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Variable thermal expansion of 
glass-ceramics containing  
Ba1−xSrxZn2Si2O7
Christian Thieme, Martin Schlesier, Eze Oji Dike & Christian Rüssel

Up to now, the thermal expansion behavior of multiphase glass-ceramics cannot be predicted reliably 
because of the nescience about the formation of the type and concentration of crystalline phases. In the 
system BaO-SrO-ZnO-SiO2, recently a new phase based on Ba1−xSrxZn2Si2O7 solid solutions was found, 
which exhibits unexpected low and highly anisotropic thermal expansion, which can be used for an 
adjustment of the thermal expansion properties. In the case of sealing materials for high-temperature 
reactors, the formation of this phase should be avoided. Hence, in this manuscript the concentration 
thresholds in which these solid solutions precipitate from glasses were determined. The phase analysis 
was correlated with the thermal expansion behavior of the glass-ceramics. Depending on the Ba/Sr-
ratio of the glasses and the considered temperature range, the coefficients of thermal expansion of the 
glass-ceramics vary between 19.4·10−6 K−1 and 4.8·10−6 K−1. The concentration thresholds in which 
the as mentioned phases form via crystallization of glasses differ strongly from the literature values 
obtained via conventional ceramic mixed oxide route.

The thermal expansion of alkaline earth containing silicate or borosilicate glasses and glass-ceramics can be 
adjusted to high values and is hence suitable for sealing applications, where the glass-ceramic seal is in contact to 
high thermal expansion metals, such as Crofer or Nicrofer or ceramics, such as zirconia1–6. One of the most pop-
ular examples, in which glass-ceramics are needed in order to seal different materials, is the solid oxide fuel cell 
(SOFC)7. Here, the coefficient of thermal expansion (CTE) has to be adjusted precisely in order to avoid excessive 
stresses at the interface to the sealed materials8.

Glass-ceramics based on alkaline earth silicates possess high thermal expansion, which strongly depends on 
the composition of the base glass9. Typical CTE values of such materials are in the range from 8 to 12·10−6 K−1, 
according to the CTEs of the respective crystalline phases7, 10. However, even higher values up to above 17·10−6 K−1 
can be obtained by the precipitation of BaZn2Si2O7 and isostructural solid solutions, in which Zn2+ is partially 
replaced by other bivalent cations of similar ionic radii11, 12. The thermal expansion behavior of BaZn2Si2O7 is 
almost temperature independent and very high below a phase transition at around 280 °C13. Above the phase 
transition temperature, very low and temperature dependent thermal expansion can be observed14. Recently, 
it was reported that the CTEs of glass-ceramics in the base system BaO-ZnO-SiO2 decrease drastically if SrO is 
added to the glass composition due to the formation of Ba1−xSrxZn2Si2O7 solid solutions with the crystal structure 
of the high-temperature polymorph of BaZn2Si2O7 (HT-BaZn2Si2O7)9, 15. These solid solutions exhibit very low 
thermal expansion and hence sealing glasses with much lower CTEs can be obtained9, 16. However, these glasses 
cannot be used in high-temperature reactors such as the SOFC because of the high CTE mismatch between the 
seal and other components of the cell7. Especially the crystallization of phases with very high and very low ther-
mal expansion in one and the same glass-ceramic material should be avoided in order to guarantee long-term 
stability during thermal cycling and good mechanical properties of the seals.

Furthermore, orthorhombic Ba1−xSrxZn2Si2O7-crystals with the structure of HT-BaZn2Si2O7 show highly ani-
sotropic thermal expansion behavior, this is negative thermal expansion in the direction of the lattice parameter 
b and positive thermal expansion in the direction of the lattice parameters a and c, whereas the c parameter has a 
much higher thermal expansion than the a parameter. The origin of the thermal expansion is described in detail 
in ref. 15 but can shortly be described by a stretching movement of ZnO4-chains in the direction of the lattice 
parameter c, causing very high thermal expansion. Furthermore, these tetrahedra become strongly compressed, 
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which leads to a contraction in the b direction. This contraction is extremely strong and hence, the mean value of 
the coefficient of thermal expansion is negative.

Solid solutions of the composition Ba1−xSrxZn2Si2O7 crystallize in high concentrations from appropriate glass 
compositions17. The phase stability range of the pure crystalline materials was investigated in ref. 14. At x < 0.1, 
phases with the crystal structure of LT-BaZn2Si2O7 as well as mixtures of LT- and HT-BaZn2Si2O7 form. At higher 
values of x, the HT-phase is stable up to around x = 0.9, a threshold above which single phase ceramic cannot be 
obtained anymore14, 18. However, there are hints which indicate that both, the HT- as well as the LT-phase, also 
form outside of the given phase stability region, if precipitated from glasses9.

The aim of this study is to clarify the effect of the substitution of Ba2+ by Sr2+ on the phase formation of 
glass-ceramics, in which Ba1−xSrxZn2Si2O7 solid solutions occur as the main phase. In these glasses, the Ba/
Sr-ratio was varied and the phase formation and its effect on the thermal expansion were investigated.

Experimental Procedure.  Glasses of 200 g were melted in Pt crucibles at 1400 °C for 2 h using an induc-
tively heated furnace. The batches were prepared from reagent grade raw materials: BaCO3 (>98.5%, Merck), 
SrCO3 (pure, VEB Laborchemie Apolda), ZnO (>99%, Carl Roth GmbH & Co. KG), SiO2 (>99%, Carl Roth 
GmbH & Co. KG), ZrO2 (>99%, Carl Roth GmbH & Co. KG), La2O3 · H2O (pure, VEB Laborchemie Apolda) and 
H3BO3 (>99%, Merck). After casting the glasses on a copper block, they were transferred into a furnace preheated 
to 700 °C, which was switched off in order to allow the glass to cool down slowly.

From the glasses, which were cooled down to room temperature, cylindrically shaped samples were drilled out 
in order to measure the thermal expansion behavior of the glasses. For this purpose, a NETZSCH Dil 402 PC with 
a heating rate of 5 K/min was used. The CTEs were determined as the slopes (linear regressions) of the thermal 
expansion curves between 200 and 500 °C. Furthermore, the bulk glasses were used to measure the density using 
a helium pycnometer MICROMERITICS AccuPyc 1330.

From the bulk glasses, powders were prepared by crushing the glass to a grain size <400 µm using a steel 
mortar. This powder was then transferred into a mortar mill and sieved to a grain size <71 µm. This powder was 
used for the DSC (differential scanning calorimetry), HSM (side-view hot-stage microscopy) and XRD (X-ray 
diffraction) measurements. The DSC was performed up to 1100 °C using a LINSEIS DSC Pt-1600 and a heating 
rate of 10 K/min. The HSM was performed using a self-built device, where the samples were placed in a heated 
corundum tube next to a thermocouple. With an increment of 2 K, images of the projection of the sample were 
saved in order to illustrate the sintering behavior. The evaluation was performed by the determination of the area 
of this projection.

The glass powder was also heat treated in order to study the formation of the appearing crystalline phases. The 
sintered and crystallized powders were afterwards milled again and XRD was performed in a 2θ-range from 10° 
to 60° using a RIGAKU MiniFlex 300.

From these diffractograms, the lattice parameters and the phase content was determined using the Rietveld 
software MAUD (Materials Analysis Using Diffraction)19. Therefore, the data from the crystallographic data from 
the literature or the Inorganic Crystal Structure Database (ICSD) of Zn2SiO4 (ref. 20, ICSD 2425), SiO2 (ref. 21,  
ICSD 83849), and Sr2ZnSi2O7 (ref. 22, ICSD 247476) were taken. In the case of LT-BaZn2Si2O7, the dataset of the 
isostructural compound BaCo2Si2O7 (ref. 23, ICSD 81473) was taken. Phases with the structure of HT-BaZn2Si2O7 
were refined using the data reported in ref. 15, which have the composition Ba0.6Sr0.4Zn2Si2O7.

The thermal expansion of the glass-ceramics was also studied by dilatometry as described above. However, 
instead of bulk samples, glass powders were used, which were pressed into cylindrical shape and afterwards the 
respective heat treatment was performed. From the dilatometric measurements, so called “technical CTE values” 
were calculated using the following equation: αT1-T0 = (L1 − L0)/(L0 · (T1 − T0)), where L0 and L1 are the samples 
lengths at the temperatures T0 and T1, respectively.

Chemical analyses of the as casted glasses were performed with a Jeol JSM 7001 F electron microscope 
equipped with an energy dispersive X-ray spectroscopy (EDS) instrument. Quantification was performed with 
an acceleration voltage of 30 kV evaluating the following emission lines: Zn L, Si K, Ba L, Sr K, Zr L, and La L.

Results
Transparent and homogenous glasses were obtained after the melting procedure. No crystalline phases could be 
detected with XRD. The respective diffractograms are given as Supplementary Figure S1. The compositions in 
which only the Ba/Sr-ratio was varied are summarized in Table 1 in units of [mol%] together with the respective 
sample names. In order to show that there is no large difference between the batch composition and the real 
chemical composition, quantification was performed applying EDS on the samples Sr-00, Sr-05, and Sr-11.

The DSC-curves of all 17 glass compositions are illustrated in Fig. 1 (left part), where fine grained powder 
(<71 µm) was characterized. It can be seen that the glass transition temperatures (Tg) remain almost constant, 
whereas the crystallization peaks are shifted to higher temperatures with increasing Sr-concentration. In the 
lower right part of Fig. 1, the glass transition temperatures are illustrated as a function of the Sr-concentration 
of the glasses. Furthermore, the Tg-values from both, dilatometry and DSC, are summarized in Table 2 together 
with other characteristic properties from DSC, dilatometry, HSM and pycnometry. The Tg values are in the range 
from 649 to 661 °C. The measuring error of these values is around ± 3 K. A steady decrease in Tg with increasing 
SrO-concentration is observed, nevertheless, the effect is fairly small. In the upper right part of Fig. 1, the crystal-
lization temperatures (onset and maximum) are displayed as a function of the Sr-concentration of the glass. The 
maximum of the crystallization peak increases almost linearly, whereas the onset temperatures increase from the 
sample Sr-00 to Sr-13. At higher Sr-concentrations, the onset is shifted to lower temperatures. This can also be 
seen in Fig. 1 (left), where the shape of the crystallization peak changes at high Sr-concentrations, i. e. a shoulder 
appears at lower temperatures, which indicates the formation of at least two phases.
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The dilatometric curves of bulk glass samples are illustrated in the upper left part of Fig. 2 for elevated sam-
ples. The CTEs as well as the Td-values (Td = dilatometric softening temperatures) are also illustrated in Fig. 2, 
where no clear trend of these values can be observed. The CTEs are all in the range from 6.8 to 8.0 10−6 K−1 and 
show a slight decrease of the CTEs with increasing Sr-concentration and a reincrease of these values at high 

Sample name batch/EDS BaO SrO ZnO SiO2 ZrO2 B2O3 La2O3

Sr-00
batch 16 - 35 45 1 2 1

EDS 16.6 0.5 35.6 45.4 0.9 * 1.1

Sr-01 batch 15 1 35 45 1 2 1

Sr-02 batch 14 2 35 45 1 2 1

Sr-03 batch 13 3 35 45 1 2 1

Sr-04 batch 12 4 35 45 1 2 1

Sr-05
batch 11 5 35 45 1 2 1

EDS 11.4 6.3 35.3 45.3 0.6 * 1.1

Sr-06 batch 10 6 35 45 1 2 1

Sr-07 batch 9 7 35 45 1 2 1

Sr-08 batch 8 8 35 45 1 2 1

Sr-09 batch 7 9 35 45 1 2 1

Sr-10 batch 6 10 35 45 1 2 1

Sr-11
batch 5 11 35 45 1 2 1

EDS 5.0 12.9 34.6 46.2 0.3 * 1.0

Sr-12 batch 4 12 35 45 1 2 1

Sr-13 batch 3 13 35 45 1 2 1

Sr-14 batch 2 14 35 45 1 2 1

Sr-15 batch 1 15 35 45 1 2 1

Sr-16 batch — 16 35 45 1 2 1

Table 1.  Batch compositions of the glasses in mol%. The chemical compositions of the samples Sr-00, Sr-05, 
and Sr-11 were also determined with EDS. *Detected, but not quantified.

Figure 1.  Thermal analysis of the glasses. On the left, DSC-curves of all samples are illustrated. The upper right 
graph shows the change of the crystallization temperature as a function of the Sr-concentration. The lower right 
part shows the glass transition temperature determined via dilatometry in dependence of the Sr-concentration.



www.nature.com/scientificreports/

4Scientific Reports | 7: 3344  | DOI:10.1038/s41598-017-03132-x

Sample
Density 
[g/cm³]

Tg 
[°C]

Tg 
[°C]

Td 
[°C]

α300–500 
[10−6·K−1]

αreg 
[10−6·K−1] TFS [°C] TMS [°C]

Method pyc DSC dil dil dil dil HSM HSM

Sr-00 4.105 653 660 699 7.66 7.54 716 762

Sr-01 4.079 655 663 702 7.76 7.58 721 765

Sr-02 4.090 653 658 701 7.74 7.57 719 771

Sr-03 4.062 658 661 706 7.98 7.72 721 777

Sr-04 4.050 656 659 699 7.65 7.54 722 766

Sr-05 4.045 655 657 693 7.85 7.64 715 769

Sr-06 4.026 652 655 704 7.68 7.51 721 764

Sr-07 4.005 655 655 702 7.77 7.60 722 770

Sr-09 3.981 653 656 696 7.92 7.71 710 770

Sr−10 3.960 649 654 700 7.32 7.16 716 774

Sr-11 3.956 654 653 699 6.98 6.80 710 772

Sr-12 3.942 654 656 695 7.51 7.32 710 770

Sr-13 3.919 652 657 704 7.45 7.29 725 771

Sr-14 3.906 649 652 688 7.15 6.88 715 766

Sr-15 3.871 649 656 703 7.58 7.44 725 770

Sr-16 3.854 647 653 692 7.71 7.52 709 765

Table 2.  Properties of the glasses determined with pycnometry (pyc), dilatometry (dil), DSC, and hot-stage 
microscopy (HSM). Tg - onset of the glass transition; Td - dilatometric softening temperature; α300–500 - technical 
coefficient of thermal expansion between 300 and 500 °C; αreg - coefficient of thermal expansion determined by 
the slope of a linear fit of the dilatation curve between 200 and 500 °C; TFS - sintering onset (first shrinkage); TMS 
- end of sintering (maximum shrinkage). The values of the sample Sr-08 are reported in ref. 17.

Figure 2.  Thermal analysis and pycnometric results. On the upper left, dilatometric curves of elevated samples 
are displayed. The upper right shows the coefficients of thermal expansion as a function of the Sr-concentration. 
The lower left Figure displays the dilatometric softening temperature as a function of the Sr-concentration. The 
lower right diagram shows the density in dependence of the Sr-concentration. The density was fitted by a linear 
regression. The respective formula is given inside the diagram, where x is the respective Sr-concentration in 
units of [mol%].
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Sr-concentrations. The density (lower right part of Fig. 2) decreases linearly with increasing Sr-concentration. 
The solid line is a regression line, the attributed regression parameters are given inside the graph, where x is the 
Sr-concentration in units of [mol%].

In comparison to the dilatometric thermal expansion of the glasses, the respective glass-ceramics show a 
strong dependence of the thermal expansion behavior as a function of the composition. The dilatometric curves 
recorded from glass-powder sintered at 900 °C for 1 h are shown in Fig. 3. In the upper left part, the thermal 
expansion curves of samples with Sr-concentrations between 0 and 8 mol% are shown. A kink is observed at 
temperatures between room temperature and around 300 °C, which can be attributed to the phase transition of 
LT-BaZn2Si2O7 to its HT-polymorph. In the pure BaZn2Si2O7-phase, this transition takes place at 280 °C. These 
phase transition temperatures decrease linearly as a function of the Sr-concentration (see upper right part of 
Fig. 3). The linear regression of the phase transition temperatures as a function of the Sr-concentration (denoted 
as “x”) is given inside the graph. The kink cannot be observed at Sr-concentrations higher than 7 mol%, i. e. if 
around 45% of the BaO is substituted with SrO. Furthermore, a small volume jump can be observed at around 
570 °C, which can clearly be seen in the case of higher Sr-concentration. The temperature of this kink does not 
change with the composition of the samples. At a Sr-concentration below 3 mol%, this effect is notably less pro-
nounced. At around 650 °C, another kink can be observed, which is also at the same position for all samples.

The CTEs decrease with increasing Sr-concentration. The CTEs also exhibit a strong dependence on the 
temperature and therefore, the CTEs given in the lower right part of Fig. 3 are calculated for different tem-
perature ranges. In the range from 100 to 300 °C, the samples Sr-00 and Sr-01 exhibit very high CTEs of 19.2 
and 19.4·10−6 K−1, respectively. At higher Sr-concentrations, the CTEs decrease and reach a minimum value 
of 4.8·10−6 K−1 for the samples Sr-09 and Sr-11. At high Sr-concentrations, a slight re-increase of the CTE is 
observed.

A similar behavior can be found in the case that the CTEs were calculated in the range from 100 to 600 °C. 
Furthermore, CTEs were determined at temperatures above the phase transition but below the kink at 570 °C. For 
this purpose, CTEs from 350 to 550 °C were calculated, however, they do not show a clear trend.

The phase formation at 900 °C can be seen in Fig. 4 for the samples with 0 to 8 mol% SrO and in Fig. 5 from 
8 to 16 mol% of SrO. The peaks can reliably be attributed to the phases Zn2SiO4 (willemite), SiO2 (low-quartz) 
as well as Ba1−xSrxZn2Si2O7 solid solutions, which can have both, the crystal structure of HT- as well as 
LT-BaZn2Si2O7. From the diffractograms, the concentrations of the phases inside the glass-ceramics were cal-
culated (see Fig. 6). The Sr-free glass shows a mixture of phases with the crystal structure of LT- as well as 

Figure 3.  Results from dilatometry of pressed powder compacts, which were sintered and crystallized at 900 °C 
for 1 h. The upper and the lower left diagrams show the dilatation curves for different compositions. The upper 
right part shows the phase transition temperatures (TPT) of the transition from phases with the structure of LT-
BaZn2Si2O7 to HT-BaZn2Si2O7. The linear regression is given inside the diagram, where the phase transition 
temperature in units of [°C] is given as a function of the Sr-concentration x in units of [mol%]. The lower right 
part shows technical coefficients of thermal expansion in dependence of the Sr-concentration calculated for 
different temperature ranges.



www.nature.com/scientificreports/

6Scientific Reports | 7: 3344  | DOI:10.1038/s41598-017-03132-x

HT-BaZn2Si2O7. Furthermore, around 10% of Zn2SiO4 (willemite) have been formed. Up to around 3% of SrO, 
almost no low-quartz was detected. At higher temperatures, 5 to 10% SiO2 were found. However, the amount 
of SiO2 is highly erroneous, because only one or two peaks can be observed within the diffractograms and the 
major peak is more or less overlapped by the phase with the structure of HT-BaZn2Si2O7. A further increase of 
the Sr-concentration leads to a decreasing amount of LT-BaZn2Si2O7, which can no longer be observed in notable 
quantities if the Sr-concentration is higher than 6%. Between 6 and 13 mol% of SrO, the main phase is a solid 
solution with the structure of HT-BaZn2Si2O7 with around 80 to 85 wt%. The other components are willemite and 
low-quartz. Furthermore, a small amount of residual glassy phase should also be found in all glass-ceramics con-
taining B2O3, ZrO2 and La2O3, which are not incorporated in a crystalline phase. The glassy phase was not quan-
titatively characterized. Above around 13 mol% of SrO, the amount of HT-BaZn2Si2O7 solid solutions decreases 
drastically from above 80 to below 30%. This decrease runs parallel to an increase in the concentration of wille-
mite as well as Sr2ZnSi2O7. The latter starts to form if the SrO concentration is at least 14 mol% (Sr-14).

From the refinement of the crystal phases, also the lattice parameters were determined, which is illus-
trated in Fig. 7 for the crystals with the structure of HT-BaZn2Si2O7 as a function of the Sr-concentration 
inside the starting glass compositions. The measured lattice parameters are shown as red dots. The a parameter 
increases with increasing Sr-concentration of the starting glass composition up to around 8 mol% Sr. At higher 
Sr-concentrations, the lattice parameter a decreases slightly. By contrast, the b parameter decreases between 0 
and 8 mol% Sr and reincreases from 8 to 16 mol%. Lattice parameter c decreases continuously, but not linearly.

Figure 4.  X-ray diffraction patterns of samples crystallized at 900 °C for 1 h with Sr-concentrations in the range 
from 0 to 8 mol%. On the left side, the full measuring range is illustrated together with the theoretical peak 
positions calculated from the respective ICSD entries or from the literature (LT-BaZn2Si2O7

24, HT-BaZn2Si2O7
15, 

Zn2SiO4 (willemite)20, SiO2 (low-quartz)21). On the right side, the same patterns are illustrated in a narrower 
2θ-range from 25–33° and the peaks are attributed to certain crystalline phases.
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Besides the measured lattice parameters, Fig. 7 also shows the lattice parameters reported in ref. 14 as squares. 
The latter values were determined at different temperatures (30, 100, 200, 300, 400, 500, 600, 700, 800, 900, and 
1000 °C), which is indicated by the colored bars (blue color means low temperatures and red color means high 
temperatures). These literature values were determined with stoichiometric single phase powders of the general 
composition Ba1−xSrxZn2Si2O7 and the upper x-axes should be used. In the case of glass-ceramics in which all 
alkaline earth ions are incorporated into a phase with the structure of HT-BaZn2Si2O7, the x-value of the upper 
x-axis can be directly converted into the Sr-concentration of the lower x-axis. However, this is only valid in 
the case of Sr-concentrations from around 7 to 13 mol%, i. e. the lattice parameters of the phases with x = 0.6 
(Ba0.4Sr0.6Zn2Si2O7) and x = 0.8 (Ba0.2Sr0.8Zn2Si2O7) prepared via solid state reaction as reported in ref. 14 can 
directly be compared with those of the phases precipitated from the glasses containing 9–10 and 12–13 mol% 
of Sr. In this concentration range, the lattice parameter a determined from the precipitated phase is in good 
agreement with the lattice parameters of the pure phases determined between room temperature and 100 °C. In 
the case of the b parameter, the values obtained from the glass-ceramics are comparable with those of the single 
phase powders at 600 to 700 °C. The c parameters have almost the same values if compared to the literature values 
determined at around 300 °C.

Figure 5.  X-ray diffraction patterns of samples crystallized at 900 °C for 1 h with Sr-concentrations in the 
range from 8 to 16 mol%. On the left side, the full measuring range is illustrated together with the theoretical 
peak positions calculated from the respective ICSD entries or from the literature (HT-BaZn2Si2O7

15, Zn2SiO4 
(willemite)20, SiO2 (low-quartz)21, Sr2ZnSi2O7

22). On the right side, the same patterns are illustrated in a 
narrower 2θ-range from 25–35° and the peaks are attributed to certain crystalline phases.
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Also the lattice parameters of LT-BaZn2Si2O7 show a distinct trend between 0 and 6 mol% Sr (see 
Supplementary Figure S2). At higher Sr-concentrations, this phase cannot be detected anymore. The lattice 
parameters of willemite and low-quartz are scattering and show no clear trend.

Discussion
As summarized in Table 1, the compositions of the final glasses and the batch compositions are in good agree-
ment. However, a reliable quantification of B2O3 is not possible with EDS and this is also the most volatile species 
in these glasses. B2O3 was hence not quantified, but it was detected with EDS. The role of B2O3 in these glasses is 
only to enlarge the glass forming region. A huge influence of the B2O3 on the thermal expansion properties of the 
final crystallized samples is not expected by the authors.

The results of the thermal analyses of the glasses in Figs 1 and 2 clearly show that the thermal properties of 
the glasses such as Tg and Td as well as the CTEs are almost not affected by the substitution of BaO with SrO. As 
expected, the density decreases linearly with decreasing BaO-concentration. The compositions of the glasses 
were not determined experimentally because in the past similar glasses were produced in almost the same way 
and their compositions were quantified and showed no significant variation from the batch composition11, 12, 17.

The crystallization behavior changes significantly if BaO is substituted by SrO. First hints can be found in the 
DSC-curves (see Fig. 1), where the crystallization onset is shifted to lower temperatures if the Sr-concentration 
exceeds 13 mol%. A shoulder appears which should be due to the formation of Sr2ZnSi2O7 proved via XRD. Below 
14 mol% SrO, the DSC signal does not change significantly with the exception that the crystallization peaks are 
shifted to higher temperatures with increasing Sr-concentrations. However, the appearing crystalline phases and 
hence also the thermal expansion behavior changes significantly. The sample without SrO, this is the sample 
Sr-00, shows a thermal expansion curve divided into two main parts, one with very high thermal expansion at 
lower temperatures and one with a lower thermal expansion at higher temperatures. The origin of the change of 
the thermal expansion from high to low is the phase transition from LT- to HT-BaZn2Si2O7 as already reported 
in ref. 12. This phase transition is shifted linearly to lower temperatures with increasing Sr-concentration as illus-
trated in the upper right corner of Fig. 3. Interestingly, even at a SrO-concentration of 6 mol%, this is a substitu-
tion of 37.5% of BaO with SrO, the phase transition can be observed above room temperature. Hence, in samples 

Figure 6.  Results from quantitative phase analysis. On the left side, the result from the refinement of the 
sample Sr-04 heat treated at 900 °C for 1 h is shown. On the right side, the concentration of the crystal phases 
is given as a function of the Sr-concentration of the glasses. The sum of all crystalline phases is 100%, i. e. the 
residual amorphous phase is not considered in this illustration. The inserted lines are just a guide for the eyes. 
Uncertainties are around ± 5 mol%.
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with more than 6 mol% of SrO, almost no crystalline phases with the structure of the LT-phase of BaZn2Si2O7 can 
be observed anymore.

This concentration threshold differs strongly from that obtained in ref. 14, where pure stoichiometric 
ceramics were characterized. There, it is reported that single phase solid solutions with the crystal structure of 
HT-BaZn2Si2O7 start forming if 10 to 20 mol% of BaO are substituted by SrO. Hence, in comparison to stoichio-
metric crystalline ceramics, glass-ceramics need a higher amount of SrO in order to obtain solely the HT-phase.

Furthermore, in the case of the samples Sr-14, Sr-15, and Sr-16, Sr2ZnSi2O7 is additionally formed and hence 
fractions of the alkaline earth oxides are also incorporated in this phase. Possibly, also minor concentrations 
of BaO are incorporated into this phase, but this was not proven here and could also not reliably be verified 
via XRD. In the case of pure crystalline ceramics of the compositions Ba1−xSrxZn2Si2O7, the HT-phase is sta-
ble up to x = 0.9, this is a substitution of 90% of BaO by SrO14. At higher SrO-concentrations, no single phase 
materials can be obtained anymore. In the case of glass-ceramics, this behavior starts with the sample Sr-14 and 
becomes stronger for Sr-15 and Sr-16. In the sample Sr-14, 87.5% of BaO are replaced by SrO and hence, the 
upper SrO-concentration thresholds are almost identical in the case of glass-ceramics and single phase ceramics.

The appearing phases are illustrated in Figs 4 and 5, where it is seen that besides the HT- and LT-phase of 
BaZn2Si2O7 also small willemite and low-quartz concentrations are found. The appearance of low-quartz was also 
confirmed by the very slight volume jump at around 570 to 575 °C observed in the dilatometric curves, which 

Figure 7.  Lattice parameters of Ba1−xSrxZn2Si2O7 solid solution phases with the crystal structure of HT-
BaZn2Si2O7. The red circles belong to the lattice parameters determined from the glass-ceramics with different 
Sr-concentrations heat treated at 900 °C for 1 h. The black squares belong to the lattice parameters determined 
in ref. 14 at room temperature and between 100 and 1000 °C in steps of 100 K. The temperature increase is 
marked by the colored rectangles, where the temperature increases from blue to red. These values belong to the 
upper x-axis. Both x-axes are the same in the case that all alkaline earth ions are solely incorporated into the 
Ba1−xSrxZn2Si2O7 solid solutions.
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should be due to the low-quartz/high-quartz phase transition. The formation of the latter is due to the composi-
tion of the glasses, which has a somewhat higher SiO2 concentration than a stoichiometric ceramic material. The 
quartz concentration remains almost constant for all glass compositions (see Fig. 6). At SrO-concentrations below 
4 mol%, the quantitative analysis of low-quartz obtained from the XRD-patterns in Figs 4 and 5 is highly errone-
ous because there is a strong overlapping of the main peak of low-quartz and the main peak of HT-BaZn2Si2O7 
solid solutions. However, a very small volume jump at around 570 °C can be observed in the respective dilatomet-
ric curves, which is an indication of the presence of low-quartz also in the samples Sr-00, Sr-01, Sr-02, and Sr-03. 
Hence, the kink in the line of SiO2 in Fig. 6 between 2 and 4% might not be as pronounced. The quantitative phase 
analysis also shows that the willemite concentration is around 10% and increases at higher SrO-concentrations, 
which runs parallel with the increasing formation of Sr2ZnSi2O7. The occurrence of willemite as well as of quartz 
is in agreement with the glass composition which in relation to Ba1−xSrxZn2Si2O7 has an excess in ZnO as well as 
in SiO2.

The results from quantitative phase analyses of samples crystallized at 900 °C are in agreement with the ther-
mal expansion behavior between 100 and 300 °C where the maximum values of CTE for the samples Sr-00 and 
Sr-01 and the lowest values between Sr-07 and Sr-13 were observed. The extremely high thermal expansion at 
low SrO-concentrations is due to the precipitation of LT-BaZn2Si2O7 and the re-increase of the CTE at higher 
SrO-concentrations is caused by the formation of Sr2ZnSi2O7, with a CTE of around 9.5·10−6 K−1 9. The CTEs 
strongly depend on the temperature and hence the CTEs in the lower right part of Fig. 3 are given for different 
temperature ranges. The values from 350 to 500 °C are measured above the phase transition temperature of phases 
with the structure of LT-BaZn2Si2O7 and below the temperature of the volume jump of low-quartz. In this range, 
the thermal expansion of all the samples is almost independent of temperature. The lowest value was measured 
for the sample Sr-03 (5.5·10−6 K−1) and the highest for the sample Sr-16 (7.5·10−6 K−1).

In Fig. 7, the lattice parameters of Ba1−xSrxZn2Si2O7 solid solutions with the structure of HT-BaZn2Si2O7 
are illustrated for both, glass-ceramics as well as stoichiometric ceramics. As already mentioned, the lattice 
parameters from the stoichiometric material at x = 0.6 and 0.8 can be compared to the lattice parameters of the 
glass-ceramics between 9 and 13 mol% of SrO. Especially the b parameter shows a strong deviation if both, the 
glass-ceramic and the stoichiometric material are compared. The values of the glass-ceramics are much lower 
than in the case of the stoichiometric material, which should be due to the stresses inside the samples forming 
during cooling. Under the assumption that the glass-ceramics are stress-free at the crystallization temperature 
of 900 °C, the following should happen during cooling concerning the lattice parameters of the HT-phase of 
BaZn2Si2O7. The crystallographic a axis contracts together with the other appearing phases and is almost not 
affected. The lattice parameter b strongly expands and gets compressed because of the surrounding phases, which 
all contract during cooling. The c parameter strongly contracts during heating, i. e. it contracts much more than 
the surrounding phases and therefore, this parameter is higher than in a stress-free case.

The lowered b-parameter, which has around the same value as a stress-free material at around 600 to 700 °C 
might increase the CTE of this phase, which was also experimentally proven via in-situ XRD in ref. 17. The reason 
should be that this parameter is compressed so strongly that a further contraction during heating is not possible 
anymore. Especially an adjustment of the glass composition should solve this problem. Therefore, the amount of 
phases with the structure of HT-BaZn2Si2O7 should be increased and the precipitation of high thermal expan-
sion phases such as quartz should be hindered and as a result, the CTE of the glass-ceramic material should be 
lowered.

Conclusion
The thermal expansion behavior of glass-ceramics from the base system BaO-SrO-ZnO-SiO2 can be varied 
between 19.4 and 4.8·10−6 K−1 only by the variation of the Ba/Sr-ratio. The change in the thermal expansion 
behavior is attributed to the formation of phases with the crystal structure of LT- and HT-BaZn2Si2O7. If around 
45 to 90 mol% of BaO are replaced by SrO, all the alkaline earth ions are incorporated into solid solutions with the 
structure of HT-BaZn2Si2O7. This concentration range is somewhat smaller than in the case of pure single phase 
ceramics. However, in this range very low thermal expansion can be expected. Furthermore, the lattice param-
eters of this HT-phase differ from those reported on single phase ceramics. Especially the lattice parameter b is 
much smaller in the case of the glass-ceramics reported here, which is due to a compression inside the direction 
in which negative thermal expansion occurs. This effect together with the formation of low-quartz and willemite 
leads to CTEs above 4·10−6 K−1.

Data availability statement.  The datasets generated during and/or analyzed during the current study are 
available from the corresponding author on reasonable request.

References
	 1.	 Reddy, A. A., Tulyaganov, D. U., Kharton, V. V. & Ferreira, J. M. F. Development of bilayer glass-ceramic SOFC sealants via 

optimizing the chemical composition of glasses—a review. J. Solid State Electrochem. 19, 2899–2916 (2015).
	 2.	 Wang, X., Ou, D. R., Zhao, Z. & Cheng, M. Stability of SrO–La2O3–Al2O3–SiO2 glass sealants in high-temperature air and steam. 

Ceram. Int. 42, 7514–7523 (2016).
	 3.	 Luo, L. et al. Application of BaO–CaO–Al2O3–B2O3–SiO2 glass–ceramic seals in large size planar IT-SOFC. Ceram. Int. 41, 

9239–9243 (2015).
	 4.	 Fakouri Hasanabadi, M., Nemati, A. & Kokabi, A. H. Effect of intermediate nickel layer on seal strength and chemical compatibility 

of glass and ferritic stainless steel in oxidizing environment for solid oxide fuel cells. Int. J. Hydrogen Energy 40, 16434–16442 (2015).
	 5.	 Da Silva, M. J., Bartolomé, J. F., De Aza, A. H. & Mello-Castanho, S. Glass ceramic sealants belonging to BAS (BaO–Al2O3–SiO2) 

ternary system modified with B2O3 addition: A different approach to access the SOFC seal issue. J. Eur. Ceram. Soc. 36, 631–644 
(2016).

	 6.	 Puig, J., Ansart, F., Lenormand, P., Conradt, R. & Gross-Barsnick, S. M. Development of barium boron aluminosilicate glass sealants 
using a sol–gel route for solid oxide fuel cell applications. J. Mater. Sci. 51, 979–988 (2016).



www.nature.com/scientificreports/

1 1Scientific Reports | 7: 3344  | DOI:10.1038/s41598-017-03132-x

	 7.	 Mahapatra, M. K. & Lu, K. Glass-based seals for solid oxide fuel and electrolyzer cells – A review. Mater. Sci. Eng., R 67, 65–85 
(2010).

	 8.	 Kim, K. J. et al. Micro solid oxide fuel cell fabricated on porous stainless steel: a new strategy for enhanced thermal cycling ability. 
Sci. Rep 6, 22443 (2016).

	 9.	 Thieme, C., de Souza, G. B. & Rüssel, C. Glass-ceramics in the system BaO-SrO-ZnO-SiO2 with adjustable coefficients of thermal 
expansion. J. Am. Ceram. Soc. 99, 3097–3103 (2016).

	10.	 Kerstan, M. & Rüssel, C. Barium silicates as high thermal expansion seals for solid oxide fuel cells studied by high-temperature X-ray 
diffraction (HT-XRD). J. Power Sources 196, 7578–7584 (2011).

	11.	 Thieme, C. & Rüssel, C. Cobalt containing crystallizing glass seals for solid oxide fuel cells – A new strategy for strong adherence to 
metals and high thermal expansion. J. Power Sources 258, 182–188 (2014).

	12.	 Thieme, C. & Rüssel, C. High thermal expansion of crystallized glasses in the system BaO–ZnO–NiO–SiO2. Ceram. Int. 41, 
13310–13319 (2015).

	13.	 Kerstan, M., Thieme, C., Grosch, M., Müller, M. & Rüssel, C. BaZn2Si2O7 and the solid solution series BaZn2−xCoxSi2O7 (0≤x≤2) as 
high temperature seals for solid oxide fuel cells studied by high-temperature X-ray diffraction and dilatometry. J. Solid State Chem. 
207, 55–60 (2013).

	14.	 Thieme, C. & Rüssel, C. Very High or Close to Zero Thermal Expansion by the Variation of the Sr/Ba Ratio in Ba1−xSrxZn2Si2O7 - 
Solid Solutions. Dalton Trans. 45, 4888–4895 (2016).

	15.	 Thieme, C., Görls, H. & Rüssel, C. Ba1−xSrxZn2Si2O7 - A new family of materials with negative and very high thermal expansion. Sci. 
Rep 5, 18040 (2015).

	16.	 Kracker, M., Thieme, C., Häßler, J. & Rüssel, C. Sol–gel powder synthesis and preparation of ceramics with high- and low-
temperature polymorphs of BaxSr1−xZn2Si2O7 (x=1 and 0.5): A novel approach to obtain zero thermal expansion. J. Eur. Ceram. Soc. 
36, 2097–2107 (2016).

	17.	 Thieme, C., Schlesier, M., Bocker, C., Buzatto de Souza, G. & Rüssel, C. Thermal Expansion of Sintered Glass Ceramics in the System 
BaO–SrO–ZnO–SiO2 and Its Dependence on Particle Size. ACS Appl. Mater. Interfaces 8, 20212–20219 (2016).

	18.	 Klasens, H. A., Hoekstra, A. H. & Cox, A. P. M. Ultraviolet Fluorescence of Some Ternary Silicates Activated with Lead. J. 
Electrochem. Soc. 104, 93–100 (1957).

	19.	 Lutterotti, L., Chateigner, D., Ferrari, S. & Ricote, J. Texture, residual stress and structural analysis of thin films using a combined 
X-ray analysis. Thin Solid Films 450, 34–41 (2004).

	20.	 Klaska, K. H., Eck, J. C. & Pohl, D. New investigation of willemite. Acta Crystallogr., Sect. B: Struct. Sci. Cryst. Eng. Mater 34, 
3324–3325 (1978).

	21.	 Norby, P. Synchrotron Powder Diffraction using Imaging Plates: Crystal Structure Determination and Rietveld Refinement. J. Appl. 
Crystallogr 30, 21–30 (1997).

	22.	 Ardit, M., Cruciani, G. & Dondi, M. The crystal structure of Sr-hardystonite, Sr2ZnSi2O7. Z. Kristallogr. 225, 298–301 (2010).
	23.	 Adams, R. D., Layland, R., Payen, C. & Datta, T. Syntheses, Structural Analyses, and Unusual Magnetic Properties of Ba2CoSi2O7 and 

BaCo2Si2O7. Inorg. Chem. 35, 3492–3497 (1996).
	24.	 Segnit, E. R. & Holland, A. E. The ternary system BaO-ZnO-SiO2. Aust. J. Chem. 23, 1077–1085 (1970).

Acknowledgements
This work was funded by the German Federal Ministry of Education and Research under the grant numbers 
03VP01701 and 03VP01702.

Author Contributions
C.T. prepared all figures and performed most of the measurements. M.S. and E.O.D. melted the glasses and 
prepared most of the samples. C.R. was responsible for the coordination of the experiments. All authors reviewed 
the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-03132-x
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-03132-x
http://creativecommons.org/licenses/by/4.0/

	Variable thermal expansion of glass-ceramics containing Ba1−xSrxZn2Si2O7

	Experimental Procedure. 
	Results

	Discussion

	Conclusion

	Data availability statement. 

	Acknowledgements

	Figure 1 Thermal analysis of the glasses.
	Figure 2 Thermal analysis and pycnometric results.
	Figure 3 Results from dilatometry of pressed powder compacts, which were sintered and crystallized at 900 °C for 1 h.
	Figure 4 X-ray diffraction patterns of samples crystallized at 900 °C for 1 h with Sr-concentrations in the range from 0 to 8 mol%.
	Figure 5 X-ray diffraction patterns of samples crystallized at 900 °C for 1 h with Sr-concentrations in the range from 8 to 16 mol%.
	Figure 6 Results from quantitative phase analysis.
	Figure 7 Lattice parameters of Ba1−xSrxZn2Si2O7 solid solution phases with the crystal structure of HT-BaZn2Si2O7.
	Table 1 Batch compositions of the glasses in mol%.
	Table 2 Properties of the glasses determined with pycnometry (pyc), dilatometry (dil), DSC, and hot-stage microscopy (HSM).




