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controlled Parallel crystallization 
of lithium Disilicate and Diopside 
Using a combination of internal 
and surface nucleation
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In the mid-twentieth century, Dr. Donald Stookey identified the importance and usability 
of nucleating agents and mechanisms for the development of glass-ceramic materials. 
Today, a number of various internal and surface mechanisms as well as combinations 
thereof have been established in the production of glass-ceramic materials. In order to 
create new innovative material properties, the present study focuses on the precipitation 
of CaMgSi2O6 as a minor phase in Li2Si2O5-based glass-ceramics. In the base glass of 
the SiO2–Li2O–P2O5–Al2O3–K2O–MgO–CaO system, P2O5 serves as nucleating agent for 
the internal precipitation of Li2Si2O5 crystals, while a mechanical activation of the glass 
surface by means of ball milling is necessary to nucleate the minor CaMgSi2O6 crystal 
phase. For a successful precipitation of CaMgSi2O6, a minimum concentration of MgO 
and CaO in the range between 1.4 and 2.9 mol% in the base glasses was determined. 
The nucleation and crystallization of both crystal phases takes place during sintering a 
powder compact. Dependent on the quality of the sintering process, the dense Li2Si2O5–
CaMgSi2O6 glass-ceramics show a mean biaxial strength of up to 392 ± 98 MPa. The 
microstructure of the glass-ceramics is formed by large (5–10 μm) bar-like CaMgSi2O6 
crystals randomly embedded in a matrix of small (≤1  μm) plate-like Li2Si2O5 crystals 
arranged in an interlocking manner. While there is no significant influence of the minor 
CaMgSi2O6 phase on the strength of the material, the translucency of the material 
decreases upon precipitation of the minor phase.

Keywords: glass-ceramics, lithium disilicate, diopside, twofold crystallization, nucleation, surface activation, 
sintering

inTrODUcTiOn

In the 1950s, Dr. Donald Stookey succeeded in the production of the first glass-ceramic of the 
lithium disilicate type worldwide (Stookey, 1959; Höland and Beall, 2012). His discovery and 
 following research on this new class of materials paved the way for a number of innovative technical 
solutions affecting daily life, high-tech industry, and fundamental research in various fields. Stove 
tops and kitchenware belong to the most famous applications of glass-ceramics just as telescope 
mirrors, the nosecones of spaceships, and dental prostheses (Höland and Beall, 2012). In light of 
this wide field of applications for Donald Stookey’s invention, the impact of his work on not only 
the technological progress of humankind becomes obvious but also has his research motivated and 
driven the mind and work of a huge number of scientists in various fields of research ever since. 
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In  this spirit, the authors of the present publication want to 
recognize the outstanding activities of Dr. Donald Stookey.

To identify and use the nucleating effect of Ag clusters in the 
development of glass-ceramics in the SiO2–Li2O system, as well 
as transferring the general principles of nucleation and crystal-
lization to other glass systems, was a crucial part of his great 
achievement (Stookey, 1959). Besides enhancing the mechanical 
strength and machinability of glasses, the precipitation of certain 
crystal phases helped to control a number of different material 
properties including optical and electrical properties of glass 
matrix materials (Beall, 1971, 2014; Mauro et al., 2013).

Initiated after the development of the first lithium disilicate 
glass-ceramic by Donald Stookey, this system was the subject 
matter in a multitude of fundamental research topics. A molar 
ratio SiO2/Li2O of 2, similar to the stoichiometric composition 
of lithium disilicate, was the basis for most of the compositions 
investigated (Höland and Beall, 2012). Moreover, glass-ceramics 
of the lithium disilicate type from multicomponent base glass 
systems were developed as well. There, the molar ratio of SiO2/
Li2O considerably deviated from the stoichiometric value of 
2. Technical glass-ceramics as well as consumer applications 
were developed this way (Beall, 1992, 2014; Echeverría, 1992). 
Likewise, Höland et al. (1994, 2005, 2007, 2008, 2009) succeeded 
in the development of lithium disilicate glass-ceramics for dental 
applications using such multicomponent base glass systems.

Based on this research and development of lithium disilicate 
glass-ceramics for dental applications and driven by the quest for 
innovative combinations of material properties, the authors of the 
present publication pursued the objective of the parallel controlled 
nucleation and crystallization of lithium disilicate and diopside 
CaMgSi2O6 from a multicomponent base glass. The fundamental 
extension of the chemical composition of the lithium disilicate 
base glass system by adding MgO and CaO was mandatory just as 
the enhancement of nucleation and crystallization mechanisms. 
From a glass-ceramic engineering point of view, the authors 
assumed that controlling two separate nucleation mechanisms is 
mandatory to precipitate both a layer silicate and a chain silicate 
from a base glass. Only the development of a powder compact 
processing facilitated the crystallization of diopside according 
to the nucleation and crystallization mechanisms reported by 
Kokubo et  al. (1989), Müller et  al. (2000), and Reinsch et  al. 
(2008) for different glass systems. The influence of the parallel 
precipitation of lithium disilicate and diopside on nucleation 
and crystallization principles as well as on properties crucial for 
dental applications, e.g., biaxial strength and translucency, were 
investigated.

MaTerials anD MeThODs

glass Formation and Powder Production
Four glasses with different compositions in the SiO2–Li2O–
P2O5–Al2O3–K2O–MgO–CaO system were melted from the raw 
materials quartz, lithium carbonate, aluminum metaphosphate, 
aluminum oxyhydroxyhydrate, potassium carbonate, alkaline 
magnesium carbonate, and calcium carbonate in batches of 100 g 
in an uncovered Pt–Rh crucible using an electric furnace. The 
melts were held for 2 h at 1500°C and subsequently casted into 

water. The glass frit was dried in an oven preheated at 150°C for 
about 2 h. A chemical analysis of the glass frit was conducted by 
means of X-ray fluorescence (XRF S8 Tiger; Bruker, Karlsruhe, 
Germany). The dried glass granules were comminuted using 
a porcelain ball mill loaded with a mixture of steatite, Al2O3, 
and porcelain milling beads measuring 10–30 mm in diameter. 
Milling was conducted until a mean grain size of 20  ±  2  μm 
was reached. The grain size distribution was determined using 
a particle size analyzer (CILAS 1064, Quantachrome GmbH 
& Co. KG, Odelzhausen, Germany). Thermal analysis of the 
glass powder was conducted by means of differential scanning 
calorimetry (DSC) (STA 449 F3, Netzsch, Selb, Germany) using 
a heating rate of 10 K/min. Heating microscope analysis (HMA) 
was used to investigate the sintering characteristics of the glass 
powder. Therefore, cylinders of 3 mm height and a diameter of 
2 mm were pressed and heated with a rate of 10 K/min simultane-
ously recording its silhouettes (EMI V 2.3, Hesse Instruments, 
Osterode, Germany). The crystallization behavior of the glass 
powders was investigated by means of high temperature X-ray 
diffraction (HT-XRD). The glass powder was heated to 400°C with 
a rate of 30 K/min. Subsequently, the powder was further heated 
to 1200°C in 20 K steps. Diffraction patterns were recorded from 
10° to 60° 2θ and a step size of 0.014° with a D8-Advance diffrac-
tometer (Bruker, Karlsruhe, Germany) at each step. Therefore, 
the temperature was held for approximately 30 min at each step 
during recording the diffraction pattern. Qualitative analysis was 
carried out using the software Bruker Diffrac.Suite EVA. The PDF 
entries 70-4856 (Li2Si2O5), 29-0828 (Li2SiO3), 15-0760 (Li3PO4), 
and 89-0830 (CaMgSi2O6) were used for phase identification.

To investigate the crystallization behavior of the bulk glass 
A and D, glass was casted into a graphite mold measuring 
12  mm  ×  12  mm  ×  40  mm and immediately put in a muffle 
furnace preheated at 480°C for 20  min before slowly cooling 
the glass in the closed furnace. A disk of approximately 3 mm 
thickness was sawn from the glass, heated with a rate of 10 K/min 
to 860°C in a furnace of the Programat® type (Ivoclar Vivadent 
AG, Schaan, Liechtenstein). The temperature was held for 5 min 
before slowly opening the oven. One side of the crystallized glass-
ceramic disk was ground using a 125 μm diamond grit grinding 
disk. The ground and the “as fired” surface were analyzed using 
room temperature XRD applying the parameters described above. 
Subsequently, the glass-ceramic disk was broken, and the fracture 
surface was investigated by means of scanning electron micros-
copy (SEM) after etching for 30 s with vapor of 40% hydrofluoric 
acid and coating with a 1 to 2 nm Au–Pd layer.

Production and sintering of Powder 
compacts
Very small amounts of water, acting as binder, were added to 
the glass powders before uniaxial pressing of specimen. In this 
way, powder compacts with different geometries were produced 
via uniaxial pressing using different press molds. Cubes with an 
edge length of 18 mm, bars measuring 36 mm × 4.8 mm × 6 mm, 
and disks with a diameter of 24 and 4  mm thickness were 
made. The powder compacts were sintered in vacuum to dense 
glass-ceramics using a furnace of the Programat® type (Ivoclar 
Vivadent AG, Schaan, Liechtenstein). The powder compacts were 
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TaBle 1 | chemical compositions of the base glasses in mol% calculated 
from the composition determined by XrF analysis.

a B c D

SiO2 64.9 62.2 61.0 60.9
Li2O 25.6 25.5 25.4 25.0
K2O 2.2 2.1 2.1 2.1
MgO 1.4 2.9 3.6 3.8
CaO 1.6 3.1 3.7 4.0
Al2O3 2.2 2.1 2.1 2.1
P2O5 2.1 2.1 2.1 2.1

FigUre 1 | Thermal analysis of the different base glasses.

TaBle 2 | Thermal analysis of the base glasses by means of Dsc.

Base glass a B c D

Tg (°C) 462 456 456 453
Texo1 (°C) 568 572 584 599
Texo2 (°C) 787 750 742 741
Texo3 (°C) – 819 811 811
Tendo1 (°C) 947 887 893 898
Tendo2 (°C) – 921 914 917
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heated to 480°C with a rate of 30 K/min and a subsequent dwell 
time of 20 min. Subsequently, the powder compact was further 
heated with 10 K/min to 860°C. This temperature was held for 
5 min before slowly opening the furnace and thereby cooling the 
glass-ceramic to room temperature.

characterization of the glass-ceramics
Sintered glass-ceramics were pulverized using a mortar grinder 
(Mortar Grinder RM 200, Retsch, Haan, Germany) and subse-
quently sieved <45 μm. In order to qualitatively investigate the 
crystal phases, diffraction patterns were recorded from 10° to 60° 
2θ applying a step size of 0.014°. Furthermore, a quantitative study 
of the crystal phase formation was conducted applying Rietveld 
refinement. Therefore, the pulverized glass-ceramic material was 
elutriated with approximately 20% of its mass of α-Al2O3 (Alfa 
Aesar, 99.9%, 20–50 μm//ICSD number: 31548) as internal stand-
ard in acetone. The solvent was evaporated in an oven preheated 
at 80°C. After recording the powder XRD patterns from 10° to 
100° 2θ in 0.014° steps, the quantification of the crystal phases 
was done with the TOPAS software from Bruker.

The biaxial fracture strength was determined according to ISO 
6872, including a surface finishing with a 15 μm diamond grit 
grinding disk. The specimen were milled from the sintered glass-
ceramic cubes using a CEREC® InLab milling machine (Sirona, 
Bensheim, Germany). The biaxial strengths are given as mean 
values of 10 data sets ±SD.

The thermal expansion of the glass ceramics was determined 
according to ISO 6872 by applying dilatometric analysis using 
a sapphire reference. The sintered glass-ceramic bars were 
ground to the required dimensions using a 40 μm diamond grit 
grinding disk. The error of the measurements is in the range of 
±0.5 × 10−6 K−1.

The contrast ratio (CR) of the glass-ceramic disks was deter-
mined using a spectrometer of the type CM-3700d (Konica-
Minolta, Tokyo, Japan). The sintered disks were prepared 
according to BS5612. The translucency of a material decreases 
with increasing CR value.

Micrographs of the glass-ceramics were taken by means of 
SEM. The surface of the glass-ceramic samples was therefore 
polished using a 0.5 μm diamond grit grinding disk and subse-
quently etched with the vapor of 40% hydrofluoric acid for 30 s.

The porosity of the sintered glass-ceramics was estimated 
using the line intercept method. Therefore, three fragments of the 
samples broken within testing the biaxial strength of each glass-
ceramic were polished using a 0.5 μm diamond grit grinding disk 
and examined by SEM. The linear ratio of pores is given as means 
of three data sets ±SD.

resUlTs

Properties and crystallization Behavior 
of the Base glasses
The chemical composition of the base glasses calculated in mol% 
from the results obtained from XRF analysis is given in Table 1. 
The concentration of MgO and CaO in the base glasses increases 
from glasses A to D. The results of the thermal analysis of the 

base glass powders are presented in Figure 1. The glass transition 
temperatures Tg as well as the exothermic and endothermic peak 
temperatures are summarized in Table 2. Base glass A shows a 
Tg, which is increased by approximately 10 K compared to the 
base glasses B–D. The first exothermic peak temperatures Texo1 
increase from base glasses A to D, while the opposite trend can be 
observed for the second exothermic peak temperatures Texo2. The 
third exothermal process can only be detected for the base glasses 
B–D. Compared to the rather sharp first and second exothermal 
signals, the third exothermal reaction of the base glasses is char-
acterized by a very wide peak in the temperature range between 
780 and 840°C. The first endothermic heat flow could be detected 
at approximately 947°C for base glass A. Significantly lower endo-
thermic peak temperatures Tendo1 between 887 and 899°C were 
determined for base glasses B–D. The second endothermic peak 
Tendo2 could be detected for base glasses B–D.

Figure 2 shows the data obtained by HMA. The area of the 
silhouette is plotted as a function of the temperature. The first 
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FigUre 2 | sintering behavior of the glass powders determined by 
high temperature microscopy.

FigUre 3 | Diffractograms of glass D surveyed at different temperatures.
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reduction of the silhouette area occurs for all base glasses in 
approximately the same temperature range between 500 and 
550°C. After running through a plateau between 550 and 700°C, 
the area again decreases for all glasses within the same tempera-
ture range between 700 and 800°C. However, while glasses B–D 

again show a plateau between 800 and 850°C, no such second 
plateau can be found for glass A. A continuous reduction of 
the shadow area can be observed for all glasses at temperatures 
exceeding 860°C.

Diffractograms of glass D obtained by HT-XRD are presented 
in Figure 3. The diffraction patterns obtained at 29 and 500°C 
reveal no crystalline phases. First indications for the crystal-
lization of Li2SiO3 could be observed at 540°C. Characteristic 
Li2Si2O5 peaks could be analyzed in the diffractogram recorded 
at 680°C. At 700°C, no Li2SiO3 peaks were detected. However, the 
intensity of the Li2Si2O5 peaks is strongly increased and Li3PO4 
can be detected. Reflections characteristic for diopside occur at 
760°C. The intensity of the diopside peaks increases until 860°C. 
A similar evaluation of the HT-XRD results obtained for glass-
ceramics A–D is shown in Table  3, where those temperatures 
are summarized at which a first evidence for the crystallization 
of a certain crystal phase was found. No diopside formation was 
detected for glass A. Compared to B–D, glass A shows significantly 
increased crystallization temperatures for Li2SiO3 and Li2Si2O5.

Investigating the crystallization behavior of the bulk base glass 
D by means of room temperature, XRD revealed Li2Si2O5 and 
CaMgSi2O6 for the “as fired” sample surface. No diopside crystals 
were detected in the diffraction pattern recorded of the ground 
sample.
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TaBle 3 | sequence of crystal phase formation as a function of 
temperature determined by hT-XrD.

a B c D

Li2SiO3 (°C) 520 520 520 540
Li2Si2O5 (°C) 740 680 680 680
Li3PO4 (°C) 760 700 700 700
CaMgSi2O6 (°C) – 740 740 760

FigUre 4 | seM micrograph taken from the fracture surface of a bulk 
base glass sample D crystallized at 860°c for 5 min.

FigUre 5 | Diffractograms of glass-ceramics after sintering at 860°c 
for 5 min.
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The additional investigation of the micrograph of the fracture 
surface in Figure 4 shows small (≤1 μm) plate-like crystals in 
the  bulk of the material and large bar-like crystals growing 
from the surface into the bulk of the material. The investigation 
of bulk base glass A revealed solely the formation of Li2Si2O5, and 
no surface crystallization of diopside could be observed.

characterization of the glass-ceramics
Diffraction patterns of the sintered glass-ceramics recorded at 
room temperature are shown in Figure  5. Li2Si2O5 and Li3PO4 
could be detected in all glass-ceramics. However, glass-ceramics 
B–D reveal the presence of diopside.

The results of the quantitative crystal phase analysis by means 
of Rietveld refinement are shown in Table  4. Li2Si2O5 is the 
main crystal phase in the glass-ceramics. The content of Li2Si2O5 
decreases from A to D, while the content of diopside increases 
from B to C. With respect to the accuracy of measurement and 
refinement, there is no difference in the ratio of diopside in glass-
ceramics C and D. Glass-ceramic A comprises a considerably 
higher ratio of amorphous residual glass phase than B–D.

Micrographs of the glass-ceramics A–D displayed in Figure 6 
reveal an interlocking microstructure of small (≤1 μm) plate-like 
crystals. The microstructure of glass-ceramics B–D additionally 
comprises bar-like crystals with a length between 3 and 10 μm. 
The large bar-like crystals are randomly distributed within the 
microstructure. The analysis of the porosity revealed thoroughly 
dense glass-ceramics A and D, while B and C showed a linear ratio 
of pores of 4.5 ± 3.4 or 0.9 ± 0.4%, respectively.

The biaxial strength of the glass-ceramics is presented in 
Table 5. Glass-ceramic D shows the highest mean biaxial strength. 
With respect to the SD of the measurement results, the biaxial 
strength of glass-ceramic D is significantly higher than that of 
glass-ceramics B and C. The strength of glass-ceramics A and D 
is in a similar range.

No significant difference in the thermal expansion properties 
of the different glass-ceramics could be analyzed. The results are 
presented in Table  5. CTE25–500°C values in the range between 
9.8 × 10−6 K−1 and 10.2 × 10−6 K−1 were determined.

All glass-ceramics show a low degree of translucency. Glass-
ceramic A revealed a considerably lower opacity than glass-
ceramics B–D, which are rather similar (Table 5).

DiscUssiOn

The extension of the chemical composition of the base glass by 
certain amounts of MgO and CaO is the prerequisite for the 
precipitation of CaMgSi2O6 as a minor crystal phase in Li2Si2O5 
glass-ceramics. Increasing the content of MgO and CaO from 

approximately 1.4 to 2.9  mol% yielded the precipitation of 
diopside in the present study. However, no internal nucleation 
and crystallization of diopside was found in the present base 
glasses, but surface crystallization of diopside could be verified in 
the preliminary study of the crystallization behavior of the bulk 
base glass D (Figure 4). Hence, an activation of the glass surface 
was mandatory to nucleate the crystallization of diopside. In the 
present study, the activation of the glass surface was achieved by 
means of ball milling. It is important to note that the magnitude of 
activation of a glass surface is strongly dependent on the method 
and processing parameters used. There exist a lot of different 
milling techniques as well as there are various alternative ways to 

TaBle 4 | Quantitative composition of glass-ceramics after sintering and 
crystallization at 860°c for 5 min (icsD number).

a B c D

wt.% Li2Si2O5 (280481) 47.8 45.7 45.2 43.2
wt.% CaMgSi2O6 (10222) – 7.4 10.8 10.5
wt.% Li3PO4 (50058) 9.1 8.8 8.6 8.2
wt.% amorphous phase 43.1 38.2 35.4 38.1
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initiate surface nucleation and crystallization for different mate-
rial systems, e.g., by means of tribochemistry (Henicke, 1984). 
Hence, the concentration of MgO and CaO that is mandatory 
for the crystallization of diopside can deviate dependent on the 
method used for the activation of the glass surface.

The analysis of the base glasses by means of DSC (Figure 1; 
Table 2) reveals two rather sharp exothermal peaks for all the base 
glasses. According to the data obtained by HT-XRD (Table 3), 
these peaks can be correlated to the crystallization of Li2SiO3 
and Li2Si2O5. The rather sharp characteristic of these peaks sug-
gests that an internal nucleation and crystallization mechanism 
is dominant. The effect of P2O5 as internal nucleating agent for 
lithium silicates at a glassy amorphous interphase was previously 
reported in literature (Höland and Beall, 2012). HT-XRD studies 
in the present glass-ceramics reveal that crystalline Li3PO4 can 

only be detected after heat treatments above 700°C, whereas 
the crystallization of Li2SiO3 already starts at ≥520°C (Table 3). 
Hence, a mechanism reported by Höland and Beall (2012) 
describing the nucleation of lithium silicate at the interphase of 
a glassy amorphous or disordered nanocrystalline early phase of 
Li3PO4 seems most likely.

A rather wide exothermal signal in the DSC curves of glass 
B–D between 780 and 860°C are an indication for a surface 
nucleation and crystallization mechanism. The data obtained by 
HT-XRD show that diopside forms in exactly this temperature 
range. Hence, the authors conclude that diopside crystallizes on 
the activated surface of the glass grains. Furthermore, surface 
nucleation and crystallization display well-known mechanisms 
found in the investigations on diopside glass-ceramics (Kokubo 
et al., 1989; Zanotto, 1991; Müller et al., 2000).

FigUre 6 | Micrographs of the glass-ceramics (a–D) after sintering at 860°c for 5 min.
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In summary, the precipitation of two different silica-based 
crystal phases from the present glass system requires the con-
trol of two essentially different nucleation mechanisms. On the 
one hand, the layer silicate Li2Si2O5 is nucleated by an internal 
nucleation mechanism, and on the other hand, surface activation 
nucleates the crystallization of the chain silicate CaMgSi2O6.

To produce bulk glass-ceramics from internal and surface 
crystallizing base glasses, a powder compact process was devel-
oped. Crystallization of the glass powder and sintering of the 
powder compacts to achieve dense bulk glass-ceramics has to 
be controlled in parallel. Analyzing the sintering behavior of 
the glass powders by means of HMA (Figure 2), together with 
the results of the HT-XRD studies (Table  3), was the basis to 
develop an adequate firing cycle. According to the HMA curves, 
densification starts at approximately 500°C for all base glasses. 
Since the Tg of the base glass powders is between 450 and 460°C, 
the starting densification is clearly a result of the softening and 
beginning viscous flow of the glass. Crystallization of Li2SiO3 
and Li2Si2O5 between 540 and 700°C clearly increase the viscos-
ity of the glasses and hence stop the densification as can be seen 
in the first plateau of the HMA curve. Base glasses B–D show 
a second plateau ending at approximately 855°C, which can 
be explained by the crystallization of diopside hindering the 
sintering process. Dissolution of crystal phases and melting of 
the glass-ceramics begins at temperatures >860°C.

Based on these results, the crystallization and sintering cycle 
of the powder compacts was developed. It starts with a fast 
heating to 480°C, where the temperature is kept for 20  min 
in order to internally nucleate lithium silicate at a glassy 
amorphous P2O5-rich interface (Höland and Beall, 2012). After 
internal nucleation, the powder compacts were heated to 860°C 
with a reduced heating rate of 10  K/min. Crystallization and 
sintering takes place in this temperature range. To obtain a 
dense glass-ceramic with minimal crystal phase dissolution and 
viscous deformation of the specimen, the sintering cycle stops 
after a dwell time of 5  min at 860°C. The micrographs of the 
glass-ceramics in Figure  6 reveal pores in the glass-ceramics 
B and C. Glass-ceramics A and D show a more homogeneous 
and dense microstructure than the other glass-ceramics. Based 
on the quantitative crystal phase analysis of the glass-ceramics 
(Table  4) and assuming that the entire ratio of amorphous 
P2O5–Li2O phase precipitates to Li3PO4, one can roughly estimate 
the composition of the residual glass phases. The estimated com-
position of residual glass phase is shown in Table 6. According 
to this estimation, the residual glass phase of the glass-ceramic 
D comprises a considerably higher concentration of network 
modifiers such as Li2O, MgO, and CaO. This would result in 
a reduced viscosity of the residual glass phases compared to 
glass-ceramics A–C and therefore displays an interesting point 

of discussion regarding the sintering properties of the glass-
ceramics. Comparing the sintering properties of glass-ceramic A 
to B and C, the restraining influence of crystallization processes 
on the sintering process becomes obvious, since glass-ceramic 
A shows no diopside formation in contrast to B and C. A more 
dedicated investigation is necessary to resolve the different 
results of the sintering process. Furthermore, enhancing the 
powder processing, e.g., by granulation of the glass powder 
prior to uniaxial pressing, could improve the densification and 
sintering of the powder compacts.

The influence of the chemical composition of the base glasses 
on the quantitative crystal phase composition of the final glass-
ceramics is shown in Table 4. Obviously, a concentration of ≤1.4 
or 1.6 mol% of MgO and CaO in the base glasses is insufficient for 
the precipitation of CaMgSi2O6 in the present base glass system. 
However, as mentioned in the first paragraph of the discussion, 
this finding is only true for the activation of the glass powders 
surface by means of ball milling down to a mean grain size of 
about 20 μm. Increasing the concentration of MgO and CaO from 
2.9 or 3.1 to 3.6 or 3.7 mol%, respectively, resulted in a consider-
able increase of the diopside content by 3.4 wt.%, while further 
increasing to 3.8 or 4  mol%, respectively, did not significantly 
change the concentration of diopside in the glass ceramic. The 
reduced content of SiO2 together with the consumption of SiO2 
during the crystallization of Li2Si2O5 could explain the stagnant 
precipitation of CaMgSi2O6, although higher concentrations of 
CaO and MgO are provided in the base glass.

Based on the preliminary study of crystallization (Figure 4) 
and comparing the micrographs B–D with the micrograph of the 
diopside-free glass-ceramic A (Figure  6), the crystals forming 
the microstructure of the glass-ceramics can be identified. Large 
(5–10 μm) bar-like diopside crystals are embedded in a matrix of 
rather small (<1 μm) plate-like Li2Si2O5 crystals (Figure 6).

High concentrations of crystalline phases (>55 wt.%) (Table 4) 
as well as the arrangement of Li2Si2O5 and CaMgSi2O6 crystals 
in an interlocking microstructure (Figure  6) contribute to the 
biaxial strength of the glass-ceramics (Dittmer et  al., 2014). 
However, pores in the microstructure, as they were found par-
ticularly in glass-ceramics B and C (Figure 6), can decrease the 
biaxial strength of the materials. In a previous study on tailoring, 
the thermal expansion of Li2Si2O5 glass-ceramics by precipitating 
a high CTE minor phase significant effects on the biaxial strength 
of the glass-ceramics due to the considerable mismatch in the 
CTEs of the involved crystal phases were reported (Rampf et al., 
2015, 2016). However, in the glass-ceramic system investigated 

TaBle 6 | estimated chemical compositions of the residual glass phases 
in mol%.

a B c D

SiO2 76.4 73.3 71.9 70.1
Li2O 4.4 7.5 9.0 9.7
K2O 5.7 6.2 6.6 6.1
MgO 3.7 3.0 2.7 3.4
CaO 4.1 3.7 3.1 4.2
Al2O3 5.7 6.3 6.7 6.2
P2O5 – – – 0.3

TaBle 5 | Properties of the glass-ceramics.

a B c D

σbiax (MPa) 329 ± 67 270 ± 60 262 ± 71 391 ± 98
CR (%) 77 88 92 92
CTE25–500°C × 10−6 K−1 10.2 10.1 9.8 9.8
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in the present study, such effects are unlikely since there is no 
such huge difference in the thermal expansion of the involved 
crystal phases. The CTE200–800°C of diopside crystals was investi-
gated to be approximately 7.4 × 10−6 K−1 (Rigby and Green, 1942) 
and therefore very close to polycrystalline lithium disilicate 
(CTE25–600°C = 11.4 × 10−6 K−1) compared to the investigations by 
Rampf et al. (2015, 2016).

The precipitation of diopside as a minor phase in Li2Si2O5 glass-
ceramics reduces the translucency of the glass-ceramic materials 
due to the introduction of a further interface where scattering of 
light occurs (Nassau, 2001). The influence of a minor crystal phase 
Ca5(PO4)3F on the optical properties of Li2Si2O5 glass-ceramics 
was previously investigated by Rampf et  al. (2015, 2016). They 
reported the optical properties, in particular the translucency, 
to be dominated by the Li2Si2O5 crystals, which appeared to be 
significantly larger than the submicron sized apatite crystals. 
However, the apatite crystals having dimensions in the range 
of visible light did affect the opalescence of the materials. In the 
present system, the diopside crystals are significantly larger than 
the approximately 0.5–1 μm-sized Li2Si2O5 crystals. Hence, the 
precipitation of diopside displays an effective tool to influence 
the translucency of Li2Si2O5 glass-ceramics without affecting its 
opalescence properties.

Machining of the crystallized glass-ceramics using conven-
tional CAD/CAM technology was feasible without problems. The 
minor diopside phase enhanced the machinability of the Li2Si2O5 
glass-ceramics probably by interfering with the high-strength 
interlocking Li2Si2O5 microstructure.

cOnclUsiOn

Glass-ceramics comprising Li2Si2O5 as main crystal phase and 
CaMgSi2O6 as minor crystal phase can be produced from base 
glasses in the SiO2–Li2O–P2O5–Al2O3–K2O–MgO–CaO system. 
The parallel precipitation of a layer silicate (Li2Si2O5) on the 
one side and crystals of the chain silicate type (CaMgSi2O6) on 

the other side require the control of two separate  nucleation 
and crystallization mechanisms. Li2Si2O5 can be nucleated 
internally at an amorphous glassy P2O5–Li2O-rich interphase. 
The activation of the glass surface, e.g., by means of ball mill-
ing, is mandatory to efficiently nucleate the crystallization of 
CaMgSi2O6.

The chemical composition, in particular a sufficient con-
centration of MgO and CaO, of the base glass is essential for 
the precipitation of the CaMgSi2O6 minor phase. However, the 
mandatory concentration of MgO and CaO can deviate with the 
extent or method applied for surface activation.

A reproducible powder compact process, including uniaxial 
pressing and sintering, was developed to produce dense Li2Si2O5–
CaMgSi2O6 glass ceramic materials.

Li2Si2O5–CaMgSi2O6 glass-ceramics could be machined by 
means of conventional CAD/CAM technology and reach a biaxial 
strength of 391 ± 98 MPa based on the interlocking microstruc-
ture and possible additional compressive stress formation.

The large (5–10 μm) bar-like CaMgSi2O6 crystals embedded 
in a matrix of interlocking (≤1 μm) Li2Si2O5 crystals reduce the 
translucency of the material and hence display a further potential 
tool to create new combinations of material properties within 
Li2Si2O5-based glass-ceramics.
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