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Effect of ion exchange on R-curve behavior of a dental porcelain
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Abstract The objective of this study was to evaluate the
effect of the ion exchange treatment on the R-curve
behavior of a leucite-reinforced dental porcelain, testing
the hypothesis that the ion exchange is able to improve the
R-curve behavior of the porcelain studied. Porcelain disks
were sintered, finely polished, and submitted to an ion
exchange treatment with a KNO; paste. The R-curve
behavior was assessed by fracturing the specimens in a
biaxial flexure design after making Vickers indentations in
the center of the polished surface with loads of 1.8, 3.1, 4.9,
9.8, 31.4, and 49.0 N. The results showed that the ion
exchange process resulted in significant improvements in
terms of fracture toughness and flexural strength as com-
pared to the untreated material. Nevertheless, the rising
R-curve behavior previously observed in the control group
disappeared after the ion exchange treatment, i.e., fracture
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toughness did not increase with the increase in crack size
for the treated group.

Introduction

Ceramic materials present a rising resistance curve
(R-curve) behavior when the fracture toughness increases
with crack extension. Such a rising fracture resistance with
crack extension has been observed in a number of bio-
logical and synthetic materials of interest for dentistry,
such as cortical bone [1], dentin [2], enamel [3], dental
ceramics [4], and dental resin composites [5, 6].

R-curves are a consequence of energy-consuming effects
such as toughening mechanisms which can be either due to
the crack front or crack wake effects [7]. Microcracking,
microvoid formation, and crack branching are considered
crack front effects (or intrinsic mechanisms), as they take
place ahead of the crack tip, where a disturbed material zone
(process zone) extends with increasing load. If this damaged
zone ahead of the main crack is stable from the onset of
crack extension, no rising R-curve is expected. However, if
this zone increases with the increasing crack extension, a
rising crack growth resistance curve exists [8, 9]. Such
intrinsic mechanisms are an inherent property of the
material and are considered the principal means by which
ductile materials like metals obtain their toughness. Due to
the lack of plastic transformation in ceramics, intrinsic
toughening mechanisms are not so frequently observed [7].
Another crack front effect is the in situ phase transformation
as observed in transformation-toughened zirconia which
undergoes a stress-induced martensitic transformation from
the tetragonal to the monoclinic phase in front of a crack. In
this case, during crack growth, the R-curve increases till a
steady state transformation zone is developed [10].
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Crack wake effects (extrinsic mechanisms) are caused
by the crack border interaction in the wake of an advancing
crack [11]. As opposed to intrinsic mechanisms that affect
primarily the initiation of the crack, extrinsic toughening
mechanisms become more active as the crack propagates,
and that is why they are also known as “mechanisms of
crack growth toughening” [7]. Crack wake effects may be
caused by frictional sliding bridges and mechanically
interlocking bridges caused by crack deflection due to
interparticle/intercluster crack growth, which act to arrest
the crack tip opening [12—14]. Such toughening mecha-
nisms have been observed in fiber-reinforced composites
[15] and coarse-grained polycrystalline ceramics [16]. For
alumina ceramics with grain sizes around 20 pm, the grain
bridging occurs as a result of intergranular fracture and an
increase in fracture toughness from 2 to 6 MPa m'? has
been observed with the increase in crack size from 1 to
5 mm [17]. It has also been demonstrated for dental por-
celains that crack deflection around leucite particles results
in rough crack surfaces which will cause mechanical grip
between the two surfaces of the crack wake, shielding the
crack tip and increasing fracture toughness as consequence
of the increase in crack size [18]. In situ phase transfor-
mation like the one observed in partially stabilized zirconia
is also considered as an extrinsic toughening mechanism by
some authors, since the dilated zone may also surround the
crack wake, therefore progressively reducing the near-tip
stress intensity [7].

The above mentioned toughening mechanisms will
ultimately shield the crack from some of the applied load,
reducing the intensification of stresses around the crack tip.
Due to the increase of fracture resistance with crack
extension, additional energy is necessary for a crack to
propagate until failure of the component [19]. In other
words, these toughening mechanisms are responsible for
lowering the near-tip stress intensity, Ky, in relation to the

applied stress intensity, K,pp, as follows:

Ktip = Kapp — Koy (l)

where Ky, is the bridging stress intensity, which is a
function of the crack extension [5]. Therefore, the R-curve
behavior is more dominant for larger cracks than smaller
cracks, because the friction at the border of the crack tip
increases with the increase in the crack size [4].

Several studies that assessed the correlation between
fracture toughness and the crack size showed that during
initial crack growth, the fracture toughness increases sig-
nificantly and after a certain crack length, it stabilizes
forming a plateau [5, 19]. The observation of a steady state
toughness following the initial toughness increase with
increasing crack size indicates that the bridges are forming
and breaking at approximately equivalent rates in the crack
wake [5].

@ Springer

The R-curve behavior in ceramic materials may be
experimentally characterized by obtaining plots of fracture
resistance, Kr, as a function of the crack length. These
curves may be obtained by using standard fracture
mechanics compact tension specimens in which a micro-
notch is produced. The specimen is then loaded and
unloaded intermittently in order to create and extend a
sharp pre-crack. Measurement of the different pre-cracks
sizes is then performed and applied to the standard fracture
mechanics based solution for the compact tension speci-
men [5]. Another widely used method for evaluating the
R-curve in ceramic materials is the indentation flexural
strength test [20], in which bar or disk specimens are
indented with a Vickers diamond point before being fast
fractured in a flexural strength test. Different magnitudes of
indentation loads are used in order to create different crack
sizes which are correlated with the bending strength. Fur-
thermore, crack growth relations for R-curve character-
ization may be achieved by measurements of cracks
extending from natural flaws, or by means of indirect
methods that allow for determination of the relations
between Kr and the crack extension from the measure-
ments of strength or lifetime [9]. These different method-
ologies often give dissimilar results; therefore, the test
method should be taken into consideration when compar-
ing R-curves from different works. The indentation tech-
nique which was used in the present study has the
advantage of measuring short cracks, which are of the order
of the sizes of natural cracks [9]. Other advantages of this
technique may be mentioned like the fact that the meth-
odology is very straightforward and the small amount of
material required to carry out the tests.

The exchange of small host alkali ions (Na™) for larger
alkali ions (K™) from an external source such as a molten
salt bath of potassium nitrate (KNOs) in a porcelain’s
glassy matrix below its strain temperature is known as ion
exchange process. The large ions remain essentially
“stuffed” in the glass network interstitial sites originally
occupied by the small ions leading to a two-dimensional
state of compressive stress, since the bulk material restrains
the expansion of the surface structure which acquires a
different chemical composition [21]. The need of long
soaking times (i.e. up to 24 h for commercial soda-lime
silica glass) has rendered to this technique a limitation for
its application [22]. The introduction of the paste tech-
nique, in which a KNOj paste is used for shorter heat-
treatment times (from 15 to 30 min) to induce the ion
exchange was proved to be effective not only by enhancing
dental porcelain’s flexural strength and fracture toughness
[21] but also by decreasing its susceptibility to slow crack
growth [23]. However, the effect of this chemical treatment
on the R-curve properties of dental porcelains has not been
determined yet. Therefore, the objective of this study is to
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evaluate the effect of ion exchange on the R-curve behavior
of a leucite-reinforced dental porcelain, testing the
hypothesis that the ion exchange is able to improve the
R-curve behavior of the porcelain studied.

Materials and methods

One hundred and four specimens were fabricated by one
single operator by mixing 1 g of a leucite-reinforced por-
celain powder (Ultropaline Super Transparent, Jen Dental,
Kiev, Ukrain, batch: 1094) with 0.4 mL of deionized water
in order to form a slurry that was poured into a metal mold
to obtain disk-shaped specimens (15 mm in diameter and
3 mm in thickness). Specimens were vacuum-fired in a
porcelain furnace (Keramat I, Knebel, Porto Alegre, Brazil)
according to manufacturer’s instructions. After sintering,
the specimens measuring 12.5 mm in diameter and 2.4 mm
in thickness were machined in a surface-grinding device
(MSG-600, Mitutoyo, Sdo Paulo, Brazil) following the
guidelines in ASTM C 1161 [24] to obtain parallel surfaces
and reduce thickness to 1.3 mm. Then, one of their surfaces
was mirror-polished using a polishing machine (Ecomet 2,
Buehler, Lake Bluff, USA) with diamond suspensions up to
1 pm to obtain the final thickness of 1.0 (+0.1) mm.

The ion exchange strengthening treatment by paste
method was performed in 52 specimens. The paste was
prepared by mixing 10 g of reagent grade KNO; salt
(Merck, Damstadt, Germany) with 4 mL of deionized
water; 0.4 g of this paste was deposited on the polished
surface of each specimen and then they were heat treated in
an electric oven (FP-32, Yamato, Tokyo, Japan) at a heating
rate of 5 °C/min, an intermediary step at 150 °C for 20 min
for paste drying, and a holding time of 15 min at 470 °C to
promote the ion exchange process. The effectiveness of ion
treatment was assessed by the chemical composition of the
material before and after ion exchange using chemical
microanalysis by energy dispersive spectroscopy (EDS;
Noran Instruments, Middletown, USA) coupled to a scan-
ning electron microscope (SEM; Jeol — JSM 6300, Peabody,
MA, USA). The relative peak intensities of the sodium and
potassium before and after ion exchange treatment were
calculated as a fraction of the silicon peak intensity [25].
The Na,O and K,O contents were determined using the
results of chemical analysis (XRF 1500, Shimadzu, Tokio,
Japan) of the starting powder and the relative peak inten-
sities of sodium and potassium elements.

For the assessment of the R-curve behavior, a Vickers
indentation was impressed (dwell time of 20 s) in the
center of the polished surface of seven specimens of each
group with the following indentation loads (N): 1.8; 3.1;
4.9; 9.8; 31.4; and 49.0. Then, the specimens were stored in
air (~60% relative humidity and 22 °C) for 24 h in order

to stabilize the slow crack growth [26] and tested for the
measurement of biaxial flexure strength (o¢) using the
piston-on-three-balls method (ASTM F394-78 [27]) in a
universal testing machine (Syntech 5G, MTS, Séo Paulo,
Brazil) at a constant stress rate of 10 MPa/s with the
specimen immersed in artificial saliva [100 mL of KH,PO,
(2.5 mM); 100 mL of Na,HPO, (2.4 mM); 100 mL of
KHCO; (1.5 mM); 100 mL of NaCl (1.0 mM); 100 mL of
MgCl, (0.15 mM); 100 mL of CaCl, (1.5 mM); and 6 mL
of citric acid (0.002 mM)] [28] heated and maintained
constant at 37 °C. The biaxial flexural strength (gy) was
calculated according to [27]:

or = —0.2387P(X — Y) /d* (2)

where oy is the maximum tensile stress, P is the load at
fracture, and d is the specimen thickness at fracture origin.
X and Y were determined as follows:

X = (1+v)In(B/C)* + [(1-v)/2)|(B/C) 3)
Y = (1+v)[1 +In4/C)*] + (1-v)(A/C)* (4)

where v is the Poisson’s ratio, A is the radius of the support
circle, B is the radius of the tip of the piston, and C is the
radius of the specimen. The value of v (0.22) was deter-
mined by the ultrasonic pulse-echo method [29] using a
200 MHz ultrasonic pulser-receiver (Panametrics, USA,
5900 PR), 20 MHz longitudinal and shear transducers with
a delay material, and a coupling paste (Panametrics)
applied between the sample and transducer [30].

The estimation of Kj. as a function of the crack exten-
sion was made according to the relations presented in a
previous study [31]:

Ky = k(Aa)q (5)

where k and ¢ are constants and Aa is the crack extension.

In order to determine k and ¢, the results obtained for
flexural strength were plotted as a function of the inden-
tation load. The regression curve obtained from these data
is given by [31]:

O'f:OC'P7ﬁ (6)

where oy is the flexural strength, « is the intercept with the
abscissa, —f is the slope of the fit line (material
parameters), and P is the indentation load. Once the f
value is determined, it is possible to calculate the exponent
q using Eq. 7. Whenever f is equal to or higher than 1/3,
the rising R-curve behavior is not observed [31].

138
2428
The constant k is then obtained using Eq. 8, where

Y = 1.24 for semicircular cracks [32] and y is calculated
according to Eq. 9 where a is the crack size [31].

q (7)
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Results

The variations of sodium and potassium concentration in
the porcelain’s glassy matrix before and after the ion
exchange treatment are shown in Table 1. It is possible to
note that, as expected, there was a decrease in the sodium
and an increase in the potassium content, confirming the
occurrence of the ion exchange process. The sodium con-
tent decreased by a factor of 4, and the potassium content
showed a twofold increase.

Figure 1 shows the flexural strength data as function of
the indentation load applied for both experimental groups.
It is possible to note that the flexural strength decreases as
the applied load increases, since larger defects (indenta-
tions) result in lower strength. However, it is important to
note that the drop in flexural strength was much more
pronounced for the ion-exchanged group compared to the
control, what is evidenced by the significantly higher slope

Table 1 Na,O and K,O contents (wt%) in the vitreous matrix of the
porcelain tested before and after the ion exchange treatment

Group Na,O K,O
Control 43 11.3
Ion exchange 1.2 20.6

Indentation load (N)
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=244
& y=-034x+222 e 200
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<
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s} @
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a 4104 A |on Exchange
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0.3 0.6 0.9 1.2 15 18

Log of indentation load (N)
Fig. 1 Plot of flexural strength as a function of indentation load for

both control and ion-exchanged experimental groups. Dashed line
represents a material with flat R-curve
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of the fitted curve of the first. This difference in the slopes
of the curves shows that the flaw size affected more the
strength of the ion-exchanged specimens then that of the
untreated ones.

In Fig. 1, the dashed line on the upper right hand of the
plot has a slope of —1/3 (ff = 0.33) and represents a
material with flat R-curve, that is, fracture toughness is
independent on the crack extension, as predicted by Egs. 5
and 7. Therefore, whenever the value of f§ for one material
is equal to or higher than the value of 0.33, it means that
the material has a flat R-curve, and materials with value of
p lower than that (lower slope) present a rising R-curve.

The values of «, f§, and ¢, obtained from Egs. 5 through
8, are shown in Table 2 for both experimental groups.
Based on the f§ values, it is possible to infer that the control
group did showed a rising R-curve behavior (f = 0.115),
however the treated group had flat R-curve since its § value
(0.343) was close to the threshold of 0.33.

The presence of the R-curve behavior in the control
group is evidenced by Fig. 2, in which the fracture
toughness was plotted as a function of the size of the
indentation crack (2c¢). In this plot, it is possible to clearly
note that for the control group there was an increase in
fracture toughness from 0.39 to 0.56 MPa m"? when the
crack size increased from 30 to 480 um. Conversely, a
significant drop in fracture toughness from 1.3 to
0.8 MPa m'’? can be observed for the ion-exchanged group
after the crack size increased from 20 to 250 pm. This
means that no R-curve behavior is present in the treated
group. Figure 3 shows the variation in flexural strength as a

Table 2 Values of «, 8, and ¢ for both groups

Group o p q
Control 61.5 0.115 0.29
Ion exchange 164.2 0.343 —0.01
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Fig. 2 Plot of fracture resistance calculated as a function of crack
extension (2¢)
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Fig. 3 Plot of flexural strength as a function of crack extension (2c)

function of the radial crack size. It is possible to note a
much steeper decrease in strength as function of crack size
for the ion-exchanged group compared to the control.

Discussion

The presence of a rising R-curve in the control group was
somewhat expected since previous studies have demon-
strated that leucite-reinforced dental ceramics exhibit an
increase in fracture toughness with the increase in flaw size
[18, 31, 33]. The R-curve behavior of the porcelain mate-
rial is evident in the results shown in both Figs. 1 and 2. In
Fig. 1, it is possible to note that for the control group the
decrease in strength with the increase in the indentation
load is not very pronounced, i.e., the slope of the fitted
curve is not very high, indicating that the indentation load
had little influence on the strength values, which is the type
of behavior expected in materials with rising R-curve. In
Fig. 2, the rising R-curve of the control group is also evi-
dent because the fracture toughness values gradually
increased with the increase in crack size.

The R-curve behavior observed in the control group is a
consequence of the crack wake effect caused by crack
border interactions in the wake of the indentation radial
crack [11]. A previous work has shown for leucite-based
porcelains that the main toughening mechanism occurring
during crack propagation is crack deflection around leucite
particles and clusters, which results in a relatively rough
fracture surface. The friction between these two rough
surfaces will cause mechanical grip and act to close the
crack [12], consequently shielding the crack tip from some
of the applied load [13]. Such toughening mechanism will
ultimately lower the near-tip stress intensity, Kyp, in rela-
tion to the applied stress intensity, K,pp, as shown in Eq. 1.
Therefore, the increase in crack size results in an increase
in crack border interactions and consequently the measured
fracture toughness also increases as seen in Fig. 2 (control

group).

The results of flexural strength and fracture toughness
of the present study indicated that the ion exchange
treatment was capable of improving these properties for
the porcelain studied. However, such improvements were
much more noticeable when these properties were mea-
sured using small cracks. In Fig. 3, it is possible to note
that for the small crack range (from ~ 30 up to ~ 100 pm)
the increase in flexural strength after the ion exchange
treatment was as high as 100%. With regard to fracture
toughness (Fig. 2), significant increases in the mean values
were observed regardless of the crack size, however for
the smaller crack sizes (from 30 to 100 um), there were
significant increases in Kj. up to 250%. The observed
increase in mechanical properties is a result of the well
known effects of the ion exchange process, in which a
compressive layer is created on the material’s surface due
to the replacement of small sodium ions for larger potas-
sium ions in the porcelain’s glassy matrix. Because of this
surface modification, cracks in the porcelain will only
propagate when the stresses generated during loading
overcome the residual stresses induced by the compressive
layer at the surface. Previous studies have already shown
that these compressive stresses result in a significant
increase in both flexural strength and fracture toughness of
leucite-based porcelains [34, 35].

Apart from the evidences of increased mechanical
properties after the ion exchange process, it is important to
note that for larger crack sizes, that is, 2c larger than
~150 um, no significant improvements were observed in
the flexural strength values (Fig. 3). It is probable that for
larger crack lengths in the range of ~200 pum the ion
exchange process was not so effective in generating com-
pressive stresses throughout the whole crack structure.
Therefore, while the smaller defects, generated by lower
loads, were totally surrounded by the compression stresses,
it is likely that larger flaws were only partially surrounded,
what may have hindered further improvements in the
flexural strength of the porcelain. The ion exchange process
results in a residual compressive stress profile with the
maximum value at the surface which decreases with the
increase in depth from the surface [23]. As a consequence,
it seems that this residual stress profile causes a negative,
or a decreasing R-curve component, which counteracts and
annuls the positive, or rising R-curve component caused by
the microstructure (leucite particles). This statement is
supported by the results of a proposed two-step ion
exchange method, in which a short second ion exchange
process in a 30% Na,0-70% K,O bath is carried out for
partial removal of the K' ions introduced in the first
extended treatment [36]. The second step causes the dis-
placement of the maximum compressive stress to a given
distance from the surface, causing a rising R-curve up to
this depth [36]. Residual surface stress profiles of different
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ion exchange processes can be found elsewhere for refer-
ence [23].

The results of the present study showed that the intro-
duction of residual compressive stresses had a negative
effect on the R-curve behavior of the porcelain studied,
since before the ion exchange treatment the material pre-
sented a clear rising R-curve, and after the treatment this
behavior was not present anymore, as demonstrated in
Fig. 2. Therefore, the hypothesis that the ion exchange
process would improve the R-curve behavior of the por-
celain had to be rejected. One possible explanation for the
change in the material’s behavior in terms of R-curve is
that there is a significant difference in the range of crack
sizes when the control and treated group are compared. By
observing Fig. 2, it is noted that for the control group,
crack sizes varied from ~ 30 up to ~500 pum, and the most
significant increases in fracture toughness occurred after
the indentation crack reached ~ 100 pm. On the other
hand, for the ion-exchanged group, the presence of residual
compression stresses on the surface of the material hin-
dered the propagation of the indentation crack, resulting in
smaller crack sizes varying from ~30 up to 250 pm.
Therefore, this smaller crack range in the ion-exchanged
group may have in part accounted for the absence of an
rising R-curve in this group since it has been demonstrated
that the R-curve behavior is more evident for larger than for
smaller cracks, because the friction at the border of the
crack tip increases with the increase in crack size [4].
Another possible explanation for the vanishing of the rising
R-curve behavior after the ion exchange treatment is the
fact that the presence of residual compressive stresses
around the radial cracks in the range depicted in Fig. 2
somehow superimposes the frictional grip effect observed
between the crack walls and consequently the fracture
toughness did not increase with the increase in crack size.

Conclusion

In conclusion, the results of this study showed that when an
a dental porcelain is toughened by means of an ion
exchange process, the rising R-curve behavior previously
observed in the control group disappears, as the fracture
toughness did not increase with the increase in crack size.
However, it is important to note that apart from the absence
of a rising R-curve on the ion-exchanged material, the ion
exchange process resulted in significant improvements in
terms of fracture toughness and flexural strength as com-
pared to the untreated material, which should be taken into
consideration as a positive achievement for the application
of such materials.
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