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a  b s  t r a  c t

During processing and use of glass and glass-ceramic products, defects are generated,

compromising their mechanical strength and one of the methods applied to promote an

increase in mechanical strength is the ion exchange. An ion (usually an alkaline with larger

ionic  radius) from an  external source (usually a  salt) replaces position with another alka-

line  ion (with smaller ionic radius) from material. This ion substitution produces residual

compressive stress on materials surface, which can promotes an increasing in mechanical

strength. In this context, sintered glass-ceramic from the systems Li2O–Zr2O–SiO2 (LZS) and

Li2O–Zr2O–SiO2–Al2O3 (LZSA) were subjected to ion exchange by salt paste method using

different sodium-lithium ratios, at  temperatures 100 ◦C below to the glass transition tem-

peratures of the parent glasses, with 60–600 min holding time. Despite the small amount

of sodium obtained after ion exchange (0.30–0.80 wt.%), the exchange layer verified in sin-

tered  LZS glass-ceramics (up to 900 �m) resulted in adequate superficial tensions with 14%

mechanical strength increase. Otherwise, the  sodium content presented in sintered LZSA

glass-ceramics after ion exchange (0.40–0.70 wt.%) was distributed in an excessive exchange

layer  (up to 2000 �m) which resulted in decrease of 42% on mechanical strength. For both

glass-ceramics systems studied, an increase of Weibull modulus was verified.

© 2021 SECV. Published by Elsevier España, S.L.U. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Influencia  de  los  parámetros  de intercambio  iónico  de un  solo  lado  en
vitrocerámicas  LZS  y  LZSA  sinterizadas

Palabras clave:

Intercambio iónico

Método de la pasta de sal

Nitrato de sodio

Cerámica de vidrio sinterizada

Sistemas vitrocerámicos a  base de

litio

r  e  s u  m e  n

Durante el procesamiento/uso de vidrios y  vitrocerámicas se generan defectos que compro-

meten su resistencia mecánica y  un método utilizado para  promover mayor resistencia es

el  intercambio iónico. Un ion (generalmente alcalino con radio iónico mayor) de una  fuente

externa (generalmente una sal) reemplaza la posición con otro ion alcalino (con radio iónico

menor) del material. Esta sustitución iónica produce un  esfuerzo de compresión residual

en  la superficie del material y  esto promueve aumento de la resistencia mecánica. En  este
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contexto, vitrocerámicas sinterizadas de los sistemas Li2O – Zr2O – SiO2 (LZS) y  Li2O – Zr2O  –

SiO2 –  Al2O3 (LZSA) fueron sometidas a intercambio iónico mediante el método de  la pasta

de  sal utilizando diferentes relaciones sodio-litio, temperaturas de  100 ◦C por debajo de  las

temperaturas de transición vítrea de  los vidrios parentales y tiempos de 60 a 600 min. La

pequeña cantidad de  sodio obtenida después del tratamiento químico (0,30 – 0,80%) en la

capa de  intercambio verificada en vitrocerámicas LZS (hasta 900 �m) resultó en tensiones

superficiales con aumento de 14% de  resistencia mecánica. El contenido de  sodio presentado

en  las vitrocerámicas LZSA (0,40 – 0,70%) se distribuyó en una capa de intercambio excesiva

(hasta 2.000 �m)  que resultó en disminución del 42% en la resistencia mecánica. Los dos

sistemas vitrocerámicos estudiados presentan aumento del módulo de Weibull.

©  2021 SECV. Publicado por Elsevier España, S.L.U. Este es un artı́culo Open Access bajo

la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Glass-ceramic materials are polycrystalline solids containing
residual glass phase, prepared by melting glass and forming it
into products that are subjected to controlled crystallization
[1,2]. The concept of controlled crystallization of glass desig-
nates the separation of a  crystalline phase from the glassy
parent phase in the form of tiny crystals, in which the number
of crystals, their growth rate and thus also their final size are
controlled by suitable heat treatment. This definition indicates
that these glass-ceramics are formed using the usual glass-
making technologies, originating products with defined shape
and dimensions which, in  a  later stage, are subjected to a heat
treatment which results in the crystallization/ceramization of
the parent glass (bulk glass-ceramics) [1].

On the other hand, glass-ceramics produced from powders
of their glass-ceramic parent glasses (average sizes between
5 and 20 �m),  using the technologies for the manufacture of
ceramic products are called sintered glass-ceramics. In this
case, depending on the manufacturing method used, it is pos-
sible to mass-produce parts with great shape complexity and
those that require great dimensional precision. The process
is usually carried out by applying a  thermal cycle (generally
much shorter, 15–60 min, than those used in the manufac-
ture of bulk glass-ceramics) which promotes the sintering
and crystallization of the glass compacts (usually overlapping
these steps). The glass-ceramic materials thus obtained also
present, in addition to  the crystalline and vitreous phase, a
certain residual porosity [3,4].

The glass-ceramics can be classified form chemical
composition and one of these groups is the lithium sili-
cates (Li2O–SiO2 system), which presents high mechanical
strength (300–400 MPa)  and thermal expansion (approximately
100 × 10−7 ◦C−1), some example of applications are elec-
tronic devices and dental prosthesis. Another group is the
lithium silico-aluminates (Li2O–SiO2–Al2O3 system) in which
the aluminum insertion on the structure promotes high
chemical durability, low thermal expansion (approximately
12 × 10−7 ◦C−1)  and moderate mechanical properties (Young
modulus between 80  and 120 GPa) [5].

The properties of glass-ceramic materials depend mainly
on three factors, i.e., (i) intrinsic properties of the  residual
glass phase; (ii) intrinsic properties of the crystalline phase

(s) formed (such as  morphology, quantity, size and distri-
bution); and (iii) residual porosity in the case of sintered
glass-ceramics [4,6–8].  However, the production of defects
caused during their use when put into service, results in a
marked decrease in the mechanical strength of these materi-
als. Theoretically, it is  estimated that a glass can withstand,
on average, stresses of the order of 7000 MPa  while in reality
the glasses do not reach mechanical strength values greater
than 100 MPa. This is because these materials withstand com-
pression stresses well, but very little tensile stresses. This
characteristic, however, is  directly related to  the size of critical
defect (pre-existing defects), which are distributed in a layer
of approximately 50 �m,  resulting in non-uniform stress dis-
tribution and consequent decrease in mechanical strength. To
solve this problem, there are some methods used to promote
increasing in  mechanical strength forming a  compressive sur-
face layer greater than the flaws present in material [9].

One of these methods is denominated ion  exchange or
chemical tempering, also known as chemical strengthening,
because there is a  greater increase in mechanical strength
than in toughness or material hardness [10].  Ion exchange is
the result of replacing an  ion A (present in material) by an
ion  B (from an external source, usually a  salt based on desired
element for exchange), with same charge and greater ionic
radius. The salt selection is  based on parameters such as ideal
temperature for processing, the cost and availability for buy-
ing it. Nitrates are the most used because they have the  lowest
melting points [9,11,12].

When atoms have binding energy that allows them switch
positions, it is  possible to verify the diffusion process through
vacancies on material or by interstitial (substitutional) way.
The difference between concentrations of elements in two
regions is the diffusion driving force, resulting in atomic
mobility as  described by Fick’s first law. This diffusion pro-
cess promotes reduction in element concentration difference,
resulting in a composition more  homogeneous. For this move-
ment to  occur, an external energy source, usually a  thermal
origin, must  supply the system with an energy amount greater
than so-called activation energy, which corresponds to the
energy needed to promote the diffusion beginning. In gen-
eral, materials with a  compact crystal structure or with high
binding energy between particles (such as  ceramic materials
formed by covalent and/or ionic bond) need high activation
energy values [13,14].
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In glass-ceramics, ion exchange generally occurs only on
amorphous fraction or in crystalline phase and this processes
results in microstructural modifications, which mechanisms
can be summarized in four groups [15].

The first mechanism occurs in residual glass and has an
effect called “ion stuffing” as  consequence of introduction a
bigger ion into structure, estimated by Eq. (1) [15,16]

ISS =
(

1
3

)  (

�V

V

)  (

E

1 − �

)

(1)

In which [ISS = ion-stuffing stress (MPa), E = Young’s modu-
lus (GPa), �  = Poisson’s coefficient (dimensionless) and �V

V

= volumetric expansion (dimensionless)].
However, this expansion is restricted to  the interior of

glass fraction, resulting in a  compressive stress on surface
and a tensile stress inside acting as equilibrium force. This
stress profile results in mechanical strength increase and
such mechanism is the same verified in glass materials ion
exchange [9,10,16,17].

The second mechanism is ion exchange in  crystalline
phase, in which the  atom replacement in crystals occurs,
resulting in volume increase and consequence surface ten-
sions formation, improving mechanical strength. The main
characteristic of this mechanism is the displacement in  X-
ray diffractogram peaks before and after the thermochemical
process [15].

The third mechanism is superficial amorphization as  result
of increase in amorphous fraction and decrease in crystals
sizes. Since glass is less dense than crystals, this mechanism
promotes a volume increase, resulting in compressive sur-
face stress formation and mechanical strength improvement.
This mechanism is also identified by the  difference in X-ray
diffractograms before and after chemical treatment, which the
crystalline phases are the same, but an increase in  amorphous
fraction is verified [15].

The fourth and last mechanism is direct phase change
in the main crystalline phase (s) presented in glass-ceramic
material. As suggested, the main crystalline phase verified
after the chemical treatment is  different to that before the
ion exchange, analyzed by X-ray diffractogram and chemical
characterization [15].

One of the parameters that have influence on diffusion
process verified during ion exchange is  material chemical
composition. Glass with low or no alkaline content, such as
borosilicate, do not show significant diffusion during chem-
ical process [16,18].  Presence of aluminosilicates or zirconia
content support ion diffusion, since alkalis bond with alu-
mina, reducing the number of non-bridge oxygen, which
results in a high diffusion coefficient [9,16]. However, the ratio
(Na2O  + K2O)/Al2O3 = 1  does not promote exchange due to the
absence of non-bridge oxygen in glass structure [19].  Another
parameter that has influence in diffusion coefficient is  tem-
perature and time used in exchange process. In general, higher
temperatures require less time to develop a  sufficient layer
that promotes mechanical strength increase. However, for
glass materials this temperature is  limited to approximately
100 ◦C below the  glass transition temperature (Tg) since, above
it, the generated stress can be  dissipated due to viscous flow
[9]. In addition, generated products by salt decomposition

at elevated temperatures can promote corrosion on treated
material [17].

A  manner used to promote ion exchange is the so called
salt paste method (mixture of salt and water). In this case, an
appropriated salt paste is deposited on one material/part side
which is, at a later stage, submitted to a  thermal cycle. For this
method, the diffusion coefficient is  determined using Green’s
function (Eq. (2)). In this approach is considered that diffusion
coefficient is independent of ion concentration and time used
at process. Plotting a  graph of ln(c)  versus x2,  a line is obtained
and the slope corresponds to (−4Dt)−1 [20,21]

c =
A
√

t
e−x2/4D̄t (2)

In  which [c = concentration (%), A  = arbitrary constant, t = time
(s), x  = depth (cm) and D = diffusion coefficient (cm2/s)].

The profile composition can also be described by Fick’s
second law (Eq. (3)), which allows calculating the atom concen-
tration that is diffusing close to material’ surface, considering
that the  diffusion coefficient remains constant over time and
distance [14]

cs − cx

cs − c0
= erf

(

x

2
√

Dt

)

(3)

In  which [cs =  constant concentration of diffusion atoms on the
material surface, c0 = initial uniform concentration of diffusion
atoms in the material and cx = concentration of the diffusion
atom at location x  below the surface after time t].

From these theoretical indications, this research work
has as general aim to  perform ion exchange in sintered
glass-ceramics belonging to the systems of Li2O–Zr2O–SiO2

(LZS) and Li2O–Zr2O–SiO2–Al2O3 (LZSA) using salt paste
method, glass-ceramic systems studied by this research group
over the past few years, develop from the  Li2O–SiO2 (LS)
and Li2O–SiO2–Al2O3 (LAS) glass-ceramics systems. Efficiency
evaluation of different parameters applied on process was
made analyzing the obtained layers and mechanical behav-
ior. In addition, the innovative character of this research is
regarded to the specific glass-ceramics systems used and the
method applied to promote the ion exchange between Li (from
glass-ceramics) and Na (from salt), resulting in elevate diffu-
sion coefficient.

Materials  and  methods

Commercially available quartz (SiO2, Colorminas, Brazil),
zirconium silicate (ZrSiO4, Colorminas, Brazil), lithium car-
bonate (Li2CO3, Sigma-Aldrich, Brazil) and alumina (Al2O3,
Colorminas, Brazil) raw materials were dosed to  obtain the
compositions 9.56Li2O.22.36ZrO2

.68.08SiO2, in mass (LZS) and
11.00Li2O·12.60ZrO2·7.10Al2O3·68.60SiO2,  in mass (LZSA). The
raw materials of each glass composition were dry homoge-
nized for 30 min  in a laboratory mill (Servitech, CT-248, Brazil)
and later melted at a  platinum crucible (100 mL)  in  a  bottom
loading furnace (JUNG LF0917, Brazil) at 1550 ◦C for 120 min.
The molten glasses were poured out into water to  obtain LZS
and LZSA glass frits (parent glasses), with subsequent dry-
ing in laboratory dryer (SP labor, SP-100/A, Brazil). The frits
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were successive dry milled (Servitech, CT-242, Brazil) and wet
milled (Retsch, PM100, Germany) to obtain particles with d50

smaller than 5 �m,  as  verified in  a  laser scattering particle size
analyzer (Mastersizer, model 3000, United Kingdom).

Thermal behavior of the parent glasses were studied
by differential scanning calorimetry, DSC (TA Instruments,
SDTQ-600, USA), using 10 mg of powder samples, synthetic
air (80% of N2 and 20% of O2)  and platinum crucibles. Dilato-
metric behavior of parent glasses was  determined with optical
dilatometer (TA Instruments, Misura ODHT, USA) in cylindri-
cal samples with 2  mm diameter and 3 mm height. In both
analyses, the heating rate used was 5 ◦C/min.

The shaping process was  performed by uniaxial pressing
(30 MPa)  using a steel die matrix and a hydraulic press (Bove-
nau, P10 ST, Brazil). After drying carried out at 110 ±  10 ◦C  in a
laboratory dryer (SP labor, SP-100/A, Brazil), the sintering and
crystallization (firing) steps (JUNG, model 0213, Brazil) of the
parent glass powder compacts occurred at 900 ◦C for the  LZS
glass-ceramic composition and at 850 ◦C for the LZSA glass-
ceramic composition, as verified and defined from the  thermal
analyzes previously described. In these thermal cycles, hold-
ing times of 30 min  and heating rate of 5 ◦C/min were used
to minimize possible geometric variations caused at thermal
treatment. After the  thermal cycles, the samples were sanded
(sandpaper 80) and presented 34 mm length, 10  mm width and
5 mm thickness.

Ion exchanges were carried out by salt paste method, using
a sodium nitrate salt (NaNO3, Sigma–Aldrich, purity greater
than 99.9%). Two proportions of sodium (from salt) and lithium
(from glass-ceramic) oxide were used, which were 1:1 and 2:1,
in mass. To facilitated the salt disposal on the sample surface,
a salt paste with 80 wt.% NaNO3 salt and 20 wt.% water was
utilized. The pastes were deposited only in one sample side
(previously sanded) and to  prevent contamination, the oven
chamber was coated with silico-aluminous refractory bricks
Thermal cycles for ion exchange were performed in  a muf-
fle furnace (JUNG, model 0213, Brazil). Samples submitted to
ion exchange were put inside alumina crucibles to facilitate
transportation and cleaning. Used temperatures were 100 ◦C
below Tg value, that is 450 ◦C for LZSA glass and 530 ◦C for LZS
glass, with holding times between 60 and 600 min. After ion
exchange process, the glass-ceramic samples were washed
with hot water (T ∼ 90 ◦C) to remove any salt residues.

The three point bending strength of the chemically treated
glass-ceramics was made in a  mechanical testing machine
(MTS Criterion, Model 45, USA) based on the standard ASTM
C158-02 [22], method B. A loading rate of 1  mm/min  and 30
specimens were used for each glass-ceramic composition for
each ion exchange studied condition. To calculate the bending
strength of tested samples, Eq.  (4) was  used:

�f =
3 × F ×  L

2 × b × h2
(4)

In  which [�f = bending (flexural) strength (MPa), F = load (force)
at the fracture point (N), L = length of the support span (mm),
b  = sample width (mm)  and h =  sample thickness (mm)].

For mechanical measured, the side summited to ion
exchange received the load, meaning this side is subjected to

a  state of compression while the other side of the sample is
placed under a  tension state, according to [13].

Mechanical behavior was analyzed by two-parameters
Weibull model, according to  Eq.  (5),  and the  ̌ parameter is also
known as  m and called as  Weibull modulus (dimensionless)
[23]

F (t;  �) = 1 − exp

[

−
(

t

˛

)ˇ
]

(5)

In which [� = series {˛, ˇ, �}, ˛  = scale parameter (˛  > 0) and
 ̌ = shape parameter (  ̌ > 0)].

Graphs were obtained by results linearization and the
adjustment quality was verified by R2 obtained value. In these
graphs, Y-axis correspond to the fracture probability (Pf) of
analyzed materials, determined from Eq. (6) [24]

Pf  =
i −  0, 5

N
(6)

In which [i = mechanical strength value, N = number of sam-
ples and Pf =  fracture probability].

In intermediate steps, qualitative chemical analysis to
obtain the depth profiles was done via dispersive energy
spectroscopy in a  scanning electron microscope SEM (JEOL,
JSM-6390LV, Japan), using carbon tape, copper stub and gold
coating. Sodium content measures were taken in a straight
line from the surface, avoiding areas close to border grains
and containing porous. The microstructure analyzes were per-
formed perpendicular on the surface of the samples using
a stereomicroscope (Opton, TIM-2T, Brazil) and 30x magnifi-
cation. These analyses were performed in a  fracture surface,
after cutting and sanding (P80, P220, P320 and P600) the sam-
ples.

Chemical composition of glass-ceramics before and after
ion  exchange treatments was obtained by X-ray fluorescence
(PANalytical Spectrometer, model Axios Max, Rhodium tube
4 kV, Netherlands). Loss of fire was  performed at 1000 ◦C, simi-
lar temperature those used thermal cycles, resulting in values
less than 0.4% (in mass), which were normalized. The lithium
fraction was  determined by atomic absorption (ThermoCien-
tific, model ICE 3000, USA).

Crystallographic analyzes were determined using X-ray
diffractometer (Rigaku, MiniFlex600 DRX, USA), with CuK�

radiation, 40 kV, 15  mA,  0.05◦ and 2  s. The theoretical diffrac-
tograms were found in the ICSD database.

True density (�t) of powdered samples was determined
by using a  helium pycnometer (AccuPyc 1340, Micromeritics,
USA). This result is automatically calculated by the equip-
ment, based on parameters such as sample mass, volume
of the reference chamber used, room temperature and gas
volume used The apparent density (�a)  of sintered samples
was determined by using Archimedes’ method in  water (at
25 ◦C), and using an  analytic balance (Shimadzu AX200, accu-
racy ±  0.001 g, Japan), according to  Eq. (7)

�a =
dw

iw
× �liq (7)
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In which [�a = apparent density (g/cm3), dw = dry sample
weight (g), iw =  sample weight immersed in  water (g),
�liq = water  density at specific room temperature (g/cm3)]

Subsequently, porosity (E) of glass ceramics (before and
after ion exchange) were calculated according to Eq. (8)

ε =
(

1 −
�a

�t

)

× 100 (8)

In which [ε = porosity (%), �t = true density (g/cm3)  and
�a = apparent density (g/cm3)].

Results  and discussion

Fig. 1 show the  particle size distribution of LZS (solid line) and
LZSA (dashed line) parent glass powders, respectively, after
successive milling process. In both cases, a narrow single-
mode distribution was obtained with values of D(10) = 0.95 �m,
D(50) = 4.38 �m and D(90) = 12.4 �m for LZS glass samples and
D(10) =  1.02 �m, D(50) = 4.65 �m and D(90) = 12.0 �m for LZSA glass
samples. This result indicates that the milling process was
efficient to obtain adequate powders to compaction molding
of sintered glass-ceramics according to [4].

Fig. 2a shows differential scanning calorimetry (DSC)
regarding to LZS (solid line) and LZSA (dased line) par-
ent glasses powders. In the LZS glass composition an
exothermic event could be verified, with maximum at Tc

LZS =  867 ◦C, which is  related to crystallization process, started
at approximately 800 ◦C and ended at approximately 920 ◦C;
an endothermic event at Tm LZS = 967 ◦C corresponds to the
melting temperature. For LZSA glass composition two exother-
mic events at Tc LZSA = 660 ◦C and Tc LZSA = 890 ◦C could be
observed, corresponding to crystallization temperatures and
an endothermic event at Tm LZSA = 960 ◦C, which corresponds
to the melting temperature. In a study with the same glass-
ceramics compositions [25],  similar temperatures/thermal
behaviors for  crystallization and melting events were obtained
despite using a  higher heating rate (10 ◦C/min) than the one
used in this research.

Fig. 2b shows the dimensional changes (linear shrink-
age) for LZS (solid line) and LZSA (dashed line) parent glass

Fig. 1 – Particle size distribution of LZS parent glass

powders (solid line) and LZSA parent glass powders

(dashed line).

Fig. 2 – Thermal characterization: (a) differential scanning

calorimetry (DSC) of LZS parent glass powders (solid line)

and LZSA parent glass powders (dashed line); (b)

dimensional changes (linear shrinkage) LZS parent glass

powders (solid line) and LZSA parent glass powders

(dashed line).

compacts. From these figures, the intense densification event
between 610 and 855 ◦C for the LZS glass composition and
between 540 and 770 ◦C for the LZSA glass composition could
be verified. This gap corresponds to the  change between
glass and crystalline state (sintering process with high den-
sification) and, subsequently a  volume increase indicated
the crystallization event, in similar temperatures verified in
Fig. 2a. From Fig. 2b it was also possible to  obtain the glass
transition temperatures (Tg)  for the studied glasses, that is Tg

LZS  = 630 ◦C (for the LZS glass) and Tg LZSA = 550 ◦C (for the
LZSA glass). Similar Tg values were obtained by Teixeira et al.
[25] with the same glass-ceramic systems. The knowledge of
the glass transitions temperatures enables the selection of
the appropriate temperatures for the ion exchange heat treat-
ments.

The literature [26] indicates that the best temperature inter-
val to obtain sintered glass-ceramics is  between Tg and the
crystallization interval, which corresponds to adequate vis-
cosity for sintering and crystallization process. Based on the
obtained results presented in Fig. 2,  the  selected temperatures
for heat treatment were 900 ◦C for LZS glass-ceramic system
and 850 ◦C for LZSA glass-ceramic system.
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Fig. 3 – Sodium content profile in LZS glass-ceramics after ion exchange carried out at  530 ◦C for different holding times

with: (a) 1:1 Na2O:Li2O proportion and (b) 2:1 Na2O:Li2O  proportion; and in LZSA glass-ceramics after ion exchange carried

out at 450 ◦C  for different holding times with: (c)  1:1 Na2O:Li2O proportion and (d)  2:1 Na2O:Li2O proportion.

Fig. 3a–d shows sodium content profiles in LZS and
LZSA sintered glass-ceramics after ion exchange at 530 and
450 ◦C,  for different holding times (60–600 min), respectively,
using different Na2O:Li2O  proportions. For LZS sintered glass-
ceramics treated with 1:1 Na2O:Li2O proportion (Fig. 3a) it was
possible to see  that, for all studied holding times, layer depth
values up to 600–700 �m were obtained, with the highest value
obtained with 600 min  holding time. Using 2:1 Na2O:Li2O pro-
portion (Fig. 3b) maximum values, between 600 and 900 �m
were achieved, and the highest value verified on surface
was obtained with samples treated during 60 min  (similar
to those treated for 600 min  with 1:1 Na2O:Li2O proportion).
This indicates that using a  higher sodium-lithium propor-
tion it is possibly to obtain layer depth values similar to
those obtained with 1:1 Na2O:Li2O proportion but in  shorter
time.

In LZSA sintered glass-ceramics case, exchange layers vary-
ing between 1500 and 2000 �m in deep were obtained for both
used Na2O:Li2O proportions. The maximum values achieved
on the samples surfaces were obtained after 600 min  hold-
ing time with1:1 Na2O:Li2O proportion (Fig. 3c) and 300 min
with 2:1 Na2O:Li2O proportion (Fig. 3d). As  verified for LZS sin-
tered glass-ceramic, the highest sodium-lithium proportion

resulted in the possibility to  obtain same sodium content on
surface at shorter holding time.

For all ion exchanges cycles, layer depth values higher than
those indicated by literature (for other glass-ceramics sys-
tems) were obtained as the  minimum necessary to promote an
increase in mechanical strength, which is 50 �m deep accord-
ing to [9].

According to the literature [21] in studied silica-soda-lime
glasses obtained by float method chemically treated (ion
exchange) with K salt pastes (with 2:1 and 1:2 KNO3 and KCl
proportions), after ion  exchange between 460 and 520 ◦C and
10 h holding time, an  average exchange layer depth of 30 �m
was  obtained.

In  similar study, Karlsson et al. [27] also using silica-soda-
lime glasses obtained by float method with chloride salt pastes
based on Ag, Cu,  Rb and Cs, as well some mixture among
them, at temperatures (ion exchange) between 460 and 540 ◦C
and 10 h of holding time, the  verified exchange layer depth
achieved between 90 and 150 �m for exchanges with Ag, 35  �m
for exchanges with Cu, 10  �m for exchanges with Rb and 7 �m
for exchanges with Cs.

Table 1 shows sodium content for LZS and LZSA sin-
tered glass-ceramics after ion exchange at 530 and 450 ◦C,
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Table 1 – Sodium content and diffusion coefficient values obtained with Green’s Equation and Fick’ second law for LZS
and LZSA glass-ceramics after ion exchange.

Condition Sodium content
(wt%)

Green’s Equation
(×10−8 cm2/s)

Fick’ Second Law
(×10−8 cm2/s)

LZS 1:1 Na2O:Li2O  proportion,
530 ◦C 60 min

0.5  ± 0.1 11.0 13.9

LZS 1:1 Na2O:Li2O  proportion,
530 ◦C 300 min

0.3  ± 0.1 1.6 1.6

LZS 1:1 Na2O:Li2O  proportion,
530 ◦C 600 min

0.8  ± 0.2 0.5 0.7

LZS 2:1 Na2O:Li2O  proportion,
530 ◦C 60 min

0.7  ± 0.1 14.1 17.6

LZS 2:1 Na2O:Li2O  proportion,
530 ◦C 300 min

0.4  ± 0.1 3.3  5.5

LZS 2:1 Na2O:Li2O  proportion,
530 ◦C 600 min

0.7  ± 0.1 1.1 1.2

LZSA 1:1 Na2O:Li2O proportion,
450 ◦C 60 min

0.4  ± 0.1 44.0 75.6

LZSA 1:1 Na2O:Li2O proportion,
450 ◦C 300 min

0.4  ± 0.1 5.5 7.7

LZSA 1:1 Na2O:Li2O proportion,
450 ◦C 600 min

0.6  ± 0.1 0.4 0.5

LZSA 2:1 Na2O:Li2O proportion,
450 ◦C 60 min

0.4  ± 0.1 4.3 5.4

LZSA 2:1 Na2O:Li2O proportion,
450 ◦C 300 min

0.7  ± 0.1 3.6 5.1

LZSA 2:1 proportion,
450 ◦C 600 min

0.4  ± 0.1 1.4 2.4

respectively, with different holding times and Na2O:Li2O pro-
portions. These values were obtained after EDS analyses
and represent the average sodium content values for each
sample. For LZS sintered glass-ceramics, sodium contents var-
ied between 0.3 and 0.8 wt.% with 1:1 Na2O:Li2O proportion
and  between 0.4 and 0.7 wt.% with 2:1 Na2O:Li2O proportion.
The most significant layer depth values were obtained after
600 min  holding time with 1:1 Na2O:Li2O  proportion and after
60 min  holding time with 2:1 Na2O:Li2O  proportion, as  already
verified in Fig. 3a and b.

For the LZSA sintered glass-ceramics, with 1:1 Na2O:Li2O
proportion, the verified sodium contents were between 0.4 and
0.5 wt.% and the highest value was obtained at 600 min  hold-
ing time. With 2:1 Na2O:Li2O proportion, the sodium contents
were between 0.4 and 0.7 wt.%, in  which the values obtained
with 60 and 600 min  holding time are similar, as  already veri-
fied in Fig. 3a  and b.

From the last presented results (Fig. 3 and Table 1)  and using
Eqs. (2) and (3),  the  coefficients of diffusion were determined
(also presented in  Table 1).

After ion exchanges in LZS sintered glass-ceramics, the
obtained diffusion coefficient values were between 0.5 × 10−8

and 13.9 × 10−8 cm2/s with 1:1 Na2O:Li2O proportion and from
1.1 × 10−8 to 17.6 × 10−8 cm2/s with 2:1 Na2O:Li2O proportion.
For LZSA sintered glass-ceramics, the achieved values were
between 0.4 ×  10−8 and 75.6 × 10−8 cm2/s with 1:1 Na2O:Li2O
proportion and from 1.4 × 10−8 to 5.4 ×  10−8 cm2/s with 2:1
Na2O:Li2O  proportion. For both glass-ceramic systems and
proportions, the coefficient values were inversely proportional
to the holding times. Besides, the obtained values from Fick’s
second law (Eq. (3))  were slightly higher than those obtained

by Green’s Equation (Eq. (2)) for both glass-ceramics systems
and Na2O:Li2O proportions.

According to [21] using silica-soda-lime glass and a mix-
ture of KNO3:KCl salts, in 2:1 and 1:2 salt proportion (chemical
treatments at temperatures between 460 and 520 ◦C,  with
10 h holding time), the  diffusion coefficients values calculated
according to Green’s Equation, described in Eq. (2) were from
4.0 × 10−11 to 6.8 ×  10−11 cm2/s. The maximum values were
obtained at 520 ◦C for both used salt proportions, with a  max-
imum exchange depth of 80 �m.

Studying the influence of ion exchange parameters by
salt paste method on silica-soda-lime glass properties with
salts based on copper, gold, rubidium and cesium, Karls-
son et  al. [27] verified that, for all cases, ion  concentration
decreases with increasing depth. Ion exchange temperatures
varied from 460 to 540 ◦C, with 10  h holding times for all
cycles. Diffusion coefficients were obtained using Green’s
Equation (Eq. (2)) and the  results were from 1.3 × 10−11 to
8.9 × 10−11 cm2/s  with depth up to 35 �m for copper; between
2.8 × 10−10 and 1.1 × 10−9 cm2/s with depths of approximately
90 �m for gold; diffusion coefficients between 1.1 × 10−12 and
1.7 × 10−12 cm2/s  with maximum depth of 10  �m for rubidium;
from 5.4 × 10−13 to 6.2 × 10−13 cm2/s with depth up to 7 �m for
cesium.

For comparison, in a study with Li2O–Al2O3–SiO2 glass
summited to ion  exchange with NaNO3 salt bath at 520 ◦C
and immersion times between 5 and 60 min, Aaldenberg
et  al. [28] verified diffusion coefficients (calculated from
mass sample variation) was  about 1.8 ± 0.2  × 10−8 cm2/s,
value at the same magnitude verified on this
research.
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Comparing the obtained values in this research with the lit-
erature of [21,27], diffusion coefficients presented by LZS and
LZSA glass-ceramics after ion exchange by salt past method
with NaNO3 are higher, probably due to the higher diffusion
presented by lithium compared with others ions, as also veri-
fied in [28].

Processing conditions that resulted in  the highest sodium
contents after ion exchange were characterized in terms of
mechanical behavior, and results are presented in Fig. 5.

For LZS glass-ceramics (Fig. 4a), mechanical strength values
increased from approximately 110 to 125 MPa (14% increase)
after ion exchange, and it is more  significant for 2:1 Na2O:Li2O
proportion, 450 ◦C and 300 min. Weibull modulus values
(m)  were: 10.3 before ion  exchange changing to 10.7 after
ion exchange at 530 ◦C and 600 min  holding time with 1:1
Na2O:Li2O proportion and 16.2 after ion exchange at 530 ◦C and
60 min  holding time with 2:1 Na2O:Li2O  proportion. Low m val-
ues indicate a  fault distribution with non-uniform behavior,
whereas a high m value indicates that the presented behavior
is quite homogeneous. Typical m values for ceramic materials
vary from 3 to 15 according to [29].

In LZSA glass-ceramics (Fig. 4b), a decrease in  mechanical
strength values from 130 MPa to approximately 75 MPa (reduc-
tion of 42%) was verified after ion exchange. This result could
be a consequence of the excessive exchange layer formed
(>2000 �m as verified in Fig. 3c  and d), which probably ends
up changing the layer/substrate configuration, that is, the
absence of superficial compressive stresses. The body is com-
prised as a single material (that of the formed layer).

Fig. 4 – Mechanical strength (black label), Weibull modulus

(blue label) and porosity (red label) for: (a) LZS sintered

glass-ceramics before and after ion exchange; and (b) LZSA

sintered glass-ceramics before and after ion exchange.

Fig. 5 – Weibull probability plots for LZS and LZSA sintered glass-ceramics before and after ion exchange, at 530  and 450 ◦C,

respectively, for 60 and 600 min  holding time, using 1:1 and 2:1  Na2O:Li2O proportions.
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Corresponding values to Weibull modulus were 6.5 before
ion exchange to 15.4 after ion  exchange at 450 ◦C and 600 min
holding time with 1:1 Na2O:Li2O proportion and 6.7  after
ion exchange at 450 ◦C and 300 min  holding time with 2:1
Na2O:Li2O proportion. This indicates that, despite decrease in
mechanical strength after ion exchange, there was a  slightly
decrease in obtained values dispersion for condition with 2:1
proportion and a significant one for condition with 1:1 propor-
tion.

Related to porosity after ion exchange for both glass-
ceramics systems, an  increase is verified, which is probably
due to an increase in porous radius, and once no true den-
sity variation was observed, this meaning that there is  not an
ion implantation, but there is  an  ion insertion at structure,
according to literature [9,30]. The porosity obtained with two
ion exchange conditions were not significantly different from
each other, considering the associated error.

Statistical analysis quality is presented in Fig. 5,  which cor-
responds to Weibull plots for discussed conditions in previous
paragraphs. Regardless ion  exchange condition used, R2 val-
ues presented were greater than 0.90, indicating high quality
of  results linearization.

Fig. 6 illustrates the ion stuffing tension, after ion exchange
for LZS and LZSA sintered glass-ceramic, calculated accord-
ing to Eq. (1). Young’s modulus values were calculated from
the “Stress × Deformation” graphs obtained with the mechan-
ical strength test, analyzing the angular coefficient on the
linear part in the obtained graphs. Sample volume varia-
tion was geometrically measure and theoretical values were
obtained from theoretical volume difference between lithium
and sodium, which corresponds to an  increase of 58% accord-
ing to [13]. The Poisson’s coefficient applied was 0.22, a typical
value for glass-ceramics, according to [13].  It was  verified
that the experimental values were smaller than the theo-
retical for LZS glass-ceramics (Fig. 6a) and greater for LZSA
glass-ceramics (Fig. 6b). This result also explains why the
mechanical strength decrease after ion exchange for LZSA
glass-ceramics.

In a study by Yunqiu et al. [31], mixtures of KCl+KNO3 and
KCl+ZnCl2 salts were used in  different proportions, at 500 ◦C
and holding times between 1 and 24 h.  Mechanical strength,
verified by Ring-on-Ring method varied from 14 MPa (before
exchange) to 40 MPa  (after exchange) when a  KCl + KNO3 salt
mixture was used; with 70 �m exchange layer and diffusion
rates between 8 and 20 ×  10−11 cm2/s (calculated by Fick’s sec-
ond law). For KCl+ZnCl2 mixtures, mechanical strength after
ion exchanges achieved values between 17  and 60  MPa, with
exchange layers up to  50  �m.

To evaluate mechanical behavior of silica-soda-lime
glasses after ion  exchange on a  single side, using the salt
paste method, Hild [29] used temperatures of 450 and 515 ◦C,
with 10 h of holding time and a  mixture of KCl:KNO3 in 1:2
proportion. In order to verify the variation of the mechan-
ical characterization after ion  exchange on a single side of
silica-soda-lime glasses, Karlsson et al. [32] used a  mixture
of potassium salts (chloride and nitrate), with 1:2 propor-
tion, at 450 and 515 ◦C for 10  h holding time. Mechanical test
performed by Ring-on-Ring test, varied from 120 MPa before
ion exchange to 290 MPa (lower temperature) and 235 MPa
(higher temperature). An increase in Weibull’s modulus was

Fig. 6 – Ion stuffing stress (ISS) of LZS and LZSA sintered

glass-ceramics before and after ion exchange, at  530 and

450 ◦C, respectively, for 60 and 600 min  holding time, using

1:1 and 2:1 Na2O:Li2O proportions.

observed even with a decrease in mechanical strength, pre-
senting greater magnitude for 450 ◦C, i.e., it varied from 4.6 to
12.1, compared to a slight increase to 4.8 at 515 ◦C.

In a research study with Li2O–Al2O3–SiO2 glass, Aalden-
berg et  al. [28] performed ion exchange using the salt bath
method with NaNO3 at 520 ◦C for 5–60 min  immersion times.
The mechanical strength and Weibull modulus varied from
100 MPa and 4.7  (before ion exchange) to 340–400 MPa  and 10.5
(after ion  exchange), respectively. The increase in  mechanical
strength verified by the authors is bigger than those verified
in this research, but the Weibull modulus is smaller.

Micrographs of the studied LZS and LZSA sintered glass-
ceramic samples, before and after ion exchange in different
conditions are presented in Fig. 7 and photographs of sam-
ples are shown in Fig. 8.  The porosity increase, verified in
both glass-ceramics systems after ion  exchange in Fig. 7,
may be associated with the increase in the  pore diameter
as consequence of the ion stuffing presented by samples. In
Fig. 8  is possible to verify that no significant variation on LZS
glass-ceramics is verified after ion exchange, but on LZSA
glass-ceramics many physical compromises, such as breaking
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Fig. 7 – Micrographs (optical microscopy) of LZS and LZSA sintered glass-ceramics before and after ion exchange, at 530 and

450 ◦C, respectively, for 60  and 600  min  holding time, using 1:1 and 2:1  Na2O:Li2O proportions.

Fig. 8 – Photographs of LZS and LZSA sintered glass-ceramics before and after ion exchange, at 530 and 450 ◦C, respectively,

for 60 and 600 min  holding time, using 1:1 and 2:1 Na2O:Li2O proportions.

on sample edge and pores stretching were observed, which
helps to explain the decrease in mechanical strength verified.

X-ray diffraction (XRD) patterns of LZS and LZSA sintered
glass-ceramics before and after ion exchange cycles for sam-

ples in which the highest exchange layers were formed and
the pattern from literature [33] for theses crystalline phases,
are shown in Fig. 9b show XRD of LZS and LZSA sintered
glass-ceramics before ion exchange that is, without chemical
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Fig. 9 – X-ray diffraction patterns: (a) LZS glass-ceramic before ion exchange, (b) LZSA glass-ceramic before ion exchange, (c)

LZS glass-ceramic after exchange using different cycles and Na2O:Li2O proportions and (d)  LZSA glass-ceramic after

exchange using different cycles and Na2O:Li2O  proportions.
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tempering. From the  XRD it can be seen a  high crystallinity
degree of the analyzed materials since the amorphous profile
in both glass-ceramics are very low.

For LZS sintered glass-ceramic, zirconium and lithium sili-
cates (Li2ZrSiO6), lithium metasilicate (Li2SiO3)  and zirconium
silicate (ZrSiO4) were identified as the main crystalline formed
phases, as shown in Fig. 9a. These same crystalline phases
were also verified by Teixeira et  al. [34,25] for LZS glass-
ceramics.

For LZSA sintered glass-ceramics (Fig. 9b), it was veri-
fied that lithium metasilicate turns into lithium disilicate
(Li2Si2O5),  and there is also the  presence of ß-spodumene
(LiAlSi2O6),  zirconium and lithium silicate (Li2ZrSiO6)  and zir-
conium silicate (ZrSiO4). These crystalline phases were also
identified by Mondeto et al. [26] and by Teixeira et al. [25]

From Fig. 9  it was also possible to verify that in both glass-
ceramic compositions, the crystalline phases identified before
ion exchange remains after chemical treatment, with a  slight
decrease in  its intensities. Besides, a decrease in background
indicated a decrease in the amorphous fraction. The same
crystalline phases were observed in different ion  exchange
conditions for two glass-ceramics systems analyzed.

For LZS sintered glass-ceramics, partial replacement of
lithium by sodium occurred in same crystalline phases, result-
ing in sodium disilicate (Na2Si2O5)  and sodium, lithium and
zirconium silicate (NaLiZrSi6O15), as  seen in Fig. 9c. For
LZSA sintered glass-ceramics, after ion exchange, sodium
metasilicate (Na2SiO3, PDF #01-072-0079), sodium, lithium and
zirconium silicate (NaLiZrSi6O15) and aluminum-sodium sili-
cate (NaAlSi2O6) were also detected, as  shown in  Fig. 9d.

The characteristics of crystalline phases are presented in
Table 2, in which it is possible to verify that the crystalline
phases containing sodium have bigger volume and density
than their equivalent with lithium, as example, Li2SiO3 (cell

volume = 236.32 Å  and density = 2.53 g/cm3) and Na2SiO3 (cell
volume = 306.62 Å  and density = 2.64 g/cm3). Those crystalline
phases that contain zirconium are the densest ones, once this
element is heavier and has greater volume than the  others
[13,34].

It is also possible to verify from Table 2 that the crystalline
phases that contains sodium have bigger thermal expansion
coefficients that the lithium equivalent and those contain-
ing zirconium or aluminum have the smallest ones. The
presence of crystalline phases with thermal expansion coeffi-
cients so different creates a  compressive tension state during
cooling, which can increase the mechanical strength.[36] For
comparison, the LZS parent glass have thermal coefficient
value of 14.6 × 10−6 ◦C−1 and the  LZSA parent glass have
12.1 × 10−6 ◦C−1 [25].

LZSA sintered-glass ceramics present crystalline phases
after ion exchange with bigger thermal expansion coefficient
than LZS sintered-glass ceramics, as verified in  Table 2.  Also,
ion stuffing stresses are bigger in LZSA system than in LZS
system, as verified from Fig 6. The sum of these superficial
tension probably resulted in  some large value that, combined
with the elevate porosity of the LZSA system (as verified in
Fig. 4b), compromise mechanical strength.

From the results presented in  Fig. 9 it was possible to  ver-
ify the efficiency in ion exchange with the salt paste method
in which the mechanism acting during chemical treatments
in  LZS and LZSA sintered glass-ceramics is the ion exchange
in crystalline phase, characterized by slight displacement on
corresponding peaks, according to definition by Beall et  al. [15].

Table 3 presents the results of the chemical analyzes car-
ried out on LZS and LZSA sintered glass-ceramics, before and
after ion exchange. The ion exchange cycle characterized for
LZS was 2:1 Na2O:Li2O  proportion at 530 ◦C and 60 min  hold-
ing time and for LZSA, the cycle was 1:1 Na2O:Li2O  proportion

Table 2 – Characteristic of the crystalline phases before and after ion exchange.

LZS  sintered glass-ceramic

Crystalline phase ICSD Cell volume (Å3)  Density (g/cm3)  Thermal expansion
coefficient
(×10−6 ◦C−1)

Li2SiO3 01-083-1517 236.32  2.53 10.7
Li2ZrSiO5 01-036-0049 1247.42 3.97 14.0
ZrSiO4 01-070-9052 260.46  4.67 3.4
Na2Si2O5 01-074-3429 470.41  2.57 15.9
NaLiZrSi6O15 01-083-1726 2527.61 2.78 12.2

LZSA sintered glass-ceramic

Crystalline phase ICSD Cell volume (Å3)  Density (g/cm3)  Thermal expansion
coefficient
(×10−6 ◦C−1)

Li2Si2O5 01-070-4856 404.17  2.47 9.0
Li2ZrSiO5 01-036-0049 1247.42 3.97 14.0
LiAlSi2O6 01-073-7630 389.65  3.17 3.8
ZrSiO4 01-070-9052 260.46  4.67 3.4
Na2SiO3 01-072-0079 306.62  2.64 21.3
NaLiZrSi6O15 01-083-1726 2527.61 2.78 12.2
NaAlSi2O6 01-080-1561 539.18  2.49 8.5

Refs.: [33,35–40].
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Table 3 – Chemical analysis of LZS e LZSA sintered glass-ceramics before and after ion exchange.

Oxides constituents LZS  sintered glass-ceramic (wt%) LZSA sintered glass-ceramic (wt%)

Before ion exchange After ion exchange Before ion exchange After  ion exchange

Al2O3 0.9 1.1 7.4  8.6
Li2O 7.9 6.3 9.9 7.6
Na2O  <0.1 0.3 <0.1 0.4
SiO2 67.8 65.2 68.6 65.3
ZrO2 22.4 26.8 13.6 17.6
Others 0.9 0.3 0.4 0.5

at 450 ◦C and 300 min  holding time. Only one of the  two  con-
ditions studied was chemical characterized due to the small
difference between mechanical and mineralogical characteri-
zation.

For compositions before ion exchange process, there was a
small difference between the desired values by the theoreti-
cal composition and those obtained experimentally due to the
presence of some impurities. Also, it was verified a decrease
in lithium oxide content, probably due to its evaporation in
melting process. The aluminum oxide content was above the
theoretical value, for both systems, due to probable contami-
nation during the milling process.

After ion exchange process, for both compositions, the
zirconium content increase in the same proportion which
lithium and silica content decrease. A  sodium content
increase, in amount of 0.2–0.3 wt.%, was verified, indicating
the efficiency of ion exchange process. These results were in
accordance with EDS characterization, presented in Fig. 3 and
Table 1, corroborating the  good results obtained for diffusion
coefficients.

Conclusion

After ion exchange of LZS sintered glass-ceramics at 530 ◦C
for different holding times (60–600 min) it was possible to
obtain layer depth values up to 600–700 �m with 1:1 Na2O:Li2O
proportion and between 600 and 900 �m with 2:1 Na2O:Li2O
proportion. This resulted in sodium contents between 0.3 and
0.8 wt.% (measured by EDS and confirmed by FRX) and a  14%
increase in  mechanical strength.

For LZSA glass-ceramics, after ion  exchanges at 450 ◦C
and 60–600 min  of holding times, it was possible to obtain
exchange layers varying between 1500 and 2000◦

�m in depth
for both Na2O:Li2O proportions. The sodium content var-
ied from 0.4 to  0.7 wt.% and a  42% reduction in mechanical
strength, as a result of excessive exchange layer, ion stuffing
stress greater than the theoretical ones, porosity and elevate
superficial stress as a consequence of thermal expansion coef-
ficient of the crystalline phases, was observed.

For both glass-ceramics systems, using a higher sodium-
lithium proportion it was possibly to  obtain layer depth values
similar to those obtained with the lower proportion, but
in a shorter time. Besides, the diffusion coefficient values
(obtained by Fick’s second law or Green’s Equation) decreased
when the holding times increased. Related to Weibull modu-
lus, it was  observed an increase in the  obtained values for all
studied conditions. Mineralogical characterization indicated a
partial lithium substitution for sodium in the  obtained crys-

talline phases, and the ion exchange mechanism acts in  these
glass-ceramics at the crystalline phases.
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