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A B S T R A C T

Objectives: Understanding denture base material properties under aging conditions is crucial for assessing their 
clinical performance and impact on oral health. This study evaluated the behaviour of polymethylmethacrylate 
(PMMA), dimethacrylate-based polymers (DMA), and polyetheretherketone (PEEK) denture base materials after 
aging (thermal, mechanical, chemical), based on parameters (surface, mechanical, sorptive, structural) and 
considering manufacturing techniques (auto-curing, milling, 3D printing).
Material and methods: Disc-shaped specimens (2 mm × 8 mm, n = 10 per group; total n = 500) were manu
factured from five denture base materials: PMMA (auto-curing, milling), DMA (3D printing: 90◦/45◦ orienta
tion), PEEK (milling). Standardized rough or fine surfaces were applied. Specimens underwent separate aging 
protocols: thermocycling, toothbrush abrasion, storage in HCl/NaOCl. Surface and material properties were 
analyzed prior and after aging. Data were evaluated using non-parametric tests (Kruskal-Wallis, Mann-Whitney 
U, α = 0.05). Effect sizes were calculated.
Results: Compared to other materials, PEEK showed few significant changes in surface parameters, microhard
ness, and indentation after aging. All materials exhibited strong effect sizes for water absorption and solubility (r 
≥ 0.85***). In PMMA, aging significantly reduced surface and mechanical properties, especially in rough-treated 
specimens. DMA printed with 90◦ was less affected by aging than with 45◦, particularly after fine treatment. 
Milled PMMA with fine treatment showed the highest aging resistance among PMMA variants. Generally, rough 
surfaces were more susceptible to aging than fine surfaces.
Conclusion: Aging resistance of denture base materials depends on surface treatment, material, and 
manufacturing technique. Adequate polishing reduces aging effects on surface and mechanical properties. 
Milling yields reliable results, while 3D printing requires further optimization.

1. Introduction

Removable dental prostheses (RDPs) are used to improve the state of 
health by restoring masticatory function, speech, and facial aesthetics in 
partially or completely edentulous patients (Gupta et al., 2019; Lee and 
Saponaro, 2019; Roessler, 2003). Currently, most RDPs are fabricated 
from polymethylmethacrylate (PMMA), which is an amorphous ther
moplastic with long, disordered molecular chains, resulting in a trans
parent, hard, and brittle material at ambient conditions (Bargel and 

Schulze, 2008; Roos and Maile, 2015; Koltzenburg et al., 2024). Under 
mechanical stress, its macromolecules stretch and align until entangle
ments limit deformation, with entropic elasticity causing the material to 
revert to its initial state after unloading (Bargel and Schulze, 2008). 
Softening begins at temperatures higher than 60–80 ◦C and coincides 
with a significant loss of strength. It progresses with further heating to 
complete chain degradation (Roos and Maile, 2015; Koltzenburg et al., 
2024). PMMA features favourable processability, low costs, moderate 
solubility, and acceptable toxicity, although polymerization shrinkage 
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can impair the fit of the dental prosthesis (Lee and Saponaro, 2019; 
Ribeiro et al., 2023; Tieh et al., 2022; Porwal et al., 2017; Lepǐsová et al., 
2025).

In the recent years, polyetheretherketone (PEEK) has been intro
duced as an alternative material for the fabrication of RDPs. It is a semi- 
crystalline thermoplastic resin comprising ordered crystalline and 
disordered amorphous regions (Lepǐsová et al., 2025). Regularly ar
ranged side groups promote crystallinity, strengthen intermolecular 
interactions and confer high mechanical strength as well as an opaque 
appearance (Bargel and Schulze, 2008; Roos and Maile, 2015). The 
amorphous domains work as flexible connecting segments, enhancing 
toughness and elasticity (Bargel and Schulze, 2008). Upon exceeding the 
glass transition temperature, amorphous areas become mobile while 
crystalline regions maintain their dimensional stability only at the 
crystalline melting point due to the ordered structures transition to the 
amorphous state (Bargel and Schulze, 2008). The degree of crystallinity, 
influenced by cooling rates, affects the elastic modulus and dimensional 
stability (Bargel and Schulze, 2008). PEEK also exhibits excellent 
chemical resistance, minimal water absorption, and superior thermal 
stability, making it particularly suitable for RDPs. (Lepǐsová et al., 2025; 
Le Bars et al., 2023).

In contrast to the thermoplastic materials PMMA and PEEK, 
dimethacrylate-based materials (DMA) are highly cross-linked thermo
sets (Bargel and Schulze, 2008; Roos and Maile, 2015; Rosentritt et al., 
2018). The dense network prevents plastic deformation and results in 
excellent dimensional stability, even under thermal stress (Bargel and 
Schulze, 2008). Due to the absence of a defined softening or melting 
range, DMA polymers exhibit no pronounced glass transition and remain 
in a solid state up to their decomposition temperature (Bargel and 
Schulze, 2008; Roos and Maile, 2015). Compared to thermoplastics, 
they demonstrate greater thermal stability and resistance to deformation 
(Bargel and Schulze, 2008).

Traditional processing of PMMA in the dental laboratory includes 
auto- and heat-curing. In auto-polymerization, the addition of an initi
ator, typically benzoyl peroxide in powder form, to the monomer methyl 
methacrylate (MMA) triggers a radical chain reaction (Rosentritt et al., 
2018). This reaction occurs at room temperature, forming a continuous 
polymer network. However, incorrect pre-dosing can increase residual 
monomer content, shrinkage, or reduce compactability, thereby 
impairing mechanical properties (Rosentritt et al., 2018). Manual mix
ing requires prompt handling due to rapid viscosity changes. Polymer
ization in water and under pressure reduces air entrapment and 
improves the degree of polymerization (Rosentritt et al., 2018). More 
modern approaches, such as injection molding, decrease polymerization 
shrinkage and maintain constant pressure during processing, but require 
more complex equipment and higher processing temperatures 
(Rosentritt et al., 2018).

With the introduction of computer-aided design (CAD) and 
computer-aided manufacturing (CAM), subtractive (milling) and addi
tive (printing) manufacturing of PMMA and DMA-based RDPs have also 
become possible. These digital workflows are more time-efficient and 
require less manual steps (Dimitrova et al., 2024; Da Silva et al., 2023; 
Kurzendorfer et al., 2023; Lo Russo et al., 2024; Kattadiyil et al., 2015; 
Nagar et al., 2024). In a subtractive production process, the RDPs are 
milled from an industrially pre-polymerized PMMA blank by sequential 
material removal with milling tools differing in granularity 
(Kurzendorfer et al., 2023). As the blanks are industrially polymerized 
under high pressure and temperature, shrinkage, microporosity, and 
residual monomer content are reduced (Tieh et al., 2022; Dimitrova 
et al., 2024; Wang et al., 2021).

Additive manufacturing techniques for RDPs include stereo
lithography and digital light processing (DLP) (Da Silva et al., 2023), in 
which a liquid denture base resin is selectively polymerized layer by 
layer. The RDPs are subsequently cleaned with isopropanol to remove 
residual unpolymerized resin, followed by post-curing under a specific 
wavelength to complete polymerization. In additive manufacturing 

processes, the built orientation can be individually selected, although a 
90◦ angle is the most commonly used setting. With regard to this aspect, 
it is currently discussed whether the built orientation has an impact on 
the surface quality and mechanical properties of the printed object 
(Shim et al., 2020; Li et al., 2023).

Regarding the longevity of RDPs, several authors recommend 
replacement intervals ranging from five to ten years (Roessler, 2003; 
Taylor et al., 2021; Schwass et al., 2013; Khangura et al., 2023). In 
practice, however, RDPs are often used for considerably longer periods 
and there is limited conventional wisdom regarding an average 
longevity for RDPs (Taylor et al., 2021; Schwass et al., 2013). This 
phenomenon may be due to different materials and manufacturing 
techniques as well as individual patterns of use. With regard to this 
aspect, it is important to consider that in the oral cavity RDPs are 
continuously exposed to thermal fluctuations as well as mechanical and 
chemical stresses that foster aging of the materials. RDPs also provide 
vast interfaces for biofilm formation (Porwal et al., 2017; Abuhajar 
et al., 2023; Gendreau and Loewy, 2011; Ozyilmaz and Akin, 2019; 
Hahnel et al., 2009; Muscat et al., 2018), which is why regular me
chanical and chemical cleaning is recommended (Schmutzler et al., 
2021). Both mechanical and chemical cleaning of RDPs may affect 
surface and mechanical properties (Ribeiro et al., 2023; Porwal et al., 
2017; Ozyilmaz and Akin, 2019).

The introduction of subtractive and additive manufacturing tech
niques employing novel PMMA-, DMA- or PEEK-based materials raises 
the question whether the surface and material properties are improved 
in relation to conventionally applied materials for the fabrication of 
RDPs.

Against this background, the aim of the current study was to evaluate 
the behaviour of differently produced PMMA, DMA, and PEEK surfaces 
against various simulated thermal, mechanical, and chemical aging 
protocols. In case of PMMA and DMA, it was also investigated in how far 
the manufacturing technique (auto-curing, milling, or printing) affects 
aging behaviour. Based on these objectives, the following research hy
potheses were formulated: 

I. PEEK exhibits superior surface and mechanical properties and is 
less affected by artificial aging compared to PMMA or DMA.

II. The fabrication technique (auto-curing, milling, printing) has a 
significant effect on the surface and mechanical properties of 
artificially aged PMMA and DMA.

III. Milled PMMA is less susceptible to deterioration of surface and 
mechanical properties caused by artificial aging than auto-cured 
PMMA or printed DMA.

2. Materials and methods

2.1. Study design

Fig. 1 illustrates the study design and the number of analyzed spec
imens. Five denture base resins were investigated, processed by distinct 
manufacturing protocols: PMMA via reactive polymerization (PMMA-C) 
and milling (PMMA-M), DMA via 3D printing with build orientations of 
90◦ (DMA90-P) and 45◦ (DMA45-P), and PEEK via milling (PEEK-M). 
For each material, two surface finish variants (rough (A) and fine (B)) 
were prepared. Specimens were subjected to four aging protocols: 
thermocycling (TC), toothbrush abrasion (TBA), and storage in hydro
chloric acid (HCl) or sodium hypochlorite (NaOCl). Non-aged specimens 
served as references. All specimens were produced as cylindrical discs 
with a thickness of 2 mm and a diameter of 8 mm. For each material- 
surface-aging combination, n = 10 specimens were prepared, resulting 
in a total of n = 500. Surface and material properties were compre
hensively characterized. For phase composition analysis by X-ray 
diffractometry, only non-aged specimens were examined. In addition, 
surface treatment was not considered in the X-ray diffractometry, dif
ferential scanning calorimetry, or thermogravimetric analysis.
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2.2. Materials

Five denture base materials processed by distinct manufacturing 
methods were investigated (Table 1):

2.2.1. Auto-curing
Cold-polymerized PMMA-C specimens were produced by mixing 

powder (5 g) and liquid components (3.5 ml). After powder addition, the 
suspension was stirred for approximately 15 s under bubble-free con
ditions. The resulting homogeneous mixture was cast into metal molds 
and planarized with glass plates. Polymerization was carried out in 
water (55 ◦C) using a pressure pot with a pressure of 2 bar for 20 min.

2.2.2. Milling
PMMA-M and PEEK-M were vertically oriented within the digital 

blank using the inLab CAM SW 22 (version: 22.6.1.282805, Dentsply 
Sirona, Bensheim, Germany) and machined wet on a five-axis milling 
unit (inLab MC X5, Dentsply Sirona, Bensheim, Germany). Following 
milling, specimens were separated from the blanks using a handheld 
rotary instrument.

2.2.3. Printing
DMA90-P and DMA45-P were produced by digital light processing 

(DLP, P30+, Straumann, Freiburg, Germany). Specimens were built at 
90◦ and 45◦ orientations relative to the build platform with a layer 
thickness of 50 μm. Each layer was polymerized by a light source. After 
printing, the specimens were cleaned of unpolymerized material using 
99.8 % isopropanol (pure 2-Propanol, Walter CMP, Kiel, Germany) in an 
automated cleaning unit (P wash, Straumann, Freiburg, Germany) 
(Table 2). After a waiting period of 15 min, final polymerization was 
carried out in a post-curing unit (P cure, Straumann, Freiburg, Ger
many). Support structures were then manually removed.

2.3. Surface treatment

All specimens were randomly assigned to one of two standardized 
surface treatments to produce uniform rough (A) or fine (B) topogra
phies. Each specimen was mounted in holders and processed with an 
automated precision polishing unit (Tegramin-25, Struers, Willich, 
Germany) with defined setting parameters (Table 3). The parameters for 
the surface treatments were optimized in preliminary experiments to 
achieve the targeted line roughness values of approximately Ra ≈ 0.2 μm 
for surface treatment A and Ra ≈ 0.04 μm for surface treatment B. To 
eliminate potential surface influences from prior manufacturing pro
cesses and to ensure a homogeneous fine finishing, surface treatment B 
was carried out in two sequential processing steps.

2.4. Artificial aging protocols

The specimens were then randomly forwarded to one of four distinct 
artificial aging procedures. The aging protocols each simulated a one- 
year period of use.

2.4.1. Thermal aging – thermocycling (TC)
The specimens were placed in fine-mesh fabric bags to prevent 

Fig. 1. An overview of the study design and the number of specimens (PMMA-C: PMMA by conventional auto-curing, PMMA-M: PMMA by milling, DMA90-P: DMA 
by 90◦ built orientation and printing, DMA45-P: DMA 45◦ by built orientation and printing, PEEK-M: PEEK by milling).

Table 1 
Overview of the used denture base materials.

Material Abbreviation Manufacturing process LOT number Manufacturer

Palapress PMMA-C Conventional auto-curing Powder: M010135 Liquid: M010139 Kulzer, Hanau, Germany
CediTEC DB PMMA-M Milling 2127008; 2331042 Voco, Cuxhaven, Germany
V-Print dentbase DMA90-P Printing, 90◦ orientation 2311630 Voco, Cuxhaven, Germany
V-Print dentbase DMA45-P Printing, 45◦ orientation 2311630 Voco, Cuxhaven, Germany
PEEK BioSolution PEEK-M Milling 13922; 22223 Merz Dental, Lütjenburg, Germany

Table 2 
Details of the two post-processing processes.

Unit Program

P wash pre-cleaning: 3:10 min
cleaning: 2:10 min
drying: 1:30 min

P cure vacuum: 2:20 min
curing: 10 min
pressure compensation: 0:30 min
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floating during TC. They were then inserted into a thermocycler 
(Regensburger Kausimulator, eGo-Kältetechnik, Regensburg, Germany). 
Thermocycling was performed between 5 ◦C and 55 ◦C for a total of 
10,000 cycles, simulating approximately one year of clinical use for 
removable dentures. Each cycle consisted of a 30 s dwell time at each 
temperature and a 30 s transfer time.

2.4.2. Mechanical aging – toothbrush abrasion (TBA)
Mechanical aging was simulated using a toothbrush simulator (ZM-3, 

SD Mechatronik, Feldkirchen-Westerham, Germany) to replicate daily 
brushing-induced wear. Toothbrush heads (Plu◦line, dental bauer, 
Tuebingen, Germany) performed circular motions (8 mm diameter) at a 
speed of 40 mm/s under a constant load of 200 g. Each specimen was 
subjected to 7200 brushing cycles. During testing, specimens were 
covered with 10 ml of a slurry consisting of 250 g toothpaste (Colgate 
Total Original, CP GABA, Hamburg, Germany) mixed with 1 l deionized 
water.

2.4.3. Chemical aging – hydrochloric acid (HCl)
To simulate gastric acid exposure under reflux conditions, specimens 

were immersed in a hydrochloric acid solution adjusted to pH ≈ 1.52. 
The solution was prepared by diluting concentrated HCl (37 %, Merck, 
Darmstadt, Germany) with deionized water in a 1:4 ratio. The target pH 
was confirmed using a calibrated pH meter (Type 764, Knick Elek
tronische Messgeräte, Berlin, Germany). Specimens were stored in 
sealed containers and incubated at 37 ◦C (B6, Heraeus, Hanau, Ger
many) for 7 d.

2.4.4. Chemical aging – sodium hypochlorite (NaOCl)
For chemical aging, specimens were stored in 30 ml of a 1 % sodium 

hypochlorite solution (Histolith NaOCl 1 %, lege artis Pharma, Detten
hausen, Germany) at 37 ◦C for 60 h and 50 min in an incubator (B6, 
Heraeus, Hanau, Germany). This duration corresponds to one year of 
simulated clinical use, assuming daily exposure of 10 min.

Following artificial aging, all specimens were steam-cleaned and 
dried using a lint-free tissue.

2.5. Material characterization

2.5.1. Surface analyses
Surface roughness was analyzed using a contact profilometer 

(Perthometer S6P, Perthen Mahr, Goettingen, Germany). The 

measurement parameters were set as follows: LT = 1.7 mm/0.25 mm, 
horizontal and vertical interval = 50 μm, z-resolution = 0.5 μm, and x- 
resolution = 1 μm. The line roughness parameters arithmetical mean 
roughness (Ra, in μm) and average roughness depth (Rz, in μm) were 
evaluated as two-dimensional surface roughness descriptors. To ensure 
standardized measurement conditions, the specimens were oriented in a 
way that the macroscopic polishing marks were aligned orthogonally to 
the scan direction. Roughness measurements were performed at the 
centre of the specimen surface using a diamond stylus with a tip radius 
of 2 μm and a scanning speed of 0.1 mm/s.

The surface free energy (SFE, in mJ/m2) was determined from con
tact angle measurements using an automated contact angle measuring 
instrument (Drop Shape Analyzer DSA25, Krüss, Hamburg, Germany), 
following the guidelines of ISO 19403–2:2024. Prior to the measure
ments, the specimens were cleaned with 70 % ethanol and allowed to air 
dry. Using the sessile drop method, 1 μL droplets of deionized water and 
diiodomethane were analyzed at a room temperature of approximately 
23 ◦C. The SFE was then calculated using the Owens and Wendt method 
(Owens and Wendt, 1969).

For visual examination, one specimen per group was randomly 
selected to capture the surface topography. To provide an overview, 
initial images were acquired using an optical microscope (lens type: 
ZS20, VHX-S550E, Keyence, Osaka, Japan) at a magnification of 30 × . 
Scanning electron microscopy (SEM, Phenom, FEI, The Netherlands) 
was additionally performed with a magnification of 1500 × and a 
working distance of 160 μm. For SEM analyses, specimens were moun
ted on aluminium stubs and sputter-coated with a thin layer of platinum 
for 50 s to prevent electrostatic charging and to enhance image quality.

2.5.2. Microhardness and indentation
Hardness parameters were determined immediately after aging using 

a universal hardness testing machine (ZwickiLine Z2.5, ZwickRoell, 
Ulm, Germany) in accordance with DIN EN ISO 14577-1. A Vickers 
indenter was employed to provide a constant loading rate of 0.1 mm/ 
min and a maximum force of 30 N. The peak force was maintained for a 
duration of 2 s. The following parameters were evaluated: Martens 
hardness (HM, in N/mm2), indentation hardness (HIT, in N/mm2), and 
indentation modulus (EIT, in kN/mm2).

2.5.3. Gravimetric determination of water absorption and solubility
To characterize the water-related behaviour of the materials, water 

sorption (Wsp, in μg/mm3) and solubility (Wsl, in μg/mm3) were eval
uated. The volume of each specimen was first calculated by measuring 
thickness and diameter. The specimens were then placed on a perforated 
tray inside a desiccator with silica gel (Silica Gel Orange, Carl Roth, 
Karlsruhe, Germany) at the bottom, and the desiccator was stored in an 
incubator (B6, Heraeus, Hanau, Germany). Wsp and Wsl were finally 
determined in accordance with DIN EN ISO 10477:2021–02.

2.5.4. Structural analyses
The phase composition of the unaged polymer-based specimens was 

characterized using X-ray diffraction (XRD). A MINIFLEX 600 (Rigaku, 
Tokyo, Japan) with Cu Kα radiation (1.5418 Å, 40 kV 10 mA) and a DTex 
Ultra 2 MF detector (Rigaku, Tokyo, Japan) was used. The monolithic 
specimens were measured with a diffraction angle between 10 and 140◦

on a Si single crystal plate to minimize the influence of the background. 
The measurement data was evaluated using search-match analysis and 
partial Rietveld analysis with SMARTLAB Studio II v5.0.174.0 software 
(Rigaku, Tokyo, Japan) and data stems from the PDF5 the database 
(ICDD. Newtown Square, USA). An error of 1–2 % by mass was assumed 
for the weight percentages, because of the higher Rwp-values (Jansen 
et al., 2011).

Differential scanning calorimetry (DSC) was performed using a DSC 
204 F1 Phoenix instrument (NETZSCH, Selb, Germany). Measurements 
(n = 3 per material and aging condition) were conducted within tem
perature ranges of 35–250 ◦C and 35–400 ◦C at a heating rate of 20 K/ 

Table 3 
Settings for the surface treatment processes.

Treatment Parameters

Surface 
treatment A

Contact force 5 N (PMMA and DMA) 
10 N (PEEK)

Processing time 20 s
Rotation speed (specimen 
holder and table)

150 rpm

SiC-foil grit of 1200 (Struers, Willich, 
Germany)

Surface 
treatment B

Contact force 5 N (PMMA and DMA) 
10 N (PEEK)

Processing time 20 s
Rotation speed (specimen 
holder and table)

150 rpm

SiC-foil grit of 1200 (Struers, Willich, 
Germany)

Followed by
Contact force 5 N (PMMA and DMA) 

10 N (PEEK)
Processing time 20 s
Rotation speed (specimen 
holder and table)

120 rpm

SiC-foil grit of 4000 (Buehler, 
Dusseldorf, Germany)
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min under a nitrogen atmosphere. Specimens with a mass of approxi
mately 5 mg were placed in aluminium crucibles for analysis. The data 
were analyzed using the Proteus Analysis software (version 6.1.0).

Thermogravimetric analysis (TGA) was performed using a TG 209 F3 
Tarsus instrument (NETZSCH, Selb, Germany). The specimens were 
placed in open Al2O3 crucibles (70 μl, ME-24123, Mettler-Toledo, 
Vienna, Austria). Initially, the empty crucibles were weighed, followed 
by weighing of the crucibles containing the specimens (approximately 
11 mg, crushed; n = 3 per material and aging condition). Subsequently, 
the specimens were subjected to a heating program within a tempera
ture range of 25–600 ◦C or 25–900 ◦C, respectively, at a heating rate of 
20 K/min under a nitrogen atmosphere. During heating, the specimens 
continuously lost mass until thermal decomposition of the material was 
completed. The residual material was determined gravimetrically and 
expressed as the residual mass fraction (in %). The Proteus Analysis 
software (version 6.1.0) was used to evaluate the data.

2.6. Statistics

All statistical analyses were performed using SPSS Statistics 29 (IBM 
Corp., Armonk, NY, USA). Data of the surface analyses, microhardness 
and indentation, as well as water absorption and solubility, were sta
tistically evaluated using the Shapiro-Wilk test for normality and the 
Levene's test for homogeneity of variances. Based on these results, non- 
parametric analysis were performed using the Kruskal-Wallis test, fol
lowed by pairwise comparisons with the Mann-Whitney U test where 
appropriate. Statistical significance was defined as follows: p > 0.05 =
not significant (n.s.); p < 0.05 = *; p < 0.01 = **; p < 0.001 = ***. Effect 
sizes (r) were calculated to evaluate the magnitude of significant dif
ferences. The significance level was set at α = 0.05.

3. Results

Normal distribution could be assumed for 83 % of the tested groups 
(Shapiro-Wilk, p > 0.05) and homogeneity of variances was identified in 
63 % of the tested groups (Levene). Effect sizes are expressed as r; as
terisks indicate levels of statistical significance to the group without 
aging.

3.1. Surface analyses

3.1.1. Arithmetical mean roughness – Ra
Median Ra values (Fig. 2a) for specimens with treatment A ranged 

between 0.17 and 0.21 μm in the unaged condition, and ranged between 
0.10 and 0.27 μm after aging. TC and HCl induced highest Ra, particu
larly in printed specimens (DMA90-P and DMA45-P). TBA exerted a 
significant smoothing effect across all materials (p ≤ 0.002). Overall, the 
materials PMMA-M (TC: r ≥ 0.74**; TBA: r ≥ 0.84***; HCl: r ≥ 0.62**; 
NaOCl: r ≥ 0.52*) and DMA90-P (HCl: r ≥ 0.64**; NaOCl: r ≥ 0.53*) 
exhibited the most pronounced significant influences over the aging 
periods.

The fine treatment (B) resulted in consistently low Ra values 
(0.04–0.06 μm) in the unaged state. Across all aging protocols, Ra 
remained below 0.08 μm, reflecting reduced sensitivity compared to 
treatment A. TBA induced a significant decrease in Ra values in PMMA-C 
(r ≥ 0.78***), DMA90-P (r ≥ 0.71**) and PEEK-M (r ≥ 0.52*). For all 
materials except PMMA-M, aging generally led to slight increases in 
surface roughness. PMMA-M showed no significant changes, with only a 
minimal roughness increase after NaOCl exposure. PEEK-M showed 
stable roughness values across aging protocols and showed only signif
icant changes at TBA (r ≥ 0.01**).

Fig. 2. Boxplots showing the distribution of surface analyses parameters in the tested materials following artificial aging processes. Circles denote mild outliers 
(>1.5 × interquartile range), while asterisks indicate extreme outliers (>3 × interquartile range). (a) Ra (median, μm). (b) Rz (median, μm). (c) SFE (median, mJ/m2).
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3.1.2. Average roughness depth – Rz
Rz values followed a trend similar to Ra (Fig. 2b). After treatment A, 

median Rz ranged from 1.3 to 1.6 μm in the unaged condition, with 
increased after TC, HCl, and NaOCl exposure, particularly in DMA90-P. 
In all materials, TBA led to a highly significant reduction in Rz (PMMA- 
C: r ≥ 0.85***; PMMA-M: r ≥ 0.67**; DMA90-P: r ≥ 0.01***; DMA45-P: 
r ≥ 0.01***; PEEK-M: r ≥ 0.01**). PMMA-M (TC: r ≥ 0.64**; TBA: r ≥
0.67**; HCl: r ≥ 0.79***; NaOCl: r ≥ 0.72***) and DMA90-P (TBA: r ≥
0,00***; HCl: r ≥ 0,61**; NaOCl: r ≥ 0,64**) showed the most signifi
cant changes. For PMMA-C, PMMA-M, and PEEK-M almost no signifi
cant differences were observed.

Fine treatment (B) resulted in consistently lower Rz (0.3–0.6 μm 
unaged; 0.2–0.8 μm after aging). TBA (PMMA-C: r ≥ 0.85***; DMA90-P: 
r ≥ 0.60**) induced moderate changes in Rz, whereas NaOCl led to 
highly significant variability in surface roughness (PMMA-C: r ≥ 0.63**; 
PMMA-M: r ≥ 0.57*; DMA45-P: r ≥ 0.49*; PEEK-M: r ≥ 0.57**).

3.1.3. Surface free energy – SFE
After treatment A, the median SFE values of the unaged specimens 

ranged from 31 to 47 mJ/m2 (Fig. 2c). TBA led to significantly higher 
SFE medians in PMMA-M (r ≥ 0.76***) and DMA45-P (r ≥ 0.01***). In 
most cases, HCl and NaOCl significantly reduced SFE in DMA90-P (HCl: 
r ≥ 0.66**; NaOCl: r ≥ 0.57**), and DMA45-P (HCl: r ≥ 0.56*; NaOCl: r 
≥ 0.59**), whereas PMMA-C (NaOCl: r ≥ 0.78***) and PMMA-M (HCl: r 
≥ 0.61**; NaOCl: r ≥ 0.78***) showed partial increases. In general, 
PMMA-M, DMA90-P and DMA45-P exhibited the most significant 
changes in SFE compared to PMMA-C and PEEK-M.

Fine treatment (B) resulted in comparable or slightly higher SFE 
values relative to treatment A. TC produced the most significant changes 
in SFE for some materials (PMMA-C: r ≥ 0.47*; DMA90-P: r ≥ 0.73**; 
PEEK-M: r ≥ 0.62**), while PMMA-M and PEEK-M showed no signifi
cant changes under most conditions.

3.1.4. Visual recordings
Figs. 3 and 4 showed overview and detail images of the polished and 

aged specimens. Unaged specimens exhibited a consistent surface 
topography in specimens recorded with the optical microscope. Rough 
polishing produced matte surfaces, while fine polishing resulted in a 
glossy appearance with characteristic grinding marks. After TC and 
chemical aging, surfaces remained largely homogeneous. In contrast, 

mechanical aging by TBA caused pronounced grooves and localized 
indentations. DMA90-P and PEEK-M showed the least abrasion from 
brushing.

In the SEM images, the rough-polished specimens exhibited a pro
nounced polishing pattern, whereas the fine-polished specimens showed 
fewer polishing lines and a homogeneous surface texture. TBA was 
characterized by the absence of visible polishing lines in the rough 
treatment.

3.2. Microhardness and indentation

3.2.1. Martens hardness – HM
Regarding HM (Fig. 5a), TC caused a reduction after surface treat

ment A, particularly in PMMA-C (r ≥ 0.83***; decrease from unaged 
128 N/mm2 to 84 N/mm2) and PMMA-M (r ≥ 0.58**). TBA (PMMA-M: r 
≥ 0.85***), HCl (PMMA-C: r ≥ 0.68**; PEEK-M: r ≥ 0.66**), and NaOCl 
(PMMA-M: r ≥ 0.83***) produced fewer significant differences for all 
materials. No significant changes were identified for DMA90-P and 
DMA45-P after artificial aging.

For specimens with fine surface treatment (B), similar or slightly 
reduced HM values were identified in relation to those with treatment A, 
although a similar trend across all aging protocols was observed.

3.2.2. Indentation hardness – HIT
For HIT (Fig. 5b) and for specimens with surface treatment A, TC 

significantly reduced HIT, particularly in PMMA-C (r ≥ 0.79***) and 
PMMA-M (r ≥ 0.52*). Chemical aging also had significant effects on 
PMMA-M (NaOCl: r ≥ 0.67**) and PEEK-M (HCl: r ≥ 0.72**). PEEK-M 
showed the highest median HIT values across all conditions (approx. 
279–315 N/mm2) with only little variation between aging protocols. In 
contrast, PMMA-M showed the lowest but stable values with limited 
scatter.

Treatment B resulted in similar or slightly reduced HIT values in 
comparison to treatment A. Similar trends were observed across aging 
protocols, but more significant differences were observed in TC (PMMA- 
C: r ≥ 0.79***; PMMA-M: r ≥ 0.85***; DMA90-P: r ≥ 0.51*; DMA45-P: r 
≥ 0.63**) and HCl (PMMA-M: r ≥ 0.46*; DMA90-P: r ≥ 0.56*; DMA45- 
P: r ≥ 0.66**). PEEK-M (n.s.) featured superior hardness stability under 
all conditions.

Fig. 3. Imaging of representative specimens to visualise the surface topography using an optical microscope (magnification: 30 × ; white bar: 500 μm for 
each image).
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3.2.3. Indentation modulus – EIT
For EIT (Fig. 5c) and specimens after treatment A, TC led to a sig

nificant reduction in EIT for PMMA-C (r ≥ 0.82***), PMMA-M (r ≥
0.79***), and PEEK-M (r ≥ 0.50*). Chemical aging significantly affected 

EIT in PMMA-C (HCl: r ≥ 0.77***), PMMA-M (HCl: r ≥ 0.67**; NaOCl: r 
≥ 0.70**), and PEEK-M (r ≥ 0.53*). TBA significantly reduced EIT in 
PMMA-M (r ≥ 0.75***).

Similar or slightly lower EIT values were determined for the fine 

Fig. 4. Imaging of representative specimens to visualise the surface topography using a SEM (magnification: 1500 × ; white bar: 80 μm for each image).

Fig. 5. Boxplots showing the distribution of hardness parameters of the tested materials after artificial aging processes. Circles denote mild outliers (>1.5 ×
interquartile range), while asterisks indicate extreme outliers (>3 × interquartile range). a) HM (median, N/mm2). b) HIT (median, N/mm2). c) EIT (median, 
kN/mm2).
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treatment (B) in comparison to specimens subjected to treatment A, with 
fewer significant differences.

3.3. Gravimetric determination of water absorption and solubility

3.3.1. Water sorption – Wsp
For Wsp (Fig. 6a) and treatment A, TC resulted in increased Wsp for 

PMMA-M (r ≥ 0.85***) as well as for DMA90-P (23.6 μg/mm3; r ≥
0.85***), DMA45-P (23.8 μg/mm3; r ≥ 0.85***), and PEEK-M (r ≥
0.84***). PMMA-M (TBA: r ≥ 0.81***; HCl: r ≥ 0.85***; NaOCl: r ≥
0.85***) and DMA45-P (TBA: r ≥ 0.01***; HCl: r ≥ 0.85***; NaOCl: r ≥
0.80***) exhibited significant differences across all aging protocols. In 
contrast, PMMA-C showed no significant changes, while PEEK-M 
consistently showing lowest Wsp values.

Similar trends were identified for treatment B, with PEEK-M showing 
lowest Wsp (2.9–4.4 μg/mm3) across all conditions. PMMA-C and DMA 
materials had higher values. For PMMA-M, significant differences were 
detected after TBA (r ≥ 0.64***). DMA45-P (r ≥ 0.85***) and DMA90-P 
showed significant increases in Wsp across most aging conditions. PEEK- 
M was significantly affected by the chemical agings (HCl: r ≥ 0.70**; 
NaOCl: r ≥ 0.63**).

3.3.2. Solubility – Wsl
For Wsl (Fig. 6b) and treatment A, TC, TBA, and HCl led to significant 

changes across all materials, with particularly strong effects for PMMA- 
M (r ≥ 0.85***). For TBA, significant differences were detected, but with 
negligible effect sizes (r ≥ 0.01***). NaOCl did not lead to any signifi
cant changes in PMMA-C and PEEK-M. TC resulted in increased Wsl in 
DMA90-P and DMA45-P, whereas the unaged condition exhibited 
negative median values for these materials (DMA90-P: 2.4 μg/mm3; 
DMA45-P: 3.4 μg/mm3). TBA significantly increased Wsl in the DMA 
materials (p ≤ 0.001), while HCl exposure caused significantly divergent 
effects, with a decrease in DMA90-P (p ≤ 0.002) and an increase in 
DMA45-P (p ≤ 0.001).

For treatment B, similar trends were observed. With the exception of 
TBA in PMMA-C and PMMA-M, all aging protocols resulted in significant 
changes for all materials. TC again produced the highest Wsl values, 
whereas all other agings produced lower values. DMA45-P exhibited the 
highest number of significant increases with the strongest effect sizes (r 
≥ 0.85***). PEEK-M consistently showed the lowest Wsl across all 
conditions.

3.4. Structural analyses

3.4.1. Phase compositions
Unaged PMMA- (PMMA-C, PMMA-M) and unaged DMA- (DMA90-P, 

DMA45-P) based specimens exclusively showed broad X-ray amorphous 
areas, which indicated a low order state (similar to a glass) (Fig. 7a). 
Both the unaged PMMA and the unaged DMA-based materials were very 
similar to each other in the signal. Qualitative identification of the 
polymers was therefore possible. Individual sharp reflexes were detected 
in unaged PEEK-M specimens (Fig. 7b). Rutile (TiO2) and semi- 
crystalline PEEK-M were detected qualitatively. Using the rietveld 
refinement, 2 % rutile (TiO2) and a 31 % crystalline and 67 % X-ray 
amorphous proportion of PEEK (C36H22O4) could be determined 
(Table 4). For this purpose, CaF2 was added as a standard.

3.4.2. DSC
The heat flow measured by DSC revealed material-specific curve 

profiles, with aging having only minor effects (Fig. 8a–e). In PMMA-C, 
TC resulted in a flattened peak, while PMMA-M exhibited an addi
tional, distinct peak at ~190 ◦C, which was absent under other aging 
conditions. For DMA90-P and DMA45-P, aging had minimal influence 
on heat flow behaviour. In contrast, the DSC profile of PEEK-M differed 
markedly from the other four denture base materials. Its DSC curves 
indicated a negligible impact of aging, consistently showing a prominent 
peak at ~340 ◦C across all conditions.

3.4.3. TGA
TGA revealed weight loss in all materials (Fig. 9a–e). PMMA-C and 

PMMA-M showed similar degradation profiles, with weight loss starting 
at ~220 ◦C (PMMA-C) and ~300 ◦C (PMMA-M) and reaching 0 % re
sidual mass at ~420 ◦C, which indicates no inorganic content. DMA90-P 
and DMA45-P exhibited comparable behaviour, with degradation 
beginning at ~280 ◦C and ~200 ◦C, respectively, and residual masses 
ranging from 3.91 to 6.92 % (DMA90-P) and 2.40–6.04 % (DMA45-P). 
PEEK-M displayed a distinct profile: initial gradual weight loss, followed 
by a sharp drop between 550 and 600 ◦C, leaving a residual mass of 
50.86–57.51 %. Aging had no significant effect on thermal degradation 
or weight loss in any material.

4. Discussion

The long-term performance and reliability of RDPs are significantly 
influenced by the aging resistance of the material and its interaction 
with clinical processing methods. Considering the clinical relevance of 
durable denture base materials in clinical dentistry, this study aimed to 
evaluate the resistance of PMMA, DMA, and PEEK processed with 
different manufacturing techniques to various types of artificial aging, 
including thermal, mechanical, and chemical stress. Within the limita
tions of the current study, the first research hypothesis suggesting that 
PEEK exhibits superior surface and mechanical properties and is less 

Fig. 6. Boxplots showing the distribution of water absorption and solubility parameters of the tested materials after artificial aging processes. Circles denote mild 
outliers (>1.5 × interquartile range), while asterisks indicate extreme outliers (>3 × interquartile range). a) Wsp (median, μg/mm3). b) Wsl (median, μg/mm3).
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affected by artificial aging compared to PMMA or DMA could be 
confirmed. The second hypothesis suggesting that the fabrication tech
nique (auto-curing, milling, printing) has a significant effect on the 
surface and mechanical properties of artificially aged PMMA and DMA 
could only be partially confirmed. Moreover, the third research hy
pothesis implying that milled PMMA is less susceptible to deterioration 
of surface and mechanical properties caused by artificial aging than 
auto-cured PMMA or printed DMA was also only partially accepted.

4.1. Surface analyses

4.1.1. Roughness
As expected, the different initial surface treatments (rough and fine) 

produced different surface roughness values Ra and Rz. TC and HCl aging 
increased Ra, especially in printed specimens, while TBA significantly 
reduced Ra across all materials with rough surface. Fine treatment 
consistently produced low Ra values (<0.08 μm) and reduced sensitivity 
to artificial aging. PMMA-M featured the highest aging resistance, while 
DMA90-P also achieved outstanding results in the group with the fine 
polishing process. PEEK-M showed a slight but significant increase in 

roughness due to TBA (Brinkmann et al., 2025).
These findings align with previous literature. TC aging has been 

shown to increase surface roughness in printed materials (Zhang et al., 
2024), though another study identified no significant effect of TC on Ra 
(Hahnel et al., 2009). In CAD/CAM resin composites, HCl storage 
significantly altered surface topography (Sa) (Schmohl et al., 2022). 
Similarly, NaOCl led to increased roughness in the present study, 
consistent with earlier results (Porwal et al., 2017). Conversely, a study 
with PEEK reported decreased roughness after 24 h of water storage, 
suggesting material-specific differences in aging responses (Babaier 
et al., 2022).

In line with Zhang et al. (2024), printed materials exhibited rougher 
surfaces and reduced hydrophilicity due to increased Sa and contact 
angle values compared to conventional and milled materials. This in
dicates that additional surface treatment or the application of a pro
tective coating may be required prior to clinical use to enhance the 
mechanical performance (Dai et al., 2022). Zhang also noted a corre
lation between printing orientation and roughness, although it remained 
unclear which orientation would be optimal and whether 
post-processing was performed (Atalay et al., 2021). In the present 
study, a significant increase in Ra after TC aging was observed only at a 
45◦ printing angle, but not with a 90◦ printing angle and for fine surface 
treatment. These results are contrary to earlier results by Gad et al., who 
observed increased roughness after TC in 90◦ printed DMA (Gad et al., 
2022a).

Our data also revealed that DMA materials exhibited the most pro
nounced roughness changes in dependence of artificial aging. This 
phenomenon may be attributed to their high water absorption after TC, 
which can cause swelling and micro crack formation, ultimately 
increasing surface roughness. Rz, which captures peak-to-valley dis
tances, is especially sensitive to such microdefects and may explain the 
increased variability observed. The higher instability of additively 
manufactured DMA compared to milled PMMA may also relate to the 
production methods: milled PMMA is polymerized under high pressure 
and temperature, resulting in lower residual monomer content and 
higher density. In contrast, printed DMA's layer-by-layer structure may 
introduce voids and leave higher monomer levels, making it more prone 
to degradation (Zhang et al., 2024).

Surface roughness measurement with a tactile contact profilometer is 
widely used in the literature (Mínguez-Martínez et al., 2022; Jones et al., 
2004; Atalay et al., 2021; Liebermann et al., 2016), but it has several 
limitations. The instrument records only two-dimensional parameters 
such as Ra and Rz (Rosentritt et al., 2024a), which is why it cannot 
produce areal 3D information. Accuracy is further limited by the stylus 

Fig. 7. Diffractograms of unaged analyzed specimens. a) Powder X-ray diffractogram of the unaged specimen PMMA-C, PMMA-M, DMA90-P and DMA45-P. b) 
Powder X-ray diffractogram of the unaged specimen PEEK-M. The measured curve is shown in black, the calculated curve in red. The difference between the two is 
shown in blue. All reflexes could be assigned and were labeled with letters. P stands for the crystalline part of the organic PEEK-M compound, T for TiO2 (rutile 
crystal structure) and C for the added standard CaF2 (fluorite crystal structure). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)

Table 4 
Parameters of rietveld analysis of PEEK-M. Rwp: weighted profile R-factor; Rwp: 
profile R-factor; S: goodness-of-fit; X2: chi-squared statistic.

Parameter Flourite Rutile Crystallized 
PEEK

X-ray- 
armorphic 
portion

Rwp 4.15
Rp 3.18
S 1.7223
X2 2.9663
Weight 

percentages
(0.0) 
excluded

2.38(7) 30.5(3) 67.1(3)

Space group/ 
number

Fm 3 m; 
225

P42/mnm; 
136

P21/b; 14 ​

PDF-Nr.: 04-009- 
5311

01-088- 
6627

20867496 
(ICDD)

–

lattice parameters
a in Å 5.46945 4.59677 7.76591 –
b in Å 5.46945 4.59677 6.01304 –
c in Å 5.46945 2.96177 26.42036 –
α in ◦ 90.000 90.000 96.273 –
β in ◦ 90.000 90.000 90.000 –
γ in ◦ 90.000 90.000 90.000 –
Lattice volume 

in Å3
163.618 62.583 1226.355 –
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tip radius (typically ~2 μm); sensitive surfaces may be damaged 
(Mínguez-Martínez et al., 2022). However, due to differing measure
ment principles, both methods may yield different roughness values 
even for identical surfaces, with confocal systems generally reporting 
higher values (Rosentritt et al., 2024b). However, due to differing 
measurement principles, both methods may yield different roughness 
values even for similar surfaces, with confocal systems generally 
reporting higher values (Rosentritt et al., 2024a; Leach et al., 2014). The 
choice of magnification, depending on material and surface treatment, 
also affects the results (Rosentritt et al., 2024b).

Finally, from a clinical perspective, surface roughness is highly 
relevant. In some cases, Ra values exceeded the clinically relevant 
threshold for dental materials of 0.2 μm for bacterial adhesion following 
artificial aging (Schubert et al., 2019; Bollen et al., 1997). Additionally, 
patients can perceive surface changes with their tongue at thresholds as 
low as 0.3 μm (Jones et al., 2004), which may influence comfort and 
satisfaction. In the current study, smoother surfaces appeared to be less 
susceptible to age-related surface changes. This phenomenon could be 
attributed to a smaller surface area and fewer microstructural irregu
larities. Therefore, fine polishing of denture base materials is strongly 
recommended to minimize surface deterioration and ensure long-term 
clinical performance.

4.1.2. Surface free energy
TBA aging significantly increased SFE in PMMA-M and DMA45-P, 

while HCl and NaOCl storages caused relevant reductions in most 

materials except PEEK-M. PMMA-C and PMMA-M showed partial in
creases in SFE after storage in the various chemicals. Fine treatment 
generally led to higher SFE values higher after aging. TC induced the 
most pronounced alterations in SFE for all aging protocols, particularly 
in DMA90-P and DMA45-P, whereas PMMA-M and PEEK-M remained 
largely unaffected.

An increase in SFE following TC was also observed in conventionally 
fabricated PMMA (Hahnel et al., 2009). Zhang et al. (2024) reported 
that printed specimens showed higher distilled water contact angles 
and, thus, lower SFE compared to conventionally processed or milled 
materials, both before and after TC. This observation only partially re
lates to the results of the current study, which also showed a reduction in 
the SFE of the printed materials after TC. In agreement with a previous 
study, printed materials had higher SFE values compared to conven
tionally processed specimens, which then also showed a higher sus
ceptibility to microbial colonization (Da Silva et al., 2023).

TC is a widely used method for simulating intraoral temperature 
fluctuations in artificial aging protocols. Alternating temperatures be
tween 5 ◦C and 55 ◦C simulate thermal conditions in the oral cavity 
during the consumption of hot and cold foods or beverages and are 
commonly used in studies to evaluate thermal stress (Gad et al., 2022a; 
Gale and Darvell, 1999; Morresi et al., 2014; Bento et al., 2025). 
Assuming an average of 20–50 temperature fluctuations per day, a total 
of 10,000 thermal cycles is widely accepted as representing approxi
mately one year of clinical use for removable dentures (Gale and Darvell, 
1999; Bento et al., 2025). Repeated thermal stress may promote material 

Fig. 8. Heat flow of denture base resin analyzed by differential scanning calorimetry. a) PMMA-C. b) PMMA-M. c) DMA90-P. d) DMA45-P. e) PEEK-M. The following 
line colours define the aging status: green: no aging. Blue: TC. Pink: TBA. Black: HCl. Orange: NaOCl. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)
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fatigue via water-induced microcracks, especially in polymers with high 
water absorption. Therefore, the TC protocol used in this study was 
chosen to simulate a clinically relevant long-term application under 
realistic intraoral conditions.

4.2. Microhardness and indentation

TC significantly reduced HM, HIT, and EIT in PMMA-C and PMMA-M, 
particularly after rough treatment. Other aging protocols had less 
impact, and DMA materials showed no relevant changes. PEEK-M 
exhibited the highest and most stable values across all parameters. 
Fine polishing slightly reduced hardness but also minimized aging 
effects.

Our findings partially contrast with those of Al-Dulaijan et al. (2022), 
who reported lower hardness in printed compared to heat-polymerized 
resins and who identified no influence of printing orientation. In the 
present study, reduced hardness was observed in printed specimens with 
a printing angle of 45◦, suggesting orientation-specific effects. Similar to 
previous research (Porwal et al., 2017; Kurt et al., 2018), NaOCl led to a 
reduction in hardness in PMMA-based materials. However, pre
conditioning in water in those studies may have contributed to the 
outcome. The combination of different aging protocols likely intensified 
the degradation observed in the current results.

The negative influence of NaOCl on mechanical properties has been 
previously confirmed, with both heat-polymerized and printed DMA 

(100 μm layer thickness) showing decreased hardness after short-term 
immersion in 1 % NaOCl, especially with rougher surfaces (Elhagali 
et al., 2025). Atalay et al. (2021) also reported microhardness reduction 
after TC, and additional studies noted decreased hardness following 
water storage (Nguyen et al., 2017). In our study, PMMA-M showed a 
significant decline in hardness after all aging protocols, underlining its 
sensitivity to hydrothermal and chemical degradation.

A consistent relationship between Martens hardness and elastic 
modulus was identified, aligning with findings by Liebermann et al. 
(2016), who also reported correlated reductions in both parameters. 
While PEEK generally demonstrated high stability, a long-term NaOCl 
exposure (90 days) led to reductions in HM and EIT, although initial 
resistance was high (Liebermann et al., 2016).

Surface and indentation hardness are crucial parameters for the 
durability of dental materials. They reflect resistance to deformation, 
wear, and scratching, factors directly impacting functional longevity 
under masticatory forces (Elhagali et al., 2025). The superior dimen
sional stability of PEEK, along with the orientation-dependent behaviour 
observed in printed DMA, highlights the critical role of material selec
tion and processing in clinical applications. In particular, post-curing 
methods used on additively manufactured materials can have different 
effects on their mechanical properties and should be carefully consid
ered when planning the workflow (Li et al., 2021). Fine polishing can 
further mitigate the effects of aging by reducing surface vulnerability.

Fig. 9. Weight loss (%) of denture base resins analyzed by thermogravimetry. a) PMMA-C. b) PMMA-M. c) DMA90-P. d) DMA45-P. e) PEEK-M. The following line 
colours define the aging status: green: no aging. Blue: TC. Pink: TBA. Black: HCl. Orange: NaOCl. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.)
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4.3. Gravimetric determination of water absorption and solubility

TC significantly increased Wsp and Wsl in PMMA-M and DMA ma
terials. PMMA-C remained largely unaffected, while PEEK-M consis
tently showed the lowest values across all conditions. Similar trends 
were identified after fine surface treatment, where the most pronounced 
effect was observed for DMA materials and the least for PEEK-M.

These results are in line with previous studies reporting the lowest 
sorption and solubility for PEEK compared to PMMA (Le Bars et al., 
2023; Liebermann et al., 2016; Maloo et al., 2022). PMMA's higher 
polarity promotes water uptake (Atalay et al., 2021), which may explain 
its increased sensitivity. In printed materials, additional water absorp
tion could be attributed to porosities introduced during the printing 
process, where air entrapment between layers creates microvoids (Gad 
et al., 2022a).

In particular, the DMA-based materials exhibited negative solubility 
values both before and after aging. Since solubility is calculated as the 
difference between the initial mass and the mass after storage, negative 
values occur when water uptake exceeds the actual material loss. This 
net mass gain may result from the chemical binding or physical retention 
of water molecules within the polymer matrix (Zhang et al., 2024; 
Nguyen et al., 2017).

However, negative solubility values do not exclude material loss. 
During water storage, sorption and leaching can occur simultaneously. If 
the material loss is overcompensated by higher water uptake, the 
calculated solubility becomes negative even though leaching or surface 
degradation may have taken place (Berli et al., 2020). Such processes 
can contribute to changes in surface topography, which is consistent 
with the roughness trends observed in the present study.

Although this study focused on surface-related parameters, aging- 
induced changes in microtopography are clinically relevant. Alter
ations in surface, mechanical, and sorptive properties can initiate cracks 
and promote stress concentration under functional loading. Previous 
research shows that water absorption, thermal fatigue, and related 
processes can soften the polymer matrix or create microdefects, thereby 
reducing the fracture resistance of denture base materials (Gad et al., 
2022b; Izzettinoglu and Eroglu, 2025). Thus, the surface changes iden
tified in this study may also suggest potential long-term effects on the 
structural integrity of PMMA-, DMA-, and PEEK-based materials. Clini
cally, high water sorption and solubility can impair dimensional sta
bility and durability. The favourable behaviour of PEEK-M and the 
benefits of fine polishing suggest a more stable long-term performance 
under intraoral conditions.

4.4. Structural analyses

Thermal analyses enable the assessment of structural properties of 
polymeric materials, particularly glass transition, melting behaviour, 
and thermal stability (Meng et al., 2007; Kitagawa et al., 2020). The 
investigated materials differ in morphology: PMMA and the additively 
manufactured DMA specimens are predominantly amorphous, whereas 
PEEK, as a semi-crystalline high-performance polymer, comprises both 
crystalline and amorphous fractions. Crystalline domains remain struc
turally stable under moderate heating; consequently, materials with a 
crystalline fraction exhibit delayed softening and greater dimensional 
stability under thermal load compared with amorphous systems (Bargel 
and Schulze, 2008; Koltzenburg et al., 2024).

In PMMA-C and PMMA-M specimens, dominant reflexes could be 
seen across the amorphous region at 14.2 (111), 30.5 (112) and 42.1 
(211), as also described here (Elashmawi and Hakeem, 2008; Sharma 
et al., 2023). Differences in the structure between printed and milled 
were not recognisable, at least by XRD.

According to the manufacturer, the two printed denture base mate
rials DMA90-P and DMA45-P are based on a mixture of urethane and 
triethylene glycol dimethacrylate, among others. In contrast to PEEK-M, 
the XRD measurements show an X-ray amorphous composition (no 

remote order). The blurred large reflex at 17.8◦/2θ and the two smaller 
blurred reflexes at 29.6◦/2θ and 42.7◦/2θ are confirmed by literature 
(Abu Bakar et al., 2022; Barszczewska-Rybarek, 2009; Balan et al., 
2012).

As with PMMA, the crystallinity (crystalline fraction) of PEEK and, 
consequently, its final properties such as mechanical performance, 
translucency, and thermal or chemical resistance can be controlled by 
adjusting the processing temperature and cooling rate (Yang et al., 2017; 
Bassett et al., 1988; Lee et al., 2022). The crystalline content of 
approximately 25 % determined by XRD is corroborated by DSC ana
lyses conducted by Yang et al. (2017), who demonstrated that increasing 
the temperature from 25 ◦C to 200 ◦C raised the degree of crystallinity 
from approximately 17 %–31 %.

The rutile phase (TiO2) identified in PEEK-M acts as a white pigment 
due to its high reflectance of the visible light spectrum, thereby 
brightening the otherwise greyish PEEK (Soares Machado et al., 2022). 
However, the determined content (2 %) is insufficient to function as an 
effective UV blocker (≥5 %) (Bragaglia et al., 2020) or as a filler to 
enhance strength and hardness (10–30 %) (Soares Machado et al., 2022; 
Schmeiser et al., 2025; Micovic Soldatovic et al., 2022).

The lower proportion relative to the residual mass determined by 
TGA can be attributed to the small crystallite size (resolution limits of 
XRD) and the presence of additional components such as pigments (e.g. 
gingiva-colored additives). The reduction in TiO2 particle size is 
particularly relevant, as it enhances the interfacial bonding between the 
filler and the polymer matrix, especially in combination with suitable 
silanes, and thereby improves the mechanical efficiency of the com
posite (Mishra et al., 2012; Kuo et al., 2005; Cazan et al., 2021).

Pigments could not be detected by XRD in any specimens, presum
ably due to the large amorphous proportion and low content.

In DSC, PMMA showed no melting transitions and a glass transition 
temperature around 100–110 ◦C. TC caused a flattened transition in 
PMMA-C, while PMMA-M showed an additional peak at ~190 ◦C under 
certain aging conditions, indicating higher sensitivity to aging than 
DMA and PEEK. No melting peak was observed for the DMA, reflecting 
the typical decomposition behaviour of highly crosslinked thermosets, 
which tends to decompose rather than melt (Bargel and Schulze, 2008; 
Rosentritt et al., 2018). Unchanged thermal profiles across all aging 
conditions and print orientations indicate a stable polymer network, in 
contrast to the orientation-dependent decomposition observed in TGA. 
PEEK exhibited a consistent and pronounced endothermic peak at 
approximately 340 ◦C across all conditions, corresponding to the 
melting point of its crystalline phase (Zanjanijam et al., 2020). The high 
melting temperature indicates a thermally robust crystalline structure. 
The stable DSC curves of DMA and PEEK indicate high thermal resil
ience, supporting their suitability for long-term clinical use under 
thermal and chemical stress.

TGA revealed the expected mass loss for all materials. Artificial aging 
produced no discernible changes in curve shape or residue, which in
dicates no detectable aging induced chemical modification. PMMA and 
DMA showed residues of 0 % for PMMA and near 0 % for DMA, 
consistent with the absence of inorganic fillers and with amorphous XRD 
signatures without additional crystalline reflexes. In contrast, PEEK 
exhibited a main degradation step at approximately 550–600 ◦C with a 
high residue of about 51–58 %, confirming the presence of an inorganic 
phase in agreement with the XRD diffraction pattern. In comparison, 
PMMA was thermally the least stable (conventional auto-curing < mil
led). DMA showed a medium level of stability with a decomposition 
onset that depended on the build angle (45◦ < 90◦). PEEK displayed the 
highest thermal stability and the smallest aging induced changes.

In summary, the combined use of XRD, DSC, and TGA provided a 
consistent and complementary view of the structural and thermal 
characteristics of the examined denture base materials. The amorphous 
nature of PMMA- and DMA-based polymers was corroborated by the 
absence of distinct crystalline reflexes in XRD, the lack of melting 
transitions in DSC, and the nearly complete mass loss observed in TGA. 
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These materials exhibited low thermal stability and no indication of 
inorganic fillers. In contrast, the thermal and structural robustness of 
PEEK was confirmed by all three methods, highlighting its semi- 
crystalline composition, high-temperature transitions, and significant 
residual mass resulting from inorganic content. Altogether, these find
ings emphasize the critical role of material composition and processing 
technique in determining long-term performance under aging.

5. Conclusion

Based on the results of this study, and within the limitations of the 
study, the following conclusions can be drawn: 

I. A finely polished surface significantly reduces the impact of aging 
processes on surface and material properties. The quality of sur
face treatment plays a decisive role in the aging resistance of 
denture base materials. From a clinical perspective, high-quality 
surface treatment is essential to ensure the long-term perfor
mance of RDPs.

II. The investigated materials exhibited distinct responses to aging 
processes. PMMA, as an established standard material for RDPs, 
showed aging-related changes depending on the manufacturing 
method. Milled PMMA demonstrated superior resistance to sur
face and mechanical degradation, making it a suitable alternative 
to both conventional auto-cured PMMA and additively processed 
DMA. Additively manufactured materials (DMA) displayed ma
terial- and orientation-dependent aging behaviour, with a build 
angle of 90◦ yielding the most favourable outcomes in terms of 
surface stability and mechanical performance. PEEK showed high 
structural stability across all aging protocols and thus presents a 
promising high-performance alternative to PMMA and DMA for 
long-term use in RDPs.

III. The selected manufacturing techniques significantly influences 
the surface and material properties. For both PMMA and PEEK, 
milling proves to be a high-quality and clinically alternative to 
the conventional auto-curing fabrication technique. Although 
additive manufacturing (printing) holds considerable potential, 
further research is required to improve material stability before it 
can be regarded as a clinically equivalent option for the fabrica
tion of RDPs.
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