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ABSTRACT

Tungsten carbide (WC-Co) is categorized as a higlaarwesistance and fracture
toughness material. But, these tool materials awend to wear rapidly when
machining some particular workpieces. Various tepmees have been proposed to
improve the WC-Co performance. One such technigugyidiamond coating WC-
Co. This was done due to its outstanding mechaprcglerties. Poor adhesion of the
coating onto the substrate is the main technicaldsaThis is due to the presence of
cobalt in the cemented carbide which produces geadyer. Pre-treatment step is
always needed because the nucleation of specifitngpis greatly affected by the
initial surface conditions of the substrate. Instlstudy, nickel was used as an
interlayer and the Watt bath electroplating techeigvas employed to deposit a thin
layer with good adhesion strength. Effect of elgalating parameters such as current
density, bath temperature and surface roughnesslstrate were studied. Coating
thickness, hardness and surface morphology weresiigated according to an
experimental plan. Subsequently, full factorial essmental design followed by
analysis of variance (ANOVA) were applied to analythe statistical data.
Performances of the nickel coating on the WC-Cossate were analyzed and
evaluated using Response Surface Methodology (RSWg electrodeposition
parameters have a great influence on Ni coatingpepties. One can observe that
lower current density produced more compact moaholand fined grain size.
Increase in the thickness of Ni coatings occurrgdirtcreasing current density.
Comparatively, bath temperature did not have ableteffect on coatings thickness
but had great influence on surface morphology afitksion strength of coatings.
Further observation on nickel deposition found tieatrent density=4 to 5 A/dnf,
bath temperaturee60°C and surface roughnes®.5um have apparent effects on
excellent quality of Ni coatings on tungsten caebekpecially in producing a thin

layer of coating.



Vi

ABSTRAK

Tungsten Karbida (WC-Co) dikategorikan sebagai bat@ang mempunyai rintangan
kehausan dan tahap keliatan yang tinggi. Akan itebagthan ini dikenalpasti akan
mengalami kehausan dengan cepat apabila prosessipamealijalankan terhadap
sesuatu benda kerja. Pelbagai kaedah telah dimdkieen untuk meningkatkan
prestasi dan sifat WC-Co itu sendiri. Salah satadkh yang digunakan adalah
seperti saduran berlian. Saduran pada substrat gargpunyai kelekatan yang
rendah merupakan halangan teknikal utama disebatikrkehadiran kobalt dalam
WC-Co yang menghasilkan lapisan grafit. Rawatan! aghelum proses saduran
sentiasa diperlukan kerana memberikan kesan yarggar bterhadap keadaan
permukaan substrat. Dalam kajian ini, nikel bedikdebagai lapisan antara dan
teknik elektropenyaduran takungan Weatah diaplikasikan untuk menghasilkan
lapisan nipis dengan kekuatan lekatan yang baik.saKe parameter
elektropenyaduran seperti kepadatan arus, suhtatadan kekasaran permukaan
substrat telah dikaji. Ketebalan dan kekuatan sadgerta morfologi permukaan
dikaji dengan merujuk kepada pelan ujikaji. Kaedakabentuk ujikaji berfaktor
penuh diikuti dengan analisis varialNOVA) telah digunakan untuk menilai data
statistik yang diperolehi. Prestasi saduran nikdladap WC-Co telah dianalisis dan
dinilai menggunakan kaedah tindak balas permuka®&8M). Keputusan
menunjukkan parameter saduran elektro mempunyajgoeh yang besar terhadap
sifat salutan Ni. Kepadatan arus yang rendah telahghasilkan morfologi yang
lebih padat dan ketebalan pada saduran Ni bertandyadian peningkatan kepadatan
arus. Suhu larutan tidak memberi kesan ketara daph&etebalan saduran tetapi
memberikan kesan yang besar kepada kekuatan sadimanjuga morfologi
permukaan. Didapati juga bahawa kepadatan =usingga 5 A/drfy suhu larutan
<60 °C dan kekasaran permukaa®.5 pm memberikan kualiti yang terbaik kepada

saduran Ni ke atas WC-Co untuk menghasilkan lapigas.
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CHAPTER 1

INTRODUCTION

1.1  Background

The cemented tungsten carbide cutting tools ared usalely in the
machining, mining and stone cutting industry. Hoemwthese tools are found to
wear rapidly when machining some particular makesach as abrasive composites
or high silicon-filled aluminum. Numerous reseasttidies (Maet al 2007, Poliniet
al. 2006, Polini and Barletta, 2008howed that efficient and energy saving cutting
tools is required to reduce the tool's down-tinmgrease cutting productivity and
improve the quality of the machined surface. Mosxpwdiamond coating has been
proposed to improve the performance of cementedidmrtools due to its
outstanding mechanical properties. Along with grgasr resistance, the advantages
of the diamond coating include high surface hargnhéggh thermal conductivity,
reduced friction, better corrosion protection, amgroved optical properties (Polini,
2006, Xuet al.2007).



Diamond film deposition has thus made it possilbleuse many diamond
properties in new and innovative applications. 8anpgly, simple procedures for
producing low-pressure diamond films now means fiims can be obtained on
wear components having complex geometries. Pol@i0§) reported that the
ultimate goal of using CVD diamond coatings is xtead the technical performance
of components, such as tools, beyond their conveatiwear life. CVD diamond
films are highly resistant to chemical and abrasiear Kamiya et al 2002).
Moreover diamond-coated articles are of little ifsthese deposits do not remain
attached to the underlying substrate during uses€quently, in the case of CVD
diamond coated articles it is mandatory to optimlzeth adhesion and wear

resistance.

The application of diamond coatings to enhance dkerall machining
effectiveness of WC-Co by reducing the tools dometi increasing the cutting
productivity and improving the quality of the maokd surface are becoming more
attractive. Polycrystalline diamond (PCD) tools @n WC-Co substrate were
generally used for this purpose. Therefore, becanfseheir high cost, many
researchers and industrial users are instead uBargond films deposited using
CVD techniques which are relatively inexpensived aauld be deposited on tools of
any geometry. Compared to an uncoated cementedleaxwnl, the CVD diamond
coated tool shows much greater abrasive wear aesistwhich results in up to ten
times longer tool life, and less build-up edge &wler cutting forces which yield a
better surface finish on the workpiece materiakssiBes, one of the largest barriers
to be overcome is the poor adhesion of diamond f6imthe cemented carbides
substrate. This is due to (i) the large thermalnmaich of the diamond film with the
cemented carbide tool and (ii) weak interfamading resulting from graphite film
formation during low-pressure diamond depositilie to the presence of the cobalt
binder. There are many reports, which claimed tluce the thermal mismatch and
to limit the graphite formation by etching cobaBagangiet al. 2008, Poliniaet al.
2002, Sahoet al.2002) and/or depositing interlayer as diffusiorrigas.



Due to excellent wetting ability, tungsten carbidigh cobalt has made this
metal the first choice as binder. However, hight@sd environmental pollution
impacts are basically the main issue for cobalges&ubstitution of cobalt with
other metals has always been figured out. Some atle&ls that have been used as
binder are iron, nickel and manganese. In addittotower cost, nickel has higher

corrosion resistance than cobalt.

Among the various manufacturing methods, electtoglahas received
considerable attention as a feasible, inexpensideeaonomically viable processing
technique for producing thin layer (Rashidi and Ata®h, 2010, Ewecharoen al.
2008). Consequently, especially nickel layer, pregpdy electrodeposition has high
density, minimum porosity, excellent corrosion sésnce and good wear resistance
and as the grain size of nickel is reduced, thength and strain hardening rate also
increased (Paet al.2007, Molloyet al.2011).

Performance of nickel electrodeposits is relateth wheir microstructure
(such as grain size, surface morphology and crgstahtation), which depended on
electroplating conditions (such as, current densityrent efficiency and time) and
composition of plating battXuetaoet al. (2008)studied the influence of pulse on-
time, off-time, peak current density and saccharin on the grain size, surface
morphology, crystal orientation, and microhardnedaurthermore, substrate
roughness is one of the electrodeposition paranibtdris sometimes difficult to
control as well as important in terms of qualityddanctionality. Vitryet al (2010)
indicated that mechanical preparation (such asdmg) may be difficult to
implement because of the complicated geometriesatsd proved that surface
roughness can affect the coating appearance. Thet eff surface roughness on
nickel characteristics was investigated by Bulasgtral (2011) who found that
surface roughness did not contribute much to thdopeance characteristics of
plating efficiency and thickness. Boonyongmaneetat. (2009) noticed that current
density is one of the processing parameters thatras the microstructure and
hence the apparent hardness of the composite. diticagal, micro-hardness and

surface morphology of a nickel coating were hatdiuenced by getting optimum



setup parameters for electrodeposition. Rargaral (2011a) found that micro-
hardness of the nano-composite of nickel coatimgemses with the increase in the

stirring rate up to 450 rpm.

1.2 Problem Statement

Poor adhesion of diamond coating is the main teahnbarrier for
commercialization of diamond-coated tools. Duringghh temperature diamond
deposition process, the presence of cobalt in cexderarbide suppresses diamond
growth. Co leaching from the WC-Co substrate catsythe formation of non-
diamond carbon ($pbonded), instead of onded diamond. The weak graphite
layer at the interface results in poor adhesiomvéen the diamond coating and the

substrate.

Removing the Co binder from the substrate usingdidami reagent and acid
etching is usually conducted to grow adhered diainoaoatings. However, the
substrate's mechanical properties and toughnesssignificantly reduced after
etching. Etching WC grains with Murakami solutioes@ably increases the substrate
surface roughness substantially but also causesase in the surface Co content. It
can be realized that substantial surface roughmigsdow cobalt content is the most
desirable surface for deposition of diamond filmla#ge amount of residual stress
will be produced due to mismatch of the coefficiehthermal expansion (CTE). The
film could easily delaminate from the substratehtrigfter deposition. Diffusion
barriers (interlayer) such as Cu, Cr, Ni, Ti-bakgerand CrN have been developed
to prevent the Co catalyst effect but the hardiaessother interlayer properties still

needs to be improved.



It has been observed that mechanical interlockifececaused by a rough
surface can contribute significantly to improvedrass and adhesion of interlayer.
Enhancement of surface roughness through interiyéace is beneficial in that the
nickel can well-retained in the cavity and improkardness and provide well
anchored roots for subsequently grown of nickeetayrhere is however lacking of
experimental information regarding the nickel pmbies when being deployed as an
interlayer. Also, mathematical models for varioaterlayer responses are also not
available. The availability of such model will etalthe determination of optimal

process condition.

1.3  Objectives of the Research

The objectives of this research are as follows:

1. To evaluate the various nickel coating propertidgaimned when using
different nickel electroplating parameters on tuegscarbide, WC-6%-Co
substrate.

2. To develop mathematical models and provide experiaheevidences for
predicting various nickel coatings properties.

3. To optimize the condition of nickel electroplatipgrameters in terms of
current density, bath temperature and surface g of substrate to
achieve high quality of nickel coating propertieaseéd on the Design of

Experiment models.



1.4  Scope of the Research

This study was limited to the following:

1. Tungsten carbide, WC-6% Co with diameter 12mm vezslas substrate and
electroplating technique was employed for depasifiorpose.

2. Electroplating parameters were studied include emurrdensity, bath
temperature and surface roughness of substratéoaride whole deposition
process, pH value of nickel solution was kept camsat 4.

3. Response variables evaluated include coating hasdtt@ckness and surface
morphology.

1.5 Significance of the Research

This study focuses on obtaining on effective nickeérlayer on tungsten
carbide substrate using suitable electroplatingapaters. The suitability of the
interlayer was evaluated in terms of the coatinglih@ss and thickness. Additionally,
suitable empirical models were developed usingetperimental data for describing
the relationship between the various responsestlaadelated factors. With the
completion of this research, the viability of usitige electroplating process as an
alternative process for obtaining the interlayem ba produced. The mathematical
models obtained will facilitate the determinatiohtle suitable process setting as

well as the prediction of the responses investdjate



101

REFERENCES

Ahn, J. G., Kim, D. J., Lee, J. R., Chung, H. SIinKC. O., Hai, H. T. (2006).
Improving the adhesion of electroless-nickel cagtilayer on diamond
powder.Surface and Coatings Technolo@l: 3793-3796.

Apachitei, I., Duszczyk, J., Katgerman, L., Overkar®. J. B. (1998). Electroless
ni—p composite coatings: The effect of heat treatroe the microhardness of
substrate and coatin§cripta Materialia 38(9): 1347-1353.

Badarulzaman, N. A., Mohamad, A. A., PuwadariaABmad, Z. A. (2010). The
evaluation of nickel deposit obtained via Wattscet@dyte at ambient

temperatureJournal of Coating Technology(6): 815-820.

Bahrololoom, M. E., Sani, R. (2005). The influerafepulse plating parameters on
the hardness and wear resistance of nickel-aluroomaposite coatings.
Surface & Coatings Technologi®2: 154-163.

Bai, A., Hu, C. C. (2002). Effects of electroplafimariables on the composition and
morphology of nickel-cobalt deposits plated througteans of cyclic
voltammetry Electrochimica Actad7: 3447-3456.

Boonyongmaneerat, Y., Saengkiettiyut, K., Saenkpit, Sangsuk, S. (2009).
Effects of WC addition on structure and hardnessleftrodeposited Ni—W.
Surface and Coatings Technolo@@3: 3590-3594.



102

Borkar, T., Harimkar, S. P. (2011). Effect of etedeposition conditions and
reinforcement content on microstructure and trigalal properties of nickel

composite coatingSurface and Coatings Technolo@p5: 4124-4134.

Bouveresse, J. D. R., Pinto, R. C., Schmidtke, L. IMcquet, N., Rutledge, D. N.
(2010). Identification of significant factors by artension of ANOVA-PCA
based on multi-block analysis. Chemometrics anelligent Laboratory

Systems. xxx (2010) XXX—XXX

Brian N. Chapman, J.C. (1974). Anderson. Scienad@ Bachnology of Surface
Coating.

Bulasara, V. K., Shekar, O. C., Uppaluri, R. (20Hffect of surface roughness and
mass transfer enhancement on the performance obastcs of nickel-
hypophosphite electroless plating baths formetadme composite
membrane fabricationChemical Engineering Research and Desigrx

XXX—XXX

Burzynska, L., Rudnik, E., Koza, J., Bia L., Szymaski, W. (2008).
Electrodeposition and heat treatment of nicket/sili carbide composites.
Surface & Coatings Technolog®02: 2545-2556.

Cao, J. L., Li, L. T., Wang, Y. L., Zhao, J. QGui, Z. L. (2002). Mechanism of
resistance degradation of lead magnesium Niobateebaerroelectrics
induced by hydrogen reduction during electroplatibgurnal of Materials
Science37: 3225-3228.

Chou, C. C,, Lee, J. W,, Chen, Y. I. (2008). Thigical and mechanical properties
of HFCVD diamond-coated WC-Co substrates with déife Cr interlayers.
Surface & Coatings Technolog®03: 704-708.

Donev, A. N. (2004). Design of experiments in tihesence of errors in factor levels.
Journal of Statistical Planning and Inferendeg6: 569-585.



103

Ewecharoen, Thiravetyan, P. Nakbanpote, W. (20@3)mparison of nickel
adsorption from electroplating rinse water by gath and modified coir pith.
Chemical Engineering Journal37: 181-188.

George Di Bari. (1994) ASM Handbook, Volume 5, @uod EngineeringNickel
Plating. page 201.

Godon, A., Creus, J., Feaugas, X., Conforto, EEhdn, L., Armand, C., Savall, C.
(2011). Characterization of electrodeposited nidagtings from sulphamate
electrolyte without additiveMaterials Characterization62: 164-173.

Gu, C. D, You, Y. H,, Yu, Y. L, Qu, S. X,, Tu, P. (2011). Microstructure,
nanoindentation, and electrochemical propertieh@fnanocrystalline nickel
film electrodeposited from choline chloride—ethyeglycol. Surface &
Coatings Technology05: 4928-4933.

Gunasegaram, D. R., Farnsworth, D. J., Nguyen, .T(2009). ldentification of
critical factors affecting shrinkage porosity inrp@nent mold casting using
numerical simulations based on design of experimdournal of Materials
Processing Technolog®09: 1209-12109.

Hamid, Z. A., Hassan, H. B., Attyia, A. M. (2010mnfluence of deposition
temperature and heat treatment on the performaneledroless Ni-B films.
Surface and Coatings Technolo@p5: 2348-2354.

Haseeb, A. S. M. A., Albers, U., Badea. K. (2008jction and wear characteristics
of electrodeposited nanocrystalline nickel-tungsaélay films. Wear 264:
106-112.

Hua, Z., Liu, Y., Yao, G., Wang, L., Ma, J., Liang, (). Preparation and
Characterization of Nickel-Coated Carbon FibersHisctroplating.Journal
of Materials Engineering and Performance.



104

Jeong, D. H., Gonzalez, F., Palumbo, G., Aust, KEFb, U. (2001). Effect of grain
size on the wear properties of electrodepositedocrgstalline nickel
coatings.Scripta Materials 44: 493-499.

Kamiya, S., Takahashia, H., D’Antonio, P., PoliniR,, Travers, E. (2002).
Quantitative comparison of adhesive toughness doious diamond films on

co-cemented tungsten carbi@@amond and Related Material$1: 716-720.

Kang, J. X., Zhao, W. Z., Zhang, G. F. (2009). uefice of electrodeposition
parameters on the deposition rate and microhardolessnocrystalline Ni
coatings.Surface and Coatings Technolo@p3: 1815-1818.

Khun, N. W,, Liu, E., Yang, G. C. (2010). Structuseratch resistance and corrosion
performance of nickel doped diamond-like carbom thims. Surface and
Coatings Technology04: 3125-3130.

Kim, M. S., Kim, J. Y., Kim, C. K., Kim, N. K. (208). Study on the effect of
temperature and pressure on nickel-electroplatingaracteristics in
supercritical C®. Chemospheres8: 459-465.

Kwon, D. H., Kang, M. C., Kim, J. S., Ok, J. T.,ii K. H. (2005). A comparative
study on cutting performance of TiN-coated tungstambide cutting tool
with a cobalt interlayeiSurface & Coatings Technolog®00: 1933-1938.

Lamovec, J., Jo¥j V., Randjelow, D., Alekst, R., Radoje\vi V. (2008). Analysis
of the composite and film hardness of electroddpdshickel coatings on
different substrate§.hin Solid Films516: 8646-8654.

Lasheras, F. S., Vilan, J. A V., Nieto, P. J. Giad) J. J. C. (2010). The use of
design of experiments to improve a neural netwodkiehin order to predict
the thickness of the chromium layer in a hard chovomplating process.
Mathematical and Computer Modelling2: 1169-1176.



105

Lawrence J. Durney. Electroplating Engineering Hmuk, 4th edition,Van
Nostrand, Reinhold Compan{1984), p364.

Li, C. L., Lin, Y. T., Lee, J. W. (2009). Mechanicproperties evaluation of
chromized tungsten carbide-cobalt hardmetaurface & Coatings
Technology204: 1106-1111.

Li, J. F., Liao, H. L., Ding, C. X., Coddet, C. (). Optimizing the plasma spray
process parameters of yttria stabilized zirconiatiogs using a uniform
design of experimentdournal of Materials Processing Technolodg0: 34-
42

Li, Y., Jiang, H., Pang, L., Wang, B., Liang, X.0®). Novel application of
nanocrystalline nickel electrodeposit: Making godidmond tools easily,
efficiently and economicallySurface and Coatings Technolo@01: 5925-
5930.

Lim, M., Ye, M., Panoskaltsis, N., Drakakis, E. Mue, X., Cass, A. E. G,,
Radomska, A., Mantalaris, A. (2007). Intelligentofwiocessing for
haemotopoietic cell cultures using monitoring arebign of experiments.
Biotechnology Advance25: 353-368.

Ma, Y. P., Sun, F. H., Xue, H. G., Zhang, Z. M.,e@hM. (2007). Deposition and
characterization of nanocrystalline diamond filmrs ©@o-cemented tungsten
carbide insertdDiamond & Related Materialsl6: 481-485.

Miao, J., Song, J., Xue, Y., Tong, Y., Tang, W., Eu (2004). Effect of a two-step
pretreatment method on adhesion of CVD diamondimgston cemented
carbide substrateSurface & Coatings Technology87: 33- 36.

Mirkova, L., Maurin, G., Monev, M., Tsvetkova, Q003). Hydrogen co evolution
and permeation in nickel electroplatidgurnal of Applied Electrochemistry
33: 93-100.



106

Molloy, D. A., Malinov, S., McNally, T., Hill, P. 2011). Thermal study of
selectively plated nickel sulfamate coatingsganic Coatings70: 330-335.

Montgomery, D. C. (2009ajptatistical Quality Control(6h.Ed). New York: Wiley and
Son.

Montgomery, D. C. (2009bpesign and Analysis of Experime(iin. Ed). New
York:Wiley and Son

Moti, E., Shariat, M. H., Bahrololoom, M. E. (2008Electrodeposition of
nanocrystalline nickel by using rotating cylindticalectrodes.Materials
Chemistry and Physicg11: 469-474.

Muthukrishnan, N., Davim, J. P. (2009). Optimizatiof machining parameters of
Al/SIC-MMC with  ANOVA and ANN analysis.Journal of Materials
Processing Technolog®09: 225-232.

Myers, R. H., Montgomery, D. C. (200Besponse Surface Methodology: Process
and Product Optimization Using Designed Experimef#sd ed). New York:
John Wiley & Sons.

Ning, Z., He, Y., Gaob, W. (2008). Mechanical &ttn enhanced Ni electroplating.
Surface and Coatings Technolo@p?2: 2139-2146.

Njau, K. N., Hosseini, Y. M., Janssen, L. J. J.980 Electrochemical reduction of
nickel ions from dilute artificial solutions in aB& reactor.Journal of
Applied Electrochemistry28: 689-696.

Noordin, M. Y. (2003).Performance evaluation of coated carbide and coated
cemented tools when turning hardened tool stézbctor Philosophy,
Universiti Teknologi Malaysia, Skudai.

Noordin, M. Y., Venkatesh, V. C., Sharif, S., E§inS., Abdullah. (2004).
Application of response surface methodology in dbsw the performance



107

of coated carbide tools when turning AISI 1045 Istdeurnal of Materials
Processing Technolog$45, 46-58

Nouraei, S., Roy, S. (2009). Design of experiments electrochemical
microfabrication Electrochimica Actab4: 2444-2449.

Oraon, B., Majumdar, G., Ghosh, B. (2006). Appimatof response surface method
for predicting electroless nickel platinyylaterials and Design27: 1035-
1045.

Oviedo, T. A. B., Batyrshin, I., Domi'nguez, J. {2009). The optimal design of
experiments (ODOE) as an alternative method foralgsts libraries
optimization.Catalysis Today148: 28-35.

Pan, Y., Zhou, Y. C., Zhou, Z. F., Huang, Y. Liao, Y. G., Sun, C. Q. (2007).
Fabrication, lattice strain, corrosion resistanoel anechanical strength of
nanocrystalline nickel filmsTransactions of Nonferrous Metals Society of
China 17: 1225-1229.

Parivesh. (2008). Waste Minimisation and Ecofrigriglectroplating Process.

Polini, R. (2006). Chemically vapour deposited diseh coatings on cemented
tungsten carbides: Substrate pretreatments, aghasdcutting performance.
Thin Solid Films515: 4-13.

Polini, R. Barletta, M. (2008). On the use of CrN/@&d CrN interlayers in hot
filament chemical vapour deposition (HF-CVD) of mii@nd films onto WC-
Co substrateiamond and Related Material$7: 325-335.

Polini, R., Delogu, M., Marcheselli, G. (2006). Aabnt diamond coatings on
cemented tungsten carbide substrates with new f&dNvinder phaserhin
Solid Films 494: 133-140.



108

Polinia, R., Bravia, F., Casadeib, F., D’Antoni®a, Traversaa, E. (2002). Effect of
substrate grain size and surface treatments onctiting properties of
diamond coated Co-cemented tungsten carbide tBidsnond and Related
Materials 11: 726-730.

Ranjan, S., Siddhartha, D., Karabi, D. (2011a).eé&ffof stirring rate on the
microstructure and microhardness of Ni-CeO2 nanposite coating and
investigation of the corrosion proper§urface & Coatings Technolog®05:
3847-3855.

Ranjan, S., Siddhartha, D., Karabi, D. (2011b). &fiect of bath temperature on the
crystallite size and microstructure of Ni-Ce®@anocomposite coating.

Materials characterization62: 257-262.

Rashidi, A. M. (2011). Isothermal oxidation kinetiof nanocrystalline and coarse
grained nickel: Experimental results and theorétaggproach.Surface and
Coatings Technology05: 4117-4123.

Rashidi, A. M., Amadeh, A. (2008). The effect ofrent density on the grain size of
electrodeposited nanocrystalline nickel coatin@rface and Coatings
Technology202: 3772-3776.

Rashidi, A. M., Amadeh, A. (2009a). The effect @fccharin addition and bath
temperature on the grain size of nanocrystallirekeli coatings Surface &
Coatings Technology04: 353-358.

Rashidi, A. M., Amadeh, A. (2010). Effect of Elespfating Parameters on
Microstructure of Nanocrystalline Nickel Coatingdournal of Material
Science and Technologd6(1): 82-86.

Rashidi, A. M., Eivani, A. R., Amadeh, A. (2009)pplication of artificial neural
networks to predict the grain size of nano-crystall nickel coatings.
Computational Materials Sciencé5: 499-504.



109

Rasmussen F. E., Ravnkilde J. T., Tang P. T., Hai3¢ Bouwstra S. (2001).
Electroplating and characterization of cobalt-nigken and nickel-iron for
magnetic microsystems applicatidensor and Actuatoré 92: 242-248.

Sahoo, B., Chattopadhyay, A. K. (2002). On effeniess of various surface
treatments on adhesion of HF-CVD diamond coatingutogsten carbide

inserts.Diamond and Related Material§l: 1660-1669.

Sarangi, S. K., Chattopadhyay, A., Chattopadhyay, KA (2008). Effect of
pretreatment methods and chamber pressure on mogyhaquality and

adhesion of HFCVD diamond coating on cemented darimserts Applied

Surface Scienc®54: 3721-3733.

Sarangi, S. K., Chattopadhyay, A., Chattopadhyay, KA (2008). Effect of
pretreatment, seeding and interlayer on nucleagioth growth of HFCVD
diamond films on cemented carbide todtgernational Journal of Refractory

Metals & Hard Materials 26: 220-231.

Sein, H., Ahmed, W., Jackson, M., Polini, R., Hasda Amar, M., Rego, C. (2004).
Enhancing nucleation density and adhesion of pgégatliine diamond films
deposited by HFCVD using surface treaments on Gueoéed tungsten

carbide Diamond and Related Material$3: 610-615.

Sun, F. H., Zhang, Z. M., Chen, M., Shen, H. SO@0 Improvement of adhesive
strength and surface roughness of diamond filim&orcemented tungsten

carbide toolsDiamond and Related Material$2: 711-718.

Sunwang, N., Wangyao, P., Boonyongmaneerat, Y. 1(R0The effects of heat
treatments on hardness and wear resistance in MHad coatings. Surface

& Coatings Technology. XXXXXX—XXX

Tang, W., Wang, Q., Wang, S., Lu, F. (2001). Adherdiamond coatings on
cemented carbide substrates with different cobalttents. Diamond and

Related Materials10: 1700-1704.



110

Tang, W., Wang, S., Lu, F. (2000). Preparation gedformance of diamond
coatings on cemented carbide inserts with cobaltibanterlayersDiamond
and Related Material®: 1744-1748.

Tian, Z. J., Wang, D. S., Wang, G. F., Shen, L. Oy, Z. D., Huang, Y. H. (2010).
Microstructure and properties of nanocrystallinekel coatings prepared by
pulse jet electrodepositionfransactions of Nonferrous Metals Society of
China 20: 1037-1042.

Todoroki, A., Ishikawa, T. (2004). Design of expeents for stacking sequence
optimizations with genetic algorithm using resposséface approximation.
Composite Structure$4: 349-357.

Tsay, P., Hu, C. C., Wang, C. K. (2005). Compostdioeffects on the physical
properties of iron—nickel deposits prepared by meah pulse-reverse
electroplatingMaterials Chemistry and Physic89: 275-282.

Tsuru, Y., Nomura, M., Foulkes, F. R. (2002). Effeof boric acid on hydrogen
evolution and internal stress in films depositeahfra nickel sulfamate bath.
Journal of Applied Electrochemistrg2: 629-634.

Vitry, V., Kanta, A. F., Delaunois, F. (2010). liaition and formation of electroless
nickel-boron coatings on mild steel: Effect of dudite roughnesdaterials
Science and Engineering 175: 266-273.

Vitry, V., Kanta, A. F., Delaunois, F. (2011). Mechcal and wear characterization
of electroless nickel-boron coatingSurface & Coatings Technolog206:
1879-1885.

Wahdame, B., Candusso, D., Ois, X. F., Harel, Ruyffmann, J. M., Coquery, G.
(2009). Design of experiment techniques for fudl characterization and

developmentinternational journal of hydrogen energ94: 967-980



111

Wang, L., Gao, Y., Liu, H., Xue, Q., Xu, T. (200K)ifects of bivalent Co ion on the
co-deposition of nickel and nano-diamond particlegrface and Coatings
Technology191: 1-6.

Wu, B., Xu, B. S., Zhang, B., Dong, S. Y. (2007heTeffects of parameters on the
mechanical properties of Ni-based coatings prepdmgdautomatic brush
plating technologySurface and Coatings Technolo@p1: 5758-5765.

Xu, Z., Lev, L., Lukitsch, M., Kumar, A. (2007). fetts of surface pretreatments on
the deposition of adherent diamond coatings on o&detungsten carbide
substratesDiamond and Related Material$6: 461-466.

Xuetao, Y., Yu, W., Dongbai, S., Hongying, Y. (2008nfluence of pulse
parameters on the microstructure and microhardofesiskel electrodeposits.
Surface and Coatings Technolo@p2: 1895-1903.

Yao, Z., Stiglich, J. J., Sudarshan, T. S. (200&no-grained Tungsten Carbide-
Cobalt (WC/Co)Material Modification

Zhou, Y. B., Zhang, H. J. (2011). Effect of anneglireatment on cyclic-oxidation
of electrodeposited Ni-Al nanocomposiigansactions of Nonferrous Metals
Society of China21: 322-329.





