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In the past few years, ion-exchange (IOX) in glasses has found a renewed interest with a 
lot of new development and research in industrial and academic labs and the commer-
cialization of materials with outstanding mechanical properties. These glasses are now 
widely used in many electronic devices, including hand-held displays and tablets. The 
exchange is generally conducted in a bath of molten salt below the transition tempera-
ture of the glass. The exchange at the surface of an alkali ion by a bigger one brings 
compressive stress at the surface. The mechanical properties are dependent on the 
stress level at the surface and the depth of penetration of the bigger ion. As compared 
to glasses, glass-ceramics have the interest to display a wide range of aspects (trans-
parent to opaque) and different mechanical properties (especially higher modulus and 
toughness). There has been little research on IOX in glass-ceramics. In these materials, 
the mechanisms are much more complex than in glasses because of their polyphasic 
nature: IOX generally takes place mostly in one phase (crystalline phase or residual glass). 
The mechanism can be similar to what is observed in glasses with the replacement of 
an ion by another in the structure. But in some cases this IOX leads to microstructural 
modifications (for example, amorphization or phase change). This article reviews these 
IOX mechanisms using several transparent and opaque aluminosilicate glass-ceramics 
as examples. The effect of the IOX in the various glass-ceramics will be described, with 
particular emphasis on flexural strength.

Keywords: ion-exchange glass-ceramics, mechanical properties, b-quartz solid solution, b-spodumene solid 
solution, nepheline, microstructures, X-ray diffraction

inTrODUcTiOn

In the past few years, ion-exchange (IOX) in glasses has found a renewed interest with a lot of new 
development and research in industrial and academic labs and the commercialization of materials 
with outstanding mechanical properties (Varshneya, 2010; Aaldenberg et al., 2016). These glasses are 
now widely used in many electronic devices, including hand-held displays and tablets (Glaesemann 
et al., 2012). They find also applications in the architectural and automotive markets.

One can imagine new applications using glass-ceramics instead of glasses as a much wider 
range of aspect can be obtained. Glass-ceramics display various opacity and color: from opaque to 
transparent and for opaque materials, including white to black and a range of colors. Glass-ceramics 
can present also improved mechanical properties as compared to glasses with especially higher 
toughness and modulus.

Ion-exchange is generally conducted in a bath of molten salt. The exchange from the surface 
of an alkali ion in the glass or glass-ceramic by a bigger one from the bath leads to compressive 
stress at the surface and because of the concentration distribution to a stress profile through the 

http://www.frontiersin.org/Materials/
http://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2016.00041&domain=pdf&date_stamp=2016-08-23
http://www.frontiersin.org/Materials/archive
http://www.frontiersin.org/Materials/editorialboard
http://www.frontiersin.org/Materials/editorialboard
http://dx.doi.org/10.3389/fmats.2016.00041
http://www.frontiersin.org/Materials/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:pradeaup@corning.com
http://dx.doi.org/10.3389/fmats.2016.00041
http://www.frontiersin.org/Journal/10.3389/fmats.2016.00041/abstract
http://loop.frontiersin.org/people/326671/overview
http://loop.frontiersin.org/people/360509/overview
http://loop.frontiersin.org/people/333969/overview
http://loop.frontiersin.org/people/369895/overview
http://loop.frontiersin.org/people/368187/overview


TaBle 1 | Different strengthening mechanism obtained with iOX in glass-
ceramics (g.c.).

Mechanism examples 
presented here

aspect of the  
glass-ceramic

Typical IOX 
(larger ion 
for smaller)

In the 
residual 
glass

Black fusion 
formable g.c.

Black, opaque

  

In the 
crystals

Spodumene g.c. White, opaque

  

Mg-rich β-quartz 
s.s. g.c.

Transparent

  

Surface  
amorphization

Li-rich β-quartz 
s.s. g.c.

Transparent

  

Phase change Nepheline g.c. White, opaque
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sample. The mechanical properties are dependent on the stress 
level at the surface (CS) and the depth of penetration of the 
bigger ion (Gy, 2008).

If the IOX in glasses has been the subject of many studies, there 
has been little research on the IOX in glass-ceramics. In these 
materials, the mechanisms are much more complex than in glasses 
because of their polycrystalline nature: IOX generally takes place 
mostly in one phase (crystalline phase or residual glass). In some 
cases, the mechanism is similar to what is observed in glasses with 
the replacement of an ion by another in the structure; while in 
other cases, this IOX leads to microstructural modifications (for 
example, amorphization or phase change of a crystalline phase).

These different mechanisms have been observed at Corning 
studying IOX in different transparent and opaque aluminosilicate 
glass-ceramics. This research is going to be presented here with 
a special emphasis on the impact of IOX on microstructure and 
mechanical properties, especially flexural strength. The different 
systems and corresponding IOX mechanisms are summarized in 
Table 1.

Several papers demonstrate a significant increase of the modu-
lus of rupture of glass-ceramics after IOX. Most of them do not 
detail the IOX mechanisms.

For example, in 1967, Beall et al. (1967) have shown that the 
modulus of rupture of β-quartz glass-ceramic can be multiplied 
by a factor of 5 replacing Li+ by K+ or Mg2+ by 2Li+. More recently, 
Takeuchi et  al. (1997) have studied IOX in ferrules made of 
β-spodumene glass-ceramic and shown that replacement of Li+ 
by Na+ leads to a bending-strength of about 500  MPa, which 
is similar to that of an alumina ferrule and that a bending-
strength of 310 MPa is maintained after scratching. Berthier da 
Cunha et al. (2007) have shown that IOX in a Na4+2xCa4−xSi6O18 
(0 < x < 1) glass-ceramic is associated with a significant increase 
of hardness and indentation fracture toughness. A modest but 
significant increase of strength associated with an increase of 

the Weibull modulus has also been observed in lithium disilicate 
glass-ceramics (Fischer et al., 2008).

Tagantsev (1999) has been the first to describe an interest-
ing mechanism in the case of IOX in a lithium metasilicate 
glass-ceramic: the replacement of lithium ions by sodium ions 
is associated with an amorphization of the glass-ceramic in the 
layer undergoing IOX.

Such an amorphization has also been observed by Laczka et al. 
in glass-ceramics containing both lithium disilicate and lithium 
aluminosilicate phases. The IOX induced amorphization was 
found to occur in both crystalline phases (Laczka et al., 2015).

Another phenomenon has been evidenced in nepheline 
glass-ceramics (Duke et  al., 1967; Ponsot et  al., 2014): the 
IOX (K+ for Na+) leads to formation of kalsilite at the surface 
that leads to a very significant increase of the modulus of 
rupture.

MaTerials anD MeThODs

The glasses with the compositions indicated in Table  2 have 
been melted in platinum crucibles at temperature in the 
1600–1650°C range. Batches in the range of 1000–2500 g were 
used. After melting and fining, the glasses were poured and 
annealed.

Pieces were cut for the crystallization treatment. The thermal 
treatments used are reported in Table 2. The crystalline phases 
were determined by X-ray diffraction (XRD).

Then the samples were ion-exchanged in molten baths. The 
compositions of the baths as well as the temperature and length 
of the treatments are summarized on Table 2.

X-ray diffraction was used to determine the effect of IOX 
on microstructure. A Bragg–Brentano θ/2θ configuration 
with a Cu Kα1 radiation was used. Patterns were measured on 
samples surface before and after IOX. Rietveld analysis was 
performed (Rodriguez-Carvajal, 1993). The X-Ray penetra-
tion depth is roughly 100 μm in this configuration. For ion-
exchanged samples a gradient of crystallization is observed on 
this thickness and, consequently, the obtained data (e.g., the 
average size of the crystals or the cell parameters) are mean 
values.

Grazing Incidence Angle Diffraction (GIAD) was also per-
formed in one case to quantify the microstructure evolution after 
ionic exchange as a function of thickness.

Grazing Incidence Angle Diffraction measurements at several 
fixed incident angles α were performed. The fixed incident angles 
are 1.5, 7.5, and 15°corresponding, respectively, to depths of 
~2, 10, and 20 μm. Then each depth pattern was quantified by 
Rietveld refinement.

The mechanical performance of the glass-ceramics was meas-
ured by a ring on ring test. This test evaluates the biaxial flexure 
strength. In some cases, measurements have also been made 
after abrasion. Abrasion was performed with silicon carbide 
(grain size 70 μm) during 5 s at a pressure of 0.10 MPa (except 
if something else is specified). This last test was used to quantify 
retained mechanical performance after having imposed a given 
flaw population. The size of the samples is indicated on Table 2. 
Ten to 30 optically polished samples were used for each test. 
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TaBle 2 | compositions (mol%) of the glass-ceramics and experimental conditions.

Main crystalline phase MgO–TiO2–Fe2O3  
with ϵ- Fe2O3 structure

spodumene  
solid solution

li-rich β-quartz  
solid solution

Mg-rich β-quartz  
solid solution

nepheline

Composition GC1 GC2
SiO2 63.82 63.94 69 72.8 71 55
Al2O3 13.89 13.6 13 12.6 13 20
B2O3 5.1 5.18
Li2O 8 8.2 4
Na2O 13.76 13.66 2.6 0.5
K2O 13
MgO 1.74 1.75 9 5
MgO + ZnO 4
TiO2 0.98 0.99 3.6 2.1
ZrO2 0.9 2.5 7
Fe2O3 0.56 0.71
Other 2.4 0.8

Crystallization heat treatment:
 – Nucleation (°C – h) 630 – 2 780 – 2 Ramp from 650 to 

820 –0.66
820 – 4 850 – 2

 – Growth (°C – h) 700 to 750 – 4 975 – 4 900 – 0.25 875 – 4 1050 – 2

Typical IOX conditions (1):
 – Bath KNO3 KNO3 NaNO3 KCl/K2SO4

a Li2SO4/K2SO4
a KNO3

 – Temperature (°C) 420 430 Around 400 700–725 710–800 450
 – Time (h) 6.5 8 2–4 4–8 4–16 2–48

Typical IOX conditions (2):
 – Bath KCl/K2SO4

a

 – Temperature (°C) 700

 – Time (h) 0.5–16

Sample size for ring on ring test 50-mm square, 0.8-mm thick 32-mm diameter, 2.1-mm thick 50-mm square,  
0.8-mm thick

aIOX bath compositions: KCl 54 wt%/K2SO4 48 wt% and Li2SO4 90 wt%/K2SO4 10 wt%.
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The reported results are the load to failure distribution because 
in most cases the strength of the ion-exchanged samples was 
so high that bending displacement was large enough to make 
the membrane stresses non-negligible. Therefore, conventional 
failure stress calculations would overestimate the material stress 
at failure. The Weibull shape and scale parameters corresponding 
to failure load are also reported. The scale parameter corresponds 
to 63.2% of failure probability.

resUlTs

ion-exchange in the residual glass
The example given here has been obtained developing a glass-
ceramic suitable as backs of portable electronic devices (Dejneka 
et al., 2014).

As compared to metals, this glass-ceramic has the advantage 
to be transparent to microwave and radio frequency radiation. 
As compared to glasses, it allows to obtain a black aspect and 
to be opaque enough to hide the interior of the devices. Other 
requirements were a high mechanical resistance and, to limit cost, 
the need to have a precursor glass that can be formed by methods, 
such as fusion draw. This last requirement allows obtaining thin 
sheets with pristine surfaces (therefore, no further polishing is 
needed to obtain products).

However, this last requirement is not met by most of the 
glass-ceramics as they present generally relatively low viscosity 

at the liquidus (typically lower than 2 kPa s). If such a liquidus 
is suitable to form articles by pressing or rolling, it prevents the 
use of forming methods, such as fusion draw for which at least 
20 kPa s are required.

To obtain a product meeting all these requirements, sodium 
aluminosilicate glasses displaying high viscosity at the liquidus 
were used (Table 2). With such glasses, it is known that exchange 
of sodium ions by potassium is easily obtained and can lead to 
outstanding mechanical strength. These glasses have been doped 
with about 1% TiO2 and Fe2O3. After thermal treatment, crys-
tallization of MgO–TiO2–Fe2O3 with a ϵ-Fe2O3 structure takes 
place. The mean size of the crystals is smaller than about 20 nm 
(Figure 1). This glass-ceramic has several advantages:

 – It displays a black color not easy to achieve in a glass; this 
color is due to Fe2+-Ti4+ charge transfer absorption in the 
crystals.

 – As their levels are low, TiO2 and Fe2O3 do not change the 
viscosity at the liquidus and the precursor glass stays fusion 
formable.

 – As the level of crystallinity is low, the composition of the 
residual glass is close to the composition of the base glass and 
is favorable to an IOX leading to mechanical properties close 
to those of the undoped glass.

Figure 2 displays the results of the mechanical test performed 
on two of these materials in comparison with a Corning® Gorilla® 
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FigUre 2 | ring on ring biaxial flexure load to failure of low crystallinity MgO–TiO2–Fe2O3 glass-ceramics (cerammed at 700°c for 4 h compared to 
cgg before and after ion-exchange). The dashed lines indicate the 95% confidence intervals. For the three ion-exchanged materials, compression is present on 
a layer around 40-μm thick.

FigUre 1 | TeM micrograph of the low crystallinity MgO–TiO2–Fe2O3 
glass-ceramic. (Composition GC2 – Table 1– cerammed at 750°C for 4 h).
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Glass (CGG). In the three cases, IOX increases very significantly 
the load to failure: from scale parameters of 380–460 N to values 
higher than 2300 N.

The slopes of the failure probability line are also significantly 
steeper: the Weibull shape factors that are in the 2.9–4.6 range 

before IOX increase to values in the 15–19 range after IOX. The 
two glass-ceramics have properties at least as good as CGG.

ion-exchange leading to surface 
amorphization: li-rich β-Quartz solid 
solution glass-ceramics
Glass-ceramics based on crystallization of β-quartz solid solution 
have been discovered in the 60s. The general chemical formula 
of the β-quartz solid solution is Li2−2(x+y) MgxZnyO.Al2O3.nSiO2 
(with n = 2–10) where Al3+ ions replace Si4+ in tetrahedral sites 
and local electrical neutrality is ensured by the incorporation of 
small ions, such as Li+, Mg2+ or Zn2+, into the channels of the 
structure. Nucleation is ensured by the addition to the batch of 
TiO2 and/or ZrO2 (a few mol%).

It is possible in this system to obtain highly crystalline trans-
parent material by controlling the size of the crystallites (smaller 
than about 50 nm). An example of microstructure as observed by 
SEM is given in Figure 3.

The success of these glass-ceramics relies on the ability of 
some of these compositions (containing mainly lithium as 
compensator ion) to obtain materials that combine transparency, 
zero or very low thermal expansion coefficient, and ability to 
withstand temperatures of at least 700°C during several thousand 
hours without deformation or substantial modifications of the 
properties. They have found a wide range of applications ranging 
from telescope mirrors to ferrules for optical connectors or to 
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FigUre 3 | Microstructures of glass-ceramics observed by seM. They have been revealed by chemical etching. Source: Anne Crochet (Corning SAS). 
(a) Li-rich β-quartz solid solution glass-ceramic β-quartz crystals appear in gray and have a size around 30 nm. TiZrO4 crystals appear in white and have a size 
of a few nanometers. (B) β-spodumene solid solution glass-ceramic. The pores correspond to the residual glass that has been etched. The bigger blocks are 
spodumene crystals, the small white dots with a size around 30 nm are spinel and the elongated crystals are rutile.

FigUre 4 | Diffusion profile of K2O in a li-rich β-quartz solid solution 
glass-ceramic after an ion-exchange of 4 and 8 h at 700°c in a Kcl/
K2sO4 bath. The Weibull scale parameters reported in the legend show that 
the longer IOX is associated with a significant strength decrease.
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consumer products, such as cooktops, cookware, or fire-resistant 
windows.

As already observed (Beall et  al., 1967), it has not been 
possible to obtain an increase of mechanical strength replacing 
lithium ions by sodium but exchange of lithium by potassium 
is efficient: in this case IOX has been performed during 4–16 h 
in the 700–725°C range in a KCl/K2SO4 bath. The measurement 
of the potassium profile shows that the depth of penetration 
of this ion is in the 20–60 μm range according to the time and 
temperature of exchange. Figure 4 displays such profiles after 
IOXs of, respectively, 4 and 8 h at 700°C. The depth of diffusion 
of potassium is around 20 μm after 4 h and 35 μm after 8 h. This 
exchange is associated with a significant increase of mechani-
cal strength: Weibull scale parameter of 4092 and 1953 N have 
been obtained after, respectively, 4 and 8  h, as compared to 
820  N for the non-ion-exchanged glass-ceramic. However, it 
is observed that increasing the IOX time from 4 to 8 h reduces 
very significantly the mechanical strength dividing the scale 
parameter by 2.

Surface XRD (BB and GIAD) performed before and after an 
IOX of 4 h at 700°C evidence a strong microstructure modifica-
tion (Figure 5): before IOX, the main crystalline phase is β-quartz 
solid solution with minor amount of the TiZrO4 nucleating phase. 
After IOX, the crystalline phases are the same but an increase of 
the amorphous content is observed on the patterns (Figure 5). 
Rietveld analysis shows that the average size of the β-quartz solid 
solution crystals has significantly decreased (roughly divided by 
two). These observations strongly suggest that the IOX is associ-
ated with a surface amorphization. The GIAD measurements 
confirm these observations: after IOX, a strong decrease of the 
amount of the β-quartz phase is observed, this decrease being 
more important closer to the surface.

ion-exchange in the crystalline Phase
Ion-Exchange in Mg-Rich β-Quartz Solid Solution 
Glass-Ceramics
We focus now on β-quartz solid solution glass-ceramics contain-
ing mainly magnesium to charge balance aluminum and with 

composition given in Table 2. The glass-ceramic is transparent 
(Table 1). Because of the use of ZrO2 alone as nucleating agent, 
it displays a very high transmission without the residual yellow 
color generally brought by the addition of TiO2 (Table 2). IOX 
was performed in a Li2SO4/K2SO4 bath at temperatures in the 
range of 710–800°C, during 4–16 h. K2SO4 is added to lower the 
melting temperature. In these conditions, diffusion of lithium 
ions takes place to a depth of 40–200 μm.

After an IOX of 4 h at 710°C, surface XRD (BB) reveals an 
increase of the cell parameters of the β-quartz solid solution, 
suggesting that 2Li+ ions replace Mg2+in the structure (Figure 6).

Ion-exchange is associated with a very significant increase of 
the flexural strength as indicated in Figures 7 and 8. Figure 7 gives 
the results of the mechanical test performed on glass-ceramics 
before and after an IOX of 16 h at 725°C and in this last case before 
and after abrasion. It is observed that abrasion decreases only very 
little the load to failure.
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FigUre 5 | XrD scans (BB) of a li-rich β-quartz solid solution glass-ceramic before and after an ion-exchange of 4 h at 700°c in a KnO3 bath. The 
ion-exchange is associated with an increase of the amount of residual glass, to a decrease of the mean size of the β-quartz ss crystal and to a slight shift of the position 
of the peaks of this phase. The ratio amount of the ion-exchanged Li-rich β-quartz/non-exchanged β-quartz evolves according to the different analyzed thicknesses.

6

Beall et al. Ion-Exchange Mechanisms Using Glass-Ceramics

Frontiers in Materials | www.frontiersin.org August 2016 | Volume 3 | Article 41

Figure 8 gives the Weibull scale factor and the thickness of the 
surface layer in compression (DOL) for different IOX treatments. 
The mechanical strength attains a maximum at 725°C, then 
decreases for higher temperature of the bath.

This decrease seems associated with considerable potassium 
diffusion in the glass-ceramic above 750°C. This potassium dif-
fusion inhibits the diffusion of magnesium. Diffusion profiles of 
magnesium and potassium after IOXs of respectively 4 h at 750 
and 775°C illustrate this effect (Figure 9).

Ion-Exchange in Spodumene Glass-Ceramic
Spodumene glass-ceramics have been known for a very long time. 
They have been used and are still used to produce cookware materi-
als and cooktops thanks to their low thermal expansion [coefficient 
of thermal expansion (CTE) around 10–20 × 107K−1 – 25–700°C].

The crystalline phase is a solid solution with formula Li2O–
Al2O3–nSiO2 with n = 2–8. The material studied here has been 
nucleated through the addition of a few wt.% of TiO2. Figure 3B 
displays a SEM micrograph of this material. The spodumene crys-
tals have a mean size of about 1 μm. Small amounts of rutile and 
spinels are also visible. The amount of residual glass is estimated 
to be around 10%wt.

Ion-exchange in a sodium nitrate bath leads to incorpora-
tion of sodium into the glass-ceramic. After exchanging for a 
few hours around 400°C in a sodium nitrate bath, the sodium 
ions diffuse up to a depth of around 100  μm as observed by 
microprobe technique (Figure  10). It is believed that sodium 
replaces lithium that cannot be analyzed by this technique. The 
concentration of the other elements is constant through the 
thickness. This IOX is proposed to take place in the crystals. 
A proof of that is given by the comparison of XRD patterns 
obtained, respectively, before and after IOX and that shows a 
very significant increase of the β-spodumene cell parameters, 
which is in good agreement with the replacement of Li by 
sodium in the crystals (Figure 11).

The result of the ring on ring test is indicated on Figure 12. 
The Weibull scale parameters are, respectively, 1341 and 780 N 
before and after abrasion.

ion-exchange leading to a crystalline 
Phase Modification
Nepheline is a stuffed derivative of tridymite with formula (Na,K)
AlSiO4. A white opaque glass-ceramic containing nepheline as 
main crystalline phase can be obtained using TiO2 as nucleating 
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FigUre 6 | XrD scans (BB) of a Mg-rich β-quartz solid solution glass-ceramic before and after an ion-exchange of 4 h at 710°c in a li2sO4/K2sO4 
bath. The ion-exchange is associated with a shift of the position of the peaks of the β-quartz phase and an increase of the cell parameters. At the difference of what 
was observed with Li-rich β-quartz solid solution (Figure 5), there is no change in the amount of residual glass here.
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agent. Starting from a glass rich in sodium, it has been observed 
that sodium can be exchanged with potassium or in a potassium 
nitrate bath at 450°C or in a KNO3/KCl bath at 700°C.

The diffusion of potassium and sodium obtained after 0.5 h at 
700°C is represented on Figure 10: a diffusion of potassium on 
about 100 μm is observed. However, there is a strong accumula-
tion of potassium in a 10-μm thick layer near the surface. In this 
layer, XRD (GIAD) has shown that nepheline [Na7.11(Al7.2Si8.8O32)] 
(JCPDS 01-079-0991) has transformed to kalsilite [KAlSiO4] 
(JCPDS 00-011-0579) (Figure 13).

The formation of kalsilite results in a very high load to failure 
(Figure  12) higher than for the ion-exchanged β-spodumene 
glass-ceramic described in 3.3.2. However, after abrasion results 
are inverted: the nepheline glass-ceramic displays a lower strength 
than the β-spodumene one.

DiscUssiOn

The black fusion formable glass-ceramics in which IOX takes 
place in the residual glass combine the interesting properties of 
both the crystals and the residual glass: the crystals give to the 
material its black opaque aspect but are in small enough amount 
to keep a high viscosity at the liquidus compatible with forming 
by fusion draw and not to prevent the IOX process that takes place 
in the residual glass. The residual glass has a composition close to 

CGG and leads to mechanical properties at least similar to those 
of the ion-exchanged CGG.

In the case of IOX involving ions in a crystalline phase, more 
diverse and complex mechanisms are observed:

β-spodumene glass-ceramics are easy to strengthen by IOX: 
the sodium for lithium exchange takes place at relatively low 
temperature (around 400°C) and short times (a few hours). 
Significant diffusion (around 100  μm) is easily achieved. The 
surface compression and the improvement of the mechanical 
strength are due to the volume increase of the crystals.

Ion-exchanges are much more difficult to achieve with 
β-quartz solid solution:

 – Replacement of lithium by another alkali in the crystal 
structure does not appear possible. Exchange of lithium by 
potassium takes place but at high temperatures (700–725°C) 
and as potassium cannot be incorporated to the structure, it 
is associated with a destruction of the crystals. As described 
earlier, such a phenomenon has already been observed in 
lithium metasilicate glass-ceramics exchanging sodium for 
lithium (Tagantsev, 1999) and in glass-ceramics containing 
both lithium disilicate and lithium aluminosilicate phases 
(Laczka et  al., 2015). The amorphization leads to a volume 
increase (the glass being less dense than the crystals), which 
results in compressive stresses. However, amorphization is 
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FigUre 7 | ring on ring biaxial flexure load to failure of an Mg-rich 
β-quartz solid solution glass-ceramic before and after an ion-
exchange of 16 h at 725°c in a li2sO4/K2sO4 bath. After ion-exchange, 
results are given before and after abrasion. Abrasion has been performed 
with a pressure of 0.17 MPa. In the legend, (X/Y) are the Weibull shape (X) 
and scale (Y) parameters.
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also associated with an increase of the coefficient of thermal 
expansion (CTE) and stress relaxation, which limit strength-
ening. This competition between compressive stress from the 
volume change and the higher CTE in the amorphous phase 
is probably what explains the modest increase of mechanical 
strength after 8 h of IOX at 725°C despite significant potas-
sium diffusion (Figure 4).

 – The exchange of magnesium by lithium takes place in the 
β-quartz crystals. It should be noted that, as in the previous 
case, high temperatures are needed to obtain this exchange. 
The strengthening mechanism is coming from two effects 
already described in the literature (Beall et  al., 1967): the 
increase of the volume of the crystals (Figure 6) but also the 
formation of a surface layer with, in contrast to the previous 
case, a lower CTE than the bulk: the Li-rich β-quartz solid 

solution crystals display lower CTE than the Mg-rich crystals 
(thermal expansions of magnesium containing glass-ceramics 
in the SiO2–MgAl2O4 join range from 30 to 45 × 10−7 K−1 at 
50–70 w% SiO2 while the thermal expansion of the lithium 
bearing glass-ceramic in the SiO2–LiAlSiO4 join is slightly 
negative, about −5  ×  10−7  K−1). The combination of these 
two mechanisms leads to high mechanical performances. The 
very small effect of abrasion on the load to failure is worth 
to be noted. Beside that these glass-ceramics display very 
different physical properties as compared to CGG: namely a 
much lower CTE (22 × 10−7 K−1 – 25–300°C – versus 85) and 
higher Young modulus (98 versus 65 GPa) Vickers hardness 
(900 versus 556) and toughness (0.84 MPa.m1/2 versus 0.67 – 
measured by chevron notch). Another difference as compared 
to glass is that because of the very high IOX temperatures 

FigUre 8 | ring on ring biaxial flexure load to failure of Mg-rich β-quartz glass-ceramics exchanged in various conditions: the results reported are 
the Weibull scale factor and the thickness of the surface layer in compression (determined by an optical method).

FigUre 9 | Diffusion profile of MgO and K2O in a Mg-rich β-quartz 
solid solution glass-ceramic after ion-exchange of 4 h in a li2sO4/
K2sO4 bath at 750and 775°c.

http://www.frontiersin.org/Materials/
http://www.frontiersin.org
http://www.frontiersin.org/Materials/archive


9

Beall et al. Ion-Exchange Mechanisms Using Glass-Ceramics

Frontiers in Materials | www.frontiersin.org August 2016 | Volume 3 | Article 41

FigUre 11 | XrD scans of a β-spodumene glass-ceramic before and after ion-exchange. The peaks related to rutile and gahnite do not shift with 
ion-exchange, while the other peaks that belong to β-spodumene shift during ion-exchange toward lower 2θ values showing an increase of the cell parameters and 
of the volume of the crystals.

FigUre 10 | Diffusion profile as measured by microprobe (ePMa) of na2O in a β-spodumene glass-ceramic after an ion-exchange of 2 h at 430°c in 
a sodium nitrate bath and of na2O and K2O in a nepheline glass-ceramic after an ion-exchange of 0.5 h at 700°c in a Kcl/K2sO4 bath. The 
concentrations of the other measured elements are constant through the thickness (Li2O has not been measured).
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relaxation is not observed when these glass-ceramics are used 
at temperature below ~500°C All these specific properties 
could open to these materials applications that are not pos-
sible with ion-exchanged glasses.

The case of nepheline glass-ceramic appears unique: when the 
level of potassium in the crystals is sufficiently high, the crystal 
structure transforms to kalsilite. This transformation is associated 

FigUre 12 | ring on ring biaxial flexure load to failure of a β-spodumene glass-ceramic after ion-exchange and of a nepheline glass-ceramic before 
and after ion-exchange. In both cases, after ion-exchange, results are given before and after abrasion. In the legend, (X/Y) are the Weibull shape (X) and scale (Y) 
parameters. The nepheline glass-ceramic has been exchanged for 6 h at 450°C.

FigUre 13 | Microstructure of the ion-exchanged zone of a nepheline 
glass-ceramic observed by seM (backscattering). The potassium rich 
zones appear whiter. The 10-μm whiter layer near the surface (top) is 
crystallized in kalsilite. Under that layer glassy pockets are observed between 
the nepheline crystals. They are enriched in potassium as compared to the 
crystals. Ion-exchange conditions: 0.5 h at 700°C in a KCl/K2SO4 bath.

with a volume increase of about 10% and results in very high 
load to failure. However, this transformation occurs only near the 
surface where the potassium concentration is the highest. Below 
exchange is thought to take place in the nepheline structure with 
a lower volume increase.

In the example presented here, it has been observed that abra-
sion decreases very significantly the biaxial flexure strength. It is 
probably because the introduced flaws have a length close to the 
thickness of the kalsilite layer.

cOnclUsiOn

Through examples taken in various aluminosilicate systems, a 
review of the different IOX mechanisms in glass-ceramics and of 
the resulting mechanical properties has been presented. Some of 
these mechanisms (amorphization, crystalline phase change) are 
not observed with glasses. This illustrates the wide range of pos-
sibilities that offer glass-ceramics as compared to conventional 
glasses.
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