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Ⅰ. INTRODUCTION

Since the acid-etch technique for bonding to the

tooth substrate had been introduced, adhesive den-

tistry evolved rapidly due to two main reasons;

esthetic satisfaction and minimal invasiveness. Some

retrospective clinical studies have showed the favor-

able durability of resin restoration over 10 years1,2).

However, the majority of bonded restorations are dis-

advantaged by their early failure during service and

they only remain in an optimum condition for a limit-

ed period of time. Generally, the immediate bonding

effectiveness of current dentin adhesives seems to be

favorable, but their potential degradation process is

still a concern3,4). Recent studies have identified the

major factors affecting durability as the hydrolysis of

interface components such as collagen and resin, and

subsequent elution of the breakdown products5). 

Currently, increased permeability of hydrophilic

adhesive systems showed water uptake within the

adhesive resin matrix, leading to incomplete polymer-

ization6). In the bonding process, unbound monomers

or additives in the nanoleakage spaces are extracted

by solvents. Following this, leachable components can

be created in the aqueous environment over time.

Thermocycling is a widely used artificial aging
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methodology. The water storage and the changing

temperature closely simulate the actual environment

within the oral cavity7). 

Microscopic observations of deficient margins have

been presented with quantified measurements of

leakage in various ways. One of the most popular

methods provides scores for each scale for severity of

leakage, which are utilized for statistical analysis8).

Recently, transmission electron microscopy (TEM)

provided ultrastructural images, depicting the

nanometer-sized water-filled spaces within the bond-

ed interfaces through silver nitrate diffusion6,9). This

silver deposition was quantitatively measured by

image analysis; however, some representative posi-

tions were only selected for inclusion10,11). Scanning

electron microscopy (SEM) also enabled to identify

the silver uptake within the bonded interface, induc-

ing an electron microscopic measurable contrast12-14).

Chang et al.13) demonstrated that the water perme-

able interfaces might be indicative of weak positions

for future degradation by SEM and also quantitative-

ly compared silver infiltration among different adhe-

sives by wavelength dispersive spectrometry (WDS).

This study was designed to perform a quantitative

comparison of the water-permeable zone in the adhe-

sive and hybrid layer both before and after thermocy-

cling among four commercial dentin adhesives to

evaluate the bonding integrity. The first hypothesis

tested in this study was that there was a difference

in silver contents in the bonded interface among four

commercial adhesives; and the second was that ther-

mocycling leads to an increase in silver penetration

within their interfaces.

Ⅱ. MATERIALS AND METHODS

Specimen Preparation

Twenty eight freshly extracted human molars

stored at 4�C in 0.5% chlroramine-T solution were

used. Flat dentin surfaces were created using a dia-

mond saw (Isomet, Buehler, Lake Bluff, IL, USA).

The exposed dentin was abraded with #500 silicon

carbide paper. All specimens were randomly divided

into four adhesive groups: OptiBond FL [OP] (Kerr,

Orange, CA, USA), AdheSE [AD] (Ivoclar-Vivadent,

Schaan, Lichtenstein), Clearfil SE Bond [CL]

(Kuraray, Osaka, Japan), and Xeno III [XE]

(Dentsply, De Trey, Konstanz, Germany) (Table 1).

Each specimen from four groups was bonded with

one of the adhesives following the manufacturer’s

directions. One commercial composite resin (Premisa,

Kerr, Orange CA, USA) was applied in 1 mm thick-

ness and light-cured for 30 s with the equal intensi-

ty. After storage in distilled water at 4�C for 6 days

each specimen was sectioned into halves occluso-gin-

givally perpendicular to the adhesive interface along

its midpoint (Figure 1). Two parts of the tooth were

divided into before and after thermocyling group,

respectively. The former group specimens were sec-

tioned to yield a 2 mm thick slab. The surface for

examination was marked that it could confront the

surface of its thermocycled counterpart, and then

coated with nail varnish up to within 1 mm of the

bonded interfaces. The specimens in the thermocy-

cling group were subjected to 10,000 thermal cycles;

i.e. changed between two water baths of 5�C and 55�

C with a dwell time of 25 s and wait time of 5 s,

respectively. After thermocycling, the specimen were

sectioned to provide a 2 mm thick slab, and the sur-

face for examination was confirmed to be adjacent to

the surface of the tooth in the before thermocycling

group and also coated with nail varnish in the same

way. The specimens were blot dried and immediately

immersed in a 50% ammoniacal silver nitrate solu-

tion (pH 9.5) for 24 h15). The silver-stained speci-

mens were rinsed in distilled water for 1 min and

placed in a photo-developing solution (DS-76,

Eastman Kodak Company, Rochester, NY, USA) for

8 h under a fluorescent light to facilitate reduction of

silver ions into metallic silver particles. The surface

for examination was ground and polished using wet

silicone-carbide papers (#500, #1200) and diamond

pastes with 6 μm, 3 μm, and 1 μm (DP-Paste,

Struers A/S, Ballerup, Denmark) in a standardized

way for each step and washed under the constant

water stream for 2 min between polishing steps. For

observation with SEM, the specimens were cleaned

with a copious water stream, air dried, mounted on

aluminum stubs and placed in a desiccator for 72 h.
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SEM Examination with Chemical Analysis

For electron microscopic analysis, the specimens

were coated with carbon using a sputter coater with

carbon evaporation supply (BAL-TEC SCD 005 and

CEA 035). For each specimen, the location where the

silver penetrated was identified at 100× to 1000×

magnification in a phase contrast of backscattered

electron (BSE) mode of SEM (JEOL JSM-6380,

Akishima, Japan) or electron probe micro analyzer

(EPMA; JEOL JXA-8900R, Akishima, Japan). The

measurable silver contents were identified under

WDS of EPMA, showing a positive correlation

between silver contents and BSE brightness. On the

image of each specimen, five lines were selected, each

being perpendicular to the composite-dentin inter-

face; the first line was 200 μm from the dentinoe-

namel junction and the last line was the same dis-

tance from the center of tooth (Figure 1). Another

three scan lines run from the composite to the
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Table 1. Materials used in this study

Product
Component 

Composition Application
(Batch No)

Prime

(445404)

OptiBond FL

(Kerr, Orange,CA

USA)
Adhesive

(446360)

AdheSE
Self-Etch Primer

(Ivoclar-Vivadent,
(G12925)

Lichtenstein)

Adhesive(G12032)

Self-Etch Primer

(00568B)
Clearfil SE

(Kuraray,
Adhesive

Osaka,Japan)
(00808A)

Xeno III Self-Etch Primer &

(Dentsply, Detrey, Adhesive

Konstanz,Germany) (Liquid A 0601002833,

Liquid B 0601002832)

Bis-GMA= bisphenol-A glycidyl dimethacrylate; BHT = butylated hydroxyl toluene; CQ = 1,7,7-Trimethylbicyclo-[2,2,1]-hepta-

2,3-dione; DMA = dimethacrylate; HEMA= 2-hydroxyethylmethacrylate; 10- MDP = 10-methacryloyloxydecyl dihydrogen phos-

phate 

ethanol, Alkyl dimethacry-

late, water
Etch for 15 s with 37.5% phosphoric acid (Kerr gel

Etchant). Rinse for 15 s. Apply Prime and rub for 15

s. Dry for 5 s. Apply Adhesive in a uniform thin lay-

er. Light cure for 30 s.

DMA, Phosphonic acid acry-

late, water, initiators and

stabilizers

Apply Primer and brush it for 15 s. Air dry until the

mobile liquid film is no longer visible. Apply Bond.

Disperse Bond with a very weak stream of air. Light

cure for 10 s.
HEMA, DMA, silicon dioxide,

initiators and stabilizers

HEMA, 10-MDP, hydrophi

lic DMA, CQ, water, tolu-

dine

Silanated silica, Bis-GMA,

HEMA, hydrophobic DMA,

10-MDP, CQ, toludine

Apply Primer and leave it in place for 20 s. Evaporate

the volatile ingredients with air. Apply bonding

agent. Light cure for 10 s.

Liquid A: HEMA, water,

EthanolUrethane dimethac

rylate, BHT , silicon dioxide

Liquid B: Phosphoric acid

modified polymethacrylate,

Mono fluoro phophazene

modified methacrylate,

Urethane dimethacrylate,

BHT, CQ, Ethyl-4-dimethy-

laminobenzoate

Dispense equal amounts of Liquid A and Liquid B and

mix it thoroughly for 5 s. Apply mixed adhesive and

leave it undisturbed for 20 s. Light cure for 10 s.

Methcarylate ester monomers,

Triethylene Glycol Dimethac

rylate, Ytterbium Trifluoride,

mineral fillers, initiators and

stabilizers



dentin, maintaining the same distance to each other,

only except when they avoided artifacts such as

voids. A silver element was the primary indicator for

dye penetration, whereas Si and Ca were selected for

the secondary indicators of composite and dentin.

The values measured for each 0.2 μm interval were

averaged into a single value per each scan line. The

unit of value was the intensity of the characteristic

x-ray per 200 msec, which indicated the relative con-

tents of elements. Operating conditions for both the

image and elemental analysis of EPMA were 15 kV

accelerating voltage, 50 nA beam current and focused

beam mode (> 1 μm beam diameter). 

Statistical analysis and sample size justification

While inter-location differences were not signifi-

cant, inter-specimen differences were statistically

significant (p < 0.0001), which suggested that con-

sideration of the individual difference among speci-

mens was inevitable. Therefore, a mixed-level

repeated measures analysis of variance (ANOVA)

and a mixed-level repeated measures analysis of

covariance (ANCOVA) were used to compare silver

contents within four types of dentin adhesives before

and after thermocycling, respectively, under consid-

eration of five correlated measurements from the

same specimen and differences among specimens16).

Silver contents within four dentin adhesives before

and after thermocycling were compared separately,

and their comparison after thermocycling was per-

formed under adjustment for silver contents before

thermocycling as a covariate. Comparison of silver

contents between two stages in the same specimen

was analyzed by paired t-test. Using the Mixed

Procedure of SAS statistical package version 9.13,

the analysis of 28 molars had approximately 87%

power to detect a 2.0 SD difference between any two

groups at any of the five locations at a significance

level of 0.05.  

Ⅲ. RESULTS

Elemental analysis showed individual distribution

of each element, and it was possible to clarify distinct

borders in the dentin-hybrid-adhesive-composite lay-

er (Figures 2a and 2b). The adhesive layer begins at

the point where the silica contents drop significantly

and ends at the point where calcium, which is the

representative element of dentin, increases. The

hybrid layer starts from the point where calcium

apparently increases and ends at the point where sil-

ica disappears. The horizontal scales determine the

distance of the scan line across the adhesive inter-

face. The vertical scales are the relative weight value

of each element. There was a slight rise in silver con-

tent in the adhesive layer, while Si contents

decreased because the adhesive contained fewer

amounts of fillers than the composite. The silver con-

tent infiltrated the adhesive layer and the hybrid

layer was obtained, respectively. Before thermocy-

cling, in the adhesive layer, OP showed the lowest

silver uptake, followed by CL, AD, and XE in

ascending order (p < 0.0001); in the hybrid layer, CL

was the lowest among four groups (p = 0.0039,

Table 2). After thermocycling, in the adhesive layer,

OP showed the lowest silver uptake, followed by CL,

AD, and XE in ascending order (p < 0.0001); in the

hybrid layer, XE was the highest among four groups

(p = 0.0014).  Comparing before and after thermo-

cycling, in the adhesive layer, no group manifested a

significant difference in silver content and showed a

slight decrease except XE, which presented a small

increase. In the hybrid layer most had the same ten-

dency toward a decrease and only AD showed a sig-
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Figure 1. Diagram for specimen preparation.



nificant decrease (p = 0.0367).

SEM revealed cross-sectional interfaces of before

and after thermocycling counterparts. For OP, there

was relatively uniform deposition of silver along the

hybrid layer and no distinguishable change was

observed after thermocycling (Figures 3a, 3b and

3c). Many specimens in the AD group suffered dehy-

dration stress from the high vacuum of SEM and

manifested artifactual fracture between the adhesive

and hybrid layer (Figures 4a and 4b). Also silver

particles coalesced and formed droplets within the

adhesive layer. For CL, silver uptake represented by

a thin white line was shown along the hybrid layer,

and bonding of the integrity between the adhesive

and hybrid layer was maintained throughout thermo-

cycling (Figures 5a and 5b). XE was marked by a

densely white band overall on the interface, regard-

less of the adhesive and hybrid layer, which extended

up to the enamel margin (Figures 6a and 6b). After

thermocycling, silver particles were demonstrated by

irregular coagulum of a thick electro-dense image

(Figure 6c).

Quantitative comparison of permeability in the adhesive interface of four adhesive systems

55

Figure 2 a. Elemental analysis of silver (Ag),

calcium (Ca), and silica (Si) on an immediate

bonding specimen in OptiBond FL group. Note

the sharp peak of Ag as demonstrated in the

hybrid layer (arrow) where the Ca value started

to rise as well.

Figure 2 b. An immediate bonding specimen in the

Clearfil SE Bond group. Note the increase of Ag

in the adhesive layer. The Si level of the

adhesive is lower than that in OP because of

their different filler composition. 

Figure  3. OptiBond FL: (a) SEM micrograph with 1000× magnification of the initial bonding status before

thermocycling. Silver uptakes were represented by a dense white image in the hybrid layer and dentinal tubules

(b) After thermocycling. SEM showed the adjacent location to where the picture (a) was taken. Silver penetration

occurred in a similar pattern. (c) SEM of the same location as (b) with a lower magnification. Integrity of bonding

seemed to be maintained between composite resin and dentin throughout thermocycling. 
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Figure 6. Xeno III [XE] (a) Bonding before thermocycling. It is noticeable that silver penetration occurred in

composite/enamel interface as well as in composite/dentin and appeared overall in the adhesive and hybrid layer.

(b) Before thermocycling. Dense deposition of silver was spread uniformly along the adhesive and hybrid layer. (c)

The adjacent location was shown after thermocycling. Silver particles coalesced in an irregular form.

Figure  4. AdheSE: (a) Before thermocycling. Multiple silver

droplets were contained within the adhesive layer. Artifact

ual crack line from vacuum stress was demonstrated right

above the hybrid layer (arrows). (b) The adjacent area aft

er thermocycling. Crack propagated further between the

adhesive and hybrid layer (white arrow). There was no

change in silver accumulation patterns.

Figure 5. Clearfil SE Bond: (a) Before thermocycling. Silver

mostly presented in the thin hybrid layer. (b) The area

next to (a) after thermocycling. Bonding interface kept

integrated with the silver penetrated hybrid layer in the

same manner.

Table 2. Relative mean silver contents within four types of dentin adhesives before and after thermocycling under

consideration of multiple measurements of the specimen

Adhesive type Optibond FL Adhe SE Clearfil SE Xeno III p - value

(OP) (AD) (CL) (XE)

Adhesive layer

Before thermocyling 1708(1065)a 3027(1444)b 2262(1007)c 4560(1420)d <0.0001

After thermocycling� 1621(1305)a 2396(831)b 2214(815)b 4819(1233)c <0.0001

p-value 0.6449 0.094 0.7693 0.4562

Hybrid layer

Before thermocycling 4194(1327)a 4237(1413)a 3699(1442)b 4643(1060)a 0.0039

After thermocycling� 3785(1297)a 3201(1467)a 3575(1001)a 4496(899)b 0.0014

p-value 0.2596 0.0367 0.6747 0.4599

# Means and standard deviations in parentheses. Different letters in the same row mean statistically significant differ-

ences at significance level 0.05. 
� Silver contents after thermocycling were compared under adjustment for silver contents before thermocyling.



Ⅳ. DISCUSSION

Microscopic evaluation of the leakage often accom-

panies a destructive methodology. In most degrada-

tion tests, teeth are randomly assigned to various

experimental groups and exclusively subjected to a

corresponding test. To overcome the individual tooth

difference and the regional variance within a dentin

substrate, a large number of specimens are needed to

gain statistical relevance17). In this study, to assess

the individual tooth difference, the magnitude of cor-

relation among multiple measures of silver contents

from a specimen was obtained by the intraclass cor-

relation (ICC), represented as, ICC = σ2
b/(σ2

b + σ2
b),

in which σ2
b and σ2

e denoted between-specimen vari-

ance and within-specimen variance, respectively (in

the adhesive layer, immediate bonding = 0.29, ther-

mocycled = 0.25; in the hybrid layer, immediate

bonding = 0.37, thermocycled = 0.23). This is simi-

lar to Eckert et al.’s result obtained from a microten-

sile bond strength test, in which the overall correla-

tion between beams was 0.2717). Considering the

expected correlation within the specimen, this study

attempted to perform a paired test by using two

adjacent sections that originated from the same

tooth. Each section belonged to a separate experi-

mental group and had a mirror image resembling the

surface to be observed with SEM. Both surfaces were

compared to determine the change occurred through

the aging process simulated by thermocycling. Not

only were silver penetration patterns obtained, but

also silver contents were quantitatively measured

and statistically analyzed. In this light, this study

differed from previous studies, which usually com-

pared the area where dye was infiltrated11,18). Five

scan lines were drawn in a standardized way to rep-

resent the interface between composite resin and

dentin. Micrographs were taken for comparison at

the same location in specimens of both stages

(Figures 3 - 6).

Before thermocycling OP, a three-step etch and

rinse system showed the least silver uptake in the

adhesive layer. Its separate bottle of adhesive is com-

prised of hydrophobic monomers, which makes it less

prone to water penetration19). And OP was loaded

with a relatively larger amount of fillers, considering

that more silica was detected in the adhesive layer,

compared with other systems (Figure 2a). In AD and

CL, two-step self-etch adhesive systems, the

hydrophobic adhesive was also applied onto the self-

etched dentin. However, the silver contents of both

systems were significantly different from each other

(Table 2) and also demonstrated dissimilar charac-

teristics of penetration in the micrographs (Figures

4a and 5a). This may be due to the different func-

tional monomers contained in their respective sys-

tems. Bisphenol-A-glycidyl methacrylate (Bis-GMA)

in CL, which serves as a cross-linking backbone in

the polymer structure, is less soluble compared to

other forms of dimethacrylate20). Another ingredient,

10-methacryloyloxydecyl dihydrogen phosphate (10-

MDP) is known to intimately interact with calcium

salts from hydroxyapatite crystals21,22). This may be

correlated to the well- retained, intact interface, even

under the high vacuum of SEM (Figures 5a and 5b)

and the lower silver content within the hybrid layer

(Table 2). One-step self- etch, XE , which demon-

strated the most silver uptake, showed a very dense

accumulation of silver overall in the interface, such

that the adhesive and the hybrid layer were hardly

demarcated (Figure 6a). This may have been caused

by the hydrophilic nature of the all-in-one system

that was comprised of mixture of acidic monomers

with an aqueous solvent (Table 1). Therefore, our

first hypothesis was accepted.

The hybrid layer was distinguished by a high peak

of silver (Figures 2a and 2b), consistent with the

quantitative assessment of this study (Table 2). This

area was governed by the hydrated dentin substrate

and also served as a water reservoir below the

hydrophobic barrier. It has often brought into a ques-

tion where the weakest link would be in the interface

joining the composite resin, artificial restorative

material and the dentin, biological tissue. Commonly,

the most susceptible position is regarded as the area

right above the hybrid layer, which is saturated with

more water than the next layer. Our study showed

that the water-bearing area contributed to artifactual

failure under the dehydration stress (Figures 4a and

4b). In other aspects, the fracture topography in pre-

vious studies often demonstrated the mixed fracture

mode, implying that stress concentration happened
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from the intra-structural defects within the adhesive

layer7,23). Also, in a longitudinal section a cohesive

fracture mode within the adhesive layer was well

presented by SEM when hydrophilic adhesives were

used13). Furthermore, incompatibility between chemi-

cally-cured composite resins and simplified-step

adhesives was reported to occur, because their bond-

ing failure above the adhesive layer was partially due

to the water movement across the permeable adhe-

sive during a slow polymerization period24,25).

Therefore, any water-bearing spots or pores in a

resinous structure seemed to create flaws in the

bonding integrity. This study used a light-cured com-

posite resin which provided the hydrophobic barrier

immediately after light activation. However, SEM

pictures demonstrated water droplets which were

continuously transformed across the polymerized

adhesive layer (Figures 4a and 6a). 

The effect from the artificial aging process by ther-

mocycling was supposed to threaten the hydrolytic

stability of the polymer network and to extract poorly

polymerized resin oligomers7). This study applied

10,000 cycles, which was suggested for one service

year26). For a paired test, a sectioned specimen was

directly exposed to the changing environment.

Water-induced polymer degradation within the inter-

face was readily expected; however, the SEM was

unable to determine any significant changes in a

counterpart specimen after thermocycling (Figures

3b, 3c, 4b, 5b, and 6c). Consistent with these find-

ings, there was also no significant increase in silver

uptake. Only XE showed a slight increase of silver in

the adhesive layer, while other cases rather present-

ed a small decrease (Table 2). In the hybrid layer of

AD, there was a significant decrease in silver uptake.

Some amount of silver loss might be expected from

the artifactual fracture during the SEM test. So, our

second hypothesis was not accepted. 

There are several other assumptions behind our

results. It may be that tracer penetration assured by

microscope is not directly linked to gap dimensions,

particularly in water swollen materials26,27). Another

contributing factor can be the alkaline nature of sil-

ver nitrate. The hydroxyl ions exerted from ammoni-

acal silver nitrate could accelerate the hydrolysis of

the polymer structure, mimicking an aged degrada-

tion28). Hence, some area occupied by silver was

assumed to be in the voids produced by the dissolved

matrix, filler particles, and the interfacial-coupling

agent29). This space might be already created in an

initial bonding stage, and correspond to the vulnera-

ble position to a future aging phenomenon. In this

case, thermocycling does not further damage to an

already defective interface29,30). Future study needs to

be designed for the alkaline effect of trace material

excluded. In this study, water permeable region con-

firmed by a microscopic tool indicated hydrolysis sus-

ceptible area. Increased permeability within the

bonding interface may compromise the structural

integrity and this might be negatively related to the

clinical longevity.

Ⅴ. Conclusion

Four commercial dentin adhesive systems manifest-

ed different silver uptake in the adhesive and hybrid

layer with characteristic patterns of infiltration.

Their different compositions seemed to provide varied

permeability in a hydrous environment. Thermo

cycling did not increase the silver penetration of the

bonded interfaces. 
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열순환 후 상아질 접착 계면의 수분 투과성 변화에 대한 정량적 분석

장주혜1∙이기욱2∙김혜영3∙이인복1∙조병훈1∙손호현1*

1서울대학교 치의학대학원 치과보존학교실, 2한국기초연구과학지원연구원
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본 연구는 현재 시판 되고 있는 여러 개의 상아질 접착제를 임상 술식에서와 같은 방법으로 사용한 다음 열순환 후 접

착계면의 변화를 관찰 비교하고자 했다. 

발거 한 지 한 달 이내인 대구치 28개의 교합 면 상아질 표면에 4종의 상아질 접착제 (OptiBond FL [OP], AdheSE

[AD], Clearfil SE Bond [CL], Xeno III [XE] 중 하나를 적용한 뒤 복합 레진 (Premisa, Kerr) 을 1 mm 두께로 올

린 후 광중합 하였다. 4�C 증류수에서 6일간 보관한 뒤, 치아의 정중선으로부터 수직으로 절단 하여 그 중 절반의 치아

에서 2 mm 두께의 시편을 얻은 다음 남은 반쪽의 치아는 10,000회의 열순환을 가한 뒤 (5�- 55�, 침지 시간 25초, 대

기 시간 5초) 같은 방법으로 2 mm 두께의 시편을 얻었다.  연마한 시편을 24시간 동안 50% ammoniacal silver

nitrate solution에 담근 다음 photo-developing solution에서 8시간 동안 환원시켰다. 계면을 가로지르는 5개의 line

상에서 wavelength dispersive spectrometry (WDS) detector를 이용하여 주사선상에 있는 원소들의 중량비를 계산

하였다. 또한 열순환 전과 후의 시편에서 얻어진 5개의 silver 측정치를 서로 비교하였다.

열순환 전의 접착제층(adhesive layer)에서는 OP 에서 가장 적은 silver의 투과가 관찰되었으며 (p < 0.0001), CL,

AD, XE 순으로 투과 량이 증가함을 보였다. 혼성층 (Hybrid layer) 에서는 CL의 투과량이 가장 적었다 (p =

0.0039). 열순환 후에 접착제층과 혼성층에서 silver의 투과량은 증가하지는 않았다. Scanning electron microscopy

(SEM) 사진을 통하여 각 시편의 접착 계면에서 접착제에 따른 특이적인 silver의 투과상을 관찰할 수 있었다. 전반적

으로 OP 와 CL의 접착계면이 열순환 과정 중에도 온전히 유지됨을 볼 수 있었다.

접착 계면에서의 수분 투과 양상은 각 접착제에 따라 다른 형태를 보였으며 열 순환에 의해 유의할 만한 변화를 야기

하지는 않았다. 

주요단어 : 상아질, 접착제, SEM, WDS, 열순환 처리, 수분 투과성
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