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a b s t r a c t   

Objectives: This study investigated the effect of ageing in three food-simulating liquids 

(FSLs) on mechanical properties of three prosthodontic CAD/CAM polymer composites 
intended for construction of implant-supported frameworks. 

Methods: Materials investigated were: (i) a carbon fibre-reinforced composite (CarboCAD 3D 

dream frame; CC), (ii) a glass fibre-reinforced composite (TRINIA; TR), and (iii) a reinforced 
PEEK (DentoKeep; PK). Filler contents and microstructural arrangements were determined 
by thermo-gravimetry and tomography (µ-CT), respectively. Flexural properties (FS and Ef) 
were measured by 3-point bending (3PB) of 1 mm and 2 mm thick beam specimens. 
Fracture toughness (KIC) was measured by single-edge-notched-bending (SENB). All measure-
ments were made at baseline (dry) and after 1-day and 7-day storage at 37 ℃ in either 
water, 70 % ethanol/water (70 % E/W) or methyl ethyl ketone (MEK). Failed specimens were 
examined microscopically. Statistical analyses included four-way ANOVA, two-way 
ANOVA and multiple Tukey comparison tests (α = 0.05). Multiple independent t-tests were 
performed regarding thickness effects on FS and Ef (α = 0.05). 
Results: At baseline, the mechanical properties increased in the sequence: PK <  TR <  CC 

(p  <  0.001). FS ranged from 192.9 to 501.5 MPa; Ef from 4.2 to 18.1 GPa; and KIC from 
4.9–12.4 MPa.m0.5. Fibre-reinforced composites (CC and TR) were significantly stronger than 
PK. However, all properties of CC and TR reduced after 1 d storage in 70 % E/W and MEK 
with FS ranging from 58.6 to 408 MPa; Ef from 1 to 15.4 GPa; KIC from 6.87 to 10.17 MPa.m0.5. 
Greater reductions occurred after 7 d storage. MEK was more detrimental than 70 % E/W 
and water on fibre-reinforced composites. 
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Significance: Mechanical properties of each CAD/CAM composite were strongly dependent 

upon media and ageing. Although the mechanical properties of PK were initially inferior, it 
was relatively stable in all FSLs. All three materials exhibited sufficient mechanical prop-
erties at 1 mm thickness, but thicker specimens were more tolerant to ageing. 

© 2022 The Authors. Published by Elsevier Inc. on behalf of The Academy of Dental 

Materials. 

CC_BY_4.0   

1. Introduction 

Metal ceramics, previously called porcelain fused to metal, 
have been the material of choice for fabricating implant-sup-
ported prostheses (ISP) [1]. However, a paradigm shift to a non- 
metallic era has resulted in various innovative restorative 
and prosthetic framework materials such as polycrystalline 
zirconia [2]. However, because of their great rigidity and 
mechanical incompatibility with natural oral structures, is-
sues such as vertical bone loss and veneer chipping have 
arisen [2]. Therefore, demand has increased for biomimetic 
materials to improve the sustainability of prosthetic treat-
ment. Moreover, advances in CAD/CAM technology, with its 
controlled production methods, has re-directed research to-
wards reinforced polymer-based composites as viable alter-
natives to conventional prosthetic materials. 

Compositional developments have involved combining 
different matrices with fillers such as ceramic particles or 
incorporating different fibres such as glass or carbon. These 
CAD/CAM blocks, often described as high-performance polymer 
(HPP) composites, have been indicated for post and core [3,4] 
and fixed and removable prostheses [5,6]. Their superior 
mechanical properties have extended their clinical applica-
tions to implant-supported frameworks (ISF) [7–11]. Previously, a 
five-year longitudinal multicentre study assessed the clinical 
performance of conventionally produced carbon-graphite 
fibre-reinforced PMMA as ISF [12]. Although these fibre-re-
inforced composites (FRC) were biocompatible, with good 
precision and at a reasonable cost compared to metal ISF, 
their mechanical qualities were inadequate, as the survival 
rate was only 70 % [12]. In contrast, a recent five-year retro-
spective clinical study [13] reported comparable cumulative 
survival rates for ISFs fabricated from reinforced PEEK and 
titanium (93.1 % and 93.5 %, respectively). The most frequent 
complication was fracture of the veneer material. However, 
reinforced PEEK and carbon fibre reinforced composites were 
associated with significantly lower vertical bone loss as ISF 
(0.7 and 0.8 mm, respectively) than the titanium group 
(0.96–1.0 mm) [14]. 

A few in vitro studies have investigated HPP composites in 
terms of their load dissipating feature [15–18], biocompat-
ibility [19–21] and mechanical properties in relation to fibre 
orientation [22,23] or filler content [24]. However, there is a 
need to monitor mechanical properties of new polymer 
composites under simulated challenges of the oral environ-
ment. The ageing process is complex and involves many in-
teracting variables including chemical, physical, mechanical 
and thermal variables. 

Dental biomaterials are exposed to various liquids in-
duced naturally or absorbed from dietary and oral care 

products. Ethanol and methyl ethyl ketone (MEK) are two 
organic solvents, frequently used as food-simulating liquids 
that have been approved by the US Food and Drug 
Administration (FDA) [25]. Measuring flexural strength of 
specimens subjected to accelerated ageing using organic 
solvents at relatively high concentrations has been estab-
lished for conventional and reinforced CAD/CAM polymeric 
composites [26–29]. However, the mechanical behaviour of 
such polymer composites aged in organic solvents needs 
more extended investigation. Furthermore, mechanical 
properties measured in thin sections may assist interpreta-
tion of clinical behaviour for cases with limited occlusal 
space. 

The present investigation concerns effects of three food- 
simulating liquids (FSLs) on mechanical properties of three 
CAD/CAM polymer composite blocks, at two different thick-
nesses, designed for constructing ISFs. Mechanical properties 
studied were flexural strength (FS), flexural modulus (Ef) and 
fracture toughness (KIC) (single-edge-notched-beam) mea-
sured by three-point bending. The null hypotheses were as 
follows:  

1. No differences in mechanical properties between three 
materials, for each thickness, at baseline (dry, without 
ageing). 

2. No differences in FS, Ef, KIC of each material after spe-
cimen storage in three media: water, 70 % ethanol/water 
(70 % E/W) and MEK. 

3. No differences in FS, Ef, KIC of each material after spe-
cimen storage in the three media for 7 d compared to 1 d.  

4. No differences in FS and Ef between 1 mm and 2 mm thick 
specimens. 

2. Materials and methods 

2.1. Study design 

A total of 657 specimens were prepared from three CAD/CAM 
polymer composite blocks (Table 1): carbon-fibre reinforced 
composite (CC), glass fibre-reinforced composite (TR) and ceramic- 
filled polyether ether ketone (PK). Specimens were sectioned into 
plates or beams, as required for each property investigated, 
using a diamond disc saw (IsoMet 1000 Precision saw, 
Buhler). The specimens were manually polished with SiC 
grinding papers: grits P600 and P800 to round off any sharp 
edges. Specimen dimensions were measured with a digital 
micrometre ( ± 0.02 mm) and all specimens were ultra-
sonically cleaned for five min. CC specimens were fired at 
80 °C for 2 h, following the manufacturer recommendations, 
while TR and PK specimens did not require any firing. 
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The flexural strength (FS), flexural modulus (Ef), and 
fracture toughness (KIC) were measured dry, 24 h after pre-
paration ( ± 23 °C) (baseline). Then properties were re-mea-
sured after 1 d and 7 d storage in three media at 37 °C: water 
(W), 70 % ethanol/water (E/W), and methyl ethyl ketone 
(MEK). Fig. 1 presents the distribution of specimens for flex-
ural and fracture toughness tests with three media and two 
durations both in dry and aging conditions. FS and Ef were 
measured for both 1 mm and 2 mm thick beams. The sup-
plementary file includes representative images for several 
experimental steps. 

2.2. Filler content and density 

The filler content (mass percentage) was measured using the 
standard ash method (ISO 1172/1996 [30]. Using a calibrated 
analytic balance (accurate to 0.0001 g)), the mass (mg) of 
three specimens per material (2 mm × 9 mm × 15 mm) was 
recorded before and after heating in a furnace at 630 C for 
30 min (Programat EP 3000, Ivoclar Vivadent). Specimen di-
mensions were measured digitally (to 0.01 mm). Average 
filler contents (wt. %) were calculated via Eq. (1).  

Filler content (%) = (a2−a1)×100                                        (1)  

where a1 is the mass of the dry specimen and a2 is the 
mass of the ashed specimen. 

The density of six specimens from each material was 
calculated via Eq. (2). 

m
V

= (2) 

where, m is mass (g) and V is volume (cm3). 

2.3. Micro-CT (µCT) imaging 

To examine the structural configuration, one specimen from 
each material was scanned (dry) (1172 micro-CT; Bruker 
Skyscan, Belgium). To setup the scanner, 25 kV voltage, 110 A 
anode current, 1180 ms exposure duration, 4.84 µm image 
pixel size and 0.4 rotation step for 360° angle were used. To 
improve signal-to-noise ratio, frame averaging of 4 was ap-
plied and to eliminate ring artifacts, random movement of 8 
was included. Reconstruction of the projected images was 
performed using ©N-Recon, (version 1.6.9.4; Bruker Skyscan, 
Belgium) to produce cross-sectional images. Reconstructed 
images were saved as 16-bit TIFF files and loaded to 
©Dataviewer software (version 1.5.6.2; Bruker Skyscan, 
Belgium) to examine the 3D datasets. 

2.4. Flexural strength and modulus 

Specimens (n = 140) from each material were prepared as 
beams and divided into two groups based on their thickness: 
1 mm/2 mm thickness × 18 mm length × 4 mm width. For 
each thickness, specimens were subdivided into seven 
groups (n = 10). FS was measured dry, via a universal testing 
machine (Instron 5965, USA, calibrated 5 kN load cell), and 
then after storage in three FSLs at 37 °C for 1 d and 7 d. Each 
beam specimen was measured via three-point bending across 
a 12 mm span at a crosshead speed of 1 mm/min until frac-
ture, following ISO 6872/2018 [31]. The flexural strength FS 
(MPa) was calculated via Eq. (3), which is derived on the basis 
of assumed linear-elastic behaviour: 

FS
FL

wh
3

2 2
= (3) 

where F was the maximum load (N) at the highest point of 
each load-deflection curve; L is the span length between 
supports (mm); w is the specimen width (mm), and h is the 
height (mm). 

The flexural modulus Ef (GPa) was calculated from the 
slope of the load-deflection curve in the linear region, via Eq. 
(4), also based on linear-elastic assumptions: 

E
L F
wh d4

f

3

3
= (4) 

where d is the deflection (mm). 

Table 1 – CAD/CAM polymer materials and manufacturer information.        

Code CAD/CAM Material Composition Properties Manufacturer  

CC CarboCAD 3D Dream 
frame 

Carbon-fibre-reinforced 
composite 

Carbon fibre 
Epoxy resin of plant origin 
(Bioresin) 
No information on 
composition is available 

FS 421 MPa 
Ef 20.4 GPa 

DEI®italia, Italy 

TR TRINIA Glass fibre-reinforced 
composite 

55–60 % Glass fibre 
40–45 % epoxy resin 

FS 393 MPa 
Ef 18.8 GPa 
KIC 9.7 MPa.mm0.5 

Bicon Europe, Ltd, 
Ireland 

PK DENTOKEEP Ceramic-filled 
polyetherether ketone 

20 % wt TiO2 

80 % wt PEEK 
FS 165 MPa 
Ef 3.8 GPa 

NT-Trading, Germany   

Fig. 1 – Flowchart and ageing groups for the three CAD/CAM 
materials (N = 210 per material, n = 10 per subgroup). 
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2.5. Fracture toughness 

Seventy beam specimens per material (18 mm × 4 mm × 3 
mm) were sectioned and divided into 7 subgroups (n = 10). A 
single-edge-notched-beam (SENB) methodology was followed for 
miniature 3PB tests [32]. KIC was measured dry and then after 
storage in three FSLs at 37 °C for 1 d and 7 d. Fracture 
toughness is an intrinsic material property thus not influ-
enced by specimen geometry nor the testing methodology 
but is affected by internal flaw features [33]. 

A sharp notch was cut in the centre of each beam using a 
diamond disc and a slow-speed handpiece fixed to a posi-
tioning device. Each specimen was secured in a metal holder, 
with the 3 mm wide surface upwards, on a sliding surface to 
create a standardised 1.8  ±  0.2 mm notch depth. A razor 
blade embedded in diamond paste was placed at the base of 
the notch to create an initial crack. Then, the beams were 
removed and cleaned with distilled water in an ultrasonic 
bath for 10 min. Fracture toughness (KIC) was measured at 
23  ±  1 °C by three-point bending with a universal testing 
machine (Instron 5965, MA, USA), according to ISO 10477/ 
2020 [34] and ASTM D5045–14 [35]. A calibrated 5 kN load cell, 
aligned at the centre of a 12 mm span, recorded loads at a 
crosshead speed of 1 mm/min, until fracture occurred. Mea-
surements of the crack length were recorded by a light mi-
croscope at ×50 magnification. 

Fracture toughness KIC (MPa.m0.5) was calculated via Eq. 
(5), which assumes linear-elastic material behaviour: 

FL
BW

YKIC 1.5 (5)  

F is the maximum load to fracture (N); L is the span length 
between the supports (m); B is the specimen width (m), W is 
the height (m), and Y is a geometrical function calculated by  
Eq. (6) where a is the crack length (m) and w is the height (m): 

a
w

a
w

a
w

a
w

a
w

Y 2.9 4.6 21.8 37.6 38.7
1/2 3

2
5
2

7
2

9
2= + +

(6)  

2.6. Microscopic imaging and fracture analysis 

Three specimens of CC, TR, and PK, from each ageing group, 
were examined after 3PB at ×50 and ×100 magnification using 
a light microscope (Hirox Digital Microscope KH-7700, USA). 
An additional representative specimen from each 7-d storage 
group was selected for SEM imaging after the 3PB and SENB. 
Debris from the specimens were cleaned using an ultrasonic 

bath for 5 min. The specimens were dehydrated in a series of 
ascending mixtures of ethanol (70 %, 80 % and 100 %, re-
spectively) before applying a thin gold coating by a sputtering 
technique. The fracture site of each specimen was imaged in 
backscattered electron mode at 10 kV (SEM, JSM-6610 LV, JOEL 
Company, Tokyo, Japan). 

2.7. Statistical analysis 

Data were analysed using statistical software (SPSS 22.0; IBM 
SPSS Statistics Inc., Chicago, IL, USA). Normality and homo-
geneity of variance of the data were confirmed using the 
Shapiro-Wilk and Levene's tests, respectively. At baseline, 
differences in mechanical properties (FS, Ef, KIC) between the 
materials were investigated using one-way ANOVA. 

2.7.1. Flexural strength and modulus 
Four-way ANOVA was performed to investigate interactions 
between: materials, storage media, thickness, with FS and Ef. 
For each thickness group, three-way ANOVA and one-way 
ANOVA were used followed by Tukey post hoc tests (α= 0.05), 
to detect any differences between the materials within each 
ageing medium in terms of storage duration (α= 0.05). 
Multiple independent t-tests were performed to investigate 
the effect of thickness on FS and Ef (α= 0.05). 

2.7.2. Fracture toughness 
Three-way ANOVA was performed to investigate interactions 
between materials and storage media with fracture tough-
ness. One-way ANOVA was followed by Tukey post hoc tests 
(α= 0.05), to detect any differences between the materials 
within each ageing medium in term of storage duration 
(α= 0.05). 

3. Results 

3.1. Filler content and density 

Table 2 presents the mean (SD) density (n = 6) and filler 
content (wt. %) (n = 3) compared to the manufacturers’ data. 
TR specimens had higher density and filler content followed 
by CC and PK (p = 0.0001). 

3.2. Micro-CT imaging 

The µCT images representing coronal, sagittal and trans-
verse aspects of one dry specimen from each material 

Table 2 – Filler content and density of CAD/CAM polymer composites.       

Materials Measured data Manufacturers' data 

Density 
(g/cm3) 

Filler content 
(wt. %) 

Density 
(g/cm3) 

Filler content 
(wt. %)  

CC  1.34 (0.01)a  42.48 (0.39)a 1.25–1.33 No information 
TR  1.63 (0.04)b  55.83 (1.4)b 1.68 55–60 
PK  1.45 (0.07)c  21.34 (1.56)c 1.3–1.5 20 

Different superscript letters indicate significant differences between materials (p = 0.0001).    
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showing the differences in fibre orientation between the FRC 
blocks. In CC, carbon fibres were arranged in a random 3D 
network whereas in TR, the glass fibres were layered in two 
planes (Fig. 2). A homogeneous microstructure was observed 
in PK. 

3.3. Flexural strength and modulus 

Fig. 3. presents the baseline FS and Ef for the CAD/CAM spe-
cimens in terms of thickness. FS and Ef ranged from 192.9 to 
501.5 MPa and from 4.2 to 18.2 GPa, respectively, in the 

Fig. 2 – Representative µCT images of CAD/CAM specimens (CC, TR, and PK) in (a) coronal (b) sagittal, and (c) transverse 
planes.   

Fig. 3 – Flexural strength (a) and flexural modulus (b) of CAD/CAM specimens (CC, TR and PK) at baseline for 1 mm and 2 mm 
thickness. Asterisks indicate statistically significant differences (p  <  0.05). 
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following ascending sequence: PK <  TR <  CC (p  <  0.001). The 
impact of specimen thickness on FS varied for each material 
with no significant differences for TR and CC specimens 
(p = 0.07 and p = 0.154, respectively). However, the 2 mm thick 
PK specimens had higher FS than at 1 mm thick (p  <  0.001). 
The calculated elastic moduli for 1-mm specimens of all 
materials were lower than for the corresponding 2-mm spe-
cimens (p  <  0.001). 

Tables 3 and 4 present the effect of ageing media and 
duration on FS and Ef for the CAD/CAM materials. The FS data 
are plotted in Fig. 4. 

Numerical results suggest slightly different mechanical 
(FS and Ef) for 2 mm and 1 mm thick specimens, after ageing 
in water and 70 % E/W. 1-mm thick CC specimens exhibited 
somewhat higher (apparent) elastic moduli than 2 mm speci-
mens after 1 d storage in 70 % and MEK. This phenomenon is 
considered below in the Discussion. However, after 7 d in 
MEK, both thicknesses ‘levelled’ with nearly 72 % strength 
loss. Aged PK specimens, on the other hand, demonstrated 
relative stability, with minor but significant variations be-
tween 1- and 2-mm thicknesses. For simplicity, results of the 
2-mm thickness specimens only are presented in the fol-
lowing text. 

After ageing, both FS and Ef decreased significantly for CC 
and TR specimens in 70 % E/W and MEK (p = 0.0001). In water, 
CC and TR had minimal reductions in FS after 7 d (~1 %, 
p = 0.16), whereas PK specimens showed more reduction 
after 1 day (22 %) followed by a slight recovery after 7 d with 
statistical significance (p = 0.001). 

MEK caused progressive deterioration in the CC and TR 
specimens irrespective of their thickness (p  <  0.05). After 
24 h storage in MEK, FS reduced by 33 % and 64 % for CC and 
TR specimens, respectively. There were no significant dif-
ferences in FS between PK specimens stored in water and 
MEK, irrespective of storage duration. Also, PK specimens 
stored in MEK had slightly higher moduli than specimens 
stored in 70 % E/W (p = 0.012). 

3.4. Fracture toughness 

Table 5 presents the SENB fracture toughness (KIC) data at 
baseline and after storage in FSLs and the results are gra-
phically illustrated in Fig. 5. For reasons explained in the 
Discussion, these KIC data might, conservatively, be regarded 
as apparent fracture toughness. Baseline KIC measurements 
widely ranged from 5 to 12 MPa.m0.5 in the following as-
cending sequence: PK <  TR <  CC (p  <  0.001). 

After 1-day storage in water and 70 % E/W, CC specimens 
had a slight reduction in KIC (p = 0.001), then specimens 
maintained a comparable resistance after 7 days. While TR 
specimens showed no significant changes in the two media 
nor durations (p = 0.07). 

MEK caused progressive deterioration in CC and TR 
causing nearly 87 % reduction in their resistance to fracture 
propagation after 7-day storage (p  <  0.001). In contrast, MEK 
increased the mean KIC measurements for PK by 20 %. 

Although 7-day ageing in water and 70 % E/W caused 
around 40 % increase in the mean KIC measurements for PK, 
the material was relatively stable across all three media and 
exposure durations. 
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3.5. Microscopic imaging and fracture analysis 

Representative images of the CAD/CAM specimens after 
three-point bending are presented in Figs. 6–8. All PK speci-
mens bent without signs of fracture in all ageing groups. In 
comparison, CC and TR specimens showed a mix of complete 
and incomplete fracture modes in water and 70 % E/W sto-
rage media. In MEK, more bending was seen with inter-
laminar failure and fibre waviness (Fig. 6). Also, MEK caused 
yellowish staining in TR and PK specimens while 70 % E/W 
caused surface changes and pitting on PK. Figs. 7 and 8 show 
protruding fibres at the fracture area of CC and TR specimens 
following FS and SENB measurements. 

4. Discussion 

4.1. General trends 

The three reinforced CAD/CAM polymer composites designed 
for prosthetic frameworks, were significantly different in 
their mechanical properties, namely, flexural strength (FS), 
flexural modulus (Ef) and fracture toughness (KIC). Storage 
media and exposure time had a substantial impact on the 
properties of each material, with few exceptions (p  <  0.001). 

In the case of flexural properties, these were determined 
for both 1-mm and 2-mm thick specimens, applying Eqs. 3 
and 4, respectively, to calculate FS and Ef. Changing material 
thickness produced greater apparent differences in their elastic 
moduli than in their strength. These standard equations are 
derived on the assumption of perfect linear elastic behaviour. 
Ideally this should ‘normalize out’ the resultant quantities, so 
that they are size-invariant. The fact that moderate differ-
ences were apparent between some 1-mm and 2-mm spe-
cimen groups (of the same material) suggests that those 
materials were not 100 % linear elastic. Where polymeric 
matrices are involved, this is not an unusual phenomenon, as 
is apparent – for example – in compressive creep measure-
ments. Furthermore, the fracture toughness – calculated via  
Eq. 5 – is also derived under the assumptions of linear elastic 

fracture mechanics (LEFM). Nevertheless, LEFM can accom-
modate a certain amount of plastic deformation at the advancing 
crack tip. 

At baseline, FS, Ef and KIC for the fibre-reinforced compo-
sites (CC and TR) were significantly higher than for ceramic- 
filled PEEK (p  <  0.05). However, after storage in three FSLs, 
considerably greater changes were recorded in CC and TR 
compared to PK, especially following MEK and 70 % E/W 
ageing. Exposure duration showed variation in impact on 
mechanical properties of the three materials. However, PK 
was relatively stable under different ageing conditions. 
Results suggested apparent favourably high mechanical 
properties for CC and TR at 1-mm thickness but were appar-
ently less tolerant to solvent storage than their 2-mm coun-
terparts. Therefore, null hypotheses 1 and 2 were rejected but 
were only partially rejected for NH 3 and 4 on the effects of 
thickness and storage duration. 

4.2. Microstructural composition and configuration 

Multiple variables within the composition and micro-
structure play a role in the resultant mechanical properties 
such as filler type, content, fibre characteristics and ar-
rangement within the polymer matrix, bonding quality at the 
filler-matrix interface and the composite fabrication tech-
nique [26,36]. 

In this study, two materials were fibre-reinforced: (i) CC, 
composed of multidirectional carbon fibres randomly ar-
ranged within bio-epoxy resin [14,37], and (ii) TR, composed 
of woven fibreglass sheets aligned in multiple layers within 
epoxy resin [22]. The third material, PK was a thermoplastic 
polyether ether ketone (PEEK) polymer filled with ceramic 
filler particles (titanium oxide 20 wt. %) [15]. The differences 
in matrix, filler and filler arrangements explain the variability 
in their mechanical behaviour. 

The (wt. %) filler contents might contribute to the differ-
ences apparent in their FS, Ef, and KIC. CC and TR (43 wt. % and 
56 wt. %, respectively) initially showed superior properties to 
PK (21 wt. %). Generally, higher filler content (wt. %) in dif-
ferent types of PK are associated with harder, stronger and 

Table 4 – Flexural modulus (GPa) of two thicknesses of CAD/CAM materials after storage at 37 °C in water, 70 % ethanol/ 
water, and MEK for 1-day and 7-day (n = 10 per subgroup), calculated according to Eq. 4 - on the assumption of elastic 
material behaviour.           

Thickness (mm) Material Ef (GPa) 
Baseline 

Ef (GPa)-Storage media and time 

1d 7d 

Water 70 % E/W MEK Water 70 % E/W MEK   

1 CC  18.2 (1.2)A,1  19.8 (2)a,A,1  15.4 (1.9)b,A,2  3.4 (1.3)c,A,2  18.5 (1.6)a,A,1  9.3 (1.)b,A,3 2.3 (0.3)c,A,2 

TR  13.2 (1)B,1  12.5 (0.8)a,B,2  11.5 (0.6)b,B,2  1 (0.2)c,B,2  14.2 (1.6)a,B,2  9.3 (1.2)b,A,3 0.0c,B,3 

PK  5.1 (0.7)C,1  3.7 (0.5)a,C,2  3.8 (0.3)a,C,2  3.9 (0.3)a,A,2  4.8 (0.3)a,C,1  3.7 (0.4)b,B,2 3.7 (0.9)b,C,2           

2 CC  13.6 (0.7)D,1  13.5 (0.6)a,D,1  12.4 (0.7)b,D,2  6.4 (0.8)c,C,2  13.2 (0.6)a,D,1  9.9 (1.1)b,A,3 0.9 (0.3)c,D,3 

TR  10.7 (1.2)E,1  9.9 (0.2)a,E,1  9.2 (0.4)b,E,2  2.1 (0.3)c,D,2  10.3 (1.7)a,E,1  7.7 (0.6)b,C,3 0.5 (0.2)c,D,3 

PK  4.2 (0.6)F,1  3.6 (0.4)a,C,2  3.6 (0.2)a,C,2  3.8 (0.1)a,A,1  4.4 (0.2)a,F,1  3.1 (0.5)b,E,2 4.2 (0.4)a,C,1 

In each column, different superscript uppercase letters indicate significant differences between materials (p ≤ 0.05). 
For each row, different superscript lowercase letters indicate significant differences between ageing media within a storage time (1d and 7d, 
independently) (p ≤ 0.05). For each row, different numbers indicate significant differences between exposure time (baseline, 1d, and 7d) within a 
storage medium (p ≤ 0.05).    
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stiffer materials [15,38]. In contrast, in conventional materials 
with filler content exceeding 55 vol. %, KIC may reduce due to 
either higher fibre content or poor bonding between fibres and 
the matrix [39,40]. Nevertheless, this reduction might not be 
true for materials created via high-temperature and high- 

pressure (HT-HP) fabrication technology. CAD/CAM metho-
dology was a breakthrough for FRCs, minimising flaws and 
voids with higher degrees of conversion [6,41,42]. Machined 
blocks led to fewer complications with handling higher fibre 
content as encountered in conventional FRCs [20]. 

Fig. 4 – Flexural strength (MPa) of 1 mm and 2 mm thick CAD/CAM composites (CC, TR, and PK) stored in FSLs at 37 °C for 1 day 
and 7 days. Note the relative stability of PK specimens.   
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FRC are distinctive for their anisotropic mechanical 
properties, depending on the direction of load application. 
The efficiency of fibre reinforcement, or Krenchel factor (Kf), 
depends on the average fibre direction where Kf = 1 for uni-
directional fibres and Kf = 0.5 for bidirectional fibres [43–46]. 
Anisotropic behaviour was apparent in TR due to its woven 
glass-fibres (Fig. 2), theoretically with Kf = 0.5 [44]. The mea-
sured properties of TR differ according to the surface selected 
for investigation [22,23]. However, in CC, the braided fibres 
were randomly oriented in 3-D. Random 3D fibres have 
Kf = 0.2, leading to a nearly isotropic material; hence, any 
surface should behave similarly irrespective of the loading 
direction [45]. A similar polymer matrix, even CC with lower 
fibre content, might display better mechanical properties 
than TR, possibly due to differences in C-fibre arrangements 
compared to glass fibres. However, other differences must be 
considered, such as the internal strength of the carbon fibres, 
different interfacial bonding or the 3D fibre distribution. 

4.3. Flexural strength and modulus 

The minimum FS required for polymer-based materials in-
dicated for core restorative materials is 80 MPa [47] and for 
polymeric prosthetic materials is 65 MPa [48]. However, 
higher strength often facilitates application to biomechani-
cally complex structures such as implant-supported pros-
theses [33]. The main benefit of polymer-based composites in 
implant dentistry is their biomechanical compatibility [49], 
with the natural structures being replaced (cortical bone: 
13.7–16.4 GPa [50,51] and dentin: 9–18.6 GPa [52,53]). This 
biomechanical compatibility results from a combination of 
sufficient high strength and biomimetic modulus matching. 

Baseline data suggested that TR and CC had adequately 
high strength (ranging from 372 to 502 MPa, respectively), but 
lower strengths were found for PK (193–235 MPa). Also, elastic 
moduli for TR and CC ranged from 11 to 18 GPa (lower than 
manufacturers' data). Specimen thickness affected the flex-
ural modulus data for all three materials, but this is evidently 
an artifact, as discussed above. 

In two similar studies on TR, FS and Ef varied with loading 
directions from 97 to 406 MPa and from 7 to 17 GPa [22,23]. 
Therefore, the longitudinal surface was selected for con-
ducting flexural measurements on the TR specimens, where 
the load was applied at 90° to the fibre-alignment, resulting in 

higher FS by a factor of 2.5 than the parallel surface [22,23]. 
Moreover, although this was not our objective, additional TR 
specimens were loaded parallel to the fibre direction. Simi-
larly, FS and Ef (n = 10) were significantly lower than the 
longitudinal data (96–113 MPa and 7–9 GPa), roughly corre-
sponding to FS and Ef for the epoxy resin itself. 

The strength of CC specimens, however, is unlikely to be 
affected by the loading direction because of the random fi-
bres. One study reported a range of 408–500 MPa in 3PB [37]. 
Random fibres resulted in sufficiently high FS (482.5 MPa) in 
sections as thin as 1-mm. 

FS data for PK were within the range of other studies, but 
Ef varied slightly [54,55]. However, the results were compa-
tible with a recent study on 20 % filled PEEK (202 MPa and 
4.15 GPa), which were not affected by 1-d storage in water nor 
thermocycling for 5000 cycles [56]. 

Subjecting polymer-based composites to accelerated 
ageing is likely to degrade mechanical properties [42]. The 
mechanical behaviour after ageing continued to reflect the 
microstructural differences between the materials and re-
vealed pronounced differences between the effects of the 
three FSLs. 

Irrespective of thickness, CC and TR specimens stored in 
70 % E/W for one day slightly reduced all mechanical prop-
erties but they were relatively comparable after water sto-
rage. CC and TR maintained stable behaviour up to 7 days in 
water and 70 % E/W. However, 1-day storage in MEK caused 
them more significant degradation than 70 % E/W. 

Mechanical properties of TR were significantly lower than 
for CC, with its fibre microstructure being more susceptible to 
solvent absorption. PK was relatively more stable during 
ageing in all FSLs with a slight yet statistically significant 
decrease in FS and Ef. PK was slightly more affected by 70 % E/ 
W than by MEK. 

The flexural properties of the three materials measured 
dry at baseline and at a minimum thickness of 1 mm, might 
support their application for prostheses in a clinically limited 
space. However, the results from storage in food-simulating 
liquids suggest an entirely different conclusion. 

4.4. Fracture toughness 

Fracture toughness calculated from SENB data via Eq. 5 as-
sumes linear elastic behaviour. This may not hold exactly and 

Table 5 – SENB Fracture toughness (MPa.m0.5) of CAD/CAM specimens after storage at 37 °C in water, 70 % ethanol/water, 
and MEK for 1-day and 7-day (n = 10 per subgroup), calculated according to Eq. 5 - on the assumption of elastic material 
behaviour.          

Material KIC 

Baseline 
Storage media and time 

1d 7d 

Water 70 % E/W MEK Water 70 % E/W MEK  

CC  12.4 (1.68)A,1  10.61 (0.65)a,A,2  10.17 (0.42)a,A,2  8.42 (0.24)b,A,2  10.34 (0.68)a,A,2  9.77 (0.59)a,A,2  1.57 (0.25)b,A,3 

TR  9.78 (0.92)B,1  9.87 (0.84)a,A,1  9.05 (0.544)a,B,1  6.87 (0.70)b,B,2  9.39 (0.82)a,B,1  8.89 (0.86)a,B,2  1.19 (0.09)b,A,3 

PK  4.98 (0.54)C,1  5.96 (0.68)a,B,2  6.48 (0.62)a,C,2  6.52 (0.55)a,B,2  7 (0.77)a,C,3  7.01 (0.64)a,C,2  6 (0.58)b,C,2 

For each column, different superscript uppercase letters indicate significant differences between materials (p ≤ 0.05). For each row, different 
superscript lowercase letters indicate significant differences between ageing media within a storage time (1d and 7d, independently) (p ≤ 0.05). 
For each row, different numbers indicate significant differences between exposure time (baseline, 1d, and 7d) within a storage 
medium (p ≤ 0.05).    
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thus the numerical KIC data might, conservatively, be re-
garded as apparent values. Although there is comparability to 
some prior data obtained via other methods, those methods 
may also be subject to the same limitation. 

Baseline KIC measurements were higher for TR and CC (9.8 
and 12.4 MPa.m0.5, respectively) than for PK (5 MPa.m0.5) 
(p  <  0.001). Higher fracture toughness indicates greater ma-
terial resistance to cracks initiated from internal or external 
flaws [36]. Also, the experiments showed that PK could dis-
sipate loading forces through elastic-plastic deformation ob-
served as bending before material failure [57]. 

Filler particles and fibres behave as toughening mechan-
isms in polymer-based composites by absorbing the stress 
and deflecting it from the matrix [57]. However, a crack might 
propagate through the matrix or at the interface, causing 
complete or partial fibre detachments or delamination, as 
seen in Fig. 6. 

Similar to the present results, the fracture toughness 
measured by the notchless triangular prism method (NTP) for 
TR was 9 MPa.m0.5 in the longitudinal aspect [22]. CC speci-
mens exhibited improved resistance to crack propagation 
compared to TR due to its multidirectional fibre arrangement 
and favourable filler loading (~43 wt. %). Carbon fibres were 
more effective in absorbing energy. However, PK had reduced 
KIC than the FRC but had equivalent or slightly better fracture 
toughness than zirconia ceramics (~4 MPa.m0.5), which have 
a totally different structure. 

Solvent aging degraded the polymer matrix, fibre-matrix 
interface or their combination [27]. KIC for CC and TR, showed 
similar trends to FS with MEK causing significantly more re-
duction than water and 70 % E/W. After 7 d of ageing in MEK, 
KIC for CC and TR continued to decrease by nearly 87 % from 
their baseline. However, ageing in water and 70 % E/W for 1 
and 7 d were comparable, reflecting relative stability. 

In comparison, the 7-d aged PK in MEK were higher by 20.5 
% from its baseline. The slightly increased fracture toughness 
in PK is probably attributable to a toughening effect due to 
the plasticisation of the polymer matrix [58]. After 1-d ageing 
of PK in all FSLs, KIC was not significantly different between 
the three media. Behaviour of PK was consistent with pre-
vious studies which applied different accelerated ageing 
protocols such as artificial saliva [55], Ringers solution [54] 
and thermocycling [56]. 

4.5. Fractographic analysis 

Fractography provides information on the quality of a mate-
rial and its production through examining different failure 
modes [59]. Factors including ageing media, temperature, 
loading rate, and material architecture influence the fracture 
pattern of polymer composites [58]. The fracture analysis is 
challenged by the elastic-plastic behaviour of the polymeric 
materials and the secondary types of failure in FRC, such as 
delamination and ply splitting [60]. The bonding quality be-
tween the fibre and matrix is critical for a crack to initiate or 
propagate at this interface [58,61]. Moreover, the degree of 
crystallisation of thermoplastic composites such as PK, in-
fluenced their mode of failure [54]. 

CC and TR flexural specimens showed mixed patterns of 
complete and incomplete fracture after storage in water and 
70 % E/W groups, irrespective of storage duration. But MEK 
specimens showed a combination of delamination and fibre 
waviness, also called impact damage (Fig. 6). The delamina-
tion often migrates and grows in multidirectional fibre re-
inforced composites [58,62], as seen in specimens stored in 
70 % E/W and MEK. Also, fibre-bridging was seen at the frac-
tured site preventing complete separation of the fractured 
beams. The fracture line was not distinct in all CC and TR, 
and this might be described as viscous fracture as previously 
suggested for TR [22]. At the fracture site (Fig. 7 and Fig. 8), TR 
showed signs of inter- and intra-laminar fractures caused by 

Fig. 5 – Fracture toughness (MPa.m0.5) of CAD/CAM 
composites (CC, TR, and PK) stored in FSLs at 37 °C for 1 day 
and 7 days.   
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the interfacial partial debonding of the glass fibres. Whereas 
CC had a translaminar form of failure which involved fibre 
fracture and micro-buckling. 

After solvent storage, all PK flexural beams bent upon 
failure. PK aged for 7 d exhibited a greater tendency for ma-
trix ductility compared to 1 d. In contrast, the notched/ SENB 
PK beams fractured catastrophically at comparatively lower 
loads. SEM images of fractured PK, revealed small but mul-
tiple surface cracks, voids and hackle radial patterns, like 
previous studies [63,64]. Understanding different failure 

modes for these HPP composites may shed light on their 
performance throughout clinical service and guide further 
material development. 

4.6. Significance 

Although beam-shaped specimens do not simulate the geo-
metry of implant-supported prostheses, their use is neces-
sary for quantitative flexural measurements [33]. Smaller 
specimens were prepared to accommodate block dimensions  

Fig. 6 – Representative images of CAD/CAM specimens (2 mm thickness) subjected to three-point bending after 7-day storage 
in water, 70 % E/W, and MEK. Incomplete fracture (a), delamination migration (b), fibre waviness (c), fibre-bridging (d) and 
pitting (e). CC and TR in MEK show side aspects of impact damage.   
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Fig. 7 – Representative SEM images of fractured surfaces of CAD/CAM specimens after 7-day-storage in: water, 70 % E/W, and 
MEK. Note: PK specimens bent and did not fracture upon 3-point loading.   

Fig. 8 – Representative SEM images of fractured surfaces of single-edge-notched beam specimens after 7-day storage in 
water, 70 % E/W, and MEK. Translaminar fracture (a), intra-laminar fracture (b), void (c), cracks (d), and hackle pattern (e). 
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[32]. This study demonstrates the significant dependence of 
flexural properties with one form of ageing, chemical storage 
in three FSLs. 

The behaviour of TR blocks was dependent on loading 
direction relative to fibre orientation. Therefore, during 
prosthesis design, favourable occlusal support must be en-
sured. However, the multidirectional isotropic fibre arrange-
ment in CC seemed more favourable mechanically. PK had 
lower, but more stable, mechanical characteristics than the 
FRC. Hence, reinforced PEEK for ISF appears beneficial be-
cause of its biological and mechanical compatibility, sup-
ported by clinical success in the head and spine orthopaedic 
surgeries [65]. Clinical studies are required to determine long- 
term performance of implant-supported frameworks fabri-
cated from CAD/CAM HPP composites. 

5. Conclusions 

Under dry conditions, fibre-reinforced composites (CC and 
TR) showed significantly higher mechanical properties (flex-
ural strength FS, elastic modulus Ef, and (apparent) fracture 
toughness KIC) than PK - the ceramic filled PEEK. However, 
subjecting the specimens to accelerated ageing in food-si-
mulating solvents resulted in considerable degradation of 
mechanical properties of the FRCs but to a lesser extent 
for PK. 

Dry fibre-reinforced composites were sufficiently strong in 
1-mm section. However, their increased strength deteriora-
tion in FSLs requires full protection with a veneer material. 
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