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Abstract: A low-Tg SnO–MgO–P2O5 (SMP) glass was mixed

with polytetrafluoroethylene (PTFE) to form composites by

a sintering route. Effects of SMP:PTFE ratio and sintering

temperature (350 ◦C–430 ◦C) on the microstructure and the

bonding ability to a low thermal-expansion glass substrate

were investigated. The onset softening temperatures of SMP

and PTFE are close (328 ◦C and 313 ◦C), which are much

lower than the onset temperature of weight loss of PTFE

(381 ◦C). This is important for the sintering of SMP–PTFE

composites. After sintering, pure SMP glass was not able

to bond to the low thermal-expansion 1737® glass sub-

strates. However, SMP–PTFE composites were able to bond

to 1737® after sintering at appropriate temperatures. A pos-

siblemechanism for the enhancement of bonding by adding

PTFE is discussed.

Keywords: SnO–P2O5 glass; Polytetrafluoroethylene; Sinter-

ing

1 Introduction

Glass systems based on PbO–ZnO–B2O3,
1 ,2 SnO–P2O5,

3 ,4

Bi2O3–ZnO–B2O3,
5 and V2O5–TeO2–P2O5,

6 etc., exhibit low

glass transition temperatures (Tg) and acceptable chemical

durability. Therefore, these low-Tg glasses can be used as

sealing materials for joining different parts that can not be

processed at high temperatures, e.g., electronic devices. The

typical joining/sealing temperatures can be lower than, e.g.,

450 ◦C.

One of the disadvantages of low-Tg sealing glasses

is that their coefficients of thermal expansion (CTE), e.g.,
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100–120 × 10−7 K−1 for SnO–ZnO–P2O5 glasses,
3 are much

higher than several important low-CTE materials such as

silicon (CTE = 37 × 10−7 K−1). The high discrepancy in CTE

would result in remarkable thermal stresses during cool-

ing after the sintering process. One method to reduce the

CTE of sealing glass is to incorporate low-CTE filler phases,

e.g., high-quartz solid solutions, β-eucryptite, β-spodumene,
cordierite, silica glass.4 However, addition of these refrac-

tory filler addition of these refractory filler reduces the

sinterability of the glass powder.

Similar to the above-mentioned low-Tg sealing glasses,

thermoplastic polymers can also be softened at low temper-

atures. Compared to sealing glasses, polymers offer several

advantages, including high flexibility, easy processing, and

low cost, etc. Therefore, it would be of great interest to

explore the formation and characteristics of such a com-

posite material by incorporating a polymer with a softening

temperature similar to that of the low-Tg glass. Neverthe-

less, polymers generally have lower service temperatures

compared to glasses. Polytetrafluoroethylene (PTFE com-

posites) is a thermoplastic polymer with high crystallinity,

high chemical resistance, high melting point (327 ◦C7 ,8), and

high decomposition temperature.9–11 It also exhibits good

flexibility,12 low dielectric permittivity, low loss tangent,

and high strength of dielectric breakdown.13 ,14 Based on

its excellent properties, PTFE and PTFE-based composites

have been used for various applications, e.g., insulation,

capacitors,15 and substrate materials for communication

technology.16–25 Several refractorymaterials, including crys-

talline ceramics18–21,23–25 and glasses,17 ,22 ,26 have been dis-

tributed over PTFE matrix to modify the thermal, chemi-

cal, and dielectric properties of the composites. Ceramic-

PTFE composites with high ceramic contents have also been

studied.26 However, few studies have been made to prepare

and characterize composites containing low-Tg glasses and

PTFE. The low sintering-temperature of the low-Tg glass is

helpful to avoid thermal decomposition or degradation of

PTFE during sintering.

Glasses in the SnO–MgO–P2O5 system exhibit low Tg,

high CTE, and good chemical durability.27–29 In the present

paper, PTFE was distributed over the low-Tg 60SnO-10MgO-

30P2O5 (mol.% SMP) glass to form glass-based composites by
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a sintering route. It is interesting to see whether such seal-

ing materials are able to bond to a low thermal-expansion

material or not. It is expected that the thermal stresses

developed by the CTEmismatch between SMP glass and low

thermal-expansion materials can be relaxed with the aid of

the flexibility of the PTFE phase.

2 Experimental procedures

2.1 Preparation of glass powder

Glass powder of composition 60SnO-10MgO-30P2O5 (mol.%) was pre-

pared. Reagent-grade raw materials Sn2P2O7 and MgO were mixed,

followed by being melted in an alumina crucible at 975 ◦C for 20 min.

Glass frits were obtained by quenching the liquid into deionized water.

A mix-mill machine (model MM2000, Retsch GmbH, Haan, Germany)

was used to reduce the particle size of the glass powder. The result-

ing particle size of 37–44 μm was obtained by sieving, denoted as

SMP.

2.2 Preparation of glass-PTFE composites

The SMP powder was mixed with various amounts of PTFE powder in

a mix-mill machine. The mixed powders were pressed into disc-shaped

green compacts (diameter 5 mm). The powder compact was placed

between an upper and a bottom Corning 1737® glass substrate, then

was sintered for 10 min at 350 ◦C–430 ◦C in air. The heating rate was

10 K min−1.

2.3 Characterization

Phase-transition temperatures of the SMP–PTFE powder mixtures

were examinedby thermogravimetric analysis anddifferential thermal

analysis (TGA-DTA, model SDT2960, TA Instruments, New Castle, DE,

USA) at a heating rate of 5 K min−1 in air atmosphere. Thermal expan-

sion characteristics of the SMP–PTFE powder compacts were recorded

by thermomechanical analysis (TMA, model Setsys-1750, Setaram Inc.,

France), using fused quartz as the push rod. The heating rate was

10 K min−1. The change of appearance of the powder compacts and

the contact angle were recorded in situ by an optical contact angle

measuring instrument (model OCA20, DataPhysics Instruments GmbH,

Filderstadt, Germany).Microstructural analysiswas conductedby scan-

ning electron microscopy (SEM, model JSM-5600, Jeol, Tokyo, Japan).

The composites were polished, and then coated with an Au film for

examination.

3 Results and discussion

3.1 Thermal analyses of the mixed powders

The DTA thermograms of the SMP–PTFEmixed powders are

shown in Figure 1a. The enlarged y-scale figure for pure

SMP is shown in Figure 1b. As shown in Figure 1b, glass

transition (Tg ≈ 307 ◦C) and exothermic peaks due to glass

crystallization (TP1 ≈ 410 ◦C and TP2 ≈ 450 ◦C) are indicated.

As shown in Figure 1a, the PTFE-containing samples reveal a

sharp endothermic signal, caused by crystal melting. When

the PTFE content is increased, the peak intensity of crystal

melting is more obvious, while the peak position is nearly

the same (325 ◦C–327 ◦C). For pure PTFE, the onset (indi-

cated by ↓) and peak temperature (indicated by ∙) of the
crystalmelting signal are 311 ◦C and 327 ◦C, respectively. The

peak melting temperature of 327 ◦C is consistent with that

reported in some literature.7

Figure 1: (a) DTA thermograms of the SMP–PTFE mixed powders (↓: onset temperature and ∙: peak temperature of crystal melting). (b) Enlarged
y-scale figure for pure SMP.
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Figure 2: (a) TG thermograms of the SMP–PTFE mixed powders (↓: onset temperature of weight loss). (b) Curves in the range of 300–500 ◦C in (a) are

shifted vertically.

Figure 2a shows the TG thermograms of the mixed

SMP–PTFE powders. For pure SMP (i.e., 0 vol.% PTFE), the

weight loss is very small, e.g., only 0.5 % near the highest

test temperature (500 ◦C). When PTFE was added, obvious

weight reduction was observed in the high temperature

range. The weight loss increased from 1.6 wt.% for 25 vol.%

(or 16.1 wt.%) PTFE to 2.5 wt.% for 50 vol.% (or 36.6 wt.%)

PTFE, 4.5 wt.% for 75 vol.% (or 63.4 wt.%) PTFE, and 6.8 wt.%

for pure PTFE near 500 ◦C. In Figure 2b, these curves are

shifted vertically to clearly show the curves of different

PTFE contents. The onset temperature of PTFE decompo-

sition (indicated by ↓) decreased from 447 ◦C for 25 vol.%

PTFE to 381 ◦C for pure PTFE.

Figure 3a shows the thermal-expansion curves of the

mixed SMP–PTFE powder compacts. The curve of pure SMP

does not show glass transition, possibly because of the pow-

dered form of the sample. Namely, the increase of curve

slope at Tg is offset by the increased shrinkage of the powder

compact at temperatures near Tg. In our previous paper,

obvious glass transition can be observed for the dense SMP

glass.29 As seen in Figure 3a, from room temperature to

around 275 ◦C, in which the curves are nearly linear, the

degree of thermal expansion increases generally when the

PTFE content was increased (except for 0–25 vol.% PTFE),

caused by the intrinsically higher coefficient of thermal

expansion (CTE) of PTFE (80 × 10−6 K−1, 25 ◦C–250 ◦C). The

reason for the slightly lower expansion of the 25 vol.% PTFE

sample than that of the pure SMP is not clear. It might

be caused by the effect of porosity on the thermal expan-

sion.30 At temperatures higher than about 275 ◦C–300 ◦C,

the curves become nonlinear. Figure 3b Shows the enlarged

graph of the high-temperature range in Figure 3a. The pure

SMP powder compact begins to soften at around 328 ◦C,

caused by the reduction in glass viscosity. The pure PTFE

powder compact shows a remarkable softening/shrinkage

which begins at around 313 ◦C (indicated by▲). The shrink-

age possibly resulted from viscous deformation of the glass

portion and/or the softening due to crystal melting (onset

temperature 311 ◦C, Figure 1). The expansive peak at 333 ◦C

(indicated by ↓) is possibly caused by the increased amount

of liquid phase, which has lower density than that of the

crystalline phase in PTFE. Unlike pure PTFE,when PTFEwas

added in SMP, the powder compacts did not shrink before

the appearance of expansive peak (indicated by ↓). This

result possibly resulted from the higher onset-shrinkage

temperature (328 ◦C) of the SMP skeleton than that of pure

PTFE (313 ◦C). The SMP–PTFEmixture begins to softenwhen

the temperature is higher than the expansive peak (around

335 ◦C–340 ◦C). It is also noted that the shrinkage rate (i.e.,

the slope of the curve) in the high temperature region

(above 350 ◦C) increases reasonably with the increasing

PTFE content.

Most of the above mentioned characteristic tempera-

tures of SMP glass and PTFE are summarized in Figure 4. It is

noted that the onset softening temperatures of SMP (328 ◦C)

and PTFE (313 ◦C) are close, which are much lower than the

onset temperature of weight loss of PTFE (381 ◦C). This is

important for the sintering of SMP–PTFE composites.

3.2 Appearance of the sintered samples

Figure 5a–d shows the in-situ appearance of the pure PTFE

sample during continuous heating at a rate of 10 K min−1.

As shown in Figure 5a, the region near the sample bot-

tom begins to become transparent at 328 ◦C, caused by

crystal melting (i.e., formation of transparent liquid). This
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Figure 3: (a) Thermal-expansion curves of the mixed SMP–PTFE powder compacts. (b) Enlarged graph of the high-temperature range in (a).

Figure 4: Several characteristic temperatures measured by TG, DTA, and TMA for SMP glass and PTFE.

Figure 5: In-situ appearance of the PTFE sample during continuous heating at a rate of 10 K min−1.

temperature is consistent with the peak temperature of

crystal melting observed in the DTA thermogram (327 ◦C,

Figure 1a or Figure 4). The fraction of transparent region is

increased with the increasing temperature (330 ◦C–385 ◦C,

Figure 5b and c). At 385 ◦C (Figure 5c), the contour of the

sample becomes round and a gas bubble appears due to the

decomposition of PTFE. The formation of gas bubbles is in

agreement with the onset weight loss observed in the TG

thermogram (381 ◦C, Figures 2 or 4). At 400 ◦C (Figure 5d),

the sample becomes irregular in shape due to the expansion

of several gas bubbles.

Figure 6 shows the appearance of the powder compacts

containing 0–75 vol.% PTFE sintered at 350 ◦C–430 ◦C for

10 min on Corning 1737® glass substrate. For the pure SMP

sample, obvious softening occurs at 390 ◦C. Above 400 ◦C,

the samples reveal a liquid drop contour due to more

reduction in glass viscosity. The samples containing 25 vol.%

and 50 vol.% PTFE reveal irregular shapes at temperatures

higher than 400 ◦C, resulted from the formation of gas bub-

bles in the PTFE region (as seen in Figure 5). Increasing the

PTFE content to 75 vol.%, this phenomenon occurred at a

lower temperature (370 ◦C).
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Figure 6: Appearance of the powder compacts containing 0–75 vol.%

PTFE sintered at 350 ◦C–430 ◦C for 10 min on Corning 1737® glass

substrate.

3.3 Sintering of the 1737-[SMP, PTFE]-1737
sandwich structure and its
microstructure

The SMP–PTFE powder compacts were further sintered for

10 min at 360 ◦C–430 ◦C, placed between an upper and a

bottom 1737® substrate. It was found that the pure SMP

glass is not able to bond to both the upper and bottom

substrates, as shown in Figure 7a (the detached 1737® sub-

strates are not shown), caused by the largemismatch in CTE

(12.3 × 10−6 K−1 and 3.76 × 10−6 K−1 for SMP27 and 1737®,

respectively). However, the composites containing 25 vol.%

PTFE were able to bond to the bottom substrate after sin-

tering at 360 ◦C. Increasing the sintering temperature to

above 370 ◦C, the composites were able to bond to both the

upper and the bottom substrates, as shown in Figure 7b.

The pores seen in the PTFE regions of the composite are

expected to be a result of grinding and polishing during the

preparation of SEM samples, as PTFE is less wear-resistant

compared to SMP. When the PTFE content was increased to

75 vol.% and 100 vol.%, the composites are able to bond to

Figure 8: Cross-sectional microstructure for the pure SMP sample shown

in Figure 7a. The arrow indicates the crystalline particles formed along

the original interfaces between glass particles.

both the upper and the bottom substrates at all sintering

temperatures (360 ◦C–430 ◦C).

Figure 8 shows the cross-sectional microstructure for

the pure SMP sample sintered at 430 ◦C. The sample did

not fully densify and residual pores still remained. The

crystalline particles, indicated by the arrow, are possibly

MgP2O6, Mg3P2O8, a/o Sn3P2O8 phases.28 It is noted that

these crystalline particles do not distribute homogeneously

within the glass matrix. Considering the tendency of het-

erogeneous crystallization of amorphous phase, it is sug-

gested that these crystallites formed along the original inter-

faces between glass particles (diameter of 37 μm–44 μm).
The phenomenon has also been discussed in our previous

paper.29

The cross-sectional microstructures of the composites

with 25 vol.% PTFE sintered at 360 ◦C–430 ◦C are shown in

Figure 9a–e. Because of the lower amount of PTFE, discrete

PTFE regions distribute over the continuous SMP matrix. It

Figure 7: (a) Pure SMP sintered at 430 ◦C for 10 min and failed to bond to the 1737® substrates. The detached 1737® substrates are not shown.

(b) SMP – 25 vol.% PTFE composite sintered at 390 ◦C for 10 min to bond to the upper and bottom 1737® substrates.
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Figure 9: Cross-sectional microstructures of the composites with 25 vol.% PTFE sintered at (a) 360 ◦C, (b) 380 ◦C, (c) 390 ◦C, (d) 420 ◦C, and (e) 430 ◦C

for 10 min to bond to the upper and bottom 1737® substrates. (S, SMP glass; P, PTFE; 1U, upper substrate; 1B, bottom substrate; E, epoxy).

is noted that the PTFE regions tended to coalescencewith the

increasing sintering temperature. This result might imply

that the interfacial energy between SMP glass and PTFE is

high (i.e., high wetting angle). Another possibility is that the

SMP matrix became denser with the increasing sintering

temperature, the shrinkage of SMP matrix resulted in the

coalescence of PTFE.

Above 390 ◦C (Figure 9c–e), a continuous PTFE thin

layer, indicated by the dotted lines in Figure 9c, has devel-

oped along the interface between composite and substrate.

Figure 10 shows the dependence of the layer thickness on

the sintering temperature. It can be seen that the PTFE

layer at the bottom interface is thicker that at the upper

interface. The thickness for the upper PTFE layer is about

10–20 μm and shows a weak dependence on the sintering

temperature. However, the thickness of the bottom PTFE

layer is more sensitive to the sintering temperature, being

increased from about 10 μm to 55 μm.
Figure 11 shows the contact angle of PTFE on SMP plate,

PTFE on 1737® plate, and SMP on 1737® plate, heated for

10 min at 330 ◦C, 330 ◦C/385 ◦C, and 390 ◦C/410 ◦C, respec-

tively. It can be seen that the contact angles of PTFE on

both SMP and 1737® have similar values (119◦–124◦), which

are not smaller than the contact angles of SMP on 1737®

(74◦–127◦). These results indicate that, in comparison with

SMP, PTFE did not have a stronger tendency to contact with
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Figure 10: Variation of the thickness of PTFE layer as a function of

sintering temperature.

1737® substrate. Therefore, the formation of the PTFE layer

between the composite and 1737® substrate might not be

connected with surface tension factor. During sintering at

temperatures higher than the softening temperature of SMP

glass (328 ◦C, Figures 3 and 4), the SMP glass particles began

to densify. The shrinkage force pushes some of the PTFE,

which is more flowable than SMP, to accumulate in between

composite and substrate. This effect is more remarkable at

the higher temperatures (decreased PTFE viscosity) and the

lower interface (gravitational force), thus resulting in the

thicker PTFE layer, as shown in Figure 10.

Moreover, as previously described, pure SMP was not

able to bond with 1737® substrate, while PTFE-containing

composites were (e.g., Figures 7 and 9). This result can

be explained as follows. Although the difference in CTE

between PTFE (80 × 10−6 K−1, from Figure 3a) and 1737®

is larger than that between SMP and 1737®, the low glass

transition temperature (−73 ◦C) of PTFE promises flowabil-

ity during cooling after sintering. As a result, the thermal

stresses due to CTE mismatch between SMP and 1737® can

be partially diminished by the flexibility of PTFE. Moreover,

the formation of the PTFE layer is able to remarkably reduce

the thermal stresses due to the mismatch in CTE.

When the PTFE content was increased to 50 vol.%,

as shown in Figure 12a and b, PTFE becomes the matrix

Figure 11: Contact angle of PTFE on SMP plate, PTFE on 1737® plate, and

SMP on 1737® plate, heated for 10 min at 330 ◦C, 330 ◦C, and

390 ◦C/410 ◦C, respectively.

phase while SMP the discrete regions. Therefore, PTFE is in

easy contact with the substrate and no PTFE layer formed

between composite and substrate. Moreover, the SMP glass

particles became round, resulting from the high interfacial

energy. The typical microstructures of the sintered com-

posites with 75 vol.% PTFE (Figure 12c and d for 350 ◦C

and 430 ◦C, respectively) are similar to that with 50 vol.%

PTFE. However, large pores have formed in these samples.

Figure 12e and f shows the typical microstructures of the

pure PTFE sintered samples. At 330 ◦C (Figure 12e), the PTFE

bonded well with the upper and bottom 1737® substrates.

However, a huge void formed in the 350 ◦C-sintered body

(Figure 12f).

In summary, pure low-Tg SMP glass is not able to bond

to the low thermal-expansion 1737® substrate, while the

composites containing SMP glass and 25–50 vol.% PTFE are

able to bond to the 1737® substrate and show microstruc-

tures of low porosity at around 360 ◦C to below 400 ◦C.

Further increase of the PTFE content to 75–100 vol.% leads

to large voids in the microstructure, although the samples

are still able to bond to the 1737® substrate. Further work

is needed to measure the bond strength of the interfaces

between SMP–PTFE and the 1737® glass substrates.
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Figure 12: Cross-sectional microstructures of the composites with higher PTFE amounts. (a) 50 vol.%, 360 ◦C, (b) 50 vol.%, 430 ◦C, (c) 75 vol.%, 350 ◦C,

(d) 75 vol.%, 430 ◦C, (e) pure PTFE, 330 ◦C, and (f) pure PTFE, 350 ◦C. Sintering time 10 min. S, SMP glass; P, PTFE; 1U, upper substrate; 1B, bottom

substrate; E, epoxy.

4 Conclusions

Composites containing an SnO–MgO–P2O5 (SMP) glass and

polytetrafluoroethylene (PTFE) were fabricated by a sin-

tering route. Influences of SMP:PTFE ratio and sintering

temperature (350 ◦C–430 ◦C) on the formation of composite

and bonding ability to Corning 1737® glass substrate were

investigated. The following results have emerged:

(1) The onset temperature for dilatometric softening is

328 ◦C and 313 ◦C for SMP glass and PTFE, respec-

tively. Pure PTFE shows an expansive peak at 333 ◦C.

The SMP–PTFE powder compacts begin to soften

when the temperature is higher than the expansive

peak (around 335 ◦C–340 ◦C). The onset temperature of

weight loss of PTFE (381 ◦C) is much higher than both

the onset softening temperatures of SMP and PTFE

(328 ◦C and 313 ◦C). This is important for the sintering

of SMP–PTFE composites.

(2) After sintering, pure SMP glass was not able to bond

to the low thermal-expansion 1737® glass substrates.

However, SMP–PTFE composites were able to bond

to 1737® after sintering at appropriate tempera-

tures. It is suggested that thermal stresses due to

thermal-expansion mismatch between the composite
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and 1737® can be partially diminished by the flexi-

bility of PTFE and the formation of PTFE layer at the

composite-1737® interfaces.

(3) For the composites containing 25 vol.% PTFE, the for-

mation of a PTFE layer between composite and sub-

strate might be caused by the shrinkage force due to

SMP sintering, pushing some of the viscous PTFE to

accumulate in between composite and substrate.

(4) For composites containing less PTFE (25 vol.%), dis-

crete PTFE regions distribute over the continuous

SMP matrix. When the PTFE content was increased

to 50 vol.%, PTFE becomes the matrix phase while

SMP the discrete regions. Higher amounts of PTFE

(>75 vol.%) resulted in large pores which will weaken

the composite-substrate interfaces.

(5) The composites containing the low-Tg SMP glass and

25–50 vol.% PTFE are able to bond to the low thermal-

expansion 1737® glass substrate and showmicrostruc-

tures of low porosity at around 360 ◦C to below 400 ◦C.
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