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Abstract

High performance low-cost vacuum glazing is a keyedlopment in the move to
more energy-efficient buildings. This study repadhis results of experimental and
theoretical investigations into the developmera oew low-temperature (less than
200°C) composite edge seal. A prototype triple uatiglazing of dimensions
300mmx300mm was fabricated with a measured vacuesspre of 4.8x10Pa
achieved. A three-dimensional finite-element mddethis prototype triple vacuum
glazing with the composite edge seal was also dpeel. Centre-of-pane and total
thermal transmittance values for this small pragietyf the triple vacuum glazing were
predicted to be 0.33 WAK™ and 1.05 WniK™, respectively. It was predicted using the
developed model that the thermal performance doelltinproved by reducing the width
of the composite edge seal and by the use of@efelmissivity coatings on the glass
surfaces. Detailed three-dimensional isothermalazorplots of the modelled triple

vacuum glazing are presented.

Keywords. vacuum glazing, composite hermetic edge seatefelement modelling,

thermal performance.



1. Introduction

In buildings, where day-lighting and solar gains advantageous, large window
sizes are a desired feature to increase day-liglatim solar gains [1]. In order to
increase the window size, without increasing thecegheating load, low heat loss
glazing is required of which vacuum glazing is opéion [2]. For large area vacuum
glazing the use of tempered glass is advantagebichwecessitates a method of low-
temperature edge sealing, this is due to the lbgkass temper at temperatures greater
than 300°C [3]. A low temperature method of fahticg double vacuum glazing was
first developed at the University of Ulster [4,%his method used indium or one of its
alloys to seal the edges of the glass sheets hieaihetit a temperature of less than
200°C. The predicted, and experimentally determitiegrmal transmittance of an
indium sealed double vacuum glazing was reportdztdess than 1 WAK ™ for the
central glazing area [6-8]. To reduce the heattosslevel where the thermal
transmittance of the central glazing area is leas 0.5 WritK ™ [9], the concept of
triple vacuum glazing was introduced [10]. This sists of three sheets of glass, a
vacuum tight seal around the periphery of the tigtass sheets, and two evacuated
cavities at a pressure below 0.1 Pa to reducettazsfer by gaseous conduction and
convection to a negligible level. Radiative heahsfer can be reduced to a low level by
using soft low-emittance coatings such as silvey)(@n the surfaces of the glass sheets
[4]. An array of stainless steel support pillaggitally 0.15mm high and 0.3mm

diameter, maintain the separation of the threesgihsets.



The scarcity and cost of indium are challengegiwaacing indium-sealed
vacuum glazing technology to the mass productivaell& he abundance of indium in
the Earth’s crust was estimated [11] to be abddi Ppm for the continental and 0.072
ppm for the oceanic crust, respectively, which iscmlower than the abundance of Sn,
i.e. 2 ppm in the earth’s crust [12]. There thustsxa requirement to identify or
develop alternative low-temperature edge sealingnads that do not suffer from these

challenges prior to this technology being suitdbtemass production.

A selection of different metals and alloys wereeassd and tested prior to the
successful development of a new low-temperaturéodefor hermetically sealing the
glass edges in a vacuum glazing. These includesi®s (purity of 99.95% and
99.999%), Sn63PB37, Sn90In10, Cerasolzer (type 2443, 224 and 186) and
combinations of these alloys with an embedded dadempper wire gasket. From
laboratory experiments it was apparent that a dmvchetic bond can be formed using
several different materials but because of stredsesloped during the fabrication
process, the glass bends and stretches duringnbeatd evacuation, leading to cracks
in the seal area occurring when subject to thespredifference between the vacuum
cavity (0.1Pa or less) and atmosphere (100,00034) To increase the mechanical
rigidity of the primary edge seal, a secondary ez (i.e. an adhesive such as araldite
or J-B weld epoxy steel resin) was employed to j®increased bond strength and
rigidity. After many experiments a clear understagf the behaviour of Cerasolzer
CS186 at a range of different temperatures wasedaibhis enabled a process to
produce a composite glass edge seal suitablelacéion of triple vacuum glazing to

be developed, as illustrated schematically in Fig.



The primary edge seal material selected, CerasGi3&B6, is a composite of
Sn(56%), Pb(39%), Zn(3%), Sb(1%) and Al-Ti-Si-C@&ojlalloys [14].This metal alloy
composition was disclosed in the Japanese pat®J820968 [15] and is a commercial
product of the Asahi Glass Co., Ltd [16, 17]. Teeandary edge seal material used is a
steel reinforced epoxy known under the commercaale name of J-B Weld epoxy steel
resin. It is capable of sustaining constant tentpega of up to 260°C with a maximum

temperature threshold of up to 316°C for 10 min{i&3.

A new stepped arrangement of the three glass stvastdeveloped, as shown in
Fig. 1, which allows primary and secondary seétk0 mm and 4 mm width to be
used. . With such a wide edge seal, edge seal cbadwand its influence on the
thermal performance of the triple vacuum glazirgiarportant in determining the
performance of this new design for triple vacuuaegig. In the work presented in this
paper, a three-dimensional finite-element modetHerfabricated prototype of triple
vacuum glazing with this edge seal design was ogeel using the measured composite
edge seal thermal properties. This enabled theantle of wider edge seals on the
predicted thermal performance to be investigaté@. Simulation results were compared
with those reported for the thermal performancgipfe vacuum glazing in the

literature.

2. Cerasolzer and Indium surface analysis

The use of ultrasonic soldering an approach usedaisly for Indium sealed

vacuum glazing [4] was initially found to be moigatlenging when forming a



Cerasolzer with significant difficulty in maintaimg the surface consistency and
smoothness. After many trials, it was found thathiest results were obtained with
ultrasonic vibrations of approximately 25kHz antkmperature setting of 186°C, this
led to a contiguous mechanical bond being formédédxen the Cerasolzer and the glass
surface. Due to the mechanical bond formed Cerasulas considered to be a suitable
material for use in an edge seal for triple vacglazing. Samples with Indium and
Cerasolzer ultrasonically soldered to the glastasas of two 1 mm thick slide cover
slips, each of area 20 mm x 20 mm, as illustrateeig.2. were produced. A DualBeam
(FIB-SEM) microscope was used to comparatively ys®athe surface micro-structure,
smoothness and consistency of both the indium amd0lzer surfaces. This
comparison with indium was made because it is &nahisuccessfully used for
hermetically-sealing the edges of glass sheetsataum glazing [4]. It can be seen
that the Cerasolzer coated sample shown in Figa2aa similar smooth appearance to
an identically prepared sample using indium shawfig. 2b. The uniform surface
obtained with these materials is a key featurebdaining a viable vacuum tight edge

seal.

An X-ray high-resolution CT (Computed Tomography3tem was used to
analyse the homogeneity of the indium and the @&raslayers when used to bond
two 4mm thick k-glass samples of area 10 mm x 10togather. Views through the
cross-section at the interface between the glagdsnaium and glass and Cerasolzer are
presented in Fig. 3. It can be seen from Fig. 3atthe glass- indium bond has several
micro pinholes or voids with air trapped inside iethmay affect the hermeticity of the

edge seal when used for vacuum glazing. This phenomwas also detected and



discussed by Zhagi al [19]. It can be seen from Fig. 3b that therefavger, smaller
micro pin holes (with air trapped inside) for ther@solzer-glass bond sample than in
the indium-glass bond shown in Fig. 3a. It was regzbby Griffithset al [4], Eames [9]
and Zhacet al [6] that an indium-glass sealed sample shouldraiverheated since
this leads to the indium flowing excessively anatth secondary adhesive edge seal is
required to avoid moisture ingress and seal degjoaddue to the apparent similarities
between Cerasolzer and Indium glass bonds it isginle that vacuum glazing with a

Cerasolzer seal will require a secondary seal also.

3. Glass-Cerasolzer bond

To assess the continuity of the glass-Cerasolzed 10 mm wide joint
between two 4mm thick k-glass sheets (each of2Z0eam x 20 mm) was made using
an ultrasonic soldering iron at a set temperattid86°C to coat half of one surface of
both glass sheets with Cerasolzer and then buttmgoated surfaces together and
heating in an oven set to a temperature of200The front side of the Cerasolzer joint
at the interface between the glass and Cerasoagexamined using DualBeam (FIB-
SEM) microscope shown in Fig. 4.The front sidehaf sample shows the interface of
the Cerasolzer with the two glass surfaces. Noksraoe observable in the interface.
When the glass and Cerasolzer are heated the Camasrpands more than the glass, it
then contracts more when cooled due to the misnistheen the thermal expansion of
glass, i.e. 8x1&°C [20], and Cerasolzer alloy, i.e. 23.5%1 [14]. It was observed
that the cooling process had introduced strességibonded area which could be

minimised by slowly cooling the sample down to aembitemperature. The quantity



and uniformity of the Cerasolzer deposited on tlasgsurface is an important factor in
achieving a contiguous edge seal. This illustrétet Cerasolzer can bond glass to glass

and has the potential to achieve a bond.

4. Composite edge seal interface analysis

Initial experiments, as outlined in Memon and Eafi&s, indicated that the
proposed Cerasolzer edge seal is sensitive to lptasting due to the pressure
difference between the vacuum cavity (0.1Pa o)) ksd atmosphere (100,000Pa). J-B
Weld epoxy steel resin was used to form a secorskalyto increase the mechanical
rigidity of the primary seal intended for triplectaum glazing. J-B Weld was selected
due to its mechanical strength and hardness, whashexpected to keep the three glass
sheets rigidly located with respect to each other@otect the glazing geometry.

a 10 mm wide joint between two 4mm thick k-glasseth (each of area 20 mm x 20
mm) was made using an ultrasonic soldering irca st temperature of 188 to coat
half of one surface of both glass sheets with @ézas and then butting the coated

surfaces together and heating in an oven setémpdrature of 20C.

To investigate the composite edge seal, two san@alels having a 10 mm wide
Cerasolzer lap joint (which was made in a similaywo the previous sample discussed
in section 3) between two 4 mm thick k-glass sheet® fabricated, six support pillars
(height of 0.15 mm and 0.3 mm in diameter) weralusespace the glass sheets apart to
achieve an approximate 0.15 mm thick bond simdahat required for a vacuum

glazing. J-B weld was then used to coat the extesuréace of the bond shown in Fig 5.



The composite edge bond at the glass edge wassadalging a DualBeam (FIB-SEM)
microscope, with images obtained shown in Fig.i§.5a shows two glass pieces
bonded with Cerasolzer and J-B Weld on the oneege of the sample, while Fig. 5b
shows a similar bond with cracks and pin holehen3-B weld epoxy. This occurs
when the mixture of steel-reinforced paste anddra@dare not at the correct weight
fraction, this was a feature that should be avoidkdn fabricating triple vacuum

glazing to prevent moisture ingress.

5. Fabrication processfor triple vacuum glazing

A design illustrated schematically in Fig. 6, tjthree sheets of glass
hermetically was employed for the fabrication afiple vacuum glazing, the seal
consists of a primary edge seal, a 10 mm-wide laf/€erasolzer and a secondary edge
seal, a 4 mm-wide layer of J-B Weld epoxy steahrékhe reason for using different
sizes of glass sheets was to allow applicatioh@&econdary edge seal uniformly
around the periphery of the triple vacuum glazmgupport and protect the primary
edge seal. There is a trade-off between the widtheoedge seal (10mm chosen to
increase the durability and guarantee vacuum iity¢@nd the thermal performance of
vacuum glazing due to edge conduction (i.e. aress® in heat transfer through the edge
sealing area). It is anticipated that with refinattée total width of the combined edge
seal could be reduced from 14mm down to 8mm. Thedation process was

implemented as follows:



1) 4 mm-thick K-glass sheets of size 284 mm x 284 (mpper sheet), 292 mm
x 292 mm (middle sheet) and 300 mm x 300 mm (bosbset) were cut to size. 4 mm
diameter holes were drilled for the evacuatiorheftivo cavities between the three

glass sheets, located at 75 mm from two edgeseddrtialler and middle glass sheets.

2) The sheets of glass were cleaned with watetpaeend isopropanol and

followed by an initial bake-out at 120°C in an oven

3) A 10 mm-wide layer of Cerasolzer alloy was dtmically soldered around
the periphery of the upper and lower glass sheeth@tin-oxide coated side. In
addition, a similar 10 mm layer was soldered ornlsotrfaces of the middle sheet and
formed in to the arrangement shown in Fig. 7. Tihiéoumity of the soldered edge seal
was considered very important, and the level ofauniity achieved is illustrated in the
Fig. 7. A glass square for sealing the pump-out ks prepared from a slide cover
slip by cutting it to dimensions of 18 mm x 18 mndaultrasonically soldering its

surface with Cerasolzer alloy.

4) Stainless-steel support pillars were placedsgtaging of 24 mm in a regular
square array on the middle and lower glass sh€késmiddle sheet was placed on the
pillars of the lower glass sheet and then the upfass sheet was placed on top of the

support pillars on the middle glass sheet.

5) The sample was heated to 186°C for up to 2 hiautse oven to join the three

sheets of glass together.

10



6) The assembly was allowed to cool down to amhkEmperature of around

21°C. The epoxy J-B Weld was used to form the sgagnseal.

7) The sample was placed on the hot plate and dhéats0°C, at which point the

cavity of the sample was evacuated using a vacuwmpump-out assembly.

8) During evacuation, after approximately 6 hothe, pump-out hole was
sealed by heating the glass square using thedgetheater located inside the vacuum

cup pump-out assembly.

6. Experimental resultsfor triple vacuum glazing

A triple vacuum glazing of dimensions 300 mm x 3@® as shown in the Fig.8
was fabricated after four trials, in which the prss was refined. A viable fabrication
process was achieved during these experimentsswitessful samples produced
subsequently. The pump-out hole of the triple vatglazing was sealed with
Cerasolzer CS186 alloy during evacuation. In ihéeriments, samples were re-
evacuated with repeated pump-out hole sealingsesashe sealing properties and the
pump-out hole sealing characteristics. It was fotlnad similar behaviour was obtained
for multiple evacuation cycles with stress pattetus to internal compressive stress
and external tensile stress across the suppatpilbservable. This indicates that a
vacuum-tight seal was being achieved. Based oaxperiments performed, the process

was revised so that:
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1) During evacuation the sample was heated to woé tthan 80°C on the hot
plate, this was because the glass bends due t@tatape induced stresses and higher

temperatures can fracture the glass, weaken aogdbe primary edge seal.

2) If soldering of the Cerasolzer around the pegigtof the glass surfaces is
highly uniform an effective seal can be found withcecourse to including a wire

gasket.

For these experiments a dry type turbo-moleculanpwith backing
(diaphragm) pump was used that had an absoluteatsie vacuum pressure of
4.35x10° Pa. A pressure gauge was used to measure thermaresgsure near the
vacuum cup in order to determine the approximategure within the vacuum glazing
cavity. The pressure gauge was connected to a PDRr&sducer to provide digital
output of pressure in Pa; this transducer wasfated with a computer for monitoring
purposes. The achieved vacuum pressure in the trgguum glazing was 4.8x1®a.
Temperature/pressure profiles for the evacuatiahheating process were recorded and
are presented in Fig. 9. It was observed that @ia@cuum pressure was obtained
when increasing the sample temperature using thplate. However, a high level of
internal compressive stresses and external testsdsses were observed for sample
temperatures above 50°C that could cause fracfute@lass; glass bending and
expansion were also observed to increase withasang hot plate temperature. A limit
on the hot plate surface temperature was thus 8@ during evacuation and pump-
out sealing to minimise this effect. Detailed sasdof stresses in vacuum glazing are

reported elsewhere [20, 21].
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7. Thermal performance prediction for triple vacuum glazing

7.1. Finite-Element Modelling Approach

To simulate the heat transfer process and to grdtéadhermal performance of
the fabricated triple vacuum glazing, a three-disi@mal finite-element model was
developed using the commercial software package M&fC. Due to symmetry
conditions, and to reduce the computational effequired, only one quarter (150 mm x
150 mm) of the fabricated triple vacuum glazinglmhensions 300 mm x 300 mm was
simulated. The developed model was designed tesept the fabricated triple vacuum
glazing. The model was implemented using eight-nsdgarametric elements (type 43
in MSC Marc), with a total of 170455 elements af@d&60 nodes used to model a
quarter of the fabricated triple vacuum glazinglaswn in Fig. 10. The vacuum cavity
was modelled as a material with thermal condugtieinsidered near to zero. Heat
transfer by long-wave radiation between the thnéernal glass surfaces coated with
low-emissivity tin-oxide coatings was incorporatgdemploying a um layer on the
inner surface of the glass sheet with the emigsofitin-oxide. In the three-dimensional
finite-element model, the support pillars were mpayated and modelled directly;
similar to the modelling approach used by Feirg. [8] and Zhaaet al. [6]. The
cylindrical pillars of radius employed in the fabricated triple vacuum glazirerev
represented by the same number of pillars witlstimee cross-sectional areas in the
developed finite-element model. For simplicity, thyindrical pillars were
approximated by a square cross-section in the meidelside length 1.7%8 as both

pillar shapes with the same cross sectional ark@eviduct similar amounts of heat
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under the same boundary conditions [20, 22]. A gdatiesh with a higher number of
elements in the pillars was employed to achievejaale representation of the heat
transfer. An example of the finite-element mesh leygal is shown in Fig. 10. A series
of convergence tests were performed to ensurdtbatensity of the elements used was
sufficient to predict the thermal performance wathaccuracy of more than 95%. The
material properties and parameters of the simulaijglé vacuum glazing are listed in

Table 1.

For the simulations the indoor warm—side (Ti) antboor cold-side (To)
internal and external surface air temperatures weiréo be at 21.1°C and -17.8°C [5],
respectively, in line with ASTM-specified test catmehs for glazings in winter
conditions [26]. The internal and external surfaeat transfer coefficients were set to
8.3 Wm’K™* and 30 WrtK™, respectively [27]. The glass surface to surfaeeral

transmittance of the total glaziti{j;,t4) and the centre-of-pane glazi(ig.cnire) are

defined by:
U ! €y

centre = : ’

. A Ti + To
RSlcentre + centre( c(fircl':;letre centre) + Rsocentre

U . (2)

total = : ’

. A Ti + To
RSltotal + total( t&tt::ltal total) + Rsototal

Where, Rsi and Rso are the indoor and outdoormgesiirface thermal
resistances, in KW ™. Acenre(m?) is the total glazing area minus the edge areas of

glass [7].
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7.2. Predicted Thermal Performance

Centre-of-pane and total thermal transmittanceesafar a triple vacuum
glazing of dimensions 300 mm x 300 mm were predittebe 0.33 WK™ and 1.05
Wm?K™, respectively. Manet al. [28] predicted a centre-of-pane thermal
transmittance value of less than 0.2 KT, for a triple vacuum glazing made with 6
mm, 4 mm and 6 mm thick glass sheets and four lont@nce coatings with emittance
of 0.03. Comparing this with the current simulatedtre-of-pane thermal
transmittance, the increase of 0.13 VK was due to the use of tin-oxide coatings
with an emittance of 0.15 on three internal sudamed the use of three 4 mm-thick
glass sheets. The parameters used in the simidatiere based on the fabricated
sample design and taken from the datasheets retsien Table 1. Fang al. [29]
predicted the centre-of-pane and total thermabtratiance values to be 0.26 W™
and 0.65 WritK ™, respectively. For a triple vacuum glazing of dirsiens 500 mm x
500 mm with a 6 mm-wide indium edge seal and fow-émittance coatings with
emittance of 0.03 on 4 mm-thick glass sheets. Compé#o the current simulated
results, the increases of 0.07 Vi and 0.4 WritK™* were caused by the 10 mm-wide
primary seal and 4 mm-wide secondary seal arounge¢hiphery of the edge area, the
use of tin-oxide coatings on three internal surdamiethe glass sheets and the smaller

size of the fabricated sample, i.e. 300 mm x 30Q mm
It was predicted [29-30] that the glazing size tluedge effects influences the

total thermal transmittance; for example, the valtitotal thermal transmittance of a

triple vacuum glazing of area 500 mm x 500 mm wasligted to be 38% greater than
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that of a 1000 mm x 1000 mm glazed area. In thieselations the thermal
transmittance of the triple vacuum glazing dimensiof 300 mm x 300 mm was
predicted to be 61.9% greater than the predictidriganget al. [29] model of the 500
mm x 500 mm area. It must be noted that the sasipée surface emissivities and the
seal materials’ properties all influence the predits of thermal transmittance [30], if

these factors are allowed for then model predistiane in good agreement.

The predicted isotherms of the modelled triple wawglazing for the cold
surface, middle glass surfaces and warm surfacprasented in Figs. 11- 14. The heat
transfer mechanisms modelled included: (i) the Reatfrom the indoor (warm) side to
the indoor glazing surface; (ii) radiation betwéao inner glass surfaces within the two
vacuum gaps; (iii) conduction through the suppdlans and the edge seal, and (iv) the
heat flux from the outdoor (cold) surface of thasy to the outdoor side. The mean
glass surface temperatures were predicted to bB512 and 6.71°C for the cold and
warm sides of the total glazing area. The mearasarfemperatures for the centre of
glazing area were predicted to be 16.43°C and 616.6or the cold and warm sides,

respectively.

Fig. 11 presents the predicted isotherms of thenn@door side) glass surface
showing the temperature variations from the edga towards the central area and
around the support pillars in the central glazirepdor the simulated triple vacuum
glazing. The temperature difference between thedwaluction through the support

pillars and radiative heat flow in the central vacuarea is predicted to be 0.47°C.
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Fig. 12 shows the predicted isotherms for the netddass surface facing the
warm side in terms of the temperature variatioomfthe edge area towards the central
area of the simulated triple vacuum glazing. It barseen from the Fig. 12 that the heat
flow through the support pillars is greater thaat tthrough the vacuum area. The
influence of the 10 mm-wide layer of the primargahmm-wide layer of the

secondary edge seal, on the predicted temperastudesnonstrated in Fig. 12.

The predicted isotherms for the surface facingcthld side of the middle glass
sheet are given in Fig. 13. The variation in terapee at the pillar location is due to

higher heat flow through them than in the vacuueaar

Fig. 14 presents the predicted isotherms for the @utdoor side) glass surface.
The temperature variations due to the edge sedh&nsupport pillar array can be
clearly seen. As seen in Fig. 14, the temperatifiereihce due to heat conduction
through the support pillars and radiative heat ftavough the central vacuum area is

predicted to be 0.4°C.

The heat dissipating temperature profiles alongsliAA and BB, extending
from the edge to the centre-of-pane, of one quét&® mm x 150 mm) of the
fabricated triple vacuum glazing of dimensions &9 x 300 mm were simulated and
presented in Fig. 15. Lines AA and BB are showrfrign 11 and Fig. 14. It shows the
temperature difference between the warm (indo@)sithss surface and cold (outdoor
side) glass surface under ASTM boundary conditidhg. predicted temperature

variations on the cold side surface are smallar trathe warm side. Because of the

17



stepped arrangement of the three glass sheetsllihas the use of 10 mm and 4 mm
wide layers of primary and secondary seal. Sigaifiteat dissipation can be seen at
the edge-seal sightline. And subsequent edge sffleat extend up to distances of 84
mm and 54 mm from the edge to the centre-of-panb@®mwarm and cold surfaces of
the fabricated triple vacuum glazing respectiv€lgmparing the temperature profiles
along the line AA with the line BB on the warm agald side surfaces, it can be seen
that the temperature variations on the line BBigh#y closer to the temperature
profiles on the line AA due to edge effects as disaussed in [30]. It can be reduced
by decreasing the width of the edge seal and/angdth insulating layer [31] that

extends past the edge-seal sightline.

8. Conclusions

In this study, a new method of fabricating a tripéeuum glazing based on a
low-temperature (less than 200°C) composite edglengeprocess was investigated
experimentally and theoretically. Due to the meaterbond formed after many trials
Cerasolzer type CS186 was considered to be a Ruitadierial for use in an edge seal
for triple vacuum glazing. The micro-structure adr@solzer was investigated using a
DualBeam (FIB-SEM) and it was proved to be smoaith @onsistent compared to a
likewise low-temperature based indium edge sea. drhiform surface obtained with
these materials is a key feature for obtainingadle mechanical bond. When examined
with an X-ray high-resolution CT (Computed Tomodrgpsystem the homogeneity of
the indium and the Cerasolzer layers formed betwserglass sheets was achieved.

Experiments indicate that the Cerasolzer type C&H8@ seal formed is sensitive to

18



glass bending due to the pressure difference betieevacuum cavity and
atmosphere. It was experimentally demonstratednichtding a secondary seal of J-B
Weld epoxy provided sufficient mechanical rigidibymaintain the primary seal. The
fabrication process proved to be successful ineatiti) a vacuum pressure of 4.8510
Pa in the two gaps between the three glass siaetso the width of the composite
edge seal heat transfer in this areas will havgrafieant influence on the thermal
performance of the triple vacuum glazing develojeithivestigate this effect a three-
dimensional finite-element model for this prototygddriple vacuum glazing was also
developed. In which an influence of wider edge seahe thermal performance was
investigated. Centre-of-pane and total thermalsimatiance values in the model of a
composite edge sealed triple vacuum glazing withedisions of 300 mm x 300 mm
were predicted to be 0.33 Wi and 1.05 WK ™. Improvements in thermal
performance can be achieved by reducing the tatithvef the edge seal from 14mm to
8mm and by the use of better performing soft lowssiaity coatings on the glass

surfaces.
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Figure Captions

Figure 1: A schematic diagram of a triple vacuuaeglg showing the primary edge seal made of

Cerasolzer CS186 alloy and a secondary edge sédaBateld epoxy steel resin.

Figure 2: Scanning electron microscopy image of 28danm x 20 mm x 1 mm slide cover slips
with indium and Cerasolzer CS186 ultrasonicallydsotd on to the surface magnified at 5000x: (a)

Cerasolzer alloy sample and (b) indium sample.

Figure 3: X-ray high-resolution CT cross-sectiovialv at the interface of the glass-indium bond

(a) and the glass-Cerasolzer bond (b).

Figure 4: Scanning electron micrograph of glas&évasolzer bond’s front surface showing no

cracks in the bond.
Figure 5: Scanning electron micrographs of the amsiip edge seal made with two K- glass pieces
separated by 6 support pillars (a) showing the amitg edge seal of the sample and (b) a sample

showing pin holes with cracks in the secondary gE@al.

Figure 6: The three-stage composite-edge-sealisigmi@rocess for the fabrication of a triple

vacuum glazing.

Figure 7: lllustration of the uniformity required the ultrasonically soldered primary edge seal for

the fabrication of a triple vacuum glazing.

Figure 8: A fabricated triple vacuum glazing of éinsions 300 mm x 300 mm with composite edge

seal.

Figure 9: Typical temperature/pressure profilessieacuation and heating of triple vacuum glazing

sample.

Figure 10:Finite-element mesh of one quarter (150 mm x 150 wirthe triple vacuum glazing.



Figure 11: Predicted isotherms on the warm (incide) glass surface showing (A) the temperature
variations from the edge area towards the centea and (B) the temperature variations around the

centre-of-pane support pillar area for the sineddtiple vacuum glazing.

Figure 12: Predicted isotherms for the middle-gkas$ace facing the warm side for the simulated

triple vacuum glazing.

Figure 13: Predicted isotherms for the middle gkas$ace facing the cold side for the simulated

triple vacuum glazing.

Figure 14: Predicted isotherms on the cold (outddse) glass surface showing (A) the temperature
variations from the edge area towards the cenkazingg area and (B) the temperature variations

around support pillars on the central glazing afehe simulated triple vacuum glazing.

Figure 15: The heat dissipating temperature pmaleng lines AA and BB, extending from the
edge to the centre-of-pane, of one quarter (150x%0 mm) of the fabricated triple vacuum

glazing of dimensions 300 mm x 300 mm under ASTMrimary conditions.



Table Captions

Table 1: Parameters and material properties of the components used in the finite-element modelling
of the composite edge sealed triple vacuum glazing.



Tablel

Parameter

Description

Value/Type

Triple vacuum glazing dimensions

Top glass sheset
Middle glass sheet
Bottom glass sheset

284 mm x 284 mm x 4 mm
292 mm x 292 mm x 4 mm
300 mm x 300 mm x 4 mm

Glass sheet Thermal conductivity 1Wm'K?1[22]
Emittance Three surfaces (Hard coating) 0.15/tin-oxide
Primary edge seal Material Cerasolzer CS186
Width 10 mm
Thermal conductivity 46.49 Wm''K
Secondary edge seal Epoxy steel resin J-B Weld
Width 4 mm (In the model 8.3 mm?
equivalent square was incorporated)
Thermal conductivity 7.47 WK **
Support pillar Material Stainless steel 304
Diameter 0.3 mm
Height 0.15 mm
Pillar separation 24 mm

Thermal conductivity

16.2 Wm*K ™ [23]

% Measured thermal conductivities using a Hot Disk thermal constants analyser TPS 2500s. Details are given in [24].




K-Glass sheets

Support pillar array
(Exaggerated scale)

Primary edge seal
(Cerasolzer metal alloy)

Secondary edge seal
(Expoxy J-B weld)

Pump-out glass
square seal

Not to scale



Smooth and consistant surface

Lines of ultrasonic (high frequency)
movements of the tip of soldering iron



Pinhole with air trapped inside Pinhole with air trapped inside

1.5 mm

Crack
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200 pm EHT = 5.00kV Signal A = SE2 B Loughborough
Mag= 150 X WD = 9.6mm University




100 pm EHT = s.oo Signal A= SE2 M Loughborough
Mag= 150X WD =11.3mm University




ACCEPTED MANUSCRIPT

Soldered Cerasolzer Glass Hermetic seal
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Primary edge seal with an Three Glass sheets Three Glass sheets
approxiamte height of 1 mm



Support pillar array
K-Glass (Invisible in this picture)

Primary edge seal
(Cerasolzer alloy)

Secondary edge seal
(Epoxy J-B Weld)

Sealed pump-out hole
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ACCEPTED MANUSCRIPT

Symmetry boundary

Edge space exposed to
outdoor (cold area)

Glass
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Not to scale

Composite

Sealings Edge Seal



y(m)
0.09 0.12 0.15

0.06

0.03

Temperatures on the glass
surfaces are shown in °C

=

. .

1685

1675

16.75

1665

16.65

1655

1655

1645

1645

1635

1635

1625

16.15

16.05

16.05

1595

1595

1585

“« ~m
$8 888
go © G;;
s 8
H 3
= 1638
<
16.85
EH
2] s % S Pillar
S ER
g%
=8
is
E
o
=]
=
[se])
=
=
Below 15.85
(Out of range)
=}
0.03 0.06 0.09 0.12 0.15



Edge

0.146

Glass 3

Glass 2
Outdoor- cold side

Glass 1

0.12
hdoor wanm side

Pillar

0.06

S

¥
Temperatures on the glass
surfaces are shown in °C

0.03

0 0.03 0.06 0.09  0.12 0.146
x(m)




o)
<
= s o s
o 3 8§
£5 53
S o
L E 4
N : 5
= 3 z
© £ 3
~a T Pillar
£ <
e
=C 1
\0
o. o3
=)
Temperatures on the glass
8 L surfaces are shown in °C
o
L)
(=

0 0.03 0.06 0.09 0.12 0.146
X(m)



Temperatures on the glass
surfaces are shown in °C
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ACCEPTED MANUSCRIPT

20 ¢
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Temperature (°C)
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Highlights

* A new hermetic glass-sealing method for vacuum glazing was devel oped.

The low-temperature edge sealing materials were anal ysed.

* A novel design and fabrication process was discussed.

« A vacuum pressure of 4.8x10Pawas achieved with triple-vacuum glazing.

* A centre-of-pane thermal performance was predicted to be 0.33 Wm2K ™.



