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ELECTROCHEMICALLY MODIFIED CARBON
FIBERS AS AN ACTIVE MASS ADDITIVE IN
ENHANCED FLOODED LEAD ACID BATTERY

ABSTRACT

The lead acid battery electrodes are produced by mixing lead oxide with H,SO, to
yield a paste. Additionally, some carbon derivatives and some polymeric fibers are
added into the mass, known as the active mass, to increase the efficiency and to
improve the strength of the plates, respectively. For decades, various types of carbon
derivatives have been studied by many researchers as an active additive material to
improve the charge acceptance figures of the batteries. Carbon rich surface that
constructs a conductive bridge in the active mass, also increases the electrochemical
activity of the surface. Thus, carbon adding for active materials increases the cycle life
of the lead acid batteries. However, adding carbon have some important disadvantages
for maintenance free batteries as a result of the decrease in hydrogen over potential
and the increase in water loss. The increment in water loss causes the increase in the
acidity. Therefore, the corrosion rate of the active material increases, and battery life
is shortened. Some studies showed that using electrochemically activated carbon
together with individual metallic zinc and tin in the active material increased the
hydrogen evolution and collaboration of carbon with Zn and Sn increased the cycle
life of the lead-acid batteries. In contrast to the previous efforts, the purpose of this
study is to use the carbon fiber (CF), electrodeposited Zn, Sn and Pb on carbon fiber
(CF/Zn, CF/Sn, CF/Pb) increased conductivity of CF instead of polymeric non-
conductive fibers that are used in previous applications. It is aimed to overcome the
drawbacks such as the decrease in hydrogen overpotential, the increase in water and
short cycle life by using carbon, Zn, Sn, and Pb structures together in the hierarchical
structures. The electrochemically modified CF surfaces with Zn, Sn, and Pb examined
with SEM and XRD analysis. Negative Electrodes of Batteries are prepared with active
material doping Non-conductive polymeric fibers, Carbon fiber (CF), Zn
electrodeposited Carbon Fiber (CF/Zn), Sn electrodeposited Carbon fiber (CF/Sn), Pb
electrodeposited Carbon fiber (CF/Pb) components added into negative material and
2V battery cells produced. 2V cells tested according to 50% depth of discharge (DoD)
to check the performance improvement and water consumption tests applied to analyze
the water loss performance of cells. The maximum cycle performance was recorded in
the sample CF and CF/Zn added cells. Other cells have less water loss and reduction
in gassing caused acid stratification during charge-discharge cycle. For this reason,
these cells had less cycle.

Keywords: Carbon Fiber, Electrodeposition, Lead acid battery, zinc,tin,lead
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ELEKTROKIMYASAL OLARAK MODIFiYE EDILMIS
KARBON FIiBERLERIN GELISTIRILMIS SULU
KURSUN ASIT AKULERDE AKTIF MALZEME

KATKISI OLARAK KULLANILMASI

OZET

Kursun asit akii elektrotlar, kursun oksidin H,SO, ile karigtirilmasiyla elde edilir.
[laveten, baz1 karbon tiirevleri ve bazi polimer fiberler, aktif malzeme etkinligini
arttirmak ve plakalarin mukavemetinin arttirilmasi i¢in pastaya eklenir. Onlarca yildir,
bir¢ok arastirmaci tarafindan akiilerin sarj olma kabiliyetini arttirmak igin gesitli
karbon tiirevleri aktif katki malzemesi olarak calisilmistir. Karbon bakimindan zengin
ylizeyler aktif malzemede iletken bir koprii olustururken ayni zamanda yiizeyin
elektrokimyasal etkinligini de arttirir. Bu nedenle, aktif malzeme i¢ine karbon ilavesi,
kursun asit akiilerin kullanim 6mriinii arttirir. Ancak, karbon ilavesi hidrojen ¢ikisi
potansiyelini diislirmesi ve su kaybini arttirmasi nedeniyle bakim gerektirmeyen
akiiler i¢in bazi dezavantajlara sahiptir. Su kaybindaki artis asitligin artmasina neden
olur. Bu nedenle, aktif malzemenin korozyon hizi artar ve akii dmrii kisalir. Bazi
calismalar, elektrokimyasal olarak aktif karbonun, aktif malzeme icine ilave edilen
metalik ¢inko ve kalayin karbon ile kullanilmasinin hidrojen gaz cikisimi azaltarak
kursun asit akiilerin émriinii arttirdigini gdstermistir. Onceki calismalarin aksine, bu
caligmanin amaci daha onceki uygulamalarda kullanilan iletken olmayan fiberlerin
yerine, ylizeyleri elektrokimyasal olarak metalik Zn, Sn, Pb kaplanmis karbon
fiberlerin (CF/Zn, CF/Sn, CF/Pb) kullanilmasidir. Karbonun Zn, Sn ve Pb hiyerarsik
olarak birlikte kullanilmas1 ile hidrojen c¢ikis potansiyelinin artmasi, su kaybinin
artmas1 ve akii Omriiniin kisalmasi gibi dezavantajlarin iistesinden gelinmesi
hedeflenmistir. Elektrokimyasal olarak ylizeyleri Zn, Sn ve Pb ile modifiye edilmis
karbon fiberlerin incelemeleri SEM ve XRD yontemleri ile analiz edilecektir. Negatif
akii elektrot aktif malzemesi igine iletken olmayan polimer fiberler, karbon fiber (CF),
Zn elektrodepozitleme yapilmis karbon fiber (CF/Zn), Sn elektrodepozitleme yapilmis
karbon fiber (CF/Sn), Pb elektrodepositleme yapilmis karbon fiber (CF/Pb) ilaveleri
ile hazirlandi1 ve 2V hiicreler iretildi. 2V hiicreler 50% derin desarj (DoD) ile test
edilerek performans iyilesmeleri test edildi ve hiicrelerin su kayb1 performanslar1 da
su tiiketim testi uygulanarak analizler gergeklestirildi. En yiiksek ¢evrim sayis1 CF ve
CF/Zn ilaveli hiicrelerde elde edilmistir. Diger hiicreler daha diisiik su kaybi
sonuglaria sahiptir ve bu diisiik gazlasma c¢evrimdeki sarj desarj sirasinda asit
stratificasyonuna neden olur. Bu nedenle bu hiicrelerin ¢evrim testleri daha diisiik
gelmistir.

Anahtar kelimeler : Karbon fiber, elektrodepozitleme, kursun asit akii, kalay, ¢inko
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1. INTRODUCTION

Lead acid batteries convert the chemical energy contained in its active materials into
electrical energy by means of an electrochemical reaction. Lead acid batteries are
batteries composed of lead (Pb) negative electrode, (PbO,) positive electrode and
(H,S0,4) as electrolyte. The Pb metals oxidized into Pb ion in the 2-oxidation state
(abbreviated Pb (II) or Pb2+) during discharge reaction. Thus, The Pb (II) formed
precipitates as PbS0O, at the negative electrode by combining with sulfate ions from
the electrolyte solution (1.1):

Discharge/Charge
Pb + H,S0, > PbSO, + 2H* 4 2e™ (1.1)

The positive electrode proceeds by the reduction of PbO, with Pb in the +4 oxidation
state, Pb(IV) or Pb2*to Pb(Il), which precipitates as PbSO, at the positive electrode

(1.2)[1].

_ + (Discharge/Charge:
PbO, + 2e~ + H,S0, + 2H PbSO, + 2H,0 (1.2)

The products of positive and negative electrodes are PbSO, at the discharge steps.
PbS0O, is reduced to form Pb at the negative and PbSO, is oxidized to PbO, at the
positive electrode during charging reactions. Lead acid battery electrodes both positive
and negative are manufactured in the discharged state, that is, as Pb (I1). Lead oxide is
mixed with H,SO, as a basic paste preparing method Various additives may be added,
such as plastic fibers to strengthen the electrode plate and carbon black to increase
conductivity of paste. Thus, the charge ability of the batteries is increased, and batteries

can discharge more effectively [1].

The limited charge acceptance of the negative plate is the major problem for lead acid

batteries in hybrid electrical vehicles. Lead sulfate accumulates first at the surface of

the negative plate. On further cycling more PbSO, is accumulated on the surface,



forming an insulating layer there. The capacity decreases and cannot be restored under
regular charge conditions. During charge lead sulfate is dissolved. The lead ions
diffuse to the electronically conductive spots where they are reduced to metallic Pb.
The most common solution of the problem has been adding carbon derivatives to the
negative plate [1,2]. Carbon derivatives generally with a higher surface area and
double layer capacitance, increases the charge acceptance substantially and eliminates

sulfation.

Nowadays the need for new generation lead-acid batteries which can be utilized in
hybrid electric vehicles and modern energy storage systems brought forward the next
active component - carbon. The researchers are supposed to develop theories which
allows the battery producers to get even more out of the battery. Carbon exists in
various forms, all of them light and with special properties. During the last decades
new carbon materials have been introduced as: carbon and graphite fibers, cloths,
micro and nanofibers, nanotubes, aerogels, graphene’s lead-acid battery [2]. When
thePbSO, crystals in the negative active materials (NAM) increase significantly after
the discharge of the battery, the added carbon derivatives increase the electrical

conductivity.

When the hybrid electric vehicles were launched on the market, lead acid batteries
began to take their place in these vehicles. However, it was figured out that the negative
plates of these batteries were insufficient due to the high current requirements in hybrid
vehicles [3]. Carbon derivatives incorporated into the negative pastes with the aim of

increasing the electrochemically active surface of the negative active material.

The addition of various carbon derivatives such as carbon black and activated carbon
to negative active materials enhances the charge acceptance of negative plates during
high-rate cycling. Optimized paste recipe containing the three ingredients mentioned
above guarantees that the negative plate will perform well at low temperatures [3].
Negative active materials with carbon black concentrations between 0.2% and 2.0%
drastically decrease sulfation of the negative mass and increase cycle life of the lead

acid batteries [4].

Carbon additives show much higher Faradaic current, compared to the bare Pb surface,

which further increases with cycling. Carbon plays a key role in enhancing the



electrochemical activity at the Pb-interface with the H,SO, electrolyte and that

conditioning of the interface is taking place with cycling [5].

A different carbon polymorph, graphite, has been studied by some researchers for the
active mass with titanium dioxide to improve the cycle life of the negative lead acid
battery electrodes in the partial state of charge regime. The experimental results have
been attributed to hindrance crystal growth of lead sulfate deposited in the electrode

pores and increase the cycle life performance of the batteries [2].

The carbon additives decrease the hydrogen evolution potential. Hence, it is essential
to increase the rate of hydrogen evolution during the charge steps. Decomposition of
water can cause increase the acid density and shorten the battery life. To minimize, or
even eliminate the water loss, researchers improved the performance of lead acid cell
by using electrochemical active carbon and Zn in negative mass. Zn deposition on the
carbon surface reduced the hydrogen evolution of the cell. Zn(II) additives can also
improve the low-temperature and high-rate capacities of the cell with
Electrochemically Activated Carbon (EAC) in negative mass, which ascribes to the
formation of Zn on lead and carbon surface that constructs a conductive bridge among
the active mass. The cell with 0.6 wt% EAC exhibits 84% reversible capacity after
2100 cycles and the control cell with no EAC and Zn(II) exhibits less than 80%
reversible capacity after 1350 cycles [6].

Another effect of Zn in active material have performed and patented by George W.
Mao in 1978. Adding Zn compounds such as zinc sulfate to the battery in amounts
sufficient to decrease the float current that would otherwise occur during voltage
regulated overcharge and increase the battery life [7]. Some Researchers successfully
fabricated ZnO on carbon fiber by electrochemical method. The carbon fiber used
here was used both as a base and as a heat source. They used zinc acetate dihydrate as
a coating solution. With this study, the researchers provided new information to the
research literature on zinc oxide coating and provided sample data for other oxide
coating studies. Although Carbon fiber coatings studies are in the research media,
materials do not use as an additive in lead acid battery mass from this aspect previous
study will be different and innovative [8]. To improve the battery endurance

performance tin added into active material by Shiomi Masaki et. al. and method were



patented. Adding of optimal Sn oxide increases number of endurance cycles with
improving the sulfation of lead during discharge step in cycle test[9]. Mehdi Shafiei et
al. Electrochemically Coated Sn on the carbon fibre surface to produce commercial

graphitic anodes for rechargeable Li-ion cells [10].

The correlation between plate capacity and the ratio between conductive and non-
conductive particles in active material during discharge at different rates. Plates
containing non-conductive particles such as polypropylene fibers and that additives
decrease the utilization of the active material during charge and discharge steps.
Hence, selection of the type and amount of additives to the positive paste should be
made in view of the discharge rate. Batteries operating at low discharge currents should
have positive plates containing additives that improve the electrical conductivity of

active material.

In the present study, electrochemically modified conductive carbon fiber additives will
be employed instead of non-conductive polymer fibers to improve the active material
conductivity and increase the battery cycle life. Most of the researchers investigated
the zinc and tin compound powders' beneficial effect on lead-acid battery performance
[6;9;11]. Carbon additives decrease the hydrogen evolution potential and cause the
water loss, incorporating zinc with carbon additives can suppress the water loss [6]
and addition of tin element into the active material increases the endurance cycle life
of the lead-acid battery. Therefore, the carbon fiber surface will be coated by zinc, tin
and lead to improving both the wettability and conductivity of carbon surfaces. Hence,
active material conductivity will be increased by carbon and coated Zn, Sn and Pb on

the fiber surface can help to decrease the water loss amount.



2. THEORETICAL BACKGROUND

2.1 Lead Acid Battery

When the lead—acid battery performs, electrochemical processes take part in both
electrodes. According to the reactions, one mol Pb produces two electrons flowing to
a positive electrode. Hence, lead sulfate is occurrs at both plates. The reaction that
takes part in negative electrode is oxidation of lead and reduction of lead dioxide
during discharge [12]. Lead (Pb), lead oxide (Pb0,), and sulfuric acid (H,S0O,) are the
negative electrode, positive electrode, and electrolyte of lead acid batteries,
respectively [1]. The positive electrode proceeds by the reduction of PbO, with Pb in

the +4 oxidation state, Pb(IV) or Pb**, to Ph(Il), which precipitates as PbSO, at the

positive electrode:

At positive electrode,

Disch Ch
PhO, + 2e~ + H,S0, + 2H* et 9/ 98 bS50, + 2H,0 E® = +1.690 (2.1)

The Pb(I1) so formed precipitates as PbSO, at the negative electrode by combining
with sulfate ions from the electrolyte solution:
At negative electrode,

Discharge/Charge
Pb + H,S0, « > PbSO, + 2H* +2¢~ E°=-0358 (2.2

where E° is the standard electrode potential for each reaction, i.e, the electrode is in a

standard state.

The overall reaction is:

Discharge/Charge
PbO, + Pb + 2H,S0, > PbSO, +2H,0 V°=+42.048 (2.3)

where VO, is the standard cell voltage. According to the above electrochemical

reactions, the electrons generated at the negative electrode flow the positive electrode



through the conductor. It causes loss of electric energy from cell to an external
consumer. Unlike this, the charge process occurs when there is an external power
source. The electrons produced at positive electrode flow from positive electrode to
negative electrode so that lead sulfate is reduced to lead. Thanks to this reverse process,
battery re-charged with electric energy. The electric energy that is lost per unit charge
is the cell voltage. It is presumed that electric current and electron flows are the

opposite way as shown in Fig.2.1.
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Figure 2.1 A schematic representation for lead-acid battery working principle [13].

As seen HSO*~ ions relocate to the negative electrode to react with the lead to form
H** ions and lead sulfate (PbSO,) which is an extremely non-conductive component.
When both plates are discharged, the plate surface with lead sulfate and water is
occurred. Lead sulfate is formed on plates progressively in equal quantities. Discharge
process also leads to decrease in electrolyte concentration, which helps the determining
the degree of discharge or controlling the state of charge of the cell.

When reverse process, charging, is occurred the high amount of lead sulfate is
converted to lead and lead dioxide. In the case of high current of electricity flows
hydrogen and oxygen gases release at negative and positive electrode, respectively.
These gases that are in stoichiometry result in lack of water from the electrolyte [12].

The potential for each Pb/Pb0, cell is nominally about 2.0 V. They are generally
charged to less than 2.4 V per cell to minimize gas formation as shown in Fig. 2.2. The
plates are connected in series within the battery case to boost the voltage. Fig.2.3
shows the common battery voltages are 12 V (six cells), but batteries with higher or

lower voltages can be found.



A higher-voltage battery be made by connecting carefully matched, multiple batteries

in series [1].
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Figure 2.2 Discharge and charge voltage for a lead acid battery [1].
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Figure 2.3 Cross section of a lead acid battery [1].

The battery negative electrode is one of the electrodes, which provides requirement
capacity (Ah) and cold cranking ampere (CCA). It consists of negative lead grid and
negative active mass that includes metallic lead and additives, such as carbon,

lignosulfonate, etc.

The main purpose of the paste preparation process for positive (Pb0O,) and negative
(Pb) battery plates is to produce particles of exact shape and composition. These
particles are the basic structural elements of the paste, after spreading to the grids,

curing the plates and formation, yield lead-acid cell plates [3]. After preparing lead-



acid battery plates, wet plates passes through flash oven for 5-10 seconds to collect
plates without sticking. The next stage of the manufacturing process is curing. The
active material that forms the skeletal structure formed during the curing of the plates

gives crystal structure [14].

During the curing process, the paste particles are bonded together to form a continuous
force the porous mass (skeleton) which is tightly connected to the grid in turn (Fig.2.4).

a) Pasie particles interconnect into skeleton;

Curing ] b) Corrosion layer forms on the grid surface
which is bonded to the skeleton;

c) Oxidation of free Pb in the paste also proceeds.

Cured paste

Paste Cured paste

Crystals
Solution

g A J Z
L Crystals Me

Figure 2.4 Basic process of plate curing [3].

The following basic operations are performed during plate curing:

(i) The skeleton of the cured paste (hard porous mass) is constructed. Small crystals of
pastes dissolve and grow larger ones. Water contained in thin liquid films the particles

evaporate as a result of the bonding of 3BS or 4BS crystals and PbO particles.

i) When curing is carried out at temperatures higher than 80°C, 3BS structures is

formed to 4BS crystals.

iii) The free lead is oxidized, remaining in the leady oxide, during the process of paste

preparation.

iv) The grid alloy surface is oxidized and the paste and grid surface bonding process

is performed at curing step.

The cured plates of both positive and negative cannot create electromotive forces when
the pasted plates are assembled into cells. The purpose of the formation is to convert

the cured plates into electrochemically active porous materials: PbO, in the positive



plates and Pb in the negative electrodes. After curing is completed, the charging step
of the plates is started [3].

The bonding between the grid and the active material begins in the curing process and
continues throughout the formation. This attachment is an important factor affecting
battery performance. In addition, the formation allows the crystal structure on the plate
to change. There are three important parameters in the formation process that enables

the exchange of crystals in the active material;

1. current density,
2. concentration of sulfuric acid, and
3. electrolyte temperature [14].

Electrochemical reactions during the formation of positive plates are represented by
the following equations. En represents the equilibrium potential for the reaction at
298.15 K.

Pb0O, + SO;%2 + 4H* + 2e~ = PbSO, + 2H,0
Ep = 1.685 — 0.118 pH + 0.029 Inag;- (2.3)
Pb0O, + HSO;% + 3H* + 2e~ = PbSO, + 2H,0
Ep = 1.628 — 0.88 pH + 0.029 lnayso, (2.4)
2Pb0, + S0;% + 4e~ + 6H* = Pbh0.PbhSO, + 3H,0
Ep = 1.468 — 0.88 pH + 0.015 Inag,;- (2.5)

4Pb0, + SO;? + 8¢~ + 10H* = 3Pb0.PbS0,.H,0 + 4H,0
Ep = 1.325 — 0.074 pH + 0.007 Inag;- (2.6)
3Pb0, + 4e~ + 4H* = Pb30, + 2H,0 E, =1.122-0.059pH  (2.7)
PbO, + 2e~ + 2H" = PhO + 2H,0 E, = 1.122 — 0.059 pH (2.8)
0, +4H" +4e~ = 2H,0 E, = 1.128 — 0.059 pH + 0.015 InPbO, (2.9)

All equilibrium potentials are referred to a standard hydrogen electrode. The
Hg/Hg,S0, electrode which is 0.620 V more positive than the standard hydrogen
electrode, is used in lead acid battery investigations. Electrochemical reactions
progressing during the formation of positive plates are represented by the following
equations (2.3 to 2.7). The higher the PbO Content in each compound, the more

negative the oxidation potential to PbO,. Thus, upon oxidation of a mixture of PbSO,,



1BS, 3BS and Pb;0, in the cured paste, first PbO and then basic lead sulphates are
oxidized in equation (2.7 to 2.9). The development of potential plateaus for different
paste phases in the potential-time curve depends on the kinetics of redox reactions. For
purely Kinetic reasons, some phases in the paste may not be manifested by a plateau in

the potential curves [3].

2.1.1 Components of lead acid battery electrode

2.1.1.1 Additives:

Additives are substances that improve some of the properties of the final product or
facilitate and accelerate the technological process of its manufacture. The content of
additives in the product’s formulation is from 0.02 to 2.0% of the total weight balance

of the initial materials [3].

During the lead acid battery discharge process, metallic Pb in the negative electrode
and lead dioxide (PbO,)in the positive turn into lead sulphate (PbSO,) by
electrochemical conversion. This lead sulfate formed in the positive and negative

electrodes is semi conductive and its conductivity is 50 Qcm™1.

It is very important that the positive electrode does not become inactive during these
conversions. The formation of lead sulphate formed in the positive electrode that
continues to discharge begins and HSO*~ and H* ions pass through the pores. At this

stage, lead dioxides in the positive electrode are electrically isolated.

Grid Ph(), PhSO, layer

|

1 HSO;

Electrically
isolated PbO,

enhanced by
additives

Figure 2.5 Diagram of porous lead dioxide paste with diffusion [15].
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Porous additives increase the supply of HSO*~ and provide local reservoirs of this ion
within the pores. Fig. 2.5 illustrates ion conduction through the pores to the inside of

the active mass [15].

2.1.1.2 Lead oxide (Pb0)

The lead compound has two polymorphic forms: tetragonal (f— PbO) and
orthorhombic (a — Pb0). The solubility of these forms in water at 25°C is 0.0504 g L~
! for a — PbO and 0.1065 g L™ for B — PbO. Lead oxide forms lead hydroxides are
3Pb0.H, and 5Pb0.H,0.Pb(OH), is a hydrated form of lead oxide that is a
compound of amphoteric nature and dissociates to HPbO?~ and Pb(OH) ™ ions. In the
battery industry, lead oxide is obtained by partial thermal oxidation of lead and is
called ‘leady oxide’, as it contains between 73% and 85% PbO, the remaining part
being non-oxidized lead. Tet—PbO is the basic form of leady oxide, but
orthorhombic PbO is also present, up to 5-6%. The pastes preparing with Leady oxide

Is pasted to electrodes of lead acid batteries [3].

2.1.1.3 Lignosulfonate

Lignosulfonate is a kind of wood flour that is added to the expander formulation.
Lignosulfonates disintegrated slowly during battery paste preparation if the negative
plates lose capacity. During battery charge and discharge operation this wood flour
decomposes gradually producing lignin [3]. The lignin types are strongly adsorbed on
the lead surface, and during lead dissolution on battery operations, the Pb?* ions
migrate through the adsorbed layer. The adsorption of the expander affects the anodic
oxidation of Pb, the cathodic reduction of lead sulfate, the morphology of lead sulfate,

and both the porosity and the surface area of the negative-plate material [16].

2.1.1.4 Barium sulfate

BaS0, performs as a nucleation surface that allows the nucleation of PbSO, crystals.
It ensures that the formed lead sulfate crystals form homogeneous in the porous
structure in the active material [3]. Barium sulfate acts as a nucleus in PbSO,
formation. For this reason, small particle size barium sulfate additives are added to the
active material, allowing PbSO, nucleation [17]. This function of BaSO, is a result of

the isomorphism between PbSO, and BaSO, crystals [3].
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2.1.1.5 Carbon additives

Carbon additives are added in the paste mainly to increase the electric conductivity of
the lead active material at the end of discharge when the content of PbSO, crystals in
NAM increases substantially. When the hybrid electric vehicles were launched on the
market, lead acid batteries began to take their place in these vehicles. However, it was
figured out that the negative plates of these batteries were insufficient due to the high
current requirements in hybrid vehicles [3]. The life-limiting mechanism of lead—acid
batteries in this application involves progressive accumulation of lead sulfate (PbS0,)
in negative plates. This failure mode is commonly called ‘sulfation’. It has been
reported that addition of highly conductive carbon to negative active material is
effective in arresting sulfation. It enables easier charging of negative active material
discharged with high conductivity carbon additions. On the other hand, PbSO, cannot
prevent the growth of particles. Therefore, the contact paths between the carbon
particles and PbSO, increase the conductive paths in the negative plates, thereby
increasing the charging ability. Different additives added to the active material are

used to prevent the PbSO, particles from growing gradually [17].

2.1.1.6 Polymeric fibres
Polymer fibres improve the consistency of the paste and reduce the production waste

during plate manufacture and increase the paste strength.

2.1.2 Impurities

Impurities in the battery or active material cause some secondary reactions during the
operation of the battery. In some cases, these secondary reactions do not have a
negative effect, while in some cases they reduce battery life. These impurities should

generally be less than 0.01% by weight [3].

2.1.2.1 Silver in active material

Research has clearly shown that the silver contained in the active material does not
affect the hydrogen evolution. However, when there was silver in the positive active
material, some increase in oxygen evolution was determined. As the silver level was
increased, there was a corresponding increase in the number of DIN cycles, which

could be achieved. It is understood that silver has a positive effect when it is between
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50 and 100 ppm in the active material. This positive effect of silver may be due to the
increase of conductivity of the active material. Silver can facilitate recharging of the
battery by allowing the active material to conduct current even in the case of deep
discharge [18].

2.1.2.2 Bismuth in active material

Previously studies demonstrate that 500 ppm bismuth was mixed into the PbO,
previously produced. It was determined that the cells added to Bismuth gave a higher
initial capacity and the post-cycle capacities of the cells increased. On the other hand,
cells prepared using lead produced from oxide containing 0.05% bismuth were tested
according to the Japan industry standard (JIS) or the IES protocol. According to the
test results, the number of cycles of bismuth containing batteries is 18-32% higher than
that produced with pure oxide. Cells produced with non-bismuth pure oxide were
determined to act due to PbSO, increase during the cycle. It showed that the 32%
improvement in the number of cycles was due to the improvement of the negative
charge after the addition of bismuth [18].

2.1.2.3 Zinc in active material and electrolyte
Zinc is a beneficial element in reducing the float current of lead batteries. zinc was the
only element other than bismuth, which was effective in reducing both the positive and

negative gassing currents [18].

Thus, Adding zinc suppressed the hydrogen evolution of the cell in the presence of the
carbon additives in negative mass is significantly reduced by 58-73% adding Zn(Il)
additives [6].

2.1.2.4 Additions of tin sulfate

Many methods have long been studied to enhance the specific energy of lead-acid
batteries. One of these proposed methods is to add tin in the active material to enhance
the discharge properties of the lead-acid battery. However, this approach is
disadvantageous in that the tin thus added is eluted from the positive active material
with the electrolyte and then deposited on the negative plate to lower the hydrogen
overvoltage of the negative plate and hence cause much water loss. Tin has been added

to the positive active material as SnO,, or as Sn0%~ coated glass and carbon fibers

13



have shown that such additions improve formation efficiency and plate performance
by improving the conductivity of the active material and providing improved

utilization at high rates [9].

2.2 Carbon Fiber

Thomas Edison made the first carbon fibers in 1879. He carbonized the cotton yarn to
produce a filament for a bulb and It was not entirely successful. Edison eventually
replaced the fiber by a tungsten wire. Large-scale production of carbon fibers had to
wait until the late 1950's, when cloth and felt from carbonized rayon were

commercialized. These materials are still produced now [19].

Carbon fiber is defined as a fiber containing at least 92 wt % carbon, while the fiber
containing at least 99 wt % carbon is usually called a graphite fiber. In recent years,
the carbon fiber industry has been growing steadily to meet the demand from different
industries such as aerospace (aircraft and space systems), military, turbine blades,
construction (non-structural and structural systems), light weight cylinders and
pressure vessels, offshore tethers and drilling risers, medical, automobile, sporting
goods, etc. [20].

2.2.1 Structures and properties

The structure of the carbon fiber is in the form of layers of carbon atoms arranged in a
regular hexagonal atomic pattern, as shown in Figure 2.6. This sequence is similar to
that of graphite consisting of graphene layers. Layer planes in carbon fiber can be

turbostratic, graphitic or hybrid depending on production processes and precursors.

1

Figure 2.6 Crystal directions and structures of crystals [20].
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In graphitic crystals, layer planes are arranged regularly and parallel to each other.
Atoms in a plane are covalently bonded through the sp2 bond, while the interaction

between the layers is relatively weak Van der Waals forces.

The d-spacing (d002) in the two graphene layers is approximately 0.335 nm. The
elastic constant of this single graphite crystal is 1.060 GPA and 36.5 GPA for C11 and
C33, respectively. On the other hand, the shearing of C44 is as low as 4.5 GPa.

However, the structural unit of many carbon fibers consists of a turbostrate layer pile.
In a turbostratic structure, parallel graphene layers are arranged irregularly or
randomly folded, bent or divided. Studies have shown that the presence of irregular
stacking and Sp3 binding can increase the d-range to 0.344 nm. Johnson and Watt
investigated the crystal structures after PAN carbon fibers had been heat treated at
2500°C. In this review, they reported that turbostrate crystals had crystalline height
(Lc) and 6-12 nm crystalline width (La) in at least 12 layer planes [19]. On the other
hand, the sheets of carbon atoms are randomly folded, leading to a wrinkled structure
in turbostratic FCF. Therefore, it is possible to produce graphene oxides from FCF by
modified Hummers' method and hence create defects in the FCF surface that are shown
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Figure 2.7 Structures for a single flexible carbon fiber (FCF) from its array [21].
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2.2.2 PAN based carbon fibers

Production of PAN based carbon fiber requires the polymerization of PAN or PAN
copolymer, followed by fiber spinning and drawing before stabilization in air (~200 -
300°C) and carbonization in an inert environment (1000 - 1700°C) [21].

Carbon fibers have the highest tensile strength and a wide range of tensile modulus
and can be easily produced with different processes. During the copolymerization of
the PAN, by adding a small amount of additives such as methyl acrylate or vinyl
acetate, it decreases the glass transition temperature from 120°C to 100°C and

improves the tensile properties.

The production process of PAN-based carbon fibers can be divided into the following

five steps:

1. Spinning the PAN co-polymer to form a fiber

2. Stretching

3. Oxidation and stabilization at 220°C under tension
4. Carbonization in inert atmosphere up to 1600°C

5. Graphitization up to 3000°C [19].

2.2.3 Pitch based carbon fibers
Natural Pitch may contain higher than 80% carbon which is synthesized during
production of synthetic polymers by using destructive distillation of petroleum and

coal. The composition of a step depends on the source tar and processing conditions.

The pitch created from coal is generally more aromatic than oil pitch. Pitch as a
precursor has the advantage of lower material cost, higher char yield, and higher
degree of orientation compared with PAN. Structures determined in graphitic structure
have higher elastic modulus, high thermal properties and electrical conductivity

compared to structures in pitch-based carbon fibers [20].

2.2.4 Thermal and electrical properties

The thermal conductivity of PAN and pitch based carbon fibers is directly dependent
on the vacancies concentration in the atomic structures, interstitial atmos, impurities
and crystal orientations.These properties vary depending on the temperature of the

carbonization process. The point defects in its increases with concentration of
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imperfections and the crystalline perfection as the carbonization temperature
increases, thereby increasing the thermal conductivity. It is formed by combinations
of phonones and electrons of thermal conductivity of carbon fibers. It is known that
the electron additive at room temperature is ~ 0.40-0.66 W / m / K, this evidence is ~
10% of the reported thermal conductivity of commercial PAN based carbon fibers such
as IM7 (5.4 W/ m/ K) and provides evidence that the thermal conduction in carbon

fibers is actually a having a phono domination process [22].

2.3 Electrochemical Deposition

Metal electrodeposition is the method to coat metals to metallic or other conductive
surfaces by the electrochemical process. Electrodeposition is used both for protecting
materials from corrosion and natural influences and for decorative purposes.
Construction metals are used because of their mechanical properties and machinability
at a low price, but some materials are not resistant to corrosion [23]. In this situation,
surfaces are coated by corrosion-resistant material. On the other hand, some materials
used for decorative purposes are coated with better visual impact material. The most
common coating metals are zinc, tin, chromium, copper, nickel, depending on the

reason for the coating.
Some of the purposes of electroplating are;

I) Appearance,
I1) Protection
I11) Special surface properties

IV) Engineering or mechanical properties.

The components of an electroplating process are the substrate (cathode) to be plated,
a second electrode completes the circuit is named as an anode. Negative electrodes and
positive electrodes are immersed in the electrolyte and the external circuit, consisting
of a source of direct current (dc), means of conveying this current to the plating tank,
and associated instruments such as ammeters, voltmeters, and means of regulating the
voltage and current at their appropriate values. During electrolysis metal is deposited
on to the work and metal from the bar dissolves (2.10 and 2.11) Faraday's laws of

electrolysis govern the amount of metal deposited [23].
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cathode Mz+(aq) + ze- — M(s) (2.10)
anode M(s) — Mz+(aq) + ze- (2.11)

Determination of the concentration of free metal ions A** and consequently the
redox potential E.q of the reaction A** + ze — A pysear, Which is given by Nerst

equation (2.12):

Eeq(A) = Egss + (57) . InaA™ (2.12)

Where E}+ is the standard redox potential for A, R = 8.314 J /mol.K is the gas
constant, T the absolute temperature, z the number of electrons Exchanged, F = 96845
A.s / moils the Faraday constant, and a** is the activity of the ion A**. A metal can be
electrodeposited from such solution when the potential applied to the substrate
electrode E,pp,) is more negative than E.q(A); the driving force for film formation is

the deviation from equilibrium (2.13), and is called overpotential:
n= Eappl - Eeq(A) (2.13)

In most practical electrodeposition processes however, a metal A is reduced from
A%**on a foreign substrate S, and an equilibrium for this system cannot be defined
strictly unless the system is left to spontaneously achieve its own equilibrium. In some
cases, this equilibrium can quickly reach high reactive metal surfaces as an example,
while equilibrium is disabled in metal deposition on the other silicon. Thus, the over
potential for nucleation can be defined for this condition. This over potential begins to
deposition, these quartz crystals are determined with the microbalance. The potential
corresponding to the measured deposit amount may be more negative (~ 200 mV) than

A's redox potential, depending on the atomic details of the nucleation process [24].

2.3.1 Surface treatment
Surface preparation for proper coating includes substrate surface cleaning and
pretreatment. This is the most important step to adhere the coatings, surfaces must be

free from oily soils, corrosion products.

Different solvents or aqueous chemicals, or mechanical cleaning are used for cleaning

surfaces. Cleaning method depends on the substrate, size and shape of the object.

18



To improve the coating adhesion, pretreatment is applied after cleaning. Acids are used

to remove loosely adhering contaminants [25].

The carbon fibers have poor wet and adsorption ability with most resins because the
carbon fiber surface is non-polar and compound of highly crystallized graphitic basal
planes with inert structures and sized by polymeric materials. To improve the
wettability of carbon fibers several techniques for surface treatment on carbon fibers
have been applied, including plasma, electrochemical oxidation, wet chemical and
thermal treatment [26, 27]. In oxidation treatment, effectiveness of treatment depends
on the temperature, treatment time and oxidative medium [27]. The sizing materials
(generally, 0.5-1.5 wt. %, sizing is usually applied to the fibers to produce a layer
approximately 0.03 um thick on a 7um fiber). Formic acid, acetone and ethanol is used
to remove polymeric sizing material from CF surface. Additionally, nitric acid or
hydrogen peroxide is being used for etching the CF surface to improve the CF surface

wettability on the coating process [26].

2.4 Metal Electrodeposition

2.4.1 Zinc electrodeposition

Commercial zinc plating is carried out in several different systems: cyanide baths,
alkaline non-cyanide baths, and acid chloride baths. In the 1970s, most commercial
zinc coatings were made in conventional cyanide baths, but the passing of
environmental control laws around the world led to continuous development and
widespread use of other processes. Nowadays, bright acid zinc plating (acid chloride
bath) is possibly the fastest growing system in the field. Approximately half of the
existing baths in developed countries use this technology, and most new plants specify
it [28].

2.4.1.1 Cyanide zinc baths

Cyanide zinc plating was applied for a long time to many workhorses in the industry.
Cyanide baths are prepared from zinc cyanide (or zinc oxide sodium cyanide), and
sodium hydroxide, or from proprietary concentrates. Sodium polysulfide or
tetrasulfide, commonly marketed as zinc purifier, is generally required in standard,

midcyanide, and especially low-cyanide baths [28].
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2.4.1.2 Alkaline noncyanide baths
Cyanide was replaced by complexing or chelating agents such as sodium gluconate,
triethanolamine, or polymeric amines. Cyanide was replaced by complexing or

chelating agents such as sodium gluconate, triethanolamine or polymeric amines [28].

The resulting baths presented problems with both waste treatment and iron deposition.
The second generation of organic additives eliminated the chelating agents, but there
were other drawbacks. The special additives and brightening agents are specified as
the properties of an alkaline non-cyanide system. The zinc deposit may have 0.3 to 0.5

wt % C contaminations, which come off from additives [29].

Many of the existing processes have overcome these problems by using a completely
new family of organic products. Platers are available with low chemical alkali non-
cyanide zinc (low metal bath) or high chemical alkali non-cyanide (high metal bath)
options. In addition, potassium-based baths have been introduced which offer faster

coating speeds and higher yields [28].

2.4.1.3 Chloride zinc baths

Generally used acidic zinc chloride baths are divided into two types; they are based on
ammonium chloride and potassium chloride. Ammonium based baths have been
developed before potassium based baths. Ammonium based baths can work with
higher current densities during coating. Both ammonium and potassium baths may
contain high amounts of wetting agents between 4 and 6 to dissolve the brightening
additives. It also facilitates the use of ammonium systems, which are easier to control.
However, it acts as a complex agent in waste streams containing ammonium ions,
nickel and copper wastewater and should be disposed of in many places by expensive
chlorination. This was the main reason for the development of potassium chloride bath.

The chemical composition, amount of zinc, total chloride, pH and boric acid amount
of coating baths should be checked and maintained at appropriate intervals. High zinc
content and low current density cause zinc deposition on the surface. High chloride
causes the polishers to separate and reduces bath conductivity. High pH values cause
precipitate formation and anodic polarization in the bath. On the other hand, low pH

decreases the quality of the coating [29].
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2.4.2 Tin electrodeposition

Tin coating can be carried out in alkaline or acidic baths. Alkaline electrolytes usually
contain a metal stannate and applicable hydroxide to obtain coating. The current
equipment used for the coating is the same as that used in other coatings. A rectifier
for converting alternating current to direct current or a pulse-plating rectifier, which
allows more precise control of electrical parameters, can be used. Tin anodes must be
properly polarized in alkaline solutions to dissolve with the tin in the Sn +4 state. Once
established, the anode film continues to provide the tin as Sn +4. The anode parts are
coated in the bath for 1 minute by applying a higher current density than normally
used. Another method is to apply the current while slowly lowering the coating to the
bathroom.

Many acidic electrolytes are available for tin plating applications. Two of these are tin
sulfates and tin fluoborate solutions are general systems that can adapt to any
application. To produce tin, electrolytes such as halogen (a chloride-fluoride-based
system) and Ferrostan (a special sulfate-based system) have been developed for high-
speed cold-rolled steel strip tin coating. Acid electrolytes differ from alkali electrolytes
in many ways. Tin salt dissolved in a water solution of the applicable acid does not
form a soft, sticky residue on a cathode. Therefore, a refining additive such as gelatin
or peptone, should be used. Generally, these materials are not directly soluble in a

water solution, and a wetting agent type material such as p-naphthol is also required.

Tin sulfate electrolyte is the most widely used solution for tin plating. The amount of
coating depends on the optimum amount of metal in the solution concentration. A fixed
bath is operated at a cathode current density of 1 to 2 A/dm? (10 to 20 A/ft?). With
appropriate electrolyte agitation, current densities of up to 10 A/dm? (100 A/ft?) are

possible. High current density will cause burnt deposits [29].

2.4.3 Lead electrodeposition

Lead coating is carried out to protect metals from corrosive environments such as
dilute sulfuric acid; the lining of brine refrigerating tanks, chemical apparatus, and
metal gas shells; and barrel plating of nuts and bolts, storage battery parts, and
equipment used in the viscose industry [29]. Lead coatings and alloy (5 - 10% tin)

protect the steel substrate, especially in industrial areas with SnO, atmosphere. At the
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time of initial exposure, pitting on the lead surface occurs; however, the pits heal
spontaneously, and then the lead surface is protected by the formation of insoluble lead

sulfate. Very little protection is provided by these coatings in contact with soil.

Lead is electrodeposited in such baths as nitrate, acetate, fluorosilicate, and
fluoroborate solution. The use of a copper or nickel strike before plating improves the
corrosion resistance of the coating [30].

2.5 FMEA and Risk Assessment

Failure Modes and Effects Analysis (FMEA) is widely used in various industries and
it is a practical way to evaluate possible reliability troubles in the early hours at the
progress cycle. It is very important to identify the root causes and mitigation methods
[31]. FMEA can be applied to recognize probable failure modes, conclude their effect

on the process of the product, and categorize actions to diminish the failures.

The potential failure mode; is defined so that the process can potentially fail to meet
the process requirements and / or design objective. Potential failure modes should be
defined in physical or technical terms, not as a symptom unnoticed by the customer.
Typical failure modes can be: Bent, Cracked, surface too rough, deformed, too deep
hole, open position, etc.

Potential effects of failure; are defined as the effects of failure mode on customers. For
the end user, impacts should always be initiated in terms of product or system
performance as follows: Inoperable, unstable leaks, etc. And for the next process, the
effect should be started in terms of process performance, such as: cannot fasten.

The potential cause of failure; is defined as how the failure can be defined as something

that can be corrected or controlled [32].

Risk Assessment; is to define the goal of the risk assessment. Each of the below topics
require clear definitions and a corresponding scale to rank the possible impact.

Severity: if a failure were to occur, what effect would that failure have on the product
quality and on the patient (if any)? Effects are the results of failure, where each
individual effect is given a Severity ranking in Table 2.1. Probability of occurrence:
how likely is it for a failure to occur? Causes are selected from the design inputs or
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past failures and placed in the Cause column when applicable to a specific failure mode
in Table 2.2.

Detectability: what mechanisms are in place (if any) to detect a failure if it were to
occur [31]? Actions are determined to improve the controls if they are insufficient to
the Risks determined in Table 2.3.

Table 2.1 Severity ranking of FMEA [33].

EFFECT

CRITERIA: SEVERITY OF EFFECT

Ranking

Hazardous-

without warning

May endanger machine or assembly operator. Very high
severity ranking when a potential failure mode affects safe
vechile operation and/or involves noncompliance with
government rgulation. Failure will occur without warning.

10

warning

Hazardous - with

May endanger machine or assembly operator. Very high
severity ranking when a potential failure mode affects safe
vehicle operation and/or involves noncompliance with
government rgulation. Failure will occur without warning.

Very High

Major disruption to production line. 100% of product may
have to be scrapped Vehicle/item inoperable, loss of
primary function. Customer very dissatisfied.

High

Minor disruption to production line. 100% of product may
have to be sorted and a portion (less than 100%) scrapped.
Vehicle operable, but at a reduced level of performance.
Customer dissatisfied.

Moderate

Minor disruption to production line. A portion (less than
100%) of the product may have to be scrapped (no sorting).
Vehicle/item operable, but some Comfort/Convenience
item(s) inoperable. Customers experience discomfort.

Low

Minor disruption to production line. 100% of the product
may have to be reworked. Vehicle/item operable, but some
Comfort/Convenience item(s) operable at reduced level of
performance. Customer experiences some dissatisfaction.

Very Low

Minor disruption to production line. The product may have
to be sorted and a portion (less than 100%) reworked. Fit &
Finish/Squeak & Rattle item does not conform. Defect
noticed by average customer.

Minor

Minor disruption to production line. The production may
have to be sorted and a portion (less than 100%) reworked.
Fit & Finish/Squek & Rattle item does not conform. Defect
noticed by average customers.

Very Minor

Minor disruption to production line. The production may
have to be sorted and a portion (less than 100%) reworked.
Fit & Finish/Squek & Rattle item does not conform. Defect
noticed by discriminating customers.

Low

No effect.
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Table 2.2 Occurancy ranking of FMEA [33].

failure or failure mode.

Probabillity of Failure Possible Failure Rates | Ppk Ranking

Very High: >1in2 >0.33 10

Failure almost inevitable lin3 >0.33 9

High: Generally associated with 1lin8 >0.51 8

processes similar to previous 1in 20 ~0.67 7

processes that have often failed. B

Moderate: Generally associated 1in 80 >0.83 6

with process similar to previous 1in 400 >1.00 5

processes which have experienced 1in 2000 117 4

occasional failures, but not in major B

proportions.

Low: Isolated failures associiated 1in 15000 >1.33 3

with similar processes.

Very Low: Only isolated failures 1in 150000 >1.50 2

associated with almost identical

processes.

Remote: Failure is unlikly. No 1 in 1500000 >1.67 1

failure ever associated with almost

identical processes.

Table 2.3 Detection ranking of FMEA [33].

Detection CRITERIA: Likelihood the Existence of Defect will be Ranking
Detected by Process Controls Before Next or Subsequent
Process, or Before Part or Component Leaves the
Manufacturing or Assembly Location.

Almost No known control available to detect cause/mechanism of 10

Impossible failure or the failure mode

Very Remote Very remote likelihood current control will detect 9
cause/mechanism of failure or the failure mode

Remote Remote likelihood current control  will  detect 8
cause/mechanism of failure or the failure mode.

Very Low Very low likelihood current control will detect 7
cause/mechanism of failure or the failure mode.

Low Low likelihood current control will detect cause/mechanism 6
of failure or the failure mode.

Moderate Moderate likelihood current control  will detect 5
cause/mechanism of failure or the failure mode.

Moderately Moderately likelihood current control will detect 4

High cause/mechanism of failure or the failure mode.

High Highlikelihood current control will detect cause/mechanism 3
of failure or the failure mode.

Very High Very high likelihood current control will detect 2
cause/mechanism of failure or the failure mode.

Almost Certain | Current control almost certain to detect cause/mechanism of 1
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3. EXPERIMENTAL STUDIES

3.1 Materials and Methods

As mentioned in previous sections polypropylene (PP) fibers were commonly used in
lead acid batteries so as to increase the paste strength. However, it is reported that, the
charge acceptance levels of the PP fibers became limited todays automotive
requirements [3]. With this motivation, in this study, pristine CF and CF plated with
Zn, Sn, Pb, as alternative fillers against PP, were prepared as the additives of negative
pastes in batteries. PP (INCI GS YUASA) and CF (AKSA-CA TYPE-42) were
purchased and used without any further process. In order to grow Zn films on CF via
electroplating, ZnCl, based electrolyte (Temeka LLC), zinc electrolyte (Temeka LLC)
and carbon fiber electrode holder (self-design) were used with configuration depicted
in Figure 3.1.a. Sequentially, Sn acidic bath (ES/TINUX) were used as illustrated in
Figure 3.1.b.

Finally, In order to plate the lead over CF, a copper layer was deposited, to act as a
buffer layer of Pb deposition, by using CuSO,4 based electrolyte as shown in Figure
3.1.c. So, lead was plated in a non-cyanide Pb(NO3)? electrolyte given in Figure 3.1.d.
The tests and analyzes required for the investigation of the coating properties and the

effects on lead-acid batteries were initially evaluated with FMEA study.

3.2 Design FMEA and Risk Assessment of Study

Failure mode studies were applied to determine the possible risks of metal deposition
and anodizing processes. The FMEA study details indicating the causes and effects of
the failures were given in Table 3.1. To prevent these causes, preventive activities were
determined. Scores were made for each failure mode and the highest priorities were
defined. Failure mechanisms of the lead acid battery which directly affects the
customer as the final product are crucial for the automotive industry. Therefore,
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DFMEA scores are mostly considered with high ranks for battery performance.
According to Design FMEA control results, solution pH measurement, temperature
and coating current controls should be performed during the coating process. The
conductivity of the fibers after coating will be determined as this will affect battery
performance tests. Normally, fiber resistance is expected to decrease. In this case,
resistance of the fibers should be measured to determine the changing in
conductivities. Battery performance tests were determined to find out the effects of
coatings on the CF surface using representative cells. Water consumption tests were
performed to examine the effect of different metals coated on CF surface on battery
water loss performance. Before determination of water loss and cycle performance of
the battery, capacity tests were conducted to determine the cells initial characteristics.
Another performance effect is tested with the 50% depth of discharge test in which the
number of charge-discharge cycles upto a 50% decrease in capacity recorded. The
effect of the improvement of the battery plates on the battery life should be determined
by 50% DOD test.
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Table 3.1 Design FMEA study for Coating and Battery Performance.

time

definition

for CF (SEM)

CURRENT CONTROL
c o Z
POTENTIAL > POTENTIAL CAUSE < =
o | ey | LTI | erecror | B | ecwswor | &
FAILURE U FAILURE 3 PREVENTION DETECTION =
L O L
n @) o
*
. pH control for
Carbon fiber Unremov_e d Low quality Wrong treatment Chemical Chemical
1 surface polymeric . 4 hemical 2 heck | *Visual I 4 32
treatment surface on CF coating chemica property chec Visual Contro
for CF (SEM)
* pH control for
4 Wrong pickling 5 Chemical Chemical 4 32
chemical property check | *Visual Control
for CF(SEM)
*
Temperature fgrgﬂé ?nni]g;fr
4 Low Temperature 2 CogtreorLSilSLInQ *Visual Control 7 56
P for CF (SEM)
4 Less chemical exposure 9 Exposure time Visual Control 7 56
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Table 3.1 Design FMEA study for Coating and Battery Performance (Continue).

- CURRENT CONTROL
) o Z
ITEM POTENTIAL POTENTIAL > POTENTIAL CAUSE E i >
NO FUNCTION FAILURE EFFECT OF 'E MECHANISM OF % 8 &
MODE FAILURE '§ FAILURE 3 PREVENTION DETECTION |_
L O L
n O a
2 Zinc Coating Wrong_metal Increase water loss 6 Coapng sc_)lutlon 2 | Element check *XRD analysis 4 48
coating of battery impurity
* Thermometer
. Carbon surface -
Less Coating . Temperature for Chemical
. come out during 4 Low temperature 3 o 7 84
Thickness battery runnin check Visual Control
y g for CF (SEM)
* Multimeter
. Coating current Check
4 Low coating current 2 check «\/isual Control 7 56
for CF (SEM)
N Coating time *Visual Control
4 Low coating time 2 optimization for CF (SEM) ! 56
* pH control for
) . Coating solution Chemical
4 | Solution decomposition | 2 check. *Visual Control 5 40
for CF(SEM)
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Table 3.1 Design FMEA study for Coating and Battery Performance (Continue).

CURRENT CONTROL
ITEM POTENTIAL POTENTIAL |>_- POTENTIAL CAUSE E i >
NO FAILURE EFFECT OF o MECHANISM OF o O o
FUNCTION MODE FAILURE Lﬁ FAILURE 8 PREVENTION DETECTION '|-'_J o
w @) i
n O a
3 Tin Coating Wrong_metal Increase water loss 5 Coa’_ung sqlutlon 5 | Element check *XRD analysis 4 48
coating of battery impurity
* Thermometer
Less Coating Carbon surface Temperature for Chemical
Thickness Ct?arﬂgrourtu?]mg 4 Low temperature 3 Check *Visual Control 4 48
y g for CF (SEM)
* Multimeter
. Coating current Check
4 Low coating current 2 check *\isual Control 7 56
for CF (SEM)
N Coating time *Visual Control
4| lLowcoatingtime | 2 | uniation | forCF(SEM) | | |
* pH control for
i . Coating solution Chemical
4 | Solution decomposition | 2 check. *V/isual Control 5 40
for CF(SEM)
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Table 3.1 Design FMEA study for Coating and Battery Performance (Continue).

CURRENT CONTROL
ITEM POTENTIAL POTENTIAL > POTENTIAL CAUSE E E >
NO FUNCTION FAILURE EFFECT OF 'g_: MECHANISM OF % & &
MODE FAILURE g FAILURE o | PREVENTION | DETECTION | o
w &) w
7 o) a
* Thermometer
Copper Less Coating Inhomogeneous Temperature for Chemical
4 Coating Thickness Lead coating 4 Low temperature 3 Check *Visual Control 4 48
for CF (SEM)
* Multimeter
. Coating current Check
4 Low coating current 2 check *\/isual Control 7 56
for CF (SEM)
N Coating time *Visual Control
4| Lowcoatingtime | 2\ o jimization | for CF(SEM) | | | P
* pH control for
. . Coating solution Chemical
4 | Solution decomposition | 2 check. *\isual Control 5 40
for CF(SEM)
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Table 3.1 Design FMEA study for Coating and Battery Performance (Continue).

CURRENT CONTROL

o >
© O z
N @)
ITEM POTENTIAL POTENTIAL > POTENTIAL CAUSE E i >
NO FUNCTION FAILURE EFFECT OF E MECHANISM OF % 8 &
MODE FAILURE Lﬁ FAILURE 3 PREVENTION DETECTION =
W Q tw
n O a
. . * |CP from
5 | Lead Coating | Wrongmetal | Increase waterloss | ¢ | Coatingsoluion | 5 | Eromentcheck | Chemical | 4 | 48
g y punty *XRD analysis
Copper&CF * Thermometer
Less Coating surface come out Temperature for Chemical
Thickness during battery 4 Low temperature 3 Check *Visual Control 4 48
running for CF (SEM)
* Multimeter
. Coating current Check
4 Low coating current 2 check *\/isual Control 7 56
for CF (SEM)
R Coating time *Visual Control
4 Low coating time 2 optimization for CF (SEM) ! 56
* pH control for
. . Coating solution Chemical
4 | Solution decomposition | 2 check. *\isual Control 5 40
for CF(SEM)
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Table 3.1 Design FMEA study for Coating and Battery Performance (Continue).

CURRENT CONTROL

test

o >
©) ) z
= @)
ITEM POTENTIAL POTENTIAL i POTENTIAL CAUSE E i >
NO FUNCTION FAILURE EFFECT OF o MECHANISM OF % 8 &
MODE FAILURE u FAILURE g | PREVENTION | DETECTION | o
L O L
n O a
Battery . . Low electrical CF Resistance Multimeter
6 Performance Low Capacity Low battery life 6 conductivity of fibers 3 check. Control 6 %
5 Low electrical 3 C20 > Theorical 50342-1:2015 5 90
conductivity of plates Capacity EN C20 rate test
High Water 50342-1:2015
Loss Low battery life | 6 | Impurity in electrolyte 2 W < 8g EN Water Loss 4 48
test
50342-1:2015
6 | Coated metals on CF 4 W < 8g EN Water Loss 4 96
test
. Low charge Low electrical CF Resistance Multimeter
Low cycle life efficiency 6 conductivity of fibers 3 check. Control 6 %
Low electrical 50342-1:2015
0,
6 conductivity of plates 3 Cycle >80 EN S?EQDOD 6 %
High batter Un proper contact 50342-1:2015
_ ighbattery s | Coated/anodized CF 5 | Cycle>80 EN50%DOD | 6 | 180
internal resistance - -
and Active Material test
50342-1:2015
High water loss 6 | Coated metals on CF 3 Cycle >80 EN 50%DOD 4 72
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3.3 CF Surface Treatment

To create a highly conductive CF surface, desizing was applied to remove outer less
conductive shell over the CF based on the similar procedures applied in literature. Jalel
Kareem Ahmed et al. used Acetone and nitric acid for chemical pre-treatment [26].
Junfeng Ma et al. used acetone at room temperature for 72 h and then in nitric acid for
72h for cleaning CF sizing material. Although researchers applied pre-treatment to
improve the quality of the composite process, the goal has been to increase the surface
polarity by cleaning the polymeric surface on the fiber. With this process, they aimed to
increase Van der Waals's bonding and hydrogen bonds [8]. Similarly, In this work,
acetone and nitric acid were used to remove sizing material from the CF surface and then
nitric acid used for etching CF surface to improve the surface adhesion. CF immersed in
Acetone at 40°C for 2 hours, then the same CF dipped into nitric acid (~70%) at 40°C for
2h and the resulting surfaces physical aspects of the surfaces were inspected by scanning

electron microscopy (SEM).

3.4 Electrochemical Metal Deposition

In this study, Zn, Sn and Pb metal were deposited on the carbon fiber surface through
simple two electrode electroplating processes as represented in Figure 3.1. The research
is based on two main experimental steps, first, the preparation of modified carbon fiber
steps includes electrochemical Zn, Sn and Pb coating on the CF steps and their structural
and morphological characterization. The second is the evaluation of the battery
performance step using modified CF as a battery component in 2V and application 50%
DoD and water loss tests as given in Fig.3.2.

Process of preparing Zn, Sn and Pb coating on the surface of carbon fiber can be briefly
described as follows: Zn and Sn electrode will be set as cathode and carbon fibers, set as
anode. However, the situation for lead is slightly different, lead plating was done in two
stages. The fiber surface was firstly coated with copper since lead cannot be coated

directly on CF.
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Design FMEA and Risk Assessment

l

Surface Treatment of CF — +| Visual Control ( SEM)

l—’| Visual Control ( SEM) |
Coating of Zinc, Tin and Pb
1’{ XRD Analysis |

l

Lead Acid Battery 2V Cell Production [——]| Visual Control ( SEM)

’—'| Water Loss Test |

Battery Cell Performance Tests
I| 50 % Depth of Discharge Test |

Figure 3.2 Flow chart illustration of experimental procedure.

3.4.1 Zn coating

Zn plate (99.9%) was set as an anode and desizing CF was set as a cathode in the two
electrodes system. A commercial zinc bath containing 40 g L™ ZnCl,, 174 g L™ NH,Cl,
0.041 g L”! HsBOs and 1.0 ml brightener solution (pH<7), was used to deposits Zn film
on CF under a DC current 2 A for 1 to 4 minutes at 30 — 60°.

3.4.2 Sn coating

Sn plate (99.9%) and CF was set as an anode and cathode, respectively. Sn coating
performed in 30g SnSO,4, 100ml (98%) H,SO,, 30ml ES/TINUX , 0.5ml ES/TINUX 2
and 0.3ml ES/TINUX 3, operating at DC current 2.5 A at 25°C temperature. A pulse

electrodeposition method, 15 s on and 10 s off, was used to provide continuous coating.

3.4.3 Pb coating

In order to coat lead on the carbon fiber surface, the copper surface was initially coated
to act as a buffer layer. Carbon fibers were subjected to copper electrocoating in
electrolyte comprised of 1 M CuSO, and 0.5 M H,S0, using copper sheet anodes at
40°C. Electrodeposition current was 1 A for 2 min. Electrodeposition of Pb on CF/Cu
surface was performed in a non-cyanide bath containing 0.1M Pb(NO3)? and 0.2M

NaOH concentrations under currents from 0.01 to 0.05 A for 2 minutes.
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3.5 Materials Characterization

The surface morphology and crystallographic structure of Zn, Sn and Cu/Pb on CF
surface were analyzed with scanning electron microscope (SEM) and x-ray diffractometer

(XRD), respectively.

3.5.1 Scanning electron microscope (SEM)

Scanning Electron Microscopy (SEM) is a test procedure that scans a sample with an
electron beam to obtain an enlarged image for analysis. The method is also known as
SEM analysis and SEM microscopy and is used very effectively in microanalysis and
failure analysis of solid inorganic materials. Electron microscopy is performed at high
magnification rates, produces high resolution images and accurately measures very small

features and objects.

In the scope of this thesis, the microstructural observation of CF, coated CF surfaces (CF,
CF/zZn, CF/Sn, CF/Pb) and active material crystals of battery electrodes after formation

were carried out by using the Zeiss Sigma 300 VP instrument and Tescan Vega 3 UBS.

3.5.2 X-Ray diffraction (XRD)

X-ray spectrometry is one of the few techniques that can be applied to solid samples of
various forms. Although most x-ray spectrometers are in laboratories, many are finding
application in routine analyses for production and quality control and in specialized tasks.
Growth in the capability and economy of microcomputer technology will enhance these
applications. Many of these same principles, practices, and instrumentation developments
are common to electron microscopy and electron microprobe analysis. Phase structures
and the crystallinity of the samples were characterized via X-Ray diffractometer (Thermo
Scientific ARL K-Alpha) Cu-Ka irradiation (A = 1.54 A) scanning between 20 of 10° and
70°. Analyses were performed by a scanning speed 0.1 and for 600 seconds.

3.5.3 Electrical properties

The main aim of the study is to use conductive modified fibers. In this reason,
determination of CF, CF/Zn, CF/Sn and CF/Pb resistance is important to figure out the
study beneficial effect. To determine this relationship, the resistance measurements of CF
and surface modified fibers with 10 cm lengths were carried out using a multimeter (fluke

87-V).
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3.6 Battery 2V Cell Preparation and Tests

Commercial lead acid batteries have 6 cells and each cell has a fully charged potential
around 2.1 volts (Fig.3.3). The six cells are connected in series to produce a fully charged
battery of around 12.6 volts. Therefore, in the thesis, battery performances were tested

using one cell.

‘&\&g&v

Figure 3.3 A comercial battery with lead plates and cell connections

3.6.1 Electrode preparation

Positive and negative plates were prepared with ball-mill leady oxide using the Inci GS
Yuasa paste formulas. The positive plates were prepared as in the serial production.
Negative pastes were prepared using modified CF/Zn, CF/Sn, CF/Pb instead of non-
conductive PP fibers as listed in Table 3.2. In addition to fibers, 0.7 — 1.0 wt.% barium
sulphate, 0.15 — 0.18 wt.% lignosulphonate, 0.15 — 0.18 wt.% carbon and carbon dry
mixed PbO prior to water and sulfuric acid. 10-12.5 wt.% of water was added over several
minutes while mixing, followed by 5.5 — 7.5 wt.% of 1.4 specific gravity sulfuric acid
(Merck grade) slowly dripped into the mixture. In the next step, the pastes were applied
on the Ca-Sn lead grids. Curing was performed in an oven at 55°C temperature and higher
humidity (70% ) for 24 h. Then electrodes were dried at 60°C for 12 h.

Table 3.2 Fiber types and amounts for each paste.

Pastel Paste2 Paste3 Paste4 Paste5
Fiber type PP CF CF/zZn CF/Sn CF/Pb
Amount % (wt) 0.11 0.11 0.11 0.11 0.11
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3.6.2 2V cell preparation

A range of cureless plates were assembled into 2V cells as 4 positive plates surrounded
by 4 negative plates. Positive active material (PAM) and Negative active material (NAM)
utilizations were calculated as seen in Table 3.3.

The cured negative plates with CFs were produced as previously mentioned. The positive

and negative plates were separated using Polypropylene separators.

Table 3.3 Battery cell design information.

Plate Positive& Dry Dry PAM/ PAM NAM Capacity
pices  Negative Grid PAM NAM NAM  Utilization Utilization
(9) (9) (9) (%) (%) (Ah)
4/4 52 80 65 1.23 40 42 30

The cells were placed horizontally in a rigid plastic battery container with a rigid plastic
lid compression plate on top (Fig. 3.4). After plates were placed into plastic container,
acids were filled to each cells for charging. The cells were charged due to ampere hour

according to design requirements as seen Table 3.4.

Figure 3.4 Images of cells after plates were placed in a rigid battery container.

3.6.3 Capacity ability tests

2V cells prepared with different CF and modified CF negative electrodes were discharged
with constant 1.5 A until reached the cut-off of 1.75 V. This test is also known as C/20
capacity to measure the low discharge rate performance.

After tests were finished, the cells were recharged for 24h at 2.67 V with a current limit
of 0.25 A. Test was carried out in a water bath at 25 = 2°C Float currents were measured

during the whole recharge [34].
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Table 3.4 Formation programs of batteries.

time current Ah Ah%
Step No min. Amp.
1 25 2.0 0.8 0.4%
2 35 5.7 3.3 1.7%
3 25 7.1 3.0 1.5%
4 395 10.0 65.8 34.1%
5 30 0.00 0.0 0.0%
6 960 7.5 120.0 62.2%
3.6.4 50%DOD tests

Accelerated cycling is the most commonly used procedure and is the basis of most
existing standards [35]. DOD tests are conducted according to TS EN 50342-1:2016

standards;

After capacity testing the cells are to be connected to a device whereby, they undergo a

continuous series of cycles, each cycle comprising:

Table 3.5 50% DOD cycle test parameters [35].

Test Temperature Charging voltage Constant current Charging ratio

40+2 °C 156V In 1.08

a. The battery shall be placed in a water bath and maintained at a temperature as state
in Table 3.5.

b. Discharge the battery for 2 h with a constant current of | =5 In. Cut off criterion
for this test is the voltage during the discharge. If it drops below 10,5 V the test
shall be terminated.

c. As first step recharge the battery for maximum 5 h with a constant voltage and a
current limitation of 5 In. Record the recharged capacity Crch (Ah) during the
charging.

d. The voltage during discharge is above the limit or until the number of cycles of
the requirement level is reached as defined in Table 3.6 [35].
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Table 3.6 Endurance in cycle test - requirement levels[35].

Requirement Level Number of Cycle
El 80
E2 150
E3 230
E4 360

3.6.5 Water loss tests

Batteries used should necessarily be with low maintenance characteristics, a procedure
for assessing the topping up the requirement of a distilled water has been included. It is
recognized that the loss of water from the battery is a function of several factors like alloy
composition, electrolyte volume, venting system, ambient temperature, the overcharge
current and the charging system (with good voltage regulation). These are considered
while designing the test procedure. Water Consumption test will be conducted according
to TS EN 50342-1:2016 with the following steps;

a. The battery, after being charged, shall be cleaned, dried, and weighed, in grams,
with an accuracy of + 1 g for batteries. The initial weight shall be recorded.

b. The battery shall be placed in a water bath and maintained at a temperature of
+60°C £+ 2.

C. The battery shall be charged at a constant voltage of 14,40 V £ 0,05 V (measured
across the battery terminals) without adding water for 42 days as stated in the
requirement.

d. Immediately after this overcharge period, the battery shall be cleaned, dried and
weighed under the same conditions.

e. The weight loss is calculated [36].

3.6.6 Battery stratification analysis

A common failure mode during the 50% DoD cycling test is the acid stratification and
generally the bottom side of plates active material are shedded because of the higher acid
density. Sulfuric acid is consumed and water is produced on the positive plates during
discharging of flooded batteries. Thus, low acid concentration is formed on both types of
plates. High acid density acid accumulates the cell bottom and low-density acid

accumulates top of the container [37; 3]. Dominik Schulte et. al. described the
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‘Stratification index’ in order to quatity acid stratification and compare different batteries
and battery designs. In their study, they the lower and upper acid densities were measured

and the index was calculated with using the formula below (3.1) [38];

__ pbottom part— p top part
- 0.84 gcm—3

SI X 100% (3.1)

The value, With 0.84 g. cm ™3, is a difference in the specific gravity between concentrated
sulphuric acid and water. The index is zero if the electrolyte has the same density at the
bottom and upper sides. If there is 100% concentrated acid at the bottom and pure water
at the top. Stratification index (SI) will be in the range of 0% and about 35% [38]. Based
on this approach, acid densities were measured form upper, middle and bottom side of
the cell container using Anton Par DMA-35 portable desnity meter and the Sl values of
the cells were calculated after 50% DoD test. Different regions of the plate have different
degree of sulfation due to the regional change of acid density in the battery acid. These
sulfation amounts were determined from the upper, middle and lower part of the plate.

Sulfate analysis from plate; 10 g battery paste which is called sample was taken and put
to moisture anaylzer in order to get rid of moisture of sample. After that, the sample was
put into the beaker. 100 ml Na2COs was added and stirred gently and the solution was
boiled for 20 minutes. At the end of the boiling process, solution was taken to the
volumetric flask (500ml) and adding some water. After this, the solution was filtered and
it was re-heated. Concentrated HCI was added to neutralize the solution. While the
solution was boiling, 40 ml BaCl, was added. After waiting for a while, the solution was
filtered. Precipitate was taken into the crucible and kept in the oven at 600-700°C for 3
hours. Lastly, remain ash content on crucible was measured and the amount of BaSO4

was calculated.
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4. RESULTS AND DISCUSSION

4.1 Morphological Analysis

Prior to the electrodeposition process, the surfaces of the CFs were prepared by removing
the less conductive polymeric coating on the surface. In figure 4.1 the SEM images of the
sized and desized CFs were given. The images showed that there are significant changes
on the surface of carbon fiber after desizing procedure. After acetone application fiber
surface roughness increased. The studies of Jaleel Kareem Ahmed et. all showed that
treatment with nitric acid created better modification on the CF surface and it was
demonstrated that there was significant decrease in diameter [26]. Similar to their study,
it was determined that fiber diameter was reduced by approximately 2 -3 um with a nitric

acid application.

4.1.1 Microstructure and morphology analysis of fibers

SEM micrographs of the Zn electrodeposited on the fiber surfaces were presented in Fig.
4.2,4.3,4.4. In literature, it was stated that the most suitable coating temperature in acidic
zinc baths was 35°C. In contrast, at temperatures of 21°C and below, it is mentioned that
the bath crystallizes, and different additives are required [29]. For this reason, deposition
process was conducted in the range of 35-50°C for optimization. Under a constant current

regime (2A), deposition duration determined as 2 and 4 minutes.

Figure 4.1 SEM images of bare CF in 12000 magnification a) without desizing, b)desized
with Acetone 40°C for 2h Db) desized with Acetone 40°C for 2h and then nitric acid at
40°C for 2 h.
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SEM HV: 30.0 kV WD: 15.92 mm VEGA3 TESCAN SEM HV: 30.0 kV WD: 32.06 mm | VEGA3 TESCAN
View field: 104 ym Det: SE 20 pm View fleld: 83.1 ym Det: SE 20 ym
SEM MAG: 2.00 kx Date(mvdly): 12/01/17 INCI GS YUASA AKU ARGE MERKEZI SEM MAG: 2.50 kx  Date(m/dly): 12/14/17| INCI GS YUASA AKU ARGE MERKEZ! ‘

Figure 4.2 SEM images of electrodeposited Zn on CF surfaces at 35°C 2A 2 min. in
several magnifications a) 2000X, b) 2500X.

SEM HV: 30.0 kV WD: 31.23 mm VEGA3 TESCAN|

View field: 415 ym Det: SE 100 pm
SEM MAG: 500 x  Date(m/dly): 12/01/17 INCI GS YUASA AKU ARGE MERKEZI

SEM HV: 30.0 kv WO: 15.70 mm 1 VEGAJ TESCAN|

View fNeid: 41.4 pm Det: SE 10 pm
SEM MAG: 501 kx Date(midly): 12/08/17 INCI GS YUASA AKU ARGE MERKEZI ‘

Figure 4.3 SEM images of electrodeposited Zn on CF surfaces at 35°C 2A 4 min. in
several magnifications a) 500X, b) 5000X.
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SEM HV: 30.0 kV WD: 34.90 mm | VEGA3 TESCAN|
View field: 51.9 ym Det: SE 10 pm
SEM MAG: 4.00 kx  Date(m/dly): 12/14/17| INCI GS YUASA AKU ARGE MERKEZI

SEM HV: 30.0 kV WD: 32.50 mm VEGA3 TESCAN|

View field: 415 ym Det: SE 100 ym
SEM MAG: 500 x  Date(m/dly): 12/14/17 INCIGS YUASA AKU ARGE MERKEZI

Figure 4.4 SEM images of electrodeposited Zn on CF surfaces at 50°C 2A 2 min. in
several magnifications a) 500X, b) 4000X.

42



Table 4.1 Coating parameters and evalution of the CF/Zn

Sample ID. Current Temp. Time DAD* Coating
quality**
A °C min. pum
35CFzZn22 2 35 2 7-14 NC
35CFZn24 2 35 4 6-27 NC
50CFzn22 2 50 2 12-17 C

*DAD : Diameter after deposition, **C : continuous, NC : non-continuous

Results also showed that the coating time and temperature would directly affected the
coating quality. As shown in Fig. 4.2, 4.3, 4.4 within the same current (2A), higher
deposition time 4 minutes cause to inhomogeneous coatings and diameter after deposition
was changed from 6 to 27 um. Nevertheless, on further increasing the temperature from
35 to 50°C, Zn deposits were obtained homogenously. Uncoated CF surfaces were
observed (Fig. 4.3 and 4.4) in lower coating temperature since the deposition energies
could not be enough.

Continuous Zn coating could be formed in situ on the carbon fiber surfaces (Fig. 4.4) only
when the temperature increased up to 50°C. At the end, the 50CFZn22 samples with
continuous nature, were decided to be used for 2V cell assembly. Electrodeposited Sn on
the CF surface’s SEM images were shown in figure 4.5. The constant current was used

1A to 3A and different deposition times as 0.5, 1.0 and 2.0 minutes were applied at 25°C.

16.76 mm 11l VEGA3 TESCAN|

2 104 pm Det: SE 20 ym
200kx  Date{midly): 1225/18 INCI GS YUASA AKU ARGE MERKEZI

Figure 4.5 SEM images of electrodeposited Sn on CF surfaces in 2000X magnifications
a) 25CFSn12; 1A and 2.0 min., b) 25CFSn21; 2A and 1.0 min., ¢) 25CFSn205; 2.5A and
0.5 min.

The images after current applied 1A for 120 seconds showed that tin was not coated on
the surface. Therefore, the current was applied from 1A to 2.5A. Coating times were set
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as 60 s and 120 s. for the tin coating optimization, coating times were changed under DC
current 2.5 A at 25°C temperature. Pulse electrodeposition method was used for
continuous coating on CF. Ashutosh Sharma et. al. studied pulse electrodeposition of Sn
on copper substrates and results showed that tin deposits were smooth and uniform at
lower current densities (0.1-0.3 A/cm?). On the other hand, increasing current densities
increase the porosity and roughness of coating [39]. In this study, the pulse
electrodeposition was applied as 15 sec on and 10-sec dwell route so as to deposit films
represented in in figure 4.6, 4.7 and 4.8.
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Ly r °8 )
SEM HV: 30.0 kV WD: 12.44 mm VEGA3 TESCAN|

View field: 41.6 ym Det: SE 10 ym
SEM MAG: 4.99 kx |Date(m/dly): 02/01/19 INCI GS YUASA AKU ARGE MERKEZI

SEM HV: 30.0 kV wo: 1244mm | VEGA3 TESCAN|
View field: 13.8 pm Det: SE 2 pm
SEM MAG: 150 kx  Date(midly): 02101/19 INCI GS YUASA AKU ARGE MERKEZI

Figure 4.6 SEM images of electrodeposited Sn on CF surfaces at 25°C 2.5A 30s. in
several magnifications a) 5000X, b) 15000X.
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SEM HV: 30.0 kV WD: 12.95 mm | 11 VEGA3 TESCAN

View field: 13.8 pm Det: SE 2pm
SEM MAG: 15.0 kx Date(m/dly): 02/01/19 INCIGS YUASA AKU ARGE MERKEZI
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SEM HV: 30.0 kV WD: 12.94 mm | | VEGAS3 TESCAN|

View field: 41.4 ym Det: SE 10 pm
SEM MAG: 5.01 kx Date(m/dly): 02/01/19 INCI GS YUASA AKU ARGE MERKEZI

Figure 4.7 SEM images of electrodeposited Sn on CF surfaces at 25°C 2.5A 15s x 3 in
several magnifications a) 5000X, b) 15000X.
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SEM HV: 30.0 kV WD: 12.19 mm 11 VEGA3 TESCAN SEM HV: 30.0 kV WD: 14.93 mm | |
View field: 41.5 pm Det: SE 10 pm View field: 13.8 ym Det: SE 2pm
SEM MAG: 5.00 kx Date{m/dly): 02/28/19 INCI GS YUASA AKU ARGE MERKEZI SEM MAG: 15.0 kx Date(m/dly): 02/28/19 INCI GS YUASA AKU ARGE MERKEZI

Figure 4.8 SEM images of electrodeposited Sn on CF surfaces at 25°C 2.5A 15s x 4 in
several magnifications a) 5000X, b) 15000X.

SEMHV: 300KV | WD:12.95mm i

View field: 13.8 pm Det: SE 2pm
SEM MAG: 15.0 kx | Date(m/dly): 02/01/19 INCI GS YUASA AKU ARGE MERKEZ!I

SEM HV: 30.0 kV WD: 12.31 mm |1 VEGA3 TESCAN|

View field: 41.5 ym Det: SE 10 pm
SEM MAG: 5.00 kx Date(m/dly): 02/28/19 INCI GS YUASA AKU ARGE MERKEZI

Figure 4.9 SEM images of electrodeposited Sn on CF surfaces at 25°C 2.5A 15s x 5 in
several magnifications a) 5000X, b) 15000X.

The SEM images of the CF/Sn were shown in Fig. 4.6.a and higher magnification SEM
micrograph of the Sn-coated carbon fibers marked as ‘b’ are presented in Fig. 4.6 b. The
Sn non-continuous coating on CF was determined at 30 second deposition time. At lower
magnifications, uncoated fiber surfaces were observed, and thickness measurements
showed that coating thickness varied within 6-8 pm at higher resolutions. When the other
studies were examined, it was found that it was similiar to the tin coating images made
on the carbon surface [40]. The pulse electrodeposition method was used to improve the

non-continuous coating properties on the fiber surface. As it was seen in Figure 4.7, it
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was determined that the coating was more homogeneous, smooth and continuous on the
surface when 3 times dwell was applied. The diameter after deposition was determined
as 7-9 um. When the repeated coating current application is increased, there was no
significant change in coating morphology and thickness (Fig. 4.8 and 4.9). As it was
clearly seen in Table 4.2, the change in diameter after deposition was not more than 1-2

microns depends on the dwell times of pulse electrodeposition.

Table 4.2 Coating parameters and evalution of the CF/Sn

Sample ID. Current  Temp. Desposition  Dwell Dwell DAD* Coating
duration  Times duration Quality**
A °C S S pm
25CFSn2.5-30 25 25 30 0 10 6-8 NC
25CFSn2.5-15x3 2.5 25 15 3 10 7-9 C
25CFSn2.5-15x4 2.5 25 15 4 10 8-10 C
25CFSn2.5-15x5 25 25 15 5 10 8-10 C

*DAD : Diameter after deposition, **C: continuous, NC: non-continuous

The lead coating was formed on the fiber surface in two steps. In order to coat the lead
on the fiber surface, copper was firstly coated. Copper is generally preferred as a substrate
for coating applications since it increases the electrical conductivity, fills the gaps on the
surface and is easy to coat. In some studies, in order to improve the battery performances,
researchers used copper honeycomb electrodes. They coated copper on carbon surfaces

before coating lead-tin alloy [41].

In the present study, the coating of lead firstly tried without substrate and coating could
not be deposited. Therefore, the surfaces were coated with copper before the lead coating.
The copper coating was applied at 1A and 40°C. It was previously expressed that higher
bath temperature enhanced the electrical conductivity due to thermal acceleration of anion
and cation ions in the electrolyte [42]. The deposition duration was set as 30, 60 and 120
seconds. SEM images as shown in figure 4.10, 4.11 and 4.12. In regard to images the
efficient deposition duration was determined as 120 seconds. The CF surfaces had
continuous copper deposition and these parameters were decided to use for copper coating
before lead electrodeposition. Jiagi Ni et. al. studied to plating copper on fiber surfaces in
an acidic copper bath. Different coating currents between 1 and 5mS/cm? were
conducted and the coating times were 5 minutes to 30 minutes. The results showed that

increasing coating time leads to the homogenous coating at low current densities [42].
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SEM HV: 30.0 kV WD: 16.26 mm | | VEGA3 TESCAN| SEM HV: 30.0 kV WD: 14.14 mm VEGA3 TESCAN|

View field: 207 pm Dret:VSE . 50 ym View field: 83.0 um D,G':,SE, . 20 ym
SEM MAG: 1.00 kx Date(m/dly): 01/01/10 | INCI GS YUASA AKU ARGE MERKEZI SEM MAG: 2.50 kx Date(m/dly): 10/18/19 INCI GS YUASA AKU ARGE MERKEZI

Figure 4.10 SEM images of electrodeposited Cu on CF surfaces at 40°C 1.0A 30s in
several magnifications a) 1000X, b) 2500X.
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SEM HV: 30.0 kV WD: 17.65 mm VEGA3 TESCAN|

View field: 41.5 pym Det: SE 10 pm
SEM MAG: 5.00 kx  Date(m/d/y): 01/01/10 | INCI GS YUASA AKU ARGE MERKEZI

SEM HV: 30.0 kV WD: 17.58 mm | VEGA3 TESCAN|
View field: 129 ym Det: SE 20 ym
SEM MAG: 1.61 kx Date(m/dly): 01/01/10 INCI GS YUASA AKU ARGE MERKEZI

Figure 4.11 SEM images of electrodeposited Cu on CF surfaces at 40°C 1.0A 60s in
several magnifications a) 1500X, b) 5000X.

When the previous studies were examined, there were no lead coating studies on carbon
fiber surfaces. It was determined that for the lead coating on carbon and derivatives
surface firstly metal-coated as a substrate such as copper, nickel, vs. K. Ji et al. produce
electrodeposited lead foam grids as a lead-acid battery electrode and copper was coated

as a substrate. The lead was coated on a copper surface in a fluoborate solution [43].

In this study, the copper was coated through the parameters of 1A, 40°C and 120s, and
lead plating was performed on their surfaces as it was shown in Figure 4.12. The research

on electrodeposition of lead showed that the common electrolytes are acid and based
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chloride, bromide, iodide, nitrate, and fluoborate. In acidic coating, lead solutions is
mainly present as Pb*? but lead halide complexes can also be formed [44]. For this reason,
it was decided to use alkaline lead nitrate and sodium hydroxide bath, since halides are

accelerating the corrosion of lead and reduce battery life.

SEM HV: 30.0 kV WD: 16.84 mm | | VEGA3 TESCAN| SEM HV: 30.0 kV WD: 17.42 mm VEGAS3 TESCAN|
View field: 104 pm Det: SE 20 ym View field: 20.8 ym Det: SE 5 pm
SEM MAG: 2.00 kx Date(m/d/y): 01/01/10 INCI GS YUASA AKU ARGE MERKEZI SEM MAG: 10.00 kx Date(m/d/y): 01/01/10 INCI GS YUASA AKU ARGE MERKEZI

Figure 4.12 SEM images of electrodeposited Cu on CF surfaces at 40°C 1.0A 120s in
several magnifications a) 2000X, b) 10000X.
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SEM HV: 30.0 kV WD: 19.00 mm | | VEGA3 TESCAN

View field: 41.5 ym Det: SE 10 pm
SEM MAG: 5.00 kx Date(m/d/y): 01/01/10 INCI GS YUASA AKU ARGE MERKEZI

SEM HV: 30.0 kV WD: 17.33 mm | | VEGA3 TESCAN

View field: 73.4 ym Det: SE 20 pm
SEM MAG: 2.83 kx Date(m/dly): 01/01/10 INCI GS YUASA AKU ARGE MERKEZI

Figure 4.13 Electrodeposited Pb coated CF surfaces SEM images at 30°Cand 4 min. a)
coating current 0.1 A 2800X, b) coating current 0.1 A 5000X

SEM images of the lead coating on CF/Cu surfaces were depicted in Fig. 4.13, 4.14 and
4.15. The electrodeposition was conducted with current between 0.1 to 0.3 A at 30°C for
4 minutes. The SEM images showed that increasing coating current affected coating

quality. It was determined that the electrodeposited lead had good contact with the copper
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substrate in 0.3 A coating current according to fig. 4.15 a. and b. The flaky structures

were clearly seen in these images.

SEM HV: 30.0 kV WD: 11.30 mm VEGAS3 TESCAN|
View field: 41.3 pym Det: SE 10 pm
SEM MAG: 5.02kx Date(m/dly): 10/18/19 INCI GS YUASA AKU ARGE MERKEZI

5 e
SEM HV: 30.0 kV WD: 17.57 mm | | VEGA3 TESCAN|
View field: 63.1 pm Det: SE 10 pm
SEM MAG: 3.29 kx Date(m/dly): 01/01/10 | INCI GS YUASA AKU ARGE MERKEZI

Figure 4.14 Electrodeposited Pb coated CF surfaces SEM images at 30°C and 4 min. a)
coating current 0.2 A 3200X, b) coating current 0.2 A 5000X

SEM HV: 30.0 kV WD: 15.83 mm | 111 VEGA3 TESCAN| SEM HV: 30.0 kV WD: 18.60 mm
View field: 83.2 ym Det: SE 20 pm View field: 41.5 pm Det: SE
SEM MAG: 2.50 kx Date(m/dly): 11/30/17 | INCI GS YUASA AKU ARGE MERKEZI SEM MAG: 5.00 kx Date(m/d/y): 01/01/10 INCI GS YUASA AKU ARGE MERKEZI

Figure 4.15 Electrodeposited Pb coated CF surfaces SEM images 30°C and 4 min. a)
coating current 0.3 A 2500X, b) coating current 0.3 A 5000X

The rough surface of the copper coating as shown in figure 4.12 made it difficult to get
continuous coating of lead during the lead electrodeposition process [43]. If the coppers’
non-continuous coated surfaces were exposed to the acidic electrolyte due to the
insufficient coating of lead, then hydrogen evolution would be inhibited the
electrochemical reactions of NAM during charge and discharge cycles. The diameter after

deposition of copper and lead-coated carbon fiber was measured by using the best coating
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results in given Fig. 4.10 and 4.13. Diameter after depositions were given in Table 4.3.
Copper coated CF diameter was measured 12 um and Lead coated CF dia. was measured
20 pum. In this case, CF diameter that was decreased from ~ 7 pm to ~ 5 um after etching
with nitric acid, increased up to 12 um with coating copper and ~ 20 um with lead coating.
Increasing DAD means that copper coating thickness was around 7 pm and lead coating

thickness was around 8 pm.

Table 4.3 Coating parameters and evalution of the CF/Cu and CF/Pb.

Sample ID. Current  Temperature Desposition DAD* Coating
duration quality**
A °C Min. um
40CFCul-2 1.0 40 2 10-12 NC
30CFPb0.3-4 0.3 30 4 12-20 NC

*Diameter after deposition, **C:continuous, NC:non-continuous

4.1.2 Structural analysis of fibers

Crystalline structure and phases of the coated samples named CF/Zn, CF/Sn and CF/Pb
were determined by examining the x-ray diffraction (XRD) patterns. XRD patterns of
CF/Zn samples were given in figure 4.16. Zn metal on CF surfaces exhibit peaks at 26
angles of 36.29, 38.99, 43.22, 54.32 and 70.63 corresponding to the (doo2), (d100), (d101),
(d102) and (d110)spaces, respectively (JCPDS file no. 01-087-0713). And it was clearly

detected that amorphous carbon was located at around 26.5.
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Figure 4.16 XRD analyses of the Zn Coated CF samples (CF/Zn).
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Figure 4.17 showed the XRD patterns of CF/Sn samples. The XRD peaks were observed
at 20 angles and spaces of 30.63 (d200), 32.01 (d101), 43.86 (d220), 44.89 (d211), 55.33 (d301),
62.52 (d112), 63.77 (da0o), 64.57 (d321), 72.40 (da20) and 73.15 (ds11) coincide with the
JCPDS: 01-089-2761 which correspond to crystal structure of tin. And very small

amorphous carbon peaks were determined at around 26.5.

This pattern showed that coating was completely continuous and highly crystalline over
the carbon fiber. Similar to Sem images, Sn peaks in XRD analysis clearly supported the

quality of Sn deposition.
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Figure 4.17 XRD analyses of the Sn Coated CF samples (CF/Sn).

Copper and lead peaks were included in the XRD analysis taken after lead coating.
Because copper coating was applied to CF surfaces before lead coating. XRD patterns of
CF/Pb samples were given in figure 4.18.Lead metal peaks at 20 angles of 31.70, 33.28,
35.74, 56.29, and 61.16 corresponding to the (d100), (d002), (d101), (d110) and (d110)
spaces, respectively (JCPDS file no. 00-023-0345). Other metal copper peaks peaks were
observed at 20 angles and spaces of 43.31 (d111), 50.44 (d200), 74.12 (d220) and 89.93
(d311) coincide with the JPDS values (PDF Card No: 01-089-2838) which correspond to
crystal structure of copper. In convenience to the SEM results, it can be expressed that

lead deposition was not continuous and including amorphous features.
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Figure 4.18 XRD analyses of the Pb Coated CF samples (CF/Pb).

4.1.3 Resistance measurement of electrodeposited fibers

Although carbon fibers, thanks to their graphitic structure, have a degree of conductivity,
they are not highly conductive as metals. The main focus of this research is to create
higher conductivity in the battery structure. With this motivation, CF and coated CF’s
electrical resistance was measured using a multimeter and 10 cm 12K fiber’s electrical

resistance were given in Table 4.4.

Table 4.4 Resistance measurement of desized and coated fibers.

Sample ID. Mean Resistance Std. Dev.
Ohm /10cm +

CF without desizing 3.81 0.12

CF with desizing 3.75 0.08

50CFZn22 1.57 0.11

25CFSn2.5-15x3 211 0.16

30CFPb0.3-4 2.76 0.08

There were no significant differences in without desizing CF and with desizing CF
resistance measurements. However, it was determined that the coating did not adhere to

the surface in the non-desing fiber coating. For this reason, the plastic coating on the fiber
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surface was cleaned. Kang et al. Coated Cu and Ni metal on the carbon fiber surfaces.
They examined the contribution of metal coatings to fiber resistance. As a result, they
found that metal coating on the fiber surface increased the conductivity of the carbon fiber
[45]. In the previous study, the resistivity of CF is found at 3.75 £ 0.08 m€2/10cm. Without
removing the polymeric coating from CF, the resistance was measured 3.81 + 0.12
m€/10cm. No differences between measurements showed that the tip of the multimeter
probe was applied to the fibers with a certain pressure, it showed that the polymeric
structure on the surface was deformed and there were no significant differences.
Resistance measurements of Zn, Sn, and Pb coated fibers were changed in direct
proportion with the metal conductivity given in the literature [46]. According to literature,
when resistance values were put in order from lower to higher, Copper, Zinc, Tin and
Lead respectively. Zinc coated CF resistance was measured as the highest conductivity
with 1.57 £ 0.11 m€/10cm. When fiber surfaces were coated with tin resistance was
determined as 2.11 = 0.16 mQ/10cm. And although the metal with the highest
conductivity among these metals was copper, CF/Pb resistance was measured 2.76 + 0.08

m&/10cm because of the lead coating on copper.

4.2 Battery Electrode Analysis

Electrodes produced with and without modified carbon fibers are cured after pasting to
the Pb-Sn-Ca grid. Moistures and temperatures were monitored during curing and the

figure was given in 4.19.
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Figure 4.19 Curing temperature and humidity graph of Lead-Acid Battery plates.
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The structure of the active material was important to the performances of a battery's
capacity and cycle life. Hence, the morphology of the crystal structures in the plates was
checked by SEM to investigate the effect of modified carbon fiber additives on plate
structure. The crystal phase composition of the paste varies during operation depending
on the amount of H,S0,, the additive of the expander and the curing [47]. Curing provides
crystalline structure to the active material and during formation, the microcrystalline
structures transform as a skeleton. Curing allows the plate to form the crystal structure
and pore structure in the active material. Curing is generally performed in temperature
and humidity controllable chambers so that temperature and humidity are independent of
the seasons [14]. In this study, paste recipe, expander additive amounts and curings were

used the same in all electrode production.

The paste for negative battery plates had 3BS, PbO and small amounts of Pb after curing.
The basic lead sulfate is partially reduced to PbSO, and Pb forms during formation [3].
In Fig.4.20, the SEM morphology of the negative active materials showed that a compact
structure built by small lead sulfate particles. No larger lead sulfate crystals were
observed, and the crystals were homogeneous throughout the plate. There were no
significant differences in the plate crystal structures. It has been found that the adding of
polymeric fiber, carbon fiber, and modified carbon fiber did not affect to the crystal

structure after curing.

The same positive plates were used in preparation of the battery cells to eliminate the
variations. The positive electrode crystal structures should also be in a 3BS structure form.
Otherwise, the batteries losses the capacity and cycle life performances. The positive plate
crystal morphology used in all cells were given in Figure 4.21. The paste for the positive
plates consists of 3BS, PbO, and Pb plus small amounts of 1BS, or of 4BS, PbO and Pb.
These compounds are oxidized to PbO, during formation [3]. As it was shown in the
figure, the positive plates consisted the 3BS structures which is between 3 and 5 um

length. It was enough crystal structure for good battery charging performance.
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Figure 4.20 Microstructure of NAM with adding 0.11% a)PP fiber, b) CF, c¢) Zn Coated
CF, d) Sn Coated CF, e) Pb Coated CF.
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4.3 Battery Performance Test Results
4.3.1 Capacity ability

2V cells with 4 positive plates surrounded by 4 negative plates were conducted to
discharge test. The discharge studies were carried out at the C/20 rate with 1.5 A until the
cut-off of 1.75 V was reached. The discharge capacity trend of battery cells were

presented in Fig. 4.22.
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Figure 4.22 The 20 h rate curve of cells manufactured by PP, CF, CF/Zn, CF/Sn, CF/Pb.

As clearly indicated in the literature, the battery capacity is based on the PbSO,/

Pb0, conversion in the positive electrode. In order to achieve high capacity of the
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negative plates, the discharge processes should involve not only the surface of the NAM
but also layers from its volume [3]. Additives added to the negative active material can
affect battery capacity. In a study with the addition of sodium sulphate to the negative
active material, additions of 0.5 to 4% were found to cause a reduction in the discharge
capacity of 20h [48]. But in this study, the discharge data for CF and coated CF added
cells had no obvious differences. The capacity results changed between 37.2 and 38.2 as
it was shown in Table 4.5. All cells voltage curves reached the end of voltage 1.75 V ata
very similar time around 25h. According to this result, it was determined that there was
no difference in battery discharge capacity when CF and coated CF’s were used instead

of PP.

4.3.2 Water consumption

Water Consumption performance of 2V cells were assessed using a charge/discharge
regime designed to accelerate the battery failure. Water loss is functioning of the lead
acid battery is possible thanks to the high over-potentials of oxygen evolution at the lead

dioxide electrode and hydrogen evolution at the lead electrode.

Impurities are introduced in the battery with the materials for its production, contaminants
may proceed at lower over-potentials and leading to increased water loss [3]. Thus, water

loss tests were performed, and the test results were given in Table 4.5.

Table 4.5 Water Compsumptions of the Cells

Cell No. Capacity Water Loss
(Ah) (g/Ah)
Cell 1- PP 38.2 4.49
Cell2-CF 38.1 5.47
Cell 3-CF/zn 38.8 5.35
Cell 3—- CF/Sn 38.2 4.26
Cell 3—CF/Pb 37.2 443

When the water loss results were evaluated, the cells containing CF and CF/Zn were
determined to be 5.47 and 5.35 g/Ah, respectively. It can be stated that the water loss of
these cells were close to each other. The water loss of the PP fiber cells were observed
21% lower and was 4.49 g/Ah. Likewise, the water loss of CF/Sn and CF/Pb fiber doped
cells is approximately 21% lower than CF. Water loss values were 4.26 and 4.43 g/Ah,
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respectively. According to water loss test results, CF and CF/Zn added cells were lost
approximately 21% more water. Water loss is related with reactions that could place on
the negative plate are the following steps; i) reduction of PbSO, to Pb, ii) oxidation of Pb
to PbSO, are the reaction that is mainly produced during the charge and discharge, and
iii) reaction is related to Hydrogen Evolution Reaction (HER). When the hydrogen
evolution occurs the cells charging efficiency is low since part of the energy is spent in
reducing the protons to hydrogen. This process causes water loss increment and it leads
to the consequent increase of the sulphuric acid density and, thus the increase of the
positive plates passivation [37]. On the other hand, stratification is reduced by providing
acid mixing with some gassing in the cell. The effect of this situation will be figured out

in the PSoC cycle test, that was, in the continuous charge-discharge cycle.

4.3.3 50% DOD tests

In order to know the behavior of the different Carbon Fibers during PSoC operation
conditions, a 50% DoD cycling test was performed. It is known that an accelerated life
test to figured out the behavior of the battery in the field after years usage. The negative
plates are not charged efficiently when the cells are working in these PSoC [37]. For this
reason, 50% DoD test was carried out by adding carbon fiber and coated carbon fibers to
the negative active material in order to increase negative plate efficiency. Cycle numbers
and end of voltages of each cell were given in Figure 4.23.
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Figure 4.23 End of voltages of cells manufactured by PP, CF, CF/Zn, CF/Sn, CF/Pb.
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The control PP added cell just reached up the 117 charge-discharge cycle. The highest
cycle life was attained by the cell with a negative electrode containing CF, namely 176

cycles, and by that with Zn coated CF fiber, namely 164 cycles.

The number of cycles of CF/Sn and CF/Pb added cells were higher than the PP added
cell. The number of cycles of cells reaching 1.75 V end of voltages were 140 and 146,

respectively.

Teardown analysis was performed on the cells to explain different cycle numbers with
different negative additives and stratification formations were examined. Acid densities
were measured from the top, middle and bottom of the cell after the test was completed
to investigate the causes of the failure as it is seen Table 4.6. Based on Sl index approach,
the SI values of the cells were calculated after 50% DoD test. In CF and CF/Zn added
cells, the Sl value is around 6%, indicating that the acids were mixed more since the Sl

values of other cells were between 14-17%.

The positive plates get increasingly passivated at acid concentrations higher than 1.280
g.cm~3. At higher H,SO, concentrations, HSO ions are absorbed in the lead dioxide
zones on positive plates and block the active sides which where the electrochemical
reactions of PbO,, reduction proceed. At these sites in the lead dioxide zones the discharge
reaction proceeds yielding PbS0O, instead of Pb(OH), which blocks the discharge process

and eventually reduces the capacity of the positive plates [3].

Table 4.6 Acid densities from top, middle and bottom side of the container

Acid Density (g. cm™3)

PP CF CF/zn CF/Sn CF/Pb

Cycles 117 176 164 140 146
Top 1.224 1.280 1.280 1.235 1.230
Middle 1.321 1.298 1.294 1.312 1.306
Bottom 1.362 1.334 1.331 1.358 1.345
Sl 16.42 6.42 6.07 14.65 13.69

However, it is more correct to analyze negative plate sulfate at 50% DoD test since the

positive active material structure is shedding by corrosion due to acid density. Therefore,
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the cells were cut and sulfation on the negative plates was examined after acid density

measurement as seen in Table 4.7.

Table 4.7 The number of cycles performed by every fiber added and negative plates
lead sulfate concentrations.

PbSO, %
PP CF CFizn CF/Sn CF/Pb
Cycles 117 176 164 140 146
Top 7.65 3.22 3.10 6.78 8.45
Middle 18.76 6.78 8.16 17.32 18.16
Bottom 17.65 9.12 12.22 18.40 16.34

It is clear from the Table 4.7 data that the failure mode during this test was the amount of
irreversible lead sulfate that was found in the negative plate. When Table 4.6 and 4.7 data
are related, acid concentrations in the middle part of the cells with CF and CF/Zn added
have approximately 1.290 g.cm™3. Therefore, when the sulfate amounts in this region are
analyzed, it is calculated that the sulfation in the negative plate with CF and CF/Zn added
cells is 6.78% and 8.16, respectively. The sulfation in the middle and bottom of other PP,
CF/Sn and CF/Pb added cells was determined that were higher than 15%. As it can be
understood from here, it can explain that the CF and CF/Zn doped cell gives a longer

number of cycles than other cells.
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5. CONCLUSIONS AND FUTURE PLANS

In conclusion, carbon fibers and metal elecrodeposited carbon fibers added into negative
electrodes instead of polypropylene fibers to increase the battery performance and lead
acid battery performances were tested with using standart test method afforded as titled

in the thesis.

Within this scope, DFMEA and risk assessment studies were applied to determine the
controls and battery tests. The polymeric coating on the carbon fiber surface was removed
and fiber surfaces etched for suitable coating adhesion. Afterwards, Zn, Sn and Pb metals
were coated on the carbon fiber surface with different coating applications and
optimization. Continuous and discontinuous metal coatings formed on the carbon fiber
surface were observed in the SEM analysis. Optimization parameters of coatings were

determined according to the coating images.

All the structural data obtained from XRD analysis for the CF/Zn, CF/Sn and CF/Pb point
out that; the XRD patterns of the coatings showed that Zn and Sn metals were
continuously coated on CF surfaces since amorphous carbon peaks intensities were very
low. However, copper and amorphous carbon peaks were observed on CF/Pb coated

surfaces.

The best continuous coating parameters for zinc coating determined from SEM images
were 2A coating current for 2 minutes at 50°C. Diameter after deposition was measured
12-17 um. Pulse coating method was used for the continuous coating of the tin. The
parameters obtained for continuous coating were realized at 25°C in 2.5 amp current
application. For the continuous coating, the current was applied 3 times for 15 seconds.
For lead coating, firstly copper coating was applied to the fiber surface by applying 1.0
A at 40°C for 2 minutes. After the copper coating was carried out, lead coating was
applied to the surfaces in lead nitrate solution with 0.3 A for 4 minutes at 30°C. The fibers
were coated with suitable coating methods and battery negative electrodes were prepared
with adding fibers. Batteries were produced by adding PP, CF, CF/Zn, CF/Sn and CF/Pb
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fiber to their negative electrodes and taken into performance tests. As for the battery test,
The capacity test results, which are the most basic performance indicator of the battery,
did not change much with PP fiber, CF fiber and metal coated CF adding into the negative
plate. All cells voltage curves reached the end of voltage 1.75 V at a very similar time
around 25h. The capacity results changed between 37.2 and 38.2 Ah. The water
consumption was conducted at 60oC with a 14.40 constant voltage for 42 days. After this
overcharge period, the battery water loss were calculated. When the water loss was
compared PP, CF/Sn and CF/Pb added cells had approximately 21% less consumption
then CF and CF/Zn cells. In the 50% DoD test, the best cycle life 176 and 164 was
determined, respectively, as linked as water consumption with CF and CF/Zn added cells.
The control cell PP added cell just reached the 117 charge-discharge cycle. The cycle
number of CF/Sn and CF/Pb cells were140 and 146.

According to these results, the battery cycle gave the best performance in CF and CF/Zn
added cells. However, cell water losses were higher. Higher cycle life of cells was
associated with acid stratification. Acid mixing occurred in CF and CF/Zn cells due to
gassing. Thanks to this, the life of the cells has increased. Water losses results showed
that gassing was suppressed in other PP, CF/Sn and CF/Pb added cells. However, this
reduction in gassing caused acid stratification during the charge-discharge cycle. For this

reason, these cells had less cycle.

As denoted in the title of the thesis; Carbon fiber surfaces were coated successfully in
proper coating baths. These modified carbon fibers are added into battery electrodes as
an active mass additive. According to test results improvements were observed for battery
cycle performances. These results indicate that this study has some innovations for the
battery performance. The research presented in this thesis seems to have raised question
that it has answered. There is a new of research arising from this work which should be
pursued. The use of Carbon fiber in the electrode increased the cycle life of the battery
while increasing the water consumption. It was understood that this was slowed down by
surface coating, but it was determined that it decreased in life performance. Therefore, in
order to reduce the water consumption while increasing battery performance, the study of
the amounts of modified CF in the next study may provide this optimization. More
efficient optimization experiments can be done by using Design of Experiment method

while examining the effects of modified CF additions into the electrode

62



REFERENCES

1. Root M. The TAB™ Battery Book An In-Depth Guide to Construction, Design, and
Use. USA: McgrawHill. 2011.

2. Cal’abek, M, Micka K, Krivak P, & Baca P. Significance of carbon additive in negative
lead-acid. Journal of Power Sources. 2006;158:864-867.

3. Pavlov D, Nikolov P, & Rogachev T. Influence of carbons on the structure of the
negative active material of lead-acid batteries and on battery performance. Journal of
Power Sources. 2011;196:5155-5167.

4. Ebner E, Burow D, Borger A, Wark M, Atanassova P, Valenciano J. Carbon blacks
for the extension of the cycle life in flooded lead acid batteries for micro-hybrid
applications. Journal of Power Sources. 2013;239:483-489.

5. Jaiswal A, Chalasani SC. The role of carbon in the negative plate of the lead-acid
battery. Journal of Energy Storage. 2013;1:15-21.

6. Xiang J, Hu C, Chen L, Zhang D, Ding P, Chen D, Liu H, Chen J, Wu X, Lai X.
Enhanced performance of Zn(ll)-doped lead-acid batteries with electrochemical active
carbon in negative mass. Journal of Power Sources. 2017;328: 8-14.

7. Mao WG, Rao P. Method for reducing the float current of maintennance - free battery.
United States Patent.1978; 4,086,392.

8.MaJ,FuW,MengY, YuZ, CaiS, & NiuN. “Electrochemical” growth of ZnO coating
on carbon fiber. Materials Chemistry and Physics. 2016;171: 22-25.

9. Masaki S, Yuichi O, Tadashi S. Lead-acid battery and producing method thereof.
Europen Patent Application. 1998;EP 0 849 81 6 Al.

10. Shafiei M, Alpas TA. Electrochemical performance of a tin-coated carbon fibre
electrode for rechargeable lithium-ion batteries. Journal of Power Sources.
2011;196:7771-7778.

11. Wang Q, Liu J, Yang D, Yuan X, Li L, Zhu X, Zhang W, Hu Y, Sun X, Liang S, Hu
J, Kumar VR, Yang J. Stannous sulfate as an electrolyte additive for lead acid battery
made from a novel ultrafine leady oxide. Journal of Power Sources. 2015;285:485-492.
12.Papazov G. Secondary Batteries-Lead-Acid Systems/Negative Electrode. Amsterdam:
Elsevier; 2009.

13. Kama BM. Modification of chemical and morphological properties of lead-acid
battery negative active material. Master of sicence thesis. Izmir Institute of
Technology/Department of Chemical Engineering; 2014.

14. Wagner R. Curing and Formation. Germany. Elsevier; 2009.

15. McAllister SD, Ponraj R, Cheng IF, Edwards DB. Increase of positive active material
utilization in lead-acid batteries using diatomaceous earth additives, Journal of Power
Sources. 2007;173(2):882-886.

16. Flores R, Blanco LM. Electrochemical evaluation of additives for lead-acid batteries
under high-discharge conditions. Journal of Power Sources.1999:78(1):30-34.

17. Sawai K, Funato T, Watanabe MW, Hidetoshi N, Kenji S, Masaaki OS. Development
of additives in negative active-material to suppress sulfation during high-rate partial-

63



state-of-charge operation of lead-acid batteries. Journal of Power Sources.
2006:158;1084-1090.

18. Prengaman RD. Improvements to active material for VRLA batteries. Journal of
Power Sources. 2005:144(2): 426-437.

19. Pierson HO. Handbook of carbon, graphite, diamond and fullerenes. U.S.A.Noyes
Publications. 1993.

20. Huang Xi. Fabrication and properties of carbon fibers. Materials. 2009:4(2): 2369-
2403.

21. Pereiraa AR, de Souza PCJ, Gongalvesa DA, Pagnoncellia CK, Crespilh NF.
Bioelectrooxidation of Ethanol Using NAD-Dependent Alcohol Dehydrogenase on
Oxidized Flexible Carbon Fiber Arrays. Journal of the Brazilian Chemical Society.
2017:18(9):1678-4790.

22. Newcomb BA. Processing, structure, and properties of carbon fibers.Composites.
2016;91: 262-282.

23. Metal Protection Ltd, Auckland, with editing by John Packer.

24. Zangari G. Electrodeposition of Alloys and Compounds in the Era of Microelectronics
and Energy Conversion Technology. Coatings. 2015:5;195-218.

25. Schweitzer PE. Paint and Coatings-applications and corrosion resistance. Taylor &
Francis Group, LLC. 1-57444-702-5.2006.

26. Ahmed J, Hamzah A, Hamed A. Thermal and Chemical Etching of Carbon Fiber.
International Journal of Engineering and Technology, 2017;7(4), 519-526.

27. Tiwaria S. Bijweb J. Surface Treatment of Carbon Fibers - A Review. Procedia
Technology. 2014;14: 505 — 512.

28. Biddulph C. Zinc Electroplating. Available from: www.pfonline.com [2011]

29. ASM International Handbook Committee: ASM Handbooks: Surface Engineering. 4;
1994,

30. Schweitzer PA. Paint and coating; applications and corrosion resistance. York,
Pennsylvania: Taylor&Francis Group; 2006.

31. Manufacturing Technology Committee. Risk Management Training Guides. Risk
Management Working Group; 2008.

32. Lipol LS, Hag J. (2011). Risk Analysis Method: FMEA/FMECA in the
Organizations. International Journal of Basic & Applied Sciences IJBAS-IJENS;
2011:11(05), 49-57.
33.https://elsmar.com/pdf_filessFMEA%20and%20Reliability%20Analysis/AIAG%20F
MEA-Ranking-Tables.pdf.

34. TS EN 50342-1:2016. Lead-acid starter batteries - Part 1: General requirements and
methods of test, Ankara: Turkish Standarts Instute (Reference 6.1); 2016

35. TS EN 50342-1:2016. Lead-acid starter batteries - Part 1: General requirements and
methods of test, Ankara: Turkish Standarts Instute (Reference 6.6; 2016.

36. TS EN 50342-1:2016. Lead-acid starter batteries - Part 1: General requirements and
methods of test, Ankara: Turkish Standarts Instute (Reference 6.9). 2016.

37. Blecuaa M, Romeroa AF, Ocona P, Fatasa E, Valencianob J, Trinidadb F.
Improvement of the lead acid battery performance by the addition of graphitized carbon
nanofibers together with a mix of organic expanders in the negative active material.
Journal of Energy Storage; 2019;23:106-115.

38. Schulte D, Sauerb UD, Ebner E, Beorger E, Gose S. Wenzl H. “Stratifiability index”
e A quantitative assessment of acid stratification in flooded lead acid batteries. Journal of
Power Sources. 2014:269; 704-715.

64



39. Ashutosh S, Sumit B, Ranjan S, Reddy BSB, Fecht HJ, Das K, Das S. Influence of
current density on microstructure of pulse electrodeposited tin coatings. Materials
Characterization. 2012;68;22-32.

40. Mehdi S, Ahmet TA. Electrochemical performance of a tin-coated carbon fibre
electrode for rechargeable lithium-ion batteries. Journal of Power Sources. 2011:
196(18),7771-7778.

[41] Kirchev A, Serra L, Dumenil S, Brichard G, Alias M, Jammet B, Vinit L. Carbon
honeycomb grids for advanced lead-acid batteries. Part 111: Technology scale-up. Journal
of Power Sources. 2015;299:324-333.

42. Nia J, Yub M. Hanc K. Electroplating of Copper on the Continuous Carbon Fibers.
IUMRS International Conference in Asia. 2018:898;2205-2213.

43. Ji K, Xu C, Zhao H. Dai Z. Electrodeposited lead-foam grids on copper-foam
substrates as positive current collectors for lead-acid batteries. Journal of Power Sources.
2014,248:307-316.

44. Sheila MW, Luisa MA. Lead electrodeposition from very alkaline media.
Electrochimica Acta. 2005; 51:619-626.

45. Kanga SS, Jia H, Gula ZH, Sakonga KW, Kimb YJ, Kimb SW, Leec J, Hanc S, Parkc
M, Choid CY, Seong Chu Lima CS. Metal-coated carbon fiber for lighter electrical metal
wires. Synthetic Metals. 2016;222:180-185.

46. https://www.chegg.com/homework-help/questions-and-answers/text-202-using-
table-201-text-values-resistivity-copper-calculate-resistance-copper-wire-1-q28435998
47. Pavlov D, Dimitrov M, Rogachev T, Bogdanova L. Influence of paste composition
and curing program used for the production of positive plates with PbSnCa grids on the
perfromance of lead acid batteries. Journal of Power Sources. 2003;114:704-715.

48. Karimi MA, Karami H, Mahdipour M. ANN modeling of water consumption in the
lead-acid batteries. Journal of Power Sources. 2007:172; 946-956.

65



CURRICULUM VITAE

Alper TURHAN
14/03/1984
R&D Supervisor
EDUCATION
PhD Department of Materials Science and Izmir Katip Celebi 2020
Engineering University
Postgraduate Department of Metalurgical and Dok_uz Eylul 2012
Materials Engineering University
University Department of Metalurgical and Dok_uz Eylul 2010
Materials Engineering University
WORK EXPERIENCE
Title Department company Years
R&D Supervisor R&D Inci GS Yuasa Akii San. ve 2017 - Today
Tic. A.S
R&D Specialist R&D Inci Akii San. Ve Tic. A.S 2013 - 2017

PRESENTATIONS & CONFERENCES

e Turhan Alper, Erol Mustafa (2019). Zinc/Carbon Fiber Structures as Lead Acid
Battery Mass Additives. 3rd International Students Science Congress (oral
presentation).

e Metin Yurddaskal, Serdar Yildirim, Sinan Yilmaz, Alper Turhan, Erdal Celik,
(2015), “Fabrication, chractarization and industrial application of ceramic added

66



flame retardant polymeric nanocompasite materials” 1X. Ceramic Congress with
International Participitation, 26-28 November 2015, Afyonkarahisar/Turkey.
Alper TURHAN, Sinan YILMAZ, (2013)." The Influence of Additives on
Mechanical Properties and Corrosion Behavior of Lead Alloy for Lead-Acid
Battery"”, International Electrochemical Congress, Poster presentation, 4-8
September, Konya/Turkey.

Alper TURHAN, Bugra KARAHAN, Iskender INCE, Aylin ALBAYRAK,
Ahmet CAKIR, (2012) “Synergism Caused by a Blend of Nitrite Based Inhibitors
and Vaccinium Myrtillus Plant Extract on Boiler Steel in De-aerated Weak Acid”
(Keynote) European Corrosion Congress 09-13 September, istanbul/Turkiye.

Bugra KARAHAN, Alper TURHAN, iskender INCE, Aylin ALBAYRAK,
Ahmet CAKIR (2011) “Inhibition of EN 10204 Steel in H2SO4 by a Mixture of
Hypericum Perforatum Plant Extract and Nitrite Based Inorganic Inhibitors”
European Corrosion Congress 04-08 September, Stockholm/Isveg.

Bugra KARAHAN, Alper TURHAN, iskender INCE, Ahmet CAKIR, (2010).
“Inorganik ve Bitki Esasli Dogal Koruyucular Arasindaki Sinercik FEtki”
Uluslararas1 Korozyon Sempozyumu 06-09 October, Eskisehir/Turkey.

PROJECTS

TEYDEB, 1501, Project No: 3190885, (2019). Siirekli Dokiim Teknolojisine
Uygun Korozyon Ozellikleri Optimize Edilmis Pozitif Elektrot Alasimi
Gelistirilmesi. Project Leader: Alper Turhan, Reearchers; Berna Enginar, Ozgiir
Calik, Hasan Hassiimer, Hiirkan Catalkaya, Ilayda M. Yirtic1.

TEYDEB, 1501, Project No: 3181419, (2019). Mikrohibrid Akii Uygulamalarina
Yonelik Modifiye Edilmis Karbon Fiber Katkili Elektrotlarin Gelistirilmesi.
(Devam). Project Advisor: Mustafa Erol, Project Leader: Alper Turhan,
Reearchers: Berna Enginar, Ozgiir Calik, Hasan Hassiimer, Hiirkan Catalkaya,
Osman Demirci.

TUBITAK 2209-B, (2018). Elektrokimyasal Olarak Modifiye Edilmis Karbon
Fiberlerin Akl Katki Malzemesi Olarak Kullanilmasi. Academic Advisor;
Mustafa Erol, Industrial Advisor; Alper Turhan, Project Students; Feyzan
Coskun, Serife Bakacak.

TEYDEB, 1501, Project No: 3180036, (2018) Otomotiv sektériinde kullanilan
bataryalara yonelik otomatik test, analiz ve raporlama sistemi gelistirilmesi.

67



Project Leader; Osman Demirci, Researchers; Alper Turhan, Hiirkan Catalkaya,
Hasan Hassiimer, Nurullah Tuncer, Sinan Aktas.

e TEYDEB, 1501, Project No: 3140756, (2015). Yeni Teknoloji Negatif lzgara
Alasimlarinin Mekanik Ozelliklerinin Arttirilmas1 ve Korozyon Davranislarinin
Incelenmesi. Project Leader: Alper Turhan, Researchers: Sinan Yilmaz, Sevtap
Aksoy, Berna Yildiz, Ozgiir Calik, Hasan Hassiimer, Gokhan Abac1, Mert ing.

e SAN-TEZ, 1600.STZ.12-2, (2012). Akiimiilatér Sisteminde Kullanilan
Polipropilen Bilesenlerinin Yanmaya Karsi Direngli Polimerik Nanokompozit
Malzemelerden Uretilmesi, Gelistirilmesi ve Endiistriyel Uygulamasi. Project
Advisor: Erdal Celik, Industrial Advisor; Sinan Yilmaz, Researchers; Metin
Yurddaskal, Serdar Yildirim, Alper Turhan, Gokhan Abaci.

e TEYDEB, 1501, Project N0:3120465, (2012). Pozitif kursun 1zgaralarda mekanik
ozelliklerin arttirllmasi ve korozyon direncinin iyilestirilmesi, Project Leader;
Sinan Yilmaz, Researchers: Alper Turhan, Sevtap Aksoy, Berna Yildiz, Veli
Vatansever, Hasan Hassilimer.

e SAN-TEZ, 00528.STZ.2010-1, (2010). Inorganik korozyon koruyucularla dogal
organik bilesik karisimlarinin imalat ¢eliginin korozyonu iizerindeki sinercik
koruma etkisi ve ¢evre dostu koruyucu gelistirme, Project Advisor: Ahmet Cakir,
Researchers: Alper Turhan, Bugra Karahan, Aylin Albayrak.

AWARDS and SCHOLARSHIPS

1. Productivity Project Awards, Industry Ministry, (2015) “Product Development
Category” Second price, Kursun Asit Akiillerde Negatif Izgara Alasim
Optimizasyonu Projesi.

2. Dokuz Eylul University, Department of Metalurgical and Materials Engineering
(2010), Top student of the department.

68



	S25C-920081015231
	A_TURHAN_TEZ-Konrtol_Ahmet Aykaç_Alper Turhan2_05082020

