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CHAPTER |

INTRODUCTION

1.1 Thesis motivation

Aluminium alloys and ths o GF o mployed in different areas of

contemporary industrial fal i-"ight [1] and good tempering

resistance [2]. However, ; ; b NN [3-4], and surface hardness.

As we know, the surface \ N itment, coating, and surface

\\
modification are used to incr W& adhesion (reduce friction) and

improve wear resistance for toc gt % ar, its high hardness, reports showed
that the formation of the nitride | g :ﬂ{ . the wear resistance of underlying

alloys and steels [3]. Recently, there E:- g inds of techniques devised to form the

nitride layers for autowi znd plasma nitriding. The

disadvantages of ion-imp F A mercial size due to the high

costs of manufacturing, ar j complicatons i equipment ;r' Therefore, over the last few
decades, nitriding trﬁment h4 &sen studied in &Akmpts to improve the tribological properties

}“ U ANEUTHENTT soree mostoaion

addition, various nitriding methods, e.g., dfis nitriding, lignid nitriding, pl@sMma nitriding are also

called nimd@‘ WAAN I SRR W LA o fom a nitice

layer. Plasma nitriding, also called ion-nitriding or glow discharge nitriding has been preferred

of ferrous alloy and

recently to most surface hardening applications because of their faster nitrogen penetration,
cleanliness, and economical aspects [7-8]. Generally, DC plasma source was used to generate
plasma for the plasma nitriding process, particularly in aluminium plasma nitriding, because of

the uncomplicated source when compared with other plasma sources. However, DC plasma



nitriding used at high pressure (=1 torr) because it can be generated high plasma density,
which can enhance the nitride layer. Moreover, they require high nitrogen gas pressure.
Recently, rf plasma source is more frequently used in plasma nitriding because it can be
operated at lower gas pressures [9] which are necessary to prevent continuous formation of the

oxide layer during the nitriding process [ & “Jover, other advantages include high plasma

density, and high uniformity [11].

In the plasma nitriding of alum===e > | ft - J@.ce can raise the hardness level
because the nitrogen ions g®cr 4 S Samicte aluminium matrix and form a
aluminium nitride (AIN) |ay#*

Y

Y
hardness, high electrical l"‘l 7, high corrosion, and wear

resistance and hence has br i ions [12-13]. For the successful
plasma nitriding of aluminium = performed using the two sub-
processes of pre-sputtering and |, oval of surface aluminium oxide is a

significant step to achieving an AIN = zgause naturally-formed aluminium oxide

e d
(Al,O,) prevents the nitrobcly :

ALuym alloy substrate [14]. The

removal of ALO, from the%df s inert gas or combined with
] Al

non-inert gas [15], includir j argon, argon-nirogen, argon-hiidrogen, and so on. As for the

nitriding process, the [/ bstrate bas%ﬁ d treatment temperature

are important para ﬁ tl'g mﬂ fgw i nﬂﬁ!ﬁ amples. However, high

substrate bias volta|9e can cause severe s@rface roughesg [13, 16-17].af

19N IUURIINYTIN Y

In the pIasmaﬂntndmg of AISI H13, the interaction of the nitrogen and steel components leads
to the formation of different types of metallic nitride. Usually, the nitrided layer comprises a
compound zone consisting of iron nitrides of & phase (&-Fe, ;N), gamma phase (y'—FeqN) or a
mixed phase (e+ y') developed at the surface [1], and diffusion zone which beneath the

compound layer consists mainly of interstitial N atoms in the solid solution [18] which is reached



as the nitride precipitates. However, the resulting structure of these domains depends on the
time, substrate temperature, and gaseous mixture [19]. Normally, the substrate temperature to
achieve the nitride layer is in a wide range from 673 K- 873 K [6]. However, working at lower
treatment temperatures in plasma nitriding is the most important because of the obvious

benefits of lower casts, low distortion of “Jzces [20], and maintenance of the nano and

microstructure on the surface [21]

The main objective of thi-##¢: L W\ ", layer on extrusion (Al2011)
aluminium alloy, casting aldinir, 3.8 \\11 ~. samples using the rf plasma
nitriding process. In particufy, 3 _ecipitation on the surface layer
for varied treatment times in# ; N emperatures (below 400°C) are

anoy is aluminium oxide (Al,O,) which

prevents nitrogen atoms from diffass=

source at low pressure, it :F. ' E“ num surface is decreased.
. ]

screfore, plasma nitriding using the

To avoid low corrosion reg ;! ance [Z2Z] ana uie cracking te ! lency problem of the treated

sample, temperatures _below £enc are require@Hence, theﬁssibility of employing lower
!

mmmmw@uaam&mawa&
s SATRIBINNMINYNAY

In this work, AI2011 alumininium (aluminium-copper alloy), aluminium copper 6%, and
AISI H13 are chosen as substrate of nitride layer. The scope of study is forming of AIN layer on
the aluminium alloy (Al2011, and Al-6wt %), and iron nitride on H13 by using rf-ICP nitriding.

The analysis of this nitriding is evaluated by using Electron probe microscopy (EPMA), optical



microscopy, and x-ray diffraction. The scope of the dissertation also covers the testing of
mechanical properties such as hardness. However, the type of testing focuses on EFMA which

can confirm the diffusion nitrogen on sample.

This dissertation is divided into six rs. The first chapter explains about the thesis

éred for the work in this thesis. This

& ding (including phase diagram,

motivation and objective of the work
Chapter 2 provides the
chapter presents a brief intro e

crystal structure, and etc), % for surface hardening, plasma

nitriding mechanism, and pr.

Chapter 3 details th- Wsaroughout this study, including

the investigated material, suk itriding procedure. In addition,

reviews of the techniques used “Nole are included.

Chapter 4 examines the i ! P ts" W the nitride layer on aluminum 2011
o ﬁ
extrusion sample and the casting Al- 6 i
f}l!‘ A '
Chapter 5 reportshe i egmitride layer of AISI H13. In

addition, the effect of trea ’y: ."-"i ar treatment temperature. At

the end of chapter, the hard fifss of s , isCUsSs, ”

v

Finally, chapter 6 is thegtiggussion and coggjusion of the work. The suggestion for future

ﬂ‘lJEJ’J‘VIEWI'iWEJ"Iﬂ‘E
ammnimummmaﬂ



CHAPTER I

REVIEW OF LITERATURE AND THEORETICAL
BACKGROUND

2.1 Chapter review

This chapter review, necessary for understanding

and discussing of the resu!. minium alloy and H13 which
used in experiment were be Wihe plasma nitriding knowledge
including process, stages, i " g lon, plasma source are briefly

discussed.

2.2  Aluminium and.4

Pure aluminium is a |very white metal which is a ligf®metal (2698 kg.m’S) with a low
melting point (660, i % rial application because
mechanical proper’ﬂyjﬁl Yl Hile m %J’]f]jﬁmability Moreover, they
exhibit goo Si oxygen to form
aluminium oaeﬁyl ﬁaﬁjmmﬂtﬁﬂﬁﬁi aagjmium oxide layer
is 2.50 to 3.00 nm (25 to 30 A”) at room temperature [23]. However, they still have mechanical
strength problem. To solve the problem, adding alloying element such as manganese, silicon
and copper can be used. Aluminium alloy contains different elements can be created a

different mechanical properties for applications i.e. work hardening and annealing. They can be

divided into two groups:  wrought alloys {worked to shape) and cast alloys (poured in a



molten). For wrought alloys, the aluminium association’s designation system used a four-digit
number to represent for each element in alloy. The first number of alloy is shown the primary
alloying element [24]. For some example in application, the 2x00¢ and 70 are suited for aircraft
parts [25-26]. The aluminium and aluminium alloys are often call in term light metals because

they are frequency used to decreased the component. Nevertheless, the limitations of

aluminium alloys are clearly present: automotive application [27] because of

their low surface hardness, lack

.-dﬂ)re, surface hardening processes

by aluminium nitrides coating™ assoroperties.

2.3 Hot Work Tool &t

Hot work steels are ! . ature. The name of hot work is

determined to include all app.

above 200° C [28]. Normally, ho W

pressing and hot-forging [28]. Begs --,—'".’-.‘ ties including hot vield strength, high

oM; that operating temperature rise

nly®used for diecasting, extruding, hot

temperature resistance, e = for severe thermal and

Y
/ T oeadding alloying elements such
as tungsten, molybdenum, o rom|um cobalt, vanad|um etc L¢8] H13 is also hot work steel

which mainly contmﬂhﬂﬂ ‘q am ﬁﬂﬂ ?nts a relatively low wear
ed through s

resistance, but it can qla Improv urface hardenmg treatment [3]

Qﬁﬂﬁﬁﬂimﬂﬁﬂﬂmaﬂ

mechanical stresses. The aim




2.4  The nitride of metals

Nitrides of various elements play an important role in industry [30]. The addition of

nitride in metals including boron, titanium, iron , molybdenum and aluminium (most metal in

groups I, IV, V and VI) has aroused cg,

the good corrosion resistance ar \ éhigh hardness, and wear resistance

[13,31]. The comparison of ph ot 311 M [ o — LM and aluminium nitride were

AIN
Melting point [K] 3273
Density, plg/em”] 3.24
Young ‘s modulus, E[GPal 320
Hardness HY at load [N] ‘: 1530/1
Thermal expansion coefficie o 4.7
Thermal conductivity, 'n(max)\/xp‘l'1 K'w] _ 320

o L

3 19
Electrical resistivity, &1 s ~10
earea ooy @Y I N ENIWEANT]

o ATRIDINNIININALL ...

binary system Al-N. The formation of aluminium nitride, nitrogen ion inserted into the aluminium
matrix created widening of the Al Face-Centered Cubic (FCC) lattice, and then the hexagonal is
gained [34]. The lattice constant of @ and ¢ are in the range from 3.11-3.11 AO, and 4.98 - 4,98
AO, respectively. Normally, colorless and transparent was found in pure AIN. On the other hand,

AlIN is easily colored by dopants and impurities, for example, light gray AIN was shown with



carbon participate [35]. Although, the hexagonal AIN phase is generally found but Moradshahi
reported that Meletis and Yan have presented an fcc AIN structure [6].

The polycrystalline of metals and ceramic consist of many randomly oriented crystalline regions
or grains [36]. An ultrafine grain size in the range of 3 to 100nm refers the nanostructure

material, nanocrytals, or nanophase mate g | The nanocrystal gain interestin researchers

&physical properties, e.g. increased

mechanical strength, enhancer — e—dﬁistivity [38] in compare with the

because they present an improved

same polycrystals with cony=— : - e et al. [39] used the gaseous
nitriding to perform the r@Noc % J8 G o, wwn matrix. The grain size of
\ \ ' size of 8§ nm. The experiment
it M. In addition, Quast et al. [11]
1 le AIN by using plasma nitriding
535 °C.

In plasma nitriding of steel, iron ci 1t thiree form including BCC (d-Fe), FCC

(y-Fe), and BCC (5-Fe) and relafagireci o

1

iron structure (a-Fe), the P
:y:-

-N). Moreover, when the nitrn 3N

e After introducing nitrogen (N) into
.';d e (Fe,N), and &-nitride (Fe,

e qnitride was formed.
¥

25 Techn.quﬂwanmmaamm
QRPN TR TNYGR B e

such as plasm% nitriding, plasma immersion ion implantation (Plll or PI ), PVD, CVD, and etc, as
shown in Fig.2.1. For improve the mechanical properties for automotive parts, the substrate
treatment techniques are suitable more than layer additions techniques because of no cracking
between modified layer and matrix of specimen. For substrate treatment techniques, the most

of researcher not only interested to increase the hardness and thick layer of nitrided but also



investigated the improving wear resistance of nitrided steel. However, some literature review not
directly measured the wear resistance because increasing hardness and nitrded layer

thickness are implied to reduce of wear loss [40].

\ /

Layer additions

|
v

L 4

Coatings: Selective hardening:

- Chemical Vapor Depos, - lon implantation,

(CVD) immersion ion implantation
- Thin films (Physical Vapor - Flame hardening

Deposition, sputtering, lor -Ec.

plating)
- Etc.

Figure 2.1: Dilad il L J r'hardening of steels [41]
\ X )

oy i¥

251 Physical vaﬁr depo!"ﬁ (P

TETNgNINYINg

This method ﬂvolves the sputteg aluminium t get in a reac ive gas atmosphere,
Nitrogen anQ ﬁng aeﬂaﬂhlidﬂdaw %'afq WH f]aﬁs&lere kick out from
the metal (Al) qtarget, and then combine to form a compound aluminium nitride (AIN) which
deposit on the substrate including Si wafer, glass, and aluminium. The formation of AIN by PVD
is also reported the hexagonal crystalline as same as a plasma nitriding technigque. Additionally,
the advantage of this technique is not required high temperature and heating substrate.

Figueroa et al. [42] compared the AIN formation between plasma nitrding and PVD technique.
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They found that the morphology of the treated sample PVYD shows a smooth surface than
plasma nitriding process, and the thick of nitride layer can produce in shorter processing time.
However, the disadvantage of PVD, it was found that it cracks between modified surface and

matrix as working on high load.

thermal CVD, high temperat 'L"-.""""“ ate the reaction [43]. A typical

thermal CVD system consists ; ; I\ Wdeposition chamber. For plasma
o, M

CVD, the working temperatéfe AL 7 R4 ¥ uiarmal CVD [43]. However, the

disadvantage of this techniqu®is B N due to thermal expansion at high

temperature.

2.53 Plasma immersis=
v

-|! ri
i ¥

Surface modification by ion implantation process uses very high energy ions in the

=9 w
range between 10 ﬂ ﬂmmwwmtﬁ ?ace. In Pll technique is
|

required high speci

T AN
formation Alaie aus § h ehergelic Tons can break'th e fil en penetrate into

the Al substrate. For example of this technique, Sonnleitner et al.[45] reported that AIN layer

tion equipments i.e. high voltage generateor, and high vacuum to avoid

was performed using PI’ treatment at accelerate voltage up to 20 kV at pressure 1.2 x 10" torr
for 2 h. They reported that the layer thickness of AIN is approximately 30-60 nm at rf power in
the range 300 to 1000 W, for treatment time 4 h, and the thick of nitride layer between 50 and

60 nm. Blawert et al. [46] investigated that Pll technique cannot form nitrides on Al 99.5 at
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temperature below 500°C. However, they found that nitrogen was found but layer cannot be

formed. Therefore, the hardness and wear resistance cannot improve under their condition.

2.5.4 Traditional nitriding methods

Nitriding is a heat treatmgs " e éﬁ' red diffusion of nitrogen to perform

7 =0y s carried out at a temperature
is required because nitrogen
ng is well known. The specific
reaction depended on severs, q] \ \""-‘..{ s and the nitriding media. The
precipitation of nitrogen is refe 48 >, . , > "a\ face layers which is also related
the case depth of nitride laycr

For nitriding of steel, the typical r deﬁ

e i
L =
i :
layer or white layer; and diffusion Iaye. "growth areas will eventually become the
LB

: tfuund in hardening of aluminium.
Jdivided into two parts: compound
on|

“compound layer” or co & white color after polished etched

1

surface) which can from ;f 7 .‘:‘# e,N (y‘—phase) or the single-

e [240 The white layer has a good

i¥

phased Fe,, (€-phase), i MIXIGE
hardness but it has a brittle. anvever it's not gooUr long lifetime. To eliminate the white layer,

v s s PSPV BTG o o

Moreover, Rolinski re;"rted that the compc&und zone th|ckness can be decreased by increasing
nitriding hrnﬂlﬁﬁ})ﬂtﬁrﬂvﬁr‘m ﬁ%ﬂ@aﬁﬂq ﬂ“ﬂ to the specimen
surface by refcting with nitrogen and iron atoms, and helping the formation of E-phase.
Increasing nitriding time, the surface was decarburized while carbon was sputtered away and
replaced by nitrogen [49]. Then, the nitride phases were shifted to gamma prime cause by a

small of carbon atoms in specimen. In the diffusion zone, this layer is beneath the compound
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zone containing precipitated alloy nitrides [50].The depth of diffusion zone depends on the ion

nitriding temperature [28] and also the chemical position of the steel.

The three main media of nitriding are based on gas, salt bath, and plasma. Gas and salt bath

nitriding, are still used in commercial, by inhly toxic and unfriendly environment. Gas

nitriding is a process that used a ga' S\ 7 /_- es NH,, NH,-H, mixtures, NH, mixed
with an endothermic gas, anCi s = : <tun‘$forming AIN precipitates. In this

process, the forming nitride 1GyCr 5 \:».R oo two sections: diffusion of nitrogen

.

carrier {(ammonia) towards e rpt|on and dissociation on the

surface, and; nitrogen absc™Jlc \- rTa ¢ [52] The temperature above

500 ° C plays an important r#® i Blersr a "--.“.~ l"n Q ' ide [28]. However, the type of

composition is also affectec @ \ se depth. In this method, the
disadvantage of gas nitriding ¢ Dy R 20 to 80 hours), fatigue strength,
etc. Moreover, gas nitriding of ali, |r‘ iorM AIN because nitrogen doesn’t have

enough energy to break the aIuminiLl" e giffuse into aluminium matrix.

Vi )
Salt bath nitriding is nitridirices: " lle—s Lemperature in the range 960-

typically of the order of 0.05 mnor less [53]. In this process, the
reaction relate with fﬂ n dissociate to release
nitrogen for diffusmﬁ gﬂ?ﬁaﬂa salt aﬂTﬂEm composed of sodium
cyanide, so 3 | rﬁnﬁﬂ are very toxic
material [53%%713 gmmﬂ me ’?] Ej tion because no

toxicity.

580 °C. And, the case depth™
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2.5.5 Plasma nitriding process

Plasma is a fourth state of the matter which is a collection of neutral gas atoms and

molecules, charge particles in the form of positive ions, negative ions and electron, and photon

[55]. The most common known to peopla » of plasma are interstellar gas, star, stellar

atmospheres and lighting which Moreover, plasma can generate in

laboratory by electrical discChimmms —al ;Ie“d al discharge is occurred in the
: o ——

vacuum tube with consist of Zavar a1« nount of gas. Voltage is applied
by driving an electric current ir  Msation gas, and emit light in the red
and blue color range which®ler 7
of plasma are distinguishe = f‘ ’ ' \\ , density with several types of

plasma in nature and labor: i § 4 @‘ e "ed to as ionized gases which

\ \ rgc However, the classifications

have a many different methods vy, and plasma may have high or

low density depending on plasmz

An ionization process is u' Bt g/ erethe atom or molecule into a
e

positive ion and also elerr

)nization process, electrons
and positive ions, are the '[ st Impss Bl |r ulasma Electrons are the first
particles in receiving energy frmlectrlc field anijhen transmit the energy to all other plasma

B YU TITE TR Spp——

positive ions, they argloccurred after the‘atoms or molecules lose the| lectron in ionization
processes. Q ﬁﬂf} aq ﬂ ﬁm N %’}% v}eﬂ/q ﬁ Ej&rgy from electric
field because %f collisional energy exchange with other plasma components. However, in low
pressure discharge, the ion energy can be quite high cause by electron impact the heavy
particle with inelastic collisions. The result after collision is that the energy was transfer from
kinetic energy of collision partner into internal energy. Moreover, the important parameters

using to characterize plasma are plasma density (n) and the temperature T of each species
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i.e. ions, electrons and neutrals have a different temperature: T, T_, T . Moreover, a host of
subsidiary parameter (e.g., Debye length, plasma frequency) can be derived from n and T
parameters [54]. Normally, Langmuir probe was used for the characterization of basic plasma

parameters such as plasma density and electron temperature.

&'W discharge PN [57] is a thermo-

chemical technique that can = - = np; fing-a.hardening, corrosion, and wear

Plasma nitriding (PN) also known s

omem, etc.) and ferrous material

(including hot working tool #2 ; i 1 T w<heral enhance the fatigue life

q \"‘ Ise in plasma nitriding can be
1 s reguires the vacuum system
sc; on, to ignite the plasma. The
pressures that use in DC and rf fage= ' e range 1- 8 torr and lower 1 torr.
Fundamentally, ion nitriding is don r* hamber in which mixtures of hydrogen
and nitrogen gases dischd L Wby m system for removing the
contaminating gases. F "rd pressure and high voltage
because affect the ioniza :i efficiency ana Tiux energie‘ which is much higher than
conventional plasm pl sﬁ ource_includi C and rf are_usyally used to nitrogen and
hydrogen glow dlscﬂ Mﬁm ﬁ% :Li]/ ound the samples being
treated. The charged posmve (nitrogen) |o‘s are accelesed and im ﬁ:ﬂgﬂd the workpiece. The

bombanﬂeﬁﬂ'l L FEU L)L AR BVR- ccive nivagen

[48].

Normally, nitriding process of aluminium alloy consists of 2 step; pre-sputtering, nitriding. The
pre-sputtering process is used for cleaning and eliminating the contaminated substrates before

nitriding which sometime call pre-treatment process. This process is very important for



15

aluminium alloy which has a thin oxide layer cover on matrix. Because of aluminiium oxide layer
is prevented to form the nitride layer, therefore sputter before nitriding is necessary. The factor
including ion energy, ion mass, substrate temperature, incidence angle, alloying elements are
the effective parameter for sputtering vield or sputtering process [59]. Normally, the argon gas

was used to sputter the oxide film. Becaysy alloy consist of various elements such as

was always observed. Moreg=® j omlsily participated on the surface

because high sputter yield T - ir W Y o, Cu can reproduce for helping

Cu—ALCu [27].

However, plasma nitriding of s/ 1t because sputtering process by

ions sputter is enough to eliminay n®hecimen. Most of studied in plasma

nitriding have reported the large of: _;;' .{_ treatment temperature over 450°C, but

7=/ s due to the reason that the

)

Kim et at.[20] found that (=
different alloys show the tra. . wlichel et al. [61] also studied

in plasma nitriding of alumi™im alloy. They found that hydrov-n admixture during sputtering
process can reduce u ‘j e i Vel essfhe oxygen content of the
surface. It can be @Mﬂh miﬂﬁh Hﬂjﬂiering process not only
decreased thg e ic lons b cﬂt f I mﬁ(t hing is helped to
eliminate th%zm aiﬁi ﬂ:ﬁc’i}jﬁﬁhﬂﬁ ' }-Ejre normally used
for pre-sputtering process. At the end of pre-sputtering process, the specimen was heated by
heater; typically temperature is 520°C. Nitrogen or nitrogen-hydrogen mixers were used in this

process. Then, the interaction between the plasma and substrate result in the formation of

nitride layer on the substrate.
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The principle mechanisms include sputtering and re-depaosition for plasma nitriding of steel is
showed in Figure 2.2. The N ions sputter the specimen surface, and then the atoms of elements
within specimen ({including Fe, Cr, Mo, and other non-metallic elements such as O and C) are

removed from the surface. Thereafter, the removed atoms (mostly Fe atom) are combined with

)] then recondensed onto the surface (FeN,).

éwitrogen into the surface at nitriding

the reactive N in the plasma to form iron_r'
The iron nitride was dissociate anc

temperature [62].

N 7777777,

>
-

o

AueanunangIna.,
RAINTUNAINY A Y
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2.6 Emission spectroscopy of gas discharge in plasma nitriding process

Novi Granito [40] concluded that the nitride layer using plasma nitriding can form on

sample by two reactions, including the absorption of reactive species, and the diffusion of

nitrogen. Therefore, plasma diagnostic | btained. The optical spectroscopy is best

equipment to obtain the reactive nitriding.  In N,-H, plasma, it was

N, O, Namm—icl NH, (i=1,=1~5;i=2=2) [40] in

1sssion was detected to be the most

found that many excited speci

the mixed H, and N, plasma. |

intense in the negative glow of 4 . 2 at 1.5-2.2 torr using emission

produce nitrogen and iron nce of those sputter ion can

s + & .
increase a surface roughnes , N and N species can react

W el

with the specimen surface to p #C g 1;; sac J]. In addition, NH and H radicals

that produce in N,H, plasma nii#i @

may convert the NH radical to an actzib@/i 2 4

roi® in nitiding. Because of H radicals

and diffuse into the specimen.

V;
1 i 1ty

¥ Diffusion Solid

Figure 2.3: Phenomena influencing the atomic nitrogen concentration at the surface of an iron

or steel sample during plasma nitriding [52].
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2.7 Power source to plasma nitriding techniques

The power source DC and rf are normally used to generate plasma. At the beginning in

plasma nitriding, DC source is mostly used for plasma glow discharge because of simple and

inexpensive [63]. However, this sourcas¥ blem about contamination from electrode

inside the chamber. For avoid thasg e éhers are changed the power source
to radio frequency (RF) plasmoms - Woh =smmmonment friendly and high plasma
densities with relatively leading 2 / X ide applications of rf-ICP are due to

following: contamination free, i [64], and less gas consumption

2.7.1 DC plasma nitridin

i

For many years, plasma nitridi 'ﬁ nied out by DC power supply to generate
EL N

a plasma glow discharge 2Us . Te=is method mainly consists of

two electrodes inside the -F’.'- iy | Figure 2.5. Heater is used a
resistive heater place unde\ Je sants B suk “ate temperature ranging from
350- 580°C [4, 65] is commonlp DC plasma mtr&lipg The usually working pressure is carried

out at between 0. 7ﬁ5u Hltﬁ}sw E}%ﬁtw E}}ﬂ1§The sufficiently high DC

voltage is applied beﬂveen the two elec:teodes then the current is flow between them. The
charge partQ wqa%ﬂ@mou%qq %rﬂ%ﬁﬁward to positive
electrode (ancﬂ:le) and negative electrode (cathode), respectively. Then, the nitrogen ions react
with the specimen present forming nitride layer on matrix. As it is well known, the thickness of
nitride layer depended on various variables such as type of material, heat treatment
temperature, and treatment time. Table 2.2 shows some examples of the processing

parameters in difference materials include aluminium and AISI H13. From this Table, it can be
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seen that the thickness of aluminium nitrides are much less than those of iron nitride. To explain
this, because of the incompletely removing aluminium oxide (Al,O,) on aluminium alloy after
pre-sputtering process and residual chamber oxygen in chamber cause to reform oxide on

surface with inhibit to perform a nitride layer.

Material Voltage(V) Worki—= Substrate Thickness  Ref.

Table 2.2; Summary of experimentalsg , ﬂa nitriding from published literature
i i = Tige (— |

Bias(V) {(pm)
NN

Pure NR 2O 0o 2.3 [12]
aluminium - \ \

Al1100, Al 700 2.2 [66]
2025

H13 NR 65 167]
H13 380 66.8 [68]
H13 NR 113.6 [69]

*NR=Nct Reported

272 rf plasma nitriding ¢ o

AUIINYNITNYING

The rf-ICP dlggharge is more effieient over D discharge WU is represented in
parameters q W’]ﬁ@ﬁiwlﬁ ﬁ:q @%hﬂ’] av\&lmmzanon than rf
discharge, begause of the mechanism about electrical break down in DC. Initiating electron
cause to either electrons by collisional icnization or secondary process, or the second electron
was produced from electrode which is different in rf discharge. From rf discharge, electrons will
not losses for drifting to electrode, and not require the secondary emission process at the

electrode for maintain of the discharge. Basically of rf-ICP discharge, high frequency electric
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current passed though a solenoid coil providing an axial magnetic field, which is induces the
vertex electric field sustaining the rf-ICP discharge [56]. Then, the field will couple to electrons;
produce ionization by electron collision, and keep to sustain the discharge. Moreover, the
common accessory in rf-ICP is a matching network that use to increase the power dissipation in

Jire 2.6b is shown the schematic circuit of rf-

the discharge, and to protect the generaty

ICP discharge. A long solenoid cOsess , ass tube of radius R. The oscillating

¥ Maxwell equation requires the
.us are operated at 13.56 MHz

- system, which is international

The pressure of chamber affi @ oy oTE “£5 L "B charge with relatively in plasma

-

nitriding process. Fig.2.4 show tr e is® e and ion energy. It can be seen in

figure that, the decreasing pressure.*’ 4 ing of ion energy. Because of the mean

free part are inversely proaAs #-=ressure can rise the higher

Y

energy ion flux to substrat = (MFP) is calculated from:

»
..i
W ¥

/’t—— (2.1)

e e UANENTHINNT e o

this equation, the effect of pressure is follofing:

amaﬁnimum'mmaa

ﬁ,a— (2.2)

Therefore, high pressure (shot MFP), ions have more collision which decrease energy of ions to

diffuse on specimen,
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PHYSICAL
(SPUTTER ETCHING)

ION-ASSISTED ETCHING
(DAMAGE MECHANISM)

lon Energy

CHEMICAL PLASMA
ETCHING

Fig.2.4: Graph of ion striking decre 1 Q aicals increase with pressure

[70]

The radiofrequency [ micro-electric device, and in

modification of surface mater W\ plasma with produce with high

frequency is divided into two pz Y rede 1\ Wsma source (CCP) and inductively

couple plasma source (ICP). I AAA L iste F two metal electrodes separated by
Yoadadonid 2

a small distance, the discharge Is :ﬁ ectrodes by radio frequency (rf) power

supply, which the uppersgle aowes supply and another one is

(i —— el

grounded, represented inl * ' | to ignite the plasma using
v AY

electromagnetic induction, g b how
|

Figure 2.5: (a) Typically CCP discharge, (b) ICP discharge with helix, and (c) ICP discharge

with planar antenna [71].
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Basically, rf- ICP exists two mode transitions: E-mode (electrostatic mode) and H-mode
(electromagnetic mode). In the E-mode or bright mode is referred to low electron number
density. By increasing the RF power (increasing the induction coil's current), the mode can
change from E-mode to H-mode with relatively increased electron number density. The rf-|CP

discharge is mostly depended on rf powE) “Jxture, and gas pressure. Therefore, H-mode

is benefit for plasma nitriding. Beca! , /Jpctron density is related to the higher
ionization efficiencies with signif==% - ﬁ However, nitrogen discharge in

% dissociation in a low pressure
cylindrical ICP discharge th®¥ar ¢ - —scharge is stable but does not
Whe brighter mode (H-mode) is
can be observed at relatively

M resented in table 2.3. Form this
\
table, it can be seen that rf ¢ 1 Wcteristics about electron energy,

electron temperature, and higHel 2r, the high electron temperature in

rf source is related to kinetic energy cé=mis

=Ty is significant to rise the ionization and

excitation of neutral N, m{L<3 aluminium substrate.

7

.!i
»

ﬂ‘LJEJ’JVIEWI'iWEJ’]ﬂ'E
ﬂﬁﬁﬁﬁﬂimﬂﬁﬂﬂmaﬂ
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Table 2.3: Comparison of plasma parameters in different power source using Langmuir probe

[73]

Parameter rf dc

Electron density(cm's) 2x10"° to 18x 10"

Average electron energy(eV) 0.7t01.0

Electron temperature(eV) 0.2t0 0.6

lon number density(cm'g) P -“\\ 4x10"° to 20 x 10"°

Plasma potential (eV)

In order to obtain the rf-ICP s #F nitr 4 ss, . W="Wocedure is similar to dc plasma

nitriding. But the experiment con tio

Table 2.4 shows the example of pla= =

na'on the characterization of rf source.

2 in published literature. By doing this

';J low working gas pressure.

However, it has been clearly 2 =i i -d to perform aluminium nitride

process, the nitride layer -

¥

layer, even though the plasm source is different.

‘a Y
Table 2.4; Summary%éurale:almﬂmgﬂpaﬂa’]tﬂnjwom published literature

Material jﬂ ﬁvﬁr éﬁrﬁ (ﬁr ﬂjrij(% '(Tiﬁ ﬁﬂﬁe éﬂglkness Ref,

AlI2011 100 0.05 400 - 15 nm 9]
Al2011 100 0.0025 3 575 -400 2-3 ym [74]
AlSI304 300 0.037 5 470 -300 10-11 pm  [75]
stainless

steel
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2.8 Influence of processing parameters on plasma nitriding

2.8.1 Addition hydrogen in plasma nitriding

A major problem in plasma nitriding of a uminium alloy is the oxide layer of AlLO, which

prevents the nitrogen atom from diff minium substrate. In order to eliminate

sotential of 15.43 eV which can
wiure [76].

improve the formation of nitrider #F . el ) 2 %en trom the surface [77]. However,

the role of adding nitrogen in ni; C £l erent opinion. Renevier et al. [78]

reported that addition of hydrogen gds—— : > no effect in dec plasma nitriding at gas
, 3 g """’ .

pressure in range 3x 10 Wi gle, Megm concluded [79] that the

addition of hydrogen up tr— V. I_i,'"d ciency and properties of the

treated sample; in the other '[ ind, G R—C . '-"' o of total gas, it can retard the

nitriding process. The other WRR! rt is explamedﬁy Marchand et al. [80]. They found that

addition 5-10% of Hﬂ uE}r% %%ﬁj W@W %”]jﬂlﬁha hitriding which is due

to the increasing of th%lsecondary electrorkemmsmn coeff|0|ent I\/Ioreove he addition of small
quantities OQ w’] ﬂrﬁtﬂvﬁfu “% qtﬂpﬂtﬁ (\7‘ aeaeict to form nitride
layer with disclssion in 2.6.2. The surface temperature can calculate by using the Boltzman law
(eq.2.5) with the OES results. The surface temperature with corresponded to discharge current
for several N,-H, mixtures at 2.6 torr in DC plasma is shown in table 2.5 [81]. From this table,
addition hydrogen between 10 and 20 % in the total gas is clearly seen the increasing the

current discharge which is correlated with the surface temperature.
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Table 2.5: Surface temperature (T,) for different quantitative of H,

H, T(K) I (mA)

0 720 62

2.8.2 Effect of plasma treat

After plasma nitriding of Slur phases can be occurred including AIN

and Al,Cu. The interfacial boundz be part of nitrogen to diffuse into the
matrix. At short treatment¥e: ,‘:‘ ied the diffusion of nitrogen.
Therefore, in order to increa E cnTlme are require because it can

W dF

increase the small grain size L‘J and the |nterfac:|al boundaries which is increased the area for

mwmmnﬂuaqwﬂﬂﬁwswnﬁ
EﬁeﬁWﬁ&ﬁimummmaa

As it WeII known, the case dept of nitride layer is mainly depended on the treatment
temperature and treatment time. The heat system for substrate temperature is mostly used in
electric heater which located under the specimen. By doing this heater in rf plasma nitriding, it
is not suited because can cause significant perturbation as ion bombardment. Moreover, the

electric or resistive heater is the short lifetime of the heating element and unsuitability for high



26

pressure sputtering and necessity of high pressure [82]. Ceyan et al. designed the radiative
substrate heater using a 250 W halogen bulb which was installed into paraboloid-shaped cavity
inside a brass block. This heater can reach to 800°C substrate temperature. For avoid the
perturbation on rf discharge, we also used radiative substrate heater in this work. In relation

between nitride thickness and nitriding fel) J>,Czerwiec et al. [83] obtained the diffusion

(2.3)

(2.4)

Where <x> is the diffusion e at temperature T, D is the

b1

diffusion coefficient for N at the activation energy for the

diffusion process. In the above jon layer is directly depended on

increasing the treatment time al t

process, the diffusion coefficient of _N :

n, at high temperature of nitriding

d which made the nitrogen diffusion rate
into the matrix [12]. In a 0 7 -' 24 _4nd CrN are usually found in

the diffusion zone. As d¢ ? £ ation is must larger than N

concentration because of hi. ;i diffusion coeimcient, as comparddin Table 2.6.

Table 2.6: Diffusion @fuﬂﬁllﬂnim ﬂ:lmtjperatures [84]

QRN I AN 8

Coefficient 773 K 823 K 873 K

2 7 7 7
D, em’/s 0.33% 10 0.687 x 10 1.305 % 10
D.. cm7/s 0.136 x 107" 1.323 % 10-13 9.92x 10"

Cr!




CHAPTER Il

EXPERIMENTAL TECHNIQUES

3.1  The materials investioz

In this work Pure Al, 2011 alGiii i o "'i ol H13 were used the substrate
material for plasma nitriding. A w i\ : ‘a\; which is available in Thailand.
The Al-6wtlcu is a die®™la g 7 TEE | -- wngineering department from
Chulalongkorn University. SO Vi rorking tool steel H13 and the

commercial grade of 2011 al:

Table 3.1; The chemical composi#®

Al2011

Al Cu s

Balance  5.70 O.o

AISI H13

o AUHEINEDINEDS . L

ARIANTAUNNINGIAE

3.2 Substrate Preparation

The 12 mm diameter cylindrical rod of AlS| H13 was heat treated at 1000 °C and quench
in air. After that, it was cutinto a disk shape of 2 mm thick. Pure Al, 2011 aluminum alloy and Al-

cu 6% plates with the size of 2 mm thick and 12 mm in diameter were also used as a sample.
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All samples were ground using the silicon carbide grit number 400, 600,800, 1200, and 2000
respectively then polished using 1um diamond pastes. Finally, the samples were cleaned in

acetone and then dried with hot air.

3.3 Nitriding Equipment

arrsd oé. The photograph and schematic
diagram of the plasma nitriding !z \\ :&-\k__,\k 25Ma nitriding apparatus consist of
(1) vacuum system, (2) gas s' 4y rf source, (5) gauges pressure,
(6) temperature controller, (/) - \ . PRy, (9) electrically connecting,
of inductively coupled plasma
N iar 1310), impedance matching
network and planar coil anteni § : ) "8 na to plasma gases through the
quartz plate. Ar, N,, and H, of hrF ' DY) were used as plasma gases. The

amounts of gases fed into nitriding. ﬁ,?‘ A 4 plled by mass flow controllers. Part of

heater, this work used a ry S ——— _‘_‘ lo which is placed directly
| L)

undermneath the substrate . e —ccts with micro temperature

used to control the substrate terperature from 200 - 500°C. This
controller measure ﬁ ple.  To maintain the
substrate temperatmﬂﬂsw uﬂi’ﬂﬁoﬂﬂjﬂﬁed into the cooling line
circulated ar tr ﬁ» g R-30H10D (GPR-
H Series) anﬁfﬁjaﬁﬁ ﬁﬁlﬁﬁﬁo ﬂeﬂ\sijn g'l/olts respectively

was used to bias the substrate to attract the ions.

controller unit (JCS-33A) whith
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3.4 Nitriding procedure

Plasma nitriding experiment was mainly carried out in the 3 step; preparation (polishing

and cleaning), plasma ntriding (pre-sputtering, and nitriding), and cooling. For plasma nitrding

. at 5.5 x 10" torr using rotary and turbo

molecular pump, respectively. Thy : é‘;ated by radiative heating source to

tar®¥d o ==——ing argon and hydrogen in to the

step, the chamber was evacuated to_t

chamber and ignition plasma. | / \ =1 pre-sputtering process was used
Rishing pre-sputter process, the
chamber was evacuated to a5 ; A '\"-1,x\..;_‘_ nitrogen and hydrogen
was introduced in the ch#or 7 o \‘x{‘. e to the desire temperature,

asma nitrding steps. For each

samples, the detailed of the pl: itri ! 7 ) =% ovided within the chapter 4, 5.

3.5 Nitriding condig=
7

-li it
¥ i¥

For rf plasma nitriding of Al 20‘11 the process c:an be performed in two sub processes which

o waars EUHIPNHPGTHBR G sre v oo o

evacuated the systerflfo the pressure of 2 x 10" torr, and then further by d|ffu5|on pump to 5.5 x
10" torr. Thﬁpﬁﬂ?{;ﬁﬁﬂﬁwu ﬁﬂ‘gkﬂmﬁﬁntroduced to the
chamber whil§ the pressure was maintained at 1 torr. During the sputtering process, the rf
power was fixed at 100 W while the substrate negative bias could be varied from -100 to -400 V.
After sputtering process, the plasma nitriding took place by evacuating the chamber again until
pressure in chamber reach base pressure at 5.5 x 10° torr. The aluminium substrate was
heated by halogen bulb until its temperature reached the set values. Then N, and H, gases

were introduced into the chamber at controlled partial pressure ratio of desired value. The total
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pressure of the system is maintained at 1 torr. The rf power was set between 100 - 300 W while
the different substrate bias voltage from -100 to -400 V were applied. The nitriding process
would continue to the desired duration during which time the temperature was controlled to
within 10 “C of set value. After nitriding process, samples were let to cool down in N,

atmosphere for 1 hour. However, the | and experiment details will be explain in

chapter 4, and 5, respectively.

analytical techniques. The surf g% o ST Wd substrates were imaged using
scanning electron microscopy (S, ,,_’ : NV An atomic force microscopy (AFM)

[Veeco NanoScope V] was used to ‘r:- o7 astrom-scale surface roughness of the

samples. Nitrogen distrizdi erved by electron probe

.5'4

microanalysis (EPMA) with F =, DX) method. In addition, the

crystal structure of the AIN * vas investigated by grazing in%flence x-ray diffraction (GIXD)

e BRI
. Mormm\ammummwé’ ¢)

3.7.1 X-Ray Diffraction analysis (XRD)

X-ray diffraction is a powerful, non-destructive technique that exposes the quantitative
and gualitative analysis of the material including composition, lattice constant, crystal structure,

crystallite size, and so on. Bragg's law in equation 3.1 can be used to explain the interference
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pattern of x-ray scattered by crystal. Fig. 3.2 shows the incident angle and reflected {or

diffracted) ray during the incident X-rays impinging the sample.

(3.1)

Where A is x-ray wave length, 0 is x-ra ind d is lattice spacing of atomic planes.

In this study, XRD was carried g g Ricaku TTRAX Il diffractometer,
using Ko radiation (h = 1 ;, 5" d to identify the x-ray peak.

The XRD equipment Consist' I f e o X- ik tube, a sample holder, and x-

i

ray detector. The electron from.beatmg f|Iamentwas accelerated to collide the copper anode by

applies a voltage, aﬂtﬂﬂ H@%Wﬁvw ﬁlé} ﬂ‘Eimmated and directed on

to the sample. Durm@lthls process the se‘lmple was colllded with a two different geometries:
Bragg- BrentﬂoWﬂ" ﬂﬁﬂwﬁrmrﬁ Wfrﬂgawaa ilshown in Fig.3.3,
and Fig.3.4, @spectively. Bragg-Brentano geometry is shown the diffraction pattern for a
movable sample holder and detector. In the contrary, GIXRD geometry is shown a bit moving of
detector as x-ray incident (a few degrees) into the sample. For the report part, the diffractogram

is in the form of the scattered of x-ray intensity (counts/s and log) versus 26 (degree).
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Scattered beam Detector

Incident beam

Figure 3.4 no method.

Moreover, XRD result can be ufgghto estimate theggpystallites size of nanophase material by the

st ine roofh ) B P IRRILS WIS oy o sorarr ramey

Scherrer's formula. Tﬂle broadening peakgis descnbe y D, which |s.y19 full width at half

reimom QPRI lIWl’J nenae

0.944

—_— (3.2)
FWHMCOSQ

Where A is the X-ray wavelength and 0 is the diffraction angle.
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3.7.2 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a technique for high-resolution imaging. SEM is
an electron microscope that use the electron in the primary beam is transmitted though the

sample; both photon and electron signal 2re g klited as shown in Fig. 3.5. These signals include

Backscattered Electrons  (BSE; aectrons  (SEl), Auger  Electrons,

HWt/éalectron signal that produces the

Cathodoluminescence, X-rays,

principal means of viewing i ) SEM o8 electrons which are given the

'lll'n

topographical information 4 e in atomic number and in

composition of specimen s detector [85]; the heavy
elements (high atomic numkbk L% ctron signal than light element
(low atomic number) which ap “awed the contrast between areas
with different chemical compos_’ l""a,_ ray spectroscopy (EDS or EDX) is
the common accessory equipme the element composition of a small
specimen area.

Ir‘d

Backscattered Elect, ,.! s (SEI) : Aug fi}-lectrons

Cathodoluminescence (light)

Figure 3.5; Schematic representation electron signals from the specimen.
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3.7.3 Electron Probe Micro Analyzer (EPMA)

EPMA is also electron microscope like SEM and design for the non-destructive x-ray
microanalysis and imaging solid material. The specimen was bombard with the primary electron

inecimen atom, the inner shell electron were

/* electron from an outer shell; the x-ray
éL release x-ray with unique energy
—

beam. During the primary electron ionize
gjected, then the hole were replace |
photon were release. As we ki
during the transferring proces by different energy can identify
the type of sample atom. Hg im can be reported according
to energy and wavelength, different detector is energy
: ispersive x-ray spectroscopy
WDS). In this work, WDS sp j - k. ' .1'\"*-\ tion [JXA-8100/6200 JEOL] was
used. The WDS-analysis is suit & : _ . 7 it can indentify light element with
proper choice of crystal such as JgFP ——— ate), PET (Pentaerythritol), LDE, LIF
(Lithium fluoric) etc, which based on — solve peak and to exhibit high intensity

peaks of an element [85]™k1q . Ly~ the unknown specimen and

obtain the quantitative ary 2% ,fd analysis in EPMA, we can

know the 2-dimensional dis sution CTRCIENEENET e spe ”, nen and the data is normally

colored according to X-ray inte#fgig (color map).

AUIINYNINYINT

A schematic d|agram“f spectroscopy of X- ray by WDS is represented in Flg 3.6. A high energy
electron beﬂ wﬁeayq;ﬁ?w n Wf]véa %Efﬂ]eag!]th backscattered
and secondarfj electron. Then, the intensity of isolated x-ray is quantified by an x-ray detector
[86].The wavelength of the sample from dispersion of x-ray is based on the diffraction of x-ray s

that can explain by equation of Bragg's law.
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Electron beam
Analyzing crystal

Specimen

3.7.4 Atomic Force Mie®

Scanning probe > for obtaining topographical

information of nanostructure m surface roughness and grain

coarse processes can analyze b NN probe microscope can be divided

into two types: scanning tunneling.s gnd atomic force microscopy. Both of

techniques are different iqeat J=/sample contacts. However,
| L}

SPM is higher resolution tH& 5 ' I material. AFM- imaging modes

consist of two modes: conta®™ mode {CM) and tappmg mode (
the AFM- cantilever nstant force or constant
height. In this Work@nﬂgrﬁﬂm?Wﬂgme In TM-AFM mode, the
silicon lip plac mt ﬁ sample with an
oscillation frﬁﬁﬁ ﬁiﬁ ﬁ ﬂﬁiﬁlﬁ Then, surface is

scanned by a tip with the cantilever deflection.

. For contact mode, the tip on
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3.7.5 Optical Microscopy (OM)

Basically, optical or light microscopy involves the light transmitted though sample or
reflected from sample, then passing the single or multiple lenses for sample magnification and

build up an image. The optical microsscg b B ;2 low cost tool which is used to analyze

, /'\/Ioreover, optical microscopies mainly
') and 'iéj Light (TL). However, Transmitted
W —

n RL microscopy is mostly used

microstructure of sample in the ranggal
divide into two types: Reflected -
Light (TL) is not suited for metg
in material science bhecaug : which the sample must be
polished before testing. Fr Weright as possible which was
created by various sources tance-heated carbon filament,
and a xenon discharge tube. “\ith incidence on the half-silvered
mirror was limited by conden lenses focus the light onto the

specimen which was magnified b Jfboje== '

AT

In normal, the sample is tested usins 5%?: &.and Dark Field (DF) mode. The bright

field illumination [89] onlyl@me =4 d or scattered back into the
| L)

objective lens. In this modc, o= contrary, the rough area such

as grain boundary show the Yark [88] because of reflecting Iigr from not go back to the object.

In addition, Bright Fiﬁ (ﬂ)gﬁlw E]iwﬁuwmﬁ?recipitates.

Dark Field (DF) is op&mte the BF mode, ﬁle incident li ht is came up fr an angle therefore

v v QI TR HRADRY VR o o

light scattermdof DF and BF mode.
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Reflected light

Incident light
\ Reflected light

sample (a) sample (b)

Figure 3.7; [ i2), and BF (b) mode.

3.8 Plasma diagnos

Plasma diagnostic is carriec WAS) that is used to evaluate the

emission intensity of the plas cess including N;, N+, NH+>< ,

. B ?ﬂ' ( , \
N.Hg, and Hp This OES probe g« g :ﬁ' i "*-.E ‘ ber at a distance 10 cm from the
quartz plate. The basic backgro/ # .,._r: ;_ i . ased on the principles of quantum

physics which established by Planck. ;.- ing glow discharge, the plasma process

——
including dissociation, ﬂ‘- ; : A Lid rotation are emitted the

I;-'d

electromagnetic radiation V: \r wavelength corresponding

with Planck and Einstein ec, tion (£ =hf =—). Emission sisfctrum is rescored the plasma

SO 1)L
RIANTUANINGIAE
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3.9 Techniques for Mechanical properties

3.91 Vickers Hardness Test

The Vicker hardness testing maching ig grery useful for testing microhardness of metal

both soft and hard steels. This mash /\ diamond indenter with the shape of
.é The test measure resistance to
———

penetration and report the hars ickél hr

' 2ber (HV) which calculate by the
pyramid area of impression fr y , Xy ‘*-—\\
2P siner /2
gy = /smars -
dz

Where HY = Vickers hardn:
P = Loadinkg

d = Average diagonal # g n@mm [(d,+d,)2]

« = Angle between the op: 5%';’:' ; 2/ramid (o =136° C)

: =

3.9.2 Nanoindentation

Nanomdentaﬂru ﬂ fanm E!! nzﬂ ﬂlﬂi properties of material
including el ul ﬁ i tiffness (S) and
deformationa;ﬁﬁﬁ &ﬁ]ﬁmﬂﬁj@ Wﬂj H of coating films
can be explained in term of mechanical properties including R, hardness-to-elastic modulus
ratio (H/E), and elastic deformation energy (W_) which obtained from nanoindentation tester
[91]. Basically, this technique is base on a material resistance to permanent plastic deformation

with similar micro hardness test [92]. The hardness data was reported after applied a load to

indenter to force the tip press into the specimen surface. The measurer can set up the force or
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penetration depth into the specimen with has a limit in the range 100 ym. After the indenter
move out from the surface, then the specimen hardness was calculate from the load-depth

penetration curve from Oliver and Pharr equation [93]:

(3.4)

Where P__ is the maximum indez? / Z:0jected contact area of indentation

which depends on the indenter.t

AULINENTNEINS
ARIAN TN TN



CHAPTER IV

CHARACTERISATION OF ALUMINIUM ALLOYS

41 Chapter review /
2),2as _ﬁplasma nitriding of aluminium alloy

™ 2 .
\\\ reover, the removal of aluminium

From literature revie®
has been achieved by DC =

oxide can be used the - 'xture. The conditions for pre-

N e . .
sputtering must choose cr W Sinthe diffusion of nitrogen into the

A%
W fO plasma nitriding of aluminium
M, Y

alloy because of decr o i, , neded aluminium alloy surface.

alloy sample. Argon —hjre

Generally, the successful t 7 : S ma nitriding has been published

using DC source, and treatd { tthe. However, rf plasma nitriding is

advantage for aluminium allg ma density compared to DC source,

'

which can lead to lo%= = foatment time. Nitrogen is a
V. A J
carrier gas for nitriding, ! % D Um=ind rf source. In addition, some

W ¥

of researchers are also used hydrogen-nitrogen for nitriding process. Most of researchers

have been belieﬂt)ﬂﬁﬁ ﬂrﬁeﬂ%ﬁwtﬁﬂeﬂﬁ nitrided layer. However,

some reviews arefjeported about insignificant hydrogen addition during nitriding process.

PN, (N (R N (M)

of alumini ‘reporte

Characterization of nitrided aluminium using X-Ray diffraction pattern can confirm the
forming of AIN hexagonal AlN-phase. Moreover, AIN (100) plane is often observed after
treatment aluminium alloy, which is highest intensity peak of an AIN powder standard. The

main aim of this work describes in this chapter was characterization of nitrided aluminium
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alloy formed on aluminium alloy surface under low treatment temperature and treatment
time using XRD, and EPMA. The influence of hydrogen addition for forming nitrided layer
also described using XRD data.

4.2 Material investigated

In this work, aluminium®s /sr rf plasma nitriding because of its

e‘éist of majority element of copper

commercially availability., T2 m oy

and small amount of varid®e < v, Bi, Zn and so on. Therefore, as
part of investigation the cit- uing process, we changed the

nitriding material to Al-€% oooviion of material during plasma

nitriding process. For al - shape which mainly consist

of aluminium and copper

4.3 Influence of rf gla ect of aluminium alloy

The edge effect was nafiibe ,g was found in DC plasma nitriding

because of non-Unifo e — Jiit edge area of sample [94,

L)

95]. Moreover, recent 5T < I =d that, rf-ICP plasma nitriding

of aluminium alloy can bb “reated the edge effect which d%e to the higher sputtering at the
edge of sampleg~fr, ‘o f salso found in rf plasma
nitriding of AIZOﬁﬂeHeIHE’:K[ { eﬂﬂjﬁjomer of nitrided sample,
s SNOW [ M B 1(a). I t‘e without fﬁr’ I ré\*z]itrided layer was
formed. a\:ﬁﬁhaﬁeﬁfjmyeﬁﬂc ai]tzr:ci "tletfon of nitrogen as
shown in F-ig. 4.2. The atomic% of nitrogen at the edge zone is higher than interface and

center zone because at the edge of sample has high current density which causes high

sputtering and induce the implantation of nitrogen into surface of sample.
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(¢) After nitriding

m  Edge
® Interface
A Center

Atomic%

Com O

'“t““earmﬁ\irrimﬁm'mmaﬂ
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4.4 Effect of sputtering in plasma nitriding of aluminium alloy

Normally, a thin aluminium oxide (Al,O,) exists on the surface of aluminum material [14]

which is barrier the nitrogen diffusion of nitrogen into the aluminium alloy surface. The

elimination of Al,O, has been used & ¥ rocess with argon gas or argon-hydrogen

ﬂ"—Hz sputtering indicated an increase

in roughness after plasma — 0r 8 — J.4.2. From figure, the average

gas mixture. However, both of ol
surface roughness (Ra) inSve- Lnuwated sample to 218.64 nm, and
199.49 nm in samples tilaL u with mixed Ar-H, respectively.
In fig. 4.1(b), after spu®Th NTeCs changes to white color and
non-uniform comparing . ). Therefore, the aggressive
sputtering causes the sur Wness in nitrided sample.
Sputtering of aluminiur ace roughness because alloying

element alloy and native oxi #® i ;,_7 h® = different sputtering yields. When

sputtering with Ar, the aluminiur’ %! trom aluminium alloy easily than oxide

because high sputteriaA yyzld of AlLO, [60]. Therefore,
L_—'—"
V. A J

long pre-sputtering is™ =fon which cause the surface

~4vever, the surface roughness fr " Fig. 4.2 (c) slightly decreases
with the additio H, i ‘ﬁ ttari riéw ecalise. Ofaddition hydrogen under
constant total sﬂ uﬁj ?lﬂij Htflfg]i of Ar. Hydrogen has a
small mass h_cause a lowersp tt&mg yield, a to reducti®in the concentration
of |0n|zeﬁ\\ﬁ7 &ﬁ ﬁ']:ﬁeﬂ g~|adEJoo|ate molecular

hydrogen atom and transfer energy for first ionization potential of hydrogen and argon atom

roughness on sample.

=13.6 eV, and 15.8 respectively).
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2000.0 nm

ms=282.01 nm 4 Rms=238.73
Ra=218.64 nm E::ml}_aw Em

1000.0 nm \ 5

0.0 nm

Figure 4.3. 3D AFM images ce sputtered with different gas

as {(a) untreated, (b} Ar-sr:4 / A\ amp\es.

From OES cbservation, the W sputtering is higher than Ar+ in

Neritly process, argon atoms do not

s "because they are a single atom

form. However, shorter time ol sp _ = : ificant decreased surface roughness by

using argon-hydrogen_gas 2 -~ Because, the Ra value of argon

E

surface roughness becal

AuEINENINEINS
ARAIN TN INAY

sputtering and argon] .;"{ Ar-H, tend to decrease the

i | Aror ions surface bombardment.
’

i
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{656.3 1un)

. L
|
400 850 900
Figure 4.4 Emission spe rr..i wavelength of 450 nm to 900

nm

o
—

45 Effect of treatmen ti|
375 T

2R

o b
g

4,51 Experimen e — -
v |~' ‘

In this part, alun™ium alloy 2011 was used in plasi™& nitriding at different treatment
time (9 h, 16 h, ] ‘ﬁ: if i eliminated with the ions
bombardment oﬂ—uﬂa I]Hﬁs :ngtlﬁ; power was fixed at 100
W for 1 B ressputtesn %ﬂt idi r ﬁ vacla rotary pump and
diffusion}%ﬁﬁta ﬂﬁj‘s ﬁrﬁf} rﬁcﬁ[:jiﬁ)‘zlspecimen during
nitriding process, the halogen bulb which placed under the substrate holder was used at
working temperature 350°C. The admixture of N, and H, gas was introduced in the
chamber with ratio 1. 3 for plasma nitrding process and the rf power was set between 100 -

300 W while the different substrate bias voltage from -100 to -400 V were applied. In the

present study, the long treatment time is clearly effect the surface roughness, as shown in
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Fig. 4.5. Moreover, from SEM observation of different nitriding times of (&) 8h, (b) 16 h, and
() 25 h, the damaged surface layer was clearly observed at treatment time of 16h, and 25
h, as shown in Fig.4.5. ¥YWhen the treatment time is longer, the roughness was high because
the ion sputter including l\12+ was continuously sputtered to the surface. Therefore, the

ndant on the increasing nitriding time.

roughness of nitrided surface is stroncly. k
1

iding process for (a) 9 hr,

(o) 16 hrand (c) 25 hr

To study the influence ™ th . e fhogen composition in nitrided

aluminium alloy, EPMAS R ) 1 hitrogen and aluminium at

nitriding time 9 h, and 1F. Showy T T ——C L SCE , bars were used to estimate the
distribution of elemental orf@ded surface. ge rink color and black color represent the

high and low eaﬂ u& ’grm z&l% § w E”Q@ﬂaﬁtlme far 16 h, the dots of

the light blue oolc?| (nitrogen mapping gboecome b|g rwhen oompa@wﬁh nitriding time 8
h. The o@ﬁ%ﬁg@ﬂ%ﬂd H qu% % H ']Da Hoentrahon in the
nitride Iaye‘-l increase, which implied that the AIN volume fraction also increases, Maoreover,
in the aluminium mapping for nitriding time 16 h, green color dots speared more than that of
nitriding time of 9 h. The aluminium elemental on the surface was replaced with other

element as long treatment time.
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Figure 4.6: Nitrogen and aluminiurz the distribution of nitnded surface at

LTI T

al far show the comparative
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different nitriding time /T4 &

uefineninens

Specirum 1

Figure 4.7 EDX analysis of nitided AlZ011 for 25 h
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The GIXD pattern of the plasma nitrided Al2011 is shown in Fig. 4.8. At treatment times of 25
h, the aluminium nitride (AIN) and aluminium copper (CuAl,) were formed. According to
jcpds#01-075-1620(see appendix B), the existence phase present in the nitride layer is
hexagonal AIN (lattice parameters a = 3.11 nm and ¢ = 4.98 nm). In addition, the diffraction

peaks of AIN at 20 = 33.20" can be clq g=rved, but small peaks. The (101} orientation

of AIN and (211) of CuAl, are / position (20 = 37.91%), therefore we
cannot confirmed the AIN(1T(w ‘ éﬂf.& diffraction spectra from the Al

and CuAl, were observed — Jiti ' f AIN, indicating that amount of
.

AIN formed on the surf of AIN can explain in many

reasons: first, this expe; W auses the oxide can easily to
re-form on specimen ac Lwkcy, copper can combkine with
aluminium easily than ni win of CuAl, which prevent the
nitrogen to diffuse into spe shows strong intensity peak than

other peak which can confirm g

AULINENTNEINS
PN TUAMINYAE
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[AIN scan. raw]
e Al = Aluminium Nitride - AIN
e Aluminium - Al
il a Aluminium copper- CuAl
1000
)
=
5
0
e
2
n
c
&
R=
250
20 90

IS, voltages, 400°C treatment

Figure 4.8: GIXD pa.'y

temperature. v A J

.!E "
W dF

Because of the thin layer wlsgsermed in this efpEriment. Moreover, the high roughness was

also observed a%uﬂnglmTﬂmejhw&a’rln@emes of nitrided AI2011

cannot be measure with micro-hardnss equipmegd, In this caseggranoindentation with
Cube-coﬂrw;w]aaa@fe]jﬁrw\yt%%%%aacav&ng the tip effects
in nanoindgnter. From the result of hardness, there were only minimal changes of hardness
after plasma nitiding in most of the samples, for instant, in sampled treated for 25 hour the
hardness was increased from 259 HV to 270 HV at a maximum force of 1000 puN. Taweesub
et al. [96] reported the hardness measurements using AFM indenter increase from 405 HV

to 1740 HV after f nitriding of Al-8wt%Cu for 25 h which higher than the nitrided layer from
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Vickers hardness measurement. |n this experiment, the nitrided aluinium alloy cannot
increase the surface hardness compared to Taweesub [96] may be due to the different in
surface roughness in untreated and treated which cause to achieve the nitride layer on the

aluminium alloy surface.

452 Summary ' ,/_
, .{ﬂ.
Increasing nitriding time to=:6 | significantly increase the nitrogen

concentration in the nitride-.g scase depth. However, using XRD

we can indicate that th- g nitriding time at least 9 h.
Moreover, it can be clear WNcss increased significantly as a

function of nitriding tim'c. \ '\. ormed on nitrided of Al 2011,

M \
therefore hardness and # 2 e ed Therefore, we can summarize
that rf plasma nitriding can %55 and archived the nitrided layer

of AI2011.

46 The effect ol 3 ..aluminium alloy

4.6.1 Experiment, resulgs and discussions,

UL INNINYINS

In this parmCast Al-6wt%Cu alwy was used as a material to W't”ded In addition,
the effe@qu ﬁﬁﬂ %m Mrw']n’g waﬂqhamﬂmvesmated The
cast Al-6w¥sCu sample consist of a few elements when compare with Al2011, and avoid
the effect of alloying elements in aluminum alloy in plasma nitriding process, therefore cast
Al-6wt%Cu was chosen. The base pressures were also same as in plasma nitriding of
Al2011 (5.5 x10” torr). But we changed the high vacuum pump from diffusion pump to turbo

molecular pump to avoid the oil contamination. For pre-sputtering process, the Ar-H, gas
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mixtures was also used, but decrease the working pressure to 0.5 torr at 0.5 h. For nitriding
process, the nitriding time was set for 6 h. The temperature was controlled in a range 290-
316 °C in order to prevent local melting of substrate. The substrate was DC biased at -300

\'2

As claimed by other researchers aen in plasma nitriding, can be used for

surface modification of Alumirigs o éZ]. In nitriding process, the effect of

hydrogen in N,-H, was als - w0 o s—c mixtures of nitrogen-hydrogen
atmosphere, it is significant 2 ' 5 ‘2 layer in nitriding process. Most of
studies are investigated o - \ 5 Sinium in DC plasma. Only few

studies have been carried A '\‘H Myolasma nitriding of Al by rf-ICP.

b

\, W,
Moreover, the available#® Wectuf N,-H, gas mixtures on rf-ICP

h, +
plasma of aluminium allg wifound that lines of N, (391.44,

427.8 nm), BH Balmer (48! emission spectra. Moreover, the

NH (336 nm) line was also ok d Fat this NH specie play an important

role for the nucleation and grows .5‘5: .é ertheless, the increasing ratio of N,:H,

: 7

“lm= even with different H,:N, ratio

did not obviously affe’s —_— <4i0.4.17). It can be seen that
V.

the emissions of plasnic %

variation as 1:1, 2:1, ana 2. Therefore, optical emission sctroscopy could not be used to

o fa v g | |
investigate the ﬁcﬂ ﬂeﬁ‘tﬂ:ﬂﬁﬁlwlﬂlﬁl ﬂ sponded with Czerwiec
ifferent H,:N, ra

[83] that the emiqlsion spectra at 10 cannot be distinguished by OES

¢
B R4V V10T
species wigich dcclr lﬂgni ridin s! fn thi rk, H-NG | ixture was used

as a plasma gas, which was varied with various ratio including 25H.%+75N,%,
90H,%+30N,%, 75H,%+25N,%, and pure N, under a chamber pressure of 0.4 torr, at an rf

power of 200 W for 6 h.
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From Fig.4.9- 4.12 show the EPMA/BSE micrograph after nitriding with 25%H,, 50%H,,
75%H, and pure N,, respectively. The big white spots can be seen in Fig.4.9, which is due
to the sputter effect. When increasing the hydrogen partial pressure is shown the small
white spots and hole as shown in Fig.4.10 and Fig. 4.11. This is probably due to increasing
ions which make a drastic ion

hydrogen percentage is created nergetic

bombardment. In pure nitrogen, 2med to decrease the size and spread
over the surface. Moreovet érogen plasma and pure nitrogen
plasma during nitriding . 7 color to gray-black color in the
middle of sample with sis ig.4.12 is clearly exhibited the
ring around the edge ; effect that is caused by the

concentration of electric

AULINENTNEINS
PN TUAMINYAE
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”J WD1 1mm

ma nitriding in 25%H, of total

Figure 4.9: EPMA/BSE -

gas pressure.

L DF‘, h;""-_ul"lf'* 1mm

CHULA.COMP. ‘EW'- .
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U “f%ﬁ ST

Figure 4
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il WD 1 1mm

NN
Figure 4.11; EPMA/BSE® ’ RN uoma nitriding in 75%H, of total

gas pressure.

JLA_COMP. 15.Pkv ™ 1,188 10um WD1imm

fus ANETaNE 1113
Figure 41m/ﬁqﬂg§pt~rjﬁﬁ“@| ﬁwﬁqﬁa‘fﬂ pure nitrogen of

total gas
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(a) 25% hydrogen (b) 50% hydrogen

15kY  X18.868 lum BEGB8

‘¢) 75% hydrogen

1S5kY X198, 888

Figure 4.13: SEM mlcrogripﬁhof Al-6wt%Cu i'pr plasma nitriding in different gas mixture;

oo P UYIN E%ﬁﬁﬂ’]ﬂ‘i
QRIAINTU NN INYA L

Fig.4.14 |Ilﬂstrates the white pattern on nitrided surface at 250 W. By EPMA mapping, the

white pattern show pink color which means rich copper in this area.
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As the result, p s a higher surface roughness

compared to that treatec bly due to the fact that it was

sputtered by hydrogen pls, \ nclude that additional hydrogen

e fane
increases the tail of the ele o %

electron temperature. Additionalziiss i = 4]

W function (EEDF), which raises the

ed the ionization rate and the plasma

density which is rais e —— =/imple. Moreover, qualitative
' )
analysis with WDS- j" ' v, copper, aluminium, and

1

magnesium with various™pectrometers containing severa™alysis crystals including LDE,

LIFH, and TAP, hE}/j 5 pac:ing of the reflecting
plane (d) for e ﬁ ﬂﬂﬂ w;ﬂjjﬁw amount of nitrogen was
distribut ﬁ i ﬁ forming AIN on
substratiﬁfj a onl ﬁ ﬂnﬁﬁ ﬁzj ;i Ectly observed on
mapping. However, the results of all samples are surely confirmed the forming AIN because

of the resulting XRD pattern.
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Fig.4.15 is shown the x-ray diffraction spectrum of rf plasma nitriding treated at different H,
ratios. It can be seen that the most peak are observed in Al, CuAl,, and AIN phases.
However, the patterns indicate that the main phase on the surface after plasma nitriding is
CuAl, which form the compound layer that cover entire surface to correspond with the

=how a wurtzite AIN according JCPDS number

EPMA results. Besides, the XRD results
075-1620 (see Appendix B) forngs e of the specimen. The AIN peaks are
identified for (002), and (101 . ce béé the intensity of AIN peaks are very

: ' —
low showing that amount . The amount of AIN formed in
this experiment is low 4 \\\ M- essing time (6 h) and lower

treatment temperature l 4 e \ \ lowever, among the addition

also detected due to the preg g atis = — wt%Cu substrate .The particle size
was estimated using Scherer form' cos 8, where 4 is a wavelength of Cu Ka
radiation (A = 1.54 _; ? £ VYHM), and 0 is the angle.
Increasing the hydrog F -fd the (200) plane of AlCu,; an
estimate of the gain size :! t23% R, SUTNE T wson, and p ,, - nitrogen are shown 34.97 nm,
35.29 nm, 24.00 nm, and €684 nm, respecti@gly. Therefore, it is indicated that the grain

decreﬂdw A REVIWELVRD: s rwsns o can

plane, the crystal size of AIN was calcgllated to 19.58,nm for the adgftipn 50% of hydrogen

oo AR SRHRAINY ARG w1
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(a) 25% H, (b) 50% H2
=] g Al g Al
= AN | = AN
404 O CuAl, 4.0 - o 50
=
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(d) Pure Ny
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35 40 45 50 55 60
2-Theta-Scale

; .
Figure 4.15: X-ray diffradtion pattern of Al-Bwt%Cu rf plas o) nitriding at 200 W for 6 h, as

eV T
o ARIRINIUNRIINNNY, e

during nitriding process. Both the two lines are same except at the wavelength lower 500
nm. Al these conditions, it can be implied that adding hydrogen does not decrease the
emission intensity of nitrogen discharge, but create a new species such as NHX+ which

affect to the plasma nitrided surface [40].
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30000

25000 o

(a) Pure Nitrogen

20000

15000

Intensity

(b) 25% H,

1000

welength of 300 nm — 800 nm

The estimation of hardne ; AN tation with Berkovich diamond
indenter This instrument W?, E - - "*-.E : lition including untreated sample,
treated sample (25%H,, pure | i = . irﬁited by roughness of sample. The
average hardness of treated sa__r,r? “oH.,,, and pure nitrogen are shown the

result 1.9350 GPa, a f‘ 5 'T‘eated sample is exhibited a

bit increasing hardne® v I 1206 GPa). Moreaver, the

graph of loading dur|r J nanoindentaton measurementdd shown an unsmooth curve;

because of the pﬁtus f||m(hﬂlt make the caf@dlation hardness lower than the real data. In

urﬂsgrf mﬁlm&g ﬂe‘ifect of high roughness- is

considerably in hardness test result udh g nancindem@gtion, which is @bagreement with Jian

ool m’s]W]ﬁ\‘iﬂ‘iﬂJ N13INBIaE

this work, the hig
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4.7  Effect of f power

Figure 4,17({k) shows the nitrided of sample after nitriding of Al-6wt%Cu at 260 W for 6 h,
Fram this figure, the treated sample at 260 W is uniform colar than treated sample at 200W

(Fig. 4.172). The resulting of increasing the f power is the high degree of ionization which

(b) 250N

471 Summary
¢

From the ﬂ: i fjrnﬁ;am%ﬂnﬂj| ijing process by using RF

plasma generatdrgl it gjw 0 with*Substra®e bi ﬂ 300V DCfor 6 h can be

PO 01N [11 Y0 U310 (120 31

of nitrided ie wRiEh! N et &n Yorm At of . ever, amount of

AN formed by f plasma nitridng is very low after 6 hour nitriding, then, no significant
different amount of nitrogen can be detected by WDOS. Therefore, we can conclude that the
different element in aluminum alloy and with and without hydrogen addition cannot

significant far forming AN on aluminium alloy surface,



CHAPTER V

CHARACTERISATION OF THE NITRIDED LAYERS

OF AISI H13 STEEL

5.1 Chapter review

As shown in chapter 4 ! a rf-ICP has been formed at low
temperature, but relatively™inir 3, 475 \ ue roughness were observed.
However, in the case of the #ric &% '7 o g - led layer was easily formed on
urface not barrier the nitrogen
diffusion into the surface. Gen: J#il el nitrided layer mainly depends on
increasing of two parameters; lor #Firgjaae. : . pigWtemperature. Unfortunately, working
metal at high temperature can ck 2s of bulk material. Therefore, many

- ) d layer at low temperature.

researchers have tried togs™

Therefore, the aim of this sing rf-ICP at low treatment

dF

temperature, is presented

AULINENTNEINS
PN TUAMINYAE
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52 Effect of sample

In the first part of nitriding of H13, the AISI H13 of 2 mm thick was used in rf plasma
nitriding at 0.5 torr fixed pressure with 50%H.-50%N, gas mixture for various nitriding time (1h,

fter nitriding time of 1 h and 8 h, as shown In

8h, and12h). We found that a few color che
Fig. 5.12 and 5.1b. The main reaso | 4 offect of workpiece geometry between
substrate holder and guartz plat . 7 é eter affect to achieve nitride layer.
However, the color of surface o gl T8 . == (0 gold color and exhibited ring
around the edge of samp - / ~ gt of charge density [96]. To
conclude that the height of

Whause black color is not forming.

‘UH’JVIEWIiWEﬂﬂi

Figure 5.1: Theﬂ)mpanson of surfac? color after mtmdmg of: { ) h, {c) 12 h.

meﬁﬂ‘ifullﬁ’]?ﬂﬂ’lﬂ&l
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5.3 Effect of treatment time

531 Experiment, Results and discussions

and hydrogen mixtures were used to clean

In the pretreatment process, plasma of arggyn
sample surface for 20 minutes, witss A /der chamber pressure of 1.2 torr. A
molecular turbo pumMp was USeCm . 4 .égssure. The hydrogen and nitrogen
‘ - _ 2
: 2 5 torr with pressure ratio of 1:1.
During the nitriding process s "l C. H13 samples were plasma

negative bias of 300 voltages

After rf plasma nitriding, color o g : el ) ! ent from the untreated sample, as
shown in Fig.5.1. It can be clear' f nitrided H13 sample appeared in

dissimilar color after nitriding for 20 h

, 10 the untreated sample of shiny metallic

color. After nitriding, a nu ' e cithe sample is observed. The

color at the edge of sam y ,fd he center of sample. This is
probably due to the fact th i the TiCHes —1a WiT depends on shape of plasma
sheath and shape of sample fvmh cause effec ion flux distribution. Normally, the edge

et oty e o AL EH IV BIIND P ARV o o

previous chapter, We%und that the edge‘effect also occurred in nltr|d| of aluminium alloys.
Therefore, W&%Wﬁ@ ﬂ ﬁw%% q ’geﬂ ﬂtf]ha %]mmum alloy and
H13 which is gtrongly depended on plasma properly cause the non-uniform sputtering. As it
well known, rf source can be generated uniform plasma than DC source. The explanation in this
case is that the sample was biased which also cause edge ring. Therefore, low bias voltage or
without bias voltage tend to decrease the edge effect in nitrided sample with rf nitriding.

Ahangarani et al. [101] suggest that active screen plasma nitridin can used to decrease the
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edge effect as nitriding process.  From experiment result, we found that the ring edge of
nitided sample can be clearly seen when the nitrided layer is thick (comparing between nitrided

aluminium alloy and nitided H13).

Figure 5.2, Appear | i, 7 ated, and (b) treated.

Figure 5.3 : SEM micrographs of a AlS| H13 surface treated at different time; (a)4 h, (b) 9h,
(¢)12 h, and (d) 20h.
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The influence of increasing treatment time is clearly seen with the morphology and roughness of
nitrided sample as shown in Fig. 5.3 and Fig.5.4, respectively. From Fig. 5.3, the white spots
were observed over the sample as nitriding for 20 h, with corresponding to the increasing
roughness in nitrided sample in Fig.5.4. From the AFM results, the average roughness of the

surface before nitriding was 5.8 nm. Afte “jthe surface roughness increase to 27.61 nm

ﬁtively. The surface roughening after

plasma nitriding is unavoidab! ’ ,au—-d'ttering process during nitriding

and 36.0 nm for nitriding time of 9

process is continuous workin ®iding time affects on increasing

the surface roughness.

AULINENTNEINS
PN TUAMINYAE
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Figure 5.4: AFM images with nitriding time of: (a) untreated, (b) 9 h, (c)12 h

67
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In order to obtain the cross sectional of the nitride sample must be prepare in following step:
cutting by diamond saw, and cleaning. The sample was mounted in phenol formaldehyde or
Bakelite. Then, the mount sample was polished by silicon carbide polishing paper. For electron
microscope testing, the mount sample was etched with 1-2% natal for showing the thickness of

sample.

28 SEI

Figure 5.6; SEM cross section of AlS|I H13 nitriding for 20 h.
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The nitride layer with thickness up to 150 um can be seen by OM and SEM (Fig.5.6 and Fig.5.7,
respectively). According to the OM microstructure the nitrided layer by 1T plasma nitriding
shows only the nitrided layer with precipitate of nitride particles and solid solution of nitrogen
atom without the compound layer formation on the top surface. The average thickness of

nitrided layer increases from 12.6 ym tq § 4 with increasing nitriding time from 9 to 20

hours as shown in Fig. 5.7.

As shown in Fig.5.8, the scattas EM shows the thick of the edge
sample for the 20 h nitrided is figure that diffusion layer can
appear not only the top of s Wl:late to black color as shown in
Fig. 5.1(b}.
Matrix
] 7
- 50 pum e
(a)

et ! ©) - S
qummmwmm
Figure 5.7: Cross-sectional H13 sanfple treated f@a9 h (a), and 20¢g4b} at 300 °C.

ARIRNNTIUANTINGIAE
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F\-‘WT";ZL; 20.0kV 10.1mm x200 BSECOMP

Figure 5.8: SEM micrograph -, e of AISI H13 sample treated for

20 h.
EDX measurement was usec A\ l-'- isition after nitriding for 20 h, as
shown in Fig.5.10. The elemen e "‘i"'.“ or, Si, C, O and N were detected.
As we known, nitrogen is a Ilght cle otk cull to detect by EDX because the low
energy of the x-rays emitted from e make a weekly signal for an energy
dispersive spectrometer. ;— |";I‘ strums. This is probably due
to the fact that the richer nit . m de sample. Fig.5.10 shows the

| L" i¥

selected zone for mveshgahon of the intensity of mtrogen peak.

small peak of n.trogwtjugj wﬂmw gﬂm gﬁate
A ANIUNAINYIRY

At zone A, and B present the



71

Figure 5.9 EDX cc :[ DOSI T - :;amr treated for 20 h,

To investigate of elenwusﬂunon Were ol]ne d using P;]Afm]a:gmg as shown in Fig.5.10
and Fig.5.11 jmeaﬁam ﬂiﬁi ﬂﬁi iﬂe corner sample.
The mappmgq he' rerative’ articipates in this

area. Also, the cross-sectional of treated sample for 20 h (Fig.©.11) was mapped for indicating

the element including Fe, N, and Cr. The clusters of light blue in nitrogen mapping represent
the amount of nitrogen participate along depth profile of nitrides layer. On the map data, the red
spot was shown in mapping of Crwhich presents the high concentration of Cr paricipate. High

Cr was detected mavbe due 1o the remaining of Cr before plasma nitriding treatment or was
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sputtered as nitriding process. Therefore, EPMA line scan was used to investigate the
concentration along depth of nitrided sample, as shown in Fig.5.12 (b). On the line scan data,
the atomic% of Fe, N, and Cr are not much different in nitrided layer zone at each depth from

surface. But, we found that the Fe line scan at the matrix increase expanentially while Cr

decreasing.

. Fe Lwv
v 663
635
607
579
552
524
196
468
441
561

Figure 5.10: Electron probe mic

H13 treated at 20 h.

FeLevel
1663 158 Matrix
1460 Lo " -
1257 .f.‘ .
- 5
1055 g |
| ‘u h ;
‘ 2]
EJ ﬁ alﬂfﬂ Nitrided
Fe | layer
66 WM ot
[ & |
74 B8 ' I"
| o RN
Ave 144820 p;m &= 320 um 2720 um g Bve 20920 um 2l

Figure 5.11: Electron probe microanalysis (EPMA) element maps (Fe, N, and Cr) of cross-

sectional of the H13 treated at 20 h.
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Figure 5.12: (53 Backscattered electren images showing the cross-section of nitrided H13 and

(b} profiles of nitrogen, chremium, and iron concentration determined in the cross-section cof

nitrided H13 for 20 h.
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Fig. 5.13 Coloring of ntridnr g rl" ¥ of the h13 rf nitriding for 20
J
..romlum

h; (b) nitrogen, (c) Iron; (d)

AU INYNTNEING

Similarly, we also m%sﬂgated the oom%psmonal of element mo\udm Fe N and Cr along
surface of n@ewq ﬁﬁﬂﬁw FM% ”Tﬁﬂ ﬁﬁqﬁ ij; line is started in
the sample frdh the edge 1o center in this case. It can be clearly seen in Fig.5.13 (a), that the
color of the edge and center are different, which we can observe that the Fe concentration at
the edge to be less than the center area. This is probably due to the fact that increasing time of
nitriding process is caused the black color of the edge of nitride sample, which decreasing of

Fe continuously towards the center of sample. The deceasing of Fe at the edge zone can be
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concluded that irons are participated with another element. The sputter rate at the edge zone is
higher than at the center zone of sample probably due to edge effect during nitriding process
[95]. Moreover, along the EPMA scanning line is presented the higher chromium content in

chromium nitride on the surface as scanning toward center of nitride sample.

peak of CrN can be detected = \.." N the CrN for 4 h using DC plasma
nitriding at temperature > 4, = M \ ct CrN at 300°C. Due to the
bombardment of high energy g '”1 temperature and short
/ N t surface [102]. GIXD profiles of
the other samples with long = L N& both CrN and y-Fe,N peaks
indicates formation of both Cri G 4 et ; Wided layer. The presence of CrN
peaks in GIXD profiles correspm.der microstructure and EPMA analysis that
show precipitation of CrN_particle 2 ice intensity of CrN (26=37.539) and
Fe,N (20=47.969) peaks ;f .'I‘;‘ nsity of both CrN and Fe,N

peaks becomes larger with i TE ncates that the volume fraction of

¥

nitide precipitate particles agd thickness of n|tr|ded layer are increased with increasing

nitriding time. The ;ﬁﬁr&fﬁﬂ %ﬂ%@w E’Aé’fﬁﬁystallme damage occurs

due to bombardment®f high energy ion and high den3|ty plasma which WI|| be discussed in the

= RN TNUNNINGA Y
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Intensity |, arb.unit

From XRD result, thﬁﬂsé@ VI|ﬁ%A%§WhE’%’r}ﬂﬁy which was used the full

width at half- ma><|munq.|(FVVHI\/I) from XRD %eak of the bcc o-Fe (110) at d|fferent treatment time
(1,4,9, 12, wmﬁaﬁﬂﬁfﬁqu?%ﬂﬂ a ﬂsewed as shown
in fig. 5.14. TRe gain size of bcc a-Fe (110) at 26=44 is decreased, corresponding to the
increasing of broadening peak as longer treatment time. A smaller grain size approximately
8.42 nm for treatment time 20 h was calculated by Scherrer equation. As it is well know that
peak broadening is caused many reason including crystallite size, instrument profile,

microstrain, solid solution in homogeneity, and temperature factor. In this case, the iron peak is
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broad as increasing treatment time, implying that the grain size decreased as shown in Fig.

5.16.
1.1 , , ; : : 24
1.0_‘ . o h_22
o.a: 18
1 3
E 14 O
0.6 =
_ 3
L12 =
0.5
| L 10
0.4 S S
- "
034 =h— i} \ — T
N 20
: f ! ¥ ’L ': . y : : :
Figure 5.15: The FWHM of the X JFf peald < i bnding grain size of the broadening
’ Fiaadad. _
peak at 20—=44 as a function of the tre i » 9,12, and 20 h).
b S
Surface hardness -5,-.; Iv..’"j /icker's micro hardness with
a load of 50 g as shown in [ sle o7 ohiess Il ds to increase with increasing

nitriding time up to 9 hours. ‘Bwever for nit dng time more than 9 hours, there is no

significant change ﬂs%cﬂ’} ﬁﬁijeﬂ’]ﬁﬁe can conclude that the

surface hardness of mnded sample is sqmﬂcant mcreased after plasma nitriding for 9 hours
and longer. ﬂowq aﬁﬂﬁwﬂaﬁw% ﬂﬂ]ﬂ Hur shows similar
hardness W|th1typ|cal martensite which is a structure of H13 after heat treat and quenching.
The hardness of 1 hour nitriding sample remains at same as as-quench sample due to short
nitriding time that would not sufficient for the formation of nitride particles as indicated by GIXD
profiles. According to the dependency of nitride precipitate particles on nitriding time, after 9

hours plasma nitriding significant amount of nitride particles were precipitate which results in
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increasing of hardness up to 1072 HV. The improved hardness obtained by rf- ICP plasma

nitriding is comparable to hardness achieved by typical DC plasma nitriding.

Table 5.1. Surface hardness of nitrided samples

Nitriding Time (h) Hardness(HV:

1

4

9

12

20

hardness (HV)

I

_g.ﬂ
ﬁ Mi

Fig.5.16: Variation of surface hardness with nitriding time
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W and W

elast? plast® tatal were also

Nanomechanical, that is, Elastic modulus(E), Hardness (H), W
reported by nanoindentation with a Berkovich indenter. Table 5.2 shows the result of untreated
and treated samples for 1 h, 9h, 12h, and 20h for the penetration depths of 200 nm. The
hardness of nitride layer for 9 h is about 1825 HY greater than that of plasma nitriding for 20 h.

However, the thickness of nitided time f' is still thick than treatment time for 9 h, as

ﬁer for 9 h is about 255 GPa is also

n. ’yurr-diﬂ reported that the hardness-to-

compared in Fig. 5.7. The elastichs
greater than that of nitride sam~—=

elastic modulus ratio (H/E) = wece of the film. Therefore, in the

experiment result, the rati® ._J h shows higher than other

conditions with can increas«#

Table 5.2: E, Hand W, of nit

tatal

sample Elastic modulus W W

plast total

[GPa] (pJ) (pJ)

untreated  211.00 299.70 412.60

Th 245.60 453.00 641.00
9h 255.00 ,I " : 448.00 961.00
12h 264.00 *1291.00 13.90 323.000  496.00 820.00

20h 191.00ﬂ q I E‘l ﬁsq Equstiiﬁl Eiq?ﬂ ﬁT.OO 893.00
U
¢ a v
As we knov%imgf]zﬁmg mujmgﬂhj (:azmxsz:r]casﬂso happens, for

investigate how much thick nitride has deposited on sample holder, therefore; the si wafer was
placed on the substrate holder and closely with nitrided sample at treatment time for 20 h. The
aim of this part is to investigate the composition of the deposited iron nitride layer as plasma
nitriding process. Fig. 5.16(b) shows the surface of a Si substrate after plasma nitriding 20 h.

Following the treatment, the coalescence of the deposited composite film was observed. EPMA
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mapping (Fig.5.17) of the sample indicated that various element deposited on Si wafer during
nitriding process including N, Si, Fe, Cr, O, V, and Al. Moreover, the resulting spectra of
untreated and treated of Si wafer obtained from LIFH, LDE1, TAP, and PETJ crystals are shown

in Fig.5.18 and 5.19, respectively. The results show the nitrogen atom deposited on si wafer

8i Lv Fe Lv Cr Lwv

2811 73 63
2762 67 57
2714 | 61 | 51
2666 55 45
2618 49 39
2569 43 33
2521 a7 27
2473 31 21
2425 25 16
2618 47 35
0 Lv Al Lv ¥V Lwv
9 130 14

7 120 12

6 | 111 | 10

5 101 8

4 92 7

3 I 83 | 5

2 13 3

1 | 64 | 1

0 55 1]

1 88 3

treatment time 20 h.

AULINENTNEINS
e AR QAN QUMY 205

testing, si waf@ was cut by diamond pen for avoiding of thickness effect including cracking. By

doing this, the thickness of approx. 260 nm was observed.
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Figure 5.18; SEM microgr:, n silicon wafer during plasma

nitriding AlSI H13 for 20 h.

5.3.2 Summary

Low temperature \ ;, - ;"r, can successfully form hard

nitrided layer on the surfacijf aceflardness of AISI H13 tool steel

" L AP

treated by rf- ICP plasma mtndpg significantly i mcreases up to more than 1000 HV after nitriding

for more than 9 hoﬂ uﬂ;{}wgww ﬂr’*ﬂq formed at relatively low

nitriding temperature ﬂOO C) because of k}oth pre- |on|Z|ng process by rf field and high amount
of high eneﬂ W'Wra Qﬂoﬁ\m Wﬁrﬁa ﬂﬂf] ﬂﬁ effects leads to
effective nitroen transport on the atop sample surface and formation of nitrided layer.
Moreover, the treatment time for 20 h can be formed the nitrided layer up to 150 um, which was
very short time compared to with Basso [19] et al. They report that AISI H13 were nitrided at

nitriding time 36 h can achieve the thickness approx. 66.8 um.



CHAPTER VI

CONCLUSIONS

In this work, the radio frequency. »

! ﬂsma (rf-ICP) was used to formed
d

=3 L3 s_d’.—ICP shows the advantage cver

- plasma. Moerecver, it can be

nitrided layer on aluminium a!
the conventional plasma so™eeT

used at lower gas pressuits o ' U  a.erial. To achieve the nitided

material. RF Plasma nitriding S W ed the oxygen remaining in the

chamber. Therefore, f plasma | .id S8 The nitriding of AI2011 has been

used to study at different treatmel"-, AT gnalysis confirmed the presence of a

hexagonal AIN(100) onjt | o) bution of nitrecgen spread

*d

the entire sample. All cd V:-

Moreover, long treatment e (>25h) present the high Surt 2 roughness and thin nitride
layer on aluminiu ridin Al2011 has not been
successiul becauffﬁ(ﬁj aﬁﬂ Wﬁ ﬂ’iﬁ:ﬁsmg treatment time up
to 36 h. Afterwards the Saﬁe was €han ed to Mbwt%Cu for r@lasma nitriding at

e 1AL U HBAILGNN L s s

rcughness are no significant difference between the nitriding of Al2011 ang Al-ewt%Cu.

ygen on the nitrided layer.

Also, the hardness dees not change much even though change the percentage of hydrogen
in the nitriding gas mixture. Both of AI2011 and Al-6wt%Cu plasma nitriding has been found
the white ccler on the sample cause a very high sputtering rate which increase the surface
rcughness. Frem the experimental results, we can conclude that the rf plasma nitriding

cannot be used for aluminium alley fer improving the surface modificaticn.
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Thereafter, the AISI H13 was used in rf plasma nitriding with hydrogen-nitrogen gas mixture
at working pressure 0.5 tomr, and the substrate temperature of 300°C as different treatment
time (1, 4, 9, 12 and 20 h). Hardness after a 4 h plasma nitriding time was found o ke
increased up tc 796 HV and 925 HY using Vickers hardness testing, nancindention testing,
respectively. In additicn, the maximum hardness was observed after 9 h of treatment at

300°C. The nitrided H13 layers up to 150

thickness have been formed with a nitriding

ﬂ the range from 9 t¢ 20 h, was

time of 20 h. Therefore, the eff

significant.
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Appendix B

JCPD of AIN
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