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Abstract. – OBJECTIVE: This study aimed to 
assess the effects of plasma grafting modification 
on the micro-push-out adhesive strength and me-
chanical properties of fiber posts and to assess 
the stability of these treatment effects.

MATERIALS AND METHODS: Glass-fiber posts 
were divided into four groups based on the treat-
ment methods used, as follows: (1) Group NT: no 
treatment; (2) Group PT: Helium (He) plasma treat-
ment; (3) Group PIG: He-plasma-induced post-irra-
diation grafting; and (4) Group SIG: He-plasma-in-
duced syn-irradiation grafting. The treated fiber 
posts were bonded using self-adhesive resin ce-
ment exposure to air for 0, 1, 6 or 12 hours separate-
ly after surface treatment. Micro-push-out adhesive 
strength, flexural modulus, and flexural strength 
were measured.

RESULTS: Plasma treatment, post-irradiation 
grafting, and syn-irradiation grafting improved 
adhesive strength at the 0-hours level. Howev-
er, the improved adhesive strength disappeared 
in group PT after exposure for one or more 
hours. In group PIG, the adhesive strength af-
ter 1-hour exposure was 20.5% lower than that 
of 0-hour exposure (adhesive immediately after 
treatment), and no statistically significant differ-
ences in adhesive strength were observed be-
tween the 1, 6, and 12-hour exposure. In group 
SIG, no statistically significant differences in 
adhesive strength were observed among the 0, 
1, and 6-hour exposure. Although the adhesive 
strength was 23% lower at the 12-hour exposure 
than that of 0-hour exposure in group SIG, the 
adhesive strength of fiber posts received syn-ir-
radiation grafting still presented the best adhe-
sive strength compared with the other treatment 
methods. The three-point flexural modulus and 
strength remained unaffected by the treatment 
methods used.

CONCLUSIONS: Plasma-induced syn-irradi-
ation grafting provided the ideal improvement 

and stability in adhesive strength in fiber posts. 
In addition, plasma-induced grafting modifica-
tion successfully overcame the surface aging 
effect caused by plasma treatment alone with-
out affecting the bulk mechanical properties of 
fiber posts.

Key Words:
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Introduction

Prefabricated fiber-reinforced composite (FRC) 
posts have been widely used for the restoration of 
endodontically treated teeth1. The significant re-
duction in the incidence of root fractures can be 
attributed to the similarities in the elastic moduli 
of fiber posts and teeth2. Although the adhesive 
strength and stability of FRC-post restorations 
are key to their success over time3, achievement 
of adequate and reliable chemical adhesion be-
tween the epoxy resin matrix of the FRC post 
and the methacrylate component of dental resin 
cement is often challenging4. Furthermore, the 
smooth surfaces of the fiber posts often prevent 
micro-mechanical interlocking with the resin ce-
ment5, highlighting the need to enhance the adhe-
sive strength between the two materials6,7.

Previous studies have explored various meth-
ods of surface treatment for the enhancement of 
adhesive strength between FRC posts and dental 
resin cements3-6, and these can be classified into 
three categories as follows: (1) methods used to 
improve the interfacial micro-mechanical inter-
locking between the post and resin cement; (2) 
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methods used to enhance the chemical adhe-
sion between the two; and (3) methods involving 
a combination of both approaches7. Evidence8,9 
suggests that low-temperature plasma treatments 
promote the adhesion properties of polymers. 
Plasma is a type of gas that has been ionized 
partially or wholly with an approximately equal 
number of positively and negatively charged par-
ticles that bombard the target surface and transfer 
energy to it, generating functional groups and 
activating the surface10,11. Some studies suggest 
that low-temperature plasma processing of ep-
oxy-based fiber posts improves its adhesion with 
acrylate-based composite resins12-14. However, 
other studies noted that plasma treatment also 
presents surface aging, suggesting the improve-
ment in the chemical and physical characteristics 
of the post surfaces after treatment declined grad-
ually over time15.

In industrial fields, plasma-induced grafting 
is an effective way of modifying the charac-
teristics of non-reactive polymer surfaces and 
overcoming the surface aging effects of plas-
ma treatment alone16-22. Plasma-induced grafting 
modifications can produce active sites for graft-
ing monomers, form a relatively stable func-
tional layer on the surface of the substrate19,20, 
and also graft monomers on the outermost layer 
without changing any of its properties21,22. How-
ever, this technique is seldom used in the dental 
polymer field. A previous study23 reported that 
the flexural strength of polymethylmethacry-
late (PMMA)-based denture base polymers was 
increased by grafting 2-hydroxethylmethacry-
late (HEMA), triethyleneglycol dimethacrylate 
(TEGDMA), and ethylenediamine (EDA) onto 
the surfaces of glass fibers. Chen et al24 used a 
non-thermal plasma method to graft HEMA on-
to dental collagen and form a chemical adhesion 
between the two. This study also explored the 
effects of grafting modification on dental in-
terfacial adhesion. Grafting modification of the 
surfaces of materials can be achieved through 
post-irradiation and syn-irradiation grafting22. 
Post-irradiation grafting method involves ac-
tivation of the material surface using plasma 
followed by absorption of a chosen monomer. 
Syn-irradiation grafting is based on ‘crosslink-
ing by activated types of inert gas’ (CASING), 
whereby surface activation and crosslinked po-
lymerization are achieved simultaneously19,20. 
The current study evaluated the effect of plas-
ma-induced post-irradiation grafting and plas-
ma-induced syn-irradiation grafting modifica-

tion on the micro-push-out adhesive strength of 
fiber posts and determined whether the surface 
layer exhibited any aging effects. In addition, 
the effect of plasma-induced grafting modifica-
tion on the mechanical properties of fiber posts 
was also evaluated. To date, very few stud-
ies have explored this subject. Clarifying these 
questions will provide insight into the stability 
of modification of fiber posts with the graft-
ing technique and provide practical information 
concerning a versatile strategy to modify fiber 
posts functionally. To date, few articles have 
been published on this subject.

Therefore, this study used a grafting modification 
system containing bisphenol A-glycidylmethacry-
late/triethyleneglycol dimethacrylate (Bis-GMA/
TEGDMA) and helium (He) plasma produced by 
a luminous-discharge plasma generator. The ob-
jectives of the current study were as follows: (1) to 
investigate whether syn-irradiation and post-irradi-
ation grafting techniques improve the micro-push-
out adhesive strength between epoxy-based fiber 
posts and acrylate-based resin cement; and (2) to 
assess the impact of plasma treatment and plasma 
grafting modification on the bulk mechanical prop-
erties of fiber posts. The following null hypothe-
ses were tested: (1) plasma-induced post-irradiation 
and syn-irradiation grafting do not impact on the 
adhesive strength between resin cement and fiber 
posts; (2) two types of grafting polymerization do 
not overcome the surface aging effects caused by 
applying plasma treatment alone; and (3) two types 
of plasma grafting modification do not influence the 
three-point flexural modulus and flexural strength 
of fiber posts.

Materials and Methods

Surface Treatment of the Posts
Modified parallel glass-fiber posts (64, Match-

post; RTD, St-Égrève, Auvergne-Rhône-Alpes, 
France) containing 38% epoxy resin and 62% 
glass fiber (v/v). The diameter and length of these 
posts were 1.6 and 20 mm, respectively. The posts 
were divided equally into four groups based on 
the surface treatment method used, with each 
group being further divided into four subgroups 
(1, 2, 3, and 4) based on the duration of exposure 
to air (0, 1, 6, and 12 hours, respectively) before 
adhesion. Before surface management, all posts 
were ultrasonically cleaned in absolute ethanol, 
followed by double-distilled water for 6 minutes, 
and then blow-dried.
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Group NT: Control group. No surface treatment.
Group PT: He plasma treatment group. The api-

cal of each fiber post was fixed on the sample 
holder and then placed in the center of a lumi-
nous-discharge plasma generator capable of 
producing He plasma. The posts were treated 
with He plasma for 5 minutes in a vacuum at 
13.56 MHz, 30 mA, the inter-plate voltage of 4 
kV, and He plasma flow rate of 1 L/min. 

Group PIG: He-plasma-induced post-irradiation 
grafting treatment group. The posts were treat-
ed with He plasma in a vacuum for 5 minutes 
(same operating conditions as the PT group), 
immersed in 10% (v/v) Bis-GMA/TEGDMA 
for 1 hour, and the surface liquid was then re-
moved using filter paper.

Group SIG: He-plasma-induced syn-irradiation 
grafting treatment group. The posts were in-
cubated in 10% (v/v) Bis-GMA for 1 hour and 
then treated with He plasma in vacuum for 5 
minutes (same operating conditions as the PT 
group). 

Luting Procedure
After surface treatment, each fiber post was 

bonded with self-adhesive resin cement using 
a special self-made apparatus at atmospheric 
pressure and room temperature. First, the resin 
cement (EmbraceCore resin cement, PulpDent, 
Watertown, MA, LIE) was injected and cured 
in 2-mm-thick increments in polytetrafluoroeth-
ylene molds, such that the final resin columns 
were 6 mm in diameter and 10 mm in height. 
Next, these columns were embedded in self-cur-
ing denture base resin in a stainless-steel mold 
(diameter: 20 mm; height: 10 mm), and a 2-mm 
hole was drilled under water cooling in the cen-

ter of each resin cement column. After that, a 
post was inserted vertically into the center of the 
hole, and resin cement was injected into the hole 
around the post. The resin cement was cured us-
ing a light with 1000 mw/cm2 (EliparTrilight, 3M 
ESPE, St. Paul, MN, USA) for 40 seconds. Each 
specimen was clamped, and a low-speed saw 
(Isomet 1000, Buehler, Lake Bluff, IL, Germa-
ny) was used for vertical sectioning under water 
cooling (rotational speed: 500 rpm; abrasive 
disk thickness: 0.3 mm). Three 1-mm-thick sec-
tions were obtained from each sample, resulting 
in 12 disk-shaped samples in each group (Figure 
1). Finally, the samples were preserved in water 
at 37°C for 24 hours. 

Micro-Push-Out Adhesive Strength Test 
The precise thickness of each disk-shaped 

specimen and the diameter of each post were 
assessed using a digital micrometer with 0.01 
mm precision. All specimens underwent micro-
push-out adhesive strength test at a crosshead 
speed of 0.5 mm/min using a universal testing 
machine. A disk-shaped specimen was loaded 
using a cylindrical pressure probe placed at the 
center point of the post segment such that the 
surrounding resin cement was not contacted. 
The load at specimen failure was defined as 
Fmax and was recorded in Newtons (N). The 
adhesive strength was calculated using the fol-
lowing formulas:

 BS = Fmax/A  (1)

 A = πdh (2)
where BS is the adhesive strength between the 

resin cement and fiber post; A is the adhesive area 

Figure 1. Schematic illustration of micro-push-out testing specimens. A, The fiber post was first fixed in the self-made 
mold. A 2 mm hole was drilled in the resin slab of 6 mm diameter that embedded in the self-cured resin of 20 mm diameter. 
A post was inserted vertically into the center of the hole, and resin cement was injected and cured around the post. B, Vertical 
schematic of the adhesion sample that fiber post was fixed with resin cement in the center. C, adhesion sample was sectioned 
vertically to the long axis to obtain disk-shaped adhesion specimen of 1 mm thickness. D, A disk-shaped specimen was loaded 
at the center of a post segment examined.
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in the post (mm2); d is the post diameter (mm); 
and h is the specimen thickness (mm). 

Failure Mode Examination 
All micro-push-out testing specimens were 

studied using a stereomicroscope (model SZX; 
Olympus, Tokyo, Honshu, Japan) at 40× mag-
nification to determine the failure modes, which 
were classified as follows: (1) adhesive failure 
between the post and luting material; (2) cohesive 
failure within the post or luting material itself; 
and (3) mixed failure consisting of a combination 
of (1) and (2).

Failure Mode Examination 
Forty posts were randomly distributed into 

four groups (n=10) based on the surface treat-
ments noted above. Three-point flexural strength 
testing was conducted using a universal testing 
machine (Instron 4444, Canton, MA, USA) ac-
cording to the ISO 178 standard specification. 
The central part of the cylindrical segment of 
the fiber post was marked, and its diameter was 
assessed with 0.01 mm accuracy. A customized 
metallic device mounted on the testing machine 
was used to fix the distance between the center 
support points at 8 mm, and a crosshead speed of 
0.5 mm/min was used. The load was defined as 
Fmax at sample failure, and the flexural strength 
(σf) was measured as follows:

 σf = 8FmaxL/πd3 (3)

where L is the distance between the two sup-
ports (8 mm), and d is the sample diameter in 
contact with the crosshead (mm).

Three-Point Flexural Modulus
The procedures were identical to those used for 

the three-point flexural bending test. The flexural 
modulus (E) was calculated as follows:

 E = 4L3Fi/3πd4l  (4)

where L is the distance between the two sup-
ports (8 mm); d is the sample diameter; and Fi 
and l are the force and deflection at a point i in 
the elastic deformation mechanism, respectively.

Surface Morphology 
The surface morphology of two posts from 

each treated group was examined using scanning 
electron microscopy (SEM; model S-4800; Hita-
chi, Tokyo, Honshu, Japan).

Elemental Composition Assay 
Elemental analysis of the treated specimens 

was performed using energy-dispersive X-ray 
spectroscopy (EDS) within the SEM system 
(SEM; model S-4800; Hitachi, Tokyo, Honshu, 
Japan).

Statistical Analysis 
The micro-push-out adhesive strength was an-

alyzed using the two-way analysis of variance 
(ANOVA), with independent factors in the model 
including the treatment method and exposure 
time before adhesion. The modulus of elasticity 
(GPa) and flexural strength (MPa) were assessed 
using a one-way ANOVA test, with the surface 
measurement as an independent variable. The 
Tukey test was used for post-hoc comparison, 
while the distribution of the failure modes was 
evaluated using the chi-square test. The level of 
statistical significance was set at 5%, and all sta-
tistical analyses were performed using SPSS 25 
(Statistical Package for the Social Sciences; SPSS 
Inc., IBM, Armonk, NY, USA). A p-value < 0.05 
was considered statistically significant.

Results

Adhesive Strength
The adhesive strength test results are sum-

marized in Figure 2A. The two-factor ANOVA 
showed that the treatment method and the dura-
tion of exposure to air before adhesion signifi-
cantly affected the adhesive strength between 
the post and resin cement (p<0.01), with an in-
teraction effect observed between the two parts 
(p<0.001). All three surface treatment methods 
enhanced the adhesive strength of subgroup 1, 
where the adhesion procedure began immedi-
ately after surface treatment (p<0.05). The mi-
cro-push-out adhesive strength of subgroup 1 
of group PT was higher than that of the other 
subgroups (p<0.05). No significant differences 
in adhesive strength were observed between sub-
groups 2, 3, and 4 of groups PT and NT (p>0.05). 
The mean value in subgroup 1 of group PIG 
was significantly higher than that of the other 
subgroups (p<0.05), while no significant dif-
ferences were observed between the other three 
subgroups of group PIG (p>0.05). The adhesive 
strength of subgroups 2, 3, and 4 of group PIG 
was higher than that of the corresponding sub-
groups in groups NT and PT (p<0.05). No signif-
icant differences in mean adhesive strength were 
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observed between subgroups 1, 2, and 3 of group 
SIG (p>0.05) and were higher than that of sub-
group 4 and the corresponding subgroup in the 
other groups (p<0.05). Group SIG demonstrated 
enhanced micro-push-out adhesive strength, re-
gardless of the time elapsed between the treat-
ment and adhesion processes (p<0.05).

Analysis of Failure Mode 
The percentage of failure modes is given in 

Figure 2B. The chi-square analysis of failure 
modes showed no significant difference in failure 
modes between the modified and unmodified 
samples (p>0.05).

Three-Point Flexural Modulus and 
Flexural Strength

The flexural modulus and flexural strength of 
the modified post samples are shown in Figure 

3. No significant differences in the three-point 
flexural strength and the flexural modulus of the 
modified posts were observed between the differ-
ent treatment groups (p>0.05).

SEM
The SEM images of treated fiber post are 

shown in Figure 4. The fiber components of the 
posts in the control group were exposed, the 
inter-fiber gaps were filled with epoxy matrix, 
and the surface fibers were seen to provide 
some micro-mechanical retention. Samples 
modified using He plasma and He-plasma-in-
duced post-irradiation grafting treatments 
showed negligible changes in surface mor-
phology, while those that underwent,He-plas-
ma-induced syn-irradiation grafting exhibited 
surface fibers that were uniformly covered by 
a grafting-resin layer, consistent with chemical 
retention.

Figure 2. Micro-push-out adhesive strength and failure percentage of fiber posts after different surface treatments. A, All 
three treatment methods improved the adhesive strength at the 0-hours level. The adhesive strength of plasma-treated fiber 
posts exposed to air for 1 hour did not differ from that of the control group. Fiber posts that received syn-irradiation grafting 
exhibited the highest adhesive strength. B, Adhesive failure in the control group appeared to be the most common failure 
mode. Cohesive failure only occurred in the grafting groups. There was no significant difference between the failure modes of 
modified and unmodified samples (p > 0.05).
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EDS
The results of EDS are listed in Table I. El-

ements C, O, Si, and Mg were observed on the 
surfaces of the control samples. Plasma treatment 
introduced Na element on the surface of samples, 

and the C/O ratio and inorganic element content 
of the group NT were 40.8% and 47.2% smaller 
than those of the untreated samples, respectively. 
These indicators were lower in group PIG and 
greater in group PT when compared to group NT. 

Figure 3. Flexural modulus and flexural strength of different surface treatments of fiber posts. A, No significant difference 
was proved in flexural strength among groups (p > 0.05). B, No significant difference was proved in flexural modulus among 
the different groups (p > 0.05).

Figure 4. SEM micrographs (200×, 500×, and 1000×) of fiber post surfaces after undergoing treatment. A, Control (no 
treatment): smooth post consisting of continuous fibers and epoxy resin matrix filling of the inter-fiber gaps; B, He plasma 
treatment (5 minutes): smooth fiber post and partial exposure of fibers observed; C, He-plasma-induced post-irradiation 
grafting modification (treatment with He plasma for 5 minutes and immersion in 10% Bis-GMA/TEGDMA for 1 hour): 
partial exposure of fibers and coverage with resin matrix; and D, He-plasma-induced syn-irradiation grafting modification 
(incubation in 10% Bis-GMA for 1 hour and treatment with He plasma for 5 minutes): the fibers were largely covered by the 
grafting layer.
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The samples in group SIG had the lowest C/O 
ratio and inorganic element content, with the C/O 
ratio being 46% lower than that of group NT and 
8.7% lower than that of group PT. The inorganic 
element content of group SIG was 73.2% lower 
than that of group NT and 49.3% lower than that 
of group PT. The C/O ratio and inorganic element 
content varied by treatment method in the follow-
ing order: samples modified by post-irradiation 
grafting > samples modified by plasma treatment 
> samples modified by syn-grafting. 

Discussion

The fiber post-core system is widely used for 
the homogeneous restoration of endodontical-
ly treated teeth. Plasma treatments have been 
introduced into the dental field and applied to 
the surface management of fiber posts. Plasma 
treatment enables chemical adhesion regarding 
the resin cement with fiber posts. However, the 
treatment presents surface aging effect whereby 
the functional groups produced by the plasma 
treatment do not remain stable over time, result-
ing in a decline in the treatment efficiency. Al-
though plasma-induced grafting polymerization 
usually overcomes the aging effect issue in other 
industries, its effects when used in dentistry to 
treat fiber posts remain unclear. The current study 
examined the effects of plasma treatment and two 
methods of plasma-induced grafting polymeriza-
tion on fiber posts. We rejected null hypotheses I 
and II based on the results, as all three treatment 
methods were observed to enhance the adhesive 
strength between the resin cement and fiber posts. 
Furthermore, both types of plasma-induced graft-
ing polymerization successfully overcame the 
surface aging effect of plasma treatment alone. 
Therefore, we accepted null hypothesis III as 
plasma treatment, and plasma-induced grafting 
polymerization did not affect the bulk mechanical 
properties.

Plasma treatment of a polymer surface en-
hances the interfacial adhesive strength. In the 
current study, He-plasma treatment significant-
ly improved the adhesion of fiber posts, which 
was in agreement with the findings of Yavirach 
et al12. SEM images (Figure 4) did not signifi-
cantly differ in surface topography between the 
He-plasma-treated and control samples, suggest-
ing that the enhanced adhesive strength was may-
be caused by the chemical retention mechanism 
rather than micromechanical retention by the 
roughening surface. The energy transferred from 
the plasma to the post surface is sufficient to open 
the epoxy linkages and form oxygen free radicals 
and functional groups, which may be import-
ant contributors to improved adhesive strength. 
However, in the current study, a lower adhesive 
strength was observed in posts with He-plasma 
treated alone exposed to air for at least 1 hour 
before the adhesion procedure. This finding was 
in agreement with Ye et al15, who also found that 
plasma treatment of fiber posts resulted in signif-
icant surface aging. Therefore, the mechanism of 
this surface aging effect requires further study.

Despite surface aging caused by plasma treat-
ment of fiber posts being an important concern 
due to the increased risk of treatment failure 
and de-adhesion, there is limited evidence-based 
data available. Plasma-induced grafting polym-
erization provides an alternative strategy for in-
troducing reactive functional groups onto the 
surfaces of polymers25-28. The findings of the 
micro-push-out adhesive strength analysis in 
the current study showed that post-irradiation 
grafting, and syn-irradiation grafting enhanced 
the adhesive strength and the adhesive stability 
of fiber posts, suggesting that plasma-induced 
grafting of acrylic resin on the surfaces of fiber 
posts is more effective than plasma treatment 
alone. Furthermore, the adhesive strength of the 
syn-irradiation grafting group was higher at any 
time point when compared with the correspond-
ing post-irradiation grafting group. The main 

Table I. Element composition and proportion of fiber posts employed surface treatments.

     Chemical Elements   Inorganic
  Treatment      C/O elements
 Groups methods C O Si Mg Na Ratio (%)

NT No treatment 77.49 22.67 2.63 0.21 --- 3.28 2.84
PT Plasma treatment 65.07 33.43 1.01 0.21 0.28 1.94 1.50
PIG Post-irradiation grafting 66.41 31.98 1.27 0.34 ---- 2.07 1.61
SIG Syn-irradiation grafting 63.35 35.89 0.63 0.13 ---- 1.77 0.76
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limitation of plasma-induced post-irradiation 
grafting, also known as aerobic liquid grafting 
and involving plasma initiation and monomer 
adsorption, is that the plasma-treated materials 
cannot be readily transferred to the grafting 
solution, introducing air into the reaction system, 
which occupies active sites and forms irregular 
polymers. Contrary to plasma-induced post-irra-
diation grafting, plasma-induced syn-irradiation 
breaks polar groups, so that surface activation 
and crosslinking polymerization are achieved si-
multaneously, thereby reducing the formation of 
irregular and non-repeating functional groups. 
This may explain why the syn-irradiation group 
had the highest adhesive strength. In addition, 
analysis of the SEM images showed that the sur-
face layers of syn-irradiation grafting modified 
samples were smooth with no exposed fibers, 
and this could be attributed to the generation of a 
grafting layer by the Bis-GMA monomer, which 
likely provided homogeneous adhesion sites for 
the resin cement. The adhesive strength of syn-ir-
radiation grafted posts after exposure to air for 
12 hours was 23% lower than those that adhered 
immediately after treatment. It is likely that some 
self-polymerization occurred in the Bis-GMA/
TEGDMA grafting system due to the absence 
of inhibitors, which lowered the number of the 
resin cement reactive sites. Although the adhesive 
strength of the syn-irradiation grafted posts de-
creased slightly after exposure to air for 12 hours, 
it was still considered the highest compared to the 
other groups and subgroups.

The number of oxygen-containing groups in 
the surface layers of polymers affects their ad-
hesion properties. The carbon/oxygen (C/O) ratio 
is a vital predictor of adhesion performance by 
being closely associated with chemical adhesive 
strength. In the current study, 10% (v/v) Bis-
GMA/TEGDMA was grafted onto the surface 
layers of the fiber posts, and the C/O ratio of the 
grafting solution was 1.85. A previous study26 
showed that plasma treatment of polyethylene 
fibers resulted in various oxygen-containing 
groups (e.g., –C–OH, –C=O, –COOH, and –CO) 
that play a key role in the enhancement of adhe-
sive strength. In this study, the C/O ratio was re-
duced in all three treatment groups, and a higher 
elemental oxygen content was seen in the plasma 
treatment group. Moreover, a lower inorganic 
element content was observed in both grafting 
groups, particularly the syn-irradiation group, 
and this was also in accordance with the adhesive 
strength findings mentioned previously. These 

positive changes in the C/O ratio and inorganic 
element content suggest that the enhanced adhe-
sive strength can be attributed to the generation 
of oxygen-containing groups and their chemical 
adhesion function.

The current study also examined the impact 
of plasma-induced grafting treatment on me-
chanical performance assessed using three-point 
flexural strength and modulus. A previous study23 

found that plasma surface grafting on fibers for 
reinforcement of polymethylmethacrylate com-
posite materials resulted in a 10% increase in the 
flexural strength of the composite material spec-
imens compared to the untreated fiber group. In 
the current study, although the surface treatment 
did not improve the mechanical strength of fiber 
posts, the mechanical strength of fiber posts after 
treatment did not decrease significantly. SEM 
analyses showed that the plasma and post-irradia-
tion grafting treatments led to negligible changes 
in the sample morphology, while syn-irradiation 
grafting led to reduced fiber exposure and, conse-
quently, decreased surface roughness. These neg-
ligible changes in mechanical properties could be 
attributed to the microscopic characteristics of 
the grafting modification.

Our study established the appropriate treatment 
method that provided high and stable adhesive 
strength without detrimentally affecting the bulk 
properties of the fiber posts. These findings have 
practical implications as plasma-induced grafting 
modification techniques functionalize the surface 
layer of the fiber post, and the grafted function-
al monomers provide improved adhesion. The 
current study had certain limitations. Firstly, the 
experimental design of this study was developed 
in compliance with the clinical situation, and the 
duration of post-treatment exposure to air was 
limited to 12 hours. Although this was sufficient 
to establish which method provided the ideal 
stable adhesive strength, future studies should 
explore the effects of longer intervals between the 
treatment and adhesion procedures. The current 
study observed a significant increase in adhe-
sive strength after applying He-plasma-induced 
grafting modification; however, further research 
evaluating the effects of the reactive plasma type 
and various plasma generation parameters on the 
adhesion and mechanical properties is necessary.

Bis-GMA/TEGDMA monomers were intro-
duced onto the fiber post surfaces by post-irradi-
ation or syn-irradiation grafting in order to equip 
them with the desired adhesive strength through 
homogeneous adhesion with acrylic resin cement. 
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The above findings also validated our strategy for 
creating homogeneous adhesion and improving 
adhesive strength. Plasma grafting modification 
was seen to provide greater improvement in ad-
hesive strength and an ability to overcome the 
surface aging effect caused by plasma treatment 
alone without altering the bulk mechanical prop-
erties of the fiber posts.

Conclusions

Plasma-induced post-irradiation and syn-irra-
diation grafting modification techniques devel-
oped in the current study effectively improve 
adhesive strength and overcome the aging ef-
fects of plasma treatment alone. Moreover, these 
techniques did not affect the bulk mechanical 
properties of fiber posts. Therefore, in addition 
to improving the adhesive strength of fiber posts, 
this simple and rapid grafting modification strat-
egy also has a potentially broader application in 
the functional modification of resin materials and 
resin-based ceramics materials commonly used 
in dentistry

Conflict of Interest
The Authors declare that they have no conflict of interests.

Ethics Approval
This study is a basic study of medical materials and there-
fore does not involve ethical aspects.

Authors’ Contribution
Bogang Xiong and Yuan Chai conceived the study, de-
signed the study, collected the data. All authors analyzed 
the data and were involved in writing and revisions.

References

 1) Al-Omiri MK, Mahmoud AA, Rayyan MR, 
Abu-Hammad O. Fracture resistance of teeth re-
stored with post-retained restorations: an over-
view. J Endod 2010; 36: 1439-1449. 

 2) Sumanth K Veeraganta, Abdulaziz Samran, Se-
bastian Wille, Matthias Kern. Influence of post 
material, post diameter, and substance loss on 
the fracture resistance of endodontically treated 
teeth: A laboratory study. J Prosthet Dent 2020; 
6: 739.e1-739.e7.

 3) Qamar Z, Abdul NS, Kakti A, Reddy RN, She-
noy M, Zeeshan T, Ramadan AH. Effect of pho-
tosensitizers on modulating bond strength of dif-

ferent luting cements used for cementation of res-
in modified composite fiber posts. Eur Rev Med 
Pharmacol Sci 2022; 26: 4597-4605.

 4) Reis GR, Silva FP, Oliveira-Ogliari A, Faria-E-Sil-
va AL, Moraes RR, Novais VR, Menezes MD. An 
experimental thermally deposited coating for im-
proved bonding to Glass-fiber Posts. J Adhes 
Dent 2017; 19: 49-57. 

 5) Ana C Cadore-Rodrigues, Luís F Guilardi, Vini-
cius F Wandscher, Gabriel K R Pereira, Luiz F 
Valandro, Marília P Rippe. Surface treatments of 
a glass-fiber reinforced composite: Effect on the 
adhesion to a composite resin. J Prosthodont Res 
2020; 64: 301-306.  

 6) Roperto RC, Porto TS, Lang L, Teich S, Weber S, 
El-Mowafy O, Porto-Neto ST. Microtensile bond 
strength between a UDMA fiber post and different 
resin cements: Effect of pre-surface treatment. 
Dent Mater J 2016; 35: 923-928.

 7) Daneshkazemi A, Davari A, Askari N, Kaveh M. 
Effect of different fiber post surface treatments on 
microtensile bond strength to composite resin. J 
Prosthet Dent 2016; 116: 896-901. 

 8) Rao JP, Bao LX, Wang BW, Fan MZ, Feo L. Plas-
ma surface modification and bonding enhance-
ment for bamboo composites. Composites Part B 
2018; 138: 157-167. 

 9) Liu XH, Xu FJ, Zhang K, Wei BC, Gao ZQ, Qiu YP. 
Characterization of enhanced interfacial bonding 
between epoxy and plasma functionalized carbon 
nanotube films. Compos Sci Technol 2017; 145: 
114-121. 

10) Minatia L, Migliaresi C, Lunelli, L, Viero G, Dalla 
Serra M, Speranza G. Plasma assisted surface 
treatments of biomaterials. Biophys Chem 2017; 
229: 151-164. 

11) Yang JT, Tang J, Guo H, Liu WY, Shen C, Liu J, 
Liu J, Qin L. Fabrication of micron and submicron 
gratings by using plasma treatment on the curved 
polydimethylsiloxane surfaces. Opt Mater 2017; 
72: 241-246. 

12) Yavirach P, Chaijareenont P, Boonyawan D, Pat-
tamapun K, Tunma S, Takahashi H, Arksorn-
nukit M. Effects of plasma treatment on the shear 
bond strength between fiber-reinforced compos-
ite posts and resin composite for core build-up. 
Dent Mater J 2009; 28: 686-692. 

13) Costa Dantas MC, do Prado M, Costa VS, Gaiotte 
MG, Simão RA, Bastian FL. Comparison between 
the effect of plasma and chemical treatments on fi-
ber post surface. J Endod 2012; 38: 215-218. 

14) Batista VED, Vechiato AJ, Cesar PF, Goiato MC, 
Goiato MC, Rangel EC, Pellizzer EP, Verri FR, 
Barao VAR, dos Santos DM. Surface characteri-
zation of a glass fiber post after nonthermal plas-
ma treatment with hexamethyldisiloxane. J Adhes 
Dent 2017; 19: 525-533. 

15) Ye H, Zhang Q, Sun K, Zhang J, Jiao Y, Zhou Y. 
Aging effects of fiber post surface treatment with 
nonthermal plasma. Int J Prosthodont 2012; 25: 
509-511.



Effects of plasma-induced grafting modification on adhesive strenght in fiber posts 

7849

16) Vandenbossche M, Hegemann D. Recent ap-
proaches to reduce aging phenomena in oxygen- 
and nitrogen-containing plasma polymer films: An 
overview. Curr Opin Solid State Mater Sci 2018; 
22: 26-28. 

17)  Desmet T, Morent R, De Geyter N, Leys C, 
Schacht E, Dubruel P. Nonthermal plasma tech-
nology as a versatile strategy for polymeric bio-
materials surface modification: a review. Biomac-
romolecules 2009; 10: 2351-2378. 

18) Wavhal DS, Fisher ER. Hydrophilic modifica-
tion of polyethersulfone membranes by low tem-
perature plasma-induced graft polymerization. J 
Membr Sci 2002; 209: 255-269.

19) Gupta B, Plummer C, Bisson I, Frey P, Hilbornc 
J. Plasma-induced graft polymerization of acryl-
ic acid onto poly (ethylene terephthalate) films: 
characterization and human smooth muscle cell 
growth on grafted films. Biomaterials 2002; 23: 
863-871.

20) Kim SS, Leanne B, Sunil K, Griesser HJ. Plasma 
methods for the generation of chemically reactive 
surfaces for biomolecule immobilization and cell 
colonization – a review. Plasma Processes Polym 
2006; 3: 392-418.

21) Polidor D, Brito G, Roca J, Sciorra L, Li C, Traba C. 
Can the argon plasma “Grafting-From” approach 
be used for the modification of nanoparticle sys-
tems? Collid Interface Sci 2020; 37:100269. 

22) Zhang HX, Li W. Plasma-grafting polymeriza-
tion on carbon fibers and its effect on their com-
posite properties. Appl Surf Sci 2015; 356: 492-
498.

23) Çökeliler D, Erkut S, Zemek J, Biederman H, Mut-
lu M. Modification of glass fibers to improve rein-
forcement: A plasma polymerization technique. 
Dent Mater 2007; 23: 335-342.

24) Chen M, Zhang Y, Dusevich V, Liu Y, Yu Q, Wang 
Y. Non-thermal atmospheric plasma brush induc-
es HEMA grafting onto dentin collagen. Dent Ma-
ter 2014; 30: 1369-1377.

25) Cavallaro AA, Macgregor-Ramiasa MN, Vasilev 
K. Antibiofouling properties of plasma-deposited 
oxazoline-based thin films. ACS Appl Mater Inter-
faces 2016; 8: 6354-6362. 

26) Mostofi Sarkari N, Dogan O, Bat E, Mohseni 
M, Ebrahimi M. Tethering vapor-phase deposit-
ed GLYMO coupling molecules to silane-cross-
linked polyethylene surface via plasma grafting 
approaches. Appl Surf Sci 2020; 513: 1-14. 

27) Zhang H, Sang L, Wang Z, Liu Z, Yang L, Chen 
Q. Recent progress on non-thermal plasma tech-
nology for high barrier layer fabrication. Plasma 
Sci Technol 2018; 20: 063001.

28) Morent R, De Geyter N, Desmet T, Dubruel P, 
Leys C. Plasma surface modification of biode-
gradable polymers: a review, Plasma Process 
Polym 2011; 8: 171-190.


