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ABSTRACT

»
y -

.
-

Improving the Durabxllty of Silicone Sealants
through Polyblendxng -

¢

.

- Les1a Maria Beznaczuk ‘ o

-

A study has been conducted on the effect that

+

polyblendxng, with Vvinyl .polymers, has on tne durability and

1

mechanical properties of silicone (poly(dimethylsiloxane))

-

’ & .
sealants. The types of polymers utilized as &dditives, in

proportions by weight of five, ten,,And fifteen per cent;'

were 1) vinyl polymers (PVC, VC/VAc), 2) three different

‘nitrile elastoners'(modijied and unmodifieé);,and 3) a

natural polymer (Kraft lignin). Sealant beads were cast
between wood, aluminum, and mortar substrates, and were then
exposed to laboratory contfol, accelerated, and natural

weathering conditions. echafical (tensile) testing was

/

performed after weatheri exposures were completed :o,’

determﬁne stress-strain behaviour and towghness. Thermal
testing, usiné a differential scanning éalefimgter~(DSCL
detefuinéd gla53‘tfansition‘iemperatuies and miscibility.
N )
Scann1ng electron mlcroscopy (SEM), in conjunctioh‘wiéh
energy- dlpersxve x—ray analysxs (EDXA); related the
morphology to duzability and performance. Results indicate a
de£1n1te 1mprovenent in nechanxcal propettles and enhanced

weatherxng resi RAnce, through polyblendlng, for wood and

aluminum substrates.

'
+ t



ACKNOWLEDGEMENTS .y ’ SN

13
- ’ o

The author wishes to express her npprec&aticn and’
gratitude to her thesis supenvdlot} Dr. D. Peldman, for ‘his
asglstancc. encouragement, and guid&nco throughout the

course of this research work. Thinks are extended:to Hr..-Dr

L

Banu and Mr. A. Clarke for their assistance in the testing
. N ' . '

of specimens.
A note of thanks is extended to Dr. A. Blaga and his

technicians at the Division of Building Research, MNational

\‘Reaéarch Council of Canada in Ottawa, for their dinvaluable

assistance and pertoru;ngqfof microscopical testing of N
specimens. ,

<

‘The author is grateful to the Natural Sciences and’
gngkneering'kesé&tch Gouncil (NSERC) for their financial
iupport. ’
© .

A spec;al note of thanks is extended to the author 5_
fanily and frxends. whose suppott and encouragapont‘nade

)

this reaearch work poasxble.



1,
2.

* 3.

4.

5.

‘ 2.3 Performance Classification

‘Silicone Sealants ' . <) “ :

PR
1 ~

»

Objectives and Scope of Resesarch.
Buil@ing'SQQLants and their Per formance,

2.1'Classification

a

2.2 Categories of Joints
2.4 Sealant Failures

Polyblends
Natural and Accelerated Weathering zxposJ\e

Sili;one Sealant Performance and Mechanical Tgsting' 27

’ K}

6.1 Influence of Rate of éxtension and Tedpe{aturé' 30

/

Research Program Y :31
7.11Materials and épecimen Preparation . // e 31
7.0,1 ﬁie;ated Temperature Mixing . 37
7.1.2 Grading of Particle Sizes /- . 38
7.2 Préce;ure for Weathering Exposure 38
7.3 Specimgn Testing 42
* 7.3.1 Tensile Testing ' 44
7.3.2 Thermal Testing R .45
7.3.3vlgfrared Spectroscopy ‘ t 46 -
7ﬂ3?4 Micnoscépié Testing// ST L a7
Resd;ts: Analysis and~Discus’ion _ * 48
8.1 Accelérated weathering \ o ! 48
8.2 Morphology . L - - 51




/'g.allﬁftatgd Spectroaéoyy ‘ggt:‘ * 56
' ’ 8.4 Silicone Sealnngn | :i“ 62 | |
_— G.SASiliconol-‘Vinyl'Poiyler Polybien " 66
| 8.5.1 ’ppé--;v‘c poxyblin'ds 66
8.5.2 éos-vc/VAc Polyblends o L T4
. 8.5.3 Discuiqisn and Conclusions ' _ | 82
8.6 Silicone - Nitrile Elastélez Polyblends . 83
A 8.6.1 PDS-K1402 Polyblends o | e
8.6.2 PDS-K1411 poxymeq&s o) - 90
T a'.e._3 PDS-K211 Polyblends Y Y|
£.6.4. Discussion and Conclusions B 104,
8.7 Silicone - Lignin Polyblend; ‘ . f 165
~ . " - B.7.1 pDs-Lignin Polyblends - .10
| / 8.%.2 Discgls}on and Conclufions | ;’ . ‘112,
L " , 9, ,Copclusions’and Racoh;endapions ' ' . 113 ’
\ 10. References o . ! L | fis
11. Appendix ) A e - 121 -
K ‘ - L
’ Y ; |

.\“\

v,
of



LIST OF FIGURES

10-
11-
12-
13-

14~

15-

16~

17~

. 18-

&> - : . '
. ! ’ ' .me.,
Typical sealant appkxcatxonl _ . ) ‘ ) 4
Horxzontal joint with rain seal, vertical joxnt
with taxé seal and air seal " Y * ' 6
~.

Deformation of sealant beads with butt and lap

joints - 7.

.
” . . R [

Comparison of maximum strains, and substrate

“stresses 'f?g' . L, ’ 8-

Joint with shape factor of one ’ ' 9

Effect of relcqs; agent on sealant g ' 9
Bxpansion-céntractioq movement of a joint “. h ’ 1
Types of sealant failure o , - 15
Poly(dihethylsiloxaae) . ‘ ‘ 16
Correlation .of Aﬁi\ ‘and N.W. data X ‘ . 24'
Extension at break as a’ functxon of tenperature . 28
Tensile telts at various rates of extension 29
Specimen sizes ' ¥ f _ .36
Substrate setup within nouid pfioi to casting

of sealant specimens . ‘ 37 .
N;w. exposure aonditions: average weekly maximum .

and minimum. temperatures. h ' ‘ 40
N.W. exposure conditions: é;;rage weekly Bours

of daylight , - | . o a
Racks used to hold specimens during® N.W. . 42
Disintegration of mortar ;ubitzates'with AW, - 49

¢

L VT

-t



on

19~

20~

C21-

22-

23-

24-

25~

26-

27~

28~
29~
30-
il-
32-
. 33-

34-
35~
36-
37-

38~

39-

. ‘ v

P o )%s' ' . - page
Pos;tion of disintegraﬁé& mortar speciiéns on table <
within A.W. chamber ' (& ' 50
SEM photomicrograph of éross-section of PDS - + 51
PDS-PVC blend (15%) phdiomicrogr;ph (10x_m$g;) 52,
PDS-PVC blend (15%) photomicrograph (50x mag.) 52,
PbS-VC/YAc blend (15%) photomicrograph (10x mag.) ‘ 52 .
\PDS-VC/VAC blend (15%) photomicépgraph (50x mag.) . 52
EDXAhspeckrum,of diépersed ph;se (PDS—PVC) L ‘Sq
EDXA spectrum of dispersed phase (PDS-VC/VA&) 54
EDXA spectrum of mattix (PDS~-PVC) ‘ ' 5§
EDXA spectrum o{ matrix 2PDS—VC/VAC) 55
Infrared spectrum of PDS ¢ Y
Infriréd spectrum of éDS-ﬁ%C (10%) o o 58
Infrared spectrum of PDs-vc/vAc (158} ' - 59
Infrared spectrum-of PDS-K21l1 (10%)‘40 y - . 60~
Inf;ared specgium of PDS—liénfn (10%). ' e 61

Stress-strain curves obtained with control and
A.w. PDS specimens ) " 63

Stress-strain curves obtained with control and

1

.N.W. PDS sgecimens . ‘ 64
DSC scan (-1700C to ;SOOC) of PDS specinren ) 65
Cohesive failure of specimen ‘ 67

Stress-strain curves obtained wit?/PDS-PVC

pply lends on a wood substrate ‘ . 69

a

Stressistrain curves obtained with PDS-PVC ' .

‘polyblends on a mortdr substrate . ’ ; 70




v

45

55

Stress-strain

40
polyblendd on

41

42- DSC scan (+200C to +1506C) 6f PDS-PVC specimeh

43-
44~ Stréss-lttaln
polyblends on
qu”\

Stress-strain
polyblends on
46~ Stress-strain

‘polyblends on

47-

.48~

49- Stress-strain
pqublgnds on

50+

Stress-strain
polybiends on

51-,Stress~strain

polyblends on

52-
53~ Stres;-ét;ain
polyblends on
54- Stress-strain
polyblends ;n
- Stress-strain

pbiybLeuds on

u‘&'" ~ \
curves obtained with PDS-PVC

an aluminum substrate
te

Adhesive failure of specimen : Y

curves obtained with PDS-VC/VAc

an aluminum substrate

DSC scan (-1700C to +500C) of PDS-PVC specimen

N \‘, f{’x“ !
N

O
curves obtained with PDS-VC/VAc

a . .l
a mortar.substrate b

-

curves obtained with PDS—VC/VACé'

a wood lubsttate

curves obtained with PDS-K1402
. ; ] (-
an aluminum substrate

curves obtained with. PDS~K1402
a mortar Qﬁbstraéi .

curves obtained with PDS;K1402

s P
a wpod substrate’

curves obtalned with PDS-K1411 -

a wood agbsc:ate

curves obtiﬁned with PDS-K1l411
e - 1
a mortar Bubsttrate
~

curves obtainpd with PDS-K1411

an aluminum substrate
4

-

)

DSC scan (- 17OOC to»+500C) of PDS-VC/VAC spec1men

DSC scan (+20°C td +1500C) of PDS-VC/VAc spec1men

. . ¥
DSC scan (~1700C to +500C) of PDS-K1402 specimen

4

&

n

72

73

77,

78 .

79

80

81

86

87

88

89

93

- 94

95



~d

2 -
: . : page
56~ DSC scan (- 1700C to” +500C) of PDS~K141£ specxuen 926
57- Sttess-stram curves qbtax—ned with PDS5-K21l1 .
polyblends on a wood substrate - 100
&58- Stressiéstrain cutves T.obt.ained with PDS-K211
polyblends on an aluminum sub.strate ' , 101
59- Striss-—strain curves obtained wit;:h PDS—Khl"ll
‘ pclyblend’s on a mortar substrate - 102
60- DSC scdn (-1700C to +500€) of PDS-K21ll specimen 103"
i 61-- Stress-strain curves abtained with PDS~ lxgnin )
polyblends oh a wood substrate 107
62— Stress-strain curves obtained with PDS-lignin
polyblends on an aluminum substrate ] 108
63~ Stre'ﬂs-strain éurvei obta.ined with PDS~lignin .
polyblends on a mortar gubstrate . o 109

EY

64- DSC scan (-1700C:to +500C) of PDS-lxgnm speéimen 110

65- DSC- scan (+300C to +2000C) of PDS -lignin specimen 111

*




¢

‘. v v v, T
. LIST OF TABLES . ) A ‘
. 1
t‘ e - J
1- Summary of various sealant properties N '
« Q
2- _Representat&ée costf{ of sealants )
3- Advantages and disadvantages of silicone sealants
4~ Toughness of PDS-PVC polyblends ‘ :
. f
5- Toughness of PDS-VC/VAc polyblends
6- 'Toughnesé 6f.PDé¥Kl402’polyblenas ‘
7~ Toughness o'f‘PDs—KMll polyblends . ‘ '
8~ Toughness of PDS-K211 pohyblaends v '
9- Toughness of PDS-lignin polyblends -
. N o T /
v ~ /A ’ B
N . e
P oo
= »
" e % .
. N
@ . & g
. ~
e e :

106




f K . ~ P4 'S
' . . - . » N . R
o . ~ Yo
; ’ . ' 0 ’
‘ - r , .o ‘ . ¢,
' 7 v : .
- ¥ . 3 l . . %
- ' * 1)

* : r e ! ’
~— LIST-OF APPENDICES , . " ‘ 1
- ! . - . // v \ .

( . 4 N A , A '

R .‘ ". ’ [ 4 -4 : ’ age
’ . s.‘ “L- v, ‘g, > \ . R—g_
‘ - - - Y B l.
' - 1 1-* Stress~strain data at failure (including toughness)
. B . ° , - v .
4 . : c : : S .
., l.1.Control spe‘c&mens C 122
- -’ .,_L‘ A ) ‘ o .
© S, 1.2 A.W. specimens . : 128
R T < : .
+ R N B . [
o, 1.3 N.W, spdcime . . 134
’ . Y s R , .o .
\ ’ m ’ i Y »
" ~
. !" ’ y
Q~ -
. . ‘
J . .y - | : ’ \
1] , ] . N
K » J‘ ‘ &1 . ° i
, . . )
DS e
& 14 y - ~
, ~ - . @

“ ‘ ‘. ' . ] ‘ * ’
@ i ’ N . R

a . Ny v v
* - - - ~.‘ L 3 N

3 - 1

) Gi’\. B \ . ‘-‘ >
ta : \ ‘ . .,

| | : .S ..

s \ ‘ . )

" ' . . F
¢ ‘-‘\Jl#' ' ) '

.o ) . Y -

. ; P /

. d ‘ , B “ . ‘

B N . ' e

‘ o . .

, : \ .
,. A2 ' . 3
'\ B . . . . . ‘. a
“,.v RN . . ’ B
) N ' -
s Y .
} ) 4 ) .
v . . . - - .
L 2N - ! ., . ¢ «
'.;'—, : ' { .e ° ) . \
.- ] .
j ‘_ﬂ‘k o L) - \ ]
o~ . . N -
1“ ) ° i
. - ®
. o . ‘ <
S &
g oo ‘ ‘ ' % . ‘
¢ L™ ) ) . .

r"

L

It

e iR

P!
%
“
:
1]
“




. e

LIST OF SYMBOLS

ACN
ASTM N

A.w‘l h“

"CcGsB

csa
DP

s

DhA

beA

K211

K1402 .
k1411 .
NoW.
PDS

pVC

R.H.

RTV 1
SEM
Tg
v.v. -

VC4VAac

‘nitrile

" L

.

acrylonitrile

r

American Society for Testing and Materdials

accelerated weathering .
Canadian Government Standards Board

- , . .
Canadian Standards Association

degree oI+«polymerization

differential scanning calorimeter

dynamic mechanical analysis
energy dispersive x-ray analysis

nitrile rubber (Krynac 211, Polysar)

ni¥rile rubber. (Krynac 1411, Polysar)

natural weatheririg o ~

L]

. J
poly(dimethylsiloxane) silicone sealant

poly(vinyl chloride)

relative humidity ~ w

room” temperdture vulcamizing .
» y B N

stanning electron microscope

~

glass transition temperature R

ultra-violet

vinyl chloride = vinyl acetate copoiymer

] el

)

El

rubber (Krynac 1402 H83;, Polysar)"

~

I

*y




t - : . ¢

1. OBJECTIVES AND SCOPE OF. RESEARCH

- : -
'
e

. .- : PR , ‘ . s
. <
o <
, . . .
- . . . '
. L N
. ~

a

Sealants play a.very 1lportant role 1n the overall(

efficiency of the bulgplng. Sealxng a buxldlng ptopetly Is a

critical step 1in assembling a buxldxng envelope.'rhus the

-

durabilgtyrdiﬂany chosen sealant can be one of the factors
atfecting. the service life of a Suxlding. :
Inprovxng the 3%;%bxlxty'of sealants, silicone in

parQ1cular,-1s the chasen tOplC of this research Through

mecﬂﬁnicdi polyblendlng, a reiatxvely,slnple process that

can be performed in any laboratory;'selectéd additives were
o - R X .
mixed (in various proporltions by weight) with silicone

sealant. These ad¢itives consisted of two vinyl polymers,
three different nitrile rubbers, and Kraft lignin. Speci@éqg

’ ' ' . ' s 4 .
were prepared on three different substrates: wood, alunxndm,

a

and mottar. The, spee+nens were- sxzed s0 that they would be

best representatave of a bulldxng joint in service. The size
l «
of the substrates was\Lhe standard one used by ‘'many

researchers for sealants’to be tested in tension. Tensile
testing best represents the type of movement that causes
’ ' 2 FS

failure in service.

To determine whether any of the polyblends are mote

. i

durable than silicone,

The first series were kept

three series of. specimens have been
wsathered.’ in laboratory

35% relatibe

conditions (240C and approx1mate1y (~ )

humidity) as con;rol specimens. The second were - expOsed

- L]

.ﬁ . . ) 1 S

b, terirgm o

<



- > e o '
® - . . . . o . .-
»artificially in an accelerated weathering chamber, cycled
. R L] y ' 3 N . : )
four times daily between"-300C and +300C. The third series
‘Wwere naturally weathered in a rélatively polluted area of
downtown. Montreal. After exposure, ten‘sile( testing was
, - performed to provide a basis for comparison Of durability.
. A "
@ - : L
. . .
' . 45
’ ¢ ; ‘ . ‘. ' o
) \ ..‘ S .
’ o ’ f ‘
R L . Ky
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2. BUILDING. SEALANTS AND THEIR PERFORMANCE

s

Buxldlng sealants evolved as a resnlt of the use of

Q i,

,lhrger (and llghter) module bulldxng naterxals, which-

. ?
conséquently gave rise co‘large'ﬁhetial differential

movenments. These moveuents are cyclxc due to the da11y and
seasonal var;atxons 1n the exterior thermal and noxltute
conditions of the buildiqg. Sealants which fill the ]oxnts

between these exterior bulding materials must be formulated

to withstand extension at low temperatures and compression

at highpéeppefatﬁzés. If the wdrking capabilities of the
<

sealant are éxéeeded. failure can occur and the sealant will

, = s
be unable to fulflll its praimaty function of preventing ‘the

. - %
passqgé of_agr. moisture, heat, dJust, etc. through the

joint.'Thus the proper pefformance of the sealant within, the

rs 4
Jo1nt for a reasonable service 11fe is ctxtxcal to- the

-e£f1c1ency'of the buxldlng en elope.Sone typ1ca1 sealant
v, \
applxcatlons are 1llustrated in £ urg 1.

)

The service life of a sealant is deterlined%by many

°

factors:~ 0

1) temperature . .

x2f'moisturg '

3) exposure to ultra-violet radiation

4) amount and, severxty of extension and conptessxon cycles
One of the most important influences on service lee is

a éqmblnatlon\thi?veral of these factors ; how well it

)

7
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wea&hers. Weathering, a tei-‘whiéﬂ refers to how a material
'éerforﬁs when exposed to enfitéﬁnental éonditjdns. can
affect_a sea}dnt in many JaYa and can lead to yaridus
degrees of degradation. Therefore improving the dur;pility
of a sealant agéinsg weathering w;fl consequently extend
service life and expand its c;pabilitien. burab@lit},
however, is nbt an inﬁereﬁt property of aﬂf material because
it depends on the inst;llatioq, use, and lervice conditions

‘during its working life.
/o . =

‘

)

w. 2.1 Classification a ) , .

S )
-§ealants can be claassified into. four types:

-

N

1) viscous lidﬁids

.

~

2) mastics\
!3) tapes . ®. o -

a) preformed gaskets.

'S

Viscous liquids are pourable, mastics vcontain a

thiiotropic agent to control flow and prevent sagging, tapes

are used as bedding compounds or in glazing work, and
preformed gaskets are extruded or foamed into a multitude of
shapes. Mastic sealants are available as one-component or

two-component systems. One compongnt aye ready to install,

and are cured by moisture absorption or aolwvent

¥ r

evapouration. Two-component sealants come in two packages

]

which must be qiiéd on site prior to installation, and are

~

”

R
5 \

ORI [ PRrE
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/@hemiéallj cured.
’ ¢ 1 . ’ ¥ . ' SN -
Exterior sealants can'act as either one-stage ar two-

/ 1
stage weéatherproofing. One stage weatherproofing (fig. 2(a))
/ : . & .

uses fhe seal, at the ‘exterior face of the joint, as hoth a’

raiﬁ and air seal. wa‘pta§e weatherproofing (fig. 2(b))

uses the seal, at the interi1gr face of the joint, as an aijr
- /’ K s
,/8eal only. A non-airtight rain seal is used in an exterior
/ ) ' T ’
/ location of the J°1ﬂt“C°an°tijj>the air seal from

/ .
/ weathering effects.
. \\

- o

st
RS

Y

-
Figure 2 a),Horizontal joint with rain seal, b) vertical
. et . . .
R Joint with rain seal and air seal (4) )
! A
: . L

-




o

= 2.2 Categories of Joints

.
A

. ,
" categories: -

. 2) non-horki(hg, whose moveménts are minimized or eliminated .

' »

The majority ‘pf, joints fall into the foll‘waing

. ' ~4
1) working, which change size and shape with relative

movement' of the, substrages

Pl
.

. 3) butt (fig.  3(a)), which subject the se"al‘a‘nt to |

9

e

]

. PR ' . [ R
alternating tensile and compressive stresses
3) lap (fig. 3(b)), where the sealant is primarily subjected

» tO shear stresses.

¢
)

The.shape and dimension of the sealant cross-section is of

' »

primary importance on the the movement induced strains and

t

~»

TR
:\:\\\\\\\\‘:\\Q\\\\\s\\\
(b

Figure 3 Deformation of .sealant beads: a) butt joints, b)

lap joints (4)

1

e

i
.
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stresse (fi?. ‘4). The optimal geometry of a seal is'twice

(] ¢ -

as wide as it 1s. deep, but a ratio of one is used as a

[
?

Practicdl joint to reduce the frequency of ta’x’lure (tig. 5).

.- ' >
The bottom sufface ot the se:alant must also be al lowed to

s
1

deform freely when movements are inducea by the substrates

bondea to the two opposite sides of the joint (fig.‘ 6).
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: rigu:e;' Comparison ot maxim;p %9}2“33: a) for 50 mm deep
sealé - e*tensi‘on of jbint 1008, sealant strain 5508; b} for
12,5 mm deep seals - extén;ioﬁ ot joint, 1008, s"e‘a\lant' strain
lo0v. Compér 1son of ;ubst:ate.stresses for: c) 50mm deep

seals; u) 14,5 mm deep seals (4) 7

'
i o L4

" a\ S



ﬁta!lai
matersal

N

T b ]
[ ' at e

P e o.”
.

[ EE R A NN R

‘. . f-2 F e .
.“ - “ I

.y
¢ v'P Yy~

<

é

*

-'I
'..l

.J

*Lee S
‘s A L4

Sealant bonded to bonan\
¥Npases saditional stresses

Reiease agent at

seaiant-joit interface

> v

i

>

.
.
“r
N .
.
.
. s
] N
.
.
K

v

1] '

€
. ‘
o
a
i
-
JUty
o

-' ¢
b:-‘ ) .
on sealant

(4)

Pidure 5 Joint with shape factor of one (w/p'a 1) (4) e

a

&




Ztg\barfor-ance Classification

, A

»

L

] . : .
loads, noiature»absorption. amount of/shade,
’orlentat1on, anblent temperature, and colour of substrate

dlctate the movement that the, bu11d1ng joints must enduré.
P

The greater the amount of nevglent. the more elastic and

durable the sealant must beMT;lg. 7). The brcéértigs‘and
peffofnénce of b‘seal;nt (table 1) are bfsed on its
constituents. High performance rubbery sealants that have
high recovery, sych as silicones, polyurethanes, and
polysulf{des, also have low tear resistance. Low and medius
petfotmance deformable sealants, such as 011-based and lateX
caulks, butyls, solvent—based acrylies, and polynerbaptans,

:

have instantameous elasticity under short-term loads but

a

, (ﬁdll cresp or fiow under long-term loading. Repfesentative

. .
—

' [
costs (1970 prices) of various sealants. are presented in’

& >
table 2. . ; ' 4
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¢ tnt Range R
Sealant Haw tdallars per gal - Lt o
Nonhardaning seslants o . -
Oleo-Renin & 2-6 Sedling ol corcrete joums, masunny vopings. gaxing and sealing of cable pres.
sure spluet, electricad condust, and gl to-metal meter cases
Asphadt and bitumiaous =4 Sealng facang surfice metal joints, silos, and smir-condioners Caulking for ex
- ‘\ pension aid cuntiacton jonts
Buty! 5-12 Caulking exparmsion and contraction joints. Metal.o-glass seals, and metai.to.
metul seahing to separate dissimilar matenials Sealing electncal conduit
Acrvhic 5-12 Pipe juints, glazing masonr, and metal cavlking Special compounds used a« g
" uid gaskets and pipe dopc
Pelybutene 5-7 Ceneral construction.type caulking and glazing Seal betu een didsimlar metals
Hln?ming seslants—nigid types . a
Epory % -1 Potung electrical connectors, Y nis, coating circust
boatds, and cable sphcing Caulluu; and ppe :nlmg Used as 3 sealer and
abrauion renstant coaung for coricrete
Polvester 6-12 Potting molding, and encapsulacing Gasket and pipe thread sealants. |
Oleo-reun -8 Same general uses a nonhardening formulations  Hademing fype matenals
Asphalt and bituminous lad. should he used where pressure limits exceed the limuations of the nonhardenmng
furmulatiom. >
~ ’ °
' >
-~ ' v ’
r
”~
-~ LA
. -+
Hardensng seaisnti—nonngid b pes .
hemical fesction watems \ . ]
w/ Polvsuliie~tmo-purt 10-22 Seuling integral fuel tanks and pressure tanks Sealing fnms surfaces and chan.
- nels Porung, molding, snd sealing of pleniglasx. General ronstruction seaiing and
caulking of metal wood and maconn joints,
\ Polysulfidemone«part 20-23 Ceenetal tonstruchion tepe seahing. cauling, and glazing Seabing betwern dissarm
° ’ ' Lsr metals Deck cacliing and sealing of refracting mirrors
Urethene—two-part 12-1% Poring and molding of electncal wor ors, e lation of hvdroph trans '
ductrs and circust bosrds Caulhing where mpahblhr\ with LON 1¢ required ©
Lrethane—dne=part e -1 Genesa' comtruction tvpe sealing, caulling snd glazing
Silone=two-part 43-100 Porting and malding of eleetncal connéetors Potting Frewall connectors  and
$ toating umbihical cables Seshing of heat shields
Silnone—one-part 23-57 Ceeneral comtruction Rpe sealing caulhing. and glazing Potning and molding
Polvsulhde—mad:ihed ] Souling of expansion and contraction jonts N runw s and tau stnps where
Bitimient—tuo-part ' Flime and fuel resictance are required
Modibed eposs —tna-part '»!2’% ot'ing nwlding  encapsulating Sr;hng transformers Hich «oluge ;plum: cu
» ¢ vt seabing Ceneral wonetruction ' caulhing
Al —one part LTS B Ceneral comtrnction fype sealing caulling and plazsng
Miton—two-part AR P Rugh temperatus senie whers fuel and il reustance 1 requnred Sealing
fuet Lanke channeb ad fnoang sorfaces
Sibent e l(}hv Vat e -
Neoprene - s~ 3 Serhing bn tween dissrmliar'metabs Caulhing «nd genersl weahiog '
Hypulon * -2 Sirmular in us s te neoprene . .
Hon M s-iz 7 Lazing wod caulhing of metal, glass, and numr\rv rymee jointy
Wo prinseetNy cortesy of Muchme e '
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Ta?le 2 Representative costs of sealants (4)
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2.4 Sealant Failures

Failures of the sealant (fig. 8) depend on:
" . “«
1) the type of sealant used

~

2) the installation - ¢
3) service conditions

Adhesive failure is the most common in mastic sealants,

\

which is the loss of bond between the sealant and its

substrate. Mastic sealants are also subject to cohesive

failure within the material, and spalling failure ‘when the
) ) .

adhesive strength of the sealant exceeds the cohesive

strength of the substrate.'Defozmabie sealants can fail with

-a change in sealant shape due to flow. Failure can also
occur if there is a large joint movement before the sealant
is fully'curqg. Sealants can fail due to aging and weather

'exposuréf This failure is usually in the ' form Of
: A 3

discolouration, crazing of the sealant surface, or a

stiffening at the surface which reduces elastomeric

‘proper ties. This can be a result of the individual or

v

combined effects of solvent evapouration, ozone attagk,

migration of plasticizers, U.V. attack, water immersion,
R ¢
etc. (4,95).
L )
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S . . Adhesion falure. Coheston farluré, Spalling farlure
~r + . - 4 .
A ¢ -
- + ; . 0 : , &
. Pigure ‘8 Types K Of sealant failure (4) . - '

' ' To prevent failure and ‘promote certain performance
. . ’ C S N . :
. _ ' characteristics, additives sucH as adhesion. promoters,

. : ‘
L. fillers, p’igments,‘plasticize,r"s., thixotropic agents, 'etc.

v

‘. 5 V. ) : )
nybe introduced into the polymer, To promote better

>

relgase  agents, and. backup materials. Elastomeric ‘sealants
-, ‘ ’ ) v , . . \ . ‘J

usfally consist of a base polymer, filler (to control
R N t £ . L.

* Corlsistency, improve physical pro;;erties, and lower cost}),.

- -

4
0

. -agent. _ ' :

»a

performance, external ac¢cessories\used include primers, -

plasticizer (to modify hardrfess and modulus), and a curing



3. SILICONE SEALANTS . ) T/ }

|_.'$ilicone sealants are high quality, high recovery,

~ -

.expensive elastomers which are stable in both cured and

uncured states. They are easy to work with and)brovide a

A
v

very neat joint..Their outstandiﬁg property 1s high
iecéveryr and after.one ysar of service tHe sealant mayAghow
as much a; 98% recovery (4). The drawback of high recovery’
is Fhe 1nhérent low téar resistance, which &s~about half the
val&é of the tear resistance of polysulfides or
polymercaptans. Qnee'thé\deformed sealant 1s cut or

punctured, the existing internal stresses will extend a tear

a
1

rppidly, leading to sealant failure. Silicones require no

solvent for workability, thusccuring shrinkage 1s negligible
¢ ' . : :

due to almost 100% solids. The advantages and disadvantages

: , . . \
of silicone sealants are presented .in table 3.

™ He H - H n
' i Powgn . N
— H-—f—H Hr—$—H~.H_—’C—H
, e
-———&——O*-ﬁw——O‘—-T—*O~“ ” ®
| t .
H—C—H H—C—H H—C—H -
' ! j | g
*H H H RN
= .
' 3 L
L4 f . [ \
: " Figure 9 Poly(@imethylsiloxane)
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.Silicone elastomers consist of a poly(organosiloxéne),

o

usually poly(dimeihylsiioxanef (fig. 9) due to its lower

cost (in comparison with other poly(organosiloxanes)),

better chain flexibility, and wide range of attainable:
. ‘ - €

A

prbperties; additives which }rovide strength and other
desirable .properties: énd.a crosslinking ag;nt. ‘These
sealants are classified as room temperatuée vulcanizing
(RTV), because they cure at room temperatu{e and d¢ not

require heat to <cure, as is the case for'heat-cured rubbers.

The polymer chain used in heat-cured rubber has a‘pp (degréef

of polymeyization) of 7000, while the chain length in .RTV

elastomers has a DP of 1000 (3). The shorter ‘chain length is

.

necessary because lower viscosity is required for RTV.

applications, but the tensile strength and elongation 1s .

lower than, heat-cured rubber. varying the'oréaniq groups

L4

attached to the silicone atoms can expand the capabilities

¢

of silicone elastomers. Substituting methyl with phenyl

groups, for example, provides greater 1low temperature

flexibility, which 18 required for sealants used in(thb
aerospace industry. Fillers can be used to enhance desirable

properties, reduce cost, 'add colour, or to increase

resistance to degradation.
One-component silicone sealants are condensation

curing, which means that they'tuxeaﬁy reacting with moisture

o

present in the atmosphere. A +trifunctional organbsilane is

" ; ‘
L

the crosslinking agent, while a metal socap acts' as a

catalyst for the condensation reaction. The sealant is

17
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stable until it is exposed to the atmosphere, and when

‘exposed it undergoes hydrolysis with atmospheric moisture.

-

‘"This reaction liberates an acid such as acetic acid, which
gives off a slight odour. 1f the sealant is allowed to
develop its entire crosslinked network through complete

I d ' . .
cure, all of its inherent characteristics and properties can

‘be achieved.
. A
‘Curing is accelerated by hot humid weather, and

/ .
retarded by cold weather. If cured in cold weather, the
4 .

cured sealant remains more flexible at low temperatures
’ !

(although the sealant may harden and become more brittle
than organic elastomers). Tne range of colour tints is
vir;ually unlimited aHd colour stabglity is good, thus
substrateslére not stained. Silicone sealants exhibft
excellent resistance to weathering, moisture, U.V.

radiation, and are not affected by ozone. After 8000 hours
of accelerated weathering, there was no discolouration,

1

appreciable hardening, loss of flexibility, or staining of

"

the substrate (5). This makes them prime candidates for
A

exterior éne—stage sealing. The tensile adhesive strength is

I3

low 1n relation to the tensile cohesive strength. This

hecessitates the use of a primer for working joints, which

'

is one of the primary applications of silicone sealants.
Installation requires a very clean joint, thus silicone is a

’ \
more labour intensive sealant than others.

~
[
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Tahle/3: Advantages and disgdvantages of silicoﬂé seafants

. Eacellent handling characteristics ’

st ambient temperatures of -35
Fto +140F

Cood UV lhght and ozone resist.
ance

. honnggmg on vertical walls

Good adhesion to metal and glass

. Exhibit no shrinkage
. Become tack.free in ashort period

of time (fast cute)

. Excellent flexibility; permanently‘

flexible

. Almost 100% rmvery from elon.
.. .gation or colmpression {very low

compression set)
Cood heat and chemical resistance
Eacellent dunbility or long life
(about 30 years)

Longer pot hife (when mixed) than -

two-part polysulfides

. Cood resistance to digging snd

gouging
Nonswiining to most materials

'

s

.(lA

voNua

10.

11
12,

Advantages Disadvantages
’ 1. One-component systerms B 1. Too expensive
2. Available in the widest range of 2. Require critical surface preparation
) colors * und priming (achesion highly
) 3. Color stabiliy dependent on both)
4. High temperature resistance Poor adhesion to concrete

. Inferior elonganan relative to poly-

urethanes and polysulfidés

Inlersor tensile strength relative to
polyurethanes

Paor tear resistance

joml width hmitations

. Sheif Life 100 short

. Require contact with mmospheric
moisture to cure

Cohesion too great for their Adﬁb
sion

Pick up dirt :

Unpleasant odor (release of acetic
md)

LY

s reported by consumers) (4)

“
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4. PQLYBLENDS

8
+

Polybleﬁding is a technique that can be used not only

tbiimpkéve polymer properties, but also to lower cost

through the use of additives. Polyblends can be defined as
ghgsicalimixturés of structurally different or similar
polyﬁefs. The two polymeré adnere to each other (to various
degrees) through the actioﬁﬁof secondary bond forces, with
no eovalent bonding -petween them (21). Most polymers(are
incompatible wigh each other, and when used in polyplending
exhibit phase sepgration (the polymers co—exisi in ‘separate
ph;ses); The_presente of the;é distinct phases gives the
inherent properties of the polyblend. The level to which the

two or more polymers adhere to each other can determine the

,mechanical properties. Polymers\thgt adhere well to each

. .

other can exhibit greater mechanical properties than those

that don't. ' ¢

Polymers. can also be compatible with each other

(miscible). This occyrs when polyblending results in a‘

mixture which exhibits single phase behaviour. Unlike the
incompatible polyblend, which has twd glass transition
temperatures due to phase separation, a miscible\polyblend
has only one glass transition temperature (Tg)'(the
temperature at which éHe polyme; behaviour changes frgk
giassy to rubbery) located somewhere between the glass

transition temperatures of the constituent polymers_(laL

20
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Determination of glass ;ransition temperatures is a
£echn£que oftén used to find out whether a polyblend is
misciﬁle (although this method may be unreliable depending
upon the nature of the polymers used)q The term miscible is
best defined as~a polyblend that achievesﬁ; leyel of

molecular mixing adequate to yield macroscogic properties

L

eipected of a single phase material (24ff More precilse

techniques for detefminipg the level of mixing are electron

microscopy and equatiop—offsta£e thermodynamics.

A polyblend does not necessarily have to Schieve misci-
bility in order to have;useful properties. Many desirable
pfoperties are dften‘a result of two-pﬁase blends. The type
of propetties that can be obtained by polyblen§iing are
dependent on how well the two polymers ddhere to e?kh’other;
and the proéortion of each polymer in the polyblend. Thus
the morphology of the polyblend system is important in
determining its!prog?rties. The polymer ghat constitutes‘the
highest proportion in the polyblend is referred to as the

continuous phase or the matrix, while the polymer that is

present in smaller proportions is referréd to as the

dispersed phase, which exists as discrete domains. The

ultiﬁate mechaniqal properties, such as strength and
toughness, of a phase-separated polyblend are determined by
the interfacial adhesion bef@eep the phases. ?oor adhesion
can lead to‘flaws‘located at the phase interfaces, which can
result in much lower ultimate pfqperties than expected from
the averaged propérties‘qﬁ the two phases (24). Polymers

by

21
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that have‘similar @isperéive and polar forces will exhibit
better inée;facial adhesion than those wiaely differing in
molecular forces.

The gxtentito which phase separatjon occurs depends on
the compositional dissimiiarity, ﬁolecﬁlar weight,

. g ' . ' 5 .
crystallizability (23), fuynctional groups present and their
: . . ,

polarity. These characteristics also determine the size and
B . -

shape of the domains within the continuous phase. When the’

molecular weight of the dispersed phase is highef shan that
of the continuous phase, the domains have the shape of
'bo;rse aroplets. When the molecular weight of the dispersed

¥

phase is lower, the dJomains are shaped like layers or
ribbons (21). The,propo}gion by weight of the discrete
domains within tﬂe'matrix qiso influences the polyblend
morphology, and hence its'propé;ties. At low proportions,
the domains are spﬁerically shabed. and pecome rod-like af
s8lightly higher propoftidns. At nearly.equivaieng
proportions, co-continuous phases occur with 1§me11ar démain

shapes (23). Electron microscopy can be used to determine

these different morphologies. /

v
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5. NATURAL AND ACCELERATED WEATHERING EXPOSURE

’

- - Weathering exposures were develdped as a nean?. of
determining how a given material will perform in it§ service
conditions (outdoor exposure); One mafor problem in
’ analyzing the weathering of any polymer is.the fact .that
weather is tranéient, and its coqponentH can $ct e;then in
succession or simultdnecusly. The complexity’ of each
situation‘is uniqug onto itself, th any prior testing will
not be ;ntirely representative Wwf the actuai on-site
conditions. The study of weathering performance can’be done
by actual outdoor exposure (natural weathering), which is
time consuming, or by exposure in Qh accelerated weatherihg
R S
machine, whose results must Dbe correlatgd'with natural

weathering (fig. 10). Both methods have their advantages and

disadvantages. . : ’ | .
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.accounted for

_outdoor conditions may not provide the minimum required
. -
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Figure 10 Correlatiﬁn of A.W. and N.W. data (ll).
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The advantages of natural weathering are as fqllov%:

the spectral distribution of gprmal-sunlight 1s .

- .
factors oﬂher’than moisture, temperature, and sunlight
are represented Do )

correlation of ‘test’results to"actual cutdoor exposure is

o .
not necessary
... ~ ‘

weather element ‘values tend to average out over 1o

exposures’

t

the-effects of non-continuous suniight are accounted for

eneygy to initiate some reactions (as .indicated by

acceleratea exposures) . .

24 . ' -
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_The advantages of accelerated weathering methods are: ’
~ N - .

-

1) test results ‘are gathered at a much faster rate

2) exposure, conditions can be precisely controlled and
reproduced .

3) if the polymer deteriorates .wery quickly under

. ! ) ‘
accelerated conditions, its potential for outdoor use 1is

very low, and no' additional time is wasted for more tests
v

~

4) the spectral distribution, temperﬁtd}e, and moisture can’

be adjusted, within limits, to represent a large range of
climates

5) the addi;xodai main;enaﬁce’required for- outdoor equipment

r

is eliminated

™ . . X *
» R R }& L
Regardless of which of the two test methods is preferred,
; [} N ‘\ « ¢
one important fact must be realized. ‘Outdoor exposure tests

N '

may- be no more representative of actualxbibosure conditions,

»
[l

for a given.polymer épplicgtion, t+han are tests carried out

)

in' a controlled labotétory environment. Whether the results

are from outdoor exposure or accelerated weathering, the

relative dqtd useful for the on-site conditions must still

be extrapolated from them. ) . ‘ a
Weather factors which tend tb contribute'to'tﬂe

%ggradatiop of ?olymers are: X .

I +
1) the ultra-violet portion of solar radiation
\ "

2) temperature )

\

_3) water (solaid, liquid, .or vapour) in the presence of acids

‘or alkalis , o \5/




4) oxygen - : ‘ : -
5) ozone ‘ P ' N

6) micro-organisms ' o =
. “1 " .
7) industrial gases '

8) mechanical loadings which arise {;om\eﬁposure to wind and

snow loadings ’ :

\ . ' N ‘
9) severity of cycling (fatigue), .which can be caused by
A ”~ . ) ! .
wet/dry, freeze/thaw, or.compression/tension cycles . '

EY 0

v 3 T

Various combinations of these factors can initiate complex

processes of degradation. Th€se processes can include:

.

‘1) volatilization of plasticizers and solvents -

2):chemica composition of add;tives and fillers

3) gpreak

4) splitting off of side groups

6) breakage or formation of associated bonds . .

7) dfg?ersion and/or breakage of crystallites
‘ ] - a ’
. | . '
J . .

-
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6. .SILICONE SEALANT PEREFORMANCE AND MECHANICAL TESTING
\

The performance of silicone sealants in service

+
i

conditions can be influenced b§ stress, strain, time (rate

‘. I3 ‘ - .
-0of extension and/or compression), temperature, humidity,

oxygen, light,” the type and condition of substrate, and
%g}ious other factors. Mgé%anical properties are usually
defineé'by“sthSS and strain, and are influenced by time and

temperature. Silicone sealants posess the characteristic of
[ -

having their mechanical properties independent of

?

/ g
temperature within the building servi condition

¢

e
témperature range ngﬁﬁc to +500C). Thid

duces the
parameters deflning‘mechanical prapert}es to stress, strain,
,and sime. .

Singe{tagsile exten;ion is the type of loading most

Nikely to produce failTxg in joint sealants in service,

v t

tensile testing is pr¥marily used to obtain information

(
about medWanical properties. A tensile test consists of

-

'pulling a specimen (a sealant bead between two piecesrof

N,

substrate) in a direction perpendicular to the attached

¢ IS

sur faces, until adhesive or cohesive failure occurs. Tensile

elongation causes parallel surfaces of the sealant bead to :
S,
? 2
become concave and builds up stresses at these surfaces. If
stresses build up to a critical level, stress concentration

A

£
at the emds (where stress is greatest) can initiate failure

of the sealant bead. ] N

L - -’



v Qe

- v
] » ' 2
As. the temperature of the sealant changes, there is a L
corresponding change' in its adhesive pvppertxes,. There is a
transition from cohesive to adhesive failure with decréasing . ~ “
temperature and increasing loads. Silicox‘re*sealants also
exhi’ﬁit _higher .extensibility with decreasing ‘temperature v
(f1g. 11). w‘nlch acts as a safety factor~ because Jo'gnt's are - -
J -4
at thejir widesk at low temperatures. This holds true only to p . /——7
] L . a \ .
v - N . .’
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Figute 11 Extension at break as a fuhctiqn of ten':petqture,"-'-

. ' primed aluminum ‘subsrate (12) |
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i

a temperatkure of -400C, below which extensibility is reduced

.

considerably due to éfystailization which changes material

properties. In an unstrained state the crystaiiization
i [tempenature of silicone sealants is much lower than in a
/ -strained state. Although there -1s’ incre‘sing extensibility

with lower temperatures, as the elongation and load increase

there is a hardening of the sealant. ‘\

\ ,'. .

LELIYYS-SF 3 ) .

e ° 128~ [ I
sre.rat (3 [mseOn -

4 .

d a

s

gighte 12 TensilE tests at various rates of .extension, 220C.

Curve'l-0,0lz.mm/ﬁxn;<curvé,2—1.3 nn/ming’ curve 3-5,08

[

curvé 4-13,0 mm/min; curve 5-130 mm/m1n (13)

)

mm/min;

- 29
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6.1 Infiuence of Rate of cxtension anu Temperature .
. ‘

“

The rate of extension usea i1n tensile testing affects

the pertormance results of the sealant. The strength of

a

silicone sealants decreases with decreasing rate of

extension (tig.-12) (13), but 1t takes more time for failure:

. t0 occur with slow movement than with fast movement. This is

due to the fact that théie 1s a hore trequent reversal ot .,

loaa ;lth tast moveﬁent, leading to fatigue failure much

sooner. Eg{{&:gioccurs at i1ncreasingiy longer times with
.

aecreasing strain rates.

Tensi1le curves can change not only with rate ot
gxtension but with temperature as well. Using a constant
rate of éloﬂgat1on, tensi1le test curves can var}
acon51degably with varying temperatures. When elongiﬁions are
pelow 50% and loaus are less than 0,34 N/mm2, there 1s
negligible ai1ffergnce 1in resdlts at varying temperatures. If
testing 1is aone at room temperature according to stanaards,
priming ot the substrate has no 1ntluence on-obtainea
results. Tensile curves woulu be 1uentical at varylng
temperatures 1t silicone seélahts did not cr ystaliize at ifow
temperatures (7). ‘

Tensile test resuists can ve converted to stress/strain
cu&ves using the specimen geometry. ‘the area under the curve
1S a measure Ot sealant touguness. The greater the area, the
-higner the tgéctu:e resistance of the sealant. V’/

. A

) .
30 , ‘




7. RESEARCH PROGRAM |

7.1 Materials and Specimen Preparation . )

B L3
A silicone sealant (PDS) was chosen to be used as the

matrix for polyblending. Dow Corning Silicone Sealant 697

[

was selected because of its excellent properties and

commercial avallability. Seven different types of specimens

7

were prepared for testing. Silicone sealant (unmodified), to
be' used as a basis of comparison, was the first set of
specimens prepared. The following groups of polymers, in 'the

powder state, were polyblended with the PDSi

¢
3

1) vinylic polymers - poly(vinyl chloride) (PVC) (Geon
Resin, E.F.nGoodrich)

)

- vinyl chloride - vinyl acetate
copolymer (VC/VA;), which consists of
85% vinyl chloridg and 15% vinyl
acetate by weight (Hostaflex M131,

Hoechst)

2) ni7rilic elastomers - unmodified: acrylonitrile (ACN) -
butadiene copolymer with medium
(33%) ACN content {K1402) (Krynac

1402 H83, Polysar)




-

- unmodi1fied: acrylonitrile -
butadiene copolymer with high

- (41%) ACN content (K1411l) (Krynac’

f 1411, Polysar)’

o~
A}

't mocitied: medium carboxylated (3%)
chylonitrile - butadiene
copolymer with high (40%) ACN
con;ent”(KZIL) (KrynSC 211,

. Polysar)

3) natural polymers - Kraft lignin, .a commercial mixture
. 1 .

1

\  extracted from a mixture of hardwoods
. ' (maple, peech, elm), precipitated from

‘. .
the black liquor precipitatea with

sulfuric acid, ana pH adjustea to a pg

vlevel between 6 and 7 with carbon
.dfoxide (Domtar). L?gn1n ls'a by-
pProduct ot the pulp-ana paper 1naustry

. and xs‘obtainea in high gquantities
(and relatively lo@ cost) 1n Canaga.

~c%~m 'In 1980, ldﬁz X }06 Kg. of Kraft
' .§ lignin were generated in the .pulping

- process of the puip and paper industry-

in the Unltea States., Only 31,8 x 103

. . " kg- of this lignin was consumed

wor luwide ior various 1ndustrial uses.




P

The 14%00 price ot Kratt llgﬁin was
0,30~-0,50% pér kg (L9). As the 1985
price of commercial PDS is
approximately 17% per ké, uéing lignin
in polyblenas with PDS woula most
definitely lower 1ts cost.
iy
Each ot the polyblends were prepared in the toll?wing

proportions of dispersed phases by weight: 5%, 10%, and 15%.

- -
i
hil .

The process of polyblending was executed by means, of

<

mechanical mixing only. Each polyblend was mixed 5-10
minutes to ensyre a reasonabie degree of dispersion through
mechanical shearing.

0

The sealant beads were cast bpetween each of the

foliowing three suustrates: wood, aluninum, and Portland

\

cement mortar. These substrates are trepresentative of the
méjorxty of buylalng components which require sealanaf in
their joints. The wbéd (Calitornia reawooa) substrates were
cut lengthwise along the grain,. thhé-subjecting the sealant
only to the lengthwise grain. Aluminum substrates were
prepared according to ASTM C719-79. This method consists ot
cleaning the substrate, prior to use, with a metbyl ethyl
kétoné or similar solvent, follbwed by a‘éhorough cle§ning
with a aetergént solution and a txnai rinse with distilled
. or de-ioﬁxzeu water, then air aried.-Mortar substrates were
prepareac accoraing to (CGsB CANz—l9;fn¢77 Mo od 12.1-1974,
which consists ot the Yollowing: one part high early-

S —

33
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, service cbhdxtxons.

strength Portiand cement (CSA AS) with two parts by mass ot

clean, well gradea tine aggregate (ASTM C33). Sufficrent

,wdter "1s usea to proaduce a flow of 120 + 5% when tested in

accorddnce with the test tor consistency ot cement mor tar

-

{ASTM Cl109). After curing one day in moist air (95-~100%

R.H.) and 6 days in water at 23 + 29C, one face ot.each-

Substrate bar is surtaced by wet grinding on an iron lap

N

using a No. 6U silicone carbide or aluminum oxide abrasive

grain or equivalilent grinding surtace. Bars are oven-dried to

*

o N J
a constant mass at 104-110°C, cooled to 23 * 2°9C and 50%

R.H. Any bar that has a surface cavity greater than 2 mm is

b .
rejected. ’ ‘

A total of at least fitteen specimens of every t}pe of

polyblend were cast with each different substrate.

To ensure proper correlation between test results ana
actual on-site performance of the sealant bead, the size and’
shapé ot.speplmens snoula duplicate service conditions as
closely as pésgiblé. Since building sealants are subjected

primarily to temnsion and compression, and most fallures are

tensile, a butt joint was chosen to pe pest representative '

ot a worklng'puildiné joint. This type of joint can provide

cohesive or adhe51ve tai1lure of the sealant, as otcurs in

\ :}“( L]

The sl1ze® of the sealant bead and xts substrate were
the ones usea 1n many stanoards and testlng Literature (7,
Lez=1%). “he sealant ‘Lead was cast as 12,5/1;,5/30 mm. The

butt joint was formed along the,ls,>/50 mm opposite sides of

-




!

the sealiant pead. 1wo sizes ot substrate were used (faig.

L

13): sealant beads ‘Of PDS, PDS~PVC, and PDS-VC/VAc were cast

between substrates of 25/25/75 mm, while the other sealant

RY

beads were cast between substrates of 12,5/25/75 mm. In all

cases- the size ol the sealtant bead remained constant.

]
v

Tﬁe sife of the sealant beaa was COhtrolied with wooden
spacers between the substrate pieces. Spacers were covered
with either cgllophane tape or,wgied paper to ensure tnat no
adhesion woulc‘occur bethen the sealant ana the spacers.
Substrate pieces'and spacers were positioned firmly within'a
wooden mou ld' whach maiptainéd them sf\rxght angles with the
sealant beaa (tig. l;). The mastic silicone sealant and
polyblend mixtures were £hen place:bpetween the substrates.
A putty knife was uéed to wofk,out some of the air bubbles,

anu the sealant béad was finished flush with the substrate.

Specimens were cured for. at least 7 days, as recommendea by

the PDS manutacturer, at room temperature (249C and 35% Rh[
before they were removea from the mould. .

NMote thqt lug and 15% PVC-PDS polyblena sealant
specimens with aluminum substrates were not prépared aue to
the“fact that tﬁey exhibit virtually no adhesive strength
Qhen slightly flexed by.handa (as determined with some

©

preixminary samples).

. : ‘ 35
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Pigure .13 Specimen sizes {all values -in
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Pigure 14 Substrate setup wjithin mould prior to casting of

— sealant specimens -

\/ ’ . ‘ %

o

7.1.1 Elevated Temperature Mixing

0

Investigations were conducted on the effect of elevated

PDS temperatures prior to mixing of the polyblend. Mastic

PDS was heated to +300C for 30 minutes, then mixed with the

additives. Mixing proved to be more difficult tﬁaﬂ with the
unheated specimens, as the surface of the PDS had started to
cure. Heating did not give any mechanical advantage over
unheated spe?iﬁgns, thus only unheated specimens wpre

prepared for exposure tests.
. /

D



7.1.2 Grading 25 Particle Sizes

-

.

Investigationé were also conducted on the effect of
using only fine, graded particle sizes of the additives in
the polyblend. Grading of particles was done as follows: 1)
Qinyl polymers through 0,15 and 0,30 mm sieves; 2) K1402
through 0,60 and 1,18 mm sieves; 3) K1411] through 0,15 and
0;30 mm sieves; 4) K211 throughio,BO and 0,60 mm sieves.
Grading, of lignin was not performed due to the f;ct that
lignin particles were all finer than the smallest sieve
available. Graded particles were then mixed with the
unheated PDS. fhis improved the dispérsioh of the particles
wiLhin the polyblend, but mechanical pIOpértyes were not

enhanced, therefore only ungraded particles (as provided by

the manufacturer) were used to prepare specimens.

\

3

-

7.2 Procedure for Weathering Exposure

"The fifteen fully cured specimens (each polyblend type
with every;diffefent substrate) werg sub-divided equally
ﬂpto groups in order that they could be subjected to thé
three following conditions:

) ]
1) laboratory conditions (referred to as control specimens)

at 249C and approxipately (~) 35% R.H. .



2). accelerated weathering (A.W.) between -300C and 4:'300.C

© (”50% R.H.) at 4 'cycles per day for a total &f 400

cycles. Specimens were set vertically on a table in the

chamber. After 36 cycles, the specimens were subjected to

e ‘ overhead ultra-violet radiation lamps (wavelength of 254

~

nm) for 12. continuous hours daily.

®

3) natural weathering '(N.W.) exposure in' a ‘rélati“vel)i

» polluted location of downtown Montreal for 40 weeks

¥ . - ’
between July 3, 1984 and April 9, 1985 (figs. 15.% 16).

' ) \Specimens were placed vertically in wooder racks which

- \

¢

'keP"f rows separated _'Lfig.l7)."rhe yeét temperature,

occurring on Augusff 3th, was 4-,\32,4~ C, while-the lowest
- - . ~

. . temperature of_-266C occurred on February ,'It:h.&'
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. FPigure 17 A Racks used to hdlq\Bpecinens during N.W. 4

“

a
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7.3 Sgecxden Testing : _ S . ‘

As a means of 1nvestigating the durability and

'
M

associated properties of silicone sealants and its

-

polyblends, the following tests were performed on the

o
hl

specimens:
\

r

-
]

) o ' \
1) mechanical - tensaile testing to determines stress/strain
. N .

' ° behaviour of all specimens prepared.

3



o'

Il

| :

t Ll

dynanid mechanical aﬁalysis {DMA). was
* ;
attempted, but due to the highly flexible -

. -

nature of PDS which made 1t impossible to

’, -

_ secure a sample proétrly within the DMA,

significant results could not be obtained.

3

\

2) thermal - differential scanning calorimetry (DSC) to

.

determine glass transition temperatures.

3) spectroscopy

Iz
©

y

- infrared spectroscopy using a;KB; disk for
méunting samples. Tnxs'techn;que he lps
determine the poésible {nﬁeractxon between_
si1de groups of tne pol}mer chain and the

o ,
additives used 1in the polyblends.,

v T
scaqnxné{electrdn mx!roscopy (QEM) was useSS
té study the influence of norpholegy on thg
perforg;:ce qf;the polyblendg. ,
energy dispersive ;-tay analysis (EDXA) was
pefformed in éongunc:ion with ‘SEH té
det;rnxne_the'elé;ents p;eseﬁt within the
pg‘k@lenés and thgx; possible inter}ctigns.



¥

4

7.3 .1 Tensile Teétigg

v

-

atter completion of exposures, the specimens underwent

-

tensile testing to uetfrmine changes 1n mechanical
ot )

.properties. All tenslle_tests were performed on the Instron

.

1125 universal testing machine at the Centre for Building

Stucles, using a crossheaa with a maximumcell load of 500

-

kg, Tensile tests were performed under laboratory conditions
of £40C ana J35% Ri. Since bullalng joints 1n service expose

the sealant beaa to a very Sslow rate ot movement, the

3

crossheaa speed was chosen as a relatively slow 2 mm/min.
v

Reacings from the tensile tests are.transferrea by the

Instron macnine onto a chart whicn moves at a rate of

-

‘— .
(Omm/min. The chart tull scale was set at 50 kg. Testing was

ccnoucteo untii there was a visible adhesive or cohesive

v

tartlure, or untii. the results recorded on the chart

1n01ca£ed a shar p gecrease 1n load. Recoruea results can be
reaa oft tne chart to cetermine extension ana load at that
. M o
extension, which cdn then we conve:gec to stress/stgélnf
aata. The apparent stress 15 calculatea py dividing the loaa
Ly thé per penulcuLarc ckoss—sectxonal area of the sealant
Deao..ln‘thxs case, the area 15 12,5x50,0 mm = 025 mmz.zlhé
stTain 15 the recorued exterslon ai1vided vy the parailél ftto

C ) 'y
the tension) length ot tne sealant beaa (l¢,5 mm). The

stress/strain gata can then be plottea %o ofhtain a

character 1st1c Stiess/straln curve which gives an indication

, 1
of englnecring properties that can be usea tor compar 1s0n.




'S

- sample size was kept consistently between 10-14 mg.

7.3.2 Thermal Testing

The glass <¢ransition temperatures of the PDS and

polyblend sealants were determined by thermal analysxs using
LS

a dirfferential scanning calorimeter (DSC), The temperature

range used for testing was -1700C to +500C. This temperature

range was chosen because pure poly(dlmethy151loxane),the
. t

~building block of the silicone sealant polymer chain,

i

gxhibits a glass transition temperature of -1230C, -and a

LY

crystalline melting temperatufe-of -400C (22). The ;ate of
ﬁeatlng useﬁ was 200C/m1in, which ls.avrate‘thac wgs used by
Ranganathan (28) td determine the glass transition
températu%e of room temperature vulcan121ng‘5111congs. The

The technique for testing th; samples was as follows. A
thin s%lce was cut from the center of a cured sealant bead,
then-wés welghed ana placed 1in a)metal sample pan. This pan;
aléng with an empty reference pan, was p}aced 1n the DSC
sample holder. The sample ﬁolder was cooled with liquid

¢

nitrogen to below -1700C, Then béth pans were heated at a
constant rate 1n an.nert atmo§phere,of nitrogen, and the
difference 1n energy :équ1réd to‘heab,the two pans was
recorded and analyzed. At'a Eraqsrtxon point, tne sample
requires el1ther more or less ené‘ t.han tne\ reference pén.

L
An endothermic &hange ‘occuars when é meltxng poxnt 1s

reached, thus the sample would requlre more energy than

reference. An exotnermic change requires less energy than



reterence as 1s the case when a sample is curing ana energy
1s releasea. Thus.DSC 15 a technique thdt measures the
guantity ot enérgy evolved'or absor bed b)r% sample as 1ts
‘temper;turé 1S chahged at a constant rate (28). |

Atter tESt1hg all the seaianﬁ specimens, the glaés
transition temperature was obser ved te be between -115°C and
-108°C, anag the crystalline melting point was between -30°C
and -350C. These résults agree (taking into account the fact
that thé sllicone sealant usea 1S not pure 'PDS but also
cbnsxgts_ot additives, fillers, etc.) with the corresponding /,4r’//
tempe:aturesvgo; pure poiy(dimethylsiloxane) mentioned
above. DSC testing 1s also used to cetermine miscibility

ipresence or absence ot a second glass transition

temperature) .

~.

7.3.3 Infrarea Spectroscopy

. -

o

The Kbr aisc methou was used to prepare specimens for

infrared examination. This method consisted of grinding

‘

lamg ot the polymer with a few ﬁg ot coarse KBr until the
polymer w@s very tinely dlvided.-ﬁiis,powder was then well
mlged with Sbumg ot 1intrarea graoé KBr ana 2»>0mg of this
mixture was loaded 1ntc a 13 mm die. The die was placéd in a
hyqrauixc press and a 7,¢x10% N load was applied tor 2 h'
‘ﬁlnutes. 'he KBr disc was then placed in a Be~kman IR {?1@

%

spectrophotometer and subsequently examined.

46



7.3.4 Microscopic Testing

k]
Electron microscopy is one of the methods used 1in

: . . A
determining the morphology of polyblends. Extra saﬁbles of
each of the polyblends were prepared so that their

morphology could be studied under a scanning electron

microscope (SEM). This technique consists of creating a |

fracture surface of the sealant bead. This 1s done by
freezing the sealant bead in liquid nitroéen, then

mechanically fracturing the sealant in the center of the
bead. This creates a rough surface whose morphology can then

v

‘be studied. The samples were then sputter coated'with'gold

to prevent eléctrical charging dur1ng.SEM analysis. Energy
dispersive x-ray anaiysis was also conducted duting SEM
testing. This technique ;nalyzes x—rays:whxch are given off
from the samples during SEM testing. A% each chemical

. r/ »
element emits x-rays of different wavelengths, a computer

Software package an;§}ses wavelengths and 1dentifies the

associliated eiements. Elements that have "an étomlé mass

'number o# less than four cannot be detected by the apgaratus

used, silnce the low energy ;-rays are absorbed by the
N . :

protective window surrounding the Si1(Li) draift detector.

SEM tests were conducted at the Division of Bulldxﬂg

Research at the National Research.Council of Canada '1in

Ottawd. : . . ‘
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/. 8. RESULTS: ANALYSIS AND DISCUSSION (2)

In all cases, the ult;uate‘teqsile strength of thé
specimens varied with the sﬁbstrate used. The substrate
whxcﬁ exhibited the pest.perfofmance also varied with thé
material used for the sealant bead. Values used to plot the
;tress-strain curves presénted in_the'figﬁres are averageé
of five successful detéfminations. Note, thét curves ofi‘
certain proportions of the polymers tHat are not presented
in the figures indicate that spgciﬂgns failed duflng

+

exposure (prior to testing).

8.1 Accelerated Weathering

/// After 263 cycles;1n the acceleratedﬁweatherxng chamber,
the condition of the specimens was checked. All of the

_sealant beéds were 1ntact, but séyeral of tﬁe mortar-
substrates had either partially or ;ompletely di31n£egrated
(f19.'lé). The disxntegréked substrates had broken up into
smallvgranqles, having lost virtually all cdhesion.ﬁThe
specimens that were ppsztxoned on tﬁe edges of éhe table

< (1nsi1de the chamber) were the worst cases (fig. }9).
suggesting that the condensatién, cycling, and U.V. iight
had active roles 1in the disintegration of the mor?&r

. £ 4
substrates. Mortar specimens positioned in the center of the

.

-

table, surrounded on all sides by other specimens, were
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]

Figure 18 Disintegration of mortar substrates with A.W.

barely or not at all affected. Speciméns with mortar sub-

"strates that did not exhibit cohesive 1ntegrity (not solid

when hand inspected) were removed from the chamber. One
sample of each sealant mixture and cach substratc was set
asi1de for testing. The remalnlng specxﬁens'were'ugain sub-
Jected to the accelerated weathering cycles. Disintegruated
spéciméns were discarded, and new sea;ant beads on mortar
o . , ) . . .

substrates were prepared. These specimens were placed 1n the
. v - \

weathering chamber only after the in1t™al specinens. were

49
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Figure 19 Position of disintegrated mortar specimens on

table within A.W. chamber

]

[

weathereu for 400 cycles and removed. ' R

The specimens set-_gaside (after 263“cycle§) were

conditioned at room temperature £for at least 44 hours. They

»

v
«

were then subjected to tensile testing at a crosshead speed
of 2 mm/min. The test results of the pure si1licone specimens

were then compared to each’ of the‘polyblené.specxméng.

After 400 cycles in the weathering chamber, speclmens

were ‘removed and conditioned at room temperature for at

least 43 nours. They were tn2h su goted to rensile testing

a$ Hutlined in tne preceeding paragraph, and the fesults

~

¢ ‘ 9"

'




confirmed those obtained during testing of the 263 cycle

specimens.

8.2 Morphology I

The morpho'ﬁogy of PDS and its b_lends with vinyl polym;ars
is 1llustrated in SEM photomicrographs of Figureg 20 to 24",.
éEM examination indicates ;hat spacimens of PDS;based blends
"containing 5, 10, and 15% of.either vinyl polymer, p’répared
.at 240C, are heterogeneous. The klends consist of two
. :
distinct so0lid phases, the continuous ph?sé (matrix) of Pbs;
and the well—dis.t,\;'ibuted particles of vinyl,pclymer. All
blends contained a relatively large number of voids,

reéulting from occluded air bubbles formed durlng mixing

(figs. 21 and 23). SEM observations also indicate that the
adhesion between particles is good, as evidenced by Xhe
absence of gaps 1n the boundary regions of the two phases

(figs. 22 and 24).

“Pigure 20 SEM photomicrograph of cross—section of PDS

~

’
v
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¥

Figure 21 PDS-PVC plend. ,%’Figure 22 PDS-PVC blend

s

_{(15%) phocomxcrograph' '(15%) photomlc;ggr&ph b

10x magnification 50 magnxficailon }

~

b

Figure 23 PDS-VC/VAc blend Figure 24 PDS-VC/VAc blend

(15%) photomicrograph (15%) phdtomlcrogxaph

10X magnification . 50x magnification )

'\ - L] L
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SEM,analySis of weathered épécimens‘indicaﬂed that voids
(air bubbles) are.reduced or eliminated,” which may explain

AN

th'the.weatheréé specimehs have highif toughness than the,

,cog&ro} specimens. This phenomenonicould be due t¥ .the

compactlng of thg specimen during expansion and contract1on.

N Measurements by energy dlSperslve x-ray analy51s (EDXA)

“"have indicated that PDS ma;erxal is present in either the
PVC or VC/VAc particles of all blends, as evidenced by the .

§i count (figs.'28129) Conversgly,‘no PVC or VC/VAc was -

detec?ed by . EDXA in the PDS matrix of the'blends (flgsu 30~

. 31)‘ ‘ .\ | . . ’ : o /
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8.3 Infrared Spectroscopy

Al N
)
k3
-

" The spectra of* 51loxane polymers, whether omls, rubbers,

or rigid resins, have as thexr most promxnent features brOad

-

_bands of extremely hlgh 1nten51ty,xn the 110071000 cm-1
region, often with two or more distinct maxima “hich arise?

from the 51-0-51 group:

'3 N - oot

A\ -
Methyl groups dxwectly attached to s1licone also have a

htghly characterlstxc band. There are two characterqstzc

N

bands for dxmetny151loxane: one sharp 51ngLe peak at
1258 cm-1, and two peaks at 800~- 800 cm-1l. and 853 cm-l (thxs

peak 1s smaller than -the one at BOU cm-1). -, Lt

All of thess bands can be observed (+5 cm—14 1in the

spectra of polysxloxane (PDs) alone (fig. 29), or 1ia 1ts
. »

polgblends with PVC (flg 30), VC/Vac -(fzcj.u). £211 (f13-
. ° Ct L
32), and llgnxr (fig. 33L With PDS, PDS-FVC. or PDS K211,

"the wWeaker band fharacteristic’ for the S1(CH3)2 9FOUP at

854 cm-1l 1s difficule to OlSmlﬂQUiSﬂ.:ThlS could pe

-

explained by an 1nteractlon~betweeh~tﬁe CH3 QIOUPS and a

funct1ona1 group of the- adqxtxve polymers.-Mlxtureg witn 15%

VC/VAC ana 10% Lxgnxn d1d not dlsplay tnzs modlf;ca:xon“
I'd

even thougﬂ all the spec;ra were ‘run Jnde -the same

.conditions and the clscs were prepared w1°n the same

guantities of materaial.

N " R oo . . . \
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A

"8.4 "Silicone Sealants
a :

' -

Testing of all silicone (PDS) specimens 1ndicated that,

1n terms of toughness where wOod>Mortar>A{uminum, the best

performance occurred with a wood substrate (flgs. 34-35].

The control:sample was the toughest, with the nanurally

weathered speciméens at 75% toughness of control, and

accglerated\ weathering specimens at 60% of control

toughness.

Control ?Ds'spécxmgns with mortar substrates had 50% qf

the toughness of those with ;ood éubstrates, while control

_PDS specimens. with aluminum substra;es'had 6nly 15% of the
toughness with wood. After accelerated weathering, these

‘percentages reduced to 38% for mortar, and 7,5% for
aluminum. With naturally weathered spécimens, the percentage

for mortar further decreqsed to 30%; but 1ncreased to 45%

‘

for aluminum.
°

Control PDS specimens wilth mortar Qubstrétes were the
'%oughgst with respect to this sub§trate; Both accelerated
and naturally weatheréd specimens haa 46% of the toughpess
of tne control specimens. Specigens with aluminum substrates
. behaved sllgﬁply differently, as the naturally weathered
Specxmens perf;rmed the best, with control specimens at 50% .
toﬁghness of the naturally weathered ones, and accelerated
_weathering specimenslat 148 ' ,

DSC testing r;sulted in a’Té for PDS specimens of —llloé

»

(f1g. 36).
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Figure 35 Stress-straln turved obtained with control and

N.#. PDS specimens, Curve l-control/wood substrate; curve 2-
control.Jaluminum substt/at,e: curve 3-control/mortar

substrate; curv‘e;_ 4-N.W./wood . substrate; curve 5-
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8.5 Silicone - Vinyl Polymer Polyblends /

8.5.1 PDS-PVC Polyblends :

/ . .
/ . : .

‘Q'PDS—PVC/ polyblends exh151;z$d tne best stress-strain

performance with wood substrates. Failures were generally

cohesive (fig. 37), indicating q"stroﬁg adnesion between
sealant ' and substrate. The polyblends with 10% PVC

consistently performed the best under mechanical testing,
\

shq-viqg the gtea;es.t' increase in toughn‘ess‘ over PDS (table
4_‘) in all cases (control, accelerated, and nadtural
wleatherlng)_ (fig. 38}, ;I‘he accelerated weatnering 108 P¥C
p_olyblénd 'uas also tougher ‘than the control PDS specimens.

.« 5% and 15% PVC specimens were consistently less tough than

the PDS specimens. ’ ¢ ‘i °
(A}
Resuits with nortar subpstrates (£13. 33) were not as

i

consistent ,as witn wood. Only the 10% PVC control and

accelerated weathering specimens performed petter than tneir

associated PDS specimens. The naturally weathered 10% PVC -

speciméns ‘had "pasically 1identicdal toughness as thsir:’

agsoclated PDS specimens.

Performance results witn aluminum suostrates (fig. <u),

where only the 51 PVC ‘polytglends were prepared, were

gengra‘L ly péor. The only exception was tne case of r_he:

B

o

nmaturally weatneraed which were “Qugner than the control and

*

accelerated weathering specimens, and tne conwtrol PDS

1 . . 1
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.
naturully weathvered) were

specimens.
"~ 5% PVC polyblend specimens {
tougher tnan coﬁtrol_fot all substrates, and tougher than

L
3

f
.

.

accelerated weathering specimens ~#1tn aluminum 4nd mortar

substrates o&l .
. 95¢C Eqstlng of pure PVE 1miicates a1 I'g 0of ¢72C. Testing
of PDS-PVC polyblénds shows two T3's, one at =-110,30C (fig.
. . . N . , ' '
and 1 second at 92,25C {fi1g. 42). Tnese wvalues
to’the’ T3's of the indivijual polymers, which

, iill'.
11 (1nsémpativrlity).

correspaond
indicates 4. twoyepn.se Lol ole:
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SPECIMEN SUBSTRATE ) 'TOUBHNESS
(N/mmZ . mm/mm)

¢ \

hd -

Exposure Conaitio

Control  Accelerated | Nitural
. 4 »~

<>
PDS ‘ Wood 0,23 ' 0,04 0,17
“fps . Aluminum 0,04 - 0,01 . q,08
' pDS o Mor tar _ 012 - 0,05 " 0,05
- BDS-PVC(53) - Wood - 0,04 t 0,11 0,08
PDS-PVC (5%) "Aluminum 0,01 . 0,02 0,09
'Pbg-pVC(si) Moctar . " 0,04 'r0,04 0,10
PDS-PVC(L0%) . Wood 0,26 " 0,25 0,20
' PDS-PVC (10%) Aluminum - - -
PDS-PNC (10%) . Mortar 0,23 . 0,06 ‘ '> 0,0%
| , - | é- ) , - ,
PDS-PVC(15%) Wood 9,12 L,17 . 0,12
PDS-PVC (15%) Kluminum - . - - o - .
PDS-PVC(15%) - Mortar 0,12 - 0,02 - 0,02
” °
. .
: : ;

Table 4 Toughness of PDS-PVC polyblends

2
4

"6y L. SR
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8.5.2. PDS-VC/VAc Polyblends .

4
|

Faillure of allv PbS—VC/VAc specimens was adnesive (fig. ° .
;4:). -1ndicating goo‘d’,cohesxcn witnin the polyblend. PDS-
VC/VA: polyblends exnibiteu the pest stress-strain
perfaormance with aluminum substrates (fi1g. 44). As was the?

Case witn the lU% PVC-PDS polyplends on a wood substrate,

the 15% VC/VAC polyblends with alu-aiamj- substrates

. consistently performed the best under mechanical testing,

+

) . ,

=.nd exhibited superior. stress—strain behaviour over all the

specimens tested (including PVC ana PDs). Tnhe anly exceptlion
ds the case of rthe.control specimens ~#nere the 10% VC/VAc
pclyblends were sligntly tough=r tnan 15% (table 5),

althougn the allowable stress of the 15% specimens was mnuch

. ‘ Vi
higher than tnat of 10%. Fai1lures 2f these spec¢imens was

¥ -

édhesxﬁé,’ 1ndlicatling strong conegion within the polyblend.

All tne PD.)-VC/Z\{AC polyvlend ‘spe'c1men‘sd with aluminum

Su’blstratexs ~were Yougher tnan the control PDS specxmeﬂns on,

this susefrate. . ' - S - ‘
.

Although the control PDS-VC/VAC specimens with mortar

—

substrates ‘(fig. 45) were all tougher "than control PDS

Specimens with this substrate, the weathered specimens
L]

(accelerated and natural,} were all much),weaker than the PDS

specimens. ! ' *
All of the PDS-VC/VAc polyblend ‘specimens with wood ' 3,{5
substrates (fig. 46) were much weaker than their associated

>

PDS specimens-.
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SPEC IMEN SUsSTRATE | .. . TOUGHNESS
' (N/mm2 . im/mm) |

\

- cxposure Conditions .-

: Control Acceleratead Natural
" pps’ | wood 0,23 0,14 0,17
PDS ‘Aluminum 0,04 . ‘ 0,01 i 0,08
PDS - ymortar - 0,12 0,05 0,05
PDS-VC/VAC (58) . wood 0,14 - 0,56 T 'g,ue
PDS-VC/VAcC (5%) ‘Aluminum .0,08 0,06 ‘ 0,20
" PDS-VC/VAC (5%) Mor tar 0,14 - 9,03 - . 0,03
. PDS-VC/VAC(10%)  Wood 0,09 . 9,05 . 0,04
PDS-VC/VAC{LU%)  Aluminum ° 0;19 0,07 v,18
PDS-VC/VAc (10%)  Mortar - 0,18 0,03 . u,03

Pl

PDS-VC/VAC (158) \ woou . 0,18 0,05 0,07

PDS-VC/VAC (15%)  Apuminam - 0,18 - ; 0,14 0,27
PUS-VC/VAc (15%)  Mortar 0,18 0,03 0,01
/ ) .
0 M !

Ed

.Y

- x
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Pigure 4‘4 S;/éess-straln curves obtained with PDS-VC/VAC

pélyblends' on an ‘aluminum substrate. Curve l-control (%

NC/VAc; curve 2-control 5% VC/VAc; curve 3-control 10%

e 4
VC/VAc; curve 4-control.l15% VC/VAc; curve S5-A.W. 0% VC/VAc;

curve 6-A.W. 5% VC/VAc; curve 7-A.W. 10% VC/VAc; curve 8-

.
A.W. 15% VC/VAe; curve 9-N.W. 0% VC/VAc; curve 10-N.W. 5%

VC/VAc; curve l1-N.W. 10% \VC/VAC; curve 12-N.W. 15% VC/VAcC
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curve 9-N.W. 0% VC/VAc: curve 10-N.W. 5% VC/VAc: curvé 11-

+ N.W.. 10% VC/VAc; curve 12-N.W. 15% VC/VAc
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8.5.3 Discussion and Conclusions

DSC and SEM results indicate that both vinyl polyblends,

\ .
PDS-PVC and PDS-VC/VAc, thus their

.

mechanical properties are influenced by the interfacial

are not miscible,
44

adhesion beétween the two co-existing phases. "The existence
e ‘ - .
of these two phases 15 not necessﬁri%y unfavourable since

3

many useful properties, characteristic of a sfngle phase,
may -be preserved in the blend while dther properties may be

averaged according to the blend ‘composition (20).

Consisténcy of results 1n mechanical testing gives an
F 3

indication of which of the polyblends has truly-'superior

# oo
performance, therefore improved durability, over the PDS

3

specimens. In the case of a wood substrate, the best results

were obtained with the 10% PVC polyblend (as indicated by-

v i

stress,"strain,.and toughness). Failures of specimens were

cohesive, showing good adhesion between the sealant bead and

¥

the wood substrate. Improvements in adhesion with Ww&od |

. * * ’ -
substrates might be attributed to some interactions befween
P

the polar groups of PVC and those of wood components.

-

With aluminum substrates, the 15% VC/VAc polyblend

exhibited superior performance over all the experimented -

. .
specimens 1n this study. The 1mproved properties of this

golyblend could be due to the favourable influence, Qn the
adhesion tngrds all substrates, of the acetylic groups of
: 3 . v

VC~VAc. Failures of this polyblend were adhesive, indicating

very strong cohesion within the polyblend.

t
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8.6.1 PDS-K1402 Polyblends,

°

.During mechanical testing, gDS-KI4DZ pplybiends
consistently exhibi;ed pettet stresg-strain performance
(toughness) than PDS'witﬁ aluminum {substrates Anly«(fig-
49). The A.W. and N.W. speciﬁens on this sqbstrate,also

performed better cthan the controlvpbé specimens. The 5%

.K1402 polyblend specimens showed the greatest improvement in

toughness over PDS (table 6) in all exposure cases (control,

v

A.W., and N.WQg"The majority of failureskwith the 5;

polyblend with an alunxnum substrate were cohes1ve. Failures

-~

_above the 5% dispersed phase were adheszve. and adhenge

strengths at failure decreased with increasing percentage of

‘Kl402 within the polyb}enﬁi This serves as an indication

[

that ahy addition of K1402 above the 5% level decreases the
’ o . v
degree of adhesion between the sealant bead and the alumirdum

-

substrate.

Results with no;tar sugstraggq (fig. 50) were not as
conslistent as with alumlnum. Lontrol and A.W. specimen
testing results with 5 and 108 polyblends were . encouraging,
but N.W. results indicated tba: the aglyblend wag
substantially weaker than pPDs. These’fallures were generall?
cohesive, but were all adhesive for the N.W. and 15%

-

polyblend specimens. As was the case with the aluminum

- ¢

A}



/ . .
substratte, this indicates that the addition of an in¢reasing
amount of K1?02 decreases the adhesive strength of the

K .

sealant. Natural weathering elements not accounted “for
. -

¥ . .
within the accelerated weathering chamber also %d a

detrimental effect ‘on the performance of the.sealant.

Wood substrate results weré inconsistent, as shown in

figure 51. While the 10% polyblend specimens, exposed to

cﬁptrol and A.W. cpndit_ions, exhibited superior toughness .

v

over PDS, N.W. specimens were weaker than PDS (although the

decrease in toughness wasg not as dramatic as. with mortar). 5 '

" and 15% polyblé}nd specimens were not' as tough as PDS

specime'ns, except in the case of .the A.W. 5% polyblend

i

specimens, where results’ indicated that they were

substantially tougher than PDS. All failures with this

substrate wWere adhesive, indicating a strong cohesive force -

[N

within t substrate.

pdle ¢ ‘ i -350¢. '
x ‘es ng of K1402 résulted in a Tg cf -350C Te*ng

»
-

of the*PDS-K1402 specinens yiel_%ed only one observable Tg at

-114,10cC (fig. 5{):' which corresponds to the Tg of PDS. As
{

was mentlorxed previously, a mscxble polyblend exhibits only

‘4:
one Tg, but 1t 1s located somewhere between the Tg's of the -

iconstlyent polymers. As PDS is an unpolar polymer whxle

K1402 i %Jlar, it can be conc luded from these DSC results
that PDS-K1402 is ng( a misci’ble polymer (incompatible) .

J —
* -
.
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¥ 4

', PDS

. PDS i
PDS \
PDS~K140 2+(5%)

PDS-K14021{5%)

PDS*KL4U £ (5¢)

)

PDS-K1402 (108)

PDS-KL4UZ (10%)

LR

208*&1402(10&)'

POS K140« (15%)
\ :
PDS-K1402 (15%)

PDS~-K1402 {15%)

SUBSTRATE

Wood
At

Alunm'un -

Mor tar

wood~
Alumingm
Mor tar
&
Wood
g Aluminu.n:

Mor tar

wWood -

_Aluminum

Mor tar

4

¥

TOUGHNESS

(N/mn? . mm/mm)

Exposure Conditions

Control

0,23

‘0,04

0,12

0,15

‘9,19

0,13

/

. i
0,;2

0,06

0,39

0,15

85

R L
g

0,05
0,06

4

* N '5)‘

Acceler ated
0.14
v,01

3,39

»

Natural

0,17
0'08"

0,05

0,07

0,10
0,01

v,05
0,09

0,01
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K1402; curve 9-N.W. 0% K1402; curve 10-N.W. 5% l{1402i cm’:vé
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: 11-N.W. 10% K1402; c irve 12-N.W. 15% K1402
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Figure 51 Stress-straim curves obtained with PDS-K1402
polyblends on a wood t«pbat;ate. Cui:ye l—éoﬁtrol .0% K1402;
curve 2-control 5% K1402; curve 3-control' 10% K1402; curve
4-control 15% K1402; curve 5-A.W. 0% K1402; curve 6-A.W. 5%
'vK1402: c;xrve 7-A.M. 10% K1402; curve 8;A.N. 15% K1402; curve
9-N.H. 0% K1402; curve 10-N.W. 58 K1402; curve 11-N.W. 10%

K1402; curve 12-N.W. 15% K1402 -
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B.6.2. PDS-K1411 Polyblends

”
¢

, Unlike the previocus elastomer K1402, the elgstoner Kl411
has a high amount of Aéu.ust;ess strain'zesults with the -
PDS-Kl4l1l polyblend specimens were generally poor (Figs. 53-
55). except 1n the case of }he 5% olyblend on‘g; alulinun
substrate (fig. 55). Under control and A.W. exposure,
mechanical testing results ‘were significantlf better tha;
PDS, while the toughness of the N.W. specimens were
ecs;ntLally~equal to that of the N.W. PDS specimens 1taﬁle

7). The A.W. and N.W. spacimens, with this substrate, were.
7

tougher than ;he.control PDS specimens. Failu;es of all PDS-

<

.Kl1411 ppecimens tested were adhesive ihdicating a lack of

adhesive strength between the sealant '‘bead and substrates in
this study. -

In addition, there was a significant colour change of

the sealant beads; from a tragslucent white to an opaque
4
deep yellow, after exposure under all conditions (control,

.A.W., and N.W.). This indicates that the colour of the PDS-

-

-

K1411 is 1i§nt sensitive, probably due;to the different'
conpo-xtxon of Kl4ll. % ) |
DSC testing of K1411 resulted in a Tg of -200C. As was.
the case with PDS-K1402, testing with PDS—K1411 resulted in
only one Tg at -I12,50C (fig 56), which corresponds to the
Tg of PDS. Since K141i‘is azpolér polymer, it can be-
concluded that PDS-KI4ll 1s not a miscible polyblend. In

comparing these tesqlts with thase obtained with K1402, it

3

J-i
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'

.. can be concluded that the increase in the amount of. ACH dcéc:

not confribute to the improvement of PDS blend properties.
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Table 7. Toughness of PDS-K141l1 poly. 3nds

P

92

?

\

o

)

L

14
-

bjatural

0,17
0,05 .
0,04
.0,07

0,00

0,01

£ 0,01

0,00
0,00 .

0,00

] A
o 1 ) P . s,
4 SPECIMEN SUBSMRATE TOUGHNESS
‘ ; v
' (N/mm2. miv/mm) °
c : \
— , v 'Exposure Conditions
, y . Control  Accelerated
PDS -+ Wood 0,23 0,14
-2 Aluminuh 0,04 0,0l
PDS. ' Mor tar 0,12 ) 0,05
0 o 4 .
PDS-K1411(5%) wood 0,04 0,01
PDS-K1411 (5%) Aluminum 0,06 0,04
. PDS-K1411(5%) Mor tar 0,05 0,04
PDS-K1411(108%) - Wood . 0,03 ///’0;01
K e ¥ .
. PDS-K1411(10%) Aluminum 0,02 . 0,00
) “a
PDS~K1411(10%) Mor tar 0,02 0,02
PDS-K1411(15%)  Wood * 0,01 0,01
PDS-K1411(15%)  Aluminum 0,01 0,00
PDS-K1411(15%),. Moktar 0,01
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" 9IN.W. O% KI1411; curve 10-N.W, 5% K1411; curve 11-N.W. 108

s+ K1411; curve 12-N.W, 15% K141l *
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’Pigure 54 Stress~-strain curves obtained with PDS-K1411

polyblenas on a md:j;ar': substrate. Curve l-control. 0% Ki4ll; '

. A}
curve 2-control 5% Kl41l; curve 3-control iUs Kl4ll; curve

‘4-cohtrol 15% K1411; curve 5-A.W. 0% K1411l; curve 6-A.W. 5%

K141l; curve .7-A.W. 10% Ki4ll; curve 8-A.W.Y15% K1411;

-

’

curve

. 9-N.Ww. 0% K14ll; curve 10-N.Ww. 5% K141l; curve Ll-N.W. 10%

n

[y

v

K141l
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8.6.3 PDS-K211 Polyblends T, .

h Y

~

» Unlike the two nitrile elast®mers previously discussedr

K211, contaxns 'approximately 3% carboxylic polar quups.

Basea on possible chemical interactions with wood ‘or mortar
(Va ° )
supstrates, important property modifications were expected

with K211 (bexng a carboxylated copolymet), but results
i,
obtained w1th PDS- K211 polyblends were inconsistent through

the’ thtee condxtlons of exposure. Several improvements were

observed with the control and A,w: specimens thy (figs. 57-
59). éze stress-strain chéractetistics of ﬁpe Nﬁﬁ specimens
were poor, exhib;é;ng no‘impfoveoent iand in dost éases a
’marked/deoreasef”over PDS specimens. L ' AN

-»t;ﬁé 5.and 10% polyblen& specimens with aluminum

substrates exposed to control and AVL conditions (flg.58)

1nd1cated an incréase- in toughness over BBS {table SL as.
\

did the 5%‘polyblend specimens on a mortar substrate (fig.

59). Addltionally.'the control 15% polyblend specimens on an

e

aluminum_ substrate showed in 1mprevement in toughness Over
. 0

PDS speciméns. * ey, . N L

B ,~\ - .

" Since only the N.W. specimens were consistently weaker
> 13 ’

"than the control and A.W. specimens, fecgors within the® N.W..

!

environment not accounted for with A.W., such as higher .
b} . ., . . -
<humidity variation, stronger U.V. irradiation, wind factors,

pollution, etc., contributed to the decrease in mechanical

proPeriies,'tﬁus diminishing durability. \ R

s
., -~

0

DSC testing of K211 resulted in a Tg' of ~320cC. Similar

.

< il
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to the cases of the polyblends with K1402 and K14*1 the .
PDS-K2]11 polybleends tested resulted in oaly one\‘rg at -
~113,20C (fig. 60), whxch cortesponds to the Tg of PDS. K211°*

is also a polar poly-er, thetefore it can be concluded that

]

.PDS-K211 is not a hucible polyblend. . . I
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(-4 N ’
SPECIMEN SUBSTRA}TE‘ * TOUGHHNESS

v R [

. (N/mm?.mm/mm) -

: Exposure Conditions:
Contgof Acge;e}aled Natutd{
PDS . wWeod 0,23 0,14 - 0,17
PDS Aluminum 0,04  0,0r 0,08
s . ‘Mortar 0,12 - 0,05 ‘l 0,05
. PDS-K211 (5%) Wood 9,03 0,02, 0,00
PDS;K21f(§\)JM " Aluminum 0,06 0,06 0,01
Px')s‘s—xzn (S'Qi ‘ Mortar , 0,32 -‘0‘,‘15 0,00
: ‘ . ® 5‘
. PDS-K211(10%) Wood| . 0,03 ¢,01 . 0,00
’ébS4K211(ld%) Aluminum 0,06 0,04 0403

"y . . N ‘
'PDS-K211(10‘) MDttaI » -"U'll 0.03 R . ‘0'02--

‘ \
N * ' ' ‘ t

M ~ - Y
PDS-KZ11(I5%) wood 0,06 - 0,05 - 0,05
A : ' ) '
© PDS-K211(I58%) - Aluminum . 0,03 0,03 0,03
'PDS-K2L1(15%) . Mortac  , 0,28 - 0,04 0,05
4 -
- ) ‘ -' : .‘
. . ~ - : \.'
Table 8. Toughness of PDS-K21l polyblends J
- .. ) V e v, )y & .’ “ sy 5 ' ) 2 . )' .
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- Figure 57 <ctress-straing c’urvés obtained with PQS-K211
’polybler:ds\‘on a\ wood subs'trate.“Curve l-control 0% K211;
curve 2-control 5% 5211: cdrve 3—c8ntrol 10% K211; curve 4-
control 15% K211; "curwe S-A.’w. 0% K211; :curve 6-A.W. 5%
K211z curve 7-A.W. 10% K211; curve B-A.W. 153 K211; c'urve”9_-

4

N.W. 0% K2I1; curve 10-N.W. 58 K21l; curve 11-N.W. 10% K211;
curve 12-N.W. 15% K211 ,
.‘ 3 . a‘ /
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' Figure 58, Stress-strain curves obtained with PDS'-I_(le

B N 2 .
/ . . polyblends on an aluminum substrate. Curve l-control 0%

v

KZ).i: curve 2-control 5% K211; &urve 3-control 10% K21l1;

- . curve 4-control 15% kzu; curve 5-A.W. 0% K21ll; curve 6-A.W.
53 K211; curve 7-A'W. 108 K211; curve B-A.W. 158 K211; curve

9-N.W. 0% K211; curve 10-N.W. 5% K211; curve 11-N.W. 10%

i. K211; curve 12«N.W. 15% K211 ’
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8.6.4 Discussion and Conclusions

o

DSC results inaicate’ that the three polyblends, PDS-

Kl102, PéS-KlAll. and PDS-K21l, arépot miscible. Thus their
lpechanical properties are influnced by the adhesion between
the two phaseh co-existing within the polyblend.’ .

- The only silicone - nitrile elastomer polyblend that

exhibited consistently better testing results than PDS was

the non-carboxx}ated elastomer, PDS-K1402, with a medium ACN

ﬁgonten:, on an aluminum substrate. The polyblend with the 5%

3

darn

over PDS on the same substrate. o .

ptopo:txon ot KLAUZ gave the biggest 1ncrease in toughness

The increase in the amount ofrACN in the ﬁitrile
eias;omerd was detrimental to the bropgtties of the
experiment;d polyblends, as was the presence of éarboxylated
comonomers. ' ‘ .

- Some better rggulta in the case of the'ca{g;xylated
copolymer (K21l) with a moqt?r substrate might be attributed
to chémic%l ihteréctioﬁs between K211 Andzalkalihé

’
compongntsﬁof‘Portland cement mortar.’ N

-

" The majority of fajdures of the 5V njtrile elastomer
polyblends with aluﬁjnum substrates were cohesive, whibq
sﬁqgesés that the use of a primer would‘ngt improve their

peztoz@gnce. Since failu;es of’the rest of these polyblenés

“were‘geneially adhesiée}uthe use of a primer could prove -

beneficial in improving iheii durapility (a measure of

material per formance within its service conditi ns). !
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8.7 Silicone - Lignin Polyblends

» . v \
. . R & - ' . -
3 '

8.7.1 PDS~Lignin Polyblends A .

v v

All PDS-lignin polyblend specimens were less t:;ugh than.
the cox;tesponding PDS dpecim;ns (fig. 61-63), with two
exceptions. 'I;he 5% lignin p::lyblend on a mortar 'substrate
(fig. 63) was almost twice as tough as the PDS specimen on
the same sut;st'rate (ta?’le 9). After AWM., thp touyghnesy of

the 5% lighin polyblend decreased to two thirds the

.toughn'ess of PDS, ‘and to less than one halfesthe PDS

-

toughness after N.W. ' i .
- The second exception was that of the 5% lig{;in polyblend
on an aiuﬁinun; substrate (fig. 62). Both the control and
AH specimens were very sligl'mtly tougher than their
corresponding’ PDS specimens. After N.W., however, the

2
o

.toughness value‘ for the 5% lignin polybler[d decreased to 20%

of the PDS toughne,ss.:.
/)

psc gzesting' of lignin resulted in a Tg of 1500C. Testing

‘of the .PDS-liignin polyblends resulted in a Tg of -1169C

L3

(£ig. 64), a sliéhtly depressed 'rg‘from that of PDS, but
::hete wa.s no observ;d Tgﬁ‘corre'sponding to the Tg of lignin
'(fig'. 6'5), Since there was no si_né]:"e Tq between the Tg's of
the cbn'stituen.t polymers, and only one which corresponded to
‘the Tg of f»'DS, it can be concluded that PDS-lignin is a two-
.phase polyblend. .

. o v
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©  SPECIMEN .,

PDS
PDS
PDS
PDS+1i3Min (5¢)
PDS-1ignin(5%)

PDS-lignin(5%).
PDS-1lignin(l0%)

PDS~1ignin(10%)
.//

pd
7

‘PDS-1ignin(15%)
PDS-1ignin(15%)

an;LEgnin(lsa)

Tablet9 Toughness of PDS-lignin pblyb}ends

PDS-1ignin(l0%) *

SUBSTRATE

Wood
Aluminum

Mor tar

wood

Aluminuin
L

'Mortar

WOod 

Aluminum

‘ ﬁor tar

°

Wood
Aluminum

Mor tar

TOUGHNESS

(N/mm?. mm/mm)

|

Exposure Conditions

Control

0,02
0,01
0,Q7,

106 -

Accéler ated

0,14
0,01
0,05
,
0,01
0,01

0{04

.,0,0'l' .
0,01

0,04

0,02
0,01

v,03

ER Y -

v

Natural
0,17

0,08
0,05

0,01
‘0,01

0,02 f

0,03
0,01
0,02

0,01
0,02

g,00
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-Pigure 61 Stress-strain curves obtained with PDS-lignin

“4

(V)

curve 2-control 5% lignin;

4-con£rol

5% ligning
¥

curve 9-N.

N
<

,

1gb1equ on a wood substrate.

¥

Curve l-control 0% lignﬁn:
curve 3-contr%l 10% lignin; curve
15% 1ign1n:_cﬁrve 5-AJL‘Q§ lignin: cu;ve‘G-A.w.
curve 7-A.N. 10% l.ignin: curve a—g.w‘i@%ﬂ ligming u
W. 0% lignin; curve }O-N.w.(S% lignini curve 11-

M. 10% lignin:; curve 12-N.W. 15% lignin
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‘Pigure 62 Stress-strain curves obtained with PDS-lignin

4

polyblends on an alumiqum substrate, Curve lfcqntrol 0%

lignin; curve 2-control 5% ligrin; curve 3-control 10%

3

T ligr{in;'curve J-control 15% li_gixin:. curve 5-A.W. 0% lignin;

curve 6-A.,W. 5% lignin; curve 7-A.W. 10% lignin; curve 8-

A;w..|15% lignin: curve 9~N.W. 0% lignin;

lignjn; curve 11-N.W. 10% lidnin; curve [2-N.W. 15% lignin

curve 10-N.W. 5%
/
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Figure 63 Slress-strain curves obtained with PDS-lignin
: -
polyblends on a morta,yr substrate. Curve l-control 0% lignin;

curv&72-—control\5% lignin; curve 3-control 10% lignin; curve

¢

. ) , , .
4~control 15% lignin; curve 5-A.W, 0% lignin; curve 6-AW. _

5% lignin; -curve 7-A.W. 10% lignin; curve 8-A.W. 15% lignin;
‘cur\g'e ,9-;5N.w. 0% lignin; curve 10-N.W.. 5% lignjn; curve 1l-
N.W. 10% lignin; curve 12-N.W. 15% lignin

k3

109

G

[t



)

Heat Flow a¥)

.

* -8

aa

R o
J . . .
1 . .
L ) . & ) ~
J : .
-
Semples POS/LIGNIN .
Sizes 12,885MC - .
Retes 2BC/NIN ’ . D S C
Pregrem: Interoetive OSC V2.8 o
123 & : f ]
f 2
=i
-
ot

4
.

3
L L
S

I T

-~183 =148

N
-
J d
R $
R
1
.
/
.
&, . N
.
d .
IR
. .
IS s
L 4
¢ I
~
~ -
Fd
.
°
*
A [} '

. =128

-8 -8 -a8 ~43
Tenparabina (*0)



.\'

Heolt Flow (mW) °

*r
L3
¢ . '
4
"Sampler PDS/LICNIN . o
Sizer 11.8933 — ‘
‘Rete ZOC/MIN - DSC '
Program lnteractive DSC V2.8 % *
" - <
1 » 4
I i
s * 4
<+ T
\ |
’ L o
T o>
<+
, ’ -+
"'lb‘ ~ T
o4 £
a 63 e 188 128 14 82 188 29 2
: o Terperature (*0) N ~
© . .
» $ .
)
»
- ¢

Figure 65 - DSC scan (#300C to +2000C)- of PDS~lignin
' 111

-ty



O TIPS e

8.7.2 Discussion and Conclusions’ ‘

‘thus durability) of th

)
' ¢ : . *

, R . N K
'

, -DSC results indicate that PDS-lignin. polyblends are not

° f N hs
¢ .

LN

highly influenced by the degree of interfacial adhesion

between the two phases. o ) .
Mechanical testing results and toughness'determlnations

were 1nconsxstept through the three dlfferently condi tioned

s

) specxmens. All fallures were - adhes:.ve,‘ thus thq exposure

.

factors also affected the adhesion.of the sealant bead to

the s‘ubstr‘ate. We can therefore conclude that the addition
. ] . ’ 2 . .

v

of lignin in the percentages used in this study (5, 10,.and

‘15) does not improve the properti®s of s1licone sealants.

0‘.

with PDS, as after weatherlg}g the mechamcal properties' (and
polyblend are reduced to.

insignificance. _ - T

‘miscible, and therefore their mechanical properties are.

“ngnln can not be recommended as a polymer to be polyblended

£3

1

£ e ——y b [ . ”



7

9. "CONCDUSIQNé AND RECOMMENDATIONS .
a I

All of the polyblends prepared for this study were
heterogeneous (two-phase). This was confirmed by SEM

determinations of morphological structure and DSC

measuremients of glass transitidén tempe atuiés. The presence
of these two distinct phases {(matrix and dispersed)
indicated that mechanical properties and durability of the
polyblends were influenced by the interfacial adhesion
‘between the phases. Although all ch the studied pélyblends
were incom;iatible, no ‘signlficant’ phase separation\was
cn.bgerv'ed in the specimens.

SEM observations of morphology showed that the PDS
polyblends ‘that exhibited superior per formance (stress-
strain and toughqess) over PDS also had good adnesion
between the me/s;. The lack .of flaws or gap§ at the phase
1nterfa§:es served as evidence of these observations.

Mechanical testing results of the accelerated and
naturally weathered PDS-vinyl polyblends were quite similar,
while results with the weathered n'itrile elastomers
indicated that the%g’(ﬁplyblends were not as durable under
hatural weathering cc:nc‘i’lt‘ions. 'I‘hisﬁ can be‘a:ttributed to the
fact that exposure conditions in the weéthenng chamber do

»

L} N .
not exactly duplicate those of a natural environment.
‘ 4 v ”' ' . .
Factors such as. pollution, rate of cycling, moisture
conditions, ‘variation in U.V. .radiation, etc., cannot Dbe

4 ) . ! -
accounted for withain the chamber conditions. These factors

. | 113 \_/[




can attack and‘dec;ease the durability of polymers, as must
-have been éhe casé with the nitrile elastomers.
( of allzpolyblend groups studied, the PDS blends with
vinyl polymers had the best test results. PDS-PVC polyblends
{(10% PVC by weight, s;ecifically) with a wood substrate’
improved the mecﬁanical performahce and‘durability of PDS
considerably. As failures of these polyblends were cohesive,
any future investigations should concentrate on the
enhancement of cohesion withln'ghé polyblend.

The PDS-VC/VAc (15%) polyblends speciiens with aluminun
substrates substantially increased'the toughness of PDS.
This type of polyblend exhibited the greatest toughness.over
all tﬂe specimens prepared and tested 1n this study.
Failures were adhesive, thus additional 1improvement of
durability may be possible with the use of an efffétive
primer. Future research should investigate this aspect as
. this polyblend is potentially a‘viéble alternative for
silicone: sealants witHin the construction indust;gi

The PDS-nitrile elastomer polyblends wefe ;réﬁiging
under control and accelerated weathe}ing conditions, gut the
incon51stencyﬂof results with naturally weathered specimené
indicates that further research shoyld be done to.det?rmxne
which natural weathéring factors are the most detrimental.
Once this 1s known, sé%ﬁtibhs to this problem can be further
invest1§ated ihrough chification of the polyblend. -

PDS-1ignin polyblends are not recommended for any

sealing applications, as their adhesive properties are much

114
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lower than that of PDS. The use of a primer could possibly

be beneficial to the adhesion of this type of polyblend, and
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may warrant further study as lignin is a plehtif\gl by~

product in the Canadian pulp and paper industry. .
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/ e 11.1 STRESS-STRAIN DATA AT FAILURE
P ’ bl
\ : . .
/// Tension testing results of control samples. .
y ° . .
s ° . Note: Asterisk (*) indicates that less than 5 (never less
o : than 3) samples were used to calculate the méan.
 Sealant , Stress Strain ' < Toughness

(N/mn2)  (mm/mm)  (N/mmZ.mm/mm)

o ' PDS
wood substrate 045 . 0,768 0,23
. ‘ ‘Alumlnug substrate 0,?7 * mp,lbs - 0,04
Mor tar substrate " 0,35 0,413 * “6,12
. . F oL q
. " 5% PVC/PDS polyblend o N ‘
 Woou substrate ' 0,13 0,472 * 0,04
v - Aluminum substrate 0,09 * '6,176 * 0,01.
Mor£ai substrate 0,32 * 0,200 * 0,04
108 PVC/PDS polyblend ‘ L
‘wood éubstraté , Q0,57 d,ﬁBb- , 0,56
Mortar substrate .~ 0,47 v,600 0,23 )
: . A S
" . * /’N
" 158 PVC/PDS polyblend '
, Wood substrate ’ | 0,44 N 0;387 * 0,12
. Mortar substrate " 0,46 \\ﬁfai3 L 0,12

9
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STRESS-STRAIN DATA AT FAILURE '
Tension testing resiults of contral safnples.’ | ¢ . . ¥
i‘ ‘ "'t "
Noté: Asterisk (*) indicates that less than 5 .(never less -~ ’
than 3) samples were used to calculate the mean. o
. . ; -
Y A " o
. ¥ S€alant Te o " Stress’ Strain ., Toughness ) 5 ’
pe . , (N/mm2).  (mm/mm)  (N/mm? .mm/mm) 4
* B 3 L ' oy '
B ] .' . 4 , : ~ 2t - ’ « < -
’ ot 5% (VC/VAc)./PDS. polyblend
P w N v
', ° . -Wood substrate ‘ 0,42 0,613 ¥ 0,14 E
. Aluminum substrate C 0,37 0,355 * 0jo8
' " . @
< . ' |}
< b t " * ! * )
‘~h substrate ' ‘ 0,44 0,517 e 0‘,14 . ]
» '10% (VC/VAC)/PDS polyblend  ~ .,
-1 Wood substrate ' 0,41 0,316 * 0,09 .*
) ~ L4 ' ‘o .
Aluminum substrate . 0,48 0,800 * 0,19
Mortar substrate ¢ 0,52 0,685'* 0,18
15% (VC/VAc)/PDS polyblend | v e - . y
~Wood substrate ’ - 0,55 '0,513 * 0,18 PO
Aluminum subs}’:ate . 0,67 0,498 ° 0,18 :
. . / . 4 —n N - N
’ Mortar substrate : 0,59 0,622 *  0,18. . )
& | T
» o - K ‘.._f(
" 123- e
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STRESS-STRAIN DATA AT FAILURE .

N ,
Tensile test results of control samples.

A 3
% .

i

Note: Asterisk (*) indicates that less than 5 (never - less

ot than 3) samples were used to calculate the meah.j

Sealant

e .

R

5% K1402/PDS polyblend

L .
Wood substrate

Aluminuf sublstrate

Mor tar suségbﬁie

10% Kl402/PDS.polyblend

Wopp substra e

‘ Alumlnﬂ; sub‘bggte

Mortar "subs®rate
!

'15% K1402/PDS polyblend

Wood substrate
Aluminum substrate
Mortar substrate

v“

i

Stress Strain

Toughness

/

(N/mm2)  (mm/mm)  (N/mn?.mn/mn)y,

0,38 0,345 *

o 0,.4% 0,797 *

- 0,36 ¥ 0,379 *

0,50 1,010 *

0,32 . 0,346 *
0,55 0,986

0,40 * 0,412 *

0,30 0,274
0,33 0,302
4
.
5

lz24

0'15
0,19

0,13

0,32

0,06

0,39

0'15 .

0,05 -




a . 7
\
. o ) P '
%
. °  STRESS-STRAIN DATA AT FAILURE : S P
' * Tension. testing results of control samples., ' ; Ve ’
IS , vy . * e !
i ! - " ‘ s o «A
) o Note~ Asterisk (*) 1ndicates that less than 5 (never less :
T L ’ than 3) Samples were used to calculate the mean. ' - " (
N . a . ‘ ) \/ ' i , » . . - ’
4 ‘ ] ) # v . )
’ ‘ 'm e ’ - & ¢ : ‘ - > +
Sealant ! Stregqg : Strain . Toughness "
7 ) ©n T :
, o . (Ny'mm2) (mm/mm) (N/mfo2.mn/mm) 0T
< e - ‘ ’
5% K1411/PDS polyblend " : - L N
Wood substrate, o 0,25 * 0,316 * 0,06 .,
| Aluminum substrate 0,28 0,350 0,06 ' K
Mortar substrate 0,25 0,269 0,05 Lo
¥ . [ y'\‘ d:ﬂ“ ~ N
n- \ﬂ.‘ . . - a
: © 10% K1411/PDS polyblend ) .
’ Q ' Wood substrate 0,24 * 0,160 * 0,03
‘ ‘ _ Aluminum substrate' 0,18 ‘0,l§2\ 0;02 o '_-x
 Mortar substrate SCoal6 * 0,162 * ¢ . 0,02 L "
_t ° . I
[ R P . ".’b
" ) _ 15% K1411/PDS polyblend, .
) Wood substrate = 0,10 *. 0,107 0,01 e
PR ) Aluminum substrate 0,10 * 0',09_0 * 0,01
T Mor tar  substrate v 0,lu * . 0,088 * 0,01 "
. o p)
: 1 I ﬂ
B ' s v L o qu
' 125 Lo
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STRESS-STRAIN DATA AT FAILURE .

Tension testing.resuits of\control samples. .

’ A

. L. . ‘ ¢
.Note: Asterisk (*) indicates that less than 5 (never less.

L , ' than 3) samplesﬂwere used toiéaléuléte the mean. ;
- ' . ) '
T— . s . . ,
) _ Sealant Stress  Strain = Toughness
- ‘ ) o o ' (N/mm?) (mm/xﬁm) (N/mm2.mm/mm)
| 5% K211/PDS polyblend’ | |
N~ . .ﬁood substrate - ‘ 6,16 * 0,133 *’// . 0,03/
o Aluminum subgtrate i 0,33 * 0,262 * T 0,06 °
‘ | Mortar substrate | © 0,54 0,798 0,32
. lovK211/PDS polyblend o . '» .
o . wood substrate o 0,25 0,235 0,03 . v
‘ (A(,T | Aluminum substrafe ' 0,33 - 0,286 0,06 L
. ; Mortar substrate c ; 0,41 '0;340 » 0,11 ‘ N
, . 1s% K211/PDS polyblend oo .
R | Wood substrate ‘ 0,33 0 0,378 | 0,06 -
. ' © Alulinum substrate : 0,23 U,181" 0,05
Mértar substrate o 0,52 0,754 . | .0;28
. v i .

o ' SR 126
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STRESS-STRAIN DATA AT FAILURE
Tension testing results of control samples.

-

Note: Asterlsk (*) indicates that less‘than 5 (never less

3

than  3) samples were used to calculate the mean.

»

Sealant ‘ Stress Strain Toug&gess
' (N/mm2) (mm/mm) gN/mmzamm/mm)

b;&&fgq}d/PDS polyblend \ \
[N

S A0 . <
wood substrate . 0,27 v,226 0,04
Aluminum substrate 0,28 0,211 0,04
Mortar substrate:- 0,55 0,534 * 0,22

!
> s 1

10% ngniﬁ/PDS bolyblend

wood substrate 0,2f . 0,214 . 0,0z .
Aluminum.substrate ‘0,08 * - 0,088 0,01
Mortar sdbstrate . 0,40 0,376 . 0,09
15% Lignin/PDS polyblend . . .
Wood substrate ' - 0,20 * 0,200 *  -.0,02
"Aluminum substrate . 0,13 0,115 0,0l
Mortar substrate - 0,35 0,34¢ 0,07
s - “
- \ l_/' \
' ial
‘g
[ 127 .




{

11.2 STRESS-STRAIN DATA| AT FAILURE R

Tension. testing results after 400 cycies A.W.

-

' Note: Aster isk (*) indicates that less than 5 (never less

than 3) samples were used to calculate the mean.

L

Pl

Sealant ‘ . Stress Strain  Toughness

. (N/mm2 (mm/mm)  (N/mm2.mm/mm)

PDS

wood substrate - 0,36 0,572 0,14
Aluminum substrate 0,11 * 0,128 * » 0,01
Mortar substrate 0,28 ° f.316 0,05
5% PVC/PDS polyblend

Wood substrate . 0,36 0,588 0,11
Aluminum substrate 0,21 0,180 . 0,02
Mortar substrate ) 0!22 0,les * 0,04

' ]

10% PVC/PDS polyblend

wood substrate - 0,54 0,712 0,25
Mortar substrate ' 0,34 0,213 * 0,06
15% PVC/PDS polyblend

Wood substrate ) 0,46 * 0,603 £ > 0,11

Mbttar substrate : v,21 0,148 . 0,02"

Y 128
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STRESS~-STRAIN DATA AT FAILURL : ’ T

Tension testing results after 400’-cy,<'_‘les A.W. /-

~

Note: Asterisk (*) indicates that less than 5 (never -less

‘than 3) samples were used to calculate «the mean.

]

¥

. " , ! ' .
Sealant . Stress Strain Toughness

»

(N/mm2) ‘(mm/mm) (N/mmz.mm/mn;)‘

5% (VC/VAc)/PDS polyblend - ¢ )
Wood substrate 0,30 * 0,245 * 0,05
Aluminum substrate ) 0,21 * ' 0,205 * . 0,06
Mortar substrate . .‘ 0,23 0,180 0,03

. ’ ‘ . - '
10% (VC/VAC)/PDS polyulend
‘Wood substrate ( 0,33 4. 0,181 * 0,05
Aluminum substrate 0,35 . 0,348 0,07

Mortar substrate- ‘ 0,28 0,208 0,03

15% (VC/VAc)/PDS polyblena

wood substrate 4,50 * 0,291 * 0,05

Alumlnum’fs\ubs'tra‘te l Ol,57' 0,412 0,14
o . . . . . L.
.Mor tar subs,tg@ate : 0,31 + 0,172 0,03 ‘

129.



STRESS~STRAIN DATA AT FAILURE

- . R \ ) o
lension testing results atter 400 cycles A.n.

Note: -Asterisk (*) indicates that less than 5 (never less

than 3) samples were useu to calculiate the mean.’

Sealant

5% K1402/PDS polyblend
wood sub;t;ate
Alum{num substrate

Mor tar substrate‘

10% K1402/PDS polyblena
@ooa subsgra;e
Aluminum substrate

Mortar substrate

15% K14U2/PDS polyblend’

Wooa substrate
Aluminum substrate

Mortar substrate

Stress Strain Toughness
(N/mm¢)  (mm/mm) (N/mm2.mm/mm)
» “(:J i y
PRI
0,31 * 0,347 " 0,33
0,42 0,682 * 0,19
LN . 1
0,52 0,924 © 6,32
0,42 0,664 0,18
"0,36 - 0,435 *’ 0,10
0,44 % -1,173, % 0,26 .
2,33 0,293 * 0,08
" 0,30 0,294 0,08
0,20 U,L152 o1
™~
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STRESS STRAIN-DATA AT FAILURE .

Tension testing results after 400 cycles A.W.
‘ ‘ ~ A .

Note: Asfgrisk (*) indicates that less than 5 (never less

>

than 3) samples were used to calculate' the mean.

N I

\

a ' ’ )
Sealant ' Stress  Strain - Toughness
\ 14 . 4
- ' . (N/mm2) (ma/mm) (N/mmZ.mmn/mm)

o 1

.,

3

.‘5%"[('1411/?03_ pblyblend = | . .

®  Wood substrate ' Lo 0,184 o001 .
"~ Alubinum substrate 0,27 % 0,395 % 0,04

\ Mortar substrate o221 0,302 0,04

10% K1411/PDS polyblend

Wood substrate 0,17 v,182 ' 0,01

.. . Aluminum substrate b,o7 « 0,118 * °~ 0,00
¢ . '

Mortar substrate . 0,7 * 0,240 0,02

15% K1411/PDS’ polyblend
te o .

. Wood substrate r v,08 * ’Oqlb4 . 0,01
Aluminum substraté 0,00 . 0,000 0,00
" Mortar suostrate , 0,13 ‘_ 0,152 0,0l
N

131 .




'STRESS-S'TRAIN DATA AT FAILURE

- A
Tension testing results after 400 cycles A.W.

'
-

LY

Note: Asterisk (*) indicates that less than 5 (never less

tt:xan 3) samples were used to calculate the mean.

" sealant : . ‘Stress Strain . Toughness
ﬁ . -

(N/mm2) (mm/mm) (N/mm<.mm/mm)

A

5% K211/PDS polyblend” , o .
Wood substrate . | . 0\,}3 0,1?4 : u,n(z 3
Aluminum'-substr‘ate _ 0,32 0,334 ) 0,0.E} ’

Mor tarA substrate },33‘ 0,432 * U,15

108 K211/PDS polyblend -

Wood substrate . 0,14 * 0,120 * ' * .0,ul
Aluminum substrate " 0,16, 0,224 O H T
Mor tar substrate S 0,9 * 0,144 * 0,03
15% K21./PDS polyblend
Wooa substrate : ~ 0,28 0,389 * 0,05
Aluminum substrate . 0,25 0,204 0,03
Mor tar substrate ) 0,20 0,339 = 0,u4
o B ]
) 3 PR ' N 1.32
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STRESS-STRAIN DATA AT FAILURE

Tensioh testing resultg® after 400 cycles A.w.

. & .
Note: Asterisk (*) indicates that less than 5 (never less

than 3)’samp%es were used to calcuiate the mean.

MY
’

Sealantr Stress Strain’ Toughness

it

(N/mm2) ‘(mm/mm) (N/mhi.mm/mm)

b w
’ -~

5% Lignin/PDS polyblend

~ R

'Wogp. substrate 0,19 0,158 ',o,dl
Aluminum substrate 9,20* 0,170 0,01
Mortér subsirate ) N} 3 0,16 * 0,123 » | 0,04
) .

10% Lignin/PDS Eolyblend

WOoé’suSerate - 0,13. 0};5? ' 0,01
‘Aluminum substrate . ' 0,13 . 0,168 . - 0,01
Mor tar substza;e ‘ )1z % 0,190 # 0,04
15% Ligdﬁn/pDSnpolyplend

wood substrate .." . 0,11 * '0,168}' .. 0,02
Aiuminum”éubst:ate" ’ 0,09 . 0',l30o - 0,01
; Mortar Substrate 0,16 * 0,235 * 0,03

. : .
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11.3 STRESS-STRAIN DATA AT FAILURE

Tension testing results of naturally weathered samples.

i

Note: Aster i'sk (*) indicates that less than 5 (never less

than 3) samples were used to calculdte the meéean.

;

- »

/

Sealant Stress Strain Toughness

(N/mm2)  (mm/mm)  (N/mm2.mm/mm)

PDS | ; . "
’aood substrate , 0,39 0,637' 0,17
Alur;ninum substrate 0,33 % 0,5—33 * 0,08
Mortar substrate® = - 0,26 0,322 0,05
- ‘

5% PVC/P'DS‘ polyblend ’ -

wood substrate . 0,24 .. V,334 * 0,08 ﬁ
Aluminum substrate : ~ 0,31 “ 0,352 * 0,09,
Mortar substrate . 0,31 *+ 0,32 + 0,10

10% PVC/PDS polyblend
Wooa suostrate 0,51 0,621 . - 0,20

MOrtar substrate ' 0,34 0,230 * : 0,0'S

15% PVC/PDS polyblend

Wooa' substrate ’ 0,47 = 0,608 * 0,12°
Mortar substrate " 0,28 u,136 * ..,0,02'
Al
N
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STRESS-STRAIN DATA AT FAILURE

Tension testing results of naturally weathered samplés. .

Note: Asterisk (*) indicates that less than 5 (never less

than 3) samples were used to calculate the mean.
\

Sealant , "Stress " Strain Toughness

(N/mm2)  (mm/mm) " (N/mmz.mm/mm)

5% (VC/VAc)/PDS polyblend | ' T ‘ '

Wood substrate K 0,30 0,227 » 0,06

Aluminum substrate ‘0,48 . 0,648 * . 0,20
. ‘ ] v

Mortar substrate, ‘ 0,24 “ 0,192 - 0,03

v

10% (VC/VAc)/PDS polyblend

Wood ‘substrate ‘ 0,33 0,259 0,04.
Aluminum suostrate . 0,48 - 0,576'* ) 0,18 .
Mortar substrate Sl 0,27 '0,404 * 0,03

15% (VC/VAc)/PDS polyblend |
WOOQJSuostrate , - b, 4z 0,286 “ 0:p7
Aluminum substrate | 6,37- 0,685 0,27
Mortar substrate . ©0,21 * 0,l3l‘ ’ 10,0%




STRESS-STRAIN DATA AT FAILURE

Tension testing results of nat‘:‘u‘rally_ weathered samples.

1

’

"

Note: Aster i'sk (*) indicates that less than 5 (never less

than 3) sémples, were used to calculate the mean.

*

§e_§§§_n_§ . ' R Stress Strain - . wToﬁghr.uass
C e (N/an?)  (mm/mm) .(N/n‘ﬁxz.mm/mm)
¥
5% K1402/PDS polyblend
- wood’ séb’stra_te , oo 0,36 . 0,302 . 0,07 )
afuminum substrate . yﬁf 0,6:22 . 0,20
Mortar substrate. ,‘ .0,18, . 0£165 R .‘ '0,:()2,-'
[} & . . . o
10% K1402/PDS pSiyblend - S
wood ,substrs.te . o 0,39«.;" 0,595 * Y
Alumlnum'substrate o 0,40 0,410 0,16
Mortar substrate ) ° o:%9 -  0‘,1.44‘ 0,01
R ) ‘ P .
15% Kl402/PD’S polyblend le
wood substrate oo, Jyu,als' + 0,05
Aluminum. suDstrateg' L _‘)‘0,41' ’ U,..366 , 0,0‘9‘
Mortar substrate § o 0,15 | ‘0',10.2 * Osuwi‘,
, N4
. "
' Y
N o 4.
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'STRESS-STRAIN DATA AT FAILURE

2

b

’
o 5

-,

3 < . v l ?,ﬁ *
Tension testing results of naturally weathered samples.

-

’ -~ . * P
Note: Asterisk (*) indigcates that less than 5 (never less

[}

Sealant ‘ . .

»
° °
. -
' .

5% K1411/PDS polyblend "
Wooa substrate ?
Aluminum substrate

Mortar substrate

3

10% K1411/PDS polyblends

Wood substrate . .
Aluminum*ﬁubstrate

.

Mor tar supstrage

-~

L5§)Kl4ll/PDS polyblend
wooa subsérate

Aluminum substrate

P

Mortar substrate

. : than 3) samples were used to calculate the mean.

a

't

w t~TJ
Stress - Strain Toughness
(N/mm2) - (mm/mm) (N/mm2.mm/mm)

+* ¢ [
0,16 * 0,152 * 4 0,04 -
0,29 0,352 , #,07
0,10 * 0,051 * 0,00
a;,/
0,11 * 0,093 * 0,01
0,08 0,086 0,01
%
0’08 0,09—3 0)00
~*,02 * 0,107 * 0,00
0,00 0,000 0,00
0,00 0,000 ' 0300
=, ¢
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STRESS-STRAIN: DATA AT FAILURE

Tension testing results of naturally weatHered samples.

n .

"t

’ \ ¥
Note: Asterisk (*) indicates that less than 5 (never ‘less

than 3} samples were used to calcul

Sealant

5% K211/PDS polyblend

woed substraté

. Aluminum substrate

Mor tar substrate

10% K211/PDS polyblend
WOpd suﬁstrate ‘
‘Alpminhm substrate
Mortb;‘substrqpéV“

e
e

" -

15% K211/PDS polyblena

Wood suybstrate

Aluminum sdbstrate

Mortar substrate

a

J
'

¢

<A

{

L4

Stress Strain

(N/mm2)

4

002

0,03.

138

1

0,238

0,210

0,291 .

{mm/mm)

¥

i

L)

. s

ate the mean.

&

Tougﬁness

Ty

A/.‘

(N/mm< , wim/mm)

-t

gl

”
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STRESS~-STRAIN DATA -AT FAILURE

8
1 )

1

Tension ‘testing results of naturally weathered samples.

40

-

N ¥

{
.

~

Note: Asterisk (*) 1indicates that less than 5 (never less,

¢

i
Sealant ‘ | L. .Stress: Strain
o { (N/mm2) (mm/mm)
. . <y
: 8

5% Lignin/PDS polyblend e ’
‘Wooa substrate . 018 0,130
Aluminum substrate ’ 0,15. 0}_134
Mortar substrate- . ] - 0'2311: 0,1'r87
10% ilgnxn/pns pél}bléhd ) )
Wood sx;ostrate o \ JQ,‘ZVB" 6,27é *
Alyminum substrate . 0,12 0,.130
Mortar substrate . i 0,178- 0,189
'15% ngr‘win/PDS polyblena

¢ Wooa substrate .7 0,09 % 0,148 %
_Aluminum substrate . 0,16 0,158"
Mortar suostiate . 0,04 * 0,144

3 =,
o » @
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4

amples were used ¥ calculaté the mean.

/ . than J)f
Toughness

(N/mm<.mm/mm)



