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Abstract

This study comparatively evaluated the influence of processing routes on the optical stabil-
ity of three dental resin composites: a light-cured direct composite—G-ænial A’CHORD
(LCC), a CAD-CAM milled composite—BreCAM.HIPC (MC), and a 3D-printed composite—
Saremco Print Crowntec (PC). Specimens were analyzed before (T0) and after hydrothermal
aging for 5000 (T1), 10,000 (T2), and 30,000 cycles (T3). Optical stability was assessed
through the change in color (∆E00) and translucency parameter (TP) after aging and immer-
sion in beverages. Surface topography was evaluated using atomic force microscopy (AFM),
while Raman spectroscopy was employed to detect aging-induced molecular changes. Af-
ter aging and staining, all composites exceeded the acceptability threshold for color change.
∆E00 values of 6.8 ± 1.1 (PC), 4.6 ± 0.9 (MC), and 2.1 ± 0.9 (LCC), obtained after initial
aging, further increased following prolonged immersion in coffee. After 1 day of immersion
in Coca-Cola, MC exhibited the highest ∆E00 values, which slightly exceeded the clinically
acceptable threshold. Prolonged immersion (7 days) significantly increased staining for
all materials. TP values significantly differed among materials, with the highest values
detected for LCC (20.6 ± 3.6) and PC (19.1 ± 1.5) and the lowest values detected for MC
(4.9 ± 0.8). Overall, the results demonstrated that ∆E00 was strongly influenced by the
processing route and surface topography, whereas changes in translucency parameter (TP)
were predominantly governed by the intrinsic properties of the resin composites.

Keywords: dental resins; composites; hydrothermal aging; translucency; staining

1. Introduction
Resin composites have been extensively utilized in clinical practice owing to their ex-

ceptional esthetic performance and their ability to biomimetically replicate the optical and
structural integrity of lost tooth tissues [1]. However, the use of conventional light-cured
composites has raised several concerns related to polymerization shrinkage and postop-
erative sensitivity [2,3]. Incomplete polymerization may reduce the polymer cross-link
density, thereby increasing the susceptibility of materials to water sorption, hydrolytic
degradation, and surface roughening [4,5]. When exposed to the dynamic oral environ-
ment, characterized by temperature fluctuations and the frequent consumption of staining

Processes 2026, 14, 1359 https://doi.org/10.3390/pr14091359

https://crossmark.crossref.org/dialog?doi=10.3390/pr14091359&domain=pdf&date_stamp=2026-05-07
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0009-0000-2739-073X
https://orcid.org/0000-0003-2007-8852
https://orcid.org/0000-0002-1549-7748
https://orcid.org/0000-0002-6620-9582
https://doi.org/10.3390/pr14091359


Processes 2026, 14, 1359 2 of 20

beverages and foods, these materials become increasingly prone to discoloration [6]. Re-
cent technological advancements in manufacturing processes have expanded the range of
resin composites to include CAD/CAM milling and additive manufacturing (3D printing).
These processing methods result in distinct microstructural and chemical characteristics
that influence the properties of the final product. CAD/CAM-milled resin composites
benefit from industrial polymerization processes that generally provide a higher degree of
conversion and improved structural homogeneity. Nevertheless, these composites remain
susceptible to water-related degradation and surface alterations over time. In contrast,
additive manufacturing systems, which are designed to ensure printability of composite
resins, typically require a higher proportion of organic matrix and a reduced filler content.
This composition can affect water sorption, surface degradation, and pigment uptake,
particularly depending on post-processing procedures such as washing, polishing, and
additional extraoral curing [7–9].

Color differences in dentistry are commonly evaluated using the CIEDE2000 color
difference formula (∆E00), based on the CIELAB color space. A color difference perceived
by 50% of observers corresponds to the 50:50 perceptibility threshold (PT00), while a color
difference considered acceptable by 50% of observers corresponds to the 50:50 acceptability
threshold (AT00). According to established criteria, the threshold values are PT00 = 0.8 and
AT00 = 1.8 [10].

Although CAD/CAM-milled resin composites have been extensively investigated,
comparative studies addressing the optical and chemical stability of resin composites
produced by different processing techniques remain limited [11,12]. Therefore, the aim of
the present study was to systematically evaluate and compare the optical properties (color
change and translucency parameter) of three representative resin composites (with different
resin composition and filler loading) processed by conventional light curing, CAD/CAM
milling, and additive manufacturing, following hydrothermal aging and immersion in
staining solutions for different times. Determined optical characteristics are correlated
for the first time with composites that have chemical stability (i.e., molecular changes)
and surface topography evaluated by Raman spectroscopy and atomic force microscopy
(AFM), respectively.

2. Materials and Methods
2.1. Specimen Preparation

Three dental composite materials produced using different processing techniques
were evaluated in this study (Table 1): a light-cured resin composite—G-ænial A’CHORD,
GC Corporation, Tokyo, Japan (LCC), a CAD/CAM-milled polymer—BreCAM.HIPC,
bredent GmbH & Co. KG, Senden, Germany (MC), and a 3D-printed composite—Crowntec,
Saremco Dental AG, Rebstein, Switzerland (PC). For each material, disc-shaped specimens
(5 mm diameter × 2 mm thickness) were prepared according to the manufacturer’s instructions.

For processing of LC specimens, a 2 mm layer of material was placed into a silicone
mold in a single increment and covered with a transparent polyester Mylar strip (SS White,
Philadelphia, PA, USA). The assembly was gently pressed against a microscope glass
plate to obtain a uniform, smooth, and flat surface and to prevent the formation of an
oxygen inhibition layer. Each specimen was light-cured perpendicularly in direct contact
with the Mylar strip and glass plate for 20 s using an LED curing unit (Bluephase Style,
Ivoclar Vivadent, Schaan, Liechtenstein) at an intensity of 1000 mW/cm2, according to the
manufacturer’s recommendations.
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Table 1. Processing techniques and composition of dental composite materials.

Processing
techniques

Light-Cured
Composite, LCC

CAD/CAM Milled
Composite, MC

3D Printed
Composite, PC

Brand name G-aenial A’CHORD BreCAM.HIPC Crowntec

Resin
composition

UDMA, Bis-EMA
Bis-GMA, TEGDMA

Bis-MEPP

PMMA
Bis-GMA

Bis-EMA,
photoinitiators

Fillers
Barium glass,

pre-polymerized silica,
fumed silica

Ceramic
micro/nanofillers

Ba-Al-borosilicate glass
fillers, fumed silica

Filler loading, % 81–82 wt. % 20–50 wt. % 30–50 wt. %

Producer, LOT
GC Europe
Leuven (BE)

283EZ4

Bredent
Senden (DE) 231210A1

Saremco,
Rebstein (CH) F629

UDMA—urethane dimethacrylate; Bis-EMA—bisphenol A ethoxylated dimethacrylate; Bis-GMA—bisphenol
A glycidyl methacrylate; TEGDMA—triethylene glycol dimethacrylate; Bis-MEPP—bisphenol A monoethoxy
polypropylene glycol dimethacrylate; PMMA—polymethyl methacrylate.

MC specimens were designed using CAD software (inLab MC X5, Dentsply Sirona,
Charlotte, NC, USA), exported as standard tessellation language (STL) files, and milled
from a material disc using a milling machine.

The PC specimens were designed in CAD software and exported as standard tes-
sellation language (STL) files to printing software (AccuWare, Shining 3D, Hangzhou,
Zhejiang, China). The specimens were fabricated using a DLP printer (AccuFab-L4D, Shin-
ing 3D) under the following parameters: 90◦ build orientation, 50 µm layer thickness, and
a printer wavelength of 405 nm. Post-processing aimed at removing residual monomers
was performed by immersing the specimens in 90% isopropyl alcohol using a cleaning
system (FH-WA-01, Formlabs, Somerville, MA, USA) for 20 min, followed by drying with
compressed air. Subsequently, post-curing was carried out for 30 min at 405 nm using a
light-curing unit (FabCure 2, Shining 3D).

After processing, all specimens were finished and polished according to the manufac-
turer’s instructions. The specimens were then stored in distilled water at 37 ◦C for 24 h
to allow stabilization of the cross-linked resin matrix and completion of polymerization
reactions prior to further analyses.

A total of 132 specimens were prepared, with 44 specimens per material (n = 44).
The specimens were randomly assigned to four independent aging intervals (T0, T1, T2,
and T3) (n = 11 per group). For the evaluation of color change (∆E00) and translucency
parameters (TPs), five specimens of composites (n = 5) were analyzed for each aging group.
After aging, four randomly selected specimens from each aging group of composites were
selected for staining. Staining was performed in coffee (2 samples, one for 1 day and
another for 7 days) and Coca-Cola (2 samples, one for 1 day and another for 7 days). In
addition, three specimens per aging interval for each composite were allocated for Raman
spectroscopy and three were allocated for atomic force microscopy (AFM) analysis. The
complete experimental workflow for each composite, including the number of specimens
assigned to each analysis, is summarized in Figure 1.
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Figure 1. Workflow of the study and number of specimens used per analysis for each composite
(LCC, MC, and PC); T0—unaged; T1—aged for 5000 thermal cycles; T2—aged for 10,000 cycles; and
T3—aged for 30,000 cycles. The asterisk (*) denotes that staining was performed in Coca-Cola and
coffee (two specimens per beverage; 1 and 7 days).

2.2. Hydrothermal Aging

Hydrothermal aging was performed using a thermocycler (Thermo Cycler THE 1200,
SD Mechatronik, Feldkirchen-Westerham, Germany), by alternating specimens between
cold water (5 ◦C) and hot water (55 ◦C), with a dwell time of 60 s and a transfer time of 10 s.
To minimize bacterial and fungal contamination, the specimens were rinsed with distilled
water and immersed in freshly prepared solutions, which were renewed every three days
during the aging procedure. Thermocycling was conducted for 5000 (T1; approximately
6 clinical months), 10,000 (T2; approximately 1 clinical year), and 30,000 (T3; approximately
3 clinical years) thermal cycles [13]. Unaged control specimens were designated as T0.

2.3. Color Change and Translucency Parameter of Dental Resin Composites

The color change (∆E00) and translucency parameters (TPs) of specimens were evalu-
ated over a white certified standard (Labshere, North Sutton, NH, USA) and a black color
standard (Spidercheckr 24, Lawrenceville, GA, USA) as backgrounds. The measurement
setup consisted of a standard illuminant D65 (BDS130—BWTEK, Plainsboro, NJ, USA),
a TE-cooled CCD fluorescence spectrometer (Glacier X, BWTEK, Plainsboro, NJ, USA),
a reflection sphere (Labsphere, North Sutton, NH, USA), and an Optronik digilux 9500
luxmeter (Instrument Systems GmbH, Berlin, Germany). ∆E00 and TP were evaluated
before and after aging (thermocycling), as well as before and after the immersion of spec-
imens in 10mL of cold coffee (Nescafé Classic, Nestlé, Vevey, Switzerland) or Coca-Cola
(The Coca-Cola Company, Atlanta, GA, USA), for 1 and 7 days. The coffee solution was
prepared by dissolving 3 g of instant coffee in 150 mL of boiled distilled water. During
immersion, specimens were stored at 37 ◦C in a dark environment, after which they were
rinsed with distilled water, gently air-dried, and subjected to characterization.

The color change was calculated according to the CIEDE2000 equation [14]:

∆E00 =

√(
∆L′

kLSL

)2
+

(
∆C′

kCSC

)2
+

(
∆H′

kHSH

)2
+ RT

(
∆C′

kCSC

)(
∆H′

kHSH

)
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where ∆L′—corrected lightness difference; ∆C′—corrected chroma difference; ∆H′—
corrected hue difference; kL—lightness weighting factor; kC—chroma weighting factor;
kH—hue weighting factor; SL—lightness compensation; SC—chroma compensation; SH—
hue compensation; and RT—interaction term between chroma and hue differences (this
accounts for blue regions of perceptual non-uniformity).

The translucency parameter was determined by calculating the color difference in
the same specimen measured against black and white backgrounds using the following
equation [15]:

TP = {(LB
* − LW

*)2 + (aB
* − aW

*)2 + (bB
* − bW

*)2}1/2

where the subscripts B and W correspond to the color coordinates measured over black
and white backgrounds, respectively.

2.4. Atomic Force Microscopy (AFM)

AFM analysis was performed using an NTEGRA PRIMA atomic force microscope
(NT-MDT, Moscow, Russia) operating in semi-contact mode. Topography and phase images
were acquired simultaneously using NSG01 silicon probes (NT-MDT, Moscow, Russia) with
a typical resonant frequency of approximately 150 kHz and a nominal tip apex radius of
about 10 nm. For each group, randomly selected areas from three specimens were scanned
to identify a representative region. The acquired height images were processed using the
manufacturer’s software, and the surface roughness parameter root mean square roughness
(Rq) was calculated from the height distribution.

2.5. Raman Spectroscopy

Raman spectroscopy was performed using a commercial NTegra Spectra system (NT-
MDT, Moscow, Russia) equipped with a 532 nm excitation laser. The laser power was
set to 2 mW at the sample surface, focused to an approximate spot size of 0.5 × 0.5 µm.
The exposure time was set to 360 s. Instrument calibration was performed before each
session using the standard first-order silicon reference peak at 520.7 cm−1. For each group,
randomly selected areas from three specimens were recorded to identify a representative
area. All Raman spectra were recorded in an unpolarized mode to reduce the influence of
anisotropy and orientation-related spectral variability.

2.6. Statistical Analysis

For the evaluation of color change (∆E00) and translucency parameters (TPs), materials
were prepared and analyzed in replicates for each aging group, followed by data processing
using SPSS Statistics (version 22.0, IBM Corp., Chicago, IL, USA). Results were expressed
as the average of the obtained results, ±standard deviation. For analysis of statistically
significant differences, the non-parametric Mann–Whitney U-test was used to compare
measurements of hydrothermally aged samples to the measurements of samples before
aging. The level of statistical significance was set to * p < 0.05.

3. Results
3.1. Color Change

Color changes in the specimens after hydrothermal aging and subsequent staining
are presented in Figure 2. For clinical interpretation, ∆E00 values were compared with the
perceptibility (PT00 = 0.8) and acceptability (AT00 = 1.8) thresholds, while the statistical
significance threshold was expressed as * (p < 0.05). After the first aging cycle (T1), all tested
composite materials exceeded the acceptability threshold, with the highest ∆E00 values
observed for PC (6.8 ± 1.1), followed by MC (4.6 ± 0.9), while LCC exhibited the lowest
color change (2.1 ± 0.9) (Figure 2a). With increasing numbers of aging cycles, the ∆E00
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values of LCC and MC remained relatively stable. In contrast, PC showed a pronounced
and clinically acceptable decrease in ∆E00 values with further aging (1.5 ± 0.2, T3), with
the highest discoloration recorded after the first aging cycle (T1).

Figure 2. Color changes in dental resin composites after hydrothermal aging (a) and subsequent
staining in coffee (b) and Coca-Cola (c). Values of color change are expressed compared to the color
of samples before aging, which represents a value of 0 in the graphs. The values after hydrothermal
aging are expressed as average ± standard deviation between replicates. The statistical significance
threshold of observed color changes was expressed as * p < 0.05.

Following immersion in coffee, all investigated materials exhibited clinically unac-
ceptable color changes, with noticeable increases in ∆E00 values for PC after prolonged
exposure to the staining solution (as shown in Figure 2b). The MC demonstrated the lowest
susceptibility to discoloration after coffee immersion. The highest ∆E00 value (8.8, T1) was
recorded following 1 day of staining, whereas the remaining aging intervals and immersion
durations exhibited approximately two-fold lower color change values. For the LCC, the
∆E00 values determined after different immersion times remained largely unchanged and
even showed a slight decrease with increasing numbers of aging cycles. (5.9–T3, 1 day; and
6.1–T3, 7 days).

Similarly, immersion in Coca-Cola induced color changes in all tested composites,
with ∆E00 values generally increasing with longer immersion times (as shown in Figure 2c).
After 1 day of immersion, the LCC exhibited the lowest and most clinically acceptable color
changes (0.4—T1; 1.5—T2; 2.4—T3); MC showed the highest values and was slightly above
the clinically acceptable range ∆E00 (2.1—T1; 2.3—T2; 3.1—T3); and PC demonstrated
clinically acceptable values with moderate changes (1.6—T1; 1.9—T2; 1.7—T3). Prolonged
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immersion for 7 days significantly increased staining for all materials. The MC showed
consistently high ∆E00 values across all aging intervals. For LCC, ∆E00 increased markedly
with aging, reaching the highest clinically unacceptable value after the third aging cycle
(4.1, T3). The PC also exhibited increased staining after 7 days, although a slight decrease
was observed after the third aging cycle. Overall, extended immersion time in beverages
had a stronger effect on color change than the number of aging cycles.

3.2. Translucency Parameter

Values of translucency parameters, which illustrate the ability of dental material to
transmit light, were determined after hydrothermal aging and subsequent staining (as
shown in Figure 3). It is notable that TP values significantly differed among materials
(as shown in Figure 3a). While higher values were recorded for LCC (20.6 ± 3.6) and PC
(19.1 ± 1.5), MC exhibited substantially lower translucency (4.9 ± 0.8). With increasing
numbers of aging cycles, the TP of the LCC slightly decreased (18.3 ± 3.8, T3). In contrast,
MC and PC showed a pronounced increase in TP with aging, with the highest values
recorded after the second (7.1 ± 1.7) and third aging cycles (21.3 ± 0.2), respectively.

Figure 3. Translucency parameters of dental resin composites before and after hydrothermal ag-
ing (a), and subsequent staining in coffee (b) and Coca-Cola (c). TP values are expressed as the
mean ± standard deviation of replicate measurements in (a). Statistical significance was evaluated
by comparing TP values after aging with the corresponding initial values (T0), using a significance
threshold of * p < 0.05.

Immersion in coffee resulted in noticeable changes in TP for all tested composites
across all aging stages (as shown in Figure 3b). For the unaged LCC, relatively high TP
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values were observed after 1 day of coffee immersion (17.9, T0). After the first two aging
cycles, TP was almost unchanged, but then it increased with further aging (20.1—T3,
1 day). The MC maintained consistently low TP values throughout aging, with moderate
fluctuations and a slight increase after the second aging cycle, particularly following
7 days of immersion (8.4—T2, 7 days). In contrast, PC showed consistently high TP values
across all aging intervals after 1 day of coffee immersion (15.41—T1; 16.8—T2; 17.5—T3).
Differences in TP between 1-day and 7-day immersion were evidenced in terms of the
initial increase, followed by a decrease with further aging.

Following immersion in Coca-Cola for 1 day and 7 days, alterations in TP were also
observed for all resin composites (as shown in Figure 3c). For LCC, TP values progressively
decreased with increasing aging cycles, indicating reduced translucency at advanced aging
stages, particularly after 7 days of immersion (15.7—T3). The MC following 1 day of
immersion generally exhibited low TP values across all aging intervals, with a tendency to
increase with prolonged thermocycling, especially after 7 days of immersion (15.7—T3). In
contrast, the PC maintained consistently high TP values after 1 day of Coca-Cola immersion,
with a slight increase observed with initial aging following 7 days of immersion (18.6—T1).

3.3. Topography and Phase Images of Dental Resin Composites

AFM in semi-contact mode was used to obtain high-resolution two- and three-
dimensional topographical maps of the dental composite surfaces and evaluate surface
roughness. Representative AFM topographs illustrating morphological changes after
thermocycling are presented in Figures 4–6.

The surface of the unaged LCC, as shown in Figure 4a, displayed a heterogeneous
morphology characterized by irregular protrusions embedded within a relatively smooth
matrix. Elevated structures surrounded by localized depressions resulted in a highly irreg-
ular nanoscale topography. After initial aging, as shown in Figure 4b, the surface became
more homogeneous with reduced topographic amplitude. The prominent protrusions
observed in the unaged specimens became less pronounced, and the morphology evolved
toward a smoother, gently undulating structure. Further aging, as shown in Figure 4c,
produced a highly irregular morphology characterized by deep pits, sharp crater-like edges,
and interconnected ridge-like structures, indicating pronounced spatial heterogeneity. After
extended thermocycling, as shown in Figure 4d, the surface appeared globally flattened
compared with earlier stages but exhibited a granular texture. The previously observed
pits became wider and shallower, while ridge-like features appeared more rounded.

The unaged MC, as shown in Figure 5a, exhibited a complex topography characterized
by sharp, irregular protrusions and deep valleys, resulting in a pronounced topographic
contrast. After initial aging, as shown in Figure 5b, the surface appeared visually smoother
with a reduction in the height and sharpness of the protrusions. The morphology became
more uniform and showed a gently undulating structure. With further aging, as shown in
Figure 5c, the surface appeared flatter compared with previous stages but retained a fine
granular texture. The pits became broader and shallower, while sharp ridges were replaced
by more rounded features. After prolonged aging, as shown in Figure 5d, the surface again
developed a highly irregular morphology characterized by deep pits, ridge-like structures,
and localized surface defects, indicating strong spatial heterogeneity.

Representative AFM topographs of the PC presented in Figure 6 illustrate progressive
surface evolution with aging. The unaged surface of an unaged specimen, as shown in
Figure 6a, exhibited rough but relatively uniform morphology characterized by shallow,
rounded features without pronounced peaks or deep valleys. Following aging, as shown
in Figure 6b, the surface became smoother and more uniform, with reduced amplitude of
surface features and a flattened, gently undulating morphology. Further aging, as shown in

https://doi.org/10.3390/pr14091359

https://doi.org/10.3390/pr14091359


Processes 2026, 14, 1359 9 of 20

Figure 6c, resulted in a highly irregular topography characterized by sharp protrusions and
deep pits, producing pronounced elevation differences across the surface. After prolonged
aging, as shown in Figure 6d, the surface remained irregular but appeared flattened. The
sharp protrusions became rounded, while valleys appeared broader and shallower.

Figure 4. AFM topographs of LCC surface before (a) and after aging (b–d).

The Rq values quantitatively supported the AFM observations for all investigated
composites, as shown in Figure 7, revealing a non-linear evolution of surface roughness
during aging. For LCC, Rq decreased from 1095.20 nm (T0) to 586.41 nm (T1), reflecting
the smoother surface observed after initial aging. A pronounced increase in roughness oc-
curred at T2 (2010.01 nm), corresponding to the severely disrupted and pitted morphology.
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After prolonged aging, Rq decreased to 499.17 nm (T3), indicating reduced topographic
amplitude and a more flattened surface. For MC, the highest roughness value was observed
in the unaged specimens (2244.91 nm at T0). After the first aging cycle (T1), Rq decreased
to 1179.98 nm, indicating surface smoothing. Further aging resulted in a gradual decrease
to 789.77 nm (T2) and 706.14 nm (T3), suggesting a progressive reduction in peak-to-valley
height and overall surface flattening. For PC, Rq values decreased markedly from 848.48 nm
(T0) to 320.93 nm (T1). A subsequent increase in roughness was recorded at T2 (1140.08 nm),
corresponding to the irregular and disrupted surface morphology. After prolonged aging,
Rq decreased again to 846.84 nm (T3), approaching the value of the unaged specimens.

Figure 5. AFM topographs of the MC surface before (a) and after aging (b–d).

https://doi.org/10.3390/pr14091359
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Figure 6. AFM topographs of the PC surface before (a) and after aging (b–d).

3.4. Raman Spectroscopy

Representative Raman spectra were analyzed to evaluate chemical changes in the
organic matrix and inorganic filler phases following the aging process. In LCCs, progres-
sive modifications were revealed, primarily in regions associated with the UDMA-based
organic matrix, as shown in Figure 8. The aliphatic C=C stretching band (~1639 cm−1)
decreased monotonically with increasing thermocycling, indicating progressive conversion
or degradation of residual unsaturated bonds. The carbonyl C=O band (~1710 cm−1),
initially symmetric in T0, broadened in T1 and T3, developing a shoulder between 1700
and 1720 cm−1, accompanied by an increase in full width at half maximum (FWHM). A
broad O–H band (~3400 cm−1) increased with thermocycling, suggesting enhanced water
uptake. In contrast, silicate filler bands corresponding to Si–O–Si bending (~490 cm−1)
and asymmetric stretching (~1100 cm−1) remained spectrally stable. However, the relative
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intensity ratio between silicate (~1100 cm−1) and organic C=C (~1639 cm−1) increased from
T0 to T3.

Figure 7. Root mean square roughness (Rq) values of dental resin composite surface before and
after aging.

Figure 8. Raman spectra of LCC before and after aging.

Similar trends were observed for MC, as shown in Figure 9. The carbonyl stretch-
ing band (~1725 cm−1) broadened progressively with aging, developing a shoulder at
~1710 cm−1 and showing a slight shift toward lower wavenumbers at T3. The aliphatic C=C
band (~1640 cm−1) decreased steadily with age, while the aromatic C=C band (~1608 cm−1)
remained relatively stable when normalized to the silicate reference (~1100 cm−1). Bands
associated with CH2 bending (~1450 cm−1) and C–H stretching (2800–3000 cm−1) gradually
decreased in intensity. The silicate bands (~490 and 1000–1100 cm−1) remained spectrally
stable, while the O–H band (~3400 cm−1) increased with thermocycling.

The Raman spectra of the PC indicated that aging-dependent changes predominantly
occurred in the organic phase (Figure 10). The untreated specimen exhibited a sharp
and symmetric carbonyl band (~1725 cm−1), which progressively broadened and shifted
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toward lower wavenumbers with increasing thermocycling. At T2, a shoulder appeared
near ~1700 cm−1, while at T3, the carbonyl region became markedly broadened and
asymmetric. The aliphatic C=C band (~1639 cm−1) remained relatively stable compared
with pronounced carbonyl changes. A broad O–H band (~3400 cm−1) increased with the
cycle number, indicating increased water sorption. The inorganic filler bands (~490 and
~1100 cm−1) remained spectrally stable, although their relative intensity increased at higher
thermocycling levels.

Figure 9. Raman spectra of MC before and after aging.

Figure 10. Raman spectra of the PC before and after aging.
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4. Discussion
The present results demonstrate that hydrothermal aging and exposure to staining

beverages significantly affect the optical properties of resin composites, although the extent
of these changes strongly depends on the type of material, chemical composition, and
processing method used. The interpretation of color change was performed in relation
to established perceptibility and acceptability thresholds, thereby providing a clinically
relevant framework for evaluating the obtained results. Although variability was observed
among the tested materials, most ∆E00 values approached or exceeded the acceptability
threshold, indicating a potential impact on long-term esthetic stability.

Among the investigated composites, PC exhibited the highest color change after the
first aging cycle, while LCC showed the lowest ∆E00, indicating superior initial color stabil-
ity, which could be associated with the limited water sorption capability of this composite.
MC displayed intermediate behavior, which probably resulted from the high degree of
conversion achieved during industrial polymerization of this composite [16]. Further aging
cycles did not substantially affect the staining of LCC and MC, whereas PC showed a
gradual reduction in ∆E00 values. This behavior may be associated with the stabilization of
the polymer network during thermocycling in the latter [17]. The immersion experiments
confirmed that all resin composites are prone to staining. Coffee produced pronounced
color changes in all materials due to the presence of chromogenic molecules capable of
penetrating the resin matrix and their adsorption onto the material surface [12]. In the
present study, MC demonstrated the highest resistance to coffee staining, while PC showed
the greatest discoloration after the initial aging cycle. Such a pattern may reflect the ini-
tial instability of the printed polymer network, characterized by higher water sorption
and residual monomer content, which facilitated early pigment penetration [18]; this is
consistent with the study by Pérez et al., which evaluated color change in four differ-
ent 3D-printed composite materials and reported ∆E00 values exceeding the established
acceptability thresholds [19].

In contrast, the LCC examined in the present study exhibited relatively stable ∆E00

values across aging intervals, suggesting the presence of a more stable polymer network or
reduced pigment adsorption. A similar trend was observed following immersion in Coca-
Cola, although the magnitude of color change was generally lower compared to coffee. The
increase in ∆E00 values after 7 days of immersion indicates that exposure time is a critical
factor influencing staining susceptibility. These observations are in agreement with a recent
study by Uctasli et al., in which LCCs demonstrated comparable optical behavior despite
differences in experimental design [20]. Although acidic beverages such as Coca-Cola
may promote superficial degradation of the resin matrix, increasing surface roughness
and facilitating pigment adsorption, the overall discoloration remained lower than that
observed with coffee, highlighting the predominant role of chromogenic compounds rather
than acidity alone.

The translucency parameter (TP) analysis further confirmed that the optical behavior
of the investigated composites differs markedly depending on material composition. LCC
and PC showed significantly higher TP values compared with MC, indicating greater light
transmission through these materials. The lower translucency observed for MC may be
attributed to the denser and more compact polymer network formed during polymerization
under high temperature and high pressure [21]. During hydrothermal aging, LCC exhibited
a small decrease in TP that did not reach statistical significance, suggesting that aging-
induced structural changes, such as water sorption or microstructural degradation, slightly
affect internal light scattering. In contrast, MC and PC showed a gradual increase in TP
with aging, with statistically significant changes observed for the latter. Such behavior
may be related to changes in refractive index matching between filler particles and the
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polymer matrix caused by water uptake and matrix relaxation during thermocycling. These
processes usually reduce internal scattering and increase light transmission through the
material. Coffee exposure resulted in noticeable TP changes for all materials, particularly
for PC, which maintained relatively high translucency values even after aging. This could
be associated with the layer-by-layer polymerization process, which may create interlayer
heterogeneities that act as additional scattering sites and are further modified during
aging [12]. Differences between immersion for 1 day and 7 days indicate that pigment
adsorption and matrix swelling can influence the optical properties of the composites.
Similarly, immersion in Coca-Cola led to a progressive reduction in TP in LCC and slight
increases in MC and PC after prolonged aging, suggesting that acidic media may promote
structural modifications affecting light propagation through the material.

Not only does the processing route play a critical role, but the chemical composition
also has a significant impact on changes in optical properties. In addition to industrial
polymerization under high-temperature and high-pressure conditions, the lower filler
loading and presence of nanoceramic fillers may contribute to improved homogeneity,
polishability, and optical stability of the MC material [22]. The examined LCC demonstrated
relatively stable behavior, which may be associated with its higher filler loading, potentially
limiting water and pigment uptake. However, the presence of more hydrophilic monomers,
such as TEGDMA, may increase susceptibility to color change [23]. In contrast, the lower
filler loading of PC, which contributes to its enhanced flowability and reduced viscosity,
may also be responsible for the greater color variability observed [24]. These material-
dependent characteristics are consistent with the ∆E00 and TP results observed, where MC
exhibited improved optical stability, LCC showed moderate but stable changes, and PC
demonstrated greater variability, particularly under aging and staining conditions. This
highlights the combined influence of processing conditions and compositional factors in
determining the long-term optical performance of resin composites.

AFM analysis revealed progressive modifications of the surface morphology during
aging, which correlate well with the observed optical changes. Initially smoother surfaces
after the first aging cycle of LCC may result from partial surface relaxation or leaching of
loosely bound filler particles [25]. However, continued aging and repeated thermal stress
led to filler particle dislodgment and microcrack formation at the filler–matrix interface,
resulting in the appearance of pits and ridges [26]. These morphological changes increase
the surface area and facilitate the adsorption and retention of staining molecules, thereby
contributing to the observed color changes after beverage immersion. The subsequent
flattening and rounding of surface features at later aging stages may reflect gradual surface
wear or matrix plasticization induced by repeated thermal stress [27].

The surface of the unaged MC exhibited a pronounced and complex topography char-
acterized by sharp filler protrusions and deep valleys, reflecting the processing stages of
milling and grinding. Initial thermocycling resulted in noticeable smoothing of the material
surface, which may be attributed to the removal of superficially exposed filler particles
and superficial softening of the resin phases due to water sorption and thermal stress [28].
However, further thermocycling provoked structural degradation of the filler–matrix inter-
face, as evidenced by the propagation of deep pits and angular ridge-like structures. These
features likely arose from differences in thermal expansion between the organic matrix and
inorganic fillers, ultimately resulting in localized interfacial failure [29,30].

In contrast, unaged PC exhibited a relatively uniform surface morphology, with shal-
low rounded features reflecting a homogeneous distribution of silica fillers and a relatively
stable filler–matrix interface. Following initial thermocycling, the surface became even
more uniform, which may be associated with the removal of superficial irregularities and
viscoelastic relaxation of the superficial BisEMA resin layer caused by water sorption and
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thermal stresses [31]. However, with continued thermocycling, PC underwent pronounced
structural disruption, characterized by deep pits, sharp protrusions, and strong spatial
contrast, indicating filler exposure, localized particle dislodgment, and potential microc-
rack formation at the filler–matrix interface, all driven by cumulative thermo-mechanical
stresses. At later stages of aging, PC showed evidence of generalized surface wear, where
previously sharp features became rounded, and the overall surface appeared “sanded
down,” suggesting continuous abrasive removal of both the degraded resin matrix and ex-
posed silica fillers. Ultimately, prolonged aging forms a consolidated, worn, pseudo-surface
layer, similar to that observed in other composites.

It is important to note that differences in polishing systems and finishing protocols
represent a potential confounding factor, as surface roughness directly influences both
color stability and translucency. Interestingly, the results revealed a clear correlation
between surface roughness and color change (∆E00), whereas no such relationship was
observed between surface roughness and the translucency parameter (TP). The observed
correlation between surface roughness and color change can be explained by the increased
susceptibility of rougher surfaces to staining, as surface irregularities facilitate pigment
accumulation and the adsorption of chromogenic agents. This is consistent with the well-
established role of surface topography in influencing the discoloration behavior of resin-
based composites [32]. In contrast, translucency appeared to be independent of surface
roughness within the tested range. This finding suggests that TP is predominantly governed
by intrinsic optical properties of the material, such as filler content, particle size distribution,
and refractive index matching between the resin matrix and fillers, rather than by surface
characteristics alone [33]. Overall, the correlation between surface roughness (Rq), filler
characteristics, and optical properties observed in this study supports the assumption that
optical performance is governed by a complex interplay between material composition
and surface condition, with color stability being more sensitive to surface-related factors
than translucency.

Raman spectroscopic analysis further supports these observations by revealing pro-
gressive chemical modifications in the organic matrix of all investigated composites. The
increasing intensity of the O–H band confirms enhanced water uptake, which can lead
to hydrolytic degradation of the resin matrix and weakening of the filler–matrix inter-
face [34,35]. The decrease in the aliphatic C=C band indicates ongoing conversion of
residual unsaturated bonds [17,36,37]. The broadening and shifting of the carbonyl band
suggest structural rearrangements within the polymer network during aging, including
ester hydrolysis and the formation of carboxylic acid species [23,38–41]. Reductions in
CH2 and C–H bands support matrix loss and potential monomer leaching [40]. In contrast,
the aromatic C=C band (Bis-GMA backbone) remained stable, suggesting greater resis-
tance of aromatic structures to hydrolytic attack [42]. The decrease in the aliphatic C=C
band also supports these observations [43]. In contrast, the relative stability of the silicate
bands indicates that the inorganic filler phase remains largely unaffected by thermocycling,
confirming that degradation was associated primarily with the matrix rather than the
fillers [44].

These chemical changes in the polymer matrix likely contribute to the observed
modifications in surface morphology and optical behavior, including changes in color
stability and translucency.

Overall, the correlation of all results indicates that hydrothermal aging primarily
affects the organic matrix of resin composites, leading to water uptake, matrix relaxation,
and progressive surface degradation. These structural and chemical processes ultimately
influence the optical stability and staining susceptibility of restorative materials. Con-
sidering perceptual interpretation of ∆E00, the majority of the measured ∆E00 values,
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particularly after aging, indicate that prolonged exposure to strongly pigmented beverages
can significantly compromise the esthetic longevity of composite restorations.

This study has several limitations that should be acknowledged. First, the in vitro
design does not fully replicate the complexity of the oral environment, where biological,
mechanical, and chemical factors interact simultaneously. Second, only a limited number
of commercially available materials were evaluated, which restricts the generalizability of
the findings. In addition, the number of specimens used for certain analytical techniques
was limited, reflecting the exploratory nature of the study. Furthermore, although the
applied polishing, staining, and aging protocols were widely used, they cannot fully
reproduce clinical conditions. Despite these limitations, the study provides a standardized
and controlled comparison of material behavior, offering meaningful insights into their
optical performance.

5. Conclusions
Within the limitations of this study, hydrothermal aging and exposure to staining

agents significantly influenced the optical properties of the evaluated resin composites,
with the extent of change being strongly dependent on material composition and pro-
cessing methods. Materials with higher filler loading and optimized polymer networks
demonstrated improved color stability, while those with a lower filler content exhibited
greater susceptibility to discoloration. Surface roughness was identified as a key factor
affecting color change, whereas translucency was predominantly governed by intrinsic
material properties. Among the tested materials, the light-cured composite (LCC) exhibited
the highest resistance to intrinsic discoloration, maintaining relatively stable ∆E00 values
during aging. In contrast, the printed composite (PC) showed the greatest initial suscepti-
bility to color change, likely due to higher water sorption and the structural characteristics
of the printed polymer network. The milled composite (MC) demonstrated intermediate
behavior and the highest resistance to coffee staining, probably associated with its highly
polymerized, dense structure formed under industrial processing conditions.

Coffee produced substantially greater staining than Coca-Cola of all composites, while
immersion time had a more pronounced influence on color change than the number of
aging cycles. Translucency analysis revealed significant differences among the composites,
with LCC and PC exhibiting greater light transmission than MC. Aging and staining media
altered translucency in different ways depending on the composite type, indicating that
optical behavior is closely related to water sorption, matrix relaxation, and changes in
refractive index matching within the composite structure.

AFM revealed progressive surface degradation and morphological alterations during
aging, including filler particle dislodgement, pit formation, and generalized surface wear,
which increase the potential for pigment adsorption. Raman spectroscopy confirmed that
aging primarily affected the organic resin matrix, promoting water uptake, hydrolytic
degradation, and structural rearrangements, while the inorganic filler phase remained
largely stable.

Overall, hydrothermal aging induced matrix-driven structural and chemical changes
in composites that increase their susceptibility to staining and may compromise the long-
term esthetic of composite restorations, particularly under prolonged exposure to highly
pigmented beverages. However, these findings should be interpreted with caution, as they
are based on in vitro conditions and may not fully reflect the long-term clinical behavior of
the materials investigated.
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