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The formation of the oxygen inhibition layer is examined on some commercial methacrylate resin based
composite restorative materials: nano-filled Filtek Ultimate Universal Restorative and Filtek Supreme XT
Universal Restorative and for comparison the microfilled Filtek Z250 Universal Restorative. Each material
type is analyzed using scanning electron microscopy for microstructure and energy-dispersive X-ray
spectroscopy for the chemical composition. Two polymerization lamps were used for various exposure
times. It results an excellent chemical stability for Filtek Ultimate, while the percent of oxygen is increasing
with the photo-polymerization time for the other two composites. From element mapping, the filler particles
were identified and their volume percents and cluster particle  size distributions were calculated. No correlation
of these parameters with oxygen inhibition layer was found.
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Dental restorative composites consisting of polymeric
resin matrices and inorganic fillers have been in dental use
since the mid sixties. Compared to their main alternatives,
dental amalgams, silicate cements and acrylic resins, the
composites possess better esthetic property, have less
safety concern, and have shown reasonably satisfactory
clinic results. They have been widely adopted by the dental
profession as the restorative material of choice.

The latest development in the field has been the
introduction of nanofilled materials, by combining
nanometric particles and nanoclusters in a conventional
resin matrix. Nanofilled materials are believed to offer
excellent wear resistance, strength and ultimate esthetics
due to their exceptional polishability, polish retention and
lustrous appearance [1,2]. The compressive and diametral
strengths and the fracture resistance of the nanocomposite
materials are equivalent to or higher than those of the other
commercial composites tested (hybrids, microhybrids and
microfill) [3].

Most modern resin based composites materials used in
clinical dentistry today are based on a dimethacrylate
monomer system which polymerises via a free radical
based reaction upon exposure to a high intensity light
source with a wavelength range matching that of the
photoinitiator system present in the material. This free
radical mediated polymerisation reaction may be inhibited
by atmospheric oxygen resulting in a surface layer of poorly
or unpolymerised monomer.

The free-radical polymerisation reactions of photoactive
resins used in dentistry are inhibited by oxygen. There is a
need to better understand the effects oxygen inhibition on
critical properties of dental resins and resin composites
which may compromise the success of dental resin
composite restorations [4,5]. The present paper aims to
examine the formation of the oxygen inhibition layer (OIL)
on some commercial methacrylate resin based composite
restorative materials: nano-filled Filtek Ultimate Universal
Restorative and Filtek Supreme XT Universal Restorative
and for comparison the microfilled Filtek Z250 Universal

Restorative. Each material type is analyzed using scanning
electron microscopy (SEM) for microstructure and energy-
dispersive X-ray (EDAX) spectroscopy for chemical
composition. Two polymerization lamps were used for
various exposure times.  From element mapping, the filler
particles were identified and their volume percents and
cluster particle size distributions were calculated to find a
possible connection with the formation of OIL.

Experimental part
Restorative composites structure

The monomer 2,2_-bis-[4-(methacryloxypropoxy)-
phenyl]-propane (Bis-GMA) has been widely used as an
important dental base monomer since it was invented in
early 1960s [6,7]. Bis-GMA is a very viscous liquid. To
improve the handling qualities, a low viscosity diluent
monomer, such as tri (ethylene glycol) dimethacrylate
(TEGDMA), is added to thin the resin. In Bis-GMA/TEGDMA
dental resin, Bis-GMA functions to limit the
photopolymerization induced volumetric shrinkage and to
enhance resin reactivity, while TEGDMA provides for the
increased vinyl double bond conversion (fig. 1) [8,9].

Fig. 1. Chemical structures of bis-GMA (a) and TEGDMA (b)

The inorganic filler particles improve the mechanical
and the physical properties (dimensional stability
compressive and tensile strength, hardness, flexural
strength and elastic modulus) of the soft resin matrix.
While the first generation of dental composites contained
mainly quartz particles, recently silica, zirconia, strontium,
and barium glasses, aluminosilicate and yttrium fluoride
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Fig. 2. Chemical structures of UDMA (a) and Bis-EMA(6) (b)

filler particles with various sizes and filler loads have been
added to the monomer resin matrix [10]. Moreover, the
most common classification system of dental composites
is based on filler particle size: conventional (traditional)
(20 – 50  μm), macrofilled (1 – 5 μm), microfilled (0.05 -
0.1 μm), hybrid, [10] and more recently ‘nano’ sized
particles (20 – 75 nm). Most of the commercial dental
composites are hybrid types, having macrofilled and
microfilled particle sizes, in an attempt to improve both
the mechanical and aesthetic properties. The smaller the
particle size and the higher the loading, the better the
resulting material properties. However, as filler size
decreases, for the same volume percent, surface area
increases which limits the maximum volume percent in
resin due to surface area to volume effects.

Dental resins are usually cured (hardened) by
photoinitiated free radical polymerization. Camphor-
quinone (CQ) is a commonly used visible-light initiator and
ethyl-4-(N,N_- dimethylamino) benzoate (4EDMAB) is a
commonly used co-initiator. It absorbs specific and narrow
visible (blue) light wavelengths from 400 to 500 nm with
an optimum peak absorbance at 465 nm. The
camphorquinone then transfers to an excited triplet state
and initiates the polymerisation process in conjunction with
a co-initiator to generate free radicals which initiate the
polymerisation process [11,12].

The dental nano-materials which are studied in the
present paper are provided by 3M ESPE: Filtek Ultimate
Universal Restorative [13], Filtek Supreme XT [14]. For
comparison the microfilled Filtek Z250 [15] is also
analyzed. Next they will be briefly described, according to
the producer technical specifications.

In Filtek Z250 restorative, the majority of TEGDMA has
been replaced with a blend of UDMA (urethane
dimethacr ylate) and Bis-EMA(6)1 (Bisphenol A
polyethylene glycol diether dimethacrylate) (fig. 2) [15].
Both of these resins are of higher molecular weight and
therefore have fewer double bonds per unit of weight. The
high molecular weight materials also influence the
measurable viscosity, but it results a less shrinkage,
reduced aging and a slightly softer resin matrix. Additionally
these resins exhibit a higher hydrophobicity and are less
sensitive to changes in atmospheric moisture.

While dental resins have been reinforced with inorganic
fillers such as silanized glass/ceramic particles for years,
the relatively low strength and durability of the composites
have limited their uses [16-19]. For example, in Filtek Z250
composite material, the filler consist in zirconia and silica
particles. The particle size distribution is 0.01 μm to 3.5 μm
with an average particle size of 0.6 μm. The inorganic filler
loading is 60% by volume.

In Filtek Supreme XT Universal Restorative material [14]
the resin system is the same reduced shrinkage resin as
found in Filtek Z250, but it was discovered a way to modify
the sintering process to produce loosely agglomerated
nanoparticles, i.e. nanoclusters. Although structurally
different from densified particles, these nanoclusters
behave similarly to the densified particles found in other

composites in terms of providing high filler loading. This
resulted in a material with the strength and wear of hybrids
with significantly improved polish retention and optical
properties. Translucent shades contain a combination of a
non-agglomerated/non-aggregated, 75 nm silica nanofiller,
and a loosely bound agglomerate silica nanocluster
consisting of agglomerates of primary silica nanoparticles
of 75 nm size fillers. The cluster size range is 0.6 to 1.4
microns. The filler loading is 72.5% by weight. The
Translucent shades are not radiopaque.  All of the remaining
shades contain a combination of a non-agglomerated/non-
aggregated, 20 nm nanosilica filler, and loosely bound
agglomerated zirconia/silica nanocluster, consisting of
agglomerates of primary zirconia/silica particles with size
of 5-20 nm fillers. The cluster particle size range is 0.6 to
1.4 microns. The filler loading is 78.5% by weight.

In Filtek Ultimate Universal Restorative [15] the resin
system is slightly modified from the original Filtek Z250
and Filtek Supreme resin. The resin contains bis-GMA,
UDMA, TEGDMA, and bis-EMA(6) resins. To moderate the
shrinkage, PEGDMA has been substituted for a portion of
the TEGDMA resin in Filtek Supreme XT restorative. The
fillers are a combination of non-agglomerated/non-
aggregated 20 nm silica filler, non-agglomerated/non-
aggregated 4 to 11 nm zirconia filler, and aggregated
zirconia/silica cluster filler (comprised of 20 nm silica and
4 to 11 nm zirconia particles). The Dentin, Enamel and
Body (DEB) 3 shades have an average cluster particle size
of 0.6 to 10 microns. The Translucent (T) 4 shades have an
average cluster particle size of 0.6 to 20 microns. The
inorganic filler loading is about 72.5% by weight (55.6% by
volume) for the Translucent shades and 78.5% by weight
(63.3% by volume) for all other shades.

Experimental technique
The tested composite materials (Filtek Ultimate, Filtek

Supreme XT and Filtek Z250) were prepared in 20 cylindrical
samples of 5 mm in diameter and 2 mm in width, for each
type measurement, to obtain relevant averaged values. The
sample widths were in agreement with the producer
specifications. The specimens were polymerized using the
high intensity visible light given by two type of lamps: a
halogen unit with the spectral range 400 - 520 nm (blue
light) and 75 W (EVICROLUX EVL 022) and a LED unit with
the emitted wavelengths between 440 and 460 nm
(Optilight LD Max). Various photo-polymerization times
were used, longer than the minimum exposure time
indicated by the technical specifications.  For comparison,
also non-polymerized samples are analyzed.

The samples were studied by scanning electron
microscopy (SEM) using Vega Tescan LMH II equipment.
The SEM images were taken in secondary electrons (SE);
the acceleration voltage was equal to 30 kV, and the
emission current was between 0,5pA and 500nA. The
energy dispersive detector for X-rays ( QUANTAX - Bruker
equipment) was used for chemical composition
measurements.

Results and discussions
Chemical composition

In fig. 3a the typical microstructure of non-polymerized
Filtek Ultimate is given. It results in uniform particles
distribution, and micro-segregates of silica and zirconia
particles. From dispersive X-ray spectrum (fig. 3b) the main
elements oxygen, silicon, carbon and zirconium are
identified. Their mapping (fig. 3c – oxygen, fig. 3d – silicon
and fig. 3e – zirconium) allows the filler particle



MATERIALE PLASTICE ♦ 49♦ No. 2 ♦ 2012http://www.revmaterialeplastice.ro178

Fig. 3. Microstructural
characterization of Filtek Ultimate:

microstructure (a), EDAX
spectrum (b) and main elements
mapping: oxygen (c), silicon (d)

and zirconium (e)

identification, a good agreement with the observations from
fig. 3a resulting. The normalized atomic percents of
dominant elements were monitored after the
polymerization with halogen and LED lamps at various
exposure times –  fig. 4a and fig. 4b, where the
measurement errors are indicated by vertical bars.  An
excellent chemical stability is observed for this restorative
material. Since the oxygen content does not vary
significantly we conclude that OIL is not present for this
composite.

Regarding to the chemical compositions of the other
two analyzed materials (figs. 5a,b and figs. 6a,b) it results
a higher percent of oxygen, both for polymerization with
halogen and oxygen lamps. We note a lower relative
concentration of zirconium, which can be attributed to the
very good affinity for oxygen of the superficial layer. Since
the relative atomic percent of oxygen is increasing with
the polymerization time for both light sources, we conclude
that the time of photo-polymerization process is favoring
the formation of oxygen inhibition layer.

Filler content
In a previous work [5] it was shown that OIL thickness

depends on the filler content due to the different rates of
oxygen diffusion into the resin matrix, by either directly
adsorbing oxygen onto the filler surface or by facilitating
the diffusion of oxygen between the filler particle/resin
matrix interface. The effect of oxygen adsorption of fillers
and inhibition thickness within resin composite
formulations is not completely understood and only few
previous studies were focused on such phenomena [4]. In
that study, an inhibitory effect was not present when the
filler particles load reached wt. 40 %, compared with the
results from [5] wherein an inhibition layer was measured
with all resin composite formulations loaded to 70 wt. %.

This discrepancy might be associated with differences in
filler type, size and resin-filler interaction. In these
circumstances, we considered as useful to study the filler
content for each of the previous sample.

Having in view the chemical structure of the tested
materials, from the element mapping (for example see
figs. 3d-e) it is possible to identify the SiO2 and ZrO2 particles
using the ImageJ software [20]. Some typical results are
given in figures  7a,b for Filtek Ultimate.  Moreover, making
the ratio between particle area and total image area, the
filler particle content can be calculated in volume percents.
The resulted data are given in Table 1 for each type of tested
materials. It results almost the same filler loading for Filtek
Ultimate and Filtek Supreme XT, i.e. about 59 volume %,
the values being in a good agreement with the producer
specifications. We note a slightly higher percent of zirconia
particles in the case of Filtek Ultimate than for Filtek
Supreme XT. In the case of Filtek Z250, the inorganic filler
loading is much lower, i.e. 45 volume %, the value being
also close to the producer technical data.

In figures 8a-f the histograms of cluster particle
distributions are given as function of their size, for each
type of particle and tested restorative composites. The
average values are presented in table 1. While for zirconia
cluster particles no major differences were observed for
all analyzed materials, in the case of silica is resulted a
higher average cluster particle size for Filtek Supreme XT
than for Filtek Ultimate, i.e. a higher tendency of nano-
sized particles clustering. By comparison, the values for
Filtek Z250 are not significantly different, but we note that
in this case the micro-sized particles allow a lower filler
loading. Regarding to the influence of particle size and filler
loading on the formation of OIL no connections were found,
i.e. in agreement with the results from  [4].
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Fig. 4. Chemical composition of
Filtek Ultimate photo-polymerized

with halogen lamp (a) and LED
lamp (b) after various exposure

times

Fig. 6. Chemical composition of Z250
photo-polymerized with halogen
lamp (a) and LED lamp (b) after

various exposure times

Fig. 5. Chemical composition of Filtek
Supreme XT photo-polymerized with
halogen lamp (a) and LED lamp (b)

after various exposure times

We note that our values for cluster particle size are about
half  the ones given by the producer specifications, probably
because a spherical shape was considered and not a
rectangular one. A possible way to eliminate this
disadvantage is to perform a full analysis of cluster particle

Fig. 7. Particles identification from
element mapping (fig. 3d and  3e)

in Filtek Ultimate:
a) SiO2; b) ZrO2

Table 1
FILLER LOADING AND

AVERAGED PARTICLE SIZE FOR
FILTEK ULTIMATE, FILTEK

SUPREME XT AND FILTEK Z250

shape in the frame of the fractal theory [21-26].  In a future
work, the fractal dimensions [23,24] ain t   nd the shape
factors will be calculated, for better describing the
microstructure of dental restorative composites.
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Fig. 8. Histogram of averaged particle size
distribution for tested dental composites:

 a) Filtek Ultimate – SiO2; b) Filtek Ultimate –
ZrO2; c) Filtek Supreme XT – SiO2 ; d) Filtek
Supreme XT –  ZrO2; e) Filtek Z250 – SiO2;

f) Filtek Z250 – ZrO2

Conclusions
The main conclusions of the present paper are:
- the microstructures and chemical compositions of

nano-filled Filtek Ultimate and Filtek Supreme XT and
microfilled Filtek Z250 were studied in various
polymerization conditions to evidence the formation of
oxygen inhibition layer;

- an excellent chemical stability results for Filtek
Ultimate;

- the superficial content of oxygen is significantly
increasing with the polymerization time for Filtek Supreme
XT and Filtek Z250, and consequently this process favours
the formation of oxygen layer;

- it results almost the same filler loading for Filtek
Ultimate and Filtek Supreme XT, i.e. about 59 volume %.
However, we observed a slightly higher percent of zirconia
particles in the case of Filtek Ultimate than for Filtek
Supreme XT. In the case of Filtek Z250, the inorganic filler
loading is much lower, i.e. 45 volume %. These values are
close to the producer technical data;

- the histograms of cluster particle distributions were
obtained as function of their size, for each type of particle
and tested restorative composites;

- regarding to the influence of particle size and filler
loading on the formation of OIL, no connections were found.
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Wood cellulose is one of the oldest natural polymer materials. The processes of refining (pulping) and modifying
cellulose fibers to make paper, have also been in use for a long time. Today, given the dramatic increase in the production
of synthetic or artificial polymers, rejuvenating old papermaking processes is a daunting challenge. The publication of the
“Chemistry of Modern Papermaking” is part of that effort.

This compendium of 9 chapters, is a literature review based on an impressive number of references (over 3400).
The authors’ work on the effect paper chemicals have on the three-dimensional network of cellulose fibers is aimed at
evaluating the main ideas put forward by the scientific community in the last decades.

After a brief review of the papermaking history, an introduction in the organic chemistry of pulping processes and
reactions performed on poly-carbohydrates is presented in Chapter 2. Chapter 2 - in which 525 references are reviewed -
also refers to polymerization, polycondensation and polymer-analogues reactions used to obtain synthetic polymers as
potential paper chemicals.

 Chapter 3 discusses the effect of chemical additions on the papermaking process (the fate of paper chemical at
the wet end). The authors’ investigation goes beyond the technologic effect of paper chemicals (poly-electrolytes, latexes,
inorganic particles, non-ionic water-soluble compounds): paper chemical diffusion, ionic interactions, adsorption, migration,
re-conformation are presented along with their impact on paper quality.

 Chapters 4, 5 and 6 are focused on the temporary wet-strength, wet –strength and dry-strength resins. Their
water solubility, molecular weight, cationic charges, multiple reactive functional groups, ability to generate strong or
weak chemical bonds with cellulosic fibers are reviewed in minute detail. Special attention has been given to the re-
pulpability potential of paper obtained in the presence of different types of paper chemicals.

Chapter 7 incorporates a highly complex study on internal sizing agents. Sizing agents have the ability to impart
a hydrophobic character to cellulose fibers and to ensure a reduction in paper wettability. After the presentation of alum
chemistry and of standard sizing agents (rosin and its derivatives), new chemical products are carefully studied: alkyl
ketene dimmers, alkenylsuccinic anhydrides, poly-cationic compounds, fluorinated compounds, etc. The more important
products are described as dispersions in water. The potential sizing mechanism (reactive and nonreactive dispersions)
takes into account their reactivity toward cellulose fibers.

Creping adhesives and softeners are described in Chapter 8, together with the main technological parameters
and a comprehensive list of chemical products such as: paper nonreactive creping adhesives, reactive self-crosslinkable
creping adhesives, creping adhesives with a cross-linker, etc.

The last chapter (Chapter 9) deals with the chemical treatment of the paper surface. Mention is being made of
the fact that chemical polymer products, especially those with high molecular mass that can or cannot contain ionic
charges, are particularly useful. Special attention was given to polymer latexes, starches, emulsions of nonreactive small
molecules, polymerizable surfactants, fluorochemicals, etc.

The wealth of information included in the book under review validates the authors’ efforts to reflect upon and
improve the papermaking processes developed during the last century. The authors should be commended for the
accurate fashion in which they presented, explained and organized the information contained in their book. The
technologically relevant data is analyzed with a focus on the physical and chemical interactions between the cellulose
fibers and various other additions. The structures of chemical compounds are studied from the perspective of their
potential to improve the final properties of paper.

 “Chemistry of Modern Papermaking” will be particularly helpful to researchers and engineers working in the
field, and will become required reading for young researchers specializing in the remarkably broad field of papermaking
chemistry.

Dan Donescu




