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The aim  of  this investigation was  to measure  the flexural and  comprcssive  strengths  and  the  corresponding  moduli  of  cylin-

drieal composite  speeimens  reinforced  with  woven  glass fiber. Test specimens  were  made  by light-curing urethane

dimethacry]ate oligemer  with  woven  g]ass fibeT of  O.18-mm standard  thickness. Tests were  conducted  using  f'our rcjnforce-

ment  methods  and  two  spec/imen  diameters. Flexural strength  and  modulus  of  woven  glass fiber-reinforced specimens  werc

significanLly  greater than  those  without  woven  glass fiber (p<O.OD, Likewise, comprossive  strength  of  reinforced  specimens

was  signifieantly  greater  than  those without  woven  glass fiber (p<O.Ol), except  for specimens  rcjnforced  with  woven  glass
fiber oriented  at  a  tilt direction in the texture  (p>O.05). In terms  of  comparison  beLween the two  specimen  diameters, no

statistically  significant  differences in flexura] strength  and  comprcssive  strength  (p>O,05) were  observed.
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               INTRODUCTION

Of late, fueled by increasing demands for esthetic

restorations,  glass fibers are  likewise widely  used  for
reinforcement  of  dental restorative  materials.  This is
because glass fibers have  excellent  transparency  and

can  bond chemiea]ly  to dental polymers  
-

 such  as

methyl
 

methacrylater
 

Bis-GMA,
 

or
 
UDMA

 
-
 
by

silanization.  In elinical  applications,  post and  core

resin  composites  are  increasingly being reinforced  by

glass fibers. Against this background, Mannoeci et

al.i'i Lassila et  al.Z) and  Grandini  et  al./i) measured   1 )

the tlexural strength  of  various  commercial  fiber
posts. On  the  same  trail to find out  more  about  the

influence of  gla$s  fiber-reinforced posts  and  cores,

Innella et  al.41' reported  on  the relation  between  inser-

tion length and  post  retention,  while  Yoldas and

Alaeam5/ studied  the  curing  depth of  composites

using  light transmitting posts  and  glass-t'iber rein-

forced composite  posts. Besides, Kishita et  at.6) jn-

vestigated  the feasibility of  applying  glass  fiber-
reinferced  composites  to clasps  by  performing
strength  test with  repeated  loading. Then, there
were  also  other  trial investigations7-iO) for orthodon-

tic wires  and  fixed partial dentures. At this junc-
ture, it should  be highlighted that glass fiber-
reinforced  composite  materials  are  often  used  with  a

cylindrical  shape,  and  Lhat  any  attempt  to add  force

directions so  as  to improve  strength  for clinical use

will  be a  very  eomplieated  undertaking.

   In cases  where  composites  are  reinl'oreed  with

woven  glass fiber, the content,  position, and  direction

of  fibers may  affeet  the mechanical  properties  of  the
composite.  Dyer  et  al.ii) studied  the  effeets  of  fiber

positien  and  orientation  on  fiber-reinforced compos-

ites, and  reported  that these two faetors influenced
the loads to initial and  final i'ailures, as  well  as

specimen  deflection. In that investigation, square

specimens  were  used  and  the dimensions of all  speci-

rnens  examined  were  identieal. The  aim  of  this inves-
tigation, however,  was  to measurc  the flexural and

compressive  strengths  of  cylindrical  woven  glass fi-
ber-reinforced composites  with  different diameters
and  woven  glass fiber eontents.

         MATERIALS  AND  METHODS

Woven  glass fibers (YETH18050, Mie  Fabrics, Mie,
Japan)  of  50-mm  width  and  O.18-mm  standard  thick-
ness,  and  with  a  plane weave  texture ,and E-glass
composition,  were  used  for woven  glass fiber rein-

t'orcement. After the woven  glass fibers were  boiled
in watei'  for one  hour, they  were  air-dried  for one

day. On  the following day, the woven  glass fibers
were  soaked  in a  solution  of  2%7  -methacryloxypro-

pyltrimcthoxysilane  (Shinetsu Chemicals, Tokyo,

Japan) in ethanol  for 10 minutes  to achieve

silanization.  Then, the woven  glass fibers were  air-

dried for onc  hour  and  heated in an  oven  at  115℃ fer
one  hour. Silanized woven  glass fibers were  cut  into
9-, 12-, 20-, and  40-mm  lengths. The  cut  edge  was

painted with  an  oligomer  mixture,  which  was  light-
cured  so  that  the  woven  glass fiber would  not  fray.

The oligomer  mixture  was  composed  of  an  urethane

dimethaerylate oligomer  (SH-500B, Negami  Chemical
Industries, Ishikawa, Japan) containing  1 wt%

camphorquinone  (Wako Pure  Chemical  Industries

Ltd,, Osaka, Japan) as  a  photosensitizer and  1 wt%

2-dimethylaminoethyl  rnethacrylate  (Wako Pure

Chemical Industries Ltd., Osaka, Japan) as  a
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reduetant.

   Each  treated woven  glass fiber was  wound  to a

plastie rod  with  1-mm  diameter, which  was  fitted

into a  fluorocarbon resin  tube with  ･4-mm inner di-
ameter  (for codes  4-O, 4-I, 4-F, an'd  4-T) and  with  3-

mm  inner diameter (for codes  3-O and  3-F) as  shown

in Table 1. After the  plastic rod  was  carefully  pulled
out,  one  end  of  the resin  tube was  dipped into Lhe
oligomer  mixture  and  other  end  was  vacuumed  so  as

to be filled with  the oligomer  mixture  without  air

bubbles. The  filled tube  was  light-cured using  an  ir-

radiation  unit  (a-Light, Morita  Corporation, Tokyo,

Japan) for five minutes.  The  cylindrieal  composites

were  pulled out  from the tubo and  cut  into 40-mm
length for flexural test specimens  and  10-mm  length

for compressive  test specimens  using  a  water-cooled

diamond blade (Fig.1).

Mechanical prQperties measurement
A  three-point flexural test was  conducted  with  a  uni-

versal  testing machine  (TG-50kN, Minebea,  Nagano,

Japan)  using  a  crosshead  speed  of  2 mm/min  and  a

span  length of 30 mm.  A  compression  test  was  also

Fig.1  Samples of  test specimens  used  in this

 tion (left: 4'O; right:  4'F).

Table  1 Specimen codes,  conditions  of

         tt t- --  ttttt t

investiga-

test specimens,

conducted  with  a  crosshead  speed  of  O.5
Flexural strength  (Jik) and  modulus  (FL.),
compressive  strength  (Cs) and  modulus

ealculated  using  the following formulas:

   F,=8.SifP F.--3iSk-PiL

        4P

 mm/min.

as  well  as

(C.), were

                   4LP,

   ql=.DZ CM=.BD2
    '                                         '

where  P  is the maximum  load, B  is the load within

the proportional  limit, B  is the displacement within

the proportional limit, S  is the span  length (30 mm),

and  L  and  D  are  the length and  diameter of the test
specimens  respectively.

Wbven  glass fiber content

Three specimens  of  each  code  for the compression

test  were  measured  with  a  micrometer  for their  di-

mensions  and  then fired in a  porcelain crucible  at 600
℃ for six  hours. The  woven  glass fiber, a  residue

after  incineration, was  reweighed  (W.) after  cooling

down  to room  temperature.  The  percentage of  woven

glass  fiber content  by volume  (V, vol%)  was  calcu-

lated with  the  foliowing formula:

   Vg=(Wg/rg)/V"

where  V. (cm3) is the specimen  volume  before firing
and  r,  is the  density of  woven  glass fiber (2.50 g/
Cm3/'.

Statistical analysis

From  every  group, five specimens  were  used  for each

test, Test specimens  of  4-mm  diameter but without

woven  glass fiber were  made  by  the same  method  to

act  as  controls  (4-N). One-way analysis  of  variance

(ANOVA) and  Tukey's  test were  used  to compare  the

differenees in mechanical  properties.

and  woven  glass
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                  RESULTS

Table 2 shows  the flexural and  compressive

strengths,  and  their corresponding  moduli.

   Flexural strengths  and  moduli  of  4-O, 4-I, 4-F, 4-

T, 3-O, and  3-F were  significantly  greater than  those

of  4-N  (p<O.Ol). Between 4-O and  4-I, there  were  no

statistical differences (p>O.05) in both flexural
strength  and  modulus.  Conversely, between  4-F and

4-T, high statistieally  significant  differences (p<O.Ol)
in both flexural strength  and  modulus  were  found,

Between  the  two  speeirnen  diameters (3 and  4 mm),

there were  no  statistically significant  differences

(p>O.05) in flexural strength,  but a  statistical  differ-
ence  (p<O,Ol) was  found  in flexural modulus.

   Compressive  strengths  of  4-O, 4-I, 4-F, 3'O, and

3-F were  significantly  greater  than that of  4-N

(p<O.e5), while  the compressive  moduli  of  4-F, 3-O,
and  3-F were  significantly  greater than  that of  4-N

(p<O.Ol). Between  4-O and  4-I or  between 4JF and

4-T, the effect  of  woven  glass fiber on  compressive

strength  and  medulus  displayed a  similar  tendency  to

that observed  for flexural test. But between the  two

speeimen  diarneters <3 and  4 mm),  no  statistically

significant  differences (p>O.05) were  found.

   Woven  glass fiber contents  of  4-O, 4-F, 3-O, and

3'F were  8.6, 28.8, 11.5, and  26.2 vol%  respectively

400

.gg

(Table 1). The correlation  between woven  glass  fiber

content  and  flexural or  compressive  strength  are

shown  in Figs.2 and  3 respectively.  The correlation

coefficients  for flexural strength  and  compressive

strength  were  O.967 and  O.961 respectively.  Relation-
ship  between  flexural strength  and  compressive

strength  is shown  in Fig.4, which  was  a  linear rela-

tion  with  r=O.87.
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Table 2Mean  values  and  standard  deviationsof flexural strength  andmodulus,and  eompressive  strength  and  modulus

Code
Flexural Compressive

Strength (MPa) Modulus  (GPa) Strength(MPa) Modulus  (GPa)
4-N4-O4-I4-F4-T3-O3-F s2.6(61s)

185.0(]2.4)
187.6(28.2)
326.1(24.5)
186.3(15.4)
194.7(15.8)
3e4,4(19.9)

L39(O,13)
4.83(O.41)

4.47(O,70)

9.80(O.89)

6.53(O,40)
6.15(O.50)
II.4(O,.4.7) ...

75,7(11.9)

100,7(6.1)

103.e(8,3)

132,3(8,O)

 71.5(2.8)97.1(9.2>

132.1(14.8)

Lmo(O.15)

2.60(O.45)
2.66(O.38)

4.01(O.03)
2,59(O.50)
3,54(O.Ol)

5.59(L48)

SD  inparentheses
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                 DISCUSSION

The  flexural strength  of  all reinforced  specimens  was

significantly  greater than  that  of  non-reinforced

specimens  (p<O.Ol). Load-deflection curve  of  4-F
showed  the same  breaking  meehanism  as  the  step-

wise,  statistical  failure reported  by Dyer et  al.i]). At
load of  about  160 N  (Fig.5), the knee  point was  ob-

served  and  rnicrofracture  could  be introdueed by
drawing  of  glass fiber, or  drawing  or  breaking  of

resin  matrix.  In the mean  time, interfacial fracture
existed  between the glass fiber and  resin  until  about

190 N  (Fig. 5), However, the curve  changed  to some-

what  like the teeth of  a  saw  (B curve  shown  in Fig.
1 by Dyer  et  al.ii))  when  load exceeded  190 N  and

kept on  increasing. In a  previous studyi2/',  we  re-

ported that when  three-point flexural test was  con-

ducted using  square  specimens,  the greatest tension
occurred  at  the  outermost  position of the fiber-
reinforced  polymer.  In the  present study,  when  the

load was  applied  to cylindrical  specimens  in the
three-point flexural test, tension occurred  within  the

lower half cross-section  of  the specimens  
-

 i.e., the
opposite  side  of  the point of  applied  foree. Hence,

the outermost  glass  fiber in the eylindrical  specimens

sustained  the largest tension and  held the  key to

showing  the first signs  of  fiber failure.
   Although  4-O and  4-l observed  no  statistical  dif-

ferences (p>O.05) in flexurai strength,  they showed

different load-deflection curves  <Fig.5). The  knee

points for 4-O and  4-I were  at  about  60 and  120 N
load respectively  (arrows in Fig.5). At the knee
point  for 4-O, woven  glass  fiber of  the outermost  po-

sition  might  break first; however, woven  glass fiber

at  the side  positions would  resist  breaking continu-

ally  as  failure progressed  till catastrophic  fracture

occurred.

.tszvwcao"

300

200

100

o

FIBER-REINFORCED

           O 12 345

                    Deflection (mm)
Fig.5  Load-def]ection  curves  obtained  from the three-

      point flexural test,

            COMPOSITE

    Arnong  4-F with  vertical  fiber direction, 4-T with

tilt fiber direction, and  4-N of  control,  statistieal  dif-
ferences (p<O.Ol) were  apparently  observed  in flex-
ural  strength  (Fig.5). However, no  statistical  differ-
ences  (p>O.05) were  observed  between  4-T and  4-N in
compressive  strength.  While the woven  glass fiber of
horizontal direction resisted  the extension  of a circu-

lar cross-section  with  a  cylindrical  polymer  specimen

caused  by a  compressive  load in compression  test, the
woven  glass fiber of  tilt direction showed  little effect.

It has been shown  by Fennis  et  al.i3) through  frae-
ture  resistance  test that  woven  glass  fiber-reinforced
composite  (FRC) cusp-replacing  restorations  did not

increase the fracture load of  premolars;  however,
woven  glass  fibers gave more  consistent  results  than

unidirecLional  fibers. The present  study  and  that by
Fennis et  al.i31' served  to illustrate the  effect  of  woven

glass fibers of the same  direction against  the line of

applied  load. Hence, it was  suggested  that  it would

be effective  to use  prepolymerized  cylindrical  compes-

ites reinforced  with  woven  glass fiber for molar  res-

torations  or resin  core  construetions,  as  they not

only  strengthen  but also  decrease polymerization
shrinkage,  Nonetheless, further testings and  evalua-

tions are  needed  in this respect.

    From  Figs.2 and  3, it could  be seen  that flexural
strength  and  compressive  strength  increased as the
woven  glass fiber content  increased. Braem  et  al.i'a)

studied  the relationship  between  mechanical  proper-
ties and  filler fraction, and  reported  1.1-times in-
crease  in transverse strength  using  square  specimens

with  woven  glass  fiber content  of  28.6 vol%.  In the

present  study,  flexural strength  and  compressive

strength  of  composite  specimens  with  28,8 vol%  of

woven  glass fiber increased 3.9-times and  1.7-times

respectively.  This tendency  was  likewise observed  in
test specimens  with  different diameters, because there
were  no  statistically  significant  differences in flex-
ural  strength  and  eompressive  strength  between 4-O
and  3-O, and  between 4-F and  3-F (Table 2). The  cy-

lindrical composite  specimen  was  clearly  strengthened

by the addition  of  woven  glass fiber, and  the
strength  inereased as  the weven  glass fiber content

increased.

   Glass fiber posts have  been the  preferred choice

because of these key advantages:  elastie  modulus  is
similar  to that  of  dentin, strong  adhesiveness  te
resin  cement  or  core  resin,  excellent  esthetic  results

with  all-ceramic  crowns,  and  easily  removable.

Lassila et  aL2)  examined  the flexural properties of

various  commercial  fiber posts, and  reported  560.0-
902.2 MPa  and  13.5-20.8 GPa  for flexural strength

and  modulus  respectively.  In the  present study,  the
flexural strength  and  modulus  ranged  from 185.0 to
326.1 MPa  and  from  4.47 to 11.4 GPa  respectively  

-

and  these values  were  smaller  than  those of  commer-

cial  products. These  discrepancies in flexural data
could  be attributed  to the vast  differences in quality
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and  texture between the  unidirectional  glass fibers

used  for the  commercial  fiber posts versus  the woven

glass fibers used  in this investigation. In the present
research,  a  urethane  oligomer  without  filler was  used

as  the matrix  resin  to serve  the purpose  of  clarifying

the  reinforcement  effect  of  woven  glass fiber. In the
electrical  industry, it is recognized  that printed wir-

ing boards  reinforced  with  woven  glass fiber and

globular  filler will  lead to an  increase in flexural
modulusi5L  Furthermore,  it is known  that mechani-

cal  properties  can  be enhanced  by  adding  more  inor-

ganic filler. Based  on  these given concerns,  any  in-

erease  in the flexural properties of  the  presently ex-

amined  woven  glass fiber-reinforced composite  should

be accomplished  by  a  matrix  resin  containing  inor-

ganic filler.

   As seen  in Fig.4, there  was  a  linear relation

(r=O.87) between flexural strength  and  compressive

strength  for all  test specimens  except  4-T. The  ra-

tios of  4-Of4-N  in flexural and  compressive  strengths

were  2.2 and  1.3, while  those of  4-F/4-N  were  3.9 and

1.7, respectively.  For  flexural and  compressive

moduli,  the ratios  of 4-O/4-N  were  3.5 and  1.5 respec-

tively, while  those of  4-F/4-N were  7.1 and  2.4 re-

spectively.  Though  the  weft  yarn  is effective  for
compressive  strength,  the results  elearly  indicated

that the woven  glass fiber affected  the  flexural prop-
erties more  than  the compressive  properties. Narva

et  al.i6) i'nvestigated  the  fatigue resistance  and  stiff-

ness  of  unidirectional  glass fiber-reinforced compos-

ites using  eylindrieal  test  specimens,  and  concluded

that  reduction  in flexural rnodulus  of  fiber-reinforced
composites  may  restrict  their  use  where  high  rigidity

is required.  Within the limitations of  this study,  it

was  shown  that the  addition  of  woven  glass fibers

increased the  flexural and  compressive  properties  of

cylindrical  composite  specimens.  These  results  indi-

cated  that  the position and  direetion of  glass  fibers is
important for reinforced  composites,  and  that it is
necessary  to use  the glass  fibers that meet  the objee-

tives of  each  application  especially  in terms  of  load-
ing force.
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