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A Study on Adhesion of Adhesive Resin to Dental Alloys
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Health Sciences University of Hokkaido

Abstract

Adhesion of 4-META resin to dental base metal alloys and precious metal alloys was investigated in relation to the surface
structures of the alloys. The surface structures of the alloys were mainly analyzed by electron spectroscopy for chemical
analysis (ESCA). Section 2 discusses the bonding ability of 4-META resin to base metal alloys (Co—Cr and Ni-Cr) covered
with passive films and oxide layers formed by high—temperature oxidation. Resin—passive surface bonds were stronger than
resin—oxidized surface bonds.

Section 3 discusses the mechanisms of destruction of metal—resin adhesion due to water with the findings of the surface
structures of the alloys. The water content at the adhesion interface was calculated with the solution to Fick’s second equation
to discuss the degradation at the interface with respect to the water content. The water durability at the adhesion interface was
investigated by separation tests of resin film using liquid nitrogen. The thermal stress induced by thermal shock was calculated
by the three—dimensional finite element method.

A new method (Ga—-Sn modification) for promoting adhesion between precious metal alloys and 4-META resin was devel-
oped and it is described in section 4. Gold-based and silver—based alloys modified by a Ga—Sn liquid alloy showed both high
bond strengths and also excellent water durability at the adhesion interface.

In section 5, base metals were added to a dental precious metal alloy to develop alloys that adhere strongly to dental adhe-
sive resins without surface modification. The ESCA analysis showed that oxides such as In.Os;, ZnO, and SnO,/SnO played an
important role in improving the adhesive ability of the alloys.

External and internal oxidation zones composed of Cu oxides were formed on the surfaces of dental precious metal alloys
containing Cu when the alloy was heated at a high temperature in air. A sponge-like structure was formed on the alloy sur-
face after removal of the internal oxidation particles with an acid solution. The bonding strength of 4-META resin to the po-
rous alloy surface is discussed in section 6.
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Fig. 1-1 4-methacryloxyethyl trimellitate anhydride (4-META) and
tri-butyl borane (TBB).
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Table 1-1 Compositions of dental alloys.
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Fig. 2-1 Tensile test piece for bonding strength
measurements. Alloy specimens were bonded
with adhesive resin to an 18-8 stainless steel disk.
The U shaped piece was applied to the groove in
the stainless steel rod for the testing.

Fig. 2-2  Adhesion apparatus used to bond
the stainless steel rod vertically to the alloy
surface and to maintain a constant 50-pum
thick resin layer.

Fig. 2-3 Jig for the tensile test.

Table 2-1 Failure types and notation.
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Fig. 2-4 Results of bonding strength measurement
obtained from specimens bonded to the as-polished Co-
Cr alloy surface. The left side shows the bonding
strengths without thermal cycles (no-thermal cycles) and
the right side are with the thermal cycles. The horizontal
line shows the average of the repeated tests.
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Fig. 2-5 Results of bonding strength measurements
obtained for Co-Cr alloy specimens oxidized at 300°C.
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Fig. 2-6 Results of bonding strength measurements
obtained from the Co-Cr alloy specimens oxidized at
500°C.
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Fig. 2-7 Relationship between bonding strength
and area fraction of interface failure at the periphery
(Interface Fracture Ratio) from the tests of
specimens subjected to thermal cycles in Fig. 2-6.
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Fig. 2-8 Reflection electron diffraction
patterns from the surfaces of the as-polished
(a) and 500°C oxidized Co-Cr alloy specimens (b).

Table 2-2 Lattice spacings and intensities observed from diffraction rings (in Fig. 2.2-1 (b))
with the data for Co,O, from the JCPDS card-index. An 'X' indicates the absence of an

identification lattice spacing.
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Fig. 2-10 ESCA spectra at different
depths of the 300°C oxidized Co-Cr
alloy specimen.
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Fig. 2-11 The observed Cr 2p , , , spectra (heavy
solid line) after 80 sec argon ion etching of the
Co-Cr alloy specimen oxidized at 300°C resolved
into the spectra for the metallic state (fine solid
line) and Cr-oxide (dotted line). The area fractions
of the spectra give the concentration of the two
states.
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Fig. 2-12 Depth concentrations of
Co, Cr, and O from the as-polished
Co-Cr alloy specimen. One sec of
etching time is equivalent about 0.1
nm etching.
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Table 2-3 Reported oxide chemical shifts A Eg (eV) with reference to the metallic state.
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Table 2-5 Characterization of the as-polished and oxidized surfaces of the Co-
Cr alloy. X: the unknown substance, ?: chemical state not determined by ESCA.
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Fig. 2-13 Concentrations of the metallic and unknown
states of Co (a) and Cr (b) in depth, obtained from the as-
polished Co-Cr alloy surface (Fig. 2-12).
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Fig. 2-14 Concentrations of Co, Cr, and O in
depth, from the 300°C oxidized Co-Cr alloy
specimen. One sec etching is equivalent to ca. 0.1
nm in depth.
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states of Co (a) and Cr (b) in depth, obtained from the
300°C oxidized Co-Cr alloy surface (Fig. 2-14).
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Fig. 2-16 Model of passivated surface on
stainless steel (Okamoto).
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Fig. 2-17 Measured oxygen concentration
(from Fig. 2-12) and calculated oxygen
concentration for six coordinated -OH and/or
H,0 around the metal ions.
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Fig. 2-18 Measured oxygen concentration (from
Fig. 2.2-7) and oxygen concentration calculated to
be necessary to form Co- and Cr-oxides.
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Table 2-6 Dissociation pressure, 7T O,, of oxides and A G at 700°C.
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Fig. 2-19 Adsorbed -OH and H,O layer model
for metal oxide (Bolger).

Fig. 2-20 Apparatus for dehydration of the oxide surface. EF: electric
furnace, AS: alloy specimen, SG: silica glass tube.
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Fig. 2-21 Alloy specimens
enclosed in silica glass tubes
under 1 X 10" Pa after
dehydration.

Fig. 2-22  Argon gas chamber for adhesion procedures.
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Fig. 2-23 Results of bonding strength
measurements obtained from specimens bonded to
Co-Cr alloy surfaces. All specimens were subjected
to thermal cycles. (a): as-heated specimen oxidized
at 500°C in air, (b): specimen dehydrated at 700°C
in 1X10** Pa after heating 500°C in air. The
horizontal line means indicate the average of
repeated tests.
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Fig. 2-24 Results for the 18-8 stainless steel.
Conditions as in Fig. 2-23.
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Fig. 2-25 Results of bonding strength measurements for
specimens bonded to the as-polished Ni-Cr alloy surface.
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Fig. 2-26 Results of bonding strength measurements
for the Ni-Cr alloy specimens treated with HNO,
solution.
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Fig. 2-27 Results of bonding strength measurements
for Ni-Cr alloy specimens oxidized at 300°C.
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Ni-Cr alloy
300°C for 5 min
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500°C for 5 min

Fig. 2-28 Reflection electron diffraction
pattern obtained from the Ni-Cr alloy
surface of the as-polished (a), oxidized at
300°C (b), and oxidized at 500°C (c).
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Table 2-7 Lattice spacings and intensities observed

by reflection electron diffraction, obtained from the
as-polished specimen (Fig. 2-28 (a)).
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Table 2-8 Lattice spacings and intensities
observed by reflection electron diffraction,
obtained from the oxidized specimen (Fig. 2-
28 (c)).
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Fig. 2-29 Depth variation of concentrations (at%)
of Cr, O, and Ni for as-polished Ni-Cr alloy
specimens.
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Fig. 2-30 Depth variation of concentrations (at%)
of Cr, O, and Ni for HNO3 treated Ni-Cr alloy
specimens.
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Fig. 2-31 The Cr 2p spectra obtained from
four specimens: as-polished Ni-Cr alloy
surface (unetched), HNO, treated Ni-Cr
alloy surface (unetched), Cr,O,, and
metallic Cr.
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Fig. 2-32 The O s spectra obtained
from three specimens: as-polished Ni-
Cr alloy surface (unetched), HNO,
treated Ni-Cr alloy surface (unetched),
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Fig. 2-33 The O s spectra obtained from as-

polished Ni-Cr alloy specimens (unetched), separated
into three components.
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Fig. 2-34 The O 1s spectra obtained from HNO,
treated Ni-Cr alloy specimens (unetched), separated
into three components.
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Table 2-9 Peak position and area fraction of the three components in the O 1s spectra

in Figs. 2-33 and 2-34.
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Table 2-10 Values of the Gibbs energy change and partial pressure ratio of H,O to H, at

different temperatures.
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Fig. 2-35 Apparatus for hydrogen gas reduction: H, ; the hydrogen gas
cylinder; OX; the u-shaped tube including oxygen removal agent Oxyout;
DP; the oil diffusion pump.
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Fig. 2-36  Measured bonding strengths with failure type after thermal
cycles (see Table 2-1).
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Fig. 3-1 Permeation path of water
to adhesion interface between metal
and adhesive resin
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Fig. 3-2 Type B specimen (Fig. 3.1-1 (b)) with different resin
thicknesses, 0.15 (a), 0.25 (b), and 0.35 mm (c), after immersion in
water at 37°C for 5 days.
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Fig. 3-3 Diffusion model to calculate
water content at the adhesion interface.

CIIClal
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Fig. 3-4 Relationship between film thickness and
water content at the adhesion interface with
immersion periods.
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Fig. 3-5 X-ray diffraction patterns obtained from the
water immersed specimens after 2 weeks (a) and 2
months (b).

Fig. 3-6 Reflection high energy electron
diffraction pattern obtained from the 2 week
specimen.

Table 3-1 Observed lattice spacings and intensities with JCPDS data for iron and
lepidocrocite obtained from the 2 week water immersed specimens.
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Fig. 3-7 ESCA specimen with
soldered mild steel sealed in quartz
glass tube filled with ultra-high
purity argon gas.
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Fig. 3-8 The Fe 2p3/2 ESCA spectra obtained after 3
days (a) and 2 weeks (b) of water immersion; (c) shows
the 2 week specimen after 100 X 60 sec of argon ion
etching.
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Fig. 3-9 Concentration variations (at%) with depth
for the 3 (a) and 4 day (b) water immersed specimens.
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Fig. 3-10 Evaluation method of the degradation
of the adhesion interface by water.
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Fig. 3-11 Separated area of resin film
bonded to 18-8 stainless steel vs. resin film
thickness following thermal cycles.
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Fig. 3-12 Separating traces of resin films
after 20 thermal cycles. Numbers indicate
repetition of thermal cycles. Excellent (a)
and poor water durability (b).
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Fig. 3-13 Relationship between separated area
of resin films bonded to mild steel vs.
immersion time in water after thermal cycles.
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Fig. 3-14 Relationship between the immersion
period in water and the film thickness for the
water content at the adhesion interface to reach
48% (interface failure occurs), 95% (white
spots appear), and 100% of the equilibrium
water concentration.
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Fig. 3-15 Hexahedron for the three-dimensional finite
element method.
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Table 3-2 Coefficients of linear thermal expansion, modulus of elasticity,
and Poisson's ratio of resin and steel.

| copdficlent of
ihermal expassion
Ll
s BoFE o
FRIMA

& 0

25

20

15 =

Shearing Stress (MPa)

S E i i i i
2 4 6 8 10

Distance in Diagonal Direction (mm)

Fig. 3-16 Shearing stress along diagonal
direction at the adhesion interface of resin with
0.5 mm thick resin layer during thermal cycle.
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Fig. 3-17 Maximum shearing stress at the periphery

of the adhesion interface with different resin
thicknesses.
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Fig. 3-18 Changes in maximum stress at the
periphery of specimens with propagating
separation of resin film.
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Fig. 4-1 Constitution diagram of Ga-Sn binary alloy
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and after modification (left half) by Ga-Sn alloy
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Fig. 4-3 ESCA spectra obtained at different depths of the modified layer
formed on the 14K gold alloy surface with Adlloy after different argon-ion-
etching times: Au 4f (a), Ga 2p;, (b), Sn 3d, and O 1s (d).
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Fig. 4-4 Changes in concentration (at%) of alloying
elements with depth, obtained from the 14K gold alloy
after surface modification by Adlloy.
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Fig. 4-5 Changes in concentration (at%) of Ga with
depth for various dental alloys after surface
modification with Adlloy.
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Fig. 4-6 Bonding strength and failure types with as-polished (a)
oxidized (b), and Adlloy converted specimens (c): The notation
indicates failure in the resin (cohesive failure), a mix of cohesive
and interface failure, and total interface failure.
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Fig. 4-8 Comparison of water durability at adhesion interface Fig. 4-9 Brochure of Adlloy
with different surface modifications
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Fig. 5-2 Bonding strength versus In amounts
with Au-In alloys.
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Fig. 5-4 Bonding strength versus Zn
amounts with Ag-Zn alloys.
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Fig. 5-6 Bonding strength versus In
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Fig. 5-8 Concentration variations of In in the depth
direction for 95Au-5In (mass%), 90Au-10In, 85Au-

15In, and 80Au-20In alloys.

Table 5-1 Compositions (mass%) of experimental alloys for resin bonding and
water durability at the adhesion interface (Separated Area (%)).

Allay Ma.| Au i*d Ag Cu ki In Bn | Separated Area (%)
Mol | S0 - W0 10 B0 - - o
Mo | &l4 - T2 B3 151 0 - n
Mo.d |8 - 11 MW WE 17 - o
Mok | &0 - BB 150 BD 31D 58 o
Ne.5 | MO BB B0 - 10 &8 o
EXEETEE T - 100
No.7 | 7@ - 58 B0 a0 - = o
No.f | BA 183 T Al TT 1D - o
No.8 | W3 1 @3 ILE &6 B 0
 Nedd | 120 150 e K0 - B [l
Noll | 120 0 856 14D - - 100
T Melt | 120 M0 w8 A0 0.0 0
Nold | 120 W0 @0 B9 - AD %
Nold | 120 M0 W8 MO A0 - 20 7
Nold | 120 M0 0 10 30 10 o
Nolf | M0 Mo e M0 20 - - L
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Fig. 5-9 Atomic distribution of Au (white) and In (black), from the
quantitative analysis in Fig. 5.1-11; (a) Au-5In (mass%) alloy with poor
adhesive ability and (b) Au-15In (mass%) alloy with excellent adhesive
ability.
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Fig. 5-10 In 3d spectra obtained
from (a) as-polished Au-In alloy
surface before argon ion etching, (b)
In,0,, and (c) Au-In alloy surface
after argon ion etching.
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Fig. 5-11 Zn LMM auger
spectra obtained from (a) as-
polished Au-Zn alloy surface
before argon ion etching, (b)
ZnO, and (c) Au-Zn alloy
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Fig. 5-12 Sn 3d spectra obtained
from (a) as-polished Au-Sn alloy
surface before argon ion etching, (b)
SnO,, (¢) SnO, and (d) Au-Sn alloy
surface after argon ion etching.

surface after argon ion etching.
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Fig. 5-13 O 1s spectra from the surface, without
argon ion etching, pure gold and Au-based
binary alloys containing 5, 10, 15, and 20 mass%
In.
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Fig. 5-14 (a): Separated O Is spectra obtained from Au-15In (mass%) alloy without argon ion etching in (b):
Separated O 1s spectra obtained from Au-15In alloy after argon ion etching for 0.05 min.

Table 5-2 Binding energy (eV) and area fraction (%) of oxygen chemical states.

argon ion | oxygen chemical states
alching I [indd ] K
mmgold | wihom | | 530,10 oV (M%) | 5506 oV (66%
S5Au-15In alloy | withomt | S30LE aV (I7%) | 5318 eV (55%) | 55014 oV (16%
#Au-15ln allay | wilh | S30.0 oV (54%) | 5318 4V (35%) | 5303 oV (1%

(26)
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Fig. 6-1 Formation of porous structure on the alloy surface
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Fig. 6-2 Secondary electron image (a) and characteristic X-ray images of Au L& (b) and Cu K &
(c), obtained from a 14K gold alloy specimen after oxidizing at 800°C in air for 60 min,

perpendicular to the oxidized surface.
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Fig. 6-3 Mechanism of formation of a porous
structure on alloy surface by high-temperature
oxidation.
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Fig. 6-4 Secondary electron image obtained from the surface after pickling, oxidized at 800°C in air
for 1 hr (a), secondary electron image (b) and X-ray image of C Ko (c) obtained from a specimen
treated by oxidation and pickling followed by bonding with 4-META resin
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Fig. 6-5 Secondary electron image obtained

from the resin side of the resin-alloy bond 12, BE&FREOCUERE DS {Uﬁ’} 35. ESCATHHT L7725
structure after removal the alloy substrate
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Chemical interaction
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Fig. 6-7 Tensile bonding strength of self-curing resins to the
alloy specimens with porous and flat surfaces. Each column
represents mean = SD (10 specimens per each group). The stared
groups (*) indicate significant differences between the groups (p
< 0.05 by one way ANOVA).
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