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Objectives: Aging alters composite resin properties such as roughness, color stability and microhardness, while polishing 
systems determine clinical performance. This in vitro study evaluated the effects of artificial aging produced by 
thermocycling and coffee immersion on the surface properties of five composite resins polished with four systems. 
Materials and Methods: Two hundred disc-shaped specimens were assigned to twenty groups (n = 10) according to 
composite type and polishing system, with 80 additional specimens allocated to surface-topography analysis (40 SEM, 40 
AFM). The materials were Filtek Ultimate Universal, Palfique Estelite Paste, Clearfil Majesty ES-2, G-ænial Universal 
Injectable and Tetric PowerFill; the polishing systems were OneGloss, Zenit Flex, Clearfil TwistDia and Nova Twist. Surface 
roughness (Ra), color (CIE Lab*) and Vickers microhardness (HV) were measured at control, post-polishing and post-aging 
stages. Aging consisted of 12-day coffee immersion followed by 10,000 thermal cycles between 5 °C and 55 °C. Data were 
analyzed by two-way ANOVA, Bonferroni-adjusted post-hoc tests and paired-samples t-tests (p < 0.05). 
Results: Aging significantly increased Ra and color change (ΔE) and reduced microhardness across all groups (p < 0.05). 
OneGloss produced the highest Ra values, whereas multi-step systems achieved superior surface quality (p < 0.05). Clearfil 
Majesty ES-2 showed the highest roughness at all stages (p < 0.05). After aging, all combinations exceeded the clinically 
acceptable color-change threshold of ΔE = 3.3, with the most pronounced change in Filtek Ultimate Universal. Zenit Flex 
improved post-polishing microhardness in Palfique Estelite Paste and Filtek Ultimate Universal, and Clearfil TwistDia 
produced the lowest Ra for Clearfil Majesty ES-2 (p < 0.05). 
Conclusions: Thermocycling and coffee immersion negatively affected all composites. Multi-step systems showed better 
long-term surface performance than the one-step system, and the optimal system was composite-specific. 
Keywords: Artificial aging, color stability, composite resins, dental polishing systems, vickers microhardness 

 

Termal Döngü ve Kahve ile Yaşlandırılan Kompozit Rezinlerde Cilalama Sistemlerinin 
Etkisi 
 

Araştırma Makalesi ÖZ 
Amaç: Yaşlandırma; kompozit rezinlerin pürüzlülük, renk stabilitesi ve mikrosertlik gibi özelliklerini değiştirirken, polisaj 
sistemleri klinik performansı belirler. Bu in vitro çalışma, termal döngü ve kahve içinde bekletme ile oluşturulan yapay 
yaşlandırmanın, dört sistemle polisajlanan beş kompozit rezinin yüzey özellikleri üzerindeki etkilerini değerlendirmiştir. 
Gereç ve Yöntemler: Disk şeklinde iki yüz örnek, kompozit tipi ve polisaj sistemine göre yirmi gruba (n = 10) ayrılmış; yüzey 
topografisi analizleri için 80 ek örnek (40 SEM, 40 AFM) ayrılmıştır. Test edilen materyaller Filtek Ultimate Universal, Palfique 
Estelite Paste, Clearfil Majesty ES-2, G-ænial Universal Injectable ve Tetric PowerFill; polisaj sistemleri ise OneGloss, Zenit 
Flex, Clearfil TwistDia ve Nova Twist idi. Yüzey pürüzlülüğü (Ra), renk (CIE Lab*) ve Vickers mikrosertlik (HV) değerleri kontrol, 
polisaj sonrası ve yaşlandırma sonrası aşamalarda ölçülmüştür. Yaşlandırma, 12 günlük kahve içinde bekletmenin ardından 
5 °C ile 55 °C arasında 10.000 termal döngüden oluşmuştur. Veriler iki yönlü ANOVA, Bonferroni düzeltmeli post-hoc testler 
ve eşleştirilmiş örneklem t-testleri ile analiz edilmiştir (p < 0,05). 
Bulgular: Yaşlandırma, tüm gruplarda Ra ve renk değişimini (ΔE) anlamlı şekilde artırmış, mikrosertliği azaltmıştır (p < 0,05). 
OneGloss en yüksek Ra değerlerini verirken, çok aşamalı sistemler daha üstün yüzey kalitesi sağlamıştır (p < 0,05). Clearfil 
Majesty ES-2 tüm aşamalarda en yüksek pürüzlülüğü göstermiştir (p < 0,05). Yaşlandırma sonrası tüm kombinasyonlar, klinik 
olarak kabul edilebilir renk değişimi eşiği olan ΔE = 3,3 değerini aşmış; en belirgin değişim Filtek Ultimate Universal'da 
gözlenmiştir. Zenit Flex, Palfique Estelite Paste ve Filtek Ultimate Universal'da polisaj sonrası mikrosertliği artırmış; Clearfil 
TwistDia ise Clearfil Majesty ES-2 için en düşük Ra değerlerini vermiştir (p < 0,05). 
Sonuçlar: Termal döngü ve kahve içinde bekletme tüm kompozitleri olumsuz etkilemiştir. Çok aşamalı sistemler, tek aşamalı 
sisteme kıyasla daha iyi uzun dönem yüzey performansı göstermiş ve optimal sistem kompozite özgü olmuştur. 
Anahtar Kelimeler: Dental polisaj sistemleri, kompozit rezinler, renk stabilitesi, vickers mikrosertlik, yapay yaşlandırma 
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Introduction 

In direct composite resin restorations, finishing and 
polishing procedures are pivotal for achieving smooth 
surfaces. Surface smoothness reduces plaque retention, 

gingival irritation, secondary caries and discoloration, and is 
therefore a major determinant of restoration longevity.¹ 
The effectiveness of polishing systems varies according to 
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abrasive characteristics, particle shape and size, the relative 
hardness of the abrasive and the substrate, and the speed 
and pressure applied during instrumentation.² The size, 
quantity and distribution of filler particles within the 
organic matrix further influence the polishability of the 
composite.² Beyond surface-related outcomes, laboratory 
assessments also report mechanical performance 
indicators such as bond strength.³ 

Color stability of composite resins is governed by both 
internal factors — the chemical composition of the matrix 
and fillers — and external factors such as plaque 
accumulation, surface roughness and the type of staining 
beverage.⁴ In addition, restorative materials must 
withstand the mechanical loads of the oral environment, 
which requires adequate surface hardness. An increase in 
inorganic filler content is generally associated with higher 
hardness values through a multifactorial interaction 
between the matrix and filler particles. Materials with 
lower surface hardness are more susceptible to scratching 
and to subsequent crack initiation at the resin–filler 
interface as a result of liquid sorption.5 

Restorations in the oral cavity experience cyclic 
temperature fluctuations during respiration, eating and 
drinking. These conditions can be reproduced in vitro by 
means of thermocycling, which is the standardized aging 
protocol used to simulate the long-term thermal and 
hydrolytic stresses experienced by restorative materials.6 
Repeated thermal cycling produces expansion–contraction 
mismatches between the resin matrix and filler particles, 
leading to interfacial stress, microcrack formation and 
progressive deterioration of mechanical and surface 
properties.¹¹ Concurrent exposure to staining beverages 
such as coffee adds a chemical component to this aging 
process by promoting chromogen sorption and matrix 
degradation. The combined evaluation of surface 
roughness, color stability and microhardness following such 
a thermocycling-and-staining aging protocol therefore 
provides clinically relevant information for the rational 
selection of composite resins and polishing systems. 

The hypothesis tested in the present study was that the 
effects of artificial aging — produced by the combined 
application of coffee immersion and thermocycling — on 
the surface roughness, color change and microhardness of 
different composite resins would differ depending on the 
polishing system used. 

Material and Methods 

This study was conducted as an in vitro laboratory 
investigation using commercially available dental materials, 
without the involvement of human or animal subjects. 
Although such non-interventional in vitro studies are not 
formally subject to ethics committee review, institutional 
approval was obtained as a procedural requirement of the 
host institution and to comply with the regulations 
governing studies funded by the Selçuk University Scientific 
Research Projects unit. The study was reviewed by the 
Selçuk University Non-Interventional Clinical Research 
Evaluation Commission (meeting number 2021/17) and 

confirmed to comply with the principles of the Non-
Interventional Clinical Research Evaluation Guidelines. 
The study followed a 5 × 4 factorial design with two 
between-subjects factors: composite resin type (five levels: 
Filtek Ultimate Universal — FUU; Palfique Estelite Paste — 
PEP; Clearfil Majesty ES-2 — CME; G-ænial Universal 
Injectable — GUI; Tetric PowerFill — TPF) and polishing 
system (four levels: OneGloss — OG; Zenit Flex — ZF; 
Clearfil TwistDia — CTD; Nova Twist — NT). The 
combination of these factors yielded 20 composite resin–
polishing system combinations. Fourteen specimens were 
prepared for each combination (total N = 280): 10 
specimens were used for repeated quantitative 
measurements of surface roughness, color and Vickers 
microhardness, two specimens were allocated to SEM, and 
two specimens were allocated to AFM. Thus, the 
quantitative component included 200 specimens (n = 10 
per combination), whereas 80 additional specimens were 
used for qualitative surface-topography analyses. Aging 
was applied as a within-subjects condition to the 
quantitative specimens, which were measured at three 
sequential stages — control (C, immediately after Mylar-
strip polymerization), post-polishing (P) and post-aging (A) 
— so that each specimen served as its own reference across 
stages. The composite resins and polishing systems used in 
the study are summarized in Table 1. 

Specimen Preparation 
Disc-shaped specimens (8.5 mm in diameter, 2 mm in 

thickness) were fabricated from each composite resin using 
Teflon molds. To obtain standardized and smooth baseline 
surfaces, transparent Mylar polyester strips were placed 
between the composite material and glass plates during 
specimen preparation. Polymerization was performed 
using a light-emitting diode (LED) curing unit (Valo, 
Ultradent, South Jordan, UT, USA) for 20 seconds in 
accordance with the manufacturers' instructions. After 
polymerization, all specimens were stored in distilled water 
at 37 °C for 24 hours to ensure complete polymerization 
and stabilization. 

Surface Standardization and Polishing 
Following baseline storage, all specimen surfaces were 

standardized by wet grinding with 1200-grit silicon-carbide 
abrasive papers under continuous water cooling for 15 
seconds, in order to simulate the clinical finishing 
procedure preceding polishing. Polishing was then 
performed with a low-speed rotary handpiece operating at 
20,000 rpm under light intermittent pressure, using each 
polishing system according to the manufacturers' 
recommendations. For all multi-step systems, the polishing 
sequence was performed from coarse to fine grit, with each 
disc applied for 15 seconds with intermittent pressure 
followed by a 5-second water rinse before the next finer 
disc was applied. The single-step OG system was applied for 
15 seconds in the same manner. Polishing of all specimens 
was performed by a single calibrated operator, and a new 
polishing disc was used for each specimen to standardize 
abrasive efficiency. After polishing, the post-polishing (P) 
measurements of surface roughness (Ra, µm), color 
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parameters (CIE L*a*b*) and Vickers microhardness (HV) 
were recorded as described below. The corresponding 
measurements obtained from the Mylar-strip surface 

before any polishing intervention were defined as the 
control (C) condition. 

Table 1. Composite resin and polishing systems used in the study
Composite Type- Name 

/Manufacturer 
Organic Matrix Filler Size Fillers 

Nanofilled 
Filtek Ultimate Universal (Enamel) 
3M ESPE, Germany 

Bis-GMA, UDMA,TEGDMA, Bis-EMA, 
PEGDMA 

20 nm silica particles, 
74-11 nm zirconia , 
0.6–20 µm cluster 

particles 

Silica, zirconium oxide, 72.5% by weight 

Nanohybrid 
Clearfil Majesty  ES-2 
Kuraray Noritake Dental Inc., 
Okuyama, Japan 

Bis-GMA, Hydrophobic aromatic 
dimethacrylate 

0.37–1.5 µm Silanated barium glass, pre-polymerized 
organic fillers, 78% by weight 

Microfilled 
Palfique Estelite Paste 
Tokuyama Dental Co., Tokyo, 
Japan 

Bis-GMA, TEGDMA 0.2 µm Silica, zirconia spherical particles, 82% by 
weight 

Universal Fluid 
G-ænial Universal İnjectable 
GC Corporation, Tokyo, Japan 

Methacrylate monomer 150 nm Silica, barium glass, 69% by weight 

Bulk Fill 
Tetric PowerFill 
Ivoclar Vivadent, Schaan, 
Liechtenstein 

Bis-GMA, Bis-EMA, UDMA, PBPA, 
DCP 

40 nm- 3  µm Barium glass, ytterbium trifluoride, isophiles, 
79–80% by weight 

Polishing System and Manufacturer Contents 

OneGloss - Disc 
Shofu Inc., Kyoto, Japan 

Synthetic rubber (Polyvinyl siloxane), Aluminum oxide, Silicon oxide 

Clearfil Twist Dia - Disc 
Kuraray, Tokyo, Japan 

Diamond particles 

Nova Twist - Disc 
President Dental, Germany 

Diamond particles 

Zenit Flex Pop On Set - Disc 
President Dental, Germany 

Aluminum oxide 

Artificial Aging Protocol 
Artificial aging was applied as a single composite 

protocol consisting of two consecutive procedures 
designed to reproduce the chemical and thermal 
challenges of the oral environment. First, a coffee solution 
was prepared by dissolving 3.6 g of commercial instant 
coffee (Nescafé Classic, Bursa, Turkey) in 200 mL of boiled 
distilled water and allowed to cool to room temperature. 
The polished specimens were vertically immersed in this 
solution for 12 days, a duration corresponding to 
approximately one year of clinical exposure as previously 
reported in the literature6. The coffee solution was 
renewed every 24 hours to maintain a stable chromogen 
concentration. Following the staining procedure, all 
specimens were subjected to thermocycling for 10,000 
cycles between 5 °C and 55 °C, with a 30-second dwell 
time and a 5-second transfer time per cycle, a protocol 
that has been widely used to simulate approximately one 
year of clinical service¹³. The combination of coffee 
immersion and thermocycling was selected because it 
reproduces both the hydrolytic–chromogenic challenge 
and the cyclic thermal stress experienced by direct 
composite restorations in vivo, thereby providing a 
clinically relevant aging model. Post-aging (A) 
measurements were performed immediately after 
completion of the thermocycling protocol. 

 

Surface Roughness, Color and Microhardness 
Measurements 

Surface roughness (Ra, µm) was measured with a 
contact profilometer using a 0.25-mm cut-off and a 1.25-
mm tracing length; three measurements were taken per 
specimen at different orientations and the mean value was 
recorded. Color parameters (L*, a*, b*) were measured 
against a standard white background with a digital 
spectrophotometer, and color change (ΔE) between 
consecutive stages (C–P, P–A and C–A) was calculated using 
the conventional CIE Lab formula. The conventional CIE 
Lab* ΔE formula was selected because it is widely used in 
dental composite color-stability studies and allows direct 
comparison with previous literature. Although the 
CIEDE2000 formula (ΔE00) has been reported to provide a 
closer correlation with visual color perception, ΔE00 values 
were not calculated in the present study because the 
original analysis plan and comparative framework were 
based on the conventional CIE Lab* ΔE system. 
Microhardness was determined using a Vickers hardness 
tester (Hardway Micro-Vickers) with a 100-g load and a 15-
second dwell time; three indentations were placed on each 
specimen and averaged. 

Surface Topography (SEM and AFM) 
Surface topography was evaluated qualitatively by 

scanning electron microscopy (SEM; Evo LS10, Zeiss, Germany) 
at ×5000 magnification and by atomic force microscopy (AFM; 
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NTEGRA Solaris, NT-MDT, Russia) using a 50 nm scan size. For 
each composite resin–polishing system combination, two 
specimens were allocated to SEM and two to AFM. For each 
imaging method, one specimen was evaluated after polishing 
and the other after aging. These 80 imaging specimens were 
separate from the 200 specimens used for quantitative 
measurements and were not included in the statistical 
analyses. SEM and AFM findings were interpreted as 
supportive qualitative evidence of surface morphology rather 
than as independent quantitative outcomes. 

Statistical Analysis 
Statistical analyses were performed using IBM SPSS 

Statistics version 26.0 (IBM Corp., Armonk, NY, USA). The 
normality of data distribution was assessed with the 
Kolmogorov–Smirnov test, and Levene's test was used to 
verify the homogeneity of variances. For each outcome 
variable (Ra, ΔE, HV) at a given stage, a two-way analysis of 
variance (ANOVA) was performed with composite resin type 
and polishing system as the two between-subjects factors; 
both main effects and the composite × polishing interaction 
were evaluated. Pairwise between-group comparisons were 
performed using Bonferroni-adjusted post-hoc tests. Within-
group changes across stages (C → P, P → A and C → A) were 
analyzed using paired-samples t-tests. A post-hoc power 
analysis was performed using G*Power version 3.1.9.7 
(Heinrich Heine University, Düsseldorf, Germany). Based on 
the 200 specimens included in the quantitative analyses, an α 
level of 0.05 and a medium effect size (f = 0.25), the achieved 
power was 80.9% for the composite-resin main effect (df = 4) 
and 84.8% for the polishing-system main effect (df = 3). 
Therefore, the quantitative sample provided at least 80% 
power to detect medium-sized main effects. The level of 
statistical significance was set at p < 0.05. 

Results 

Surface Roughness  
In this study, the effects of different polishing systems and 

coffee staining, combined with thermal cycling on the 
roughness values of various composite resin types, were 
investigated. The results of a two-way ANOVA statistical 
analysis revealed a statistically significant influence of polishing 
systems on the roughness differences of composite resin types 
(p < 0.05).  

Among the five different composite resin samples, 
statistically significant lower roughness values were observed 
in GUI composite resin samples, while statistically significant 
higher roughness values were found in Clearfil Majesty ES-2 
(CME) composite samples. In the control group obtained with 
the Mylar control strip, the CME composite group exhibited 
significantly higher roughness values (p < 0.05), while no 
statistically significant differences were detected among other 
resin groups (p > 0.05) (Table 2).  

Post hoc comparisons of surface roughness for each 
composite resin, based on four different polishing systems, 
revealed that the OneGloss (OG) polishing system yielded 
higher roughness values in the Filtek Ultimate Universal (FUU), 
Palfique Estelite Paste (PEP), CME and GUI composite groups 
compared to other systems (p < 0.05) (Table 2). The Tetric 
PowerFill (TPF) composite group exhibited increased 

roughness across all polishing systems compared to the 
control group; however, no significant differences were 
observed between polishing systems (Table 2).  

Following the use of OG, Zenit Flex (ZF), and Nova Twist 
(NT) polishing systems on composite resin groups, the CME 
composite group demonstrated the highest mean roughness 
value, while the GUI composite group exhibited the lowest. 
When considering polishing systems, CME composite resin 
samples polished with the Clearfil TwistDia (CTD) polishing 
system displayed lower roughness values than other groups; in 
contrast, TPF composite resin samples polished with the OG 
polishing system exhibited higher roughness values than other 
groups. Except for the CTD group, the other polishing systems 
showed statistically significantly higher roughness values for 
CME samples (p < 0.05) (Table 2).  

Across all polishing systems (OG, ZF, CTD and NT) and 
composite resin types (FUU, PEP, CME, GUI and TPF), 
significant differences were found in Control (C) – after 
polishing (P), P- after aging (A), and C-A roughness change 
measurements (p < 0.05). Post hoc roughness values A were 
statistically significantly higher than C and P roughness values; 
P roughness values were also statistically significantly higher 
than C roughness values (p < 0.05) (Table 2). Upon analyzing 
the roughness value changes of FUU, CME and TPF composite 
samples, it was observed that OG-polished samples exhibited 
greater changes between C-P and C-A. GUI samples displayed 
similar results only in the C-P comparison, while no significant 
change was noted in PEP composite samples. 

SEM and AFM Observations 
Scanning electron microscopy (SEM) examination of the 

flat surface areas of the composite resin samples (at 5000X 
magnification) showed differences between the composite 
resins polished with various finishing and polishing systems. 

The research revealed that composite resins polished with 
OG exhibited surface changes such as cracks and scratches, 
which are attributed to a general increase in surface 
roughness. Among these, only the PEP composite sample 
polished with OG displayed a more homogeneously uniform 
surface. In contrast, the other composite resin groups 
exhibited noticeable scratches and shallow depressions 
(Figure 1). 

Following aging, all composite samples exhibited small 
voids resembling holes. However, in the composite groups 
polished with OG, more pronounced grooves were observed. 
Among the FUU and CME composite resin samples polished 
with OG, irregular fillers were noted. Only the GUI composite 
resin sample polished with OG displayed a homogeneous 
surface (Figure 2). 

Furthermore, it was determined that the CME composite 
resin group polished with OG exhibited higher roughness 
values compared to the other sample groups (Figures 3 and 4). 

SEM and AFM observations supported the quantitative 
profilometric findings. OG-polished specimens generally 
exhibited deeper grooves, scratches and surface irregularities, 
which was consistent with the higher Ra values recorded in 
these groups. After aging, pore-like voids, filler exposure and 
irregular surface depressions became more evident, 
particularly in FUU and CME specimens polished with OG. In 
contrast, GUI specimens showed a comparatively more 
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homogeneous surface morphology, in agreement with the 
lower roughness values measured for this material. AFM 
images provided complementary nanoscale evidence of 
these topographical changes; specimens with higher Ra 
values showed more evident valleys and protrusions, 

whereas smoother groups displayed more regular surface 
profiles. Therefore, SEM and AFM findings were interpreted 
as qualitative support for the quantitative Ra data rather 
than as independent quantitative outcomes. 

 
Table 2. Mean ± standard deviation values of surface roughness (Ra, µm) for the composite resins (n = 10 per composite 
resin–polishing system combination) 

Control (C) After polishing (P) After aging (A) 

Composite resins Ra-µm OG ZF CTD NT OG ZF CTD NT 

FUU 0.25 ± 0.15b 0.46 ± 0.27a1  0.32 ± 0.16 a2 0.32 ± 0.20a2  0.37 ± 0.15a1,2 0.75 ± 0.36a1 0.57 ± 0.32a2  0.50 ± 0.28a2  0.53 ± 0.18a2  

PEP 0.21 ± 0.10b 0.47 ± 0.22a1 0.38 ± 0.13a 1,2 0.32 ± 0.10a2 0.32 ± 0.09a2  0.63 ± 0.46b1 0.56 ± 0.23a1 0.49 ± 0.24a2 0.48 ± 0.16a2 

CME 0.36 ± 0.27c 0.67 ± 0.27c1 0.56 ± 0.31b2  0.44 ± 0.16b2  0.51 ± 0.25b2  1.00 ± 0.54c1  0.78 ± 0.38b2  0.53 ± 0.30a3 0.75 ± 0.40b2  

GUI 0.13 ± 0.05a 0.42 ± 0.08a1  0.28 ± 0.11a2  0.30 ± 0.12a2  0.29 ± 0.14a2  0.53 ± 0.17d1 0.41 ± 0.2c2 0.41 ± 0.15a2 0.42 ± 0.17a2 

TPF 0.19 ± 0.10b 0.52 ± 0.24a1  0.39 ± 0.27a2  0.38 ± 0.16a2 0.40 ± 0.18a2 0.76 ± 0.33a1  0.52 ± 0.23a2  0.48 ± 0.15a2  0.53 ± 0.34a2  

* Different lowercase letters indicate statistically significant differences among groups within the same stage, whereas different superscript numbers 
indicate statistically significant differences among stages within the same group (p < 0.05). 
Note: Quantitative roughness measurements were performed on n = 10 specimens per composite resin–polishing system combination at each 
measurement stage. The SEM and AFM specimens were separate and were not included in the quantitative analyses. 
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Figure 1. Representative SEM images of composite resin specimens after polishing at ×5000 magnification. 
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Figure 2. Representative SEM images of composite resin specimens after artificial aging at ×5000 magnification. 
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Figure 3. 50 nm AFM images after polishing 

 
Table 3. Mean ± SD values of color change measurements between C-P stages 

Composite resins OG 
Mean ± SD 

ZF 
Mean ± SD 

CTD 
Mean ± SD 

NT 
Mean ± SD 

FUU 2.18 ± 1.12a1 1.71 ± 0.67a1 2.11 ± 0.91a1 1.96 ± 0.88 a1 

PEP 2.43 ± 0.77a1 2.44 ± 0.71a1 1.93 ± 0.91a1 1.89 ± 1.11 a1 

CME 2.67 ± 0.86a1 1.67 ± 0.56a1 1.89 ± 0.91 a1 1.75 ± 0.89 a1 

GUI 1.93 ± 1.33a1 1.88 ± 1.11a1 1.63 ± 0.98 a1 0.97 ± 0.42 a1 

TPF 4.28 ± 3.85b1 2.71 ± 0.75a2 2.87 ± 0.69 a2 3.35 ± 0.97 b1 
*Different lowercase letters indicate statistically significant differences among groups within the same stage, whereas different superscript numbers 
indicate statistically significant differences among stages within the same group (p < 0.05). 

 
Table 4. Mean ± SD values of color change measurements between P-A stages 

Composite resins OG 
Mean ± SD 

ZF 
Mean ± SD 

CTD 
Mean ± SD 

NT 
Mean ± SD 

FUU 9.01 ± 1.67a1 3.88 ± 0.96a2 8.18 ± 1.73a1 8.45 ± 1.51a1 

PEP 5.08 ± 1.73b1 5.69 ± 2.16b1 3.72 ± 1.23b2 3.30 ± 1.19b2 

CME 4.07 ± 0.95 b1 3.31 ± 0.79a1 4.75 ± 1.49b1 4.41 ± 1.14b1 

GUI 2.26 ± 1.19c1 2.57 ± 1.04a1 3.23 ± 1.54b1 3.29 ± 1.88b1 

TPF 3.76 ± 0.78b1 3.83 ± 2.06a1 3.72 ± 1.26b1 4.07 ± 1.56b1 

*Different lowercase letters indicate statistically significant differences among groups within the same stage, whereas different superscript numbers 
indicate statistically significant differences among stages within the same group (p < 0.05). 

 
Table 5. Mean ± SD values of color change measurements between C-A stages 

Composite resins OG 
Mean ± SD 

ZF 
Mean ± SD 

CTD 
Mean ± SD 

NT 
Mean ± SD 

FUU 7.97 ± 0.97 a1 2.89 ± 1.87 a2 7.53 ± 1.33 a1 8.54 ± 0.84 a1 

PEP 4.83 ± 0.88b1 6.71 ± 1.24 b2 4.10 ± 0.95 b 1 3.45 ± 0.55 b1 

CME 4.71 ± 0.56 b1 4.24 ± 0.71 a1 4.76 ± 0.57 b1 4.38 ± 0.69 b1 

GUI 3.17 ± 0.85 b1 2.89 ± 0.56 a1 2.96 ± 1.62 b1 2.55 ± 1.02 b1 

TPF 3.87 ± 1.24 b1 3.61 ± 0.99 a1 4.51 ± 0.34 b1 4.55 ± 0.38 b1 
*Different lowercase letters indicate statistically significant differences among groups within the same stage, whereas different superscript numbers 
indicate statistically significant differences among stages within the same group (p < 0.05). 
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Figure 4. 50 nm AFM images after aging 

Color Change  
Color change values differed according to composite 

resin type, polishing system and aging stage. (Tables 3–5) At 
the C–P stage, composite resin groups polished with OG 
and NT generally showed higher color change values than 
the other groups (p < 0.05). However, minimal C–P color 
change was observed in FUU, CME and TPF specimens 
polished with ZF and NT, as well as in PEP and GUI 
specimens polished with NT; these differences were not 
statistically significant (p > 0.05). (Table 3) 

At the P–A stage, statistically significant differences 
were detected among composite–polishing combinations 
(p < 0.05). In FUU and CME, ZF-polished specimens showed 
lower color change than OG-, CTD- and NT-polished 
specimens (p < 0.05). (Table 4) In PEP, OG and ZF resulted 
in significantly greater color change than CTD and NT (p < 
0.05). For GUI, P–A color change increased in the order OG 
< ZF < CTD ≤ NT (p < 0.05), whereas in TPF, NT produced 

significantly higher color change than OG, ZF and CTD (p < 
0.05). 

For C–A color change, FUU exhibited the highest values, 
whereas GUI showed the lowest overall discoloration (p < 
0.05). (Tables 5) In FUU, ZF produced significantly lower C–
A color change than OG, CTD and NT (p < 0.05). No 
statistically significant differences were observed among 
CME, GUI and TPF with respect to C–A color change across 
polishing systems (p > 0.05). Overall, all composite–
polishing combinations exceeded the clinically acceptable 
ΔE threshold of 3.3 after aging. 

Vickers Microhardness 
Microhardness values were significantly affected by 

composite resin type and polishing system (p < 0.05).  
(Table 6) Across polishing systems, FUU generally exhibited 
significantly higher microhardness values than the other 
composite resin groups (p < 0.05). Following polishing, the 
highest microhardness values within the FUU group were 
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observed in specimens polished with ZF, whereas the 
lowest values were recorded in CTD- and NT-polished 
specimens (p < 0.05). 

No statistically significant differences were found 
among PEP, CME, GUI and TPF after polishing with different 
systems (p > 0.05). In the control condition, PEP showed the 
lowest baseline microhardness values but demonstrated a 
significant increase from control to aging across polishing 
systems (p < 0.05). A statistically significant increase in 

microhardness was observed in CME specimens polished 
with CTD (p < 0.05). In contrast, GUI polished with ZF and 
TPF polished with CTD showed statistically significant 
decreases in microhardness (p < 0.05). 

Overall, the microhardness response was material-
dependent rather than uniform across all groups, indicating 
that filler structure, resin matrix composition and polishing 
protocol collectively influenced the mechanical surface 
behavior of the tested composites. 

 
Table 6. Microhardness values of all groups at the control (C), post-polishing (P) and post-aging (A) stages (n = 10 per 
composite resin–polishing system combination) 
Composite resins Control (C) OG-P OG-A ZF-P ZF-A CTD-P CTD-A NT-P NT-A 

FUU 74.96 ± 5.5a 81.16 ± 7.4b 67.58 ± 7.4c 84.97 ± 10b 71.84 ± 9.1a 78.60 ± 5.4b 74.56 ± 6.3a 80.04 ± 7.8b 74.51 ± 6.2a 

PEP 37.32 ± 8.9a 45.25 ± 4.6b 44.67 ± 4.9b 47.76 ± 4.6b 54.65 ± 7.5c 44.20 ± 6.5b 48.34 ± 6.8b 43.02 ± 4.5b 51.16 ± 5.7c 

CME 40.01 ± 6.6a 45.07 ± 5.7b 41.34 ± 5.6a 45.21 ± 5.8b 38.96 ± 6.1a 43.20 ± 7.0a 43.46 ± 6.1a 44.76 ± 6.2a 40.87 ± 5.9a 

GUI 42.72 ± 11.8a 43.89 ± 8.9a 41.79 ± 8.8a 45.27 ± 8.2a 43.50 ± 6.3a 43.82 ± 10.0a 43.76 ± 8.4a 45.45 ± 8.6a 43.16 ± 9.5a 

TPF 48.20 ± 4.9a 52.18 ± 5.0b 53.73 ± 5.5b 54.04 ± 6.9b 54.98 ± 8.5b 52.80 ± 2.8b 53.43 ± 3.7b 52.62 ± 3.7b 55.04 ± 3.0b 

*Different lowercase letters indicate statistically significant differences among groups within the same stage, whereas different superscript numbers 
indicate statistically significant differences among stages within the same group (p < 0.05).

Discussion 

Composite resin restorations' clinical success is directly 
associated with surface roughness; rough surfaces facilitate 
plaque accumulation, secondary caries development, and 
discoloration, thereby shortening the longevity of the 
restoration. In the present study, changes in the surface 
roughness of five different composite resins were 
evaluated after treatment with four polishing systems and 
after artificial aging produced by coffee immersion and 
thermocycling, using quantitative profilometric 
measurements (Ra) and qualitative surface-topography 
analyses (SEM and AFM). The findings demonstrate the 
decisive influence of polishing system selection and the 
structural characteristics of composite resins on long-term 
surface quality. 

It has been consistently reported in the literature that 
surfaces formed under a transparent strip exhibit the 
smoothest surface characteristics.8,9 Our findings are 
consistent with this view, as the lowest roughness values 
were detected in the control groups across all composite 
groups. Following transparent strip application, the 
formation of a resin-rich superficial layer prevents the 
exposure of filler particles, thereby resulting in minimal Ra 
values in profilometric measurements. However, since this 
resin-rich layer is susceptible to mechanical wear and 
hydrolytic degradation under clinical conditions, it should 
not be considered a permanent indicator of surface quality. 

After polishing, immersion in coffee solution, and 
thermocycling, a significant increase in surface roughness 
values was observed in all specimens. Across the control, 
polishing, and aging stages, the lowest roughness values 
were measured in the GUI composite resin, whereas the 
highest values were recorded in CME specimens. The high 
roughness observed in CME is primarily attributed to the 
detachment of pre-polymerized particles within its 
nanohybrid structure from the matrix during finishing and 
polishing procedures, resulting in loss of integrity at the 
filler–matrix interface.10,11 The formation of protrusions 

within the matrix after polishing also emerges as another 
mechanism supporting this outcome.12 

In a study comparing the surface roughness of 
nanohybrid CME, microhybrid Filtek Z250, nanohybrid 
Filtek Z550, and supra-nanofilled Estelite Σ Quick composite 
resins, the lowest Ra values were obtained for Estelite Σ 
Quick, whereas nanohybrid composites exhibited the 
highest roughness in the transparent strip groups.13 Üçtaşlı 
et al. (2004) reported that flowable composites were 
smoother than packable composites before polishing; 
however, no significant differences were found among the 
groups after polishing.14 In another study evaluating bulk-
fill, ormocer, and various nanohybrid/nanofilled 
composites, the ormocer-based material produced high 
roughness values, while the nanofilled composite 
containing zirconium–silica glass particles exhibited the 
lowest roughness values.15 These findings indicate that the 
chemical composition and filler morphology of composite 
resins play a determining role in post-polishing surface 
quality. 

When roughness changes between the control group 
and the post-polishing stage were compared, the OG 
system produced more pronounced changes than the other 
systems in four composite resin groups, except for PEP. 
Throughout all evaluation stages, CME consistently 
exhibited the highest roughness values. This result can be 
comprehensively explained by the presence of large pre-
polymerized particles in the CME structure, protrusions 
formed within the matrix, and the large size of inorganic 
filler particles. 

Although no statistically significant difference was 
detected among the groups in the polishing–aging 
comparison, examination of Ra values after coffee 
exposure and thermocycling revealed a wider roughness 
variation in FUU, CME, and TPF specimens polished with OG 
compared with the other polishing systems. The greater 
variation observed in these three composite resins 
compared with the other two can be directly associated 
with their having the largest particle sizes in the present 
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study. The common presence of the relatively low-hardness 
UDMA monomer in the matrices of FUU and TPF also 
mechanistically supports this finding. Considering the 
decisive influence of the organic matrix on the surface 
roughness of composites,16 monomer content may be 
considered one of the key parameters shaping polishing 
susceptibility. In addition, because silane in silanized 
barium glass particles may lead to hydrolytic instability, 
CME may become more susceptible to hydrolysis in moist 
environments, resulting in detachment of filler particles 
from the matrix and increased surface roughness. It has 
been reported that composite resins containing glass 
particles in their inorganic content exhibit higher porosity 
and, consequently, higher Ra values;17 the high Ra values 
obtained in CME and TPF specimens are fully consistent 
with this mechanism. 

One-step finishing and polishing systems are widely 
preferred in clinical practice because they allow surface 
smoothness to be achieved in a shorter time.18 In the 
present study, OG was the only one-step system used, and 
systematically higher roughness values were obtained in 
composites polished with this system. Although one-step 
systems provide time efficiency, the aluminum oxide and 
silicon oxide particles embedded in the synthetic rubber 
matrix of the polishing disc, namely polyvinyl siloxane, may 
not sufficiently smooth the surface and may create 
differential wear around filler particles. Our findings are 
consistent with previous studies reporting that multi-step 
finishing and polishing systems produce smoother surfaces 
than one-step systems.18,19 Pala et al. (2016), in their study 
polishing microhybrid and nanohybrid composites with OG, 
Enhance, and Sof-Lex systems, demonstrated that 
specimens polished with OG exhibited significantly rougher 
and less glossy surfaces than those polished with Sof-Lex.19 
This systematic pattern indicates that one-step polishing 
systems may have limited indications in clinical practice, 
particularly in esthetically critical areas. 

SEM analysis enables high-resolution evaluation of 
cracks, scratches, and grooves caused by filler particle 
dislodgement from the surface during finishing and 
polishing. In the present study, composite resins polished 
with the OG system exhibited markedly deeper grooves 
compared with the other systems. Pala et al. (2016) 
reported that OG partially disrupted the bonds between 
filler particles on the specimen surface, resulting in deep 
pits and pronounced grooves;19our findings confirm this 
morphological observation. 

After aging, Ra values increased in all groups; this 
increase was particularly evident in FUU, CME, and TPF 
composite resins polished with OG. GUI, which had smaller 
filler particle size, and the nanofilled FUU showed more 
limited roughness changes after aging; this pattern was also 
supported by SEM images. The literature consistently 
reports that composites with smaller filler particle sizes 
show lower increases in roughness after aging compared 
with composites containing larger particles.20-22 In addition, 
beverage exposure and thermal changes act as synergistic 
factors that accelerate resin matrix degradation, filler 
particle loss, and composite wear, thereby increasing 

surface roughness.21,22 This finding is consistent with the 
study by Biçer et al. (2024), which demonstrated that the 
combined effect of 10,000 thermocycles and solution 
exposure caused a significant increase in Ra values in 
conventional composites, particularly Filtek Ultimate 
Universal; in that study, the degree of degradation was 
directly associated with filler particle size.23 Similarly, 
Elmarsafy et al. (2023) showed that thermal aging with 
10,000 cycles increased Ra values in all composite types and 
that nanohybrid composites were more prone to surface 
deterioration;24 this finding is consistent with the high 
roughness values observed for Clearfil Majesty ES-2 in the 
present study. 

The larger size of filler particles exposed on the surface 
after coffee solution exposure and thermocycling directly 
contributes to increased measured Ra values.23 CME 
represents the most prominent example of this pattern 
because it contains large filler particles with a broad size 
distribution. Literature findings indicating that larger filler 
particle size is associated with rougher surfaces20-22 are also 
consistent with the TPF and FUU results of the present 
study. Shimokawa et al. (2019) predicted that CME, which 
had the lowest volumetric filler content, would exhibit 
rougher surfaces,15 and this prediction was confirmed in the 
present study. 

The highest Ra value was observed in CME specimens 
polished with the OG system. Quantitative Ra 
measurements were consistent with qualitative SEM and 
AFM findings; pronounced groove structures in OG 
specimens were confirmed by all three methods. When 
AFM images before and after thermocycling were 
compared, grooves, valleys, and prominent sharp 
protrusions were observed on the surface morphology as a 
result of the destructive effect of aging. Pala et al. (2016) 
similarly reported pronounced groove structures on 
composite surfaces polished with OG.19 The qualitative SEM 
and AFM observations were directly aligned with the 
quantitative profilometric measurements. The deepest 
grooves and most pronounced filler-matrix discontinuities 
visible in CME specimens polished with OG corresponded 
to the highest Ra value recorded in the entire study, 
whereas the comparatively homogeneous surfaces 
observed in GUI specimens matched the lowest 
profilometric Ra values. Likewise, the post-aging SEM 
images showing isolated voids and irregular filler exposure 
in FUU, CME and TPF groups polished with OG were 
consistent with the marked C–A Ra increases measured in 
these groups, supporting the interpretation that single-step 
polishing leaves filler-matrix interface defects that are 
amplified by thermocycling and coffee exposure. AFM 
images obtained after aging revealed nanometric grooves 
and protrusions that paralleled the profilometric trend, 
with the most disrupted nano-topography again observed 
in the CME-OG combination — the same group exhibiting 
the highest measured Ra value. The combined use of three 
different characterization methods, namely profilometry, 
SEM, and AFM, emphasizes the critical importance of 
evaluating composite resin surfaces not only through a 
single parameter but also in conjunction with their micro- 
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and nanoscale topographic characteristics. This multi-
method approach provides a more reliable reference 
framework for material selection decisions and clinical 
applications. 

Color stability is a decisive parameter of esthetic clinical 
success, governed by pigment absorption, resin matrix 
degradation, and changes in surface topography. The CIE 
Lab* system was used because of its reproducibility, 
measurement consistency, and high sensitivity in detecting 
small color differences.25,26 Although no consensus exists 
regarding a clinically acceptable ΔE threshold, the value of 
3.3 was adopted as one of the most widely accepted 
thresholds in terms of clinical applicability.25 

The color stability of composite resins is influenced by 
micrometer-sized voids and cracks between components,25 
increased surface roughness, and the interaction between 
the composite and the polishing system, with ΔL* and Δb* 
changes reported in dimethacrylate-based composites.26 
Following coffee exposure and thermocycling, all 
composites exhibited a general decrease in ΔL and a 
marked increase in Δb, reflecting adsorption of yellow–
brown chromogens onto the surface and their diffusion into 
the resin matrix — consistent with the biochemical 
mechanism of coffee-induced discoloration. 

Thermocycling of water-immersed specimens 
accelerates oxidation, hydrolysis, and chemical degradation 
in the resin matrix and coupling agents, reducing color 
resistance. Coffee is notable among hot beverages for its 
high staining potential,27 and soluble coffee was selected 
for its staining capacity and clinical relevance; discoloration 
was evaluated through both superficial adhesion and 
absorption-related internal mechanisms.28 Coffee causes 
more pronounced discoloration than tea or cola owing to 
the retention capacity of its coloring components.29,30 
Significant color change has been documented on the 
seventh day following 3000 thermocycles and coffee 
exposure31, and bis-acryl specimens exposed to coffee, 
wine, and tea after thermocycling showed the most 
pronounced changes in the wine and coffee groups.32 

The highest color differences after polishing-aging were 
observed in PEP microhybrid specimens polished with OG 
and ZF, suggesting aluminum oxide-based systems (CTD, 
NT) induce less color alteration in PEP than diamond 
abrasive-based systems. For FUU, color changes were 
comparable between control-aging and polishing-aging 
conditions, but ZF produced the greatest change — 
indicating a material-dependent, composite-specific 
influence of polishing-induced roughness on discoloration, 
consistent with the elevated Ra values observed in PEP. 
Previous comparisons of Filtek Z350, microhybrid, and 
microfilled composites attributed the pronounced 
discoloration of Filtek Z350 to its clustered filler structure 
and porous surface.⁴ 

FUU and PEP share Bis-GMA and TEGDMA, and the 
hydrophilicity of these monomers is a principal factor in 
reduced color stability,33,34 since their water absorption 
facilitates chromogen diffusion into the matrix. Ren et al. 
reported that FUU was more prone to yellowing than 
Renamel and TPH,35 and nanofilled Filtek Ultimate showed 

the most pronounced color change among four bulk-fill and 
three nano-composites after 3000 thermocycles. 
Aluminum oxide-based systems can preserve surface 
texture through a more uniform matrix–filler wear profile.9 
The marked color change in FUU is therefore primarily 
attributable to chromogen absorption associated with 
surface roughness, with high translucency and enamel-
specific shade as additional contributors.33 This is 
mechanistically consistent with Biçer et al.23 who linked 
clinically unacceptable discoloration of Filtek Ultimate 
Universal after thermocycling and coffee immersion to 
polishing-induced roughness, and with Aktu and Ulusoy,36 
who showed clinically perceptible ΔE₀₀ changes depending 
on polishing system in coffee-stored composites. 

Surface roughness from chemical degradation or wear 
is a principal structural determinant of discoloration 
susceptibility: rough surfaces facilitate chromogen 
retention, reduce gloss, and promote biofilm accumulation. 
The roughness–discoloration relationship remains 
controversial — some studies report significant 
correlation,37 others none20,38,39 — indicating that 
topography alone is insufficient and must be interpreted 
alongside chemical composition, monomer hydrophilicity, 
filler–matrix interface stability, and exposure conditions. 
The present findings support roughness as a synergistic 
factor in discoloration, particularly in composites with high 
hydrophilic monomer content, with composite-specific 
variation in effect strength. 

Microhardness governs wear resistance, marginal 
integrity, and surface stability under masticatory load, and 
is therefore a critical determinant of long-term clinical 
performance. The lower microhardness observed in the 
control groups, in agreement with previous reports,37 
reflects a methodologically important phenomenon: the 
resin-rich layer formed beneath the transparent strip lacks 
filler exposure at the surface, producing a smooth 
profilometric profile that does not translate into 
mechanical resistance. This dissociation between 
topographic smoothness and mechanical hardness is 
clinically relevant, as the protective resin layer is rapidly 
worn away in the oral environment, exposing a less 
polymerized substrate. 

The proportional relationship between filler weight 
percentage and surface hardness reported in the 
literature40 provides a partial explanation for the inter-
material differences observed; however, the behavior of 
PEP indicates that filler content alone is insufficient as a 
predictor. The progressive hardness increase of PEP across 
polishing and aging stages is best explained by delayed 
completion of polymerization, a phenomenon 
characteristic of microhybrid composites in which light 
scattering by filler particles attenuates effective irradiation 
and leaves residual monomers that continue to polymerize 
over time.41 This temporal aspect of polymerization is rarely 
accounted for in single-timepoint hardness studies and may 
explain inconsistencies in the literature regarding the filler–
hardness relationship.42 

The hardness increase observed in FUU and PEP at the 
control–polishing interface can be explained by two 
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complementary mechanisms. First, finishing and polishing 
remove the superficial resin-rich layer, exposing the 
underlying filler-loaded structure whose intrinsic hardness 
is higher; this is consistent with the lower control values 
observed across all groups. Second, both composites 
contain silica and zirconium fillers that are harder than 
amorphous glasses, so the post-polishing surface inherits 
the mechanical contribution of these high-hardness fillers 
more directly. The cluster filler architecture of FUU and the 
spherical filler geometry of PEP differ in matrix–filler 
distribution, which may also influence how surface 
hardness manifests after polishing. 

The mechanical behavior of FUU under aging illustrates 
the limits of filler-centric explanations. Despite maintaining 
the highest microhardness throughout the study, FUU 
displayed a measurable hardness reduction following 
thermocycling — a finding most plausibly attributable to 
hydrolytic degradation of its hydrophilic TEGDMA/PEGDMA 
content rather than to filler-related factors, consistent with 
Fidan et al.43 after 10,000 cycles. As pre-polymerized fillers 
can produce weak cross-links between organic matrix and 
filler,44 the exclusive presence of such fillers in CME 
plausibly explains both its reduced microhardness and its 
elevated roughness, with thermal degradation of glass 
fillers further inducing internal stresses and surface 
deterioration. 

UDMA-containing composites are reported to be more 
prone to hardness reduction in aqueous environments than 
Bis-GMA-based formulations; in the present study, both 
FUU and TPF contained UDMA. However, the contrasting 
behavior of TPF, which lacks TEGDMA and preserved its 
hardness, points to TEGDMA — rather than UDMA per se 
— as the principal driver of hydrolytic susceptibility in the 
present material set. The preserved hardness of TPF may 
additionally reflect its greater light transmission and the 
contribution of the addition-fragmentation chain transfer 
(AFCT) reagent, which supports a more complete and 
homogeneous polymer network.45 The standardized 20-
second irradiation protocol, while methodologically 
necessary for inter-group comparability, may have 
constrained TPF's rapid polymerization potential, 
suggesting that material-specific curing protocols warrant 
further investigation. 

The inverse relationship between surface roughness 
and microhardness — most pronounced in CME — provides 
further support for the view that mechanical properties are 
largely determined by the integrity of the filler–matrix 
interface rather than by filler content alone. The principle 
that softer materials display rougher surfaces thus appears 
to operate through a shared underlying mechanism — 
interfacial degradation — rather than as a coincidental 
association. Variations in mechanical behavior across 
composites therefore appear to depend not only on filler 
content but also on filler morphology, organic matrix 
composition, and matrix–filler interactions. 

Clinically, these mechanistic relationships translate into 
actionable considerations for material and protocol 
selection. Lower microhardness compromises wear 
resistance and predisposes restorations to roughness 

increase and discoloration over time, establishing 
microhardness as an indirect predictor of long-term 
esthetic and structural performance. The single-step OG 
aluminum-oxide system produced higher roughness than 
multi-step alternatives, while ZF emerged as favorable for 
nanofilled FUU due to its positive effect on post-polishing 
hardness and minimal post-aging discoloration. Extended 
polymerization times and high-irradiance polymerization 
devices may further enhance mechanical performance by 
addressing the residual monomer issue inherent to 
microhybrid systems. Taken together, the present findings 
underscore that the long-term clinical performance of 
composite restorations is governed not by any single 
material property but by the integrated influence of matrix 
chemistry, filler morphology, polymerization completeness, 
and polishing protocol — a multifactorial framework that 
should inform both material selection and clinical workflow 
design. 

This study has several limitations. The in vitro design 
does not fully reflect the oral environment, including 
masticatory forces, salivary enzymes, microbial activity, and 
pH fluctuations. Coffee was used as the only staining agent; 
including additional staining solutions such as red wine, tea, 
or cola would provide a more complete assessment of color 
stability. Toothbrushing simulation was not applied, 
although mechanical wear contributes to long-term surface 
deterioration. Another limitation of the present study is 
that color change was evaluated using the conventional CIE 
Lab* ΔE formula rather than the CIEDE2000 formula. 
Although the conventional ΔE system provides 
comparability with previous dental composite studies, 
ΔE00 may offer a more perceptually uniform assessment of 
color differences. Future studies should consider reporting 
both ΔE and ΔE00 values to provide a more comprehensive 
interpretation of color stability. Only one thermocycling 
protocol was used; longer-term protocols may better 
reflect the cumulative thermal and hydrolytic stresses of 
clinical service. The polymerization time was standardized 
at 20 seconds for inter-group comparability, which may 
have limited the rapid-curing potential of TPF. Further 
studies including toothbrushing simulation, multiple 
staining solutions, extended aging protocols, and material-
specific curing regimens — supported by in vivo clinical 
follow-up — are required to confirm and extend the 
present findings. 

Conclusions 

Within the limitations of this in vitro study, the following 
conclusions can be drawn. The surface roughness, color 
stability, and microhardness of composite resins were 
significantly affected by the type of composite, the 
polishing system, and the aging procedure. Multi-step 
polishing systems (ZF, CTD, NT) produced smoother 
surfaces and lower roughness values than the one-step OG 
system in all composite groups. The ZF system provided the 
most favorable outcomes for the nanofill composite (FUU) 
in terms of microhardness and color stability after aging. 
Among the tested composites, GUI showed the lowest 
surface roughness, while CME showed the highest 
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roughness and the lowest microhardness in all polishing 
groups. After thermocycling and coffee immersion, all 
composite resins exhibited ΔE values above the clinically 
acceptable threshold of 3.3, indicating that none of the 
tested composite–polishing combinations was able to 
maintain color stability under these aging conditions. The 
findings suggest that the long-term surface performance of 
composite restorations is determined by the interaction 
between composite composition and polishing system, 
rather than by either factor alone. 
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