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Chemical strengthening of aluminosilicate glasses through K+–Na+ ion exchange has 
attracted tremendous attentions because of the accelerating demand for high strength 
and damage resistance glasses. However, a paramount challenge still exists to fab-
ricate glasses with a higher strength and greater depth of ion-exchange layer (DOL). 
Herein, aluminosilicate glasses with different contents of P2O5 were prepared, and the 
influence of P2O5 on the increased compressive stress (CS) and DOL was investigated 
by micro-Raman technique. It was noticed that the hardness, CS, as well as the DOL 
substantially increased with an increasing concentration of P2O5 varied from 1 to 7 mol%. 
The obtained micro-Raman spectra confirmed the formation of relatively depolymerized 
silicate anions that accelerated the ion exchange. Phosphorus-containing aluminosilicate 
glasses with a lower polymerization degree exhibited a higher strength and deeper DOL, 
which suggests that the phosphorus-containing aluminosilicate glasses have promising 
applications in flat panel displays, windshields, and wafer sealing substrates.

Keywords: chemical strengthening, ion-exchange layer, compressive stress, P2O5, micro-raman

inTrODUcTiOn

The development of ultrathin, high strength, and damage resistance glasses for flat panel displays, 
windshields, and wafer sealing substrates is an ongoing challenge (Wondraczek et al., 2011; Käfer 
et al., 2013; Mauro et al., 2016). Traditionally, the practical strength of glasses is two orders of mag-
nitude lower than the theoretical value due to the flaws and defects on the glass surface (Wiederhorn 
et  al., 2013). It is therefore of the outmost importance to eliminate the defects to improve the 
strength. Various methods of glass strengthening have been developed extensively over the last few 
decades, such as thermal tempering (Solinov, 2015), chemical strengthening (Olcott, 1963; Karlsson 
et al., 2010; Varshneya, 2010a,b), and surface crystallization (Donald, 1989). It is noteworthy that 
chemical strengthening, which is achieved essentially by immersing an alkali-containing glass in a 
molten salt bath, generates high compressive stress (CS) in thin or irregularly shaped glass objects 
without measureable optical distortion, making it the leading candidate for strengthening of glasses 
(Kistler, 1962; Olcott, 1963; Karlsson et al., 2010; Varshneya, 2010a,b). The chemical strengthen-
ing properties of glasses are typically characterized by CS and depth of ion-exchange layer (DOL). 
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Moreover, these properties depend much on glass composition 
and topological restriction (Smedskjaer et  al., 2010; Vargheese 
et al., 2014; Calahoo et al., 2016).

Chemically strengthened aluminosilicate glasses through 
K+–Na+ ion exchange are currently receiving significant inter-
est due to their excellent mechanical properties (Chang et  al., 
2014). Previous researches indicated that the DOL of high-alkali 
aluminosilicate glasses can reach 30–75  μm at 430–490°C for 
3–8 h, and the hardness can be enhanced (Wu et al., 2011; Jiang 
et al., 2013). Because of the increasing demand for high strength 
and damage resistance glasses, new methods to enhance CS, 
DOL, and hardness have become a focus of research. Up to now, 
many investigations on the strengthening process, molten salt, 
and glass composition have been carried out (Nordberg et al., 
1964; Anna and Mauro, 2013; Svenson et al., 2014; Sglavo, 2015). 
However, the treatment of aluminosilicate glasses was limited 
in chemical strengthening due to the relatively small DOL. A 
large value of DOL is required to embed surface flaws and defects 
in the compressive stress layer. For the glasses designed with a 
fixed value of DOL, significant cost saving can be achieved by 
increasing the ion diffusion rate and thus shortening the ion-
exchange time. Previous researchers suggested that the addition 
of P2O5 can accelerate the process of ion exchange and increase 
the DOL (Burggraaf and Cornelissen, 1964; Zhang et al., 2012; 
Bookbinder et al., 2013; Chapman et al., 2014). However, it still 
remains a grand challenge to reveal the underlying mechanism 
of ion-exchanged aluminosilicate glasses through introducing 
P2O5.

In this study, the effect of P2O5 on the structure and mechani-
cal properties of ion-exchanged aluminosilicate glasses was 
systematically investigated. The diffusion coefficient and activa-
tion energy Ea of ion-exchanged xP2O5–(100  −  x)(0.25Na2O–
0.08Al2O3–0.67SiO2) (x = 5) glass treated at 400°C for different 
ion-exchange times and different ion-exchange temperatures 
for 6 h were calculated. Then, the hardness, CS, and DOL were 
measured with the addition of P2O5. Furthermore, the topological 
structure evolution of phosphorus-containing aluminosilicate 
glasses was observed by micro-Raman technique to comprehen-
sively analyze the mechanism of ion-exchange strengthening.

eXPeriMenTal

A series of xP2O5–(100  −  x)(0.25Na2O–0.08Al2O3–0.67SiO2) 
(x = 1, 3, 5, 6, and 7 mol%, respectively) glass samples were pre-
pared by conventional melt-quenching technique using Na2CO3, 
SiO2, and Al(OH)3 from Sinopharm Chemical Reagent Company 
and AlPO4 from Aladdin. The starting materials (ca. 20 g) were 
thoroughly mixed in an agate mortar, and the homogeneous 
mixture was transferred into a corundum crucible and preheated 
at 800°C for 30  min before being fully melted at temperatures 
between 1550 and 1650°C, depending on the composition. The 
liquid melt was kept at this temperature for an hour to ensure 
homogenization before it was cooled rapidly in a preheated brass 
mold to form bulk glasses and annealed at 560°C for 4 h to dimin-
ish internal stresses. Then, the glass samples were allowed to cool 
to room temperature. Such glasses were cut and polished into 
2 mm for ion-exchange treatment. In the ion-exchange process, 

sample 5P2O5-95(0.25Na2O–0.08Al2O3–0.67SiO2) was immersed 
into a molten KNO3 salt bath at different temperatures (390, 
400, 410, 420, and 430°C) for different durations (2, 4, 6, 8, and 
10 h). Other samples were treated in a molten KNO3 salt bath 
by submersion at 400°C for 6 h. Then, the glass specimens were 
carefully cleaned with deionized water followed by ethanol and 
stored in a desiccator.

The Vickers hardness value of the polished glasses was deter-
mined with micro-indenter (HXD-1000TMC/LCD, Shanghai 
Taiming Optical Instrument Co. Ltd., Shanghai, China) at room 
temperature, where the indentation was performed on the surface 
of each sample at a load of 0.98 N for 10 s. A minimum of 24 
indents were measured on each sample. Error bars in the figures 
all represent the SD across the measured values of hardness. The 
measurement error for the hardness was less than ±4%. The DOL 
for each sample was measured on a field-emission scanning elec-
tron microscope (FESEM) equipped with an energy-dispersive 
spectrometer (EDS) in line scan mode (S-4800, Hitachi, Tokyo, 
Japan), where the acceleration voltage was 15.0  kV. Based on 
the potassium and sodium ion concentration profiles in the 
ion-exchanged glass surface, the DOL was determined when the 
potassium and sodium ion concentration profiles reached virtu-
ally 0 and a constant value, respectively. The CS was measured 
by using a surface stress meter (FSM-6000LE, Orihara, Tokyo, 
Japan). Birefringence can be used to directly probe the compres-
sive stress found in the ion-exchange layer because of the compo-
sitional gradient. The measurement error for DOL and CS were 
less than ±5%. Micro-Raman spectra were recorded to investigate 
the topological structure of glass samples. A Raman spectrometer 
(INVIA, Renishaw, Gloucestershire, England) with an Ar+-ion 
laser (514.5 nm) as the irradiation source was employed. Baseline 
correction was performed using the Wire software program from 
Renishaw.

resUlTs anD DiscUssiOn

The DOL and diffusion coefficients of ion-exchanged xP2O5–
(100 − x)(0.25Na2O–0.08Al2O3–0.67SiO2) (x = 5) glass treated at 
400°C for different ion-exchange times and different ion-exchange 
temperatures for 6  h are shown in Figures  1A,B, respectively. 
Obviously, the DOL is directly related to the ion-exchange time 
and temperature. With an increasing ion-exchange time and 
temperature, the DOL drastically increases. It is noteworthy that 
the DOL for such glasses is higher or comparable with some com-
mercial glasses (Wang et al., 2008; Stavrou et al., 2014), which is 
desirable for chemically strengthened glasses. To understand the 
diffusion kinetics of K+ ions in such glasses, the diffusion coef-
ficient and activation energy must be determined. The diffusion 
coefficient as a function of the local concentration D(C) can be 
calculated in accordance with the Boltzmann–Matano approach 
(Matano, 1933; Barton, 1975):

 
D C

t
dx
dC

xdC
C

( ) = − ∫
1
2 0  

(1)

where D(C) is the diffusion coefficient as a function of the local 
K+ ion concentration, x is the distance from the glass surface,  
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FigUre 1 | DOl and diffusion coefficient of ion-exchanged xP2O5–
(100 − x)(0.25na2O–0.08al2O3–0.67siO2) (x = 5) glass. (a) DOL and 
diffusion coefficient of the glass treated at 400°C for different ion-exchange 
durations; (B) DOL and diffusion coefficient of the glass treated at different 
ion-exchange temperatures for 6 h.

FigUre 2 | Diffusion coefficient as a function of reciprocal 
temperature for ion-exchanged xP2O5–(100 − x)(0.25na2O–0.08al2O3–
0.67siO2) (x = 5) glass at different ion-exchange temperatures for 6 h.
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C is the K+ ion concentration, and t is the duration of the diffusion 
process.

The rate of alkali interdiffusivity depends on the free volume 
(atomic packing fraction) of the glass network structure (Svenson 
et al., 2016). And the activation energy has been found to scale 
with the free volume in the related studies on K+–Na+ interdif-
fusivity (Potuzak and Smedskjaer, 2014; Smedskjaer et al., 2015). 
The activation energy Ea (J/mol) for ionic diffusion can be 
calculated using the Arrhenius equation (Frischat et al., 1975):

 
D D Ea

RT
= −






0 exp

 
(2)

where D0 is a constant, Ea is the activation energy for the dif-
fusion process, R is the ideal gas constant, and T is the absolute 
temperature. Plotting ln D versus T−1 gives the slope k = −Ea/R. 
The activation energy is assumed to be independent of the 
temperature.

As shown in Figure  1, the resultant diffusion coefficient 
increases with an increasing temperature. However, the diffusion 

coefficient increases with the ion-exchange time until it reaches 
the maximum of 6  h and then decreases with a longer ion-
exchange time. This result may be due to the accumulation of 
K+ ions in the glass surface that decreases the ion diffusion. The 
Ea is obtained by fitting the diffusion coefficient data using the 
Arrhenius equation. The activation energy Ea for ionic diffusion 
is shown in Figure 2. The red line is the linear fitting result. The 
calculated Ea value is ca. 80.8 kJ/mol, which is smaller than the 
values (sodium aluminosilicate glass, 95.4  kJ/mol; soda–lime–
silica float glass, 152  kJ/mol) reported in the literature (Shen 
et al., 2003). The reduced activation energy favors the diffusion of 
K+–Na+ ions that promote the ion exchange in such phosphorus-
containing aluminosilicate glasses.

Moreover, as can be observed from Figure 3, ion exchange of 
the raw glasses leads to a pronounced increase in hardness. As 
the ion-exchange time and temperature is increased, the hardness 
increases until 400°C for 6 h and then decreases. The maximum 
hardness in the studied glass is up to 5.9  GPa. The increment 
in hardness is mainly attributed to the formation of surface 
compression through ion exchange, and the hardness decreases 
afterward is because of the structural relaxation (Garfinkel and 
King, 1970; Donald, 1989).

Based on the above results, the relatively optimized ion-
exchange treatment in xP2O5–(100 − x)(0.25Na2O–0.08Al2O3–
0.67SiO2) (x =  1, 3, 5, 6, and 7 mol%, respectively) glasses is 
performed at 400°C for 6  h. The Vickers hardness values of 
xP2O5–(100 − x)(0.25Na2O–0.08Al2O3–0.67SiO2) (x =  1, 3, 5, 
6, and 7  mol%, respectively) glasses treated at 400°C for 6  h 
were plotted as a function of the concentration of P2O5 and 
are shown in Figure  4A. With an increasing concentration 
of P2O5, the hardness of the untreated glasses decreases from 
about 5.1 to 4.8 GPa. On the contrary, the hardness of the glass 
samples with ion exchange significantly increases from 5.5 to 
6.1  GPa with an increasing concentration of P2O5, indicating 
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FigUre 5 | cs and DOl of xP2O5–(100 − x)(0.25na2O–0.08al2O3–
0.67siO2) (x = 1, 3, 5, 6, and 7 mol%, respectively) chemically 
strengthened glasses treated at 400°c for 6 h.

FigUre 4 | Vickers hardness values of xP2O5–(100 − x)(0.25na2O–
0.08al2O3–0.67siO2) (x = 1, 3, 5, 6, and 7 mol%, respectively) glass 
series treated at 400°c for 6 h. (a) Vickers hardness as a function of the 
concentration of P2O5 at room temperature before and after ion-exchange 
treatment; (B) images of the indentations of ion-exchanged glasses after a 
load of 0.98 N for 10 s.

FigUre 3 | Vickers hardness values of xP2O5–(100 − x)(0.25na2O–
0.08al2O3–0.67siO2) (x = 5). (a) Vickers hardness values of the glass 
treated at 400°C for different ion-exchange durations; (B) Vickers hardness 
values of the glass treated at different ion-exchange temperatures for 6 h.
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that the addition of P2O5 can enhance the strength through ion 
exchange. In addition, the result can be further confirmed by 
the images of the indentations in Figure 4B, which shows that 
the diagonal length of the indentations (d) becomes smaller 
with an increasing concentration of P2O5. Because of the slight 
increase in hardness when x > 5 mol%, the change of indenta-
tion is not obvious.

Ion exchange between K+ and Na+ ions lead to the development 
of high surface compressive stress. Meanwhile, the strengthening 
treatment was carried out at a temperature below the annealing 
range, so that the stress introduced is not removed by relaxation. 
Figure 5 shows the linear increase of CS and DOL with an increase 
in P2O5 concentration. It is observed that the CS is monotoni-
cally improved when P2O5 concentration was increased, which is 
basically identical to the tendency of hardness. Additionally, the 
DOL increases with an increase in P2O5 concentration from 1 to 
7 mol%. This is due to the change in atomic packing factor of the 
glasses with varying P2O5 that promotes the K+–Na+ interdiffusiv-
ity. Therefore, it is interesting to note that the presence of P2O5 
in aluminosilicate glasses enables the glass to be ion-exchanged 

more efficiently and to a greater depth that effectively enhance the 
strength and damage resistance of the glass.

Micro-Raman spectroscopy can be used to determine the 
structural modifications occurring in the glasses. In Figure  6, 
spectra are shown as a function of an increasing P2O5 content 
from 1 to 7 mol% in the range of 400–1500 cm−1. In the following 
discussion, P(n) represents a [PO4] tetrahedron with n bridging 
oxygen, and the symbol Si(n) represents a [SiO4] tetrahedron with 
n bridging oxygen.
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FigUre 6 | Micro-raman spectra of aluminosilicate glasses with x 
mol% P2O5 concentration (x = 1, 3, 5, 6, and 7 mol%, respectively). FigUre 7 | schematic plot of ion-exchange process in the glass 

surface at various concentrations of P2O5 (x = 1, 5, and 7 mol%) 
treated at 400°c for 6 h.
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The spectra of low-P2O5 glass show four major features 
centered near 500, 936, 980, and 1090 cm−1, respectively. With 
an increasing content of P2O5, several new peaks appeared in 
730, 1024, and 1120 cm−1. The low-frequency region exhibits a 
maximum near 500 cm−1 with a shoulder or peak on both the low- 
and high-frequency side (near 500 and 600  cm−1, respectively) 
attributes to an oxygen breathing mode of the centers of four- and 
three-membered rings, respectively, which are contained in a tet-
rahedral structure (Lazzeri and Mauri, 2003). With an increasing 
content of P2O5, the shoulder or band frequencies near 500 cm−1 
appear insensitive to P2O5 content. The band near 936  cm−1 is 
assigned to P–O symmetric stretching of non-bridging oxygen 
ions in orthophosphate units [PO4]−3 or P(0). The high-frequency 
region (>900 cm−1) of the spectra of P2O5 glass varies significantly 
with P2O5 content. In the spectra of low-P2O5 glasses, the Raman 
spectra exhibit a characteristics strong band near 936  cm−1 
assigned to P–O stretching in orthophosphate complexes together 
with a weak band near 1024 cm−1 assigned to bending vibration 
in pyrophosphate units [PO3O1/2]−2 or P(1) (Mysen, 1996). With an 
increasing P2O5 content, the Raman spectrum intensity centered 
near 1024 cm−1 becomes remarkably more intense. The propor-
tion of P(1) initially increased relative to P(0) and was joined by 
AlPO4 complexes which exhibit a characteristic P–O stretch mode 
slightly above 1100 cm−1 (Jin et al., 1986). The decrease in P(0)/P(1) 
with an increasing P2O5 content results in depolymerization of 
the silicate melts (Mysen, 1998).

The Raman bands observed from 650 to 750 cm−1 are attrib-
uted to the presence of Al2O3. Iwamoto et al. (1978) attributed 
the peak at 700–800 cm−1 to the contribution of AlO4 tetrahedral. 
And the intensity of AlO4 is related to AlPO4 in 1120 cm−1. With 
an increasing content of P2O5, the Al–O–P network increases.

The bands located at 980 and 1090  cm−1 contribute to 
the stretching vibration mode in Si(2) and Si(3), respectively 
(Aguiar et al., 2009). A further P2O5 increase results in a rapid 

disappearance of Si(3) and an increase of Si(2) with this region of 
the spectra gradually becoming dominated by a maximum near 
1024 cm−1. So in these glasses, based on the structure change of 
Si(3) and Si(2), it is clear that both extra non-bridging oxygen ions 
and positive cations are needed in the transformation process 
from Si(3) to Si(2). And they could only be scavenged from the 
original phosphor network. As the phosphor network loses some 
of non-bridging oxygen ions and positive cations from P(0) to P(1), 
the peaks of P(0) and Si(3) gradually become less prominent with 
an increase of P2O5, and the opposite trend is true for the peaks 
of P(1) and Si(2), following a chemical reaction:

 P + Si P + Si0 3 1 2( ) ( ) ( ) ( )→  (3)

The law for the structure development is consistent with the 
equilibrium of Le Chatelier’s principle (Chatelier, 1888; Toplis 
and Schaller, 1998). As the phosphor network loses some non-
bridging oxygen ions, the degree of polymerization of silicate 
network decreases, namely, the formation of relatively depo-
lymerized silicate anions. Therefore, this topological evolution 
reveals that aluminosilicate glasses with x mol% P2O5 addition 
(x = 1, 3, 5, 6, and 7 mol%) can accelerate the ion exchange and 
result in a greater depth of ion exchange.

Additionally, on the basis of the Raman spectroscopic results, 
we developed a schematic plot of ion exchange process in glass 
surface at various concentrations of P2O5, as shown in Figure 7. 
Along with an increasing concentration of P2O5, the network of 
glass surface is “opened” due to the decrease of polymerization 
degree of the glass, which is beneficial for the exchange of Na+ 
with K+ in the glass surface by interdiffusion upon submersion 
in a liquid molten salt bath (KNO3). This results in the formation 
of a compressive stress on surface and enhancement of DOL, 
strength, and damage resistance of the glass.
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cOnclUsiOn

Phosphorus-containing aluminosilicate glasses strengthened by 
ion exchange were developed, and their mechanical properties 
and DOL were characterized. The diffusion coefficients and 
activation energy were calculated by the Boltzmann–Matano 
approach and the Arrhenius equation. The higher diffusion coef-
ficient and lower activation energy favor the diffusion of K+–Na+ 
that promotes the ion exchange in these phosphorus-containing 
aluminosilicate glasses. The increased hardness, DOL, and CS 
indicate the addition of P2O5 is an appealing approach to improve 
the strength of ion-exchanged glasses and to a greater depth of ion 
exchange layer. Furthermore, the obtained micro-Raman spectra 
show the evidence for the formation of relatively depolymerized 
silicate anions, indicating a decrease of polymerization degree 
that accelerates the ion exchange. The schematic of ion exchange 
at various concentrations of P2O5 is proposed, which suggests 
that the presence of P2O5 in chemically strengthened alumino-
silicate glasses increases the DOL and strength. Because of their 
convenient manufacturing, such kind of phosphorus-containing 
aluminosilicate glasses may find promising applications in flat 
panel displays, windshields, and wafer sealing substrates.
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