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Abstract
Objectives The objective of this study was to investigate selected physical properties of nine contemporary and recentlymarketed
glass ionomer cement (GIC) and four resin-modified glass ionomer cement (RMGI) dental restorative materials.
Materials and methods Specimens (n = 12) were fabricated for fracture toughness and flexure strength using standardized,
stainless steel molds. Testing was completed on a universal testing machine until failure. Knoop hardness was obtained using
failed fracture toughness specimens on a microhardness tester, while both flexural modulus and flexural toughness was obtained
by analysis of the flexure strength results data. Testing was completed at 1 h, 24 h, 1 week, and then at 1, 3, 6, and 12 months.
Mean data was analyzed with Kruskal-Wallis and Mann-Whitney (p = 0.05).
Results Physical properties results were material dependent. Physical properties of the GIC and RMGI products were inferior at
1 h compared to that at 24 h. Some improvement in selected physical properties were noted over time, but development processes
were basically concluded by 24 h. A few materials demonstrated improved physical properties over the course of the evaluation.
Conclusions Under the conditions of this study:

1. GIC and RMGI physical property performance over time was material dependent;
2. Polyalkenoate maturation processes are essentially complete by 24 h;
3. Although differences in GIC physical properties were noted, the small magnitude of the divergences may render such to be

unlikely of clinical significance;
4. Modest increases in someGIC physical properties were noted especially flexural modulus and hardness, which lends support

to reports of a maturing hydrogel matrix;
5. Overall, GIC product physical properties were more stable than RMGI;
6. A similar modulus reduction at 6 months for both RMGI and GIC produced may suggest a polyalkenoate matrix change; and
7. Globally, RMGI products demonstrated higher values of flexure strength, flexural toughness, and fracture toughness than

GIC materials.

Clinical relevance As compared to RMGI materials, conventional glass ionomer restorative materials demonstrate more stability
in physical properties.
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Introduction

Glass ionomer cements (GIC) were invented and developed
byWilson and Kent in the early 1970s to overcome shortcom-
ings associated with silicate restorative cements [1, 2]. GIC
restorative materials generally consist of a mixture of various
polyalkenoate (polyacrylic) acids and tartaric acid that react
with a fluoroaluminosilcate glass. The acid-base setting reac-
tion between the acid and the glass surface liberates metal
cations that allows crosslinking between the polyalkenoate
chains [3, 4], with additional maturation beyond 24 h
consisting of continued polymer chain cross linking and hy-
drogel matrix maturation formation with physical property
improvement [5–8]. GICs are self-adhesive materials that
bond to tooth hard tissues through chemical bonding,
consisting of ionic bonds between polyalkenoate acid carbox-
yl groups and enamel and dentin hydroxyapatite in enamel and
dentin [9, 10]. GIC restorative materials have been improved
with formulation changes to enhance physical properties and
clinical handling characteristics [4, 11, 12]. These modifica-
tions have included the use of alternative polyacids [4, 13, 14],
water-activated dehydrated polyacid powders [4, 13, 15], cer-
mets [16], metal additions [17–19], smaller glass particle size
[20], antibacterial agents [21, 22], novel glass compositions
[13, 23], and most recently aluminum-free glasses [24].

Resin-modified GICs (RMGICs) were first developed as
bases and liners but were soon further modified to serve as
direct restorative materials, hopefully to overcome early mois-
ture sensitivity and lower mechanical properties associated
with the GIC restoratives of that era [10, 25, 26]. Similar to
GIC materials, RMGICs contain not only an acid-base reac-
tion but also a resin free radical polymerization [10, 27, 28].
The resin content is added either with a direct monomer addi-
tion such as 2-hydroxyethyl methacrylate (HEMA) or unique-
ly grafted on the polyalkenoate acid chain. These monomers
polymerize either by visible light curing (VLC) photo activa-
tion or an internal chemical reaction [10, 26]. RMGI materials
also demonstrate bonding to tooth structure, as demonstrated
by X-ray photoelectron spectroscopy and infrared spectrosco-
py as well as hybrid layer micromechanical interlocking sim-
ilar to, but not to the same extent as resin adhesive systems
[29–33]. Although the exact composition of each GIC and
RMGI material is generally proprietary, the polymerized resin
composition in the early RMGI products was earlier estimated
to be approximately 4.5–6% [34]. Unfortunately, the resin and
polyalkenoate setting reactions compete as the resin retards
the polyalkenoate reaction by stereo-chemical distortion of
the polyalkenoate acid chains making reaction sites less avail-
able. Furthermore, RMGIs contain less water for the
polyalkenoate reaction to proceed as resin is added at the
expense of water [9, 35–37].

Glass ionomer setting reactions have been investigated by
several different methods to include infrared spectroscopy

[38], Raman spectroscopy [39], NMR spectroscopy [40], pH
measurements [41], rheology [42, 43], dielectric spectroscopy
[44–47], inductively coupled plasma optical emission spec-
troscopy (ICP-OES) [48], and thermal analysis techniques
[49]. Although some laboratory novel GIC formulations have
shown the capacity for continuation of the acid-base reaction
[27], it has been established by different analysis methods that
the GIC polyalkenoate acid-base reaction is essentially com-
plete by 24 h [19, 27, 38, 40, 50]. However, the continued
changes in both the organic and inorganic GIC matrix past
24 h remains a source of interest as some GIC products con-
tinue to display an increase in physical properties with time
[51–54]. The initial setting reaction and subsequent matrix
formation is a multifaceted phenomenon, while Nicholson
[4] relates the possibility of an intermediary phase that may
influence in the timing of these processes. Moreover, Dickey
et al. [55] recently reported evidence of a complex intermedi-
ary phase that delayed polyalkenoate crosslinking, but this
was only observed to be particular to the glasses used. After
acid-base reaction completion, both Stamboulis et al. [40] and
Zainuddin et al. [56] reported the formation of a network and a
hydrated silica gel phase, consisting of either a pure silicate or
a mixed silicate phosphate matrix that contributed to physical
property improvement with continued matrix maturation [6].

Both GIC and RMGI materials have displayed excellent
clinical performance with atraumatic restoration treatment
(ART) [57–62], as well as definitive restorations in both pri-
mary and permanent teeth [63–71]. Several GIC and RMGI
restorative products have been recently marketed but lack in-
dependent verification of reported physical properties. The
purpose of this study was to evaluate selected physical prop-
erties, namely flexural strength, flexural modulus, Knoop
hardness, fracture toughness, flexural toughness and resilien-
cy of newer GIC, and RMGI restorative materials compared
with materials that have enjoyed marketing tenure. The null
hypotheses were that there will be no difference in the phys-
ical properties between the tested restorative materials.

Materials and methods

The restorative materials used in this study were comprised of
four RMGI products and nine GIC products and are listed in
Tables 1 and 2, respectively. Twelve specimens were fabricat-
ed for each test. Fracture toughness and flexural strength spec-
imens were fabricated using standardized, stainless steel
molds (Sabri Dental Enterprises, Downers Grove, IL, USA)
whose exact dimensions are described in each particular test.
Materials were placed into respective molds on a mylar strip-
covered glass slab with a second mylar strip placed on top of
the filled mold. A glass microscope slide was then placed over
the top mylar strip and digital pressure was applied to form a
uniformly flat surface. GIC materials were allowed to set for
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the manufacturer recommended setting time in an oven at
35 °C. RMGI materials were polymerized using a light-
emitting-diode (LED) visible-light-curing (VLC) unit
(Bluephase G2, Ivoclar-Vivadent, Amherst, NY, USA) for
20 s in an overlapping fashion on both sides. The performance
of the VLC unit was periodically assessed (~ 1000 mw/cm2)
using a laboratory-grade laser power meter (10A-V1, Ophir-
Spiricon, North Logan, UT, USA). Specimens were removed
from the respective molds and refined as needed using surgi-
cal scalpel blades removing any flash material from the edges.
Specimens were then stored under dark conditions in a 0.2 M
physiologic phosphate-buffered saline environment at 37 °C
and 98 ± 1% humidity until testing. Testing occurred at 1 h,
24 h, 1 week, and then at 1, 6, and 12 months after fabrication.

Flexure strength specimens were formed in a 2 × 2 × 25 mm
stainless steel mold (Sabri Dental Enterprises) as formerly de-
scribed and were tested on a three-point bend apparatus
mounted on a universal testing machine (Alliance RT/5, MTS
Corporation, Eden Prairie, MN, USA). Specimens were
stressed using a cross head speed of 0.5 mm/min until failure
with the maximum force recorded. Flexure strength results was
determined using the formula F = 3FI/2bh2, where F =maxi-
mum load recorded (N), I = distance between supports (mm),
b =width of specimen (mm), and h = height of specimen (mm).
Flexural modulus was determined using the slope of the linear
portion of the flexure strength stress-strain curve while flexural

toughness was determined from the same data by integrating
the area under the entire flexural testing stress/strain curve.
Fracture toughness specimens were fabricated as described ear-
lier using a stainless steel mold 2 × 5 × 25 mm in accordance
with the single edge notch beammethod as described in ASTM
Standard E399. Each specimen’s dimensions were measured in
three equally spaced positions along the specimen with the
mean recorded. Testing occurred in a three-point bend appara-
tus with a crosshead speed of 0.5 mm/min in a universal testing
machine (Alliance RT/5) until failure. The true notch length
was measured post-testing with a digital measuring microscope
(Hirox 7700, Hirox USA, Hackensack, NJ, USA). The fracture
toughness calculation was accomplished using the following
equation: KIC = (3PLa

1/2/2tw2) × f(a/w) where P = failure load
(N), L = distance between the support rollers (mm), a =mea-
sured notch length (mm), t = specimen thickness (mm), w =
specimen width (mm), and f(a/w) = 1.93–3.07(a/w) +
[14.53(a/w)2 – 25.11(a/w)3] + 25.80(a/w)4. Surface hardness
was determined using post-testing fracture toughness speci-
mens (n = 12). Eleven Knoop hardness (KH) indentations were
made taken in an alternating fashion over a 5.25-mm distance
with 0.5 mm spacing between indentations using a microhard-
ness tester (OmniMetMHT, Buehler Manufacturing, Inc., Lake
Bluff, IL, USA) using a 100-g load and a dwell time of 10 s.
Indentions were measured under 50× magnification with the
representative specimen hardness determined by the mean of

Table 1 RMGI restorative products

Material Manufacturer Powder/liquid
ratio (g/g)

Powder content Liquid content

Fuji II LC Capsules GC America (Alsip, IL, USA) 0.33/.010 Trade secret HEMA 25–50%
Polybasic carboxylic acid 5–10%
UDMA 1–5%
Dimethacrylate 1–5%

Ketac Nano Quick
Mix Capsules

3 M ESPE (St. Paul, MN, USA) N/A Paste A:
Silane-treated glass 0–55%
Silane-treated zirconia 0–30%
PEGDMA 5–15%
Silane-treated silica 5–15%
HEMA 1–15%
BISGMA < 5%
TEGDMA < 1%

Paste B:
Silane-treated ceramic 40–60%
Copolymer of acrylic and Itaconic

acids 20–30%
Water 10–20%
HEMA 1–10%

Riva LC Capsules SDI Limited (Bayswater,
Victoria, AUS)

0.42/0.14 Fluoroaluminosilicate glass
powder 95–100%

Polyacrylic acid 15–25%
Tartaric acid 1–5%
HEMA 20–30%
Dimethacrylate cross-linker 10–25%
Acidic monomer 10–20%

Riva LC HV Capsules SDI Limited 0.47/0.14 Fluoroaluminosilicate glass
powder 95–100%

Polyacrylic acid 15–25%
Tartaric acid 1–5%
HEMA 15–25%
Dimethacrylate cross-linker 10–25%
Acidic monomer 10%

Content information obtained from manufacturer information

BISGMA bisphenol A diglycidyl ether dimethacrylate, HEMA 2-hydroxyethyl methacrylate, PEGDMA polyethylene glycol dimethacrylate, TEGDMA
triethylene glycol dimethacrylate, UDMA urethane dimethacrylate
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the 11 calculated measurements. A total of 12 specimens were
tested for each material, with the mean of the samples
representing sample mean. All property mean testing results
were submitted first to the Shapiro-Wilk and Bartlett’s test,
which identified irregularities in both the distribution and vari-
ance within the mean data. Therefore, the data was analyzed
using Kruskal-Wallis with Dunn’s post hoc testing performed
with a 95% level of confidence (p = 0.05). Statistical analysis
was performed using SPSS 21 (IBM/SPSS, Chicago, IL, USA).

Results

The GIC physical property testing mean results are listed in
Tables 3, 4, 5, 6 and 7. The mean flexure strength results are
presented in Table 3. All GIC products gained flexure strength
between 1 and 24 h but increases with both Equia and Ketac
Molar Quick were not significant. Fuji Triage, Ketac Molar
Quick, Riva Self Cure Fast, Riva Self Cure HV, and Riva
Silver attained highest flexure strength values at 1 week, while

Table 2 GIC restorative products

Material Manufacturer Powder/liquid
ratio (g/g)

Powder content Liquid content

Chemfil Rock Capsules Dentsply International,
(York, PA, USA)

–a Polycarboxylic acid 10–25% Polycarboxylic acid 10–25%
Tartaric acid 2.5–10%

Equia GC America (Alsip, IL,
USA)

0.40/0.12 Trade secret Trade secret

Fuji Triage Capsules GC America 0.30/0.15 Trade secret Trade secret

Ketac Molar Quick Aplicap 3M ESPE (St. Paul,
MN, USA)

–a Oxide glass chemicals (non-fibrous)
85–95%

Copolymer of acrylic acid-maleic
acid 1–5%

Dichlorodimethylsilane reaction
product with silica < 2%

Water 60–65%
Copolymer of acrylic

acid-maleic acid 30–40%
Tartaric acid 10%

Ketac Silver Aplicap 3M ESPE –a Silver 45–55%
Oxide glass chemicals 40–50%
Titanium dioxide 1–5%
Copper < 0.01

Water 40–60%
Copolymer of acrylic

acid-maleic acid 30–50%
Tartaric acid 5–15%

Riva Protect Fast Capsules SDI Limited, (Bayswater,
Victoria, AUS)

0.34/0.19 Fluoro aluminosilicate glass 90%
Polyacrylic acid 10%

Polyacrylic acid 25%
Tartaric acid 10%

Riva Self Cure Fast Capsules SDI Limited 0.40/0.15 Fluoro aluminosilicate glass 90–95%
Polyacrylic acid 5–10%

Polyacrylic acid 20–30%
Tartaric acid 10–15%

Riva Self Cure High Viscosity
Capsules

SDI Limited 0.50/0.13 Fluoro aluminosilicate glass 90–95%
Polyacrylic acid 5–10%

Polyacrylic acid 20–30%
Tartaric acid 10–15%

Riva Silver Capsules SDI Limited 0.72/0.14 Fluoro aluminosilicate powder 40–60%
Polyacrylic acid < 10%
Alloy powder 30–50%

Polyacrylic acid 30%
Tartaric acid 10%
Balance ingredient 60%

Content information obtained from manufacturer information
a Not available from manufacturer information

Table 3 GIC mean flexure strength (MPa)

1 h 24 h 1 week 1 month 3 months 6 months 12 months

Chemfil Rock Rock 16.5 (4.6) B a 33.6 (6.4) E cd 27.4 (3.1) B b 34.8 (6.3) C cd 33.8 (6.3) C cd 38.6 (5.9) D d 32.1 (5.7) BC bc

Equia 17.4 (5.7) B a 26.8 (4.7) CD ab 19.8 (5.07) A ab 27.16 (3.4) AB ab 31.4 (5.3) BC b 24.0 (3.0) A a 30.7 (5.9) ABC b

Fuji Triage 10.3 (5.3) A a 19.8 (4.9) AB b 26.4 (6.0) B c 24.3 (4.3) A bc 24.5 (5.0) A bc 23.2 (4.3) A bc 26.1 (6.0) AB c

Ketac Molar Quick 18.6 (5.4) B a 21.6 (7.6) ABC a 29.6 (6.6) BC b 32.3 (6.7) C b 31.4 (5.2) BC b 30.5 (6.7) BC b 30.3 (3.5) ABC b

Ketac Silver 9.8 (2.1) A a 26.2 (5.4) BCD bc 25.4 (5.7) AB b 31.2 (3.3) BC d 30.1 (3.3) BC cd 26.4 (3.0) AB bc 29.5 (5.3) ABC bcd

Riva Protect 8.8 (4.2) A a 18.0 (4.4) A b 19.4 (5.4) A bc 24.4 (3.6) A d 23.4 (4.5) A cd 24.2 (4.1) A cd 24.6 (6.0) A d

Riva Self Cure Fast 17.7 (4.2) B a 28.8 (4.0) DE bc 33.7 (5.0) CD d 31.6 (4.4) BC bcd 28.2 (4.2) AB b 32.7 (6.0) C bcd 33.2 (3.3) C cd

Riva Self Cure HV 19.7 (4.4) B a 25.7 (6.3) BCD b 37.5 (5.5) D e 33.8 (3.3) C de 32.5 (3.2) BC cd 29,6 (3.5) BC bcd 28.1 (4.6) ABC bc

Riva Silver 9.4 (3.3) A a 28.9 (6.7) DE b 33.7 (4.0) CD c 33.6 (3.0) C c 34.3 (4.3) C c 32.7 (4.2) C bc 30.9 (4.8) ABC c

n = 12; capital letters annotate similar groups by column, small letters by row (Kruskal-Wallis/Dunn’s p = 0.05)
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Chemfil Rock, Riva Protect, and Ketac Silver required
1 month to attain maximum flexure strength. These flexure
strength values, despite some fluctuations, were essentially
maintained for the remainder of the evaluation.

All GIC materials demonstrated modulus increase between
1 and 24 h (Table 4). Ketac Molar Quick, Ketac Silver, Riva
Self Cure Fast, Riva Self Cure HV, and Riva Silver reached
maximum modulus values at 1 week that was maintained at
12 months. Only Chemfil Rock and Riva Protect displayed a
continual modulus improvement in which Chemfil Rock
attained maximum modulus at 6 months, while Riva Protect
demonstrated a slow modulus increase up to 12 months.

All GIC materials except for Equia, Ketac Molar Quick,
and Riva Self Cure HV demonstrated a significant flexural
toughness increase between 1 and 24 h (Table 5). Thereafter,
material performance was individual achieving significant
maximum toughness either at 1 week (Fuji Triage; Riva Self
Cure Fast) or at 1 month (Chemfil Rock; Ketac Molar Quick;
Ketac Silver). Interestingly, Equia displayed no toughness
change beyond that observed at 1 h while the toughness of
Riva Protect was stable after 24 h. All GIC materials demon-
strated significant increase in hardness between 1 and 24 h
(Table 6). However, Chemfil Rock, Equia, Riva Self Cure

Fast, Riva Self Cure HV, and Riva Silver did not demonstrate
any difference in hardness between the hardness established at
24 h and that observed at 12 months. Only Fuji Triage, Ketac
Molar Quick, Ketac Silver, and Riva Protect manifested hard-
ness increases beyond 24 h that was maintained at 12 months.
Fracture toughness mean results are presented in Table 7. The
fracture toughness of Chemfil Rock, Equia, Ketac Molar
Quick, Riva SC Fast, and Riva Self Cure HV did not demon-
strate any significant change over 12 months from that seen at
1 h. Fuji Triage, Ketac Silver, Riva Protect, and Riva Silver
demonstrated increases in fracture toughness, with both Fuji
Triage and Ketac Silver increasing in fracture toughness up to
12 months. Riva Protect achieved maximum fracture tough-
ness at 1 week while Riva Silver fracture toughness reached
maximum values at 6 months.

The RMGI restorative mean physical property results are
displayed in Tables 8, 9, 10, 11, and 12. All RMGI materials
demonstrated significant flexure strength increase between 1
and 24 h (Table 8). However, both Fuji II LC (after 24 h) and
Ketac Nano (after 1 week) displayed progressive flexure
strength decline over the 12-month evaluation. Both Riva
LC and Riva LC HV acquired maximum flexure strength at
1 month that remained stable thereafter. Table 9 reveals that all

Table 4 GIC mean flexural modulus (GPa)

1 h 24 h 1 week 1 month 3 months 6 months 12 months

Chemfil Rock 4.8 (0.4) BC a 9.02 (0.5) CD cd 7.68 (1.05) AB b 8.45 (1.1) B bc 8.53 (1.1) A bc 10.48 (1.8) BC d 9.9 (1.3) A d

Equia 4.8 (1.2) B a 9.7 (1.5) D c 7.5 (1.1) AB b 10.9 (1.9) CDE c 14.67 (1.2) D d 10.3 (1.1) BC c 12.2 (2.2) B d

Fuji Triage 3.1 (0.6) A a 7.8 (0.5) B b 8.4 (1.4) BC b 9.0 (0.9) AB bc 10.0 (2.0) AB c 10.2 (1.0) B c 10.2 (1.6) A c

Ketac Molar Quick 6.9 (0.8) D a 11.1 (0.8) E b 12.5 (1.7) D cd 10.2 (1.7) BC bc 12.2 (1.7) C bc 11.4 (1.2) CD bc 11.4 (1.4) AB bc

Ketac Silver 5.6 (0.6) C a 8.0 (1.7) BC b 9.5 (1.1) C cd 10.6 (0.6) CD d 9.8 (1.1) A cd 8.4 (0.9) A bc 10.9 (2.4) AB d

Riva Protect 2.9 (0.5) A a 5.6 (0.9) A b 6.8 (1.0) A c 8.1 (0.9) A d 8.8 (0.9) A de 8.1 (0.9) A d 9.5 (0.1) A e

Riva Self Cure Fast 6.5 (0.6) D a 9.3 (0.8) D b 11.5 (1.1) D c 12.2 (0.6) E c 11.4 (1.7) BC c 11.9 (0.8) D c 12.2 (1.1) B c

Riva Self Cure HV 8.2 (0.9) D a 11.1 (0.9) E b 12.7 (1.1) D cd 12.2 (1.5) E bc 12.3 (1.2) C bc 13.6 (0.8) E d 12.2 (1.5) B bc

Riva Silver 5.5 (0.9) BC a 9.9 (.7) D b 11.9 (1.0) D c 11.6 (1.0) DE c 11.6 (1.2) BC c 10.0 (0.7) B b 10.0 (0.5) A b

n = 12; capital letters annotate similar groups by column, small letters by row (Kruskal-Wallis/Dunn p = 0.05)

Table 5 GIC mean flexural toughness (mJ/mm3)

1 h 24 h 1 week 1 month 3 months 6 months 12 months

Chemfil Rock 0.034 (0.02) BC a 0.065 (0.02) C bc 0.065 (.03) C bc 0.078 (0.02) C c 0.072 (0.02) C bc 0.075 (0.03) C bc 0.054 (0.02) C ab

Equia 0.039 (0.02) Ca 0.041 (0.02) ABa 0.03 (0.01) Aa 0.036 (0.01) Aa 0.036 (0.02) ABa 0.030 (0.01) A a 0.042 (0.01) ABC a

Fuji Triage 0.022 (0.02) ABC a 0.021 (0.01) AB b 0.042 (0.01) ABC c 0.035 (0.01) A bc 0.033 (0.02) A bc 0.029 (0.02) A bc 0.036 (0.01) AB c

Ketac Molar Quick 0.030 (0.01) BC ab 0.022 (0.01) A a 0.039 (0.02) AB a bc 0.055 (0.02) B c 0.047 (0.02) AB bc 0.047 (0.03) AB bc 0.044 (0.01) ABC bc

Ketac Silver 0.01 (0.001) A a 0.044 (0.01) B bc 0.036 (0.02) AB b 0.047 (0.005) AB c 0.050 (0.01) AB c 0.043 (0.01) AB bc 0.044 (0.01) ABC bc

Riva Protect 0.019 (0.01) ABa 0.032 (0.01) ABb 0.046 (0.04) ABC b 0.039 (0.01) AB ab 0.034 (0.01) AB ab 0.038 (0.009) AB ab 0.036 (0.01) AB ab

Riva Self Cure Fast 0.026 (0.01) ABC a 0.044 (0.01) B bc 0.056 (0.01) BC c 0.048 (0.01) AB bc 0.037 (0.01) AB ab 0.047 (0.02) AB bc 0.051 (0.01) BC bc

Riva Self Cure HV 0.024 (0.01) ABC a 0.030 (0.01) ABa 0.059 (0.02) BC b 0.052 (0.01) B b 0.048 (0.01) ABb 0.03 (0.006) A a 0.033 (0.01) A a

Riva Silver 0.012 (0.006) A a 0.044 (0.02) B b 0.054 (0.01) ABC c 0.050 (0.01) AB c 0.053 (0.01) B c 0.055 (0.02) B c 0.054 (0.01) C c

n = 12; capital letters annotate similar groups by column, small letters by row (Kruskal-Wallis/Dunn’s p = 0.05)
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RMGI materials exhibited significant modulus increase be-
tween 1 and 24 h, while Riva Self Cure HV demonstrated
significant modulus improvement at 1 week. For flexural
toughness (Table 10), both Fuji II LC and Ketac Nano mir-
rored the flexural modulus results with early maximum values
that thereafter declined while Riva LC HValso demonstrated
toughness diminution but only after 1 month. Only Riva LC
demonstrated toughness increase that was significantly
greatest at 6 months and stable afterward. When considering
hardness (Table 11), both Fuji II LC and Ketac Nano
displayed highest hardness values at 1 h. Subsequently, Fuji
II LC subsequently displayed decay of hardness values while
Ketac Nano remained stable. Riva LC increased hardness
values up to 1 month while Riva LCHVreached its maximum
stable hardness at 6 months. RMGI fracture toughness mean
values can be seen in Table 12. The fracture toughness of both
Fuji II LC and Ketac Nano were greatest at 1 h after which
Fuji II LC exhibited declining fracture toughness while Ketac
Nano remained stable after 24 h. The fracture toughness of
Riva LC HV did not significantly change between 1 h and
12months, while Riva LC demonstrated a significant increase
between 1 and 24 h that was stable thereafter.

Discussion

This study encompassed the physical properties of nine GIC
and four RMGI restorative products over a 12-month period.
This study not only included products that have had lengthy
market tenure but also included newer materials, some of
which have not been previously reported in the scientific lit-
erature. Only precapsulated materials were chosen for this
study in order to eliminate variables introduced by manual
hand-mixing of glass ionomer materials [72, 73]. In addition
to evaluating recently marketed materials, this study is some-
what novel in that 0.2 M phosphate-buffered saline (PBS) was
used as a storage media. PBS represents a physiologic as well
as a slightly basic environment that has been suggested to
promote hydrolysis of some dental resins [74] as well as being
the recommended storage media suggested by ISO 9917 [75].
Also, physical property evaluation started at 1 h after speci-
men preparation, as the authors maintain that this would rep-
resent perhaps a more realistic testing time at when restorative
materials might be first subjected to oral forces.

Flexure testing encompasses both compressive and tensile
force components and is considered a more discriminating and

Table 6 GIC mean hardness (KHN)

1 h 24 h 1 week 1 month 3 months 6 months 12 months

Chemfil Rock 12.6 (3.0) A a 37.4 (5.4) B c 31.0 (5.3) A b 39.6 (3.2) A cd 43.5 (7.0) A d 43.7 (7.7) AB d 41.4 (2.5) A cd

Equia 18.7 (5.0) AB a 50.3 (5.7) C c 41.5 (5.4) B b 43.7 (7.7) AB bc 52.2 (5.5) BCD c 53.6 (5.3) BC c 53.2 (4.9) C c

Fuji Triage 17.7 (3.3) A a 29.6 (8.1) A b 40.3 (3.5) B c 47.4 (4.3) ABC de 52.4 (5.4) BCD e 48.1 (6.7) ABC de 44.4 (2.2) AB cd

Ketac Molar Quick 19.6 (6.2) AB a 53.3 (1.8) C bc 57.7 (11.7) C bc 46.8 (11.6) ABC b 53.7 (5.2) CD bc 53.6 (8.5) C bc 59.8 (2.4) D d

Ketac Silver 18.2 (6.0) AB a 33.8 (3.1) AB b 30.4 (3.9) A b 41.5 (8.0) A c 46.9 (4.3) AB cd 48.2 (5.0) ABC d 48.4 (4.7) BC d

Riva Protect 14.0 (3.3) A a 29.0 (2.9) A b 39.4 (2.4) B c 42.8 (4.0) A c 42.1 (5.6) A c 44.9 (5.9) ABC c 41.2 (3.7) A c

Riva Self Cure Fast 25.5 (8.0) B a 52.6 (7.0) C bc 61.4 (3.3) C d 54.4 (5.3) C cd 56.3 (5.2) D cd 45.9 (9.4) ABC b 52.4 (5.1) C bc

Riva Self Cure HV 25.5 (6.3) B a 52.1 (7.5) C b 46.2 (5.7) B b 52.1 (4.5) BC b 50.8 (4.1) BCD b 47.1 (4.0) ABC b 48.5 (4.1) BC b

Riva Silver 18.6 (6.3) AB a 46.7 (6.4) C b 40.4 (12.0) B b 42.5 (7.2) A b 47.8 (3.5) ABC b 40.4 (2.1) A b 42.3 (1.4) A b

n = 12; capital letters annotate similar groups by column, small letters by row (Kruskal-Wallis/Dunn’s p = 0.05)

Table 7 GIC mean fracture toughness (MPa√m)

1 h 24 h 1 week 1 month 3 months 6 months 12 months

Chemfil Rock 0.26 (0.02) BC a 0.3 (0.03) CD a 0.3 (0.04) D a 0.28 (0.05) DE a 0.27 (0.02) B a 0.26 (0.03) B a 0.28 (0.03) CD a

Fuji IX EXTRA 0.22 (0.04) B a 0.20 (0.04) A a 0.22 (0.03) A a 0.2 (0.02) A a 0.2 (0.04) A a 0.22 (0.03) A a 0.22 (0.03) A a

Fuji Triage 0.15 (0.02) A a 0.18 (0.02) A b 0.21 (0.01) A c 0.22 (0.02) AB cd 0.21 (0.01) A cd 0.22 (0.02) A cd 0.23 (0.02) AB d

Ketac Molar Quick 0.26 (0.03) BC b 0.27 (0.04) BC b 0.26 (0.03) BCD b 0.24 (0.03) C ab 0.21 (0.05) A a 0.22 (0.03) A a 0.26 (0.03) ABC a

Ketac Silver 0.23 (0.04) B a 0.26 (0.02) B b 0.27 (0.03) CD b 0.29 (0.03) CD cd 0.28 (0.02) BC bc 0.27 (0.03) B bc 0.31 (0.03) D d

Riva Protect 0.13 (0.04) A a 0.2 (0.02) A b 0.23 (0.02) AB c 0.22 (0.02) AB bc 0.23 (0.03) A bc 0.22 (0.01) A bc 0.23 (0.02) AB bc

Riva Self Cure Fast 0.25 (0.07) BC a 0.27 (0.03) BC ab 0.28 (0.02) CD ab 0.27 (0.02) CD ab 0.31 (0.02) C b 0.29 (0.02) BC ab 0.27 (0.08) BCD ab

Riva Self Cure HV 0.28 (0.07) C a 0.3 (0.02) D a 0.27 (0.04) CD a 0.3 (0.02) D a 0.3 (0.03) BC a 0.31 (0.02) C a 0.28 (0.05) CD a

Riva Silver 0.21 (0.06) B a 0.28 (0.04) BCD b 0.26 (0.03) BC b 0.26 (0.03) CD b 0.27 (0.03) B b 0.35 (0.04) D c 0.32 (0.04) D bc

n = 12; capital letters annotate similar groups by column, small letters by row (Kruskal-Wallis/Dunn’s p = 0.05)
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clinically relevant in vitro test [76, 77]. The GIC materials
exhibited inferior flexure strength values at 1 h compared to
that observed at 24 h at which time Chemfil Rock, Riva Silver,
and Riva Self Cure fast demonstrated greater flexure strength
than Ketac Molar Quick, Fuji Triage, and Riva Protect, with
the other products being intermediary. Between 24 h and
1 week, physical property development significantly im-
proved flexure strength for Fuji Triage, Ketac Molar Quick,
Riva Self Cure Fast, Riva Self Cure HV, and Riva Silver.
However, as after 24 h, Equia and Chemfil Rock flexure
strength remained while up to 1 week the flexure strength of
Fuji Triage, Ketac Molar Quick, Ketac Silver, Riva Self Cure
Fast, and Riva Silver continued to increase, only Riva Protect,
demonstrating further significant improvement to 1 month
which subsequently stabilized. It could be reasonable to con-
jecture that the continued physical property development ob-
served with these materials can be ascribed to matrix matura-
tion. The flexure strength results in this study were similar to
that reported byHu et al. [78], but had higher values for Equia,
Chemfil Rock, and Riva Self Cure than that from Zoergibel
and Ilie [79], whose methodology differed from the present
evaluation. Flexure strength values in this study for Riva Self
Cure and Equia were similar to that reported by Bonifácio et
al. [80] but lower for Ketac Molar Quick. Moreover,
KetacMolar Quick findings were similar as that reported by
Yamazaki et al. [81] while that of Ketac Molar and Ketac
Silver were almost identical to that reported by Xie et al.
[82]. A 1-h glass ionomer material physical properties study
by Lucksanasombool et al. [83] reported flexural values
higher than that found in this study, but those authors’method
varied from that accomplished in the present study.

RMGI products demonstrated a significant flexure strength
increase between 1 and 24 h. Ketac Nano’s 12 month flexure

strength, albeit some variation, was similar to that observed at
24 h. Fuji II LC’s flexure strength displayed a reduction after
1 month that stabilized while only Riva LC and Riva LC HV
demonstrated increased flexure strength behavior that did not
deteriorate. The flexure strength trend noted in this evaluation
is similar to that reported by Azillah et al. [53] who likewise
reported a decline in Fuji II LC flexure strength after 100 days.
However, it must be noted that the data are not directly com-
parable, as Azillah and colleagues used four-point-bend testing
methodology [53]. Furthermore, this study’s results are greater
than reported by Xie et al. [84] andWeng et al. [85], who used
higher loading rates. Moreover, this study’s RMGI flexure
strength values are similar to that reported by Yamazaki et al.
[81] and nearly identical to that reported for Fuji II LC by Xie
et al. [82] as well as Culbertson [86]. The graphical flexure
strength results for both GIC and RMGI products are available
in Supplemental Figs. 1 and 2, respectively.

The GIC products meanmodulus results graphically can be
viewed in Supplemental Fig. 3. Under the conditions of this
study, flexural modulus was determined from the linear por-
tion of the flexure strength stress-strain curve. GIC products
demonstrated significant modulus increase up to 1 and
3 months (Chemfil Rock 6 months) that overall remained
stable. Although the group variance was small, results would
probably not be of clinical significance. This modest modulus
increase lends further support of a matrix maturation process
[6]. The modulus results for Ketac Molar Quick, Riva Self
Cure Fast, Riva Self Cure HV, and Riva Silver agrees with
an observation made by Wren et al. [52]. Contrary to the
flexural strength trends, RMGI materials demonstrated signif-
icant modulus increases (Supplemental Fig. 4). The only ex-
ception was Riva LC, of which 24-hmodulus values remained
stable thereafter. RMGI modulus development deserves

Table 8 RMGI mean flexure strength (MPa)

1 h 24 h 1 week 1 month 3 months 6 months 12 months

Fuji II LC 52.08 (6.0) B a 76.2 (5.4) C c 72.5 (8.3) B bc 76.7 (7.7) C c 63.2 (3.8) B b 59.3 (2.5) A b 61.5 (9.4) B b

Ketac Nano 32.0 (6.8) A a 49.3 (7.1) A b 61.3 (10.5) A c 48.5 (12.7) A b 49.2 (13.7) A b 64.7 (7.5) A c 46.3 (10.1) A b

Riva LC 29.1 (3.8) A a 55.5 (7.4) B b 59.2 (5.4) A bc 60.3 (6.5) B bc 60.8 (8.4) B bc 64.4 (6.1) A c 62.4 (4.5) B c

Riva LC HV 27.8 (4.7) A a 53.1 (4.4) AB b 59.6 (7.8) A cd 62.8 (4.2) B d 54.4 (10.3) AB bc 64.5 (4.6) A d 59.3 (5.1) B bcd

n = 12; capital letters annotate similar groups by column, small letters by row (Kruskal-Wallis/Dunn’s p = 0.05)

Table 9 RMGI mean flexural modulus (GPa)

1 h 24 h 1 week 1 month 3 months 6 months 12 months

Fuji II LC 5.0 (0.5) C a 7.2 (0.9) C cd 6.1 (0.3) B bc 8.1 (0.8) C e 6.8 (0.6) B cd 5.7 (0.5) B ab 7.6 (0.8) C de

Ketac Nano 2.8 (0.3) A a 4.0 (0.1) A b 4.6 (0.4) A c 4.4 (0.4) A c 5.0 (0.5) A de 4.7 (0.2) A cd 5.1 (0.4) A e

Riva LC 3.9 (0.1) B a 6.1 (0.5) B b 6.5 (0.3) B b 6.4 (0.6) B b 7.1 (0.7) B c 6.5 (0.6) C b 6.5 (0.9) B b

Riva LC HV 4.0 (0.2) B a 6.9 (0.7) C b 9.0 (0.8) C cd 8.5 (0.7) C c 8.9 (0.9) C cd 9.7 (0.7) D de 10.4 (1.0) D e

n = 12; capital letters annotate similar groups by column, small letters by row (Kruskal-Wallis/Dunn’s p = 0.05)

Clin Oral Invest (2019) 23:1295–1308 1301



additional thought. It is well established that the resin content
in RMGI impedes the polyalkenoate reaction [35–37]. The
resin presence distorts the polyalkenoate polymer chain that
reduces available reaction sites as well as slowing the reaction
due to less water content [35–37]. In an infrared spectroscopy
study involving Fuji II LC, Young [38] reported that the resin
free radical polymerization reaction was essentially complete
5 min after VLC exposure. Thereafter, the polyalkenoate acid-
base reaction occurred largely supported by water absorption.
Therefore, water uptake may compensate for the resin-
influenced polyalkenoate reaction rate that may possibly com-
pare to that observed with conventional GIC materials [38].
Also, using infrared spectroscopy, Wan et al. [50] found that
the acid-base reaction in Fuji II LC continued for 96 h and thus
RMGI water absorption appears to allow the acid-base reac-
tion to occur longer compared with GIC materials, and may
partially compensate for the inhibiting properties of the mono-
mer system.

Flexural toughness is a seldom-reported feature in the den-
tal scientific literature. Flexural toughness is determined by
integrating the area under the total stress-strain curve, and
toughness can be considered to represent a material’s ability
to resist total catastrophic rupture. Hence, toughness may also
reflect the material’s matrix organizational level. Toughness
could be a function of a material’s flexural strength and mod-
ulus, as both affect both the length and slope of the stress-
strain curve and consequently the area underneath.
Curiously, besides some initial increase, the GIC materials
did not largely experience great change in toughness over
the course of the evaluation (Supplemental Fig. 6). Even with
this level of change, under this study’s conditions, GIC flexure
strength influenced toughness more than modulus for some of
the materials (Supplemental Table 1). At 12 months, the

flexural toughness values strongly correlated with the flexure
strength of Chemfil Rock (r2 = 0.9), Equia (r2 = 0.83), and
Riva SC HV (r2 = 0.85), while Fuji Triage and Riva Self
Cure Fast displayed moderate correlation (r2 = 0.76 and
0.66, respectively). The RMGI flexural toughness values for
Riva LC essentially mirrored flexural strength performance,
largely demonstrating a significant toughness increase
throughout the evaluation. However, Fuji II LC, Ketac
Nano, and Riva LC HV exhibited toughness increases that
were followed by progressive decline. Similar to GIC mate-
rials, both Fuji II LC and Ketac Nano flexure strength was
found to exhibit a strong correlation (r2 = 0.84) with tough-
ness (Supplemental Table 2). Review of the literature reveals
little research reporting GIC and RMGI flexural toughness
results, as this study may be the first to report 12-month results
for these materials.

Surface hardness represents a material’s localized surface
resistance to deformation, which has been suggested to be
related to the underlying material matrix [48]. To minimize
any RMGI potential surface microhardness irregularities due
to the Polywave® LED light curing unit used [87], 11 Knoop
hardness indentations spaced 0.5 mm apart in alternating fash-
ion apart were made on each specimen. The mean of the 11
hardness values was then recorded as that specimen’s repre-
sentative KHN value. This was accomplished for a total of 12
specimens. GIC materials demonstrated significant hardness
increases compared to that observed at 1 h. Although some
materials essentially did not display hardness increase beyond
24 h (Equia, Riva Protect, Riva Self Cure Fast, Riva Self Cure
HV, and Riva Silver), other materials continued in surface
hardness increase (Supplemental Fig. 7). Hardness results
were lower for Chemfil Rock than that reported by Al-
Angari et al. [88] but comparable for Equia and Ketac Molar

Table 10 RMGI mean flexural toughness (mJ/mm3)

1 h 24 h 1 week 1 month 3 months 6 months 12 months

Fuji II LC 0.46 (0.2) B ab 0.55 (0.07) C b 0.53 (0.1) B b 0.45 (0.1) B b 0.38 (0.05) C a 0.4 (0.04) B a 0.29 (0.1) BC a

Ketac Nano 0.24 (0.1) A a 0.37 (0.1) B ab 0.53 (0.2) B c 0.39 (0.2) AB ab 0.28 (0.1) B a 0.54 (0.1) C c 0.25 (0.12) AB a

Riva LC 0.15 (0.05) A a 0.31 (0.08) AB b 0.30 (0.06) A b 0.33 (0.07) AB bc 0.29 (0.08) BC b 0.38 (0.09) B c 0.36 (0.04) C c

Riva LC HV 0.13 (0.05) A a 0.24 (0.06) A ab 0.21 (0.05) A ab 0.26 (0.04) A b 0.19 (0.07) A a 0.23 (0.04) A ab 0.18 (0.04) A a

n = 12; capital letters annotate similar groups by column, small letters by row (Kruskal-Wallis/Dunn’s p = 0.05)

Table 11 RMGI mean hardness (KHN)

1 h 24 h 1 week 1 month 3 months 6 months 12 months

Fuji II LC 30.5 (3.5) C d 29.2 (2.6) B cd 28.6 (2.3) A cd 27.7 (2.8) A bcd 26.6 (1.5) A abc 25.1 (0.8) A ab 24.4 (1.2) A a

Ketac Nano 26.2 (2.1) B a 26.3 (1.1) A a 27.7 (1.5) A a 27.3 (5.0) A a 27.1 (1.2) A a 25.9 (2.1) A a 27.6 (1.4) B a

Riva LC 23.1 (1.0) A a 26.1 (1.7) A b 27.0 (0.9) A bc 28.4 (2.1) A c 28.4 (2.1) A c 25.7 (2.0) A b 27.2 (2.2) B bc

Riva LC HV 24.0(1.03) AB a 32.1 (3.5) C b 33.2 (1.8) B b 32.1 (1.2) B b 32.6 (2.3) B b 37.8 (2.8) B c 39.3 (2.1) C c

n = 12; capital letters annotate similar groups by column, small letters by row (Kruskal-Wallis/Dunn’s p = 0.05)
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Quick. Riva SC Fast hardness development mirrored that re-
ported by Shiozawa et al. [51] while Ketac Silver hardness
values were very similar to that reported by De Moor and
Verbeeck [89]. The continued hardness development for
Chemfil Rock, Fuji Triage, Ketac Molar Quick, and Ketac
Silver provides further evidence of a maturation process of
the hydrogel matrix.

Among the RMGI materials, Ketac Nano did not evidence
any hardness changes beyond 1 h. Interestingly, Fuji II LC’s
maximum hardness was observed at 1 h and thereafter
displayed continued hardness deterioration below that ob-
served initially. Riva LC developed maximum and stable
hardness at 24 h, with only Riva LC HV manifested a slow
but significant increase in Knoop hardness over the 12-month
evaluation. As previously discussed, some RMGI products
have been reported to exhibit a delayed acid-base reaction that
may slowly progress up to 96 h after preparation [50, 82].
Although this reported delay could provide rationale for hard-
ness improvement between 24 h and 1 week, but under the
conditions of this study, no RMGI products demonstrated a
hardness increase for this time period. Realistically, any im-
provement could be due to the continued hydrogel matrix
maturation, but explanation for the late Riva LC HV hardness
improvement is presently unclear. The only compositional
difference between Riva LC HV and Riva LC is that Riva
LC HV contains a higher powder/liquid ratio and may contain
a slightly smaller amount of HEMA.

Fracture toughness has been described as an in vitro test
that may correlate with clinical performance [77]. Fracture
toughness is a material’s ability to resist crack propagation

from a pre-existing flaw [90–93] with some correlation report-
ed with Class IV restoration clinical performance [91] as well
as resin composite marginal deterioration [92]. The graphical
results of the fracture toughness testing for the GIC and RMGI
products are shown in Supplemental Figs. 9 and 10, respec-
tively. For the GIC materials, fracture toughness performance
was material specific. Only Fuji Triage, Ketac Silver, Riva
Protect, and Riva Silver displayed any significant increase in
fracture toughness over the evaluation. However, low variance
may render any significant results to be unlikely of clinical
significance, and essentially GIC fracture toughness values
changed very little during this evaluation. These results are
somewhat perplexing, as the fracture toughness results did
not follow the same trend evidenced by the other GIC physical
property results. It may be noteworthy that the two cermets
evaluated demonstrated higher fracture toughness values than
the other GIC products. Perhaps the cermet microstructure
metallic interfaces may afford additional crack deflection abil-
ity, but such is conjecture and remains to be seen. The limited
GIC fracture toughness findings do seemingly reinforce a re-
cent report by Baig et al. [92] that questions fracture toughness
testing’s discriminatory value in GIC physical property evalu-
ation. Nevertheless, fracture toughness results for KetacMolar
Quick were similar to that values reported by Yamazaki et al.
[81]. Contrastingly, this study’s fracture toughness results
were lower than that reported for Chemfil Rock, Equia, and
Ketac Molar Quick by Al-Angari and colleagues [88], lower
for Ketac Silver and Ketac Molar Quick reported by Ilie et al.
[93], as well as the 1-h results reported for Fuji IX reported by
Lucksanasombool et al. [83]. All these studies used different

Table 12 RMGI mean fracture toughness (MPa√m)

1 h 24 h 1 week 1 month 3 months 6 months 12 months

Fuji II LC 0.74 (0.1) C c 0.67 (0.05) B b 0.66 (0.04) C b 0.65 (0.04) B b 0.62 (0.04) B ab 0.58 (0.04) C a 0.68 (0.04) D b

Ketac Nano 0.59 (0.06) B b 0.51 (0.03) A a 0.45 (0.1) A a 0.51 (0.07) A a 0.46 (0.07) A a 0.46 (0.06) A a 0.48 (0.03) B a

Riva LC 0.47 (0.03) A a 0.51 (0.04) A ab 0.54 (0.03) B b 0.5 (0.06) A ab 0.49 (0.09) A ab 0.53 (0.02) B b 0.53 (.004) C b

Riva LC HV 0.43 (0.02) A a 0.49 (0.03) A a 0.48 (0.07) A a 0.47 (0.06) A a 0.43 (0.1) A a 0.47 (0.05) A a 0.42 (0.03) A a

n = 12; capital letters annotate similar groups by column, small letters by row (Kruskal-Wallis/Dunn’s p = 0.05)

Fig. 1 GIC&RMGI flexure strength global comparison (MPa). GIC n =
9; RMGI n = 4

Fig. 2 GIC and RMGI flexural modulus global comparison (GPa). GIC
n = 9; RMGI n = 4
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methodologies than the present study that could account for
these differences. For RMGI materials, both Fuji II LC and
Ketac Nano displayed significant decreases in fracture tough-
ness after 1 h that somewhat stabilized for both materials for
the remainder of the evaluation. The reason for this
deminuation is presently unknown, but could possibly be
due to irregularities between the resin and conventional
polyalkenoate domains and/or matrix plasticization due to wa-
ter absorption that has been reported for RMGI materials [94].
Riva LC HV demonstrated no fracture toughness changes
from that observed at 1 h but Riva LC was the only material
to demonstrate significantly greater fracture toughness devel-
opment. Nonetheless, variance was small and any noted sig-
nificant changes are unlikely to be of clinical relevance. RMGI
fracture toughness reports are sparsely reported in the dental
literature, but this study’s findings for Fuji II LC and Ketac
Molar were similar to that reported by Yamazaki et al. [81],
whereas lower for Fuji II LC, KetacMolar, and Ketac Silver as
reported by Ilie and colleagues [93].

The results of this study suggest that GIC restorative mate-
rials typically exhibited more physical property stability than
some RMGI products. While global mean RMGI results may
depict stability, in real contrast, some individual RMGI prod-
ucts at each observation time generally demonstrated signifi-
cant declining mean values of flexural modulus and tough-
ness, fracture toughness, and hardness. The deterioration of
these RMGI physical properties have been attributed to water

absorption due to the hydrophilic nature of the included resins
[94–96]. Accordingly, Kanachanavasita et al. [94] reported
that RMGI products absorbed water twice the amount com-
pared to GIC materials. Moreover, these authors found that
absorption exponentially increased during 30 days storage in
artificial saliva, presumably due to RMGI matrix changes
[94]. Small and colleagues [95] observed that RMGI materials
displayed greater water absorption as compared to resin com-
posites while Versluis et al. [96] noted that particular RMGI
products displayed matrix expansion due to water absorption.
Hence, water absorption with ensuing matrix plasticization
may be considered as a contributor to RMGI physical property
loss over time.

GIC and RMGI material global mean comparisons provide
perspective between the two classes of products as well as
identify general trends. Understandably, due to the marked
disparity between the group sizes as well as the different na-
ture between the two materials, statistical analysis was not
pursued. The global flexure strength comparison is shown in
Fig. 1. The RMGI restorative materials demonstrated higher
flexure strength values than the GIC counterparts. Based on
this singular comparison, a RMGI product might be the choice
material for restorations exposed to functional forces.
Realistically, as discussed earlier GIC performance reported
by ART technique studies can attest their functional area suit-
ability [57–63].Moreover, GIC products largely demonstrated
some increasing flexure strength trends, whereas RMGI

Fig. 3 GIC and RMGI flexural
toughness global comparison
(mJ/mm3). GIC n = 9; RMGI
n = 4

Fig. 4 GIC and RMGI hardness global comparison (KHN). GIC n = 9;
RMGI n = 4

Fig. 5 GIC and RMGI fracture toughness global comparison (MPa √m).
GIC n = 9; RMGI n = 4
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products were noticed to display overall reduced flexure
strength trends with time. In contrast to flexure strength,
GIC products displayed higher modulus values than the
RMGI products (Fig. 2). Yamazaki and colleagues [81]
discussed that the RMGI resin matrix network’s viscoelastic
nature could account for lower RMGI modulus values.
Furthermore, the GIC products overall demonstrated increas-
ing modulus trends which again may provide evidence
supporting matrix network maturation [6, 7]. Interestingly,
both GIC and RMGI materials demonstrated a parallel mod-
ulus decrease at 6 months, which might be conjectured to
possible polyalkenoate network change at that time period.

When flexural toughness global results are reviewed
(Fig. 3), GIC products demonstrate lower but stable flexural
toughness. RMGI toughness was observed to decline with
time but displayed increasing trends at 6 months. GIC prod-
ucts display greater hardness values as compared to the RMGI
materials (Fig. 4) with the GIC products revealing a slight
increasing trend up to 3 months. Lower RMGI hardness
values have been attributed to the resin content’s ability to
allow substantial creep under load with resultant recovery
and stress relief [81]. Under the conditions of this study, the
RMGI products’ hardness was stable after 1 week and did not
demonstrate a hardness decline after 6 months as observed by
Shiozawa et al. [51]. Figure 5 depicts that RMGI products
globally demonstrate greater fracture toughness than the GIC
restorative materials. The GIC brittle nature may account for
this difference, whereas the RMGI viscoelastic nature may
require more energy for crack propagation. In conclusion,
global comparison overall depicts that RMGI products dem-
onstrate higher flexure strength, flexural toughness, and frac-
ture toughness than the GIC counterparts, and may allow con-
clusions that RMGI products could afford superior perfor-
mance in functional areas. However, information is presented
in this work that longitudinally GIC materials may exhibit
more stability with selected physical properties and should
also be considered with recent reports of GIC material longev-
ity in adult functional environments [71, 97].

Conclusions

This study evaluated selected physical properties of nine GIC
and four RMGI restorative materials over 12 months. Under
the conditions of this study:

1. GIC and RMGI physical property performance over time
was material dependent;

2. Polyalkenoate maturation processes are essentially com-
plete by 24 h;

3. Although differences in GIC physical properties were not-
ed, the small magnitude of the divergences may render
such to be unlikely of clinical significance;

4. Modest increases in some GIC physical properties were
noted especially flexural modulus and hardness, which
lends support to reports of a maturing hydrogel matrix;

5. Overall, GIC product physical properties were more sta-
ble than RMGI;

6. A similar modulus reduction at 6 months for both RMGI
and GIC produced may suggest a polyalkenoate matrix
change; and

7. Globally, RMGI products demonstrated higher values of
flexure strength, flexural toughness, and fracture tough-
ness than GIC materials.
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