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'1'Fis
 study  investigated  the ef}[ct  of  the  nurnber'and'5osition  of -･o'ven''glass  tlbers in dent[Iro

basc' resin  inatrix  on  [ts irnpact strength.  Test speclrnens  were  reinfor'c/ed  with  woven  glass
fiber' O.5, 1.0, or  1.5 mm  belo", Lhe  surface.  The lmpaet strength  wns  test,ed using  an  Izod-type
irupact testcr with  an  iinpact speed  of  335 cm,"s,  which  sivnulates  dropping  thc dcnture, and

using  a  flywhce[-Lype iinpact tester  with  a  two-point  support  at  13.5 and  7'5.0 cm,'s,  whleh  simu-

lates the chewing.  
'1"he

 woven  glass ribers had  a  strengthening  efrect  l]i all  tests, find  the impaet
resistance  ",as  rtu'ther irnproved  when  t･he wovon  g[ass t'ibers were  positioned  more  stiper'flciaLly

in thc  resin.  The  r'esu]ts  suggest  that woven  g]ass rlber ls an  efTeetive  reir]rorcement  in dentur'e
base rcsin.

Ke>,-v.Liords
 :..Denture  base resin,  "･Fove.n glass  fiber, ]nlpact s-trength

                            INIiRODUCTION

Acrylic denture base resin  sometimes  craeks  in the median  line during chewing  or

when  dentures  are  accidentally  dropped. Such breakage often  eriginates  from  an  im-

pulsive  force, Therefore, studies  have examinecl  ways  to  lrnprove the impact strength

of  resins,  The  matrix  resin  can  be strengthened  by chemical  modifieation  through

the  addition  of  a  poly-func:tional  monomer  or  another  monomeri  
i"i
 or  by using  fiber

reinforcementti-L'`',  Studv`) has show･n  that  thc addition  of  dimethacrvlate  monomers                    v J

to the substrate  Lrnproves the  impact  resistanee  of  denture base resin  by 50-7'OC?･6,

while  another  stud.x,ii  of  pol.v-functional monomers  did not  find any  improvement.  in

impaet resistance.

   In contrast,  potyethylene  ['iber reinforeerr]ent  was  reported  to improvo the impaet
resistanee  by, 3609,t]iiS', and  carbon  fiber reinforcement  increased the impact st.rcngth

greater  Lhan  10-fold that  of  P'NC X,'IA7L Currently, rnetal  wires  are  generally used  tts

reinforcements.  Hox･x,ever, metal  w･ire  is oftcn  dirficuit to work,  and  can  produee  an

inferior result  osthctically.  
rVhe

 meehanical  properties of  the  other  effective  fibers,

such  as  carbon,  nylon,  and  polyeth>,Jlene, have been discussed; however,  the  effective-

ncss  of  the fiber reinforcement  depends on  many  variables,  e.g.  type, position  and  di-
rection  of  fibers.

   Recently, studiesi`'i"'  hav･e examined  glass fiber reinforcen'ient.  Dental resin
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readily,  adheres  to glass fiber and  the esthetic  results  are  exeellent.  The giass is light

compared  with  metal.  One  previous  studyi6'  suggested  that  the t:lexural strength  ()f

denture base resin  is improved when  it is reinforced  with  woven  glass fiber, How-

ever,  few studiesiT'  
L9"

 have examined  the impact  strength  of  denture basc resln  rein-

forced with  glass fiber, since  gLass, which  is a  brittle material,  is generally thought

to be too weak  to survive  impact.  This study  invest･igated the effect  of  the nurnber

and  position of  woven  glass fibers in the matrix  resin  on  the  impac:t strength  under

two  different impact  testers.

                       MATERIALS  AND  METHODS

Manufocture  of  tese specimens

The woven  glass fiber CYEA2306, ]VTie Fabrics, ]vlie, Japan) used  in this study  con-

sisted  ot' E-glass and  was  0.23 mm  in standard  thickncss  (Fig.1). The woven  glass

fiber was  cleaned  in boiling water  for 1 hr, dried in air,  cut  into 40× 100-mm  sheets,

and  then soaked  in 29b' -7-MPTS  (Shinetsu Chemicals, Tokyo, Japan'}-ethanol s()Iution

for 10 min  to silanize  it. Then, it was  dried in air  for 3 hr, and  heated  at  115℃  for

10 min.  Then, 1 or  2 sheets  of  the silanized  woven  glass I'iber were  sandwiched  be-

tween  two  Teflen  boards and  sealed  with  aluminum  foil. BPO  was  added  to the liq-

uid  denture base resin  monomer  (Pour Resin, Shofu Inc,, Kyoto,  Japan) at  1 wt%

and  injected into t,he space  containing  the woven  glass fiber and  alloived  to polyiner-

ize into a  thin plate with  an  average  thickness of  O.31 or  O,56 mm  (one or  two  layers

of' ",oven  glass fiber; Codes: S and  D) by heating at  50℃ for 30 min.  Then, the thin

plate was  put in a  eoncave  Teflon mold  and  a  mixture  in a  po"rder/liquid ratio  of  9

g/5 ml  ",as  poured  into the Teflon mold.  This was  heated at  50'C for 3e rnin.  After

polymerization,  t･he composite  block was  cut  with  a  diamond  blade, and  polished to

3.2± 0.1 mm  thickness, 3.6+O.1 mm  widt,h,  and  70 mm  length. The details of  this

process were  described in a  previouslyiE;). The reinforcing  glass  fibers were  positioned

Fig.1  Woven  glass fiber used  in this  investigation.
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'Fypicai

 trace  or  [oad-deformation

      type  impaet-t,esting maehine.  c:tir's,e rneasured  by the rlywheel

                                              type ]mpaut-test,ing  maehine.

0.5, 1.0, or  1.5 mm  below the surface  of  the tost  specimens  (Codes: -05, -10 and

-15.L

Impact  test

A  flywhcel ty･pe impact-testing inachino  CThrive Seiko, Kagoshima,  clapan)  with  two-

point support  and  an  Izod irnpact tester (Shimadzu, Ky. oto,  Japan') wE.ire used  to ob-

tain  two  impact  conditions.  The  flywheel type  irnpact-testing mac:hine  was  used  £or

measurements  at  impact speeds  of  13.5 and  75.0 crn/s;  the former corresponds  to the
speed  during chewing,  and  the latter is the rnaximurn  speed  of  this  t.ester (Fig.2).
The  span  length was  50 mm  and  the foree-def]ection curve  obtained  in the impact test
was  rec:orded  with  a  pen-recorder.  The absorbed  energy  (E,,) of  the test  specinien

"'as  calculated  using  the equationi"'i

   Ea =T'  f: f dX
where  D  is the deflection at  the maximum  load point. In the equatien,  J'ldx corre-

sponds  Lo the solid  area  undev  the  curve  in Fig.3. The area  was  calculated  using

computer  software  {WinRoof, Mitani, Fukui, Japanl]' after  scaniling  the  eurve  into a

cornputer,

   The  impact  speed  of  the lzod impact tester, with  a  pressure of  20 kg,/cm2, x･x,as

335 cm,,'s,  and  was  based on  the  Lheoretical speed  of  a  dropped denture (Iliig.4]. The
energy  absorbed  was  calculated  using  the following equationgii  using  the swing  rise

angle  (i3) to thc opposite  side.

   E=:. VL,'･RKcos i? -cosa  ],-[lcos a' eos  a  )C cr +  i'J' )/( a  1 a'  )' i'

where,  "' i[kg)  is the  weight  of  the  hamrner,  R  {em) is the distance t'rom the  center

of  t.he rotating  shart  Lo the center  of  gra.vit>, of  the hammer,  cr is the lifting angle

                                                         NII-Electronic  
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                  Fig.4 Test{ng method  of  the  Izod typc impaet-

                       testing machine,

of  the hamrner,  and  cr' is the swing  rise  angle  of  a  hammer  swung  without  weight

from the lifting angle  (a ). Tn all the tests, the  tcst specirnen  was  installed so  that

the glass fibers were  under  tension,

"'oven gtass fiber content

Test specimens  were  dried in an  oven  at  37℃ for 24 hr, and  weighed  with  an  analyti-

cal  balance. Then, the test specimen  was  soaked  in tetrahydrot'uran  CTHF) to  dis-

solve  the poiymer.  The remaining  woven  glass fiber was  removed  from  the THF,

dricd, and  then  fired in a  porcelain crucible  at  600℃ for 1 hr. The  woven  glass fiber

was  reweighed  after  it had  cooled.  The woven  glass fiber content  as  a  percentage  by

vo!ume  (V,) (vo196) was  calculated  using  the following formulaL'i':

   Vg -- ( IL/rg),i'( Villgf'rg 1 W'./r.)

where  W. is the relative  weight  ol' the woven  glass fiber, r.  is the  density of  the

wov･en  glass  fiber (2,56 g/cm3), U/', is the relative  weight  of  the polymer  matrix,  and

r, is Lhe density of  the polymer matrix  (1.19 g,･'crnii).

Statistical analysis

Six specirnens  were  uscd  for each  impact  test. For  controls,  test specimens  contain-

ing no  ",oven  glass fiber were  made  using  the  same  method.  A  one-walr'  analy･sis  of

variance  (ANOVA)  and  Tukey's test were  used  to compare  the differences in impact

strength  at  a  =O.05.

                               RESULTS

None  of  the  test  specimens  reinforced  with  single  (S-05 and  S-10), or  double (D-05 and

D-10) layers ol'  woven  glass  fiber 0.5 or  1,O mm  below the surfaee  fractured at  an

impact speod  of  13.5 cm/s  (Fig.5). In test specimens  reinforced  with  sing]e  (S-15) or

double (D-l5) layers of  woven  glass fiber 1,5 mm  from  the surfaee,  the absorbed
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                Fig.6  Absorbed  cnerg.v  measured  at  the test  specd

                      of  75,O cn),,'s  using  the flywheel  type  inipacl-

                      testing maehine,  Vertieal  bars indicate the

                      st･andard  deviaLion.

energy,  for breakage was  1,38 and  1,76 J, respectivel.xi.  1]he absorbed  energy  of  the

unreinf-orced  resin  (PDv･I]L,IiN) was  0,147 J, and  was  significantly  differenL frorn S-15

and  D-15 (p<O.05),

   When  the impacL speed  was  75.0 cm/'s,  the absorbed  energ)T  of  S-05, S-10, and  S-
15 was  O.84, O.75, and  O,68 J, respectiv･ely  (Fig.6). There was  a  significant  difference

between S-05 and  S'15 
/(p<O,05).

 The absorbed  energy  of  D-10  and  D-15  was  2.02 and
e.93 J, while  D-05  did not  break  at  the maximurn  torquc  of  this machinc  (27.8 N-m).
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              '
     of 335 cm,'s  using  the  lzod  type  i:npaut-

     testing  inachine.  Vertical bars  indicaLe the

     standard  deviation.

The absorbed  energ},  of  PrV'TTL(A was  O,07 J and  differed significantly  from  all the

measured  values  (p<O,05).
   At  an  impaet speed  of  335 cm,,"s,  the absorbed  energy  of  S-05, S-10, and  S-15 was

O.74, O.62, and  O.61 J, respecLively,  and  that of  D-05, D-10, and  D-15  was  1,34, 1.14,

{lnd O.82 ,J,  respectively･  (Fig.7). There was  a  significant  difference between S-05 and

S-15 (p<0.05). The  absorbed  energ>,  of  I'M)vlA was  O.12 J and  was  significantly  dif-

fercnt from  all  the measured  values  [lp<e.05)

   The relative  content  of  woven  glass fiber when  single  and  double layers were

used  was  3.8 and  7.8 vol%,  respectivcly,

DISCUSSION

A  previous study2?'  clearly  showed  that  the  tensile strength  of  glass fiber must  be in-

ereased  to improve the impact strength  of  acr.vlic  resin  reinforced  with  glass fiber.

Therefore, we  used  a  new  woven  g!ass fiber, which  is 5- fold stronger  per  unit  width

(125 mm)  than  the glass fiber used  in the previous  sLudy,  The  increased strength  of

this woven  glass fiber did not  resulL  from  the strength  of  the  glass itself, but from

the increased quantity and  diameter of  its constituent  filaments as  a  rcsult  of  chang-

ing thc  weave  of  Lhe  fiber. Nevertheless, it was  easily  cut  with  scissors  and  there

were  no  problems  with  its workability  or  bonding to the resin.

   
rlihis

 study  used  two  different testers. The first simulated  breakage as  a  r'csult

of  dropping the denLure. The falling velocit,y  (V=362.6 em/s)  was  calculated  using

t.hc cquation  V-(2gh)i'2, where  g--9.81 m/s2,  h was  the assumed  height of  a  table (70

cin),  and  air  resistance  was  ignored. This speod  closely  matches  the  velocity  (335
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cm/s)  of  Lhe hammor  of  the Izc)d impaet  tester. In general, when  a  denture fal]s,
conditions  are  unlikely  to  match  the stresses  in a two-point  support  test. Therofore,

the Izod-ty, pe test was  adopted  in this study,  The maximum  absorbed  energy  with

the Izod-type impact, tcster was  about  11-fold (D-05) greater than  that of  I"MpaIA,
This is the f-irst time the Izod impact strength  of  denture base resin  reinforced  with

g]ass fiber has been determined; using  carbon  fiber, Shimozato et  al."i reported  thaL
the  impaet  strcngth  increased 200%. Uzumi"  reported  that the Charpy impact
strengLh  of  resin  reinforced  with  glass fiber was  about  11-fold that  of  non-reinrorced

resin,  and  Vallittu eL  aL'"'  reported  an  approximately  10-folcl improv ¢ ment  in the im-

pact strength  when  glass fibers were  incorporated both near  the surf-ace  and  at  the
eenter  of  a  resin  specimen,  These  results  agree  wiLh  the present  findings that  the re-

inforcing effect  ot' glass fiber measured  using  various  impact tests is Iarge.

   We  also  carried  out  impact tests using  a  two-point  support  method,  which  mod-

els  the stress  causing  breakage  while  chewing.  Although the speed  of  chewing  Cl13.5

cm/s)  is 1/25 that of  falling, it is 4,OOO tirnes more  rapid  than  that imposed in Lhe

general  three-point  bending  test  (1-2 mm/rn{n).  However, no  studies  have  measured

the impact strengt･h  of  denture base resin  reinforcecl  with  glass fiber at  this speed.

At 13.5 em//s,  which  corresponds  to the  speed  during chewing,  the S-15 and  D-15

specimens  broke, and  the averagc  impact strength  Nitras  about  10-fold greater than

that of  PMMA.  Similarly, , using  the two-point  support  measurement,  at  an  impact
speed  of  75 cm/s,  D'IO  was  about  29-fold stronger  than PM)4A,  which  was  the great-

est  increase in strength  measured,

   When  using  a  composite  with  a  sandwich  structure,  a through  examination  is
necessary,  because the glass  fiber content  has a  significant  effect  on  the mechanieal

propertics,  Srnith6i' reported  that glass fiber is deleterious at  contents  of  20 vol9;1) or

less, because the fibers act  as  weakening  discontinuities. Valiittuir') reported  that a

glass fiber content  exceeding  14.8 vol9'6  has beneficial effects  on  tensile sLrength.

Other sLudiesi`'i7'i"'  on  its rriechanical  properties reported  simi]ar  results.  NV'oven glass
riber can  be interwoven in the longitudinal and  transverse  directions. Deboer
et al.a' measured  Lhe transverse  strength  ",hen  carbon  fibers were  incorporated paral-
lel or  perpendicular  to  an  applied  force, or  in both direcLions, and  found little beneriL
of  parallel I'ibers on  strength,  although  they did help Lo maintain  shape.  In conLrast,

Vallittu et  al.i`'i'ii used  glass fibers in all clireetions, and  f'ound that glass fibers per-
pendicular  t,o the line of  rupture  prevented  rupture,  while  the g]ass fiber content  di-

recLly  aft"ecLed  the strength  of' the rcinforced  resin.  We  also  found that  the  impact

strengtb  measured  b}, three test specds  inereased with  increasing fiber content,  and

the increase was  greater when  the woven  glass  fiber was  placed  near  the surface.  In
examining  the  relationship  beLween fiber eontent  and  impact. strength,  beth Berrong
et  aLii'  and  Taner  et, al.i'i) /(using  polyethylene  fiber) and  Gutteridge et  al.i"'t2' c[using

Kevlar) reported  that･ the impact  strength  inereased with  thc  fiber content.  The fiber
contents  in our  study･  were  3.8 and  7,8 volP6,  and  are  within  the range  of  reported

values.  The  present results  demonstrate that  relatA･'ely  low giass fiber content  su'ffi-

cienLly  irnproves the impaet  strength  in cornparison  with  other  mcchanical  properties.
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                 1;lg.8 A side  view  of' S-10 aftcr  impact  test at  the

                       test specd  of  13.5 cm/'s,

                    '

   In S-05 and  D-05, the woven  glass fiber was  near  the  surface  of  test specimens,

and  these  specimens  were  stronger  than  specimens  S-15 and  D-15, in which  the woven

glass fiber was  placed in the  center  of  the  test  specimens.  This suggcsts  that the po-

sition  has an  important effect  on  impaet strength.  The image of  a fracture in Fig,

8 (S-10) shows  that  the eraek  in the matrix  resin  stops  at  the woven  glass fiber,

which  clearly  inhibits extension  of  the crack.  Although  glass is a  brittle material,  it

clearly･  increases the impact resistanee  of  dental rcsin,  As  described previously22i',

Lhis is accomplished  by increasing the tensile strength  of: the reinforcing  maLerials

compared  with  the matrlx  resin  at  the point where  a  tensilc force is applied.  in

specimens  S-15 and  D-15, the woven  glass fiber was  near  the center  of  the specimen.

Although this position does not  necessarily  increase strength  in popular  mechanical

tests, such  as  Lhe three-point bending strength,  the  woven  glass fiber had a  reinforc-

ing effect  in all  impact conditions  tested and  the effect  was  greater when  the  fiber

was  in a  more  external  position. In general, it is said  to be diff'icult to incorporate

a  thin lay, er  of  glass fiber into a  resin  at  a  specific  position; however, the  present re-

sults  suggest  that even  if the fjber is slightly  misplaced,  the impact  resistance  im-

proves  sul:I'iciently.
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