it should be pointed out that the intrinsic properties

of UHMWPE particles are not easily measured, since the

particles must first be fabricated (and thus subjected to some

thermal treatment) into specimen shapes for testing. For neat

polyethylene, a high volume fraction of amorphous material

and low shear yield stress in the crystalline phase provide

material toughness.

The increase in the moduli for all the UHMWPE filled

composites was not sensitive to the surface treatment of the

UHMWPE, suggesting that the improvements in moduli were

not dependent on interfacial interactions between the com-

ponents of the composite. Since, the moduli of the composites

increased, the modulus of the UHMWPE was probably slightly

greater than that of the neat resin; it was not possible to directly

measure the modulus of individual 80 mm particles. The DSC

data confirms that the crystallinity of the UHMWPE powder

was greater than that for typical compression molded sheets

(0.8–1.4 GPa), so that its modulus would also be slightly

greater, and similar (but larger) in magnitude than that of the

BisGMA/TEGDMA resin (2.8 GPa).

The behavior observed for the UHMWPE filler contrasts

with that of glass-reinforced composites [E(glass)w75 GPa],

where there is a monotonic increase in modulus with volume

fraction of glass, which is incrementally greater at higher

volume fractions. For example, addition of glass beads resulted

in moduli of BisGMA/TEGDMA composites that were twice

(30 vol%) [36] or 4–5 times (60 vol%) as large as the neat resin

[53]. The differences between the effects of glass versus

UHMWPE may be attributed to the much greater mismatch in

moduli with the resin in the former case. Even the simplest

formula for addition of moduli cannot predict, within the

experimental uncertainty of our measurements, a trend for two

materials with moduli that differ by a factor of 2.

The moduli results for the UHMWPE reinforced composites

are consistent with a previous investigation [34] in which

addition of up to 7.5% UHMWPE powder resulted in w20%

increase in composite moduli (tested in water), followed by a

decrease at 10% UHMWPE. Addition of UHMWPE fibers,

which do have very high moduli, resulted in increases in

moduli for some acrylic composites [26,29,33] and for others

only when the fibers were grafted with methyl methacrylate

[31]. Previous investigations have shown that partial replace-

ment of glass filler with HDPE, which has a lower modulus

than that of UHMWPE, resulted in a decrease in the modulus of

composites prepared with bis-GMA/TEGDMA, an expected

result since glass has a modulus significantly higher than either

bis-GMA/TEGDMA or HDPE; comparisons with the neat

resin were not included [25].

The decrease in flexural strength with increased volume

fracture of filler is also expected. With increasing filler content

there is a concomitant increase in surface area between the

filler and the resin, providing additional sites at which failure

can occur. It is interesting to note that the values of s at 30 and

60 vol% are close to (and slightly less than) the values for the

untreated glass filler, and that these systems all had comparable
values of t. This supports the idea that the interaction between

the resin and either the untreated glass or treated UHMWPE

particles results mostly from non-bonded polar interactions and

relatively few covalent bonds, or that the product of the number

and type of bonds are similar. By contrast, the values of s for

the MPS treated glass beads, at 30 and 60 vol%, are nearly

twice that for the UHMWPE (any treatment) particles. In these

systems, in which there is a substantially higher value of t

(15 MPa), and considerable covalent bonding between the

resin and filler, there are fewer additional sites for failure,

resulting in higher values of s.

The fact that the Cl-MPS treated UHMWPE has consistently

higher (although not by a great amount) values of s than for the

untreated or Cl-AES treated UHMWPE over the whole volume

percent range, as well as slightly higher values of t than for Cl-

AES and a fourfold increase for untreated UHMWPE, suggests

that the lack of bonding between the untreated and Cl-AES

treated UHMWPE with the resin also provides increased

numbers of sites for initiation of failure compared with the Cl-

MPS treated UHMWPE, which may have a small number of

covalent bonds with the resin. Our results are in agreement with

previous investigations in which addition of UHMWPE powder

resulted in the same or decreased strength of the composite

materials [31,34,35,60], and in which fracture strengths of

plasma treated PE fibers were greater than those of untreated

fibers in PMMA resins [30].

SEM images can provide insight into what energy-

dissipation processes are responsible for the enhancement in

toughening in UHMWPE-filled glassy composites. The

interesting feature about fracture in these composites is that

some of the fracture occurred through the UHMWPE particles

themselves. Previous studies of the fracture surfaces of

composites prepared from acrylic resins and 10% untreated

UHMWPE [34] or HDPE beads [25] showed similar

impressions of the beads pulled from the resin, but no bead

fracture. For the particles that did leave impressions after

fracture, the average size of the craters was similar to the

average particle size of the original particles. This suggests that

some of the particles had debonded, and that the resin flowed

around the particles before cure.

SEM images of BisGMA/TEGDMA resins reinforced with

UHMWPE fibers have shown some fibers that have been

extended [26], and very occasionally surface treated HDPE

beads that were elongated [25], but not pulled out or ruptured.

The fibrillar appearance for the fractured particles of UHMWPE

is similar to that of fractured HDPE [61] and polycarbonate/

polyethylene blends (PE is the matrix), where this morphology

occurred at higher molding temperatures that resulted in

increased crystallinity and more perfect crystals of the PE

[62]. It was suggested that a rise in the crystallinity for high

density PE decreased the brittle–ductile transition temperature

and increased the fracture energy due to microvoid formation

and the formation of fibrillar structures [61,63]. The UHMWPE

particles in this work also have a relatively high percent

crystallinity, compared with material that has been fabricated.

The similarity in the fracture surfaces despite surface

treatment may be due to the relative ineffectiveness of the
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surface treatments and to the irregularity of the particles

themselves, which might result in mechanical bonding between

the resin and the matrix. Adhesion improvement in polypyrrole

treated UHMWPE fibers in an epoxy matrix was partially

attributed to a surface roughening effect [42]. By comparison,

SEM of fracture surfaces for glass filled BisGMA/TEGDMA

composites showed predominantly fracture through the resin,

for the treated silica, and particle pullout for the untreated

silica, accompanied in both cases by the ‘tails’ characteristic of

crack pinning [56].
5. Conclusions

Composites prepared from BisGMA–TEGDMA

(60/40 wt/wt) resin were investigated in which ultrahigh

molecular weight polyethylene (UHMWPE) powder,

0–60 vol% and h80 mmi in size, was used to improve fracture

toughness without a loss in modulus. UHMWPE, which has

high yield strength and modulus, but is non-polar and

chemically inert, was used as is or modified to increase the

wettability or reactivity with the resin matrix. Interfacial shear

strength (t) between UHMWPE and the resin was measured

via microbond shear strength tests using Spectra900e

(UHMWPE) fibers and BisGMA–TEGDMA beads. The

surface of the fibers/powder was modified by simple swelling

methods using octadecyltrimethoxy silane (Me-OTS), to allow

diffusion of the reactive molecules into the UHMWPE surface;

the trimethoxy groups were then hydrolyzed and reacted with

either acetoxyethyltrichlorosilane (Cl-AES) or 3-methacrylox-

ypropyltrichlorosilane (Cl-MPS), to provide groups that would

either wet or react with, respectively, the methacrylate resin.

Values of t for t (Cl-MPS)/t(Cl-AES)w4 MPa and were four

times greater than t (no treatment), compared with tZ15 MPa

for MPS treated glass. In the case of the composite mechanical

properties, fracture toughness (KIC) improved with increased

volume fraction of UHMWPE and in the order KIC(Cl-AES,

wet)OKIC(Cl-MPS)OKIC(untreated). The flexural modulus

(E) increased from 2.8 GPa for the neat resin to between 3.2

and 4.4 GPa for the filled systems, and was relatively

insensitive to either volume fraction of UHMWPE or to type

of surface treatment of the UHMWPE. The flexural strength (s)

decreased with increasing volume fraction of UHMWPE, and

increased in the order s(Cl-MPS)Os(Cl-AES)Os(no treat-

ment), suggesting that flaws at the interface resulted in failure.

SEM images showed that significant debonding of UHMWPE

from the resin occurred. In addition, there was fracture through

the UHMWPE particles that resulted in microvoid formation

and fibrillation of the particles. These were suggested to be

major toughening mechanisms in the composites.
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