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Physical bases of dental materials

11.

Electric properties

Optical properties.
Comparative summary.

e-book chapters:
19, 20, 21

Electric charge

Charge: intrinsic property (like mass).
Macroscopic bodies are usually neutral.

electron (niextpov) = amber

Electron negative, proton positive charge.

Electric charge is quantizes, its smallest unit is the

elementary charge (e), that is the charge of a proton.

Unit: 1 C (Coulomb) =1 As B 19
e=le|=16-10"C

Faraday-constant (total charge of 1 mol protons):

F=1,6-10""°C - 6:10%° 1/mol= 96 500 C/mol

Charge separation

Charges can be separated by rubbing (static electricity)

charge separation followed
by discharge!

Electric interaction

Bodies with electric charge interact with each other:
¢ unlike charges attract
® like charges repel

attracting force F F F repelling force
Fy1  Fyp 27"~ Fy1  Fyp
—@ —@®- -

Q1%{_}Qz Q1%{_}Qz
r r

Coulomb-force:

repulsion
e

F:kQ12Q2
r

attraction

k =9-10° Nm?/C2 ®e




Electric field, filed lines

If the interaction is present without close contact, a field is present that
transmits the force between the bodies.

The field is described by the field strength and represented by the field lines.

electric field strength, E:

o
q

field lines:
« Direction shows the direction of field

« density shows the field strength

Field of a point charge:

inhomogeneous field

field of a dipole and two like charges

\
|
A
]
/
inhomogeneous field
field between the plates of a planar capacitor
E
homogeneous field .

Electric potential

Wi represents the work that is required to move a charge of q from
a standard 0 point to point i.

WO*)I .
7(7 independent of charge and path of movement!
: : WOai p
Electric potential: @ =— Unit: Volt (V)
q

Electric potential gives the potential energy of the 1 C charge at point j, after it
has been moved there from the standard 0 point.

Often the standard point is at infinity, thus:

6

Voltage (= potential difference)
The work of W;_,, is required to move a q point charge between point 1
and point 2 of the field. The W;_,, / g ratio id independent on the
magnitude of charge and the path of movement. Thus:
Electric voltage between point 1 and point 2 is:

Unit: Volt [V] 1V = E

1C
8



Electric current

Directed transport of charge carriers
charge carriers = freely moving , electrically charged particles
example in metals: electrons
example in electrolytes or gases: ions

Electric current (/):
e
At

AQ: charge passing through the cross section of a
conductor in At time

unit: ampere (A), 1A=1C/1s

Technical current direction: direction of movement of positive charge

3
Ohm's law
u
Potential difference (U) and current (/) are
@ directly proportional
!
U=RI R: resistance
U-~1 <
GU =1 G: conductance
U v
R=— unit: ohm (2) 1Q=—
1 1A
1 .
G=— unit: siemens (S), 1S=—
R 1Q 10
10
L] resistivity material o (S/m)
or specific resistance (p): silver 68107
gold 4,3.107 conductors
R-A platinum 0,94-107
p=— (Qm) germanium 2,2 semi
silicon 410 conductors
cirkonia 210710
i ~10-1
- conductivity (o): porcelain =10
glass ~10"13 insulators
o PMMA ~107"2
o =—| ((Qm)~1=S/m) PE 101
Depends on:
-- quantity of free charge carriers (electorns, ions)
-- mobility of charge carriers
12

carriers.
9
9
Resistance of a conductor
A
/
R=p—
/ A
resistivity
Sl-unit: Om
conductivity (c): o= 1
Sl-unit: S/m P
1"
11

12




Electric structure of solid bodies

i : w4 bonded free
Bands fill according to: rt g ators
® energy minimum g splitting )
* Pauli-principle energy over nergy
p p bands levels levels
® number of electrons
= conductionband = oo TR0
Lowest empty or
partially filled band
1
1
= valence band: 1
1
outermost band that his 1
filled with electrons. = ¢ '
N
I —
r=r, ro r>r
atomic distance, r 13
13
Optlcal prope rties (transparency, color)
color 3
(emitted [~
light) e 3
Spectral composition luminescence
of incident light /
/ refraction
'nej
Yent lighy refraction
Jincigent scattered by
) light scattered Sensitivity of
T T T observer’s eye
Jraﬂactad
e absorptj
(e“\?g“\ "Ption I a175,7”.[;I!ramsm itted
i €
Jabsorbed lgne = \
material color 2
color 1 (transmitted
(reflected light)
light) = e
15

insulators
w4 (eg. Al,05)
= conductance band
g (empty)
g forbidden Acd>3eV
gap
valence band
(filled)
other
forbidde
bands
other
filled
bands

width of forbidden band:
f.e. Nal (A =5¢eV)

semiconductors
(eg. Ge, Si)

conductance band
(empty)

forbidden )
band { ae<3ev

valence band
(filled)

Si(Ae=1,1eV)
Ge (Ae = 0,7 eV)

conductors
(eg. metals)

empty band

forbidden
band
valence band =

14

Spectral composition of incident light— emission spectrum

y!Y VIS IR

extraterrestrial

intensity, J (rel. units)
g

g
3

1000.

500

wavelength, % (nm)

intensity, J (rel. units)

. uv

10

S,
iy

3,

w

3,

3,

=)

-1
10200 300

natural light — spectrum of Sun

g artificial light—
spectrum of a disco lamp

vis

16




Spectral sensitivity of the observer — absorption spectrum

1700 lumens

1. Reflection:

a)

N 7

<)

diffuse
reflection

perfectly reflecting surface (mirror)

b)

%

(efiection
<

Interaction of light with matter = color

 reflected

perfectly difiuse reflecting surface (dull)

diffuse
reflection

mixed reflecting surface (semi-dull)

[~ per watt
I 420 498 534 564
1500 - 100 [l
Scotopic vision 8
L (dark adapted) g
£
1000 — H
- £
2z [ S 50
é ? 683 lumens 3
387 per watt e
500 [ £
= Photopic vision z
[ (light adapted)
L —— T
L 400 5 600 700
Violet Blue Cyan Green Yellow Red
400 500 600 700 Wavelength (nm)
Wavelength (nm)
17
p depends on:
« angle of incidence
m=1,m=15 =15 m=1
100 100
Ry ' — R
Ry o —R
~ 80 ! 80 2
g LR g
& A g
5 2 g
é 60 ;: 60 5
g =
S '
=
g w 1 Range of total
2 ' internal reflection
20 1 {
|
' '
' '
N H L
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Angle of incidence 6; (°) Angle of incidence 6, (°)
« type of materials (refractive indeces)
2
when angle of n —ny
inci i - <« = —
incidence is zero: n+n,
19

Spectral reflectance p(1): ]reflected
]incident 18
18
« wavelength
~ 100 absolute white (100%)
- . s red
Reflection spectrum: 7
2 75 green /
© blue J /
5 so0b X
o | gray
color 1 S /
2 25
(reflected
light) O T T T TR 2bsolute black (0%)
o o ) )
= 2 3 R

Relative reflectance

Green leaf

500
Wavelength (nm)

19

reflectance (%)

100+
90
80
70
60
50
40
30
20
10

0

uv

3 R
wavelength, 2 (nm)

VIS IR

aluminum

brass

gold

10 10
wavelength, 1 (nm)

0

20




tooth

Diffuse Reflectance intensity (a. u.)

Enamel
Dentin

dental ceramics

T T T
400 500 600

Wavelength (nm)

700

Reflectance (%)

380 430

80 530 580 630 680
Wavelength (nm)

21

Filtek Supreme XT

[TEGDMA and Bis-EMA

v anufac - ] ) Filler particle]
Pental resin composite 2" rganic matrix Filler particle type [7°1 1
Filtek Silorane Silorane [Quartz filler, yttrium , |
luoride
) Eirconium-Silica
pis-GMA, UDMA, hgglomerate, highly0.6-1.4

Pispersed silica

Filtek Z250

Bis-GMA, UDMA and Bis-
EMA

girconium, Silica .01-3.5

iz100

Bis-GMA and TEGDMA

girconium, Silica .01-3.5

|[UDMA, dimethacrylate co-

Silica and pre-

21

2. Scattering:

Spectral scattering o(1):

elastic scattering (4, f, £ do not change )

Rayleigh-scattering (particle size << 1)

incident .
white scattered lig

light

scattered light

] cattered
0} = e

spectrum of o
scattered portion: )'4

opalescence

1200
Intensity of scattered light as a
1000 function od wavelength
52
ES \ el
3 80 \“
2
£ 600
°
H Nl
$ 400 &
&
&
200 x g
N R
Q
300 400 500

23

(Gradia Direct .007-1.7
fonomers polymerized fillers
dental composites (after
polymerization)
06+
» Fe oy 5 s
i Py
05 i p!
- -
8 ou L e
g 7| .
E 03+ -
% = Siorane
024 ® Supreme
&% = 4 Zi00
v 2250
%5 Artemis
S < Evoceram
. Gradia
00 T T T T
400 500 600 700
A (nm) 22
3. Absorption:
_]absorbed
Spectral absorbance a(4): A) = —————
]incident
Absorption spectrum:
insulators semiconductors conductors
W N (eg. Al,03) (eg. Ge, Si) (eg. metals)
= conductance band
b (empty) conductance band empty band
2 i ) (empty) i
g ‘!‘a’o\:\ Ae>3eV forbidden {  ac<3eV for;;?%en
band =
valence band =
valence ba """’(',‘,:db)““ conductance
(filled) (partly filled)
other
forbidde
bands
other
filled
bands
24
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Transmission [%]

VUV Transmission Spectra of NaF (Sample Thickness Smm)

NaF (ceramics)

L —

Wavelength [un]

2]

180
'~ 1601
£ 1l
L water
< 120
o
5 100 \
c
= 0
o
oo enamel
wl
2|
ok L1
600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600
Wavelength (nm) 25
Transmission spectrum:
uv V.
100 S IR - uv VIS IR
g g
8 80 3 80
§ 70 c
£ £ 07
E hi E 60 uby
g% sapphire g
] ;
20 34 n
s J
o "3 4
10 10 10 05 3 s 2 8 3
wavelength, % (nm) « e & 3 ¢
wavelength, % (nm)
color 2
(transmitted light)
27

27

4. Transmission:
_ ]transmitted
Spectral transmittance #(4): L T
] incident
AU
of ¥
‘\e%‘ee~.gm‘e w oM
transparent @“" Wy WS opaque
= A d h s 0
ds- ¢ cIes
naw g \‘d’\‘e \"“‘“ 3is0F
ng* set 3
10 Ned & pout
fure e'\“‘“ e A
IR R, R
translucent
0<z<l
p(A)+o(A)+a(A)+(2)=1
reflected light
__ 100
% § 104 Wet enamel
2 s
s ]
£ @2
2 o Dry enamel
[ = Y
& Dentin
§ g g 8 ‘
wavelength, 2 (nm) 800 1000 1200 1400 2
Wavelength, 2/ nm
26
DIFOTI® (Digital Imaging Fiber-Optic Trans-lllumination)
DIFOTI ®
transilluminates
#20 on the facial

Image Relay Mirror
‘Send ransmitted light to the
CCD imaging camera in the

Single Use Anti-Fog R

‘Window

Fiber Optic Light

Transilluminates

coronal tissue

(labial) side of
the pre-molar
and images the
lingual side.

28




Trans-illumination in near infrared (NIR)

e = enamel
d = dentine
NIR X-ray

Carious

Lesion )
Composite

Restoration

29

29

31

5. Fluorescence

fluorescence of
enamel

Fluorescence spectra of filling materials
15000 T fluorescence spectra of
filling materials
g 12500
< 10000 / \
3
s 7500 = T
: F AN
g s000 Pl B
< : \\\
2500 -
4
o W—a—=5 k\\m
400 450 500 550 600 650 700
wavelength, nm
e
— 2 1 - material for imitation of dentin-enamel junction
3 2 - Grandio (VOCO)
4 3 - Amaris (VOCO)
5 4,5, 6 - glass ionomer cements 30
6
30
Color
color
’ chromatic T ‘ neutral
white
gray
primary T ’ secondary T black
1—red
2 — yellow
3 —green
4 — cyane
5 —blue
6 — magenta

32

31
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color coordinates o hue
o saturation
o brightness

Qe
green (G) yellow (Y)
/
60°

20

density, p (g/cm )

T IIHIW

Comparison of dental materials

METALS

0

CERAMICS

— z0,

POLYMERS COMPOSITES

T \HIH'

— AL,Oy
—SCSiN,
— glass
= Zement — enamel | — teflon (PTFE)
— dentine

4 PVC

T

P
 rubber
polyethylene (CFRC)
(PE) wood

Density: polymers, composites < ceramics < metals

Depends on atomic mass, packing ratio

34
METALS
COMPOSITES
steel CERAMICS carbon reinforced
—~ 1000 alloys composites —1 1000
g (CFRC) I
?_, gopper, ﬂtaa“:;tyrg glgss fiber
= reinforced
k=) aluminum composites
] alloys (GFRC)
e POLYMERS
] —gold —enamel
100 —{ 100
g — nylon
2 —PMMA
5 pvcd
polyethylene I
(PE) teflon
(PTFE)
10 — —dentine —{10
tensile strength: polymers < composites, ceramics < metals
Depends on: bond energy, crack resistance (ductility, brittleness)
compressive strength: Crack formation is less dominant, so ceramics
have higher value
36

cyan (C)— 180" red (R) ,
.o(\
&
7
9,}0’ N
Ss
blue (B) magenta (M)
33
METALS CERAMICS
1000 B8 COMPOSITES =]
Icalbon reinforced composites
100 |— (CFRC)
E glass fiber reinforced
) composites (GFRC)
7 10 POLYMERS Iwwd
3 —PVC
< —nylon
° — polymethacrylate — dentine
3 1= (PMMA)
o
; — teflon
;.- (PTFE)
% 01— polyethylene (PE) |
2 E
£
= rubbey
® 001 -
0.001}— —
—silicone rubber
0.0001
Stiffness: polymers < composites < metal, ceramics Depends on: bond energy
Resilience: ceramics < metals < composites < polymers
Ductility: ceramics < metals, composites, polymers
35

36




strength (MPa)

10 000

1000 ~o _.-t
., \
~ \ composites
((@hsses =

100 porous
ceramics /’

compressive strength:
polymers < composites, caremics, metals

0.1 100
toughness (rel. units)

Toughness:
ceramics < polymers, composites, metals
(strength, elastic strain recovery, plasticity)

Hardness:

polymers < composites < metals < ceramics
(stiffness and plasticity!)

Electric conductance: ceramics, composites, polymers < metals
Thermal conductance: ceramics, composites, polymers < metals
(correlates with electric conductance)

Melting point: polymers < composites < metals < ceramics
depends on bond energy

thermal expansion coefficient: ceramics < metals < composites < polymers
(inversely proportional to bond energy!)

Reflectance: ceramics, composites, polymers < metals
(in the VIS range, wavelength dependent!)

Transmittance: metals < composites < polymers, ceramics
(in the VIS range, wavelength dependent!)

38

38

37
37
metals ceramics b
In general: In general: gm
* solid * solid H
=02
® large density ® medium density
 stiff * siff T
° strong ° strong (medium tensile strength)
o .
* ductile (malleable) not ductile
® brittle (brittle fracture)
® tough (ductile fracture) N
® crack sensitive”
¢ hard
. ific heat ¢ very hard
ow specilic hea ® medium specific heat
. )
good heat conduction * thermal insulator
® good heat shock resistance e |5\ heat shock resistance
®good electric conduction ® gclectric insulator
®opaque, high reflectance ® diverse optical properties
® poor corrosion resistance ® good corrosion resistance %
39

In general: 70

polymers

PMMA
liquid or solid

low density
low stiffness - elastic

Stress (MPa)
5

50°C (122°F)

medium or weak strength |
ductile 0

Strain

medium toughness
medium hardness - soft
viscoelastic Important:

medium specific heat * temperature

. .
thermal insulator molecular mass

. . . ini
medium heat shock resistance degree of crystallinity
electric insulator

diverse optical properties

medium corrosion resistance

40

40
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composites (ental

In general:

¢ solid

® low — medium density

® medium stiffness - elastic
® strong

® ductile

® tough

® hard — medium hard

® viscoelastic

® medium specific heat

® thermal insulator

® medium heat shock resistance

® electric insulator
¢ diverse optical properties
® good corrosion resistance

Important:

® composition

® particle size of dispersion phase

— microhybrid — nanohybrid composites

41

41
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© 15

o

£

s SN %
carbon nanotubes (CNT) 05
»combination of 0

advantageous properties”

a . Gy N
PN I
LR M i L) o i

Young modulus (MPa)

© o o
PR
T

[
T

Lol

°

10% CNT
7% CNT

Composite:

standard

strain (mm/mm)

1.00E+02

1.00E+01

Energy absorption (J)

1.00E+00

(SMR)
+
carbon

YT T TOVIN PIVOT PO |
1 374 5 6 7 8§
% of CNT IN SMRCV60

\
e 1.00E-01

1.2 3/4 5 6 7 8 9 101

Wt% of CNTs

8 malaysian rubber

nanotubes(CNT)

42

42
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