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Summary

In the context of this thesis | investigated the use of conductive polymers of pyrrole in
high-technology applications and more specifically in surface modification. We
develomd a method for the use of polypyrrole in the conversion ofcooluctive
surfaces to conductive (metallization of insulators). Then the same method was
studied for its applicability to the Printed Circuit Board industrthie ThrougkHole
copper platingstage.

The study included the development of the synthesis of polypyrrole, the development
of methods to deposit metals on insulators' surfaces and the analysis of the
electrochemical deposition mechanism of copper (copper electrodeposition) on
polypyrrde-modified surface, with the ultimate goal of developing new methods for
the metdization of insulators and the Throudtole Plating duringconstructionof
printed circuit boards (PCB).

An innovative composition of polypyrrole (based on the chemicainpetization of
pyrrole) was developed. The final polymer produced had properties which proved
suitable for use in the transformation of insulating substrates but also suitable for use
in Printed Circuits (PCBs) industrial applications.

The study focusedmthree major points:
1 The optimization of the properties of polypyrrole
1 The use of polypyrrole for modifying surfaces (plating insulators)
1 The use of polypyrrole (PPy) in the process of copper plating holes {PTH
Plating ThrougkHole) of multilayer Printel Circuit Board (multi-layer PCB).

The experiments conducted showed that the deposited film of polypyrrole (PPy film)
creates a new electrode (FR4/PPy, ABS / PPy electrodes)hasdsufficient
conductivity to allow the conversion of the surface of theuliatorat a later stage

The research also showed that the polypyrrole which was prepared with the recipe
developed by our laboratory can successfully be deposited on the walls of holes of
multilayer printed circuit boasl(usually a substratmmade fromthe epoxy material
known as FR4) and can supptit subsequent copper plating of these holes. The
method resulted to the full copper plating of the walls in just two steps, and with good
quality (without any problems that could be prohibitive for commeusa).

The specimens were analyzed with the help of optical and electmuinioscope
(SEM) and EDS scanning methddeasurements of the conductivity of the deposited
polypyrrole and copper were also made. We analyzed the adhesion of the polypyrrole
on the substratée.g. ABS, PCB FR4and the adhesion of copper on the layer of
polypyrrole. We conducted anaig of samples in collaboration with the laboratory of
printed circuit boards company Intrac@A and with a specialized in PCB laboratory

in the USA (Trace Laboratories) Potensiostatic measurements during the
electrochemical deposition of copper led to conclusions about the mechanism of
deposition.

The experiments conducted showed the important role of chemical etching to the
adhesion of the deposi copper on the FR4 substralde results regarding the
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mechanism of copper plating the walls showed that the deposition of copper followed
conductive paths (resulting in dendritic growth of the copper front) while if stirring
was applied the mechanisnmhanged to a more uniform nucleation mechanism,
resulting in better copper deposition quality.

Further development and testing for an alternative method of deposition of
polypyrrole on the walls of the holes in the PCB process with spraying was
conducted.The initial results were encouraging, albeit with some drawbacks of the
method which call for further study.

The main conclusion is that the method developed is sufficient to support the
metallization of insulators. Ithas several advantages compared wither
conventional methods already usedaatindudrial level. It is more simplecheaper

and more environmentally friendly.
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Volt Ampere t 18
16:27 1 0,23 0:00 s "
16:33 1 0,34 0:06 ' /
16:36 1 0,45 0:09 14 /
16:42 1 0,61 0:15 1.2 /
16:45 1 0,77 0:18 z ! /,
16:49 1 0,91 0:22 =08
16:58 1 1,19 0:31 06 /
17:09 1 1,45 0:42 0 /
17:15 1 1,53 0:48 /
17:18 1 1,6 0:51 02

° 0 6I9I15‘18I22I31I42‘48I51
t (min)

bUaj e heliced U scGYe

UABB@BE YALAZ2] ¢8I
Volt Ampere t 1
18:36 1 0,19 0:00 09
18:41 1 0,22 0:05 08 o
1846 1 0,33 0:10 0 /
18:52 1 0,49 0:16 ' /
19:05 1 0,82 0:29 _ 028
19:10 1 0,88 0:34 Lo5 /
19:11 1 0,91 0:35 0.4 /
0.3
0.2 6_,4/
0.1
0 T T T T T T
0 5 10 16 29 34 35
t (min)

BUa Wz hetied U scYae
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Volt Ampere t 18
20:43 1 0,23 0:00 16 /—*‘—’
20:51 1 0,34 0:08 14
20:58 1 0,57 0:15 12 /
21:03 1 0,84 0:20 1 /
21:10 1 1,14 0:27 < . P
21:16 1 1,48 0:33 /
21:20 1 1,56 0:37 06 /w
21:25 1 1,64 0:42 04 /
21:32 1 1,64 0:49 02 -

] T - T T T T T T
0 8 15 20 27 33 7 42 49
t (min)

BUa, W3 hsticed U scYe

UABB®MBE UALAjiZ] ¢BI

Volt Ampere t
20:39 1 0,27 0:00
20:51 1 0,46 0:12
20:56 1 0,63 0:17
21:01 1 0,81 0:22
21:03 1 0,92 0:24
21:05 1 1 0:26

0.8

<06

0,2
0 T T T
0 12 17 22 24 26
t (min)
bUaj W4 hetisd U 9e6¥Ya
UABBMBE YALANS) ¢BI
Volt Ampere t 1.2
19:48 1 0,26 0:00
. . 1 r/‘
19:53 1 0,34 0:05
19:57 1 0,47 0:09 08
20:03 1 0,73 0:15 ' /
20:10 1 1,07 0:22 <06
20:12 1 1,11 0:24 = //
0,4 /
0.2
0 ; ; ; ; ;
0 5 9 15 22 24
t (min)
BUa,Ws¥®) heiced U scYae
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(@)

'd»)

UABB@BE UYALAIS ¢BI
Volt Ampere t 1.4
21:43 1 0,27 0:00 ‘2 ~
21:49 1 0,36 0:06 /,/
21:52 1 0,55 0:09 1
21:55 1 0,7 0:12 05
21:57 1 0,81 0:14 z
22:03 1 1,09 0:20 ~ 06
22:09 1 1,19 0:26 /
0,4 /
0,2
0 T T T T T T
0 [§] 9 12 14 20 26
t (min)
BUa, W) hsliced U scYe
UABB@BE YALANZ| ¢BI
Volt Ampere t 1,4
18:30 1 0,24 0:00 ‘2
18:36 1 0,34 0:06 /—I
18:39 1 0,53 0:09 1
18:43 1 0,77 0:13 08 /
18:46 1 0,94 0:16 < /
18:52 1 1,14 0:22 0.6 s
18:54 1 1,16 0:24 0,4
0.2 /
0 T T T T T
0 [§] 9 13 16 22 24
t (min)

BUa WEY) heliced U scGYe

UABB®MBE YALAB] ¢BI

Volt Ampere t 0.9
21:22 1 0,27 0:00
' 0,8
21:31 1 0,51 0:09 0.7 /
21:35 1 0,79 0:13 o8 -
§ 0,5 //
0,4
0,3 .,/
0,2
0,1
0
0 9 13
t (min)
Fce4708Ua)Wad ) heli®d Yo v (
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UABB@PBE UYALANQ| ¢BI
Volt Ampere t
18:12 1 0,21 0:00 1,2

1815 1 0,23 0:03 —
18:21 1 0,61 0:09 1
18:24 1 0,87 0:12 /

0,8

18:27 1 1,06 0:15
18:34 0,7 1,12 0:22

<
18:37 0,7 1,13 0:25 =06 /
N .———/
0.2
0 3 9 12 15 22 25
t (min)

BUa, WEW) hstliced U scYe

UABBmPBE UYALA)JIA4d0¢BE
Volt Ampere t 1,4

21:03 1 0,31 0:00
2109 1 0,32 0:06 12 //'/
21:11 1 0,37 0:08 |
21:13 1 0,45 0:10 /
21:17 1 0,51 0:14 z 0.8 /
21:22 1 0,64 0:19 =06
21:30 1 0,84 0:27 //
21:37 1 11 0:34 0,4
21:44 1 1,19 0:41 o —
21:49 1 1,33 0:46 :
0 S —— :

0 6 8 10 14 19 27 34 41 46
t (min)

"gUa) WEH); hestied U scYe
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(@)

'd»)

UABB®MBE YALAJIQ|L¢BE

Volt Ampere t 12

21:52 1 0,3 0:00
21:57 1 0,46 0:05 1 e
21:58 1 0,54 0:06 /
21:59 1 0,66 0:07 0.8
22:01 1 0,82 0:09 2 /
22:02 1 1,01 0:10 =06 /
22:03 1 11 0:11

0,4 e

0.2

O T T T T T T

t (min)

gUa) WEMH) hetied U sec¥Ye

UABBMBE YALAZR2¢B

Volt Ampere t 1.4
22143 1 0,32 0:00 .
22:47 1 0,54 0:04 1.2
2250 1 0,9 0:07 1 /
2252 1 1,03 0:09 /./
1 1,27 0:13 0.8

22:56 —
< /
— 06 //

0,4

0.2

0 4 7 9 13
t (min)

bUa) WERB) hetied U scYe
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28kV 3kx 3.33rm 4311 11-06-2006

Trace Laboratéri
570 60473
Sample ID: Hb6

20kV 3kx 3.33rm 4312 11-86-20806

(b)
Fce3l0ny UpeBUGEMi s UUBe @gUao ve y 3(¥E)4 bt s ¢ a3
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Trace Laboratories - East
570 599101

Sample ID: "Bad"™

Sauple HI

.‘.!.\. -....\mf .!

s -~
\

20kV.  500x f@rﬁjm 4257 $0K1g-203§-

(U)

East

"' Sample HI1D
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19-12-28086
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PB8 2 0a¢€ 9 R( q)

a1 13,2

G2 13,3

a3 13,2

a4 13

a5 12,7

(6 12,8

a7 13,3

(8 16,2
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1,444 1,754 | 1,647 1,64 1,68 1,606 | 1,63 | 1,615 17 1,664 1,722 1,648 1,627
151 1,775 | 1,657 | 1,642 | 1,692 161 | 1,554 | 1,63 1,698 | 1,653 1,777 1,652 1,648
15 1,724 | 1621 | 1607 | 1,678 | 1621 | 1,624 | 1,597 | 1,685 | 1,704 176 1,625 1,661
1,492 1759 | 1,634 | 1,599 | 1,682 159 | 1589 | 1,589 | 1,698 | 1,735 1,768 1,641 1,665
1,489 1771 | 1,633 | 1,631 1,66 1635 | 1,658 | 1,621 1,69 1,693 1,753 1,644 1,665
.8 1,487 1,7566 | 1,6384 | 16238 | 1,6784 | 16124 | 1,611 | 1,6104 | 16942 | 1,6898 | 1,761 1,642 1,6532
¢ G Yyeed Uesg U eUsdyeUszeg cUaoscgi GUsza Uy U ¥s3 asUa U
[:J¢] Yeed "e8g eUU}] sayUU>s Uy U ¥s3y Uas3sUs Ue "Yeaed Usg U’
Az Y, Fceae jdeosat 3 zdeUssal 3, 2014 92

quDUUs a0
scUaoarveysag



Jjoto9oeU "6oagelU) e AUWd cepyidh @ddgs Uy e 6 sadqiad U

'd»)

zUoajcelosg soe UsylUUGd Udd "6j3 UaUd Usg eUU0L "
¢ eUsjclios sae UsyUUdd Udd “ejUaUd Ueg eU
aY3 WelweaUs hHUs @ GUaahg’ U esUadUUUs 3Uss3l
U UtGed aUs GgsUecaslUs 30U U eUadUUUs U  UaUUcC
U 920YESE&e2B

] EGEEBDUYUGO;UualﬁR4@@éJ§‘edJeigﬁsY;aDsU Udd UslL
U’se‘?‘a»exuﬂg’ ¢gggy @ Usg ecUao28F “}JBe6r) YUs U’
U Uded 1ed UsUg B&ée9ceclidddss@®UgallsUdd

"8ag gJ ) hadd GUds U silG¥Ys3UsU)

jgUfh UUac3Us RHUs 6 cUaosafhd jeUsey 30 U @6Ua
etid U scUsoareysd oUs Hfes GUds U stGysUsU
"e6og g% hadde ealU Us oaUs Udsawet dh G &l Us 0@ Wes:
cUas :

B edeUsstefhd Udd U eg@aU j UieUU8HmMU s6Yasn
Kangs UMeoh®™ ¢ U e UU;etiUsd XPS 08U uUie alssegd g
U olGyYamBtacth) 1" eg yeega U3z Uj o6 8sddibas 6 10 ml
o0 UY¥ (eO [Pd]/[N] = 3.3 alUs [Pd]/[N] = 3.
mUeg aegUjei U secY¥Yeoaxldd 25U 30 s.

g0 U gUUeayGeUUU Udd UgdgyYBgégdgaPsUiidddGaeg g’
Urs gsysPtds;(Pchy,LAYst Uj 6 90 Y0 dedy GGy 3s@afagly GO0 w3 f j U
Cut GUds U oimUs@U U@uif a0y GgasycUsU U ciiey
Uy UsUy v GU ecCuoggsohB cdg@lssiehd UgUhd
UsUagUsa¥ GUs UUv);dUseah zyyed Udd "~ UpeiGdd
BUs) Ye UUU GU o yYUWdporews he Udgadvsdvales
U sbheae UsyYulUgiddd aUUY Uds U secYeoaxild & 6}y !

Az Y, Fceoe jdeosoat s zdeUssal 3, 2014 93



Jorto9elU " eoageUy e AUd cepyidh addg s Uy e 68 sadid U ¢

(e}

z99)60068 9sae Us¥Yagid Udd U sGysUsUd

gU " U3 U vy3y UgyeeUUU0 Ussidoci U

V | | 1Gi a3 aUs U~
U slGyYsUsUd alklprg Uis aliseYgegls U Udd i

U f
U scYaorldd

(b)

Fce34duoyUe o diilisdgesij elioce aeg Ucegi cWelossgriieg
a00Y Uds U’ s aWeeaywigssotlielyody d(xibpd d

FUsd UsoahaUd UgUyd ~ U 00dyeieU Uds ") hetlia
“3ed UU UpsGUUy Y Udd 0’9uY3U9Ug’ Usg UBoa9ce
GdeUaU g} e s Ubdedazdbec ¥ 3

TOUOY Ggs3y UsU mlgcsajlgumﬂs:h(juggyaklg‘qu alUs "}
e0U0t "eg Usg oeUesssi eyly elmasUsg yadievedd dU oarlbeei
Uszeoddd Uesg edeUsstiesi U secYaoarldd Uxs U s

Az Y, Fceoe jdeosoat s zdeUssal 3, 2014 94



] ot 29¢ U

"eoage Uy e AUiddd s eopyyidh addfls Uy e 6 e6adhld

322t R MMMJARWZ o8 3

FU UgUe

“Uy ye U0y
Usy Ye UU
j o0 YdU
bae UOgoa
‘4 hodgad
U a96Yaa

Ud o U@y UOs0ei0]eehlEinibdoaUs 65 byaU

e ugsUegsafh, GgsU
Yasyvyddgdquoy
5ddei 3 Yoo

Az Y, Fceoe jdeosoat s zdeUssal 3, 2014 95

LoJ ,

'd»)



] o1 99¢U

sage Uy i Aidd ¢ cpyidh Sdid 3

Uye 6 6adtd

a3 U®UBUs ) Y Usj WeaYliev® UphpaU Uy Uoroed
Trissahd ( gU) YeUUy e "~ Us) YeUUs( ] "e0U0ayleUUU
EgoayaUjvad e3Usias@gooaci
EgoayaUjyvad oshasUFgUléboevasligstiloe
A 9 aye3 oUUU;2UBpE PPy
A s aye3 oUUW oUBpHE UGUVUaoeUUs
i 6 0U0UGd Ueg asgUfFelltls5esYé&grldde Peel strength: 0,12 Ib/in (Peel stren@tls ~ @ }lisgosesi € a
0ol UBB®slWlassah lUsYeageU " Je0UyddalUs 15|00 sc Ue oFR4 ¥056I/in)
AGU; e e 8dphUU; d UsUGey ¥ lUgs U8mveadiffl®, 3V
"Us) YeUUU), €U U @gUyoaUleceUaBd®sUs86s tys Qg
Ueoadidi®dd o253HUU3 30U 003 dqd0a Us peel str
FgooyaU;vdd eaUsnas@soci
Fgobyslidq oshslUed WobédoBiecéigsUUoe
A s aye3 oUUU;2UBpE PPy C e e e o .
A 9 oyes oaU0UU;oUBpE GUaoeUUsd # UayuveU UtyUgeU. ¢ U 567
Ei G00Gd Ueg eoegUfFelilsevyvyédgzltde 6 cUaahd UUs e 6yeiul sU U
U s9lY3UsU Usg Ueeascasg.
0ol UBGesllasah lUosYegeU ) cBly didebgEbity
0 030ddUdgll o FULADEXPKS®S s U Ui addd Udd Uy U
FgooyaU;vdd eaUsBas@soci
Egoays Uy vlficdh eschesUiigedelit o oe Ggs UUoe
A 9 aye3 oaUUU;o2UBp0 PPy
KA s aye3s oaU0U0U0U;oUBpH UUaoeUUsd ¢ Ua; UeU cgacgoaadjtddal eU
m3 Bi G00Gd Ueg eegUfFelilsesyédgzltde U scUasrvydUa saUa¥Y. HYse 2J e0d(
U y3UB U8e UdaUaUy Rtiose Usg o {
6oal UBG®slllaseah liosYegeU jeidUyddalUs 15
G0 "gos3h odblls ybh adldziUY “~j o3 Us edUUddUa 0
UjcadlUs d UsUtsaUGalU Udd U sec¥Yeaxvidd Us

Az Y,

Fceoe jdeosat 3 zdeUssal 3,

2014

96



21 029¢ U eage Uy w AWddd ¢’ @&adfs Ujye 6 6add 0" s U3 Us 3
J U ge Uy el AUidd ®yidh add Uy qud U Us U
Txlisahd ( "gUy; YeUUyes "~ Usy YeUUsd ] "eUUayieUUU
Fgooy3aUyvid e3Usn25@osoai N
%(gg’agggirg%ga?iggggﬁlgg;aeﬁlésﬁlﬂoe (F)Pe:(ljst;(re:r?g;mghsn)’.%2496939933@'asscgoaaFRAt:bO;S&g
K 9 oaye3 oaUUU;o20UBpE 0UaoeUUsd Ib/in)
4 i 600UGd Ueg esegUfFelltilseuvyégzltde Uoa O}BOG;U”O'SGl:Ja»aldqaan q
0ol Usdobddoasses UehU UallUdalU aU “~gash (nga%i&%%eatﬁlgﬁggg::;ghogsug
UycatlUs d tsUlssaUlal Udd U seYearldd Us aUsissae (O a & P20 3eplbgips
30 20" Uy GUe tlUsYageU Usg etching (lUs¥Yag G- U q o 1y qoqs)U j
Udgog giihodd o0oU 15 a0 0¥ scUeaaL ddao JL d o2U3a83H94
FgooayaUyvid e3Usnasgsosi .
FgooeyaUyvid shsUFgUlébewnsligstloe
K o ayes3 oaUUUy o UBpt PPy
A o oy ®30iallilaorijltle d
5 Ei G00Gd Ueg eacgUfFelilsevyvégrsligde ho. o ¥ps Us e U
00l Usdobwdoasses UehU UatlUdalU aU goash
UycatlUs d tesUlossaUlal Udd U secYearldd Us
30 @Y aUe UsYageU Us g etchoi ng (UsYageU g
Udd “"6ag gJ)Jithadd 95U 15 aU UY.
FgooysUyvtd e3UsmBa5@soai
FgooayaUyvid ohaUdgUlébewmosligstioe
K 9 aye3 oaUUU;o0Bp8 PPy 3 )
K 9é6®myaUUU; o0GaUBilHaoeUUG A scUesatrddal "9e o3eo0e; U (
6 Ei G00UGd Ueg eacgUfFelilsevvégrlgde
® 5 5 R o i R I?eel strength (Ib/in): 0,0@eel strength) € ~ ¢ Jilisssaesic
0aaU l‘.’gg;d]aﬁadJeavese stva'”UoﬁL,!dMaU dU "gash U’ 9 ¢ U o oFR4: $05@lbgn)
U;GGQUQ d UsUlsaUlaU Udd U seYeaaxlidd Us
30 aU" UY GU0ge isYageU Usg etching (UsYag
Udd "esag gjjhaedd 250 15 20 O¥.
Az Y, Fceae jdeosat 3 zdeUssal 3, 2014 97



j oL 29¢eU eage Uy o AWdd cepyidh &@ddgls Uy e 6 ecadiad U s
] 3Y¥agld jehliseg U scYaoavldd
a3 UAU@s UUGd 3 Ui e0Uesd Gg3Uj; UediUs Ueg 6y} h3ag
UABB@BE VAL A|pd] ¢8I
Volt Ampere t
20:01 0,3 0,08 0:00 0s
20:12 0,3 0,09 0:11 '
20:19 03 0,11 0:18 0.35 /-.-\/N
20:29 0,3 0,17 0:28 03
2040 03 0,2 0:39 o e
2052 0,3 0,25 0:51 < /
21:00 0,3 0,27 0:59 02 /
21:11 03 0,3 1:10 0.15
21:27 03 0,32 1:26 o /
21:43 0,3 0,34 1:42 R
22:02 03 0,34 2:01 0,05
22:13 03 0,34 2:12 -
22:20 0,3 0,31 2:19 0 11 18 28 39 51 59 70 86 102121 132 139 145 150 158 168
22:26 03 0,32 2:25 t (min)
22:31 0,3 0,33 2:30
22:39 0,3 0,32 2:38 BUa;PEW) heidsd U scYaad
22:49 0,3 0,33 2:48
BABB@PBE UALAp2)
t Volt Ampere 03
1831 0,3 0,07 /,o
18:47 0,3 0,08 0,25
1858 03 0,12 /
19:08 0,3 0,15 - 0.2
19:18 0,3 0,18 = ot /
19:31 0,3 0,22 ' //
1949 0,3 0,25 0.1
1959 0,3 0,27 ,,//
2009 0,3 0,28 0,05
0 T T T T T T
0 16 27 37 47 60 78 88 98
t (min)
BUa, 028 hetiasad U scYao
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(@)

UABBMBE YALAPE) ¢BI
Volt Ampere t 035
20:11 0,3 0,06 0:00
20:30 0,3 0,07 0:19 03 *
20:40 0,3 0,1 0:29 025 //'/v
20:49 0,3 0,13 0:38 ' //
21:.03 0,3 0,17 0:52 02
21:12 0,3 0,19 1:01 < /
21:23 0,3 0,22 1:12 0,15
21:50 0,3 0,28 1:39 01 /
21:59 0,3 0,29 1:48 k’/
22:18 0,3 0,3 2:07 0,05
0 —
0 19 29 38 52 61 72 99 108 127
t (min)
BUa; 03, hetisad U scYao
UABB®MBE YALApd] ¢BI
Volt Ampere t (min) 0.25
0 0,3 0,05 0
4 0,3 0,04 4 g
9 03 0,05 9 0.2
25 03 0,08 25 //
28 03 0,09 28 _ 015
33 03 0,11 33 < /
43 03 0,14 43 0,1
45 03 0,15 45 /
57 03 0,17 57 0,05 ot
63 03 0,18 63
75 03 0,2 75 o0
82 03 0,21 82 0 4 9 25 28 33 43 45 57 63 75 82 93 106 114
93 03 0,23 93 t (min)
106~ 03 0,23 106 BOa,PpeW; helied U oGcYas
114 03 0,23 114
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UABB@BE OALA|QS| ¢BI
Volt Ampere t 03
19:02 0,3 0,06 0:00 —
19:10 0,3 0,06 0:08 0,25
19:23 0,3 0,07 0:21 /
19:38 03 0,12 0:36 0.2
19:47 0,3 0,17 0:45 z )/
< 0,15
1952 0,3 0,2 0:50 =
1957 03 0,21 0:55 01 /
2009 03 0,24 1:07 | ._J
2017 03 0,25 1:15 0,05
2026 03 0,27 1:24
20:31 03 0,27 1:29 0 T T T T T 1 T T 1
0 8 21 36 45 50 55 67 75 84 89
t (min)

BUa, %W hetisd U scYao

UABB@mPBE UYALA)pS) ¢ BI
Volt Ampere t 0.35
20:33 0,3 0,06 0:00
o ——¢—0—¢
20:53 0,3 0,13 0:20 0.3 //'
21:03 0,3 0,19 0:30 0.25
21:10 0,3 0,23 0:37 //
21:22 0,3 0,28 0:49 z 0.2
21:31 0,3 03 0:58 = o015 /
21:39 03 0,31 1:06 ' /
21:56 0,3 0,31 1:23 0,1
22:02 0,3 0,31 1:29 0.05 /
22:13 0,3 0,31 1:40 '
O T T T T T T T T T
0 20 30 37 49 58 66 83 89 100
t (min)
bUa,padW; hetisd U scYao

¢ U Uy U ¥3y "~ Us); YeUUU U sbUbUavyaUs Us HKUs

cUaoagi UsUaUeb¥Y3Us Ues3U ydUaWwas Ulidgdy UUsU Ul saW
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