Chapter 3

Experimental Part

In accgiﬂgpi!'ﬂ‘ h i il the long-term goal

of the thesis ‘of new glass compo-

site material gel (serving as dif-

fusion medium cocess) and a commer-

cial soda lime'g T??f'¥ ; pared as matrix material.

Since agar gel cop j e s it can be removed

from the glass powdegérf'F_% hereby leaving the precipi-

tated stru  ﬂ_———_——n-~;¥;——nu ————— tion and scope of
—_— > )

experiments a

exqpr1mental wo consisted of preparation of

ﬂummgmwmmm I

forms comprlsed four st‘ s. Thesew are: glaglsf powder prepa-
ratﬂquﬂiﬂjmumqlnﬂqﬁﬂ and heat
treatment. An overview over the entire scope of experi-
mental work is given in the flow chart in Fig.3.1. The
specific difficulty of +the preparation route lies in the
fact that any individual problem solution had to stand the
test of all consecutive step, too. Often, a problem solu-

tion which was specifically good for one individual step
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of the preparation route had to be dismissed and rejected
in a later stage where it caused unsolvable problems. This
resulted in a problem solution strategy similar to the
loop of a computer program. The preparation route had to

be "looped through" man N gsjuntil a suited preparation

path was developed. . Fig. gbes in detail the pro-

cessful, but si lved the problem:

Distinct precipi ained. This showed

that hydrophoba was the appropri-

ate answer. Howe caused by the silicone

‘ 0il in the consecutive™ ansolvable. So the entire

route had to/“Wedlstarted again. Finally, a

combined silanéiﬁs ad to the success.

I
i i¥

AULINENTNEINS
RN TAUNIINGIAE



Selection of electrolyte system

3
—LGhss powder preparation |

size : 2 conditions

—{Preparation] (63-125 pm, 125-180 pm)

surface treatment : 4 conditions

(HF etching, silicone oil coating,
paraffin coating, (CH,),SiCL, coating)

uo of glass powder to agar gel

Eperimentation

arauon technique must be adjusted
o the systems
aence of X on periodic

ipitation
ter Vs . inner electrolyte
concentration
volume of outer electrolyte
ce coating
,‘t"“ preform or test tube
l-ﬂf inner electrolyte
particle size of glass powder

g INYNINBIAS

e-test on h reatment

M
NIUNRIINGNAY

Characterization

— glass surface = optical microscope

— propagation of precipitation patterns : direct visual inspection
— shape and size of precipitate = optical microscope
— precipitation product decomposition = TGA, DTA

L interface of precipitation rings and glass = SEM

Fig.3.1 Flow chart of experimental work
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Apparatus and Instuments

1.0,

1.1,

12,

13

14.

test tube
beaker

stirring rod

dropper

porcela

th }"'

wated bath

”Wﬂﬁ?ﬂﬂﬂﬁﬂﬂwni
ﬂmaxaﬂizuum'mmaa

19.

205

214

22

agate motar

attrition mill

steel hammer

vibrator

sieve



23. ultrasonic bath
24. pH meter

25. optical microscope

26. microscope slide
27. thermal analyser (thermogravimetry and dif-

ferential thermal analysis)

Chemical reagents

Chemical reagents %Assay Source

Ammonium oxalate >99.5 May Baker LTD

Cupric nitrate- Cu vogzz;fﬁﬂlx o /1 >98.0 Fluka Chemikals .
~Trihydrate " -"-,
Ammonium hydroxide ;‘f 28.0 AJAX chemicals
Acetic acid | jﬂﬂ3 0 - Merk LTD.
Formadehyle - Fluka chemicals
Silicone oil ﬂ u EJ(%% g)ﬂjw EJ’] ﬂ i Union Carbide LTD.
Tr1chlorocthylene C,HCI 4 131.40 g/mol - @Eluka Chemicals
Paraffins waq a m ﬁzm ll%f] %% E] ’] alc%;lon
Dlmethyldlchlorosxlane (CH3),8iCl,  129-.05 g/mol 99.5% Fluka Chemicals
Hydrofluoric acid HF 20.01 48% Merck
Hydrochloric acid HCI 36.46 g/mol 35.4% Merck

agar gel - - - Common




Procedure

3.1. Selection of electrolyte systems

When selecting electrolyte systems for ex-

perimentation, the ;"" otentially new functions

(high electric cond optical transparency)

-i-!!i'

was kept in mind. ms had to pass three

criteria. Thes

ected system have
to accomplish a

an interesting

e naterdial " with

- B
el

dEc stem be used to
ﬂ
br1ng about a distinct un-

AU ¢ 3N EJ V) HEHF e on oo

rio 1c prec1p*ﬁptlon) of a

AN a9NT0l ll'ﬂ«ﬂ’ﬂrﬁél Booddibd] 1 agar

gel mixed with glass pow-

der matrix ?

- materials preparation : Does the applied

system not impair
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the tranparency or
other properties
of the glass when
passing the drying

and sinter step ?

3.1.1) ord/& ‘unction : Recent pa-

pers have shown tha

nd introduced phases in

silica glass hav plish interesting

and promising ompounds investi-
gated were Ag uf< '\ 5), CdS (36). It
has also been ] .ely (23) how the
otherwise exclusiv -ptiéal transparency
‘and electric conduc 1v-;ﬁ —can "united within the same
material by amyuz "-.'!;-'J" of of an alien com-
pound in a poly"f_f__*f________kr ,}‘

In this Eltudy, electrlcal ﬂlduct1v1ty and of

e “ﬂ‘ﬂ’ﬁr‘lﬂﬂﬁﬁﬁﬂﬁﬂ?” peste o

Cu was givenlla closer look as functlon carrler element.
3.1.2 According to precipitation : Table
3.3 gives an overview over the dissociation steps and
solubilities of Cu compounds. Table 3.4 complements the
selection with a number of counter-electrolytes with high

solubility in water, each bearing only one ion of a
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certain target precipitate.

Table 3.3 Solubility limits (18 to 25 °C) of potentially

suited precipitates.

AULINENINYINg
ARIAATUAMINYAE
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Table 3.4 Solubility limits (30 °C) of highly soluble
electrolytes carrying ions of potential target

precipitates, in g per 100 g H,O

From table 3.3 and .fgai:TL; ecipitates with low solu-

ﬂ'— J"' i '
bility product and ery sol igr partners can be

chosen. \7 R X

]
AU TN OTINE T s

The target gompounds contalnlng Cu were chosen in such a

way tlﬁtm ﬁ%ﬁﬁﬂ “ﬂl‘g % Bnﬁ@ﬂ from t.he

glass matrix during a heat treatment step, thereby re-
ducing the copper. Copper oxalate (CuC_,0,) matched this
requirement well. Upon heat treatment in a non-oxidizing

atmosphere, a dissociation like
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CuC,0,  -=--uuo > Cu~ + 2co0

can be expected to occur, leaving metallic copper behind.

As co-anion of the Cu bearing reservoir electrolyte,

nitrate were chosen because it has high solubility in

water. For the counte alkali or alkaline earth

could not be used

impair glass properties
---—qp
M

1
ald'_ \
Gla ‘ oﬁos repared from a commer-

()
_cial glass from Thai Glass fnc

;af"xéfun
=

during a later si eft little choice,

€sg.s NH_ .

Ery Co.,Ltd.. The chemi-

Properties as cal-

cal compos 1t.10

— L) i
culated from 11” ,i "in table 3.8.

T
;I 1

Table 3.5 éx%igﬂﬁ%pésjiti%;of illfls?]s?mple
v [y 2]

v
YW d
9
ALD, 142
Fe,0, 0026
TiO, 0032
Ca0 7.51
MgO 456
K,0 0.01
Na,0 1458
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Table 3.6 The properties of a commercial glass sample

symbol value unit
M 59.067 gfmol
q 2492 giem’
s - 93x10° K'
Ts 1017 ‘¢
i 544 °c
: 8 584 °C
T, 724 °¢
B 960 °C
. 7581 J/mol
H, 20,657 Jfmol
G | shear modulus 27,387 Jfmol
" A H%Jl%%’iaﬂ%i FUING o
B & 46572
11&'1&%‘5&! URIINYNA .

the viscosity at T (°C) is given by log Hi=

A + B/(T-T_)
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3:2s 1 Procedure of glass powder prepa-

ration

The first step of glass powder

preparation consisted in crushing the glass sample manual-

and bigger than. 6 3" :f‘s @Pardted by a sieve, another

blow was applied,ri d=5 _ L e rc is known to

avoid multiple I i particles which causes

abundant fissu low chart of glass

AULINENINeINg
ARIAINTAUUNIING1A Y



55
commercial glass sample

— pre-crushing with a steel hammer

(diminution)

—— milling in an attrition mill for 20 s

63 to 125 um and

\ \\"“\:"-...ﬁ um were separated

#“ $\ : ¢ powder past a permanent
% . u\- L (this step is repeated after drying

..|n

Ir‘

wash in wal many times

1 washin 0.1 MHCth.nncs

ﬂumwwwmm
AN TAEE TN

—— dry at 110°C for 4-5 h.

clean glass powder

Fig.3.2 Flow chart of glass powder preparation



56

3.2.2 Surface treatment of clean glass

powder

This step is the nmost difficult
one because if the coated glass surface passes the step of

gel preparation but do yvc eed in the step of preci-
pitation, this stepy \‘\ ' 4

nus d under varied condi-
—

tions.
etching with HF and
I reatment chosen is
2 . (s 412 2 .
hydrofluoric acid ¢ Fae——DhE immersing the clean glass
powder in 5% HE, mix@ec {€h 64 !jy sec., then in 5%

i
d

HNO, for 15 sefd 5% HNO, for 120 sec..

Then the powder mas washed with water mor 15 sec. and im-

[ ]

i i i was a ie
mt.a;slejhin ﬁ:w alwlﬂ ﬁj wmﬂ T pplied
wi e pugpose to

remove any sharp corners and edges.

| ¢ o e/
P SRR ST MAFYI Gy o
eSt number of surface flaws so as to reduce the number of
sites able to initiate heterogeneous nucleation in the
consecutive precipitation test. But in this thesis it
turned out that HF is of no help to prevent heterogeneous

nucleation and to support periodic precipitation(see table
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4.1, test no. 2)
3.2.2.2 Treatment with silicone o0il

After the failure in Ssev2sTy
&coating or and method to
: é and silicone o0il was
AgE ed to render the powder
.\t\\ “~H‘

\<§\§?\roved to be a suitable

»\\gj}erogeneous nucleation

be procedure for treatment

ve needeg to fi
treat the gla
chosen becausef
surface hydrop

measure to by-p

is immersion o e 1;!# £lass powder in the solution
of a silicone oil 'T;fff'_ h, trichloroethylene (C.HC1,).
The ratio of silico{:'f;ﬂ T hloroethylene was 1:3. The
surface ‘;-— : | .subsequent. heating,
when a thini qﬁl bonded to the glass
surface by ba¥1ng at apqapx1mate 300 °Cc for an hour.

ontorvun ) RGBTy or e ss1100m

coating q'lspo1 led the' glass ,ﬂropert. ies @/ during heat

treQthf] a'ﬁﬂ imu maq mlﬂ ’]aﬂ series, an
8 _

alternative hydrophobic agent with a 1less high oxygen

dificiency had to be applied.
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3.2.2.3 Treatment with Dimethyldichloro-

silanes

Dimethyldichlorosilane CLCH,)

SiClz) is used as hydrophobic agent and can be

i

processed into a ame method as described in

AR I (see 10 1105

with paraffin wax

main test series, paraf-
fin wax coatin L UE f-lt Par: gfﬁ wax has the advantage
that it can be re y y Physical evaporation. However,
the bond to the glaggiggi a of mere physical nature
only. In us ;‘ g the paraffin wax, many problems had to be
T/ 4
solved and a-pro .iﬂ developed wuntil the
coating was unléorm First the paraffin wax was molten

and mlxﬂ ulﬂ'}w E}%ﬁ’%gq £}13 wettod or wixing

was not. good. The film on #he glass &urface ot
unlﬂ wr]aaég ﬂ sm uamf] lﬂﬂ’]aﬂccured. So a
new method was developed wusing a high excess of molten
paraffin wax and eleminating the excess of paraffin wax.
In the new method, the paraffin wax is molten, poured to
the glass powder, then stirred until the powder is well

dispersed. The excess is removed through filter paper.
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The entire procedure nust be performed ipn a heating chan-
ber of about 80 e, Filtation was performed until no drops
of paraffin wax dropped through the filter paper. By this
method, the glass powder was coated uniformly and homoge-

neously and the amount of paraffin wax vwas kept very low,

and did not cause exces ity of glass perform during
heat treatment. s pwé—coated with dimethyldi-
chlorosilane ,, -»M in wax in the same way.

3. Flass 171 i . \ :

orm able to develope pe-
riodic precipitatio dggfirg i homogeneous dispersion.

So the ratios of gla;éggﬁﬁi_ 0 agar gel and the method

of preparatiohfis import: -

3.3.1 Raﬁép of glass powder to agar gel

AuBineminens

oreb il thilibiadhbad Vi L AELELA K

sufficiently densely packed glass powder samples embedded

yielding

in an interconnected agar gel phase. Four different ratios
of agar gel to glass powder were investigated. The refer-
ence ratio to start with is given by the ratio of void vo-

lume to weight of glass of a statistically packed powder.
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3.3.2 The ratio of void volume to weight

of glass of glass powder preform

The ratio of void volume to the

weight of glass is und | ¥€ching the empty test tube
(W{), the test glass powder (W5)

and then adding the voids (W5

water tever lev layer of powder.

The weight of ’ ;f ' dsy  is calculated by:

The density of water is—ap ‘ ; - 1 g/ml.. So-the

void volume (V‘_iéf,, MM TR ey, of void volume

AUL INENTNINNT
PR TUARITNEAE

The agar gel solution in the preform should be equal to
the void volume of the densely packed powder. Lower and
higher ratios were prepared, too. The best ratios result-
ing in dense packing yet good pPricipitation behavior were
selected. The process of glass-gel Preparation is shown in

Fi6. 3.3,
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3.3.3 Preparation of glass-agar gel pre-

form

Agar gel solutions of 0.1 wt%

using inner electroly 2 :'v olvent were prepared. They
were heated to dissoly " e owder and boiled to pre-
S _ p
58, powder was added to an
exXcess amount ed until the mixture
was uniformly 1.s poured into a test
tube (diamet bubbles were removed
by means of a o 4 :%f; }; | 1~xn the excess amounts of
agar sol were stc teRt tubes were closed with
paraffin film thus allowing the agar sol

toform a gel n wa grmed very carefully

o 0

becausg g #arly, the glass-gel

Ii ¥
preform i8 not unlform or contalns residual bubbles. The
ﬁ%ﬁ')ﬁﬂ%‘ﬁﬂ%ﬂﬂ’iomwed
masses of lass powder gnd heighgés in the et tubes.



[ agar powder + H,O |

heat to dissolve

add inner electrolyte solution

'*
ﬂuaqwswswawni

ANISAIHNIANYIAL...
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Restriction in preparation of glass-gel preforms
with hydrophobic glass powders required special care be-
cause the glass surface was not easy to wet and the sols
tended to gel too fast. So a sufficiently high temperature
and fast mixing process must be applied to comply with the

short setting time from so gel. On the other hand, in

the case of coating ax the temperature must

not be too high in : ruction of the film

of paraffin waxy : d abowve melting point of

3.4 Pre seriodic precipitation

outer electrolyte was
filled on top § f&' glas 2]l preforms into the test
tubes. The tu Sy gfiin film to avoid
evaporation l t the periodic
precipitation w?s developed. Before the production of

—— ﬁug@tw,gmjawgqﬂ@m o

oxalate 1n glass-gel preforms was, successf . many cases

or pretibbid Gha kol e AN LRSS

3.4.1 Precipitation in pure agar gel

Pre-tests to produce the periodic
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precipitation bands in pure agar gel containing
(NH_),C,0, 0.1 M as inner electrolyte solution and
Cu(NO,), 0.2, 0.3, 0.5 and 1.0 M as outer electrolyte so-

lution respectively, were performed.

3.4.2 recipitation in original glass-

dic precipitatio : 1 glass-gel preforms
contains  (NH,) £ o= e inner electrolyte
solution and C - L 2 A > 0.7 and 0.9 M as

the outer respectively, were

A

performed. Base r,f;}fi' : the concentration of

electrolyte suitable ation was determined.

roduce the perio-

"?‘

dic pr901p1tatlon bands in or1g1na1 glass -gel preforms with

weres HUHAH PRFEGRT o cvo.

0.2 the inner glectroly solutlo and (NH_),
aom SRS NWI BN AR recrerrs

solutlon were performed. Based on these test, the effect

of the best arrangement of the electrolyte solution on

periodic precipitation formation was determined.
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3.4.3 Precipitation in HF etched glass-

gel preforms

Pre-test to develope the periodic
precipitation in glass-gel preforms with HF etched glass
surface were performed. The inner electrolyte solution was

\
Cu(NO_), 0.2 M ' % electrolyte solution is

WUNH_ D . C.0. 0.2 retest, the effect of

4 24

the height of gl

\:n hydrophobic glass

'silicone 0il) -gel

ests of section 3.4.2-

3.4.3 were not.s 4 lternative coatings were
e e LY
chosen to deVvelc -Taoitation. In this

| U

step, silicone .11 was used to make the surface of the

e o T ARG v v

(Nl-I“)ngO4 .1 M and 0.2 M as the 1nner elec olyte solu-
oo A INEATHUN N Y TH
as outer electrolyte solution, respectively. The
inverse arrangement of electrolyte solution by using
Cu(NO,) 0.1, 0.2, 0.3 and 0.4 M as the inner electrolyte

solution and 0.1 M (NH,)_C.0. as the outer electrolyte was

4’ ' 22" a
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appliéd, t.oo. These pre-tests were very successful in
developing periodic precipitation. But, unfortunately,
in the heat treatment step severe problems occured because
the silicone o0il is a very reducing agent, impairing the
properties of the glass. From these tests, two essential

things can be learned: Fi

tly, hydrophobic glass powder

is suitable to al 7 ecipitation patterns to

form. But, secondidy, .t ént must be removable

at temperatures{ : s to sinter, i.e.
N

preferentially

’

'.\: in other hydropho-
ge 1 preforms

systems of concentra-
tions found ii S sed to tests the
other coating-!g' :j ed with dimethyl-
dichlorosilane was studled f1rst The‘effect of pH of in-

o ctec AL BT DR THBRE) Foo svvoto s

The result 'qs not good (go pr901pgat.10n pat. ns occured),

= s R ANA Wrﬁ»l%’l?tﬂﬂ'lﬁ Erinatty

comb1nat10n of both dimethyldichlorosilane and paraffin

wax was used for the coating of the glass surface.
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-. 3.4.6 selecting the most suitable coating

and conditions of electrolyte

From the experiments in section
3.4.1-5  we get the suitable coating and the conditions

for the development of periodic precipitation. The glass

surface treated with lorosilane and paraffin

wax was the best. inner electrolyte so-

lution was 0.3 H,)_,C,0, respective-

ly. So in the specific system was

used.
3.5 M cipi@ation
the glass was treated with
dimethyldichlonosiiane and 'ps £ as described above.

3 5.1 Tests for the e fect of outer elec-

ﬂ ‘IJEJ’J ﬂW"ﬁWEﬂ'ﬂ‘ﬁ
ARTANT T I AR B oo

tion of (NH),C,0, = 0.1 M and varying the concentration
of outer electrolyte solution from 0.2 M to 0.3 M respec-

tively the most suitable combination was determined.
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3.5.2 Tests for the effect of inner elec-

trolyte concentration

By varying the inner electrolyte

concentration of (NH.) C.0 from 0.1 to 0.25 M respec-

4"z A

tively and using 0.3 M as outer electrolyte the

most suitable combinat N wWas mined.

H‘effect of the volume

*lectrolyte

-3 M Cu(NO,)_, as outer

electrolyte solut and 0 AN (NH,)_,C,O, as inner
electrolyte soluti »r;g: 2 and varying the volume
of outer electrolyte rﬁﬂ?} -0 ml) the most suitable

combination

‘3 5.4 Tests r the effect of pH of inner

ﬂumwsmwemm
QW']Nﬂ‘iﬁLle WEARY. . v ..

(Nos) as outer electrolyte and 0.1 M (NH ) C O  at pH 4.0,

4 £ 2 a

6.3 and 9.4 as inner electrolyte solution the effect of

the pH value on the precipitation process was determined.
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3.5.5 Tests for the effect of the diame-

ter of test tubes.

By wusing tubes with diameters of
1.05, 1.30, 1.60 and 2.40 cm in the system of 0.3 M

Cu(NO,)>, and 0.1 M (NH,)_C,O, as outer and inner electro-

lyte solution, the e Q hi ; ometry on the precipitation

process was studi

he effect of paritcle

ass powder

- fractions of glass

powder from 63 5 to 180 um using the
same condition as in .seetion 3.5.5 were compared.
jg x' ect of temperature

I}
during pre01p1tat10n

ﬂ‘lJEJ’J‘VlEJVl‘JWEJ’]ﬂ‘i

By compare two syste with differ-
ent Q thaéaﬂ;i %3‘] w ’] %nﬂ Mfﬂemperature
was demonstrated The first test was left for precipita-
tion at 30 °C for 2 days, then kept at 2 °C for 4 days,
and finally at 30 °C for 4 days. The latter test was kept

at 30 °C for 2 days and then at 2 °C for 8 days. The sys-



70

tem of the electrolytes was the same as in section 3.5.6

3.5.8 Pre-tests on other geometrical

shapes of preforas

and torus shaped pref udied. In the preparation

of hollow rod pre:

ut.s ide diameter) and

in big tube57 m 5 :- =
small tubes -8 s t1nside diameter) was
v & lut.i-on to generate
?\\ rings. From the

1- ivity, these rings have

filled by gel andfou" els
a precipitation pa ’?-

ald'-l_
point of view” off el ect&ic:
the potential fung ‘r,_s : tive loops (see Fig.3.4 a).
The torus preform /a5 Mal by using a flat dish with
diameter ‘,_!;______; = he.outer hole is 2.40

\ "%

cm, filled With f— The result is a

i ) i
sequence of horizontal rings likewise having the potential

o s B IRLRTIE T
RINNIUUNININY
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-
Fig.3.

SU

apes of

AUBIRENITNGINS
MR UNRIING A

- 3.6.1 Pre-tests on drying by heating at
250 °C for 2-3 h were performed to check for the removal

of water.



72

~3.6.2 Pre-tests on heat treatleﬁt in the
range of 500 to 700 °C for 2 h were performed to check for
the complete removal of coating agents and for the beha-
vior of precipitates within a sintering glass powder

matrix.

AULINENINYINg
AU INYAE
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