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he mechanicd properties of dentin and

Statement of Problem: Biomechanics of the human dentition isinherently complex.

Purpose: Theaim of this study is to investigate, in vitro, the creep and the recovery of
dentin under static uniaxial compressive stress conditions.

Materials and Methods: Specimens of cylindrical morphology were prepared from
recently extracted non-carious lower molar teeth, such that the average tubule orientation
was axid. Slides of mid- coronal dentin (parallel surfaces, height 1.8 mm) were sectioned
with a slow speed diamond saw and then cut into cylindrical discs. Specimens were stored
at 4°Cfor 24h to restabilize water content. Creep data were then measured by LVDT axialy
in water for periods of 2h load + 2h recovery on 4 separate groups (n=6): at two stresses (10
& 18 MPa) and at two temperatures: 37 & 60°C. Maximum creep strain, permanent set,
strain recovery and initial compressive modulus were reported.

Results: Compliance values were also calculated and slight non-linearity found at 60°C.
Two-way ANOVA was performed on results. Dentin exhibited a linear viscoelastic
response under ‘clinical’ compressive stress levels, with a maximum strain ~ 1% and high
recoverability: permanent set<0.3%.

Conclusion: This established a performance standard for viscoel astic stability of restorative
biomaterials, replacing human dentin.
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phases of

the tissue with vey different

enamd involving dressdrain reations due
to tenson, bending and shear have been
investigated  under  quas-dic  conditions.
Modulus and proportiond limits have been
deduced from linear time-dependent stress
dran curves and deviaions from ther linearity
have been reported for teeth subjected to
compressive forces.
The difficulty, however, in underganding
thoroughly the mechanicad properties of dentin
has been related to the exisgence of the two
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properties. The Young's modulus Eq4, of dentin
has been expressed by the Voigt modd in terms
of the two phases as: Eq = EaVa + EcVe @

Where EaVa is the product of the Young's
modulus for the pure gpatite phase and the
volume fraction of the gpatite phase in the
dentin, and EcVc is the amilar product for the
collagen phase. However, a modification of this
modd into a four-dement mechanicd modd
helps in the conceptud underganding of the
response patern of a viscodagic materid in
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both the loading and recovery phases® Some
of the theoreticd modes that have been
proposed to predict the mechanica behaviour of
hard tissues like bone, ename and dentin
include the Hashin sphericd particle modd and
the Voigt, Ruess and Hashin- Shtrikman
modds;® with the later predicting only the
upper and lower limits of the dastic moduli of
the had tissues Mahematicd modds of
viscodadicity have been compared with
experimental findings and demondrate that the
dress response of human dentin is consigtent
with linear viscoelagticity models.

The ealiet sysemdic measurements invedti-
gating the compressve behaviour of dentin was
reported by Black,”® who concluded that neither
the location nor the orientation of the tubules of
the tet specimens made much differences.
However, later atempts to confirm or disprove
this assertion were obscured by certain
limitating factors in the testing procedures.®
Stanford and coworkers initidly reported that
dentin exhibited anisotropy with regards to the
orientation of the tubules” but this report
could not be veified in a more extensve
invesigations carried out later® Dentin was
reported to exhibit viscodadtic behaviour as a
result of the high proportion of organic materid

and waer present in it, as wdl as the
viscod asticity of collageneous tissues.©)
Viscodagtic  data  obtaned  from  the

compressive properties of dentin is particularly
important in the process of madication dnce
medticatory  forces include a compressve
component.

The am of this sudy was to determine the
viscodadticity of human dentin under the action
of auniaxial static compressve stress.

Materialsand M ethods

Recently 24 extracted non-carious lower molar
teeth were used. Cylindricd specimen was
prepared from a plane pardle dice of corond
dentin. This process was required in order to
obtain maximum specimen volume and uniform

radid orientation of dentind tubules within
each specimen and from specimen to specimen.
It was ensured that the tubules were digned as
near as possble, perpendicular to the specimen
surfaces. Fire, dices of mid-corond dentin (~2
mm) were made by a dow speed diamond.
Then, the specimens were gently ground flat
usng wet 600 grit carborundum papers in order
to obtan specimens with height of 1.80+0.01
mm. The two ends of the initid dices were
padld and smooth. Circular cylinders of
dentin were thus produced with the following
average dimensons. diameter, d=3 mm ad
heght, 1.8 mm. The surface area and the
heights of the specimens were measured using a
set-up comprisng a light microscope connected
to camera and PC having Hplmage software for
image capture. Area measurements were made
by SgmaScan <oftware (Jandd Scientific,
Geamany) on  each  dentin specimen
immediatedly before and after each tes to
evduae dl dimendond changes that might
occur after stress gpplication.

Figurel shows the configuraion and orientation
of the gpecimen with respect to the entire teeth.
In order to avoid the problems of cutting small
goecimens from the tooth without damaging
them dther mechanicdly or thermdly, each
goecimen was cut usng a draght No.731 M
fissure bur with a high speed handpiece and
copious water spray. The two ends of each
cylindricd specimen were pardld and smooth.
Prepared specimens were checked under the
microscope, and any defective specimen was
discarded. The prepared specimens were stored
in didilled water for 24 hours prior to test to
permit re-dabilizetion of the water content of
dentin without causng any changes in its dadic
properties. 19

Specimen allocation

Specimens were divided into two groups on the
bads of different applied stresses (10, 18 MPa)
and each group divided into two different
subgroups based on two different tet
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temperatures. 37 and 60°C. Each group (n=6) of
goecimens was then dored in labeed plastic
tubes contaning fresh refrigarated  didtilled
water in the fridge. Each experiment conssted
of the gpplication of a condant uniaxid
compressive dress, recording of uniaxia creep
dran of the specimen for 2h, rdease of the
sress and recording of the recovery dran for
2h.

Equipment:

A creep measurement apparatus was fabricated
in the Biomaerids Scence Unit. It was
designed to subject a test specimen, eg. dentin
secimens, to datic uniaxid compressive
stresses of 10 and 18 MPa for a period of 2
hours followed by 2 hours of dran recovery
when the load was removed. The apparatus had
an inveted U-shaped ded base comprisng a
lever, L, pivoted a one end by means of a
bearing pin on a verticd pillar. A loading pin,
P, which was 1 cm in dianger was hdd in a
reduced friction bearing, B, and was veticaly
located such that the limited angular motion of
the lever produced a linear displacement of the
pin in a veticd plane A rased plaform in
axid dignment with the loading pin
accommodated the test specimens such that
application of the sandard weights, M, at the
end of the lever ensured compressive forces
were coaxialy directed onto the specimen, S.

The complete creep apparatus had a water-bath
condructed from an acrylic tube  which
surrounded the specimen platform and sa on
the sted base. The bath was connected by two
rubber tubes to a variable temperature-
controlled water-pumping unit, which provided
the thermd equilibrium & a sdected tempe
rature (Fig. 2).

Each expeiment condsed of the rapid
goplication (<2 s) of a congtant compressve
dress, with recording of the uniaxia creep
grain of the specimens for two hours. After 2 h,
the siress was released and recording made of
the recovery doran for two hours. The
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magnitudes of the gpplied dresses in separate
runs were 10 and 18 MPa, which were well
beow the yidd drength of the dentin. The
unloading phase of the tet was achieved by
caefully raisng the lever (which supports the
load), off the loading pin, P, which was then
supported horizontaly with arigid beam.

The measurement involved assembling the
goecimens on the platform of the creep
apparaus in the water-bath. The gart of the data
acquistion was triggered, after placing the
goecimen to equilibrate in the tegting environ
ment for about 10 minutes.

The time-dependent compressve dran a 10
and 18 MPa was obtained for 2 hours loading
period followed by 2 hours of stress-free phase.

aimm
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Dertine 1dmm| |

Diameter ~ 3 rmm
Length = 1.8 mrm

i i Dentine
A B C

Fig. 1- A) Diagrammatic representation of the tooth
showing the location from which the dentin specimen
was removed B) slice of dentin C) specimen.

] Lever {L)

B

Loading pin

M) LVDT

-+ — Waterhath (W)
Specimen o
—H — M

Suspended weights (M)

Fig. 2- Schematic diagram of creep measurement
apparatus
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Data was obtained on six dentin specimens each
under the two compressive forces a the two
dinical temperatures of 37°C and 60°C.

Visco-elastic theory
The superpostion principle is the bads for the
lineer viscodadic theory. Ludwig Boltzmann in
1874 put forward his superpostion principle,
which has formed a sound basis for subsequent
theory. The principle is conddered here as it is
applied to the dress relaxation and creep
properties of solids.*!? In a mechanica creep
experiment, a dress, S,, IS goplied to the
goecimen repidly a time t = 0, and then hed
condant till time t = t;, when the dress is
removed. Specimens exhibit permanent set
when, after remova of dress drain does not
return ultimately to zero. The vast mgority of
slids dudied a& smdl drans confirm  the
superimpostion principle, or a least there is a
critica gtrain below which this principle holds.
Two mgor podulation in the linear superim-
position principle are asfollows:
1- The resulting drain imposed on Specimens
will bear the same rdio as dress, if dran is
measured a the same time after gpplication of
dress. Thisratio istermed the compliance, At).
2- A linear superimpogtion of grains will occur
in a maerid for concurrently running creep
experiments which are triggered off at different
times.
For solids, such as polymers, undergoing creep,
a time-dependent compliance, At), may thus be
defined, ie:
J(t) = et _ 1o

s, E()
Where e (t) is the time-dependent strain and E is
the dastic modulus. Condder a cylindrica/disc-
shaped specimen to which a dep dress is

goplied, so,, a@ time t = u, the realting
complianceis

‘](t) = ‘Ju + (‘JR - ‘Ju)Ys (t) 3

Whee J, is the indaitaneous dadtic

compliance and Jr is the find (infinite time) or

andadtic compliance. The time function ?(t), is
a normadized creep function that varies between
Oand 1 (Fg. 3).

N —

Compliance, J (t)

Time (t)

Fig. 3- Creep compliance versus time curve for a visco-
elastic material showing the relationship between the
compliance parameters, J,, Jr and the creep function (t).

For the sgngle rdaxation/retardation mode
[SRT], (t) isexpressed as.

Y (0 =[- ep-tit,]@

Where ts is the retardaion time-congtant at
condant dress of s. The reaulting different
equation which relates (t) and (t) for the specid
cae of a gngle retardation [SRT] is obtained
&

. de(t)

*odt
Solving equation (5) paticulaly for datic
creep, where the gress levd is condtant at s,
ds/dt=0, givesthe rdation

JO-Jy _ gy ®
Q.- @1-e ')

Which is equivdent to equation® Boltzmann's
superposition principle, therefore, indicates the
response of a specimen that experiences either
an abitrary dress hisory, or an abitrary strain
higory (the corresponding argument is for
stress-raxation experiments). This generdize-
tion formed the bass for the linear viscodadtic
theory.

+e(t) =t, .Ju%+JRS t) ®

Creep

Under the influence of a congant dress,
materids can deform permanently if a load is
goplied for a long time, even though the dress

2004; Vol.1,No. 1
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on the maerid may wdl be beow its dadic
limt. This time-dependent deformation of
materids is known as creep. Typicad creep
curves and different stages of deformation will
be discussed later.*?

Three stages can be identified and digtinguished
from the overdl curve of cregp-dran as atime
function (Fg. 4). Thee ae typicd of any
viscodagic materid. This curve type is
characterised by an initid rgpid deformation
showing a Hookian eadic behaviour at lower
dress levels, followed by a viscodadic
(aneladtic creep) sage which is non-linear in
time. After rdeasng the dress, there is an
initidl  recovery phase followed by an
irreversble viscous drain. This is referred to as
the permanent set.

Results

The experimentd results evauated from the
compressve drain-recovery curves of dentin
are presented in Table . Also, it shows some of
the creep variables such as the maximum creep

drain, Ym, the pemanent s, Es, dran
recovery, Y,, and the initid compressve

modulus, E, evaluated from the data obtained.
The datidicd quantities (mean, dandard
devigions) a wel as the coefficient of
vaiation (CV%) of these creep variables are
presented in Table |. Examining the dandard
devidions for human dentin displays larger
dandard  deviations compared to dentd
redorative composdtes. As a hiologicd tissue
this is not surprisng due to the varidions in the
cdcfication and dructurd integrity of its
components. Figure 5 represents the compre-
ssve creep drain, e, curves. Fgure 6 illudrates
the compliance, J(t), curves as time functions
and each curve represents the mean of gx
graphs obtained from six dentin samples.

Maximum Creep Strain, Yp:

A two-way andyss of variance (ANOVA) was
used to compare and evduate the maximum
creep data of dentin specimens a  different
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conditions of dress and temperature (10/18
MPa, 37/60°C). Hight significant differences
were found between 10 and 18 MPa (P<0.01).
In addition, there was a high ggnificant
difference between the data for the two
temperatures (37 and 60C) (P<0.01). The
interaction term for temperature and stress was
not dgnificant (P= 0.07495). An average of
maximum cregp drain of 1.58% was evauated
when a compressve dress of 18 MPa was
applied & 60°C. The average of the Yy, vdue a
37C (wet) a the same stress level was 1.18%.
The lowest Y, vdue was 0.97% with 10 MPa
compressive dress. There was an increase trend
in  maximum dran  with  increedng  the
temperature or dress. Specimens  deformed
progressvely with time under the condant
compressvel dresses gpplied. The magnitude
of the deformation increased from the lower to
the higher dresslevd.

Permanent Set, Es

Reeasng the compressive force on a materid
that is deformed within the eadtic region results
in a 100% dran recovery. For a materid e.g.
dentin undergoing viscodadtic deformation, an
irrecoverable drain referred to as a permanent
set, Es, occured. A two way andysis of
vaiance (ANOVA) did not show ggnificant
difference in permanent set between the two
different dress levds (10, 18 MPa) (P=
0.12207), whereas this test reveded highly
ggnificant differences between data for the two
different temperatures (37, 60°C) (P<0.01). The
interaction term in this tes was not Sgnificant
(P= 0.276). The maximum vdue of the
permanent set (0.47%) was observed a 60°C
when 18 MPa compressive stress was applied.
This was followed by the vaue of 0.33% at the
same temperature upon the gpplication of 10
MPa compressive siress. The least E vaue was
0.26% when a compressve dress of 10 MPa
was applied a 37C and approximatdy similar
to the vaue of 0.28% obtaned from a
compressive stress of 18 MPaat 37°C.
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Table |- The maximum strain, permanent set, strain recovery, initial compressive modulus, area before
and after test and thickness of samples

Condition Maximum  Permanent Strain Thickness Initial creep Area Area
Stress’Temperature Strain Set Recovery  (mm) modulus beforetest after test
(MPa/°C) Y (%) E (%) Y, (%) E(GN/m2) mm’ mm?
10MPa Mean 097 0.26 72.41 1.8 12.54 7.04 7.005
37C SD 0.15 0.04 6.35 0.03 215 0.10 0.17
CV%  15.01 15.03 8.77 1.81 17.12 1.48 249
10MPd Mean 108 0.33 69.32 1.78 12.21 7.23 7.25
60C SD 0.20 0.09 6.26 0.05 0.73 7.17 0.40
CV%  18.19 28.21 9.03 2.80 5.97 7.19 5.48
18MPa Mean 118 0.28 76.64 1.81 17.64 6.94 6.94
37C SD 0.04 0.04 2.95 0.04 1.68 0.29 0.27
CV% 36 15.35 385 2.28 951 422 3.86
18MPa Mean 158 0.41 73.41 1.79 14.71 6.91 6.91
60C SD 0.28 0.09 6.21 0.04 184 041 0.42
CV%  17.41 21.36 8.46 2.1 12.52 5.94 6.03
Creep Strain Recovery (Y/) 51
As a reault of the irrecoverable strain occurring _ <
in dentin after relessing the compressive force,  “*71™"*" 7
drain recovery (Y,) was in the range of 60% to N
80%. Thee was no dgnificant difference - Greep Modulus | spain recovery (Y )
between creep-recovery of two different 2
stresses (10,18 MPa) (P= 0.85). The same result
was found between cregp dstrain recovery for | Maximum strain (v )
- 0 P t set (E
two different temperatures (37, 60°C) (P=184). } e o

Initial compressive modulus (E)

The initid compressve modulus is the ratio of
dress to drain within the fird 20 seconds, s/e,
which was determined from creep-strain data
obtained on the dentin specimens when stressed
within the dadtic region. A two-way andyss of
variance (ANOVA) showed highly dgnificant
difference in this modulus between the two
different dress vaues (P<0.01), and sgnificant
difference between two different temperatures
(P<0.05). There was no interaction between the
variables of temperature and stress (P= 0.0741).
The highest vdue (17.64 GPa) obtaned by
compressing cylindricd  specimens  of  dentin
was 18 MPa compressive force at 37'C, whereas
the lowest vaue (12.21GNm?) was obtained at
60°C by compressing dentin with 10 M Pa stress,
There was an increase in the initid compressive
modulus with decreasing temperature.

10

(; 1 ; 3 4 5
Time (h)

Fig. 4- Schematic representation of time-dependant strain

deformation and recovery curves of aviscoelastic

material under a constant compressive stress

1.6 9

Colng edsive Strain (%)

Creep strain at18MPa/60 °C

e Creep strain at18 MPa/ 37 °C

Creepstrainat 10 MPa/60  °C

Creep strain at10 MPa/ 37  °C

0.0 r T T T 1
0 1 2 3 4

Time (h)

Fig. 5- Compressive creep behaviour of dentin at two
temperatures (37,60 °C) during 10 and 18 MPa compres-
sive stresses

Creep compliance J(t):
Creep compliance, J(t), J()= YVE({) and
recovery curves for dentin are presented in

2004; Vol.1,No. 1
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figure 6. It shows the cregp compliance
behaviour of dentin upon the gpplication of 10°
and 18 MPa compressive forces at two different
temperatures.

18 MPa, 37 °C (wef)
10 MPa, 37 °C (wef)

7 ~

%W 7 ]

18 MPa, 60 °C (wet)

10 MPa, 60 °C (wet)

0.0 02 04 06 0.8 1.0 12 14 16 18 20

Time (h)

Fig. 6- The compliance behaviour of dentin at two
temperatures (37, 60 °C) during 10 and 18 MPa compres-
sive stresses (each curve represented the mean of
compliance obtained from six dentin samples)

Discussion

Crag ad Peyton mentioned that the
length/diameter ratio of dentin specimens may
aopear to have some effect on the dadtic
modulus but it was independent of the length/
diameter raio in the range 1 to 2.5. They
reported that for ratios between 1 and 0.5 the
elagic modulus vaues were dightly lower and
appeared to be caused by the following factors
1-an actud decrease in the eastic modulus and

2- a lower dope of the stress-dtrain plot (lower
modulus) obtained as a result of nonpardld
ends of the specimens.?

Crag suggested udng cylindrical  specimens
with a length gpproximately twice that of the
diameter for obtaining better results because of
the complicated force digtributions in the ends
of the cylinder in too chort specimens.
However, in our expeiments, the length/
diameter ratio was 1.8/3= 0.6. Because the
tubules and their orientation have an important
role in mechanicd properties, an atempt was
made to obtan dl of the specimens from the
same portion of the teeth Figure 1 shows the
specimen preparation from the corona portion
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of the teeth. The handling of gecimens, both in
preparation and placement under the creep
gpparatus, was easy. Preparation of cylindrical
padlded-ended  specimens  with  3-mm
diameter of dentin from non-corond portions of
tooth without the interference of pulp horns and
pulp chamber seems difficult. The specimens
were prepared from molar teeth, particularly
third molars, which are more avalable than
canines and incisors™®. All of the preparation
of the cylindrica shape was done by high speed
handpieces with fissure diamond burs, similar
to clinica preparation.

The economy of usage teeth seems greater than
with other sample preparations. Duncanson and
Korogtroff and Korogtroff et a prepared the
goecimens from the roots of maxillary incisors
and canines 0 as to obtain maximum specimen
voume and uniform radid orientaion of
dentind tubules by machining (1617

Stanford e d prepared cylindricad  specimens
from dentin dices by amilling machine. ”)
Trengrove et d produced dentin cylinders from
the middle-third of the root. ¥

Then, the root cand in each specimen was
enlaaged to a diameter of 1.0 mm with a
danless ged drill. After examination a total of
only 68 specimens were accepted from the total
196 preparations due to cracks or
irregularities, in this previous work.

The ratio of dress to dran is temed the
modulus (E), which is a function of time. The
initidl compressive modulus was obtained from
the ratio of dress to initid drain a 20 seconds.
This gran shows the eadic pat of the overdl
creep graphs. In order to determine this
modulus from a dran-time curve, the creep-
dran a the dadic limit is read off from the
curve and its ratio calculated to the compressive
uniaxid dress. The initid cregp vaues were
compared with eastic modulus obtained from
datic experiments.

Elagtic modulus is a tem tha describes the
measure of dadicity of a materid. It represents
the diffness of a materid within the dadic

11
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range, which can be determined from a dress-
drain curve, by cdculating the ratio of gressto
grain of the linear region of the curve. It can
aso be determined from the rétio of the dadtic
limit of a compressve curve and the gpplied
congtant compressive dress. It is caculated
from the relaion, E = s/e, and dnce e is
dimengonless, E is expressed in GPa. The
fundamentd property of a materid is its dadtic
qudities and the interatomic or intermolecular
forces opeaing within  the materid ae
responsible for these eagic properties. It has
been reported that the vaues of the eastic
modulus are higher for dronger forces of
dtraction resulting in a more rigid materid.
However, the dadic propety is generdly
independent of any heat trestment or
mechanica treatment but is dependent, to a
large extent, on the materid's compostion.

Dentin condsts of a compodte dructure with
microscopic  hydroxyapatite crystals embedded
in the matrix of collagen biopolymers. Dentin
has been shown to exhibit visco-dadtic as well
as dasic properties®1"  Chemicd and
physca characterigics of  detin  ae
reqpongble for its viscodadic and dadtic
behaviour. Dorrington reported  viscodadticity
as a mgor disurbing influence on any atempt
to messure the equilibium  mechanica
properties of a body tissue.*® This behaviour is
dominated by an ingantaneous eadtic srain and
a retaded drain, with little viscous dran
occurence. Data presented in this sudy are
comparadble in magnitude to other linearly
viscod agtic materids.

The dresses gpplied in this study were 10 and
18 MPa which were below the proportiona
limits of the dentd tissue. Data on cregp of
dentin including modulus of dadicity obtained
in this sudy are comparable to the vaues by
Watts et d*® who reported a modulus of 13
GPa for dentin and a dight decrease in the
range of 0-80C. The vdue of the "datic"
modulus of dadicity for dentin (16.6 to 18.5
GPa) reported by Craig and Peyton® seems

12

higher than our result. The vadues of modulus of
eladticity reported by Waters a ambient
temperature were 11-13 Gpa'? Viscodastic
behaviour of dentin tends to be influenced by
the magnitude of the agpplied dress and
temperatures. It was observed tha increasing
dress increased the vadue of the apparent
modulus of eadticity.

There is a decreae in the magnitude of
moduus of dadicty by increasng the
temperature.  The temperature-dependence of
the modulus of dentin has been reported to have
a ddidicdly dgnificait  negaive  linear
relationship.’” A two-way andyss of vaiance
showed dgnificant difference between vaues of
initid compressve modulus for the two
variables of dress and temperature. Statistical
andyss showed that changes in temperature
and gpplied compressve dress influenced the
maximum creep dran. Decreese in  initid
compressve modulus of dentin with increasing
temperature pardlded a smilar trend measured
for compact bone by Bonfidd and Li % and
Bonfidd and Tully.?® Compressve modulus
vaues deer-mined in this dudy were in
agreement with the vaues of dadic modulus
from compresson tests over the temperature
range of 30-60C reported by Black, Peyton et
d, Stanford et d and Craig and Peyton, 6714
who reported valuesin the range of 11-17 GPa.
This study showed that cregp-strain increased
with increesng dress, which is in agreement
with the Boltzmann Superposition principle
indicating that the creep dran is directly
proportiond to the siress at any given time.

This study adso showed that creep increased
with increesng temperaure which is in
agreement with Ruyter and Aysaad,?Y Ruyter
and Espevik, Odén e a® and Papadogianis
et d® who reported incressing of creep with
increesng  temperature  for  denture  base
polymers and composites.

In this dudy, dentin undergoing Vviscodadtic
deformation exhibited an irrecoverable drain
referred to as a Permanent Set, Es. This result
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was in agreement with Korostoff et ad®” who
proved that strains of 0.6% produce permanent
changes in dentin which may be the rexult of
dentind tubules collgpse brought about by
siress concentrations a over dress levels of
50% of the compressive strength of dentin.

Creep compliance (J;) was defined as the strain
divided by the dress a a given time. The creep
compliance curve therefore permits an edimate
of the relative amount of eadtic, andastic and
visocous behaviour of a materid. Jo indicates the
flexibility and initid recovery after deforma-
tion, Jr the amount of delayed recovery that can
be expected, and t/h the magnitude of
permanent deformation to be expected. Thus,
once a creep curve was obtained, the corres-
pondding creep compliance was caculated. The
drain asociated with Jo and Jr was completdy
recoverable after the load was removed.
However, the drain associated with Jg was not
recovered immediatdly but requires some finite
time. The dran associaed with t/h was not
recovered and represents a  permanent
deformation.

If a gngle creep compliance curve is caculated
from a family of creep curves determined at
different dresses, the materia is sad to be
lineerly viscodadtic. The viscodadtic qudities
can be described concisdy by a single curve.
Comparison between cregp compliance curves
with time-dependent creep curves presented in
Figure 6 shows the curves were not changed by
stresses, and the curves could be superimposed.
However, difference in compliance are evident
when comparing them a the two temperatures
(37, 60°C) under a stress system eg. 10 MPa. In
this sudy, the strain was directly proportiona
to the dress a any given time but the creep
compliance was independent of the dress.
Perhaps, this is generdly true for small stresses,
and the principle is not exact for the large
stresses encountered.

The compliance recovery curves of the dentin
sem  condgent  with  liner  viscodadic
behaviour when the dresses changed from the
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10 to 18 MPa. However, some nontlineaity of
behaviour was shown when the temperatures
changed from 37 to 60C for esch siress
(Fig. 6).%9 It should be noted that recovery was
dlowed for two hours dthough complete
recovery was not atained during this period. A
longer recovery measurement-period may be
recommendded in order to confirm a permanent
Set.

Conclusion

Dentin, a minerdized tissue gmilar to bone
dructurdly and chemicdly, is seen to exhibit
viscodadic  behaviour, characterised by an
ingantaneous eadtic strain and a retarded drain,
followed by a little viscous dran. Despite the
complex dructure of dentin & severd leves,
this work has shown that its mechanica
behaviour is amenable usng the principles of
viscod agtic theory.

The results suggest that compressve drain
>0.6% produced permanent changes in dentin
attributed to dress concentrations of ~50% of
the compressve dress of dentin. Temperature
increases a the same compressve dress levels
has resulted in cregp and resdud dran
increesing  with decreese in compressve
modulus. The observed resdud srain was as a
result of the viscous flow, dthough the forces of
compression applied were rdatively smdl.

There was a decrease in the magnitude of
modulus of dadicity by increesng the tempe
rature. There was an increase trend in maximum
srain with increasing the temperature or siress.
Decrease in initid compressve modulus of
dentin with increasing temperature was found.
Dentin was found to exhibit a linear viscodagtic
regponse  under ‘clinicd’ compressve  dress
levels, such as those gpplied to the specimens in
this invedtigaions, with a maximum dran ~ 1%
a high recoverability and permanent sat <0.3%.
This observation tends to edtablish a perfor-
mance dandard for viscodadic dability of
redorative biomaterids in  replacing  human
dentin.
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