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Abstract

Hermeticity of vacuum edge-sealing materials ame afithe paramount requirements, specificallyhto t
evolution of energy-efficient smart windows andasdhermal evacuated flat plate collectors. Thislgt
reports the design, construction and performandegbi-vacuum glazing fabrication system and vacuum
insulated glazing (VIG). Experimental and theoatiovestigations for the development of vacuum
edgeseal made of Sn-Pb-Zn-Sb-AlTiSiCu compositbérproportion ratio of 56:39:3:1:1 by % (CS-186)
are presented. Experimental investigations of évers constructed VIG samples, each of size
300mm-300mm-4 mm, showed that increasing the lat¢-plurface temperatures improved the cavity
vacuum pressure whilst expediting the pump-out Belding process but also increases temperature
induced stresses. Successful pump-out hole sqaloogss of VIG attained at the hot-plate set point
temperature of 50°C and the approximate cavitysumesof 0.042 Pa was achieved. An experimentally an
theoretically validated finite volume model (FVMaw utilised. The centre-of-pane and total thermal
transmittance values are calculated to be 0.97°Whand 1.05 WK™, respectively for the VIG. FVM
results predicted that by reducing the width ofuram edge seal and emissivity of coatings the therma
performance of the VIG is improved.

Keywords. vacuum; glazing; solar-thermal; performance; miiggl transmittance



1. Introduction

Advancement in the vacuum sealing materials isafitiee paramount need in leading smart windows [1]
and solar thermal evacuated flat plate collect®ys{ the manufacturing level due to considerasdeiés of
leakage in the vacuum edge sealing materials [@loanhe cost of scarce semi-precious materialk asc
indium [4, 5]. There is also a serious challenggi@aarly in solar energy field of balancing thecsrity of
power supply and peak power demand [6]. Glazinhrtelogies, such as double air-filled glazing [7{fwi
low-e coatings [8] and gas filled glazing with d#as filled with heavy gases (Argon, Krypton or Xei),
could achieve the thermal transmittance value (W&eaup to 1.4 WK™, depending on the cavity
thickness [9, 10]. To improve the thermal perforoefurther, without compromising the visible light
transmittance, a vacuum insulation is an optionafduum insulation is a space, between two glassgyan
of reduced mass of atmospheric-air. The rate afedse of the density of air in a space determimes t
level of vacuum pressure. This provides thermallatgon, because with a lower density of air theme
free path between air molecules can be increasaldaee 1000 m [11], ultimately reduces the heaisfiex
path between air molecules in a space. In VIGstiexe between two glass panes is evacuated to high-
vacuum pressure (0.13 Pa to 1.33"P@) in order to reduce conductive and convectaat transfer [12]

to negligible levels, however the heat transfeodlgh radiation can only be minimised using low-¢anice
coatings to VIG [13]. In evacuated flat plate coltgs, selective anti-reflective emissivity coasranto the
glass surface are required that improves optiaaltmission which is different to VIG in itself. Dtethe
difference between external atmospheric-air aretmatl vacuum pressure, spacers are required temrev
the glass panes touching each other [14]. Thesegpare called support pillars and typically heaci
from 0.1mm to 0.2 mm and height of 0.1mm to 0.2r&1.[In VIG, even a small vacuum space gives the
same thermal insulation because radiative headfgais same at any cavity thickness [16]. A vacuum
edge seal around the periphery of the glass pamesjuired to maintain the high level of vacuum and
avoid the problems of gas leaks, degradation dirgs, and absorption of moisture. However, heat
transfer through conduction occurs because ofahéiguous heat transfer path formed by the support
pillar and edge sealing materials.

The constructional components that mainly detersmthe thermal performance of VIG is its vacuum edge
seal [17,18]. The vacuum edge seal of a VIG musiapable of maintaining a vacuum pressure of less
than 0.1 Pa [19], in order to suppress gaseousuctind, for the expected life of 20 years. The eodgevo
glass panes was first sealed using a high power fasough a quartz window in a vacuum chamber [20]
but the level of vacuum was not less than the requD.1 Pa, due to gases and vapour moleculesdaus
by laser sealing technique [21, 22]. A high-tempemedge sealing material, Schott solder glass 8467
at the sealing temperature of 450°C, was useddygitbup at the University of Sydney [12, 23, 24]JthwW
this technique, it achieved centre-of-pane thetraasmittance (L9 value of 0.8 WiiK™* and
subsequently developed to the production level utidetrade name of ‘SPACIA’ in Japan by Nippon
Sheet Glass (NSG) [25]. The problems with the haghperature edge sealing method is that it causes
degradation of soft low emittance coatings meaitiiag) only hard coatings can be used [13]. Toughened
glass also cannot be used due to the loss of temégh temperatures [26]. Low-temperature soifiess
materials were investigated to form a hermetic esige, but durability was a problem due to the
absorption of moisture. Polymers have problemsott lgas permeability and out gassing [4, 27]. A-low
temperature edge sealing materials, i.e. indiumdium alloys melts at about 18D, were utilised and
developed at the University of Ulster [13, 28, ZRjis technique achieved add.value of 0.9 WK
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and allowed the use of low emittance soft coat{sgsh as silver), which reduce radiative heat feans
between the glass panes and permits toughenedpglasgor an increase of support pillar spacing tha
reduces conductive heat transfer. The problemstiwithow-temperature based indium seal are theisgar
and the cost; because of this, the low-temperatgiem sealed vacuum glazing process has not yat be
commercialised [4,9, 30].

In this paper, a particular focus is made on trségtheand construction of high-vacuum glazing faduitm
system, including the modified vacuum cup, andw method of vacuum edge seal utilised for the
successful fabrication of the VIG, made of Sn-PbSIAITiSiCu composite in the proportion ratio of
56:39:3:1:1 by % weight respectively, developedBR Electronics Gmbh in the trade name of CS-186.
A steel reinforced epoxy applied to support theuume edge seal, as illustrated in Fig. 1. One of the
significant contribution in this paper is reportitig experimental investigations of seven VIG sambr
evaluating the influences of hot-plate surface matures induction on evacuation and pump-out hole
vacuum sealing of the VIG in order to achieve #latively acceptable setup when the evacuation and
pump-out hole sealing processes are performedxparegnentally and theoretically validated finite
volume model (FVM) of Fang et al.(2005) [31]; Faeteal.( 2006) [15] and Fang et al. (2009) [22] was
utilised for the thermal performance analyses @ \ize of 300mm-300mm-4mm rebated by 10 mm in a
solid wood frame and 10 mm main edge seal andethdts are discussed.

Pilkington k-glass panes
300mn-4mm-300mn

Support edge seal 4 mm
wide
(Steel reinforced epoxy)

Main vacuum edge seal 10 mm wide
( SrePbseZnsShy- AITiSICuy Wit%)

Spacers (support pillar (CS-186)

array made of stainless
steel 304)

Separation: 24 mm
Height: 0.15 mm
Diameter: 0.3 mm

Pump-out hole sealed with square
cover slip using advanced edge seal

NoOt 1o scale

Fig. 1. A schematic diagram of novel edge sealgd $iiowing the main vacuum edge seal 10 mm wide,
made of Sn-Pb-Zn-Sb-AITiSiCu composite in the préipa ratio of 56:39:3:1:1 by wt% respectively )
(CS-186), and a support edge seal 4 mm wide, niasteal reinforced epoxy.

2. Design and construction of a high-vacuum glazinfabrication system

A lab scale vacuum glazing fabrication system wesighed and constructed to fabricate VIG. The vacuu
glazing production system design, as shown inEigonsists of the vacuum pump, it is connected in
series with the vacuum cup. For the measuremeprteskure, a pressure gauge is connected in parallel
with the vacuum pump. The angle valve with Swageld&pter is included allowing the system to be
purged with nitrogen (inert gas); this is connedteseries with a square cross-section tube. Atearajve
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is connected in series between the vacuum pumpaculim cup. The dimensions of the components used
in this design are presented in Table 1. A dry typbo-molecular with backing pump with an achideab
pressure of 5- 10Pa was chosen. This is because the vacuum purnfridb® of an oil free/dry type as the
contamination in the oil type with oil moleculesuta occur on the surfaces of tubes, valves, hodéoan
vacuum cup preventing an achievement of effecta@um level. A turbo-molecular vacuum pump has a
pumping speed of 61 litres/sec. With proper ventihg turbo mechanism stops in less than a mifiis.
means that vacuum cup venting is accomplished wittiee need for a valve to separate the pump and
vacuum cup. The EXT75DX T-Station selected for tlisuum system. It consists of a turbo molecular
pump and a diaphragm-backing pump XDD1. The AT\Wh{d$phere to Vacuum) transducer type 979, was
connected to a PDR 900 digital pressure measuremsadout, used in the present study for the
measurement of vacuum pressure in the designedimasystem. This pressure gauge is located at the
closest possible location to the vacuum cup to orea$e approximate pressure in the cavity of th@,V

as shown in Fig. 2. The ATV transducer enables oreaent of a wide pressure range from ultrahigh
vacuum (1.33- 18 Pa) to atmospheric pressure (101.33P4). It consists of MEMS (Micro-Electro-
Mechanical System) based MicroPirani gauge andhéatmrised hot cathode ionisation gauge in a single
transducer unit [32]. The MEMS based MicroPiranigmmeasures pressure from 1.33-B@ to
atmospheric pressure. The hot cathode ionisatingegeeasures pressure from 1.33-R& down to
1.33-10 Pa. A good discussion and literature review offtmelamental theory of Pirani and hot cathode
ionisation gauges can be found in text books byrizeand Heppell (1968) [33] and Guthrie (1963) [34]
The PDR900 digital controller provides readouthaf pressure measurements. It interfaced to a cemput
for real time data logging of the evacuation pressid the vacuum system.

Table 1
Dimensions of the components used in the vacuutesydesign.
Components D (cm) L (cm) V (cn)
Angle valve with Ds=4.2 Ls=11 152.4
Swagelok adapter D,=3.8 L,=4.7 53.3
D5=3.8 L5=4.7 53.3
Square cross- D,=3.8 L=4.1 46.5
section tube D,=3.8 L,=4.1 46.5
Dg=3.8 Le=4.1 46.5
D,=3.8 L=4.1 46.5
Angle valve Dg=4.2 Lg=11 152.4
D9=3.8 L9=4.7 53.3
DlO:3-8 LlC:4-7 53.3
hose/pipe D,;=3.8 L1,=69 782.54
Vacuum cup D,=3.5 L,=2 1.1
D13=lO L13215 23.56
D14:3.5 L14:2 1.1
D15:3.5 L15:2 1.1
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975 series wide

PDR 900 Digital Notto scale
range pressure

Pressure Display unit D= Diameterand L=Length
All dimensions are in millimetre {mm)

WVacuum cup

Angle valve with
Swagelok
adaptor

(Edwards, ‘11]

Turbo-molecular
pumping station

Fig. 2. A schematic diagram of the designed vacsystem showing the dimensions and connections of
the tubes, angle valves, the vacuum cup and theumapump.

To obtain a vacuum in a volume of the system tmesitie of gas must be reduced and is directly
proportional to the gas pressure; in practicegtmepressure measures the level of vacuum [35]ratheat
which the gas molecules are evacuated from thewaaessel, i.e. mass flow, determines the pressure
drop. The mass flow ratk], can be expressed (in atomic mass unit of gakebping the mass of gas,
and temperaturd,, in the vessel constant as Eq. (1),

aM m
n_mg (1)

Where( is the Boltzmann constant i.e. 1.38%4Ba niK™ andQ is the gas flow rate in Pa litres/sec. This
can be expressed by knowing the presdeyrand volumey, of the gas as Eq. (2),

d(pv)

Q== (2

The gas flowQ, through a vacuum vessel or hose occurs due tdiffleeence of pressure depending on
the inside diameter of the tubes. The averagentistany air molecule travels before colliding with
another molecule is its mean free path m [34, 36]. The collisions between molecules be calculated
using Eq. (3).

T

A= V2mPD%, (3)

Where,T is the absolute temperature of the air in K (ties are under atmospheric air with an ambient
temperature of 294.15K) amlis the air pressure in Fa,, is the gas kinematic diameter of the air
molecule i.e. 4- I&m, which is based on the assumption that the aieentes are smooth, rigid and elastic
spheres [37].
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The turbo-molecular pump evacuated the air molsctdatinuously from the tubes, components, vacuum
cup and cavity of the VIG. The rate at which th&wetric flow of gases evacuated from the systethas
pumping speed in litres/sec, in this type of turbalecular pump the ultimate pumping speed is gtedre
61 litres/sec. One of the considerations was takenaccount when designing the vacuum systemtavas
reduce the connections (tubes and pipe length)degtwhe turbo-molecular pump and the vacuum cup so
as to keep the pumping speed losses to a minimeh le

Upon initiating a pump down the flow of air molees) having air pressure of 101.325 kPa, was often
turbulent, called viscous flow regime. In whiche tmean free path between molecules was calculates t
56.35-10 m from the Eq. (3). As the air pressure decretigemean free path increases, having a fewer
air molecules in a space to make collisions wittheather and the mean free path is considered to be
roughly equivalent to the diameter of the tubd]edaa laminar (transition) flow regime. In a bestse
scenario, when the achievable vacuum pressurd @ Ba then the mean free path between molecules is
calculated to be 1142 m, called a molecular flogime.

The rate of evacuation, i.e. gas flow rate, is propnal to the rate of mass of air change. In taldito

that, the layers of adsorbed gaseous moleculeshais im on the internal surfaces within the taland
vacuum glazing require evacuation of six hoursctieve a good level of high vacuum pressure.
Increasing the temperature from 100°C could helgeisorbing the layers of gaseous molecules but this
may cause glass bending. This increases interngpi@ssive and external tensile stresses in ths glas
panes and increases the risk of cracking of the edgl. With a constant temperature, up to 60°€, an
volume of the vacuum system the flow rate intotthbo-molecular pumpd) from the vacuum system
can be written as Eq. (4),

Qi = SJPV (4)

The flow rate into the turbo-molecular pun)(can be calculated to be 3.05"1a litres/sec from th&,
ultimate pumping speed i.e. 61 litres/sec andthatimate pump pressure i.e. 5°1Ra.

A high-vacuum glazing fabrication system constrdaeteshown in Fig. 3. It is based on the design
presented in Fig. 2. The vacuum system was expetatly tested and the minimum achievable vacuum
pressure was recorded to be 4.35-R@. This deviates by 7.7% with the ultimate vacymessure of the
turbo molecular pump due to tube air-flow conducéen
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Fig. 3. A photograph of the vacuum system develdyzesd on the design presented in Fig. 2.

2.1. Vacuum Cup for Pump-out hole sealing during Evacuation

A number of vacuum cup designs were used in prevstudies for the evacuation and sealing of thegpum
out hole of a vacuum insulated glazing. The fitgtcessful method of pump-out hole sealing was based
sealing a capillary glass tube [12, 25]. The capjltube was bonded to the pump-out hole usingesold
glass during the edge sealing process and was#aed after evacuation. An electrical resistamegdn
mounted inside a vacuum cup and looped aroundapidlary tube. Resistance heating permits the tabe
be sealed at around 6@when the correct vacuum was achieved. A modigtdp-out sealing technique
was reported by Zhao et al. (2007) [28], this apphohas used low-temperature indium alloy soldered
ultrasonically on to a glass disc for pump-out te#aling and a cartridge heating element fixedlasi
steel block in the pump-out cap to melt the indamd seal the hole. This method was found to bediff
in positioning the glass disc over the pump-ouehwith a risk of dislocation of the heating blockem the
indium alloy on the glass disc melted during evéionaln this paper, a new vacuum cup design is
presented for the evacuation and vacuum sealititgh$ei for both high-temperature and low-tempematur
materials, of the pump-out hole on the VIG, assilated schematically in Fig.4. In this desige, tisks of
dislocation and degradation of O ring (to avoidre@sg of gas molecules from the atmosphere) were
minimised to a negligible level by: (i) designirfgetvacuum cup diameter of 100 mm to make the \@on
ring sufficiently away from the heating elemenatwid degradation, which is capable of sustaining
temperatures up to 250°C; and (ii) the heating elgrfcartridge heater) and K type thermocouple are
mounted to a metallic rod controlled through a sufipg Y shaped block to provide vertical motionugf

to 10 mm, as shown in Fig. 5(a). A K type thermquedixed to the heating block measures the
approximate pump-out hole seal, made of glass sgtemperature as shown in Fig 5(c). Heat traradfer
high vacuum occurs through both long wave radiagiot conduction due to contact between the heating
block and the glass disc, as shown in Fig 5(b)Rigd(d). The required temperature to achieve awac



1  pump-out hole seal is approximately 40°C greatan the melting temperature of the pump-out sealing
2  material used to seal the pump-out hole.
3
4 Fig. 4 also shows the pump-out hole on top of the Mcated inside the vacuum cup. The radius of the
5  pump-out hole on the top glass pane was reducegddhan 1.5mm in order to minimise the use ofgpum
6  out sealing material. To reduce the risk of glaasttire and risk of scratches on the glass sudaedo
7  manual drilling, a glass drilling machine at a llogiass pane supplier was used for pump-out hallinde
8 However, due to the limitations in the availabldl dadius, the minimum possible pump-out hole texdi
9 and volume was 2 mm and 50.26 fmnespectively, were chosen. The volume of the wacgap in the
10 VIG (area of 280-280 mm, subtracted the area of sdgl), shown in Fig. 4, was calculated to be
11 11758.47mm(0.012litres) by taking into account the total emof pillars and volume occupied in a
12 vacuum gap that are 144 (a pillar spacing of 24wnd) 1.53mr respectively. Thus, the total volume
13 including the vacuum system was calculated to b2 litres. The total volume of the system is coasid
14  to be sufficient for the evacuation of vacuum iasedl glazing due to the high pumping speed of the
15 selected turbo molecular pump i.e.61 litres/sec.
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Fig. 4. A schematic diagram of the vacuum cup deskpwing the heating block used for sealing the
pump-out hole on the VIG.
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Fig. 5. lllustrations of the constructed vacuum syptem for the evacuation and sealing of the paotp-
hole in a VIG.

3. FIB-SEM and X-ray CT analysis of CS-186 compost(vacuum edge seal)

Focus lon Beam Scanning Electron Microscopic (FBYS and X-ray high resolution Computed
Tomographic (CT) systems were used to analyse thi+structural surface of the main edge seal’s
smoothness and consistency of CS-186 compositkelfirst part, a cover slip, size of 20mm-20mm-1mm
ultrasonically soldered with CS-186 composite Ha second part, two Pilkington K glass panes, each
size 10mm-10mm-4 mm, ultrasonically soldered CSeb®@posite and then heated at 186°C in a radiative
oven. Fig. 6(a) shows the smooth and consistewtdlicthe spread of this composite onto the glassse.

It was found that the continuity of the composibddered layer on to the glass edges determines the
integrity of the seal. Fig. 6(b) shows the crossisaal views of the interface between the glags$0186
composite. As it can be seen, the cross-sectioimllenview of the glass- CS-186 composite seal has
negligible traces of micro voids with trapped aiside, this determines the hermeticity and theigaoity

of the edge seal when used for the constructiofi@f Although the trapped air inside the edge s&eahe

of the common issue in the formation of the edge @& examined by Zhao et al (2007) [28]. This can
greatly be reduced by applying carefully the uttras soldering iron at the vibration frequency 6320

kHz with the set-point temperature of 190°C (thetimg temperature of this composite is 186°C).
Overheating must be avoided [13, 21] and a secgraigrport seal is necessary to avoid the risk of
external mechanical stresses due to manual hanaflithge VIG sample.

10
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Fig. 6. (a) FIB-SEM of 20mm-20mm- 1mm slide covey sample with SgPhyeZnsShy- AITiSICu; wit%
composite( also called CS-186 composite) ultrasolyi soldered on the surface magnified at 5000x (b
X-ray CT cross-sectional view at the interfaceh# glass and CS-186 composite seal.

4. Design and construction of the VIG

4.1. Four-stage design process

The four-stage design process for the construciomcuum edge seal is developed, as shown in7kig.
using the high-vacuum pump-out system. Two 4 mektRilkington K-glass panes of area
292mm-292mm (upper glass) and 300mm-300mm (lowsspivere used. The reason for using different
sizes of glass panes was to apply support edgésteal reinforced epoxy) uniformly around the pbery

of the VIG to support the main edge seal made efPBpZn;Sh- AlTiSiCu; wt% (CS-186)composite

The width of the primary edge seal was considevdzbtconstant i.e. 10 mm and a support edge seal i.
4mm to test and repeat the experiments for theesstul fabrication of VIG based on this new methd.
selection of 10 mm width of the edge seal was ¢selt of experiments performed to increase the
mechanical stability of the main edge seal. Thegse achieved after rigorous experiments is ddtaile
section 4.2.

Soldered with Main edge seal CS-

186 composite Main edge seal gasket . . .
Hermetic Sandwich seal Stainless steel epoxy

S

upport pillar K-Glass SnG; coated side
STAGE ! STAGE?2 STAGE3 STAGE4

Fig. 7. Four stage design process for the congtruof vacuum edge seal.

11
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4.2. Construction process

1) 4 mm thick K-glass panes were cut to the siz29@mm-292mm and 300-300mm. In the smaller pane, a

4 mm diameter of pump-out hole drilled to allow thecuation of the cavity between the two glasepan
located 75 mm from the corner of the smaller giss®e.

2) The panes of glass were cleaned with waterpaeetnd isopropanol followed by an initial bake-aut
120°C in an oven.

3) A 10 mm wide layer of CS-186 composite was atiracally soldered around the periphery on the,SnO
coated sides of both glass panes in the arrangeageshown in the Fig. 8. Subsequently, a squarerco
slip of 1mm thick cutting to a size of 18- 18mm weaspared for the pump-out hole sealing by soldering
with CS-186 composite.

«—

Top glass pane

Main vacuum edge seal
(CS-186 composite

e

Fig. 8. The 10 mm wide primary seal soldered orbibiéom glass pane around the periphery, displaced
4mm from the glass edge.

4) Stainless steel support pillars were locatetheriower glass pane using a vacuum wand as ditestrin
Fig. 9a. The pre-soldered upper glass pane watehboa top of the support pillars.

5) A CS-186 composite wire gasket was placed oistfdered area as illustrated in the Fig. 9b.

6) The prepared sample, shown in Fig. 9c, was teat&86°C in the oven to join two panes of glass
together for up to 2 hours.

7) A support seal, steel reinforced epoxy, wasiag@round the edges of the main edge seal fomeirita
the mechanical stability of the main edge seashasvn in the Fig. 9d.
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A

’ Pillar locating sheet o & v g/t 10mm soldered layer of
e N o e Srgng3an3Sbl— AlTiSiCu 1

wt% composite

VVacuum wand

™

‘Spror ey s § -— Square cross section wire of

/Pi”afjg‘:' CS-186 composite
(Not viStble)

(d)

.4
Pump-out hole

4mm wide support seal
(Steel reinforced epoxy

Lower glass gﬁe (300mm:300mm)

Fig. 9. shows (a) support pillars placing on thedr glass pane using a vacuum wand, (b) the sguase
section wire made of the §RbyeZN;Shy- AITiSICu; wt% composite (also called CS-186) 1.6mm in
diameter placed on the soldered main edge seatnod gasket, (c) the prepared sample before lggiatin
the oven to 186°C illustrates the upper glass 292mm-292mm) placed on the lower glass pane
(300mm-300mm) separated by the edge seal andanadrsupport pillars, and (d) the edge seal mdde o
CS-186 composite and steel reinforced epoxy arthmgeriphery of the sample.

8) The sample was then placed on the hot platdaatkd to variable temperatures for improving
evacuation of the cavity in the sample using theuuan cup connected to the high-vacuum pump-out

system.

9) During evacuation, after 6 hours, the pump-al¢ lvas sealed by heating the CS-186 compositedoat
glass square using the cartridge heater fixedénid vacuum cup as illustrated in the Fig. 10.

13
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Vacuum Pump (Type
Turbo-molecular)

Pressure Gauge Vacuum Cup Vacuum Insulated Glazing.

Glass square for pump-out
Vacuum Pressure Readout Hot Plate hole sealing

Fig. 10. Experimental setup developed for the eation of VIG using a vacuum cup connected to a
vacuum system and the pump-out hole sealed withss gquare.

5. Influences of surface temperatures induction omvacuation and pump-out hole sealing of
VIG

An ability of VIG to withstand the mechanical sses is contingent to the strength of the panetastg
and the edge seal. These are the characteristimggs inherent to the consistent formation ofwhele
sample, when the cavity vacuum pressure of lessQtiaPa and the pump-out hole seal are achievesl. D
to the mutual external and internal forces of smclomplex procedure, keeping the concentratiohef t
stresses around the pump-out hole area and ketiyginginimum possible deflections of the glass sw$a
are significant factors in achieving the succesgf@ unit. It is important to mention here that fonim
temperature distribution and cooling at a slowés fa8] must be introduced because of the thermal
expansion mismatch between the glass pane anddimeaaige seal, i.e. 8 -30C and 23.5-18°C
respectively. In this paper, the novel contributi®not only to fabricate VIG but to achieve thempinent
vacuum pressure and sustainable surface tempesatitrethe minimum possible additional stresse® Th
hot-plate surface temperature and approximateycpréissure measurements varying with time were
performed simultaneously on the seven samplesciied, each was 300mm-300mm-4mm in size made of
K glass. These samples were sealed ,around thghpeyiof the two glass panes, with the main edgk se
10 mm wide made of SgPhzeZnsShi- AlTiSiCu; wt% composite, and a support edge seal, 4 mm wide,
made of steel reinforced epoxy. The hot-plate saerfamperatures, reported here, were as measured fo
each sample and for each measurement the tempecaiuiroller was set to the appropriate valueudyst
experimentally the influence of hot-plate surfasmperatures on the evacuation of the cavity presasua
the pump-out hole sealing of the VIG for the pugofachieving the viable high-vacuum pressure with
the minimum possible stresses. Such stresses eaad®of shear forces occurred on the edge seal are
forcing the glass into curve relative to the cewti-pane surface. Both glass panes deflect, umger t
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induction of temperature differentials, in the satirection that are usually caused during the extan
and pump-out hole sealing process.
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Fig. 11. Experimental measurements of hot-plateasartemperature induction and vacuum pressurenggin
which: (a) Sample A at the set-point of Zlachieved 0.1 Pa; (b) Sample B at the set poid0Dd€ achieved 0.05 Pa;
(c) Sample C at the set point of @achieved 0.04 Pa; (d) Sample D at the set p6B®'€ achieved 0.03 Pa; (e)
Sample E at the set point of @achieved 0.02 Pa; and (f) Sample F at the set pbil16C achieved 0.009 Pa.

Fig. 11a shows the experimental measurements @ppeximate cavity pressure under the ambient
temperature of 21°C. As can be seen, the vacuussyme of approximately 0.1 Pa was achieved dukiag t
evacuation. The glass square was heated, usifdgtimg element inside the vacuum cup, gradualthido
melting temperature of this composite, i.e. 18@&f@jng evacuation. Due to the temperature gradiemts
the glass panes, the sample-A has experiencedsioce level of internal compressive and extermasite
stresses. This results a small crack on the uppss @round the pump-out hole sealing area occafted
10 min during evacuation. It was noticed that thatsample-A must be subjected to an appropriatacai
temperatures by making sure the surface temperatusé not degrade the edge seal. These experimental
results are in good agreement with the detailedhemaatical model and calculations of the predicted
temperature induced stresses reported by Colliak €992) [24], Fischer-Cripps et al. (1995) [14]
Lenzen and Collins (1997) [39], Wang et al. (2022)] and Wullschleger et al. (2009) [40].
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The Sample-B was fabricated, as shown in Fig. 4hbwing the experimental measurements of the
approximate cavity pressure of 0.05 Pa at the siet-pot-plate surface temperature of 40°C. Thepum
out hole of the Sample-B was sealed with glassreduat it experienced a small leak, after 15 min of
evacuation, on the pump-out hole seal due to thefigient temperature distribution. However, incso
be seen that the vacuum pressure was improvedessila of increasing the Sample-B hot-plate surface
temperature but a proper temperature gradient medsmeeded between the top-glass surface and the
heating block inside the vacuum cup. Subsequesdsds observed are tensile on top glass panegtret hi
compressive on bottom glass pane as predicted mg\aal. (2007) [21].

Fig. 11c shows the Sample-C temperature/pressafigegrin which the experimental measurements ef th
improved approximate cavity pressure of 0.04 Rheset-point hot-plate surface temperature of 60°C
were recorded. The Pump-out hole of the Sample-€snacessfully sealed with glass square after shou
of evacuation. This is because the layers of agsbgaseous molecules as a thin film on the internal
surfaces within the tubes and vacuum glazing reduairger evacuation. The evacuation process time ca
be reduced by increasing the surface temperatures.

To further improve the approximate cavity press@ample-D was fabricated in which the approximate
cavity pressure of 0.03 Pa at the set-point haemarface temperature of 80°C were recorded,@srsin
Fig. 11d. During the pump-out hole sealing proci&sgas observed that the Sample-D experiencedéens
stresses on the top pane whilst compressive obdtiem pane causing glass bending and fractured the
sample from its edges after 1.5 hours of evacuatioing the formation of the pump-out hole seal.

Such initial experimental investigations show whies hot-plate surface temperature was set to 46 t
it caused difficulty in the formation of pump-outll seal leading to the growth of crack on thedlass
pane. An increase of hot-plate surface temperddgiktates the sealing of the pump-out hole, wthils
achieving improved vacuum pressure, but incredsesttesses causing bending of the glass panes and
produces a risk of fracture to the edge seal. Aigihathe uniform glass surface temperatures ardipaiy
not possible due to the limitations of the edgé ssaperature for the formation and the mechanical
sensitivity of the main edge seal despite thetfaeicoefficient of thermal expansion of the glass the
edge seal are within their acceptable margins.

Fig. 11e shows the temperature/pressure measurewofe®ample-E in which the approximate cavity
pressure of 0.02 Pa, at the set-point hot-platasaitemperature of 95°C, was achieved. The punhp-ou
hole of the sample-E was successfully sealed taxpierienced higher level of internal compressive: a
external tensile stresses, after 20 min of evasnatiaused the fracture of the edge seal.

To comprehend the limitation of the VIG sample aoef temperatures and its maximum achievable
vacuum pressure, Sample-F was fabricated in whielapproximate cavity pressure of 0.009 Pa atdhe s
point temperature of 110°C were recorded, as showig. 11f, but cracks occurred, after 4 min of
evacuation, on to the edge and the pump-out heksait is because of the glass bends due to therma
stresses and higher temperature differentialsuradtthe glass. However, the vacuum pressure was
improved before 4 min of evacuation by increasheygample temperature but it also increased the
stresses, glass deflections, and caused diffisultisealing the pump-out hole.
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A relatively acceptable, based on the aforementiang@erimental observations, an improved VIG sample
was made at the hot-plate set-point temperatus®@, as shown in the Fig. 12. The approximatetgavi
pressure of 0.042 Pa was achieved and the hotslatece temperature and pressure regimes were
recorded as shown in Fig. 13. It was fabricateeraftseries of six experiments. In which the inflees of
hot-plate surface temperatures on the cavity vaguassures and their limitations were experimentall
studied. A practicable fabrication process wased from these experiments and effective sample
successively constructed. More than five similanplas of this process having different sizes, re-
evacuated at the hot-plate set-point temperatus®&@, were fabricated which validates the recurren
sealing of the pump-out hole and achievable vacprgssure. The experimental observations show
repetitive behaviour of stress patterns acrossupgort pillars indicated a vacuum-tight edge s&sl,
shown in Fig. 12. A new contribution to this studyhat the temperature induces not only stresg ligo
improves vacuum pressure and achieving the matbbtegblate surface temperature of 50°C for thietyp
of edge seal was a prominent challenge in thisysaind contribution to the VIG sample. However, the
preceding studies have already reported the matieahanodelling of the stresses in vacuum glazind a
in this paper the repetition was avoided but matolfollow and validate those predictions experitaén
by achieving the successful VIG sample [21, Pd¢areful consideration need to be made when
reproducing the VIG construction for larger sizel #ime use of tempered glass could be used and to
evaluate the applicability of the obtained restdtsamples of larger size, current findings aretéichto
smaller size VIG such as the dimensions of 300mAN®e- 4mm or 500mm-500mm-4mm.

K-Glass Panes
Support Pillar array

Main Vacuum edge seal
(CS-186 composite)

Rear view of the pump-out seal

Secondary edge seal
(Epoxy J-B Weld)

Glass square pump-out seal
protected with Araldite adhesi

() (b)

Fig. 12. (a) An improved VIG sample, made of 300@@®mm-4mm in size, showing the main edge seal
10 mm wide made of CS-186 composite and a supdgd seal, 4 mm wide, made of steel reinforced
epoxy and (b) the pump-out hole made of the afongimreed composite protected with Araldite adhesive.
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Fig. 13. The experimental temperature/pressurenegiof sample shown in Fig 12, in which a vacuum
pressure of 0.042 Pa at 50°C was achieved witBubeessful pump-out hole seal without any leakéo t
edge sealing area.

6. Thermal performance analyses of the VIG
6.1. Validated finite volume modelling approach

An experimentally and theoretically validated fenitolume model (FVM) of Fang et al.(2005) [31]; Gan
et al.( 2006) [15] and Fang et al. (2009) wassgtil for the thermal performance analyses of Vigs ef
300mm-300mm:-4mm rebated by 10 mm in a solid wanddrand 10 mm main edge seal. The details of
the analytical model are reported in Fang et 8062 [22]. A validated set of equations, includthg
direct depiction of the support pillars incorporhte the FVM, were solved for the fabricated degsi§n
VIG at the cavity vacuum pressure of 0.042 Pa.reason to model only one quarter of the VIG is the
symmetrical geometry of the whole sample of VIG emithe ISO ambient conditions [41] representing the
complete thermal performance. As per ISO (2000) $dndard, the average air temperatures of thee col
and warm sides of the glass panes are set to kea?@f 0°C, respectively. The inside and outsid&asar
heat transfer coefficients are 7.7 Vi#§" and 25 WritK ™ respectively. The cylindrical nature of support
pillars in FVM is represented as a cube, with sgumase, support pillar (lengthfra ) having equivalent
area utilised that conduct the same amount oftheasfer which is a validated approach of Fand.et a
(2009) [22]. A higher density of nodes were utilise the mesh that represents each support pillalidw
maximum possible levels of accuracy in the caldmedf heat transfer and again the accuracy islatdd
in Fang et al. (2005) and the approach is companalth the results of Wilson et al. (1998) [16] and
Collins and Robinsons (1991) [19]. Initial testdlut FVM were performed with the 50-50 nodes
distributed on thgr andz directions on the glazing surface and with 20 namethex direction. The
thermal transmittance at the centre-of-pane foindeim based vacuum glazing with emittance of 0.03
was determined to be 0.36 W’Ki* with a glass pane thickness of 6 mm. It was fadedtical with the
findings of Griffiths et al. (1998) [13] thus thisodelling approach is suitable to simulate a pcattieat
flow with high accuracy of predicting the therm@rtsmittance of VIG based on the achievable cavity
vacuum pressure of 0.042 Pa. The boundary conditroplemented in the finite-volume model of the VIG
are listed in Table 2.
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Table 2
Boundary conditions implemented in the validatedté-volume model of the VIG.

Constructional element Property Value and/or material type
Main edge seal Material CS186 composite

Width 10 mnf

Thermal conductivity 46.49 WK
Glass pane (Pilkington K type) Thermal conductivity 1 wWm'k?
Emittance Three surfaces (Hard coating) 0.15/tiickeX
Frame (wood) Thermal conductivity 0.138 Wii*
Support pillar Material Stainless steel 304

Diameter 0.3 mm

Height 0.15 mm

Pillar separation 24 mm

Thermal conductivity 16.2 Wm'K*

*Measured thermal conductivities are reported byrda (2017) [30].
¥ In the analyses the comparison is also presenteddying the emittance and edge seal on the tHerma
performance of VIG

6.2. Thermal performance of the VIG

The centre-of-pane (Lhy9 and total thermal transmittance{) values of the VIG predicted to be 0.91
Wm?K™* and 1.05 WK™, respectively. Isotherms of the cold and warm sidiie VIG are presented in
Fig. 14a. This is compared with [28] predictionsdon an indium sealed vacuum glazing sample
dimensions of 400mm-400mm-4mm with Srm0atings on the inner surface of two glass sheitisa
pillar spacing of 25 mm, the Jy.and Uy values were reported to be 1 and 1.19 M respectively. A
decrease of Me(0.09 WnPK ™) and Uy (0.14 WnPK™) values were predicted due to the use of a 10
mm rebated frame depth and the 10 mm main edgeseated inside the frame as shown in Fig. 14b.
Although the wider layer of edge seal caused irs@a@dge-effects, which results in higher thermal
transmittance values of the glazing. The total kraausfer can be reduced by reducing the edgenset
and emissivity of the coatings on the inner sudaafeVIG. For example, a 6mm wide indium edge skale
vacuum glazing was predicted to havglind Uenrevalues of 0.9 WiiK™* and 0.36 WK ™,
respectively, using soft low emittance coatingg.[13

19
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Fig. 14. (a) isotherms of the one quarter of thé& Where the thickness along the x axial directon i
enlarged by factor of 2.5 compared to the lengthamd z direction showing the temperature distiitou
from the vacuum edge seal towards the centre-of-gtazing area. (a) Schematic diagram of the medell
VIG

6.3. An influence of reducing the width of vacuum edge seal and the emittance of inner surface coatings on
the thermal performance of VIG.

Fig. 15 shows, that for the VIG size of 300mm-300dmm with an emittance of 0.15, when the edge seal
width decreased from 10 mm to 3 mm then thgWand Uy values also decreased from 0.91 Wit

and 1.05 WK™ to 0.81 WK™ (an improvement of 11.0%) and 0.91 /" (an improvement of
13.3%) respectively. For the aforementioned si2€IGf with an emittance of 0.03, similar decremeht o
the edge seal from 10 mm to 3 mm further improvedenreand Uy, Values from 0.71 Witk and

0.84 Wn’K™ to 0.62 WrifK™ (an improvement of 12.7.0%) and 0.71 ViK' (an improvement of
15.5%) respectively. These results indicate thdh&r work on reducing the main edge seal widthldiou
improve the thermal transmittance but experimeptaltiucing the edge seal width has not been pesabl
it compromises the integrity and hermeticity of &uge seal of VIG. However, the low-e coatingshsag
silver thin films or transparent nano-structureid fiims, could replace Sn{xoating on K glass as it
improves the thermal transmittances of VIG.

12 -
Emittance = 0.15

Emittance = 0.03

e/
"-;z 0.8 r ::EEE/
E 06 | ..EE/ : = 3mm seal
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Centre of Total glazing Centre of Total glazing
glazing area glazing area

Fig. 15. Predicted U-value at the centre of glaznd total glazing areas of the 0.3 m by 0.3 m vacu
glazing with edge seal with of 3 mm, 6 mm and 10.mm
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6.4. An influence of increasing the size and reducing the width of vacuum edge seal on the thermal
performance of VIG.

Fig. 16 shows, when the glazing size increased 866mm-300mm-4mm to 400mm-400mm-4mm with
10 mm edge seal, the.ddeand Uy values decreased from 0.91 Vit and 1.05 WK™ to 0.86 Wm

2K (an improvement of 4.4%) and 0.96 Vii* (an improvement of 8.6%) respectively. For the VIG
with 3 mm wide edge seal, thedh.and Uy, values decreased from 0.81 Vi and 0.91 WK™ to

0.79 Wn¥K™ (an improvement of 2.5%) and 0.86 Vii&i* (an improvement of 5.5%) respectively. These
results indicate that larger the glazing size tweer the thermal transmittance values. Whilst waithider
edge seal, because of its edge effects, the théramasimittance values are larger than that of thzmp

with a narrower edge seal. As same as with othet &f edge seal, a larger sized vacuum glazing will
provide better thermal performance compared t@tigewith small size.

. N
& 08 ¢ ﬁ:/ ;
£ i
2 o6 | ..::% = 3mm seal
5 : %:% ~,6mm seal
$ 04 r EE% 10mm seal
- =%
2

Centre of Total glazing Centre of Total glazing
glazing area glazing area

Fig. 16.Predicted U-value at the centre of glazing and ftzing areas of the 300mm-300mm and
400mm-400mm VIG with edge seal width of 3 mm, 6 amd 10 mm.

7. Conclusions

Hermeticity of vacuum edge-seal has been the parantequirement, specifically, in the evolution of
smart windows. In this paper, a composites{BkZn;Shi- AlTiSiCu; wt%) edge-sealed vacuum insulated
glazing successfully developed. The main conclissare summarised into the following four features:

(1) A high-vacuum glazing fabrication system, ssstelly designed and constructed, achieved 4.35-10
Pa with a modified vacuum cup; this proved to redilne risk of dislocation of the heating block dnel
degradation of Viton O rings due to unwavering meatequired for sealing the pump-out hole withsgla
square inside the vacuum pump during evacuation.
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(2) The microstructural investigations, using FIBMband X-ray CT, of SiaPh;eZns;Shi- AlTiSiCu; wt%
composite showed negligible traces of micro voidh wapped air inside, when sealed with k-glassl, a
homogeneity, when ultrasonically soldered on tlasgkurface at the vibration frequency of 25-30 kHz
with the tip set-point at 190°C. It led to the dieyenent of new methods for the formation of vacuum
edge-seal.

(3) Experimental investigations of the seven faigd VIG samples, each of size 300mm-300mm-4 mm,
showed that increasing the hot-plate surface temtpes improved the cavity vacuum pressure whilst
expediting the pump-out hole sealing process laat imlcreases temperature induced stresses. Sudcessf
pump-out hole sealing process of VIG attained athibt-plate set-point temperature of 50°C and the
approximate cavity pressure of 0.042 Pa. More fivensimilar samples of this process having differe
sizes fabricated verifies the recurrent sealinthefpump-out hole and cavity vacuum pressure. The
experimental observations show repetitive behavidstress patterns across the support pillargated a
vacuum-tight edge seal. one of the vital issueli@ M its durability and its ageing but in this paphe
hermeticity of the composite edge seal itself weaysed by analysing the evacuation time in achigpvi
and maintaining the cavity vacuum pressure befodeadter evacuation whilst analysing the surface
temperature induction influence on vacuum presdure.durability of the whole sample of VIG itsedf i
significantly important and is a dynamic issue lbsea despite of successful constructions of VI€relis
always an uncertainty of the degradation of thétgasacuum pressure because of some gas molecules
may remained in the cavity that react when exptsadnlight and/or under extreme climate conditifmmns
longer time (e.g. after 10 years) due to the dgraknt of CO inside the cavity that degrades thewarc
layer. It is apparent that VIG will be exposed timlgght and need to be designed to sustain atrdifte
climate temperatures and for over 20 years in dalaroid degradation of vacuum. For this the faitur
work recommendation to tackle this issue is taagtihon-evaporable getters in VIG and perform agein
tests.

(4) A validated finite volume model, incorporatisgpport pillars, employed and calculated thg,Jand

Ut Values of 0.91 WifK™ and 1.05 WK™ respectively for the fabricated VIG sample (size o
300mm-300mm-4mm) rebated by 10 mm in a solid woaté at the cavity vacuum pressure of 0.042 Pa.
Improvements of 11 % (0.81 WiK™) and 13.3% (0.91 WAK™) in the Uenreand Uy Values can be
achieved by reducing the vacuum edge-seal width t® mm to 3 mm at the surface coating emittance of
0.15. For the same size VIG with an emittance 08 0when the width of the edge seal decreased Ifbm
mm to 3 mm the keand Uy values were predicted to be from 0.71 Wkt and 0.84 WK™ to 0.62
Wm?K™ (an improvement of 12.7.0%) and 0.71 WK (an improvement of 15.5%) respectively. This
result indicates that further work on reducingniean edge seal width would improve the thermal
transmittance values but experimentally reducirgettige seal width has not been possible as it
compromises the durability of the edge seal of \HBwever, the low-e coatings, such as silver thing

or transparent nano-structured thin films, coufgdlaee Sn@coating on K glass as it improved the thermal
transmittances of VIG and is suitable for this tgb&acuum edge seal.
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Highlights

Novel design and construction of vacuum insulatedigg (VIG) were discussed.

A vacuum edge-seal made of composite;dS8imeZn;Sh;- AlTiSiCu; wt%) was analyzed.
Influences of temperatures on evacuation and pumgéaaling of VIG were studied.

A high-vacuum pressure of 0.042 Pa at 50°C sutiam@erature was achieved with VIG.

Thermal performance of VIG with surface-coatingd &acuum-edge seal was analysed.



