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A B S T R A C T   

Ceramic-based back covers are commercially utilized as a high-end option for the physical protection of mobile 
phones. Herein, an unprecedented composite structure consisting of a cordierite (2MgO.2Al2O3•5SiO2) glass
–ceramic strengthened with yttria-stabilized zirconia (YSZ) fillers is introduced as a protective back cover, 
specifically for next-generation communication mobile phones additionally requiring a low dielectric constant at 
gigahertz frequencies. Crystallization sequence was rather complicated with the involvements of multiple 
crystalline phases, α- and μ-cordierite, tetragonal and monoclinic ZrO2, and ZrSiO4, depending on the glass and 
composite compositions. This unique approach effectively induced the best mechanical performance for the 10 
wt% YSZ/glass–ceramic structure, despite the low sintering temperature of 1050 ◦C, with the highest Vickers 
hardness of ~9.2 GPa and flexural strength of ~196.8 MPa attained for the optimal composite. Although 
effective dielectric constant of the composites depended on the relative contents of the evolved crystalline 
phases, overall dielectric constant was kept low due to the utilization of cordierite glass as the main component.   

1. Introduction 

High-strength ceramic materials have long been considered to 
overcome the limitations of the mechanical properties of typical re
fractory ceramics in numerous physical applications [1–3]. 
Yttria-stabilized zirconia (YSZ) is one of the best materials for realizing 
high mechanical strength and toughness [4–6]. One unusual commercial 
application of YSZ is as the back cover of mobile phones with a thickness 
of ~0.5–0.6 mm, although its wide implementation is restricted owing 
to its high price and technical difficulty of fabrication process. The back 
cover is intended to physically protect the mobile phone against me
chanical stress from various fracture-inducing sources, such as dropping, 
scratching, and shock, with outward attractions. As long as ceramic 
covers are considered, YSZ will inevitably be selected for its remarkable 

mechanical properties. However, its high dielectric constant (k) limits its 
application beyond 5th generation (5G) communication, which requires 
suitable dielectric properties at microwave frequencies. As anticipated, 
6G mobile networks enable virtual connections among machines, ob
jects, and devices everywhere with higher data speeds, ultralow latency, 
and massive network capability. Supporting components such as sub
strates and covers, as well as active chip devices, must be designed to 
meet the requirements of these unprecedented network environments. 
In particular, a high k value can impede proper communication through 
the back cover in wireless networks. 

In this regard, we introduce unique high-strength low-k ceramic 
materials for next-generation mobile phones expected to work for next- 
generation wireless communications. Specifically, the back cover must 
have a low k of ideally less than 6 in the gigahertz (GHz) range, not 
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achievable using zirconia-based materials having k~25. Because 
ceramic compounds alone do not likely meet the requirements, the 
composite approach is inevitably chosen. There is no composite reported 
particularly for aiming proper high-frequency dielectric properties with 
exceptional mechanical robustness. The dielectric requirement is quite 
challenging because modifying the composition of YSZ materials to 
lower k by more than half can significantly deteriorate the mechanical 
properties. Accordingly, a new material system must be developed to 
satisfy the required dielectric properties while maintaining high me
chanical properties. Herein, cordierite (2MgO.2Al2O3•5SiO2)-based 
glass–ceramic is newly suggested as an alternative material for the high- 
strength back cover that provides excellent dielectric and mechanical 
characteristics sufficient for commercialization with proper composi
tional modifications. 

Cordierite is a recognized material with promising characteristics, 
including low thermal expansion, low k, and high thermal shock resis
tance, making it suitable for electronic packaging applications [7–9]. 
However, crystalline cordierite possesses poor mechanical strength and 
toughness, and achieving a high fired density is difficult even at its high 
sintering temperature of >1300 ◦C [10,11]. Owing to its limited me
chanical properties, compositing cordierite has been widely investigated 
to boost its fracture strength and toughness by controlling phase evo
lution and microstructural features [12–14]. For example, composites of 
crystalline cordierite toughened with zirconia have demonstrated sub
stantially enhanced strength and toughness depending on the zirconia 
content and sintering temperature [15–17]. 

This work proposes for the first time a high-strength, low-permit
tivity material, i.e., a unique composite system consisting of cordierite 
glass and stabilized zirconia, which forms a glass–ceramic structure 
incorporating a dispersed YSZ filler. In particular, zirconia is involved in 
the glass chemistry as a nucleating agent in controllable amounts to help 
toughen the glass–ceramic structure with the precipitated zirconia 
phase. This combination of cordierite glass–ceramics with a zirconia 
filler is novel, as only ceramic/ceramic composites of cordierite ceramic 
and zirconia have been reported thus far. In contrast to typical ceramic/ 
ceramic composites of cordierite ceramic and zirconia, the sintering 
temperature of the proposed glass–ceramic/ceramic composites is only 
1050 ◦C in contrast to 1200–1400 ◦C for reported ceramic/ceramic 
composites [18,19]. The phase evolution and its resulting influence on 
the dielectric and mechanical properties are investigated by varying the 
zirconia contents in the glasses and composites. Crystallizable glasses 
with ceramic fillers have been extensively studied for ceramic substrate 
applications requiring a low temperature firing [20–23]. The optimized 
values, Vickers hardness of 9.2 GPa and flexural strength of 196.8 MPa, 
for the 4.29 mol.% ZrO2-containing glass with 10 wt% YSZ are very 
competitive compared to the corresponding values reported for 
cordierite-based composites even when a much lower sintering tem
perature of 1050 ◦C is used. The reported performance will be compared 
with our best values in terms of suitability for the proposed applications. 
Origin of our mechanical excellency is discussed in terms of phase 
evolution and its influence on mechanical properties. 

Fig. 1. (a) Schematic of the formation of composite samples from cordierite glass frit and YSZ filler for the mobile phone cover. (b) Glass compositions based on 
excess MgO–cordierite, 2.4MgO.2Al2O3

•5SiO2, containing minor constituents of B2O3 and P2O5 with variable contents of ZrO2 as nucleating agent. (c) TMA curves of 
the glasses, Glass-Zr0, Glass-Zr1, Glass-Zr2, and Glass-Zr3, demonstrating the on-set temperature of densification depending on the relative content of ZrO2 in glasses. 
(d) XRD patterns of the cordierite-based glasses, showing the formation of crystalline cordierite as major phase. (e) DTA curves of the glasses with exothermic peaks 
of crystallization depending on the glass chemistry. (f) Surface SEM photographs of the glass samples densified at 1050 ◦C for 2h. 
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2. Experimental section 

The glass compositions were based on excess-MgO cordierite, i.e., 
2.4MgO.2Al2O3•5SiO2 with B2O3, P2O5, and ZrO2 as minor components. 
Depending on the zirconia content in the glass, four different glass 
compositions were used, designated as Glass-Zr0 (with 0 mol.% ZrO2 in 
glass), Glass-Zr1 (with 1.47 mol.% ZrO2), Glass-Zr2 (with 2.90 mol.% 
ZrO2), and Glass-Zr3 (with 4.29 mol.% ZrO2). The reagent raw mate
rials, i.e., MgCO3 (99 %, Aldrich Co.), Al2O3 (99.9 %, High Purity 
Chemical), SiO2 (99.8 %, Ferro Corp.), H3BO3 (99.9 %, High Purity 
Chemical), NH4H2PO4 (99.8 %, High Purity Chemical), and ZrO2 (99 %, 
Aldrich Co., for Glass-Zr1, Glass-Zr2, and Glass-Zr3 only), were admixed 
by ball-mixing for 16 h and then melted at 1550 ◦C in a Pt crucible for 
the four glasses. The resulting melt was quenched by a roller to form a 
quenched glass. The glass was ball-milled to obtain glass frits with 
average particle sizes of 2.3–2.8 μm. The glass frits were then ball-mixed 
with 0, 5, 10, 15, or 20 wt% commercial YSZ powder (8 wt% 
yttria–zirconia, Sigma-Aldrich) for 16 h in ethanol. After drying the 
slurry at 120 ◦C, the powder mixture was further mixed with a 1.5 wt% 
polyvinyl alcohol (PVA) aqueous binder and uniaxially pressed at ~100 
MPa to form pellets with a diameter of 15 mm. The pellets were sintered 
at 1050 ◦C for 2 h after binder burnout at 550 ◦C. Pellets with different 
dimensions were used for various dielectric and mechanical 
measurements. 

Crystal structures of the sintered pellets were primarily analyzed 
using an X-ray diffractometer (X’pert PRO, PANalytical, The 
Netherlands) in the 2θ scan range of 5–60◦. Surface microstructural 
images of the composite samples were obtained using a field-emission 
scanning electron microscopy (FE-SEM, JEOL-7610F, JEOL, Japan). 
High-resolution transmission electron microscopy (HR-TEM, JEM- 
ARM200F, JEOL, Japan) was used to observe microstructures with the 
assistance of a standard focused ion beam (FIB, Crossbeam 350, ZEISS, 
Germany) technique for sample preparation. The densification behav
iors of the glasses were determined using a thermomechanical analyzer 
(TMA, TMA4000 SA, Bruker AXS, USA). To understand the crystalliza
tion paths, differential thermal analysis (DTA) curves for the selected 
samples were recorded up to 1200 ◦C at a fixed heating rate of 5 ◦C/min 
using a thermogravimetric analyzer (SDT Q600, TA Instruments, USA). 

The Vickers hardness H values of the finely polished samples were 
measured using a microhardness tester (HM-122, Mitutoyo, Japan) with 
a diamond pyramid tip. Each sample was indented multiple times under 
a loading force of 9.8 N for 10 s to obtain average values. The flexural 
strength and modulus were evaluated by the common three-point 
bending method using a universal mechanical testing machine (ST- 
1000, SALT, Korea) at a loading rate of 0.5 mm/min for bar-type sam
ples with dimensions of 40 × 20 × 2 mm. The flexural strength σf was 
calculated using the equation σf = 3FL/2bd2, where F is the maximum 
load, L is the span width between the two supports, b is the width of the 
sample, and d is the sample thickness. Meanwhile, equation E = FL3/ 
4ybd3 was used to estimate the flexural modulus E where y is the 
deflection. The fracture toughness K1c of the composite samples was also 
determined by the indentation-fracture method performed under an 
applied load varying between 2.94 and 19.6 N, using the relation of K1c 
= β(PH)1/2/4C, where β is 0.025(E/H)0.4, P is the applied indentation 
load, and C is the Palmqvist crack length [24]. The relative dielectric 
permittivity k at microwave frequencies was measured using the 
post-resonator method with parallel conductive plates, as guided by 
Hakki and Coleman, using a network analyzer (E8364B, Agilent Tech
nologies Inc. Santa Clara, CA, USA) [25]. The loss tangent tanδ and 
quality factor Q × f at microwave frequencies were also determined 
using the transmission resonant cavity method with a silver cavity and 
quartz support [26]. The measurement frequencies for the 
post-resonator and transmission resonant cavity methods were ~9 and 
~14 GHz, respectively. 

3. Results and discussion 

Fig. 1(a) shows a photograph of the glass–ceramic/ceramic com
posite sample formed via the densification and crystallization process 
from the mixed raw materials, cordierite glass frit and commercial YSZ 
powder, which is targeted for mobile phone covers. Four cordierite 
glasses with different contents of ZrO2 were selected and are hereafter 
labeled with following the Zr contents, namely, Glass-Zr0, Glass-Zr1, 
Glass-Zr2, and Glass-Zr3, as listed in Fig. 1(b). The glasses were based on 
excess-MgO cordierite composition, 2.4MgO.2Al2O3•5SiO2 with minor 
constituents of B2O3 and P2O5. Only the relative content of ZrO2 was 
changed in the glasses while all other molar ratios are maintained. All 
the compositions were successfully melted under the same melting 
condition at 1550 ◦C. Fig. S1 of Supplementary Material shows a 
photograph of transparent pelletized glasses after melt-quenching, 
confirming that clear cordierite-based glasses formed for the glass 
compositions. Using excess MgO beyond the stoichiometric amount for 
cordierite was intended to help facilitate the crystallization with easy 
melting and reduce the weight of the glass (owing to the low density of 
MgO itself) [27,28]. The proposed system is uniquely based on a glass
–ceramic/ceramic composite system, which differs from typical 
high-strength ceramic/ceramic composites, e.g., cordierite/zirconia 
[29], SiC/zirconia [30], and mullite/zirconia [31], particularly in terms 
of its densification mechanism. Our system enables the use of a low 
sintering temperature of 1050 ◦C for the composites because of the 
low-temperature softening of the glasses involved as a major constitu
ent. Fig. 1(c) shows the densification behavior of the four glasses with 
increasing temperature, as determined by TMA measurements. The 
on-set temperature of densification was found to decrease gradually 
from 824.7 to 812.6 ◦C as the relative content of ZrO2 in glasses was 
raised up to 4.29 mol.%. The earlier densification with more ZrO2 in the 
glasses may be associated with the relative reduction in the glass-former 
components of SiO2 and B2O3. The incorporation of small contents of 
B2O3 and P2O5 into cordierite glass is extensively studied to facilitate 
stable formation of glass network with controllable crystallization 
[32–34]. B2O3 is a part of the glass former while P2O5 mainly influences 
the nucleation of cordierite phase. For example, the presence of P2O5 
results in earlier crystallization of α-cordierite [35,36]. Note that the 
glasses contain identical amounts of B2O3 and P2O5 relative to the 
cordierite glass components. 

Fig. 1(d) shows the X-ray diffraction (XRD) patterns of the glasses 
containing different contents of ZrO2 after firing at 1050 ◦C for 2 h in the 
2θ range of 25 to 37◦, which was selected for easier comparison of the 
evolved crystalline phases depending on the content of ZrO2. The 
extended patterns in the broader 2θ range of 5 to 60◦ are available in 
Fig. S2. The formation of a glass–ceramic structure is evident with 
distinct peaks of α-cordierite phase as a major constituent in all the 
glasses. Notably, tetragonal zirconia (t-ZrO2) phase started to appear 
with the addition of ZrO2 and became apparent with the higher contents 
of ZrO2 added to the glass. The t-ZrO2 phase was assumed to be 
precipitated out upon firing along with the crystallization of cordierite. 
Note that the as-prepared glasses were amorphous with no crystalline 
peak as seen in the XRD patterns of Fig. S3. Similarly, the presence of the 
ZrO2 phase was reported in other cordierite-based glass systems after 
forming glass–ceramics, where the ZrO2 phase was observed even at a 
small concentration in the glass [37,38]. Moreover, only the Glass-Zr3 
sample exhibited minor peaks corresponding to zircon (ZrSiO4) phase, 
indicating that some of ZrO2 reacted with SiO2 to form zircon phase. It 
should be also mentioned that peak traces of monoclinic zirconia 
(m-ZrO2) were found in the glasses of Glass-Zr2 and Glass-Zr3. 

Crystallization behavior of the glasses was examined by the DTA as 
seen in Fig. 1(e), where distinct exothermic peaks of crystallization are 
evidently seen depending on the glass chemistry. Two distinguishable 
crystallization peaks of μ-cordierite and α-cordierite in the DTA were 
identified in the Glass-Zr3 based on the extra XRD patterns of Fig. S4 
where μ-cordierite phase was dominantly observed at a low temperature 
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of 900 ◦C and then disappeared at 950 ◦C as exemplified in the cases of 
Glass-Zr0 and Glass-Zr3. It indicates that the transformation of 
μ-cordierite to α-cordierite phase happens upon firing. The transition to 
α-cordierite is well recognized as a typical route to stable cordierite 
crystallization [39,40]. It should be mentioned that the incorporation of 
ZrO2 in the glass induced the earlier crystallization of the intermediate 
μ-cordierite compared to the case of Glass-Zr0, as expected from the role 
of ZrO2 as a nucleating agent [41,42]. As another crystalline phase, 
ZrSiO4 was observed at ~1024 ◦C only for the Glass-Zr3, which is ex
pected from the XRD pattern of the Glass-Zr3. Fig. 1(f) presents surface 
SEM images of the glasses sintered at 1050 ◦C for 2 h. Fully densified 
microstructures are seen as expected from earlier densification and later 
crystallization of the glasses as confirmed from the previous TMA and 
DTA curves. The increased white precipitates of presumable ZrO2 phase 
is noticeable on the surface of the glass–ceramic samples with more ZrO2 
in the glasses. 

Hereafter, composite samples consisting of the glass frits with 
different YSZ fillers up to 20 wt% are characterized. Fig. 2(a–d) shows 
the XRD patterns of the densified composites at 1050 ◦C for 2 h in the 
narrow 2θ range of 25–37◦. The XRD patterns in the extended 2θ range 
of 5 to 60◦ are presented in Fig. S5. Evolution of crystalline phases 
depended on the type of glass and the content of YSZ filler. For easy 
comparison, Fig. S6 shows the rearranged XRD patterns of the com
posites with the same content of filler for different glasses. There are four 
different crystalline phases, α-cordierite, t-ZrO2, m-ZrO2, and zircon, 
involved in the composites. The relative contents of the crystalline 
phases in each composite were roughly estimated by comparing the 
intensity of the strongest peak of each phase relative to the added peak 
intensities of all the crystalline peaks, as presented in Fig. 2(e) demon
strating the evolution of each phase with increasing the YSZ filler in the 
composites. The strongest peaks correspond to (100) plane of 

α-cordierite at 2θ~10.4◦, (101) plane of t-ZrO2 at 2θ~30.1◦, (111) plane 
of m-ZrO2 at 2θ~31.4◦, and (200) plane of zircon at 2θ~26.8◦. 

The relative content of α-cordierite was found to decrease substan
tially as the YSZ filler increased irrespective of the glasses, which ac
companies more crystallization of ZrSiO4 phase. Zircon is known to be a 
reaction product of cordierite ceramics and zirconia in ceramic/ceramic 
composites at high temperatures >1300 ◦C [43,44]. However, zircon 
formation at the low temperature of 1050 ◦C has never been reported 
thus far. Nonetheless, zircon is likely to easily form when SiO2 is sup
plied by the glasses because the cordierite glass and the surface of YSZ 
particles are in intimate contact during the densification process, owing 
to the viscous movement of the melted glass above ~800 ◦C. In partic
ular, the strong presence of zircon was evident in the composites con
taining more than 10 wt% YSZ, presumably indicating that the extended 
contact areas with more fillers facilitated the formation of extensive 
zircon phase. Interestingly, t-ZrO2 phase was not proportionally 
increased with the higher contents of YSZ fillers in the glasses (except for 
the case of Glass-Zr0), while m-ZrO2 phase was found as an accompa
nying phase with the incorporation of YSZ. As the commercial YSZ filler 
is mainly tetragonal (as seen in the XRD pattern of Fig. S7), the presence 
of m-ZrO2 suggests the occurrence of phase transformation from the 
tetragonal to monoclinic structure [45,46]. Fig. 2(f) shows the DTA 
curves of the composites of the glasses with 10 wt% YSZ. All the curves 
demonstrate a distinct crystallization peak of ZrSiO4 after the crystalli
zation peak of α-cordierite phase. The earlier exothermic peak corre
sponds to the crystallization of μ-cordierite as confirmed in the XRD 
patterns of Fig. S8 for composites densified at the lower temperatures of 
900 and 950 ◦C. 

Fig. 3(a and b) shows the plots of variations in fired density and 
linear shrinkage of the composites with changing the YSZ content for 
each glass. As expected, the absolute values of density tended to increase 

Fig. 2. (a–d) XRD patterns of the composite samples sintered at 1050 ◦C for 2 h, which consist of (a) Glass-Zr0, (b) Glass-Zr1, (c) Glass-Zr2, and (d) Glass-Zr3 with 
different contents of YSZ filler up to 20 wt% YSZ. (e) Variations in the relative content of each crystalline phase with increasing the YSZ content for the glasses, which 
were estimated by comparing the relative ratios of the strongest intensity peaks in XRD patterns. (f) DTA curves of the composite samples in the case of 10 wt% YSZ 
fillers added to the glasses, clearly demonstrating the dependence of the distinct exothermic peaks of crystallization on the composite compositions and temperature. 

J.Y. Kim et al.                                                                                                                                                                                                                                   



Ceramics International 50 (2024) 35725–35733

35729

proportionally with the increments of ZrO2 content in the glasses and 
composites because the density of zirconia itself is much higher than 
that of cordierite. In this regard, chasing the linear shrinkage may be 
indicative of the progress of densification. Obviously, the 10 wt% YSZ 
seemed to create the optimal densification of the composites with the 
higher shrinkage values for all the glasses. There have been the opti
mized contents of fillers for best densification in the case of glass/ 
ceramic composites as being associated with the effectiveness of the 
formation of glass networks vis viscous flow in the presence of dispersed 
fillers [47,48]. 

Fig. 3(c and d) shows the surface SEM images of the selected com
posite samples sintered at 1050 ◦C for 2 h (see Fig. S9 for more SEM 
images of other composites). All the samples demonstrate a well- 
densified microstructure with negligible porosity—a common charac
teristic of glass–ceramic structures, wherein the low-temperature- 
softening glass is responsible for filling voids during the initial viscous 

movements in the presence of dispersed YSZ fillers. In conjunction with 
the phase evolution observed in the previous XRD patterns, the 
dissimilar-contrast portions of the composite surfaces may be correlative 
to the evolved crystalline phases. For instance, the white homoge
neously distributed particles likely correspond to zirconia phase in the 
dark background of the cordierite matrix phase. For the composite 
structures with the higher YSZ content, additional grey-contrast areas 
appear dominantly—possibly zircon phases. The energy dispersive 
spectroscopy (EDS) elemental mapping images of Fig. 3(e) demonstrate 
the dominant presence of Zr in the precipitates, compared to the matrix 
phase of cordierite. Fig. S10 shows the plots of each elemental peaks for 
the representative two regions of the matrix and precipitates, ensuring 
that the precipitates are based on Zr-rich phase. Overall, the white and 
grey portions tended to be more extensive with the higher contents of 
zirconia in the composites, consistent with the stronger peaks for the 
zirconia and zircon phases with the higher YSZ contents in the XRD 

Fig. 3. (a,b) Variations in (a) fired density and (b) linear shrinkage of the composite samples sintered at 1050 ◦C for 2 h. (c,d) Surface SEM images of the composite 
samples containing (c) 10 wt% and (d) 20 wt% YSZ fillers for the Glass-Zr0, Glass-Zr1, and Glass-Zr3, in which discrete bright-contrast phases are dispersed over the 
surfaces depending on both the zirconia content in the glasses and the YSZ filler content in the composites (note negligible porosity unlike that of typical cordierite/ 
zirconia ceramic composites). (e) Highlighted SEM of Glass-Zr3/10 wt% YSZ with the elemental EDS mapping of Zr, Si, and Mg. (f,g) Highlighted TEM micrographs of 
(f) crystalline ZrO2 in cordierite matrix with the SAED patterns of t-ZrO2 (top) and amorphous glass (bottom), and (g) crystalline ZrSiO4 in cordierite matrix with the 
corresponding patterns of ZrSiO4 (top) and amorphous glass (bottom). 

Fig. 4. (a) Vickers hardness, (b) flexural strength, (c) flexural modulus, and (d) fracture toughness of the composite samples containing different YSZ contents from 
0 to 20 wt% for the Glass-Zr0, Glass-Zr1, Glass-Zr2, and Glass-Zr3, wherein all the trends in the mechanical properties suggest that 10 wt% YSZ in Glass-Zr3 is the best 
composition in terms of viable mechanical characteristics for the covers of mobile phones. 
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patterns. Notably, cordierite ceramic/zirconia composites exhibited 
considerable porosity, even at a high sintering temperature of 1400 ◦C in 
literature [49,50], supporting the advantages of our glass-based com
posite system. In addition, the presence of crystalline phases of ZrO2 and 
ZiSiO4 were confirmed by the TEM observation as seen in Fig. 3(f and g). 
The TEM images represent the interfacial regions around the crystallized 
t-ZrO2 (Fig. 3(f)) and ZrSiO4 (Fig. 3(g)) phases in the glass-ceramic 
matrix, which are along with the corresponding selected area electron 
diffraction (SAED) patterns. It is interestingly observed that the surfaces 
of the crystalline phases were surrounded with the glassy phase. The 
observation is plausible because the cordierite glass is supposed to wet 
the surface of YSZ filler particles in the initial stage of densification and 
the formation of ZrSiO4 likely proceeds through the interfacial reactions. 

Fig. 4(a–d) shows the mechanical properties of the glass and com
posite samples sintered at 1050 ◦C as a function of the YSZ content, 
specifically the Vickers hardness, flexural strength, flexural modulus, 
and fracture toughness. The actual values are listed in Table S1, which 
were taken as average ones from the multiple measurements. The me
chanical values pertain to typical ranges for these parameters reported 
for cordierite-based glass–ceramics or related composite materials. All 
the varying tendencies with the YSZ contents were identical, showing 
peak values in the case of the composites composed of Glass-Zr3 (con
taining the highest amount of ZrO2) and 10 wt% YSZ. Notably, the 
fracture strength and toughness of cordierite ceramic/zirconia ceramic 
composites were reported to increase up to the maximum content of 
zirconia, typically up to 40 wt% [51,52]. The enhanced mechanical 
behavior in the ceramic/ceramic composites was attributed to the 
toughening effect in microstructures with the transformation of tetrag
onal to monoclinic zirconia and the stronger presence of zircon [53,54]. 

In our system, the mechanism for the enhanced toughening must be 
similar to that reported previously because these phases are also wide
spread over the samples depending on the contents of zirconia in the 
glasses and composites. Only a noticeable difference lies in the fact that 
the optimal densification was attained with the optimal filler content 
dispersed in the glass matrix, especially without producing porosity that 
was seriously observed in the reported ceramic/ceramic composites [18, 
55]. Note that the crystallization of the phases in our system happens 
after densification of the cordierite glass, as confirmed by the TMA and 
DTA curves. Although the optimal content of the YSZ filler was apparent 

merely with 10 wt%, the peak values attained in composite structures 
were outstanding. For example, the best average Vickers hardness of 
~9.2 GPa for the Glass-Zr3/10 wt% YSZ sample corresponds to a sub
stantial improvement over the ~8.3 GPa for Glass-Zr0 without YSZ. 
With the simultaneous benefits from zirconia both in the glass (as a 
constituent) and composites (as a filler), the highest average flexural 
strength of ~196.8 MPa for the Glass-Zr3/10 wt% YSZ sample is very 
encouraging considering the low sintering temperature. The best flex
ural strength means an increment by ~152 % relative to ~78.1 MPa for 
the Glass-Zr0 sample (with no YSZ filler). This same optimized com
posite exhibited a flexural modulus of ~212.1 GPa and fracture tough
ness of ~3.06 MPa m1/2, indicating highly competitive values compared 
with those of similar composite cases. The best values obtained for the 
Glass-Zr3/10 wt% YSZ sample were compared with the corresponding 
outcomes reported for cordierite-based composites as presented in 
Table 1 [15,16,54,56–71]. The comparison indicates the excellency of 
our composite system in terms of all the major mechanical parameters. 
Note that most of reported composites were densified in the temperature 

Table 1 
Comparison of our best values with the reported mechanical properties of cordierite-based composites, indicating the excellency of our composite system. Note that 
most of the reported cases are based on crystalline cordierite requiring high-temperature densification greater than 1200 ◦C.  

Composition Sintering 
condition 

Vickers hardness 
(GPa) 

Flexural strength 
(MPa) 

Flexural modulus 
(GPa) 

Fracture toughness (MPa 
m1/2) 

Ref. 

Cordierite (ceramic)/30 wt% mullite 1450 ◦C, 2 h 9.0 N/A 137 1.9 [56] 
Cordierite (ceramic)/10 wt% m-ZrO2 1250 ◦C, 1 h 8.1 92.5 119.2 1.9 [16] 
Cordierite (ceramic)/10 vol% m-ZrO2 1300 ◦C, 4h N/A 160 N/A 2.4 [54] 
Cordierite (ceramic)/6 wt% t-ZrO2 1375 ◦C, 2 h N/A 131 N/A 1.9 [15] 
Cordierite (ceramic)/20 wt% TiC 1350 ◦C, 2h N/A 158 N/A N/A [57] 
Cordierite (glass)/20 vol% SiC 1200 ◦C, 0.5 h N/A ~95 N/A 2.7 [58] 
Cordierite (ceramic)/10 wt% ZrSiO4 1300 ◦C, 0.5 h 8.3 ~98 ~112 1.5 [59] 
Cordierite (ceramic)/12 vol% ZrSiO4 1300 ◦C, 1h 6.4 N/A N/A N/A [60] 
Cordierite (ceramic)/30 wt% mullite 1300 ◦C, 2 h N/A 106 81 N/A [61] 
Cordierite (ceramic)/60 wt% SiC 1360 ◦C, 2 h N/A 54.6 N/A N/A [62] 
Cordierite (ceramic)/20 wt% Ti3SiC2 1350 ◦C, 2 h N/A 180 N/A N/A [63] 
Cordierite (ceramic)/10 wt% Spodumene/15 

wt% Zircon 
1360 ◦C, 2 h N/A ~100 N/A N/A [64] 

Cordierite (ceramic)/9.5 wt% 1400 ◦C, 2h N/A 104.9 N/A N/A [65] 
Spodumene/5 wt% Al2SiO5 

Cordierite (ceramic)/10 wt% TiO2 1300 ◦C, 3 h 6.5 158.5 N/A ~3.0 [66] 
Cordierite (ceramic)/40 wt% Mica 1200 ◦C, 2 h 4.7 142.7 N/A 2.9 [67] 
Cordierite (ceramic)/5 wt% h-BN 1350 ◦C, 1.5 h 8.5 N/A N/A N/A [68] 
Cordierite (ceramic)/40 wt% AlN 1400 ◦C, 4 h N/A 175 ~80 0.3 [69] 
Cordierite (ceramic)/spinel/6 wt% NiO 1200 ◦C, 2h 8.3 N/A N/A N/A [70] 
Cordierite (ceramic)/24 vol% CaO–B2O3–SiO2 

glass 
1200 ◦C, 2h 5.7 N/A N/A N/A [71] 

Cordierite (Glass-Zr3)/10 wt% YSZ 1050 ◦C, 2 h 9.2 196.8 212.1 3.1 This 
work  

Table 2 
Dielectric properties at GHz, measured by the Hakki-Coleman method.  

Composition Frequency f 
(GHz) 

Dielectric 
constant k 

Quality 
factor 
Q 

Q × f 
(GHz) 

Loss 
tangent 

Glass-Zr0 8.97 4.97 1822.7 16348.3 5.49 ×
10− 4 

Glass-Zr1 8.91 4.99 1901.0 16930.5 5.26 ×
10− 4 

Glass-Zr2 9.22 5.11 1590.4 14670.1 6.29 ×
10− 4 

Glass-Zr3 9.67 5.25 913.3 8828.2 10.9 ×
10− 4 

Glass-Zr0/10 
wt% YSZ 

9.37 5.34 1949.7 18274.7 5.13 ×
10− 4 

Glass-Zr1/10 
wt% YSZ 

8.91 5.36 1564.6 13948.2 6.39 ×
10− 4 

Glass-Zr2/10 
wt% YSZ 

8.89 5.50 1517.6 13484.5 6.59 ×
10− 4 

Glass-Zr3/10 
wt% YSZ 

9.12 5.57 1351.7 12326.4 7.40 ×
10− 4  
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range of 1200–1450 ◦C. A noteworthy result of flexural strength was 
160 MPa achieved for a cordierite ceramic/10 vol% m-ZrO2 composite 
sintered at 1300 ◦C for 4 h [54]. For the cover of mobile phones, the 
hardness and flexural strength, which indicate the resistance against 
scratching and mechanical shock, respectively, are the major concern 
for commercialization as introduced earlier. 

Dielectric properties of the composites were examined to confirm the 
suitability for the phone cover applications. Table 2 presents all 
dielectric values, including dielectric constant, loss tangent, and quality 
factor Q with the measured frequency f, for the glass and composite 
samples. As expected, dielectric constant was raised with the relative 
contents of zirconia in the glasses and composites as the dielectric 
constant of zirconia is much higher than that of cordierite [72]. All 
permittivity values met the original target of low dielectric constant for 
6G communication networks. Based on the XRD analysis of Fig. 2(e), the 
effective dielectric constant was evaluated according to the volumetric 
mixture rule counting the contribution of each phase to overall dielectric 
constant as being expressed with the relation of effective dielectric 
constant keff [73,74]: 

keff =
∑N

i=1
viki  

where N is the total number of crystalline phases, vi is the volume 
fraction of i phase, and ki is the dielectric constant of i phase. With the 
consideration of dielectric constant of each crystalline phase, i.e., 25 for 
t-ZrO2 [75], 17.9 for m-ZrO2 [75], and 7.4 for ZrSiO4 [76], the calculated 
keff values were plotted with the measured values for the cases of no filler 
and 10 wt% YSZ samples as seen in Fig. 5 with the assumption of 10 vol 
% residual glass. The calculated values are closely approximated with 
the measured values. For example, the composite of Glass-Zr2 with 10 
wt% YSZ filler demonstrated an estimated keff of 5.46 that is close to the 
measured 5.50. The calculation results fully support the observed trend 
of increasing dielectric constant of composites with the higher contents 
of zirconia in the glasses and composites. Dielectric loss tangent of the 
glass and composite samples at microwave frequencies remained 
consistently low, on the order of 10− 4, when subjected to microwave 
frequencies. For the optimal Glass-Zr3/10 wt% YSZ sample, k of ~5.57 
and loss of ~7.40 × 10− 4 were obtained with a high Q × f value of ~12, 
326 GHz, thus indicating the suitability as a functional mobile phone 
cover. 

4. Conclusion 

Unprecedented composites comprising cordierite glass–ceramics 

with YSZ ceramic fillers were proven to be viable as mobile phone covers 
for next-generation communications, with the outstanding mechanical 
properties optimized with the contents of nucleating ZrO2 in the glasses 
and YSZ filler in the composites. The presence of ZrO2 in the glass 
facilitated earlier crystallization and induced better mechanical 
behavior. The YSZ fillers in the crystallizable system more effectively 
enhanced the mechanical properties while maintaining dielectric con
stant low. As a highlight, our best mechanical results, Vickers hardness 
of 9.2 GPa, flexural strength of 196.8 MPa, flexural modulus of 212.1 
GPa, and fracture toughness of 3.1 MPa m1/2, which were achieved for 
the optimized glass–ceramic/ceramic composite consisting of the high
est ZrO2-containing glass with 10 wt% YSZ, exceed the reported values 
for any cordierite-based composites. As expected, dielectric properties at 
GHz were suitable for the 6G communication applications with the 
dependence of dielectric properties on the glass and composite compo
sitions. The experimental dielectric constant was well approximated 
with the calculated permittivity as a result of applying the volumetric 
mixture rule considering the contribution of each phase to the overall 
dielectric constant on the basis of volume fraction. The achievements 
may be a good benchmark for new physical applications demanding 
adjustable mechanical and electrical properties. 
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Fig. 5. (a,b) Changes in dielectric constant of the composite samples for different glasses in the cases of (a) no filler and (b) 10 wt% YSZ filler, in which the measured 
and calculated values are plotted per each case. Note that the calculated values were based on the volumetric mixture rule considering the contribution of each phase 
to overall dielectric constant on the basis of its volume fraction with the assumption of 10 vol% residual glass. 
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