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Abstract

The adhesive ability of dental adhesive resin containing 4-MET A to three different surface
states of Ni-Cr alloy which were removed surface irregularities, as-polished, conc. HNO,
treated, and oxidized surfaces, was studied to evaluate an effect of chemical bonding. A
evaluation was performed on the basis of bonding strength obtained from tensile tests and
failure types obtained from observation of the fracture. To rapidly evaluate the adhesive
ability, the bonded specimens were subjected to thermal stress by thermal cycle using liquid
nitrogen. The surface structures were analyzed by reflection electron diffraction.

On the as-polished surface, the adhesive ability of the Ni-Cr alloy is inferior to the Co-Cr
alloy. Reflection electron diffraction shows an amorphous structure for the as-polished Co
-Cr alloy and an alloy structure of the substrate for the as-polished Ni-Cr alloy. Excellent
adhesive ability to the Ni-Cr alloy, which is comparable with that of the Co-Cr alloy, was
obtained by treating the as-polished surface by conc. HNO; solution and maintained during the
severe thermal cycle.

The Ni-Cr alloy oxidized at 300°C for 5 min in air, which is covered with NiO, shows a

lower adhesive ability, similar to that of oxidized Co-Cr alloy.

Key words : adhesive ability, dental adhesive resin, Ni-Cr alloy, surface pre-treatment

| . Introduction

Many studies have reported improvements in adhesion of dental adhesive resin to the
dental alloys by treating the alloy surface. There are several surface pre-treatment methods

for Ni-Cr alloys: immersion in conc. HNO, solution after etching with HC1?V; immersion in
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solutions containing an oxidizing agent after sand-blasting>®; etching and passivating by an
electrochemical method®; and spraying of molten metal on the alloy surface.® These methods
increase bonding strength by increasing the mechanical retention and chemical affinity between
the adhesive resin and alloys. However, it is necessary to separate the contribution of these
two effects to evaluate how the alloy surface structure improves the resin adhesion.

To evaluate the chemical effects on the adhesion, we have studied resin adhesion to Co-Cr
alloy surfaces which were polished metallographically, and the relationship between bonding
strength and surface structure which was analyzed by Electron Spectroscopy for Chemical
Analysis (ESCA) .57 ’

The present study reports the adherence of the dental adhesive resin, 4-META/MMA
~-TBB, to three metallographically polished pretreated surfaces of Ni-Cr alloy, as-polished,
conc. HNO; treated, and oxidized at high temperature. The alloy surface structures were
examined by reflection electron diffraction. The bonded specimens were subjected to thermal
stress by the thermal cycle method using liquid nitrogen as reported previously,® to rapidly
evaluate the adhesive ability. The evaluation of the adhesive ability was made on the basis
of the bonding strength measured by a tensile test and observation of fracture appearances in
the fracture area. These results for the Ni-Cr alloy were compared with that of Co-Cr

alloy previously reported.®
Il . Experimental Procedure

1. Materials
A 70 mass% Ni-30% Cr alloy was used.

— 5¢ ’.—
[ 1
U Shaped
Piece
3 <] — 18-8 Stainless
Steel
Scotch Tape
Resin
Ni-Cr Alloy
J Soldering
T Mild Steel A
l__ ¢_.| Fig. 2 Adhesion apparatus used to bond the
1 stainless steel rod vertically to the Ni-Cr
Fig. 1 Tensile test piece of Ni-Cr alloy for alloy surface and to maintain a constant
bonding strength measurements. 50 xm resin layer thickness.
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The alloy was prepared by melting Ni and Cr of a purity better than 99.99% in an alumina
Tammann tube under an argon atmosphere using a high frequency induction furnace. The
alloy was cut into small chips and the chips were soldered to a mild steel disk as shown in Fig.
1. The dental adhesive resin containing 4-META (4-metacryloxy-ethyl trimellitate anhy-
dride) ®*was used in the present study.

2. Pre-treatment of the Alloy Surface

The Ni-Cr alloy specimens were polished metallographically to eliminate any mechanical
factors affecting the bonding strength. There were three different surface states: as-polished,
conc. HNO; treated, or oxidized. The conc. HNO; treated surface was obtained by immers-
ing the specimen for 15 min in the conc. HNO; solution at room temperature. Both the as
-polished and HNO; treated specimens were rinsed with distilled water. The oxidized speci-
men was obtained by heating for 5 min in air at 300°C. After the surface treatments the
specimens were stored in desiccator with silica gel before the adhesion experiments.

3. Adhesion Experiments

As shown in Fig. 1, the Ni-Cr alloy specimen and 5 mm¢ 18-8 stainless steel rod were
attached with the adhesive resin for a tensile test to measure the bonding strength. Figure 2
shows the adhesion apparatus with a micrometer which was used for two purposes: to attach
the stainless steel rod vertically to the Ni-Cr alloy surface and to maintain a constant 50 x#m
thick resin layer. The effect of the excess resin at the point of adhesion can be eliminated by
Scotch Tape on the stainless steel rod as shown in Fig. 1. The bonded specimens were stored
at 40°C in a dry chamber for 24 hr before the test.

4. Thermal Cycle and Tensile Test

The specimens were subjected to 20 thermal cycles from liquid nitrogen (-195.8°C) to water
temperature (40°C) , alternately for 1 min each before the tensile test. The test was performed
on a testing machine ' with a load speed of 2 mm/min, after inserting a U shaped piece in the
groove of the stainless steel rod(Fig. 1). The fractured area was observed by a profile
projector after the test.

5. Reflection Electron Diffraction

Reflection high energy electron diffraction patterns were obtained by an electron micro-
scope ! with 100 kV accelerating voltage. The camera constant was calibrated with the
transmission diffraction pattern of a gold film immediately before and after taking the reflec-
tion patterns. The compounds on the alloy surface were identified from Debye-Scherrer

powder patterns and the JCPDS card-index on the basis of the measured lattice spacings.

* SUN MEDICAL, Super Bond C & B, Kyoto, Japan
t Shimadzu, Auto-Graph, Kyoto, Japan
§ Hitachi, H-500, Tokyo, Japan
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Ill. Results

1. Failure Types and Bonding Strength

Four failure types which are classified in Fig. 3 were observed on the fractured surface:
Type 1 is a failure in the resin(cohesive failure); Type II is a partly cohesive failure and partly
interface failure at the Ni-Cr alloy surface; Type Il contains a cohesive failure at the central
area and an interface failure at the periphery of the Ni-Cr alloy surface; Type IV is a mixture
of Types II and III, which is observed when the specimens were subjected to thermal stress.

Figure 4 is the measured bonding strength for the tensile test obtained from the as-polished
surface, shown with the notations of the failure types in Fig. 3. The values shown in the left
half is the bonding strengths without the thermal cycle (non-thermal cycle) and in the right half
with the thermal cycle. The horizontal lines in the figures indicate the average of the repeated
values. With the non-thermal cycle, the average bonding strength is 382 kgf/cm? and the
observed failures are Types I and II, while with the thermal cycle specimens show interface
failure at the periphery (types Il and IV) with a lower average bonding strength, 322 kgf/cm?.

Figure 5 shows the measured bonding strengths and failure types obtained from the
specimens with surfaces treated by conc. HNO; solution. The bonding strengths with and
without the thermal cycle are 402 kgf/cm? and 381 kgf/cm? and there is no statistically
significant difference. Adhesive ability is excellent because the strength does not decrease
with the thermal cycle and all the failures are Type I .

Figure 6 shows the results obtained from the specimens oxidized at 300°C. Without the
thermal cycle, the result 338 kgf/cm?, is lower than as-polished and the failure is Type II in
16 of 20 tests. Further, after the thermal cycle treatment the strength decreased to 247 kgf/
cm? and failures are of Types Il and IV.

2. Analysis of Surface Structure by Reflection Electron Diffraction

Figure 7 shows the reflection electron diffraction pattern obtained from the surface of the
as-polished specimen. In Table 1, the observed lattice spacings and inensities of the diffrac-
tion rings are shown together with data obtained from the Ni-Cr alloy powder by the Debye
-Scherrer method. Except for weak 222 and 400 reflections, the observed lattice spacings and
intensities coincide with the X-ray diffraction in the strong intensity reflections, showing that
the electron diffraction pattern diffracts from the alloy substrate.

Figure 8 shows the reflection electron diffraction pattern obtained from the specimen
oxidized at 300°C. It is impossible to precisely measure the lattice spacings from the very
diffuse diffraction pattern which shows an extremely thin oxide layer formed on the alloy
surface. The alloy specimen was heated for 5 min at 500°C in air to obtain the sharp
diffraction pattern shown in Fig. 9. Both the patterns in Figs. 8 and 9 are considered to be
the same diffraction patterns from the coincidence of both the ring sizes and intensities. In

Table 2, the observed lattice spacings and intensities of the diffraction rings obtained from
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Ni-Cr alloy
As polished

Fig. 17 Reflection electron diffraction pattern
obtained from the surface of the as-pol-
ished specimen.

Ni-Cr alloy
300 °C for 5 min

Fig. 8 Reflection electron diffraction pattern
obtained from the specimen oxidized at
300°C.

. ad
Fig. 9 Reflection electron diffraction pattern

obtained from the specimen oxidized at
500°C.

Table 1 Lattice spacings and intensities ob-
served by reflection electron diffrac-
tion, obtained from the as-polished
specimen (Fig.7), with data
obtained from the Ni-Cr alloy pow-
der by Debye-Scherrer method.

Measured values by | Measured values by X-ray
reflection electron | diffraction*
diffraction
(As polished) Alloy
dA I : da I hkl
2.10 s 2.063 vs 111
1.80 m 1.782 s 200
1.28 m 1.259 m 220
1.08 m 1.076 m 311
1.030 vw 222
0.8929 vw 400
0.834| w 0.8197 w 331
0.813} w 0.7991 w 420

* Debye-Scherrer method

Table 2 Lattice spacings and intensities ob-
served by reflection electron diffrac-
tion, obtained from the oxidiged spec-
imen (Fig.9), with data of NiO
obtained from JCPDS card.

Measured values by Measured values by X-ray

reflection electron diffraction*

diffraction

(500 °C for 5min) NiO
dA I dA /1 hkl
2.43 s 2.410 91 111
2.08 |vs 2.088 100 200
1.48 vs 1.476 57 220
1.26 m 1.259 16 311
1.21 m 1.206 13 222
1.05 w 1.0441 8 400
0.960 w 0.9582 7 331
0.934| m 0.9338 21 420
0.851 m 0.8527 17 422
0.806 | vw 0.8040 7 511

* JCPDS card



HIGASHI NIPPON DENTAL JOURNAL VOL.6,NO.2,Dec., 1987 7

Fig. 9 are shown together with the data for NiO from the JCPDS card-index, showing that the

oxidized specimens are covered with NiO.
IV. Discussion

1. Thermal Cycle and Failure Type

In a butt joint as in the present study, thermal stress generated in an adhesive is considered
to be a function of both the diameter and thickness of the adhesive layer, and the stress is large
at the periphery and zero at the center of adhesion.® If chemical bonding between the alloy
surface and the adhesive resin is weak, cracks at the resin/alloy interface propagate from the
periphery to a point where the thermal stress balances with the adhesive force, producing a
Type Il failure.

The adhesive ability is usually determined on the basis of the measured bonding strength.
However, the measured bonding strengths scatter in the range from 230 kgf/cm? to 510 kgf/
cm? as shown in Fig. 5(non-thermal cycle) even when all failures are Type I failures. The
scatter arises from inhomogeneities in the materials such as air bubble inclusions and variations
in the monomer/polymer ratio, and is not caused by chemical factors at the adhesion interface.

In the non-thermal cycle case, the three surface states do not show clearly different
bonding strengths, as shown in Figs. 4, 5, and 6. Differences of surface states, however,
appears in the failure types because the failure type for both the as-polished and oxidized
surfaces is Types I and II and for the conc. HNO; treated surface only Type I . Further,
the failure types clearly show that the adhesive ability for the conc. HNO, treated surface is
superior to that for both the as-polished and oxidized surfaces. Observation of the failure
types is important to evaluate the adhesive ability, because fracture types rather than the
bonding strength sensitively reflect the state of the alloy surface.

As a clinical thermal cycle method, the bonded specimens are subjected to thermal stress
induced by repetition of several thousand times between 60°C and 4°C.'® However, this
thermal cycle method necessarily takes a long time for evaluation of adhesive ability and
further induces deterioration in the resin by the water penetrating into the resin during the
thermal cycles. By the thermal cycle method used in the present study, it is possible to
perform many tests in a short time and to examine only the adhesive ability at the adhesion
interface without deterioration of the resin.

2. Comparison between Adhesive Ability to Ni-Cr Alloy and Co-Cr Alloy

1) As-polished Surface

Figure 10 shows the results of the failure types and bonding strength for the as-polished Co
-Cr alloy reported previously.® In the non-thermal cycle case, only the Type I failure
appears in the Co-Cr alloy and both the Types I and II in the Ni-Cr alloy(Fig. 4). The
appearance of Type II shows that the Ni-Cr alloy has a worse alloy surface for the resin
adhesion than the Co-Cr alloy. Differences in the alloy surface states is clearly shown by the
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Fig.10 Results of bonding strength measure- Fig.11 Results of bonding strength measure-
ments obtained from the as-polished Co ments obtained from the Co-Cr alloy
-Cr alloy speimens.® specimens oxidized at 300°C.?

failure types after the thermal cycle.

There are several reports on adhesion of 4-META resin to Ni-Cr and Co-Cr alloys
showing two different results: One reports that Ni-Cr alloys are superior to the Co-Cr alloys?
and others report the opposite.*® The present study which examined only chemical factores
and not mechanical factors on the adhesion shows that the Co-Cr alloy is superior to the Ni-Cr
alloy.

The reflection electron diffraction pattern obtained from the as-polished Co-Cr alloy
surface shows no diffraction rings, indicating that the surface is covered with an amorphous
film.® The result coincides with reports'? of an amorphous passivated film on the alloy
containing Cr. The passive film on the Ni-Cr alloy surface is not sufficiently amorphous as
the diffraction pattern shows the substrate to have an alloy structure.

2) Oxidized Alloy Surface

Figure 11 shows the results of bonding strength measurements reported previously® for Co
-Cr alloy oxidized at 300°C for 5 min. With the thermal cycle, interface failure of the
oxidized surface of both alloys occurred at the periphery of the adhesion and the bonding
strength decreases. The failure types and bonding strength indicate that the adhesive ability
is lowered by oxidizing the Ni-Cr and Co-Cr alloys. The reflection electron diffraction shows
that after oxidizing at 300°C, the Ni-Cr alloy is covered with NiO and the Co-Cr alloy with
Co;0,. Metal oxides adsorb H,O in chemisorbed and physisorbed states.'®? The authors
have estimated that deterioration of bonding is due to adsorbed water on the oxide layer® and
this has been shown experimentally.” These results indicate that the fine structure on the

alloy surface affects the adhesive ability.
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3. Increase of Adhesive Ability of Ni-Cr Alloy Surface Treated by Conc. HNO; Solution

Yamashita? and Tanaka, et al.® have reported that the Ni-Cr alloy surface treated by
only sand-blasting has a lower adhesive durability, however, good durability, comparable
with that of Co-Cr alloys was obtained by treating the Ni-Cr alloy with either conc. HNO; or
a solution containing oxidizing agents. In the case of a metallographically polished Ni-Cr
alloy surface which removed surface irregularities, treatment by conc. HNOjs solution protects
against the severe conditions of the thermal cycle in the present study, and it also shows
excellent adhesive ability as shown in Fig. 5.

To clarify the reason for this both the as-polished and conc. HNO; treated surfaces were
analyzed by Electron Spectroscopy for Chemical Analysis(ESCA). After treating by conc.
HNO, solution Cr concentration at the alloy surface was 1.5 times that of the as-polished
surface. Further, analysis of the O 1s spectrum revealed that oxygen originating in oxygen
bonded Cr, Cr-O-Cr, on the surface treated by conc. HNO; was higher than on the as-polished
surface, showing the formation of a firm passive film. Details of these results will be reported

in the next paper.
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