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Abstract

The main aim of this research was to
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and amorphous microstructur e.
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deposition process, were produced se
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CHAPTER 1: INTRODUCTION

1.1.

Background

Magnesium is an attractive engineering metal, due primarily to its low

density,

r el

ative

ab

undance in the ec:

careful alloying and heat treatment, a moderately high straogtteight

ratio can be achievetbr magnesium alloys. Lowlensity magnesium

components are promising to replace commarsgd materialse(g.steels

and aluminium alloys) in applications where the weight reduction is

important. However, poor wear and corrosion resistance precludes the

more widespread use of magnesium alloys, constraining their use

remaining to technical challenges of mostly static, structural applications,

rather than tribological components and assemblies, where the cumulative

benefits of lightweighting could be morexeensively realised.

Depositing a

obvi ous

vV a
as
f a
t h
Th
de
fo
ga
f o
t h

S

protective coating onto

strategy t

0]

enhance their wWe

l ous surface treat me[ht si aptphe epgl &
i sted physical vapour deposition
ri'y extdasdvebynstwudsed widely in
productivity and | ifetimg2l.of man
technique has progressively rece
el opi ng prfoare cMa gvree §8i9uam Manighso g $ u d i ¢
UusS on using purenakbumBaoiam fayer
vanic compatibility with magnesiu
most other engineering metals).
ough such studies 1 Mgthetdewmet ap
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i's reegdrednenmu IPtVIiD @maanmngldmpetsdlt e

sed coatings may hold significant
yl and an[dDhMavtet hpermvesvi ousl y pointed ¢
i ng the ratio of hardness to el as-
ating mechanical durabilitlyliand |
nocomposi [fld cAdathionugysh t he coati ng:
nocomposite structure do not exhib
perior protection by préamrngidnegr iema
ugbMme®s | mproved ability to accomr
astic strains under mechani cal or
derate proportion of ceramic const
d/ or glassy microstrieatamoer may aal s
rami c/ anmarap honuashocomposite coating)
ramic phase constituents avtief benef
fficiently s-tha bt riamaedy edmatf osmgwni fi
grade thevcourosiontbhehagl assy mat
fficiently | ow el astic modul us,

rformance of this type of nanocomp:
ncl usi on, devel oping novel PVD na
grsium all oy substrates, to I mprove

rthwhile topic to investigate.



1.2. Research purpose

The aim of this research was to de:
coatingbréer WEABCcmagnesi um alalnadys, t
corrosion resistance. The research c
was to producizkoapbhfasgulb aggeuemorPVD ha
nitride -opedi haodemetal |l ic) coating

compl i antl)oyMggub dthrea second stage

wa s

wedresi stant nanoconmpptsii ddieasseecb d ciom@ | o m

| avy
pro
t hu

er, by i ntroducing nitrogen react
cess. The two main objeceti weseto
S :

Produce a moderately hard (and galvanically compatible), but
compliant, base layer by PVD mu#lement metallic coating

deposition. This layer should possess good adhesive strength,
mechanical and electrochemical corrosion properties, tcosutbye

subsequent tribological hard coating. Moreover, it is better to
possess amorphous microstructure to readily achieve metallic (or
ceramic) nanocomposite structure when the nitrogen gas is

introduced in subsequent deposition.

To sequentially deposit a nanocomposite PVD coating onto the base
layervia the introduction of nitrogen reactive gas to the magnetron
sputter deposition process. This coating, with the desired mechanical
property and microstructure, was expected to imgroxear and

corrosion resistance for the underlying magnesium alloy substrate.



CHAPTER 2: INTRODUCTION TO
MAGNESIUM ALLOYS

2.1. Background

As the average temperature on earth continues to rise since 1880, global
warming becomes one of the greatest chaélsrigcing the world. The past

year 2015 was recorded O above the 20century average of 13® .

This was the highest value in the 188015 record, beating the previous
record warmth of 2014 by 0.X6 [12]. Global warming potentially leads

to serious effects that include changing rainfall aswbw patterns,
increasing droughts and severe storms, reducing lake ice cover, melting
glaciers, increasing sea levels, and changing plant and animal behaviour.
Many attempts have been made to prevent dangerous anthropogenic
interference with the climatgystem,n termsof reducing the emission of
greenhouse gases. One of the most famous achievements was the
establishmentofthe Ky ot o Pwhiohtwasadopt i December 1997

by 55 nations at the United Nations Framework Convention on Climate
Change (UNFCCC) and became legally binding on its 128 parties in
February 200%13].

I order to abidequby embprpt d efjr e matsiu

i I tiatives, many automotive manuf ac

devel oping more environmentally f

n
n
n

reduce exhaust emiisssi angnajar wbonon&t i
ontributes to societal | squfsAgl oba
he amount of exhaust gases emitted
0

nsumption, vehicle weight has beco
4
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equate performance and safety char .
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mponents. Among different | ightwei

| oys is developing rapidly[ldue to



2.2. Advantages of Magnesium Alloys

Al though aluminium and i|Iit@s &lahdy datate
mat et ioaldsecrease product wei ght , si g
coul d be achieved by -dextsen i nngaginlee |
componenntwfaamct ur i ni§la ginnedsuisutnr yi s an at
engineeringpaetatul ar , It possesses
1. 743 g/whisclgni $§icantly |l ighterd than f
and |l ess than a quarte)[1BFf Tthlee pcherssict
prempties of magnesi um, aluminium and
I mable 2.1

Properties Magnesium  Aluminium Iron
Crystal Structure HCP FCC BCC
Density at 201 (g/cn?) 1.74 2.70 7.86
Elastic Modulus (GPa) 44 67 208
Melting Point (\ ) 650 660 1538

Table 2.1 Physical Prfoperti es of
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As s hdwmuir,re tZh.el s p e c infaigcn essti ruam gatl H so yos
as AZ91 and WE43 are significantly h
all oy (coa.tveti% iMgg) ,2 .02f 304 adaachd316 s
compar abl e -$sor ¢hgt h o2 chhdpgéelru mildiowm

Magnesium al so possesses a | ow speci
fushoeinh of which make it desirable f
giving rise to a considerable reduc
manufacturing pracgcenes t(i dhags piemp ea ad iumi
for example). Furthermore, as it has
used to cast magnesium all oys, typice:
t hose used t o [2&aCGotmbahumgnituhne s e ad:
magnesium all oys show the most pr omi
i ndustry to make | ighter and more

product s.



2.3. Limitations of Magnesium Alloys

Despgihttee promi sing technical and c¢comme
all oys desavikeeadl abodesi rabl e propert
wi despread use. Poor corrosion resis
restricts applicatioms$ sonlilsywchoademmin
atmospheric exposure at | ow humidity

magnesium i-2. 83evYy(éwvanatompared to a

-1. 66V, i s already a highly el ectron
di ssol utnicoyn btyendxi dati on reacti ons
particularly when in contact with ot
tend to act gal vanically as a corroc

magnesi um dRisppuragietodsntr at es cl ear |\

corrosion tendency, that is thermody
el ectropotentials when it is exposed
0.8 T 1 LALT S T 1 I
04k J‘.'f?':--)-':‘,E':'; """"" .
L T L
ok Y- 4
- H
-ﬁ‘-t{??)“fp
04} “et2em -
2 08} el ]
I e S
— 12} T
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g 16l
$ -1 |
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-2k -
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~28F Immunity K
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-2 0 2 4 6 B 10 12 14 186
pH

Figure 2.2 Pourbaix dV wgtfa2fn of magr
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passivation (with stable and protect
highly reactive alloys (e.g. titaniu
to oxygen but form a emnttabsluer,f acaen tpirnoL
f i [2m the film formed on the surface

mai nly of magnesium hywhoxhdeati oaly

| i mpredecti on and is very prone to
typical agueous species. Al though r
magnesium is very vulnerable in acidi

chloride solution (¢ Og@lwilsleawatasj ornn
MgGadnd cause pi2tht i Mgr eovero,siioff t he ¢

a certain I mpurity exceeds a toler:
magnesium all oys wil/l be drastical
mi crogal van3ig dalls pbteihemenon i s par

for Fe, Ni and Cu al |l oyFinggureel e2me3nt s
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Figure 2.3 Effect of alloying el emen
3% NaCl solution[3dt room tempe
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support frames, seat feHo@33B8Lteerin

I n future, the use of magnesium al |
engineering technol ogy, potentially
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2.4. Protective Coatings forMagnesium Alloys

From the perspective of metal l urgy,
proposed to Iimpair corrosion damage
to produce magnesium alloys with 1| o

Il mpurities (ngpCoall yeEendINy, arapi d
enhances cCorrosi on resi stance of ma

l ncreasing homogeneity a3 priom e sastii m

(o d

ends to homogenise the materciedal and

ction promot ed by the accumul ati on

a
del eterious el em@Mft sLiami tg rnagi ns obl o udn dsac
enabl es the ftsacramet idinstafi buitmnen of n
S

tabilise detrimental [4e)l ements i n a
Actuall vy, depositing a protective <co
alloys i1Is potentially an effective w
we | | as tribologicaf paffocmantet hC
protect the magnesium all oy substrat
bet ween the metal and i1 ts environmen
damage. Moreover, by virtue of deli b
(i .e.ngcopaltus substrate), appropriate

achieve a function (or performance)
coating or thd Bulmbér atod dlecmae.ol ogi
i nvestigated f or c¢oatiinngg crmaegm esail u o oan
treatment, anodising, painting, el eci

vapphase processes.
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2.4.1. Conversion coatings

Convecsawbinngs are produced by conver
met al to a coating (that <could be an

ot her compound) by a chendlal (or el

Conversion coatings, as t he mo s t C
magnesium all oys, can provide moder a;
an insulating barrier of | ow sol ubi

environment andr/ @si cmonit @ah inlf4dnZYf cg c om
Chromate comyerisavwelr owan idemonstrat ec
the corrosion resistance on AZ31C, A.
I n salt [4sPprAysttedy sby[4Pp mapaneod tel ata
protective properties of these chr om:
presencegsionf t@res OHulct ur e. Conversion
often used as surface preparation fo

as for paints and organic coatings.

The protectioqal gneemwomyersstiaonnd coat i
l i mi ted. Furt hecemor epf ac osneweerrsei omo nc ¢
toxicity of the processing solution:
which involves use of the highly to
Cf*[4BAnot her challenge of conversion

obtain uniform projfuearntiiogsn fsanmr falcleo o

15



2.4.2. Anodising

Anodi sing (S an effective technique

protection to substrates such as al ur

[4 B During the process, t heer sceampi onn ean
specially formul ated anodising sol ut i
occurring oxide film by applying an

coatings formed on ZM21 magnesi um a
containing ammoadiuumm bd ifd uroo maltee and ¢
[4 T

The oxide film was found to be high
humi dity, high temperaturwaculthmrtneadt &

An anodising treatment developed by

t htbow 17 opd@bass proved capable for

magnesium all oy. The surface fil ms pt
magnesium all oy demonstrated good cc
[4 B

However, a major challenge for anodi
el ectrochemical l nhomogeneity becaus:
Mor eover, fl aws, comdraons intay,i omn fr om

pretreat ment can al sob50 e#&®dr bos usevete
mor phol ogy was both observed on the
AZ91D magnesi um &Dolw yl 7t odereotceatdgbtyi @ rh,e
uneven film formed on AZ91D maynesiu
attributed to the PdMgepamcecobsi acteum
the grain boundar[pfds and surface por

Anot her disadvantage is that a ceram

16



satfiact ory mechani ealar por g pceanpti ioenss ,f oore
many soft and compliant substrate ma
with an el asti c moQGHRid)ust eonfd ttyg idceafl o rym
extent than the (relatively stiff an
mechani cal | oading (i . e. edPdy-lti mgspa
Bedworth ratio of magnesium oxide f
whiot#di cates that the thicker fil ms t
provide effeAkddivtei opraoltleyc,t iaonnodi si ng t
damaging the fatigue strength of t h
heating at the san®PfacEhidsrmnotg omhmley tl
Il nhonmooguesh surface properties but | mpa

the anodi sed magnesium all oys.

2.4.3. Painting

Painting I s another common surface t|
finishing of die cast AZ91D magnesi u
achiseatd sfactory corrosion resistance
corrosi onh asfaletr s4POrOgg at eat masphaear i3c
t e[SP

Howewagretr a at mermctessary thoasoebtparionp egaa
and adhesion, which requires either
process. An appropriat e hmpruil de rb ei sal &l
resistant and bapbgdSigmi orgamti c emnweist
concerns then arise with the coati ng
material s, such as chromat &©thaed vol

di sadvanaageed otogphomgisf arnnec | uadeal p i

17



vol u

and

[S &

244,

El ec

QD
>

e
t

—
nw O

nvi
cco
PP
| ec

ubs

O »w O u 99 0O Cc
c

S C

t o S

To d
ma g n
copp
unde
out s
pl at
attr
Firs
not

subs

me conc-entfat moarosshink density

a risk of swelling or degradatio

Electrochemical plating

trochemical pl-atifagtiseatechmpl qu
| ectric current is applied to re

heir met al |l i c f orm on t he sur f a

udalhley cat hode), providing a barri e

r ofdsfnenfthe plating process can be
rding toetheomsoufoce oédwedti on: i
|l ied from an external pol ari sat.
trons are supplied from a chemic:
trate itseaedut ofcadat cadmystibod oeedea |l af S

o

pper, ni-awkhels earmdjupalulsacdiadms can

c

ch methods), it is called el ect

te only zinc and nickel have be

Si um, serving as base | ayers fo

® Od @

r, chromium and gol d) . Gol d pl
rneat h) I s suapeddgfcwultliyonusmdetiy
tanding stability in vacuum oper .
i ng coatings have fqgoue@ ITiht tsl @ sc

| buted to several challenges of

tly, the coatings produced from
uni form because ofi Mutfifeerr eamd¢r ccug

trates, thatwniafrer madisstdr ibb/u tai onno n
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phases formed on the substrate surf at

magnesium | eads to rapid formation of

I's di ffocuabmpletely eliminate prior
pretreat ment process IS required. Fi
onl y-coinsmemi ng but again involves tox
to environment al l ssues and adds cos

2.4.5. Vapourphase deposition

Protective <coatings for magnesi um a
condensation ofVappwnr i deposnattieonm atl wp i
a process Wwithipnm esggarsaeawsn armrvilroownn me n
effectivelegsaarny dso luldiepiosn & | meggt vmead re r |

Il mpurities in the air.

Tw o typical categories of vapour d
deposition (CVD) and phy5spCoarp avwaemour
wi tchonventional CVeott ecmrvioquwes Wi th
conventVilomed temmeanbtlse s t he synthesis of
coatings at | ower depoanptoirdrantte rhper 41
treat ment of magnesium all oys, due

degradation afe6Phi gh temperature

According to the type of vapour soutl
speci es, PVD can bevaeadabegoi-bmathed ect
PVD {PEDB) , cat\hapgo canarocapatt el deposi
Vacuum evaepocrithbhen the process wher e
which is thermally vaporised from a

through the vapour soumnbsttrathleatn ivta,

19



environment t(6oPEfBBVWD me€teati hg the prc
a focused high energy &electron bean
material. The vaporised material fro
substr afe@EBRVD accveer comes mel ting t emg
within conventional wvacuum evaporati
gun to elvaptortalte on source and, i n tur
l oni sation (ramsscadsedofprptas@ds) of

Cat hadc cdeposhtgbncuwvoétiethgeltaw c ar cs

| opvr essure vacuum at mosphere; the ar
over a sol i d target mat eri al to I n
vaporisation S a particul ar type

I nstant anmeeo u i Spruwt t er deposition r
wher e vapori sed materi al I S convert
(par-toal bgd) gas by energetic partic

mat eraad transported [6f deposit on t

An amor phous/ n@irecrfydtmaldleisneg nAlhas be

demonstrated t o enhance t he COrrosi

all oy, usi ng t he magnetr[éi sTphuet t er
performance of an amorphous | ayer | o
i nner | amell ar nanocrystallinm)l ayer

was compared with untreated AZ31 magt
AlICfFe amorphous/ nanocrystalline film
potential s and | ower Xeroaryr omsh atno ecl vercrt
spectroscopy (XPS) coemsptoss i it ACeine aafe dA |
passive film wad$egpamdOMmledt wWet buCer s
andOfr FeO,Ogaatd tAhe i nner | ayer.

A mudatginetron sputtering PVD techniqg
ceramic/ met al dupl ex coatings on AZ3

20



mechani cal and corrdadifeenr eméer fparomeercad a
struct upOdsAl ( iadT iAAl were prod{geed and
Bot h coatings exhibited very uni for
observed by opti catlhemitchriocskcnoepsys e sAl d fh
coating systems ialeethpt massupbei samme
proper 0Oy Tof cAlati ng ,0¢ cArhp awaesd ctloaiAne d,

primarily attributed to stronger adh
Ti I erer Hoawever, I n 2@/OAIlr oco @i mEesprso
the substrate more effectively in 3.

galvanic cor©O63i onoabtergowad#dl sai d to

the existence of @bireg. and cracks 1in

Recently, a coating concept based on
been developed usiP\¥yYyD maaoacdeli ir duine tspdiy t
by Hoecth ¢@afl h a s demonstrated the prosj|
depositing aniTtirMgddd Nc amdtlioryg (devel ope

report &d cbiaWMg ng) , onto magnesi um al
corrosion, i n which the iIncreasing
coating mi crostructur e, but al so i
el ectrochemi @&l Fpurrotpheerrt i eshancement

resi stance was achieved by applying
sputtering (Hi PI MS) sputterielagr tnhode
el ement . TiHe PT MBIlg @dbMdMti ng exhibited
resi stance in terms of being subject
360 Heohur s

As a successful techniqgue to enhance
and com@RpbR¥Dto®ffers an environmenta
process for magmwsri,unP\D | owesr.c oMoerse t |
of phase separation in the all-oy and

21



sputter cleaning process prior to d
adherent protective coatings. Over a
treat meakxtend the applications of maq

corrosion and wear resi stance.
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CHAPTER 3: PVD COATINGS FOR
MAGNESIUM ALLOYS

Physi cal Vapour Deposition (PVD) i s
which vaporised atamsoloird mod ecufgesd:
transferred and condensed onte a sub
pressure gasedfis PeViDviponngmendges t he a
achieving controlled coating structu

with functional gradiemtt empépfeattureess

3.1. Advanced plasma assisted physical vapour deposition
processes

The concept of plasma assisted physi
first patented [B} Beartghiatuswaisn nlo%3 8un
Mattox introfilwnedowhhiiecmhmgelrend t o resea
conducted into the formation of met a
| VbR Bunshah and Matthews thereafte

ystems to increase ionisation and ol

Q_U)/'\

ramatically i mproved mech7as3ht cdaln and

ow energy deposition, neutr al depoc
urface with | ittl e[7&nerregsyulftorngad ant ol
ensity and poor adhesteod. pHowevyxes,
| asma (consisting of energetic neu
ssenti al activation energy by exci't

nergy | evel, thereby improving kine

O ®d® d T Qo O’

epositian hoft hfei Idnessiw ed properties.

types of coating to be synthesised a
23



pl asmgspla significant role 1 n actiyv
deposition process. Thi smassiushs aisn
cerami c -nertaanlsiniitorni des, and modi fies
structure morphology of the deposite
can be[78] tPArPe&/d al | ows t he deposition

ceramic and polymer coatings[7Bn a wi

Three main commer cwiade | B/A PuwsDe dt:y ppelsa sam
el ectron beam phy§6EBYD) wvdapacur odn@ag o it
steered cathodic arc efviaeplodr au-mmanl a(nC

magnetron sputtering (CFUBMS).

3.1.1. Plasma Assisted Electron Beam Evaporative PVD

El ectron beam physi-P¥D)vapbarsdeposh
i n which a focused high energy el ect
target material to form a coating vVva
the target s thédstdapléis el deaxa dtia itth
EBPVD process can be achieVvVedt bgncbe
guns with an ingot feeding system t
sour[@es.

Il n pracRMD ehaseEBwi despread applicatio
t her mal barrier coatings (TBCs) whi ¢
components from overheating damage .
| oaeiemg i ng applicati pnay Tkeehpl gsma w
main surface treatment used to produ
pl asma ayed cPWD i gast,i E®BS possess t he
properties: (1) a columnar microstru
under t hem@dhal( iciy)c better[8RBxi(datii)omrreea
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erosion [BBsi(sitvajnciempr[®8# e d( vg cdalAe ssinoono t |

surface mormalel od\y 0o mpwia)k detpa apyli aasgma

However, aPsVDbasni ca EvBacuum eoMyii glotn me n
process, a careful rotating operati ol
i n a deposited coating. Timasas$eiassed
coating process. The use of plasma I
produced®VDby seBni ficantly as the pla
surface homogeneousl y. FRIV D heemrhmomee s
l oni sati on. Théni Bvgd foni 4 dtei ohe pas i
enabl es t he densification of coati

t empe(f8aht ur e

r

a |

To further 1T mprove the i1 onisation,
the deposition process. The introduc
be i onised by energetic electrons emi

A magnetic fciiellidt atse utsheed itoonifsaat i on
the electrons and also to constrain
cham@Bdr Anot her alternative method
efficiency is to employ a series of

from beingtatet oactpea@fi omno beams

25
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3.12. El ectromagnetically Steered

Cat hodevxapaorcati on (CAE) I's a -technioc
current-valntdagewarc discharge over th
cat hiodeh.e( target) 1 n a vacuum environ
then evaporated as a f uWlelpy siidreids edht
subs{8rB38@8Pe The main advantages of t he
capability of achieving a high degre
The -sntoant i onary position where the arc
density is cal[Pedl t heecpeéhbDdemapoe o
be i mproved by making use of a steer.
el ectromagnetic coil is appliisegrbaocest
the manipul ation procedure avoids o0V«
uni form erosion and resuces the sizel
I nt o va[paoup f | ux

Thesealsfimadr odoaoped mmenl|l y found with a

0 -11CkEmMI[9 49 h Il f the emitted macrodropl e
fil m, It wi || |l ead to surface rough
uni formity and may <consequen?.ly | ea

Vari ous measures have been develope
reaching the substrate. Generally, t
si mplner i s to put a superconductor sh
physically blocks the incident neutr
within the plasma are transported bel
fi¢Ie@FY Another more eff @actmawe emetclad d
filtered cathodic aFcgewvapt8ired ttiroan.e cA
bet ween the cathode and substrate in
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evaporation 1is

filtered cathodic arc
the electron paths, and depositing i
volumetric charge neutrality in the |
on the innetr twaltlr @apg tdhietgeamer at ed ma

rat her

them to deposit on the wall,

S~ Electromagnetic
@ e- / Field Coils

1\ | Molten Globules
L

— or “Macros”
QOO0 <—— pathode

Figure 3.1 The Curved Configuration

Arc Evapor gtlhi on System
27



Depending on their configurations, n
categorised-aag heittectdnur@ardhdéd ecsuioe D
The cdroslidt ecture filters are charact
whi ch 1 s sur riocu nfdiedds docybh oreabgsntente c | as s
fil[@Btrhe 45A KMReeand Ittlee (@A iTHeaear

macrodropl ets are expected tha &dhere

the baffl es. However, some types of
catch. Carbon, for instance, reflect:
fbounaissgue | eads to the design-of ope

archit ecstyusrtee nf,i Ittheerr e arfér-®®a mdiicng bu
magnetic field coils are used to el in

of plasma transport ®Gett[M®WmO3 each pul

313. Cl o$eel d UnNaad nentmrdodne rSi n g

I n the basic sputtering process, dur
(along with sputtered target atoms) ¢
This causes i on bombardment to pl ay

pl as ma density. c Alstphudugeh i idie prbace s
successfully applfl@d fori snangsmat er e
l oni sation efficiency, | ow depositio
at the substrate theoaghi milteattiroms hl
overcome by the wuse of a magnetron

| mproves the <control of t he seconda
collisions can be triggered to enha
densi fi cataisooma.ofAst hae rppsul t of this,

il on bombardment to the target and, i

and thus coati[ln@5 deposition rates
28



| Substrate | | Substrate ]

PLASMA

Target arget
rgEn IJ m Tws%—@
(a) (b)

Figure 3.2 Different configurations
magnetron; (nba)g ntentbraolnafnceggdd Ctosédgur a
[10]6

Conventional ma g nbeda Iraomc esdp uma gerr @ tnrgo n(
seki gure) 3pRdsadsses oerbhyvyohasomat asimail n
pl as ma, appmmxfimamel ge 60arget surfac
i nstalled within the region, concurr

i nfluence the microstructure and pr o]

t hi soneggion density will, on the oth
1mA/>cmduring film growth. As a resul
dense and uniform films on | arge com

| i mitation dIfO.pl asma contr ol

Il n an wunbal anced kmaguoee)r,.8n2Ehdt e es (I
strengthening the outercentnrgalo fp onhaegr
magnetic field |Iines are no | onger s
target . Some field |Iines are directe

higher i1 on current flowing to substr
29



uni form film can be formed8by the di

Tof urt her develop a wuniform coating
satisfactory deposition rat e, mul t i
Il ntroduced. Il n a multiple magnetron
adjacent magnetrons can bepacloafigiue €
to ensure the field Ilines between th
aficl osedi sf ifedrdmed whi ch ¢ dviajresnstiheg suU
pl asma r &ggane)(.8eRarcl)y research at S
[10]9i ndi cat edo-cteldad td u-mbghanhcen sputt
(CFUBMS) sytstt penrsf or m a singl e unbal

configuration in terms -bfatamswuétsitan
Furthermore, the use of advanced mag
containing rare earth el ements can i1

current t owar[ld1$0 tThhee sCUFbUsBtMSatsey st em i
suitable for the deposition of mul t i
because each individual magnetron t a
carefully controlling sputtering rat
al oying composition of coatings (i n:¢
can be [bDH1 ained

With the CFUBMS technique, sever al ¢

such as target pul se bias and magne

Traditional reactive magnetron sputt
S ptudring insulating coating materi al
covered by an insulating | ayer which
and finally brings about breakdown i

can give rise ttos tfhreom|telcd itoanr godt .d rToh
of the target materi al produce defec
to detriment al | mpact on composition

30



film. The pulsing of magnetroge di sch

(2000 kHz) during deposition markedly

a resul t, decreases the n@lnMRd)5 of de
Wh e n CFUBMS I S operated usi ng ma g n
configurationtatdom ramnig@d]bif s e onmi ted
the operational cont.r oHdra biinsittayn cdeu,r i
flux 1 s essenti al in the early stag
adhesi on. However, a continuous i nt
formation of residual stress and def e

t hi satliiom,t a new magnetron design ha:
degree ofi nursb@dHueamelry, this system i s
al | modes involving balanced tacnd unb:

atom ratios at thel dHyb aneraamtse odan | me

respect to the fluxes of I nci dent a
deposition process. Moreover, -in the
| ayer coatings, variabl e magnetr ons

component nprnthoee[fc@&Bes nig
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3.2. Selection of an appropriate PVD coating for magnesium
alloys

The PVD technique whase baeamgeaqodd .iiend ui
tribology and wear/ friction control,
coatengs,nergy industry and power gen
of PVD coatings have been devel oped
conwvieaonal PVD coatings used for I my[
resi stances are mostly monolithic coc
nitrides, oxe dys, aTigN,, b el iBflelyl 118

and Di-laimoemdCar bon [(DRC) <coatings

For many years, the i mperative for m
produce ever harder coatings. Howeve
with high elastic modul us, whi ch 1is

behaviso of coastngnoumbdd ullloosw ®ulgstr at

magnesium alloys in this research) u
defl ection of the hard coating in coc
means t hat Pt owi || ben siacsn | whipd ha cwidl
reduce the coating |lifetime in wear

With regards to thisccadihmadwelo VB id e:
mi crostructure holds a significant pr
and MaflPheiwst ed out the relevance of
to elastic modulus (H/E) as an indic
and introduced the conceptfllowhimét alli
al t hough inloytf e»elcielsistairng extreme hard
protection by providiGmggiemdamiceg r @sqd
i .e.significantly improved ability 1
plastic strains under mechanical or
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Metallic nanocomposite coatings with
el astic modul us t end t ot deax Hiulriet aan d
demonstrate an ability to accommodat
or by the substrabeompomanoe @eth,0ousgl, a b
with embedded nanocrystallites) coarl
corrosion resistance with more unifo
pitting due to | ar gel[ly2.(a bSuecnhc ep roof p egrr1

are clearly suitafhlle for magnesi um a

3.3. Design concepts of nanocomposite PVD coatings

The pohbhemdfiiatts of producing bul k amo
have been recognised in tefdMandf i mp
many uni que mechani cal properties,
candidates for some spfclincgemgin alege
three empiribeah swiggeshaedeto produc:

alloys with highl2g2 ass forming abil.i

1) Multicomponent systems containing more than three elements

2) Significant difference in atomic size ratios above about 12% among

the three main constituent elements

3) Negative heats of mixing among the three main constituent elements

Simildedliyerate selectionmbécskbivkeray
the solid state all owmetfadr otrhepacrte

amor phous nanocomposites with el asti
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all oy §flwBstrate

I n addition to the three empirical r
coating for | ow modul us magnesi um &

el ements should ideally have the fol

1) Low elastic moduli (to match that of the magnesium substrate)

2) Different crystallographic structures (to disrupt the crystallisation

process on deposition)

3) Consisting of strong nitrideorming elements and weaker or Ron
nitride-forming elements (to develop hardtrogenrich nanograins

embedded within a complaint amorphous matrix, for example)

When these properties are combined w
rules, the design and production of
have mecharmiscadl opreopteadati he underl yir
substrate may be possibl e. Mor eover
ni trogendopendi meogémeittacl phlaseafocompo:
may be formed to give solid solutio
further addition of nitrogen could | e
nanocryst al.dee mameigdads emalnocomposite).
nanocomposite coating appear promi s

out standing protecandnate mhgseshaemf

studies in this thesis; since there
i ntroducdlngmemul tamor phous metal |l ic I
provide ceramic coating | oad support

A desirednommoadmpooift @ac oaddalge i sr t ot dla

grains embedded in an amor phlo2lds mat r
34



Il n this microstructur e, the high vol

crystalline and aamorroplheo utso prheasstersi catc tt
size and its propagation.

Il n this project, Al , Mg , B, Zr , Mo
substitutional metallic el ements and

The six elements showedc!| arge dntf a
preferred crystall dgbaphi3d et nuddt dn &
these incompatible el ements i s expec
regul ar crystalline | attice; thus, t

nanocomposite structures)12225% her mod

Crystallographic Atomic radius Elastic
Element structure (pm) modulus
P (GPa)

Strong nitrideforming element

Al fcc 125 70

Zr hcp 160 68

Mo bcc 145 330
Weaker or nomitride-forming element

Cu fcc 135 124

Mg hcp 150 44
Tab32e Crystall ographic structures, a

of selected el ement s

The grisupootf orimirngeelAlmenZrs and Mo)
expected to yield hard metallic phas
strengthening) or possibly ceramic b
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are s e fwecatkeedr -nabst-f o dmi n g 0aen e mernd sex pec!
t o asgiesatt iinng an amor phous matri x tha
modul us of the coating system. Addi ng¢
adhesion of the interfacial | ayer, si
compatible with thet maiggeesiFumt aéid oy

previ ougdgl Zeeasretairaclhl y amor phous struct u

I n ni-ftreog edlilna@uy Zcoati ngs. As out !l ir
I ntroduction of boron not only 1 mpro
l ncsrienag | attice friction, but can al :

refractory borides with [@EdI2@ments suc
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CHAPTER 4: EXPERIMENTAL
PROCEDURE

4.1. Substrate Preparation

4.1.1. WE43 magnesium alloy selection

Duecboncerns about possi blieaez.rnskeloém
fl oating around the c¢hambecronwhae nnivnogl
magnesium all oy, such as AZ and ZK
WE43 magnesium all oy rwaatse snedteecrtieadl af
project. Some basic properi elsabdfe WE4:
4.1

El ektron WEA43

Compositi|Yt: 4.2 wt. %; Nd: 2.3 wt.
earth el ements: 0.8 wt. %
Heat Trea|T6Sol uti oN f(oat 8 2hours) pl
250 for 16 hours)

Tensile S{220 MPa
0.2% Proo|l72 MPa
Modul us o044 GPa
Vickers HI8BO05
Creep Pro|StableNamd2uGe Nip to 300
Tabl e 4p.rlo pBearstiices of WE43 magnes

AsTabl eshdbwk, t e oplrelettracry WE43 magne
heateated by andeal i8ndoiutr satans2hoACw
foll owed by artificiallzyB3Wgdihng fl @mad:

37



to a high strength that can provide

I n additionh obHpeereBomaeginesi um all oy,
to maintain good mechanical( upr otpoer t i
250) for | ong Ttheer mo veexrpaolslurtee mper at ur
during deposition 2wald icmeasheedNomndi |
unbal anced magnetron sputtering rig

Excessive | ocal heating caused by i ol
certain area of[lBlhe@cabetr malt else abi & ¢
WE 4 3 magnesium all oy ensudeepsost eleidactk

sampl es.

4.1.2. Grinding and polishing

The rawo6WBEda3gnesi um all oy was machine
a di ametnmnemr aonfd 530 t hi ckmmss Tbhbécwlramun
substrates were prepared through gri
P2500, and P4000O0. Then they emere po

di amond paste and suspension, with s

The prepared surfacesudfade s& mé&arn
0.02N0. 006 Om. Prior to deposition,
ultrasonically c¢cleaned I n acetone ar

then I mmediately dried with a flow o
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4.2. Coating deposition

Since this project aimed to explore a novel series of PVD nanocomposite
coatings for magnesium alloys, there is no related literature to guide

coating deposition work.

The overall plain was to produce a metallic glass or a partially amorphous,
nanostructted base layer, and then, by adding nitrogen gas, promote the
formation of a metalmetal nanocomposite coating structure (with
nitrogerrdoped metallic phase in an amorphous matrix) or a cerareial
nanocomposite coating structure (with nitride cerami@asphin an
amorphous matrix)Base layers were first produced with a wide range of
compositions by varying both the depositing positiares four positions

in each run) and substrate negative hias%0 V, 60 V, 75 Vand100 V).

Analysis of the resutwould allow for the best candidate to be selected for
the next stage of the design process. Here, four nanocomposite coatings of
the selected composition could be produced by adding nitrogen gas with
different flow ratesi(e. 5 sccm, 10sccm, 15sccm ad 20 sccm). The
coatings were then characterisad wear and corrosion tests, to obtain

information on the performance.
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4.2.1. Sample Designation

As mentioned above, four deposition runs were carried out to produce base
layers in terms of different applieibstrates negative biase(50 V, 60

V, 75 Vand100 V). In each runfour aspolished WE43 substrates were
placed at intervals along the middle row on a sample holder with
dimensions of 300nm x 130mm. The distance betwed?P2 and P3was
considerablydrge as a hole was present on the sample hditerfour
substrates were labelled P1, P2, P3, and P4 from left to righFi(pae

4.1)
300mm
<€ >
A
© o )0 O
Pl P2 P3 P4

v

Close to AIMg/AlB Close to Zr/Mo/Cu

Segmented Target Segmented Target

+—|  —>

Figure 4.1 Planview of substrate holder prior to deposition
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The total -odépossiixtteede nbaagsevedmyendi wed
designations as a combinati oPal. offo t he
P4) with their appliedisiheh §W0Wr786t e neg
Vanld00O Vas sholvarbl &l 4a 2i n

Substrgte Negative Designation Current
Bias (V) (A)
50 P1-50, P250, P350 and P40 0.07
60 P1-60, P260, P360 and P40 0.08
75 P1-75, P275, P375 and P475 0.08
100 P1-100, P2100, P3100 and P4.00 0.10

Table 4.2 Classification of Al CuM

Similarly, the sample produced from
| abell ed by adding the corerPE@@ndi ng
20sccm) .
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Chamber

Front door of chamber-}

Vacuum gauges
Diffusion pump

Rotary Pump

4.2.2. Deposition equipment

Il n this project, al | coatings were |
ma g n estpruotnt er i ng maéhigonee tAs dshrawvwgn iisn e
with three power supply uni-tG0Q@®I asm
pl asma generato#108nd®Pult wedEDBRIC RP&G@s ma
The Nordi ko rig is alsacédtatdami ahg
90A.

Magnetron 1 (at the
rear)

Input gas controlller

*»Pump control panel

One ENIDCG-100DC
plasma generator

Two ENI RPG-100
Pulsed DC plasma
generators

Figure 4.2 The Nordi ko unbal anced
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4.2.3. Target combination

The Nordi kotargehasoaFigunatad h( sve ¢
di mensi omm > frin3 &Omén. 5 As  sFhiogwnr,ei a4 . 3

t woi ece composiit.del.MMgmlainda tAil Bn s(e g ment
t hh paeece composiit.eger.comMbi matdi ocCu (s e g me

i ntroduced.

These target segment Lawlkireg bphaeds
corresponding €Il gmpemd@dgwB.i eBetsweaesn t h
segmentdaakdnQupl ates, a thin carbon

t he heat otfr anhsef etrarrgeette confi gurati on.

100 mm
/\< [ > ]
Lr T
P L

50wt. % Al
50wt. % Mg

380 mm ﬂ o U Middle ﬂ H
AlB
: : 90wt. % Al
H | .Cu | H Bottom H 10wt.% B
v — —

Fi g43 eSchematic drawing of segme
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4.2.4. Deposition configuration

The mount ed

were placed

coating thicknespl eapbattbaoas

substrates

were then pl a
60A to the Al Mg/ Al Bi gapee dlthded stuabrsgtert

closer-—rteht ceattamget atna

f oomam

\

(although uniform coating thickness
Il n each run, P1 was the sample cl ose
where el se while P4 was the sampl e c

(skeiegune 4.1

é )
Zr/Mo/Cu
Segmented l
Target
~—Substrates
Substrate
Holder
AlMg/AlIB
Segmented
Target
\ | | J
Figure 4.4 Schematic

di agram
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4.2.5. Deposition procedure

The basic depositionTpal ®@dmdtod8&r s used

Par ameters
Base pres|0.02 mTorriPa» 2.7 x 10

Substratelat MZ9pressure (~sB8ch Rna;f
cleaning and applying a subgst f atre &
mi nut es

Targets sjat 2. 0mTorr pressocce Ar D
cleaning and applyingV pfo-wegroa ndWi{ 4@ 80
V) Att Mg/ Al B and Zr / Mo/ Cu ¢
respectively for 30 minut

elKeeping the same ftraggsur &
olcl eaOoprogess; applying &0s
V,6 0,76, VdAodr e/spectively fo

Base | ay
deposi ti

Nanocompo|Keeping the same depositi

coating dbase | ayer for t hexgfaisr swti t
sccmscdiscdm amcadtm20 espect
next 1 hour.

Table 4.3 Basic depoesidimatg@mrowadmpoest ¢ re
coatings

Due to the Dbrittle nature of t he Al
Al Mg/ Al B segmented target (5 minute
Zr [/ Cu/ Mo segment edn thaatghet s Ubls tmiant uet ea
Ssputtemaning processes, a protective

substrate to avoid contaminati on.

As both segmented tarfgernrmi rcgndlae mendt
Mo, Al and B), upon darnd rwasuca nrgi snk taf
an I nsul ating ceramic | ayer on the
del eterious to the sputtering rate.

applied to these segmented targets
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substrateswiwtelh dgprelppeédiiagd ct cWENTIent u:¢
DCEQO00DC. uni t

Al though no nitrogen iIs introduced d
connections of pl asma generators wel
possi ble change 1 nDudreipnogsi th®nnam@o @on
coating depositiohoprocoiegss@lgweace [{arnic
i ncluded 20 minutes of ramping the n
was increased through a ramping per.
desiredsvakaehed. Fob6dOsscamec®, off or

nitrogen flow ratehwars omibhasae¢ellyaper

The nitrogen flow racemwaset hweh minmcut
a flow matcen avfas1 0@ eac hiend.a Tdd mp orseistuilo

graded | ayer between the base | ayer
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4.3. Coating Analysis

The-daposited sampl es wer e subjectedc
techniques for l nvestigations of tr

triolgolcal , and corrosion properties.

4.3.1. X-ray diffraction analysis

X-ray diffraction (XRD) measurements
phase composition using Siendhns D50
radi atFonin54 8% dd0dA)40

Thehase compositions of base | ayers
anal ysed -dryglge apGANgXRD mode, whi ch
fi xed glancing angtayobedh wobthhe &n
0.02Aand a step ti meng f2t2h0est a nr a2nghe .t
GAXRD all owed ay 9plaleltowmtX on and pred

the signal i nterference from substra

4.3.2. Scanning electron microscopy observation

Scanning el ectron mi croscopy ( SEM)
mor phoofoghetsh the coatingssutrif@aces An
acceleratinZgkVvVowasagaepplfi &d wusing a P
emi ssion gun scanni ng¢g EaV)e catnrdo na nfkiEclr of
NanoSEM 450. The FEI Nova NaoameSEBEM 45
| ens detection (TLD) modek VW)t tl ®mwgiavce
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4

Mg

A

7

| mproved resolution 1 mages.

For surface morphology observations,
sticking on an aluminium stub wusing
| n scoansees, the sampl e swadtaecdke wietehd ecda
to elimnate the charging interferen

SEM characterisation.

pan
VR

Wanted fracture section
of coating (layer)

Fracture section of
substrate

il

e

3

Cross-section view of
three-side notches

b

= After immersing in liquid
nitrogen for a few minutes

&

‘ :Tévh

[

Figure 4 Schematic of prepari

The fracture appatairnags eertogsxsmialb i tm® r tp e
whi ch cannot be sltcdiimeada!lt moawmdgh ngr ®
as sample preparation (sectioning,

I nfluence and damage the original C
prepar aheomratture secti ofi gsuarnmep |l 4. 5 s
Firstly, notches were cut i nto a s me

showhi gar.e The5 notched samples were t

nitrogen. After a fewpimenbéeamefbr mmi
was fractured by bendKFkingunbey 4t.eéSes ibd nu e
l i nes) . Finall-yecthendlramoupkd| cagyss
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usi ng SEM by preparing the sampl e

previousl y.

4.3.3. Energy dispersive xay analysis

The quantitative c¢hemi cade pcoosmptoesd thiao:
| ayers and nanocomposite coatings we
X-ray (EDX) detecto#40f0i tatneld Phinmn | a pbkE I
equi pnmeambiimati on with Oxford I nstrul
parameters used wer e kaw aac cweolrekriantgi ndg

ofmm, and spot size of 3.0.

I n order to obtain reliable results
sampl es with thogem a@&@momhdcentrations,
performed by using reference speci me
reference specdci9emn%Awe ave BABA B %A

and az 1%B) , and a Al Ni Ti Si (B, N) COE¢
composi T.idtrbAl dt2BNi6at WIi gt 98Sid,t %B4

and 4dlt7%N) evaluated i ndependesrcthlay ghkey

optical emission spectroscopy (GDOES

Using these reference speci mens, r at
obtained tee®esi mdi cdatee cwalrect ed el eme
selection of calibrated results were
which is a sensi-tlemehprctdbphbegfof m
| ay[& B 2 3].3
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4.3.4. Transmission electron microscopy analysis

Botdonventi onales alndt i ming h( HR) transm
mi croscopy (TEM) were applied to ana
nanocomposite coatings. Conventional

EM420 machine (fitted wketVh aac cted reg satte
voltage) and a FEI T efcinlaa meTn2tl0e &(nfdi t 2 Oel
accelerating vol tage). Bot-thenwolothage
configuration. Use of both TEM machir
field (BF) ienadye(sDR)ndi mages fwi th corr
area electron diffraction (SAED) pat
JEOL 2010F fitted with a Schottky fi

Al | TE-Moitlhi epecsmehsorf)r wese prepar
Quar®D® 3D scanning electron microsco
l on Beam (FIB). The foil was extract e
Then, after adhering tnoi lal ecdo ptpoe ra gtrhii
at | east hmssntdbaharmaOdtdicncg kweoV tamge of

various currents (smaller current va

4.3.5. Nanoindentation

Surface nanoi ndpeenrtfacdronoane a8 et enghwalbkart
and elastic modulus (E) of all/l base

Hysitron.E Tfribedcowdah a Pgrhomvidah

di amond indenter (with a tipnm)dadius
was eXNearet ecidentations were applied i
0GR to ensure the suitable iIindentat

to around 3% of coating thickness whi
of i ndentation die.pdhim)lo3f4 3]5he equi pmen
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4.3.6. Scratchadhesion testing

A modi fdceerdatdiesi on tester fitted wit
i ndenter withem atnidp srpahdeiruiecfao 2h@a0s0d s a
used t o asses & tahdeh ecsa aotideudp rsbgpreptlieme ¢ a t
of stchremddesi om twehdtcéhr nor mal | oad gi v

was very unstabidn (heat t oeecoiarsega mefs @\

applied an)acxecretsismnmweudlomdi ncreasing
N tdN 2vas performed in each scratch w
track withmnm. |Tehnegtthanogfenst i al f or ce we

test to help to deter mi nepicnrg tacccaur sl

i .ley), the first adihees)i veand at her eompg
removal of ill@yerBgpcthbhesaési stance of
EDX detecti on, the critical | oads <co

t he di stances poofndi ng characteristic
scratdbtlesi on testing for each sampl e

scratch scar wamsm.Biegpuarrea i dd 6 tbryat 2 s

schematically.
Normal applied load
Continuously increasing from 5 to 20N
Indenter
Rockwell diamond cone
~ Scratch Track E

5mm lerlg-t_fl___A -

>

Tangential Force

Figdré Schemati @dhieeew oefr t saarratnaghe me 1
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4.3.7.

Micro-abrasion wear testing

4.3.7.1. Two-body and thredody abrasions

Mi ccalmr asion Iis a convenient techniqu
tribologi cal I nformati on[l 3d®F4]0lcmating
addi tion, from the investigation of
def ectmyp@res and cracks) and adhesi ve
I n thabmiasnon test, the abrastve wea
body abrasthbodyarmadbdrabrea, a mixture
modes:bodwo abrasion results from s omze
embedded onto the baplespafatéeel | gawv
count gidfila¢cea-bobtdyeabrasi on, the partic
region by a wunif[b4zxm Tud tsplugy mot i ad
Hut ch[143%as indicated that speci fic w
rel atsseldgperdent on test condi ti on:¢
abrasion. Moreover, 2B aBpaserowgails wex
scars which are obéfledfdv ddh et o i Weg efsulalr o
edges of the scar make the measure of
to al innbenr relationship between | oad
directly proportional relationship bt
nor mal | oad d si gmexBrabrlaysifooruun whi ch m
anal ysis [M4gBnT hgfaflor e, temtbraendnt i
wear testing favours 3B abrasion.
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Ad i xeadimi calor aspmawr aFuguf)leema.s7 used i n
testibhrge®dch tS)AIEM5 21800 bearing steel b a
of mdb and har GRayrswas 8l &mped bet ween
with the sample being mounted vertic

the weight system at zerocesoadn obLee

configured so that they are in conta
3B abrasive wear mo d e, a Si C abrasi
0. 8g/ ml was prepared. Mor eover, t he

were set as nmh. 0O5N and 100rp

——
— e —

N r’ Counterweight Syringe .
i : —Sr Supply of
: _ abrasive slurry . \\ »
- Specimen . \
Dead weight . [ ]
- Specimen Load my, -
: e \" )

Rotation direction
Ball’

Figdr7e Schemat i cif dwednliaca oo fa sti loen
apparatus and i[I45 operating de

Durgi n he-alnir@asioon test, a syringe was
slurry to the contact zone between t

slurry was stirred continuously in or

Af ter the temrtofeisluvoymh 4opemiated by a V
150 stylus profilometer) and SEM wer

measure the size.
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4.3.7.2. Test conditions of threleody abrasion

The wear resistance of t he Al CuMoMg.
throughbmawean t e triervgiontdsyduced, i
favour abl ebotdoy us3eB)t harberea seoM d i megd r nmmacd

abrasion test cobddyi©2aB) ral hizse .v & awe

grooving). This is because, in the 3
produced by uniform rolling abrasion
nor mali .heoghdl ¥ reproduci bl e).

For the 3B wear abrasive mmde, s ptelea n
were chosen as 0.05 N and 1a0 Omerapom. A
particl3. Os)iezzand a particle concentr:
prepared and used. The sur vaSEM mor ph
confirmed the prpseakeSBEM @Bcwegraph
Fi gdr &

Fi gdrS8EM i mage of 3B abrasive wear n
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4.3.7.3. Calculation of specific wear rates

Perforatipregfaonmdatnong tests were used
rates of the coatings and the substr
met hods here areddeguaedohr fioljlcAis ¢t h a i

W

73 o FAOF <80 =
where W is the nor mal | oad, V is the
di stance and k is the specific wear

mn¥/ Nm) .

Equat.idndd Blel ow show the cal cudlayt:i ons

“(’I)

AO
i FAOF <8

3 ¢ YOYQu F A0 F «Bo =
where b I s the crater di amet er, R 1 s

t he number of revol utions.

Ther etfhoer es,peci fi ¢ wea) irrmat-peéoffodatei ncge
test can be calcul at ed:

® o P &)

Yo o OYQOh pcwovyQon I

AO F 4B
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Equat.tbaas 4been extended by[lRTL#d4&Ber for
for the combined ab¢ asanodn sodfbsibiwtalh e c

perforating tests:

W W

Ny
© [ 0

r A0 T €8

Vcandr ¥present tdfe oveatri wgplaimde substr e
And the tot al wear vol umad( WHenseegqu
Equat.iban 4be r[@vBi tten as

- - - - F a0 F <8 -

Ther efbogueat.iionnS 4danide Wcahaoaul ated; b¥ an
measured by SEM-pamdidswomedceg. micradr aw
based on tEquatit@pn&ingddocnrkn i n princip

calculated by knowing the gradient a
4.3.8. Electrochemical corrosioevaluation

The corrosion of magnesium invol ves
released from the oxidation of ma g n e
reduction of the corrosive species.
consequence of hetshee eblae catnrcoec hefmi ¢ al |
corrosion properties of nanocomposit

all oys wer e Il nvestigated by perforn
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corrosion test s, il ncluding open Ci |

a)

el ectrocheamicceal s piencpterdo scopy (EI'S) ,

pol ari sation scans.

Air inlets
Reference electrode / \ Counter electrode
R — \ —
— —

Coatinglsample

U

Fiug e Ads®8hematic di agr anelsehcotwi ondge tchee

A standar delpelcairnm dteh rceed | Wagurnues ed . 9 r
di splays the scheanlagctcr mde tdhel Ip.l ahhkee
top of the cell i ndi cated the corres
and air inlet. The counter men) eamdode

the referenaesaltecbtedecadadsmeYVY el ect
relative to standard hydrogemn.electr
working electrode) was cl amped to th
of a -lspadendy syst em. The exposeddar ea
0.423 @me air inlets allow air bubbl
the chemical we&cNa€h wbtbtaoB. 5
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CHAPTER 5: COMPOSITION AND
MICROSTRUCTURE OF NOVEL
NANOCRYSTALLINE/GLASSY
ALCUMOMGZRB PVD COATINGS

Thi s chapter reports on Il nvestigat
mi crostructure of a novel Al CuMoMgZr
were prepared by pufliseeldd duinrbeaclta nccuerdr en
sputtering. Four depoisthi sabstumat aven
bi aS0,6Y,7\6 aildd0OQ \Wor each depos4d4tion r
proprietary WB#ABoynagnbstumtes wer e
i ntervals along the middFeguoien 64f1t h
Chapter 14) . silmnt eteont aAl CuMoMgZr B PVD c

composition were produced for experi

The phase complepiotsiadredofAl £€uMo Mg Zr B F

| ayer s, shown from XRD characteri se
expectedusamamgphor nanocrystalline S
substrate negative bias was found to
el ement al composition and t he final
particularly for thosei PBuatR8) i nTheé
substrate negative bias was observe:

| ayer s 5eavvéée;nVhowever, crystallisat
suppressed when a subBw¥at aplpheegad i v ¢
rel ationship belt weeevro |l i c 00 st rswchtsu rraa
el emental composition with the energ:
on arrival 1 s examined
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The primary aim of the investigation
o f these novel coating | ayer s- pri ol
adhesioar ramdi on pr oAfetrary cehrarl aiatt @ roins
bedtayer (with oipotni nofs edde sciornebd npartop er
ascaupbbaseg | ayer for PVD coating dep

nitrdgeend hard matldlolyi slJubsrntratMe .
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5.1. Elemental composition

The el emental codmppesitti @ed dH cadyfeede amsdir negs
EDX technique. Thkablbledsaed o¢l8. are shown

Layer Elemental composition (at.%)
Designations Al Mg  cu Mo zr B
P1-50 68.5 13.7 5.5 4.8 2.8 4.7
P2-50 63.3 8.6 10.7 8.7 4.5 4.2
P350 45.9 2.5 234 18.2 6.9 3.0
P4-50 26.4 2.0 30.0 30.6 8.2 2.8
P1-60 71.0 11.3 7.2 4.5 2.1 3.8
P2-60 66.8 6.6 11.7 8.2 3.5 3.2
P360 36.3 2.0 27.7 23.2 8.1 2.8
P4-60 18.4 1.8 31.3 36.6 9.6 2.3
P1-75 72.4 9.9 7.3 4.9 2.6 2.8
P275 66.0 6.2 12.0 9.1 4.3 2.4
P375 32.6 1.9 26.2 27.7 9.5 2.2
P475 18.4 1.3 28.1 39.4 10.9 1.9
P1-100 77.8 8.0 6.6 3.6 1.9 2.1
P2-100 71.6 3.9 115 7.6 3.5 1.9
P3100 22.5 1.7 27.0 374 9.9 14
P4-100 154 1.0 28.7 42.8 10.9 1.2

Table 5.1 El ementdaposompds At CaMe MgliZr
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As can bdadeéenibhrmnemch run, the deposi
t he t wo composite targets signific
composition of each | ayer. Il n part.
bet ween P2 and P3 way filauvge , t@al bédoug
substrates were plased|l angstiimel emr ddi

the sampl &ihbalriegre AClHlzeteer 4)
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Atomic Percentage {%) Atomic Percentage (%)

Atomic Percentage (%)

100

80+

60+

40-

20

40+

30

201

5.1.1. Effect of increasing substrate negative bias on elemental

Therefore, their
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composition
The applied shibasgraolet aggatwere al so
significant influence on the@ueleermenlt :
a.) Al content b.) Mg content
——P1——P2——P3——P4 20{ ——P1——P2 ——P3——P4
././_._—v//. :
: e g 151
— e c
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Figure 5.1 El emental compositions
bias; (a) Al ; (b)) Mg; (c) Mo; (
Theot al c oonip osdiltedmemt s (e. g. oxygart ecaledwnlamn® i ron

compositions



| Fi gur e, b5t . hg aAl content of the sampl
positions can be seen to Corcmveasel w,
Al content i n P3 and P4 | ayers was
substrate negative bias, espselcival |y
o60wds applied.

Figuresthowug bg descendi mg ttldemddoP2Mg ¢
pacuwliwhéygy a substr abtleoVhhGeghs i apepmbi ad.
addition, Mg content in P3 and P4 | a

negative bias was varied.

With increasing distancpi awaycdmpaons it
target, Weir@anadbdMorved as the primary
| ayers insteaHli gpudr el S.me(nadQumcohnent i
| ayers was found to increase when t he
frdm tw0. VA moder at e r e dwacst ioobns eafv eCu
the negative bi as75ya\b uftu rntoh eerf fiencctr eoan
of i ncreasing thelOnlevgvst iobbes elvivaeg . f Lt
i n P1 and P2 | ayers could be conside

t he suwmkkegtatatve bi as applied.

The Mo content in P3 and P4 | ayers d
with substrate negative Dbias. On th
observed in PlFiagur 6 Z5h.klag@gednsat(iser of
foll owed the same Ftirgaam® &s 1lt(legt of M

|l Fi gure, thel(Bf )content in al l | ayer s
reductiionmcrwiatshi ng substrlahe ddeqradad sve
magni tude of B conteatedntBlbaendaPde
i n P3 and P4 | ayers
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5.1.2. Discussion of influence of substrate negative bias on
elemental composition

As di s pHiagyuerde hién. lar ge di fference of e
bet ween P2 andaP3rii byaregecaoustiabeée b
t hese s aFmpg uerse (Mlelktdeveompositional b
al | el ements inteaohwdéposietsiperntpdodD
negative bias coul-drobepsiviPtieB2i anad
eachgmsmb the | ayers possessed not onl
also similar performance under t he

negative bias

5.1.2.1. Resputtering effect

Al t hough the composi t-b6n alrbdod iIRf3d yearesn ¢
was i ni t(ipalrlty cludragd v for Al , Cu, Mo
found to be amplified with Il ncreasi
behaviour may be attributed to pref
film growt h, t heB, it @amd &pememapght (|

resputtered by t heiader,i vMon,g CGua.vi er

Such resputtering effects would be e
at hi gher substrate negative bias. T
remai ning constarntt)e aelgiagher ddulms wi
t he average energy of t he arriving
bombardment and increased sputter yi e
| ayers deposited close to it.PBe atnadr get
P4 | ayers) are more prone to be infl

hypothesis corresponds to a decreasi
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and Cu icnonPt3e mtn)d P4 | ayers, with incr
(although twmmagni haodea®ifngu content W

compared with Zr and Mo) .

Moreover, during the growth of P1 an:¢

to be extensively resputtered by Al

concentration inskPltdared hPY hleasy eragd ,o mb
Al B/ Al Mg composite target that 1is ¢cl
and P2 | ayers. This could account f ol
the iIincreasing Al content i n P1 and

il aar eased.

5.1.2.2. Sputter yield

Al t hough the resputtering effect mig
due to their | ow atomic mass, t heir
abnormally [ ow. As the Al Mg/ %I Bl tande
5@t . % nvig ,90 wt . Wt A% Bndr éd9pectivel vy,
to a7 % Alatarhd Mgat athdAlaA®2ard B21 Thi s m
that Mg and B compece tdmmmso s int ¢ htea it gve
are approat mwt ea@6®%B.perctivel y. Howe Vv
much higher than the | ayer wiith.the
PI50) detected in EDX, ad¢o O eatdo%idi7n g
respedtieveglyl y onex phead tbatbéeént he
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To explecarseont Hfedbrl €k sdDi ts the sputter

el ement and the corresponding power

Applied powers

Elements (corresponding voltages) Sputter yield*
Al 600 W(330V) 0.7
B 600 W(330V) 0.2
Mg 600 W(330V) 1.6
Zr 400 W(290V) 0.3
Mo 400 W(290V) 0.3
Cu 400 W(290V) 1.3

Tabl 8p6tRer yield of each el e

* sputter yields are estimated according to
Physical [L4®Boratory

As seemhabflreecnbh2 | owest sputter yield
| ower concentrhenon.akHowevert,o vaccou
possesses the highest sputter yield,
the EDX results as both el ements wil/
This may be expbamned byfachor wher e |
ot her-flmomi chg ec.lAp.mamtds Z¢) during the
can reduce the r1risk of resputtering
concentration to a higher | evel t han
Mo possess simihearclsopsuetrt edi sytiaen cdes , b e
segment and the substrate | ed to a hi
Zri .M0. segment and substrates were bo

target and the subsFrgueierhdlChBept are s4)
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Intensity (a.u.)

Intensity (a.u.)

5.2. Phase composition

The phase composition of each | ayer
angltreaeyX di ffraction analysis (GAXRD),
I Rl gure IS Addition, a diffraction pa
al so ofbrtoBBadghceadn ni ng mode, f are poosmpeardi s
Al CuMoMgZr B | ayers

Mg (101) WE43 Substrate Mg (101) WE43 Substrate

Mg (110 Mg (110
MgaiNds, Mgaavds g (110) Mga1Nds, Mg2avds B (110)

X Mg (002) h Mg (100) X Mg (002) A
Mg (112) Mg (112)
M N

....................................................

Mg (100)

a.) 50V substrate negative bias | OMg DO Mg:CusAls  AAlCu b.) 60V substrate negative bias | O Mg DO Mg:xCusals AAlCu
& Al2Zr J Mo:Zr

(101) (101)

P1 (close to AlB/AIMg target) b1
220
( )I:l (103)e 0 (400
w W P2
(110) It Ao ettt A (110) g 311) " Mgttt

A (320)

w&i‘ MM‘ P3

Ay VAR M g

P4 (close to Zr/Mo/Cu target) W P4

c.) 75V substrate negative bias D Mg:CusAls AAlCu  OQAlZr d.) 100V substrate negative bias
O Mo:zZr

WNA P1 Pl
(110} o103) 5 (359) PSR S M%
P2 M P2

A (110) (3115 g(222) ™ v

(220 9 m
m

A P P R S NP R B R RN
20 30 40 50 60 70 20 30 40 50 60 70
2-Theta (Degree) 2-Theta (Degree)

Figure 5.3 XRD patterns of WE43 subs
deposi ted;, 4G6; (b)) VI@WOs wbstrate negat
bi as
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|l #1 gur,e a3 .13 di ffraction patterns of A

pri mary broad reflecti on atphpetoax.i nfahtiesl

Il ndi cates the presence of a | arge pi
| ayer s. Furthermore, esmalflouacadat @c tagr
some patterns, suggesting the existe
nanocrystallites. It i1s difficult to

ul finae grain sizes (in the orarer of

of amorphous phase constituents, or

5.2.1. Discussion of the formation of nanocrystalline phases

Al t hough extensive amorphisation 1is

broad reflection, several fehmadg( crys
Mg, M@ kand,CA) .

5.2.1.1. Intermetallic characteristic peaks

As the substrate negbalt itVoe5 ,bV msr ei ncr

characteristic crystalline peaks apr
characterised as Cuhtb,AkZme @l | & mar Mb as e
This is indicative of a promotion of
substrate bi as range. Mor eover, t he

significant growth ccempeei Mi bheamond
(22MgQCYAtphase evolves to (400) and (
negative bias). Il n contrast, P1 and
hi ghly amorphous characteristics acr
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When a substratt®@On#&pgptied, babhbk péatte

broad and smooth XRD profile, I ndi c
amor phous phase. | t can be conclude
I ntermetallic phases 1is pronbol el i n

antl5, Vbppressed at the slubbGstW ate nega

5.2.1.2. Mg characteristic peak

As seemi giuroem 5. 3 @apypmahtd MDY 101) peak
XRD patter b afodb dRtldhy ePrls . |l n compar.i
pattern of MNEAr3aatldroiystithhepeak i s exp
from the substrate. -KDK+ays$s ndr eatadd e
penetrate through the | ayer and reac
tha OPAmd Rlayers contai nieghta ¢laementp
(i .Be,. Mg, and Al ) although the gl ancin
the present study).

5.2.2. Discussion of the formation of amorphous phase

As seemlhi gurmpantth.e3 broad reflection app
i ndicative of the presence of a | arg
S caused by t he selected di fferen
crystall ographic structures of Al (
( medium/ bcc), Mg (medium/ hcp) and Zr
el ements, together with B that i s sm;

considerably frustrates the crystal/l
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5.2.2.1. Atomic collision cascade model

The | aysedrtseddeapo a subsliOrCawadi begati vel
no characteristic crystalline peaks,

an amorphous microstructure.

This could be explained Dbyl50h51 at omi
This model el ucidates that, when an

and penetrates to a certain depth, i

surface., | f t he eenneerrggeyt i cce liiovnesr eax cfere
threshold value, the substrate atom
site, | eaving a vacancy. I f the ener
greater than the threshold egiewvegsy, it

ri se to the formation of a distorted
hi ghly amorphous microstructures suc

patterns.

5.2.2.2. Compositional difference

Anot her postul ation is that tehe for
correlates with the el ement al compos
may be formed in the | ayers containi.l

composite targets.

For instance, P1 | ayers show a highl
t hei r dpeopsoistiitoonosh wer e c¢cl ose to Al Mg/ /
resul t, P1 | ayers are rich in Al witdt
| eads to the formation of amor phou
amor phous <characteristicbwtedP4t o atyle
stoichiometry composed mainly of Mo

and B.
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This argument mi ght explain the hig
observed in allODawestr ateposegeadi ade
because t hese | ayer s exhibited t he
bet ween Al and the aebemeompar 2d, wMob h

counterparts deposited atFiagurpeweS. Isu

5.2.2.3. Elementakelection

As mentioned in Chapter 4, di fferent
and atomic sizes (above ~12% among t|
tend to promote the for m@lt2l2od no fe alcihl |
| ayer group (P11, P2, P3 and P4), t hr
with their crystall ographicTabtectur
5.3 The table is wused to illustrate

sel ecti on aonsd rfuocrtnuerde smi cr

Three most abundant elements with The fourth most abundant element with
Group crystallographic structure and atomic crystallographic structure and atomic radius
radius (pm) (pm)
P1 Al (fcc; 129; Mg (hep; 150; Cu ec, 139 Mo (bcce, 149; B* (rhombohedral; 8y
P2 Al (fcc; 129; Cu (fcc, 139; Mo (bcc, 149 Mg (hcp; 150
P3 Al (fcc; 129; Cu (fcc, 139; Mo (bcc, 149 Zr (hcp; 160
P4 Mo (bcc, 149; Cu fcc, 139; Al (fcc; 129 Zr (hcp; 160

*Boron is the fifth most abundant element in P1 layers but is comparable in elemental content to Cu a

Table 5.3 Atomic informati®d dfaymaisn

I n each | ayer group, the three most
to form a ternary system, and addit]
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an addition to the ternary system wh

ability of the | ayer.

Generian | BMGs , the solvent el ement r
concentration, but al(spa eHaeg etnhhe all diyg
atomic radius [b521B@ysn oamowhpalehdsda t i
alloys I s expected to be more diffic

| arger atomic radiie.igm, tli€a @midmaray e

el ement s) .

However, the results of the XRD patt
of t-hec Wl | aRjiegusr)e( s58.B3 s can be attrilt
cooling rate of the PVD process and
the critical thickness for glass for

the devel opment of eBMGsy nsauyi tnaddtl eb & oc

thin film metallic glass via PVD pr
el ement s wi t h di fferent crystall ogr
di fference in atomic size is believe

forminy albhiltihe coating. This design
to prodased Ammul ti el ement PVD amor pho

corrosion prdt&dction of steel s

The componeMgCu dfertnhae yAlsystem in P1
di fferent crystallographic structure
i n the sylsyt esm misl aroutgdh t hat of Mo ( wh
el ement and poss elsasbelses hscw® d,t rMac t e re\) «

an addition to the ternary system an

ability by introducing eain(o#chce)r. clrnys
addi ti on, B content I n the P1 | ayel
(particularly for | ayers deposited

addition of B which has a rhombohedr
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(87 pm) shoul dremgine fitcdhentf gr mati on

mi crostructure in Pl | ayers.
Il n the P2 | ayers, -CudMo thersn atrwo sdyisftfe
crystall ographic structures: fcc and

y
ranges from 125pm to 14%pm.i zEhidg frfep
ceeding 12%. The addition of Mg i r
structure (hcp), while explm@pgm.g the

e X

Consider-Cavo ttheer nAalry system in P3 | ay

omewhaitt iR earechtP2v | ayers. This

nw o

S
i's the fourth most abundant el ement ,
hal f of the third most abundant el em
effect of Zr-CaMaodittearoma rtlyo mtiyiiset ceArh i s

Il n comparison, the I mproved potenti a
Zr to-GQuAk ™Mernary system in P4 | ayer
This i s because the concentration of

abundant el ement (AIl).

Fr ohme tabove discussions, it can be co
P4 | ayers, the glass forming ability
Al though distinguishing the best gl a:
| ayers i s difiipecltted P4 Ipadaypesrssamne be
ability than P2 | ayers due it.tbe2-6he | ari

160pm of P4 | ayers b O0Opompdr iB2nl &y
Al t hough specul ati ve, these argument
with the resultsFiof§urXeRD5PB&a tl tagyrerss (i on
patterns are observedriotipag epeaks.t he
patterns of P4 | ayers appears smooth
Therefore, P2 and P3 | ayer sf otremdigt o

ability. I n contrast, P1 anfdorPdi ngyer
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abi.l ity

5.3. Thickness and morphology

5.3.1. Fracture crosssections

Fractusectronal mor phol ogi es of
SEM and arFd gsulries ibo. win

a). 50V substrate negative bias b). 60V substrate negative bias

~ P1-2.2um P1-2.0um
X f' = P4-1.7um P2-1.7m
¥ : g~

Prme— P3-1.4um

T ———

c). 75V substrate negative bias d). 100V substrate negative bias

P1-2.8um
——— P2-2.3um
P1-2.0um
q
P2-1.8um
T ————————

P3-1.4um

T c

re 5. 4: -sFercatcitounraeld orrhﬁbd MogMgeZsr B |
osi te@d;, €@gh; (b)) VI@Os wWwbstrate negat

al |

The SEM i mages ofethebihgurtemubi.edatc o an

evolution of coating morphol ogy
bias especially in the P2 and P3

As seehi guroemsbo.me (va)i ds are found
sectioH9® abdPBAVner §.r acsteaiatei ochr € scsf
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and5B3l ayers exhibit a columnar mor pt
penetrate from bottom to H®d&p |Italyroug
exhibits a tilted c¢aelhmmdmawi ngp eddrean s
charact &roinset ilc sdfruact ure, acd¢lox4di ng t
155 The formation of Zonehotmoeltogausir
temper(dtdurseand,rfepr esent deposition t
mel ting point, respectivel y) at whic
col umns preserved the random orient
underdense struct uifles6ibk7 dxipectienddi tc@
possibly insufficient i1 on bombar dmen
of V50

When a substra@@oViégast iawe | bieals @f den
of the frsaectturommadr onog p h®@0 ,660F 47181 f oun
and-7B4 |l ayéergu(eebd. J(bA aodpétci)tive

observed in the | ayers which is <cha
surf aghea,pe Vgrains I n t he next t hic
mi cr ostr uctsuurbes tartattenearneeaa.r The | arger

bottom dense tex-thapeagdaithe ms$ ddben
60V toV 7Begative bi as. Thiosm ntihcer ost
competitive gr owt h of differently
suggesting a si-¢ginfiffusiaomn asmud facwi del
grain[lsBzédse column width near t he
I ncreas¥ foomzgegdti ve bi as.

When the substrate negadtliOsafFebg arse i s
5. 49(,d)al | | ayers exhibit a hTohneo geneo
absence obncbkuexpl ained by the at omi
[15Q5Which was discussed previously i

The evoluti onseocft ifamalt umoer pchraolsosgy 1 s
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with the observations in XRD patter:!
promoted in the nefa@auavids \bbiuats sruapnpgree st
at the substr d0€@ Wehgeatmivcer obsitarsu cafur e
| ayers is | ess aq@f fsaudtsdd aliye tntegaitmwre
to that of P1 and P3 | ayers.

Mor eover, a microstructur al transiti
bias has also been observed i n othert
[15926]0 These studies revealed a cl ear
columnar to glassy morphol ogy and su
di stributions sonf achee dsuurbisntgr addeposit
di scussion of the ion energy distrib

carried out | at er , i n section 5.3. 4.
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5.3.2. Layer thickness

In each run, the layer thicknesses are observed to be considerably different.
In each deposition run, the thickness is sorted by descending order of
P1>P2>P4>P3. In general, the layer thickness of each group increases with

increasing substrate negative bias.

The variation in layer thickness can be explained by target element sputter
yields, homologous temperatures of involved elements and/or resputtering
effects. Combined with data frofmable 5.2which shows the sputter yields

of each element at corresponding voltages Al, Mg and B: 330V, Zr,

Cu and Mo:290V) Table 5.4below is povided to clarify the factors that

influence the layer thickness.

Elements  Sputter yield Tm N (K) Relative atomic

mass
Mg 1.6 651 (924) 24.31
Al 0.7 660 (933) 26.98
Cu 1.3 1083 (1356) 63.55
Zr 0.3 1852 (2125) 91.22
B 0.2 2076 (2349) 10.81
Mo 0.3 2610 (2883) 95.94

Table 5.4 Sputter yield, melting point and relative atomic mass of each

element

As P1 layers are rich in Al and Mg both of which possess low melting
points, their homologous temperature is relatively higher compared to
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other layers (aftough the melting point of B is very high, the content of B

is not comparable to those of Al and Mg, Sable 5.1). Moreover, the
sputter yields of Al and Mg are relatively high, indicating a large number
of Al and Mg atoms arriving to P1 layer surfaceidg the deposition. As

a result, layer growth is promoted and thus, the thickness of P1 layers is
the highest.

Similarly, as the deposition position of P2 layers is the second closest to
the AIMg/AIB composite target, P2 layers is expected to possess a

considerable thickness.

Although the high melting points of Zr, Mo arid some extentCu (and
associated low homologous temperatures) constrain the growth of P4
layers, the sputter yield of Cu is considerably higher than the other two
elements. Moreovems these elements all possess relativly high atomic
mass, the resputtering effect plays an important role in influencing the
deposition of P3 layers. The layer growth of P3 samples is therefore limited.

Thus, the thickness of P4 layers is higher thandhBB layers.

The increased layer thickness of each group with increasing substrate bias
can be interpreted from the point of view of the homologous temperature.
The deposition temperaturedTis expected to be somewhat increased (all
other condition remining approximately constant) when a higher substrate
bias is applied. Hence, a higher homologous temperatyf€.fTcan be
obtained which leads to the promotion of layer growth. The increasing
maghnitude of thickness is found to be larger in P1 and y&2dawhich is

in agreement with their higher homologous temperature than P3 and P4

layers, as discussed above.
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5.3.3. Surface morphology

The surface amolr pAloG uwMo MgeZrred d lasyoe rosb s e
by SEM and are shownFiagtbrhei gh magni f i

a). 50V substrate negative bias

b). 60V substrate negatlve bias

d). 100V substrate negative bias

Figurerbad&deSmorphol ogies of Al CuMo Mg
( &)0; V6bBb;) VI56;) Vi@Qsuwbstrate negative
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The surface morpRiodgogeaerd. Ddselraedi fiin

foll owing five TeahS3espori es as | isted
Morphological Category Corresponding Layer
Smooth P450, P460, P475 and P4100
Bump-shaped P1-50, P160, P175, P1100, P250
and P350
Waveshaped P2-60 and PZ/5

Combined wavéump shapec P3-60 and P375
Crescensshaped P2100 and P3L00

Table 5.5 Surface morphol ogi cal cat

| i gur,e &l.I5 P1 and Pd4dshlapeear sanslh oswnol

mor phol ogi es respectively, at all apr
Bot R50P2armd RAyers i butephad pdeyd emohri pohial o
As the substrate negative bias 1 ncr e

shaped and dwaumpi meod pwaoMe gi es, respec
substrate mEIMAdby ¥Whemsaodubstrate ne
1001 & apaplciresldiagpretd mor phol elgdy0 iasn df ou
P31 00 | ayer s. |l t shoul d Bdampetdi dedttulr
of t-hbeOPBayer is significaa0b0l yalyarge:

The bltnmped surface moa5p0h ocalvtody yP Iv\besres v
correlates with their col umreart ifornac:t
When a substratée0O o9 a¥i appbiadest bte
growth is obsesha@ae d @nko tdhioumipa vseid fl\aa\e
mor pholfTegi@asrease in columnar size w

can be interpreted as a consequence
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l gher i ntensi[itgllinorp abramhcaurl damentt he ¢

h

bump mor phel0ogayr/de fH3PBer s (i n terms o
surrounded ®BWwabedgeol waame) reveal s a
g

rowt h.

The comdbweuendp wnor phol ogy can be regar
consequenc-e haopfedb uampda pwavemor phol ogi €
col umns i-snhdped baimppwavenor phol ogi es ¢

competitive growth and finallyg. evol v

This seems to be in agreement with

crystallisation is promoted 50 oM t he
antds5. V

Al t hough al l Pl1 | ayershapedf omomnghbdDOboO
P11 00 | ayer exihtithbiftlsatc od agasr,cduveagt her t
observed in the equivalent coatings

bias. This can be considered to be a:

at hi gh substrate negativegrhpascal n
textures agreputrtepied yanrde t hen produc
I ndi cati ve of I rradiati on damage b
deposition. The aririeiogs eardigeticep
with high therartad iem ecraglyl)i spiaarnt icca spc ad
their energy to the | ayer surface anc
l on bombar dment has been found to pr
| ayer [&868f6l8ceTrhe specul ation of I rra
explain tshaperde § ean tu r1le0sO oakhROrPIB&aq eir rs . |

By combining the résakt s-s @¢ tciXar®s part
surface morphol ogi es, a more compr el
mi crostructur al e VAo Imu tcircors tacaurc t lwe ad b te
promoted in the nefa@aaviad \Wbiuats sruapnpgree st
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at the substr alt0ed WVElgat mver s tasu otfur e
| ayers are | ess affected by the incr
those of P2 dmeé B3lblsayete® negative b
energetic bombamdmerrtut fatem isthhosl d |
i nfluence on the microstructure of P!
tilted fractur®&0 moapkol dgyndotati3ng

bombardment) that evol veshape d hseu rnfoasc

mao phol ogy (i ndicating I rradiati on
bombardment). Considering the consi s
P4 | ayers, the increasing magnitude ¢

substrate negative biB3>B2»sRB1dPdHe in

5.3.4. Discussion of the ion energy distribution during deposition

As discussed previously, a specul ati
during the | ayer growth has been pr
Il nvestigated fromritwengtiaodpenatgpfsi

applied substrate negative bias.

5341. L/ & ratio

Many studies of i on energy spectra i
pointed out t&reatiinmhoerrteance soft hle/ cat h
anais the mean free pat h [lf6ad6]l6c Aar ge
smaller ratio indicates |l ess energy
I ons of sufficienhe enecgygsaroy pcrooavtii
conditions. The ratio critically inf

lons arriving at the substrate surf a
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The value of L can be ev[dloluasti edy b yhet !
deriveéallreersi-bangmuittheedhat don:

¢T ~cn_ ._ i
- = - A0 Bo =
T o W FAOF <8
whefpies pteremi tti vity of free space, J
g Iis the ionic charge, m i s the 1io0on
cathode fall distance.

The vatcaa bk determined by:

L

YTk

FAOF <80

where n is the numbies dOeesvaluefot hel

cressesstion for charge exchange.

foi' s known as appt%ximmatnal yn 8 .s8 5e4xl plelc
consistent in each run as t htehivsacuun
research i s trheorsraméP.467.xbla0s ® . PRe s s ul
mTorr Ra) 2d6e’/posi ti saocmrAssturewandt 8) .
for most praictd icadsisdert ednst,o'ehi®e appr o
[1 6].6
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5.3.4.2. lonised argon gas

I f the investigation focuses on rol e
values of g and m can be assumed con
the evaluatil#catme sheptafieddths the
(i .e. d&guwae¢e domrwdmich i s dilk#&chd y pro
potential drop across the cathode f a
the applied substrate negaateidv e rboinma st hi
negative glow with aeVini Byakcoembe ngwn
of sampl e hmomMxd@EInm) iared ®@Bd@Om@osTabiloen cur
4.i2n Chapter 4), the current density
currentndt¥/firPiattyi oa of each deposition
Table 5.6

Substrate _ V343102
o Current density (A/m?) _
negative bias (V) ratio
50 1.795 14.03
60 2.051 15.05
75 2.051 17.80
100 2.564 19.75

Tabl €abcal ¥t/fJPrat o fo

| Mmabd .e6 t he V¥/&4Xi’inc rewflasle st he substrate |
suggesting a | arger proportion of en

surface at | ower substrate negative
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Tabl a ndli@ates a | arger proportion of

surface when | ower substrate negat.
average i on energy at | ower substrat
Thus, i1t iIs hard tg dempare yt hhe t dtea

5.3.4.3. lonised metal species

Il n practice, the i1 onised species are
atoms sputtered from the targets can
deposited onto substr aniet hs urrefsapceecst. tli
l oni sation mechanism of the met al sp
I's purely one of di stortion of di sc|

| mproved ionfli&g6ed di scharge

I n genewprabhti 6hhad/ been found to red:!
Il ntroduced to argon glow discharges.
suffer | ess charge transfer collisio
(though the domimeamtanc Banr ges tnrod n scfl eere
met al i on energy distributions woul d

energy species than [X1HhB6468 ven by t h

| f i nvestigating the effect caused L
research), it is reasonable to estab

e

Hence, the vaflruéegpu atfivginlah dolem diinf f er en
deposition rafn.t hleh ee fcfoenccteipvtedygindarnti:c ¢ h
and the

t wo values can be calculated by know
el ement ( stylmboprefgeren’t i &u MootMgc char

Ztand)B the relative atomic magss of

e) effecti@eeniatt:ong)c amae si ntsryc

the relative atomi c mass: 26. 98AI ; 6
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10.818B) , the correspondi mg dabmec pe
5)1 and theoAsbgnatdr psymtiomof)s:: L; 6. 022

N oo FAOF €8 =

ra0d <o s

Similar to tWegille altihoe] aetviad mrad fi iom fodr |
met al ions can be Si/48®mmddtedi ak ithe
stil | direct ILy.Tthreo proggulotnsal oft ot he C
VTAIR @mdYYrat i os for eacThabllaey ebr. 7ar e s h «

SeenmTarbo ¢ 5 he rFPHUE®EMOYR hvws an over
Il ncrease with substrate negative bie
decreased fromhkPE tompPdebaybmras. a hi
energetic met al lons arrive at t he
negative bias. Il n addition, a higher
|l i kely to be deposited ont€@usubhsgeat

i n each run.
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Layer

J (A/m?)

A~

go

( mé (%1

V3/4/J1/2/_(\ 2 q 61/74

ratio (x10 %)
P1-50 1.79 2.98 5.48 8.07
P250 1.79 3.11 6.46 7.83
P350 1.79 3.35 8.63 71.42
P4-50 1.79 3.68 10.60 1.22
P1-60 2.05 2.97 5.50 8.63
P2-60 2.05 3.10 6.39 8.40
P3-60 2.05 3.48 9.60 7.81
P4-60 2.05 3.86 11.53 7.66
P1-75 2.05 3.00 5.64 10.17
P275 2.05 3.13 6.62 9.88
P375 2.05 3.65 10.19 9.21
P4-75 2.05 4.00 11.81 9.08
P1-100 2.05 2.98 5.40 12.72
P2100 2.56 3.11 6.35 11.05
P3100 2.56 3.93 11.41 10.13
P4-100 2.56 4.10 12.25 10.05

Table 5.7: Results of calculated40Y?A 2 q 6/{ratids)
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The smal |l eS8ty ¢ onf t he P4 | ayer i
i ndi cates the most iIintensive i on bom
amor phous <characteristics in XRD pat

observed.

P1 | ayer s ar e expected t o undergo
consrigletrheVI/AR@eE)rFfati o. This seems i
with the previous XRD and SEM resul't
amor phous appearance of P1 | ayers mi
at omi c si zE5S50p(m). eandéptbmteecr ¢gisftfal | o
structures (i . e. f cc, hcp and bcc)
bombardments, the microstructure of

composition.

The c¢chai/f@HY*tatio of P33 |l ayers is
rleati vely s mal | compared wi t h ot he
mi crostructur al evolution Is expecte

with high kinetic energy, rather tha
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Moreover, first i1Tonisation a&mnteargyt o s
i ndicate the i1 onisation condition of
energy of each el ement involved in t|
Tabl e 5.8

Elements First ionisation energy kJ/mol (eV)

Al 577.5 (5.99)
Mg 737.7 (7.65)
B 800.6(8.30)
Zr 640.1 (6.63)
Mo 684.3 (7.09)
Cu 745.5 (7.73)
Table 5.8 First i1 onisation ener

As seenaldlreoemal 8 el ements show a ver:
potenti al compared 600¢t®W2O0MPPAmMFd po
(290V)). This indicates that a | arge
from the target wi || be i1 onised in
significantly higher than that of ar
surface I n ter meubfalenewlgiet h, I n t

mi crostructur al evolution of the | ay
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5.3.4.4. Limitations of the investigation of ion energy spectra

The investigation of the i1 on energy ¢
fradmble Hh& increasiWgildPyol)iftaude of
(representing the decreasing i on ene
bias iIis found to be in the sequence

analysis based on thecdRBsamnteSEMCT ¢
magni tude of the energetic bombar dme
from both i ons and nB3*rP2PFPB)Yl>P4. I ht t
concluded that a | arge proportion of
bombar dmentheduwmriowg h of P3 | ayers. )

represented usimgatihe. eval uati on of

I n addition, the majority of the ene
from 1T onised met al species in the p
di ffi cvelstt itgamtien and confirm because i
met al species from target wi t hout t
magnetron sputtering techniqgue. Ther

related to the sputtemsedenmet ddlowepec,i

il nvestigation is available if -using
beam plasma assisted ph-RARPNYR). vR@Erou
exampl e, I n t-RPAPYpPeraheoargdbnE®as cal
switched ofnfi,ngwheilleectrreomaigun to evap
i ncreasing pressure (i .e. from the e\
can be measured and the ionisation cc¢

spectroscopy.

The assumption ofobhhe phafgesedf mmeét
not accurate as it 1 s based on the <c
at mospheric pressure, rather than va:

sputtering, where ions wil/l mainly Db
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Anot her d aichnamacursadyh when recording t
each deposition run was recorded by
whol e substrate holder. The accurate
Substrate surface i s fuinckannotwni.n fTlhuuesn, c €

val ue of J .

5.4. Summary

Si xteen Al CuMoMgZr B | ayer s wer e s u
Il nvestigation of el ement al composi

mor phol ogies can be summari sed as fo

El ement al composition

Both deposition position and applied substrate negative bias

significantly impacted on the coating elemental compositions.

The target sputter yield and substrate resputtering effects for each
coating element are important factors which impacthencoatng

composition and structure.

Phase composition

All the layers exhibited a large proportion of amorphous phase

constituents.

The substrate negative bias was observed to promote crystallisation
of the layers betweeB0 V and 75 V; however, crystallisation
appears to be suppressed when a substrate negative Qg8 f

was applied.
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P1 and P4 layers were less affected and retain strongly amorphous
characteristics compared with P2 and P3 layers, where intermetallic

phase peaks could also be observed.

Thieksn and mor phol ogy

The SEM observation of fracture cressctions and surface
morphologies correlates to the XRD analysis, with respect to the

applied substrate bias affecting the microstructural evolution.

Dramatic microstructural evolution witimcreasing substrate bias

was observed in P2 and P3 layers.

The thickness of the deposited layers is strongly influenced by target
element sputter yield, homologous temperatures of involved

elements and/or resputtering effects.

The ion energy spectra of piesiting species for each layer was
discussed; energetic neutrals appear to play an important role in the

microstructural evolution of each layer.
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CHAPTER 6: MECHANICAL AND
ELECTROCHEMICAL PROPERTIES OF
NOVEL NANOCRYSTALLINE/GLASSY
ALCUMOMGZRB PVD COATINGS

Il n the previous chapter, the chemica
mi crostructAlCa MoMg<ZLir Bt €&® coatings w
|t was found that both the deposit.i
negative bi asuesicgendi ftihcea nell egmeinntfall Co
| ayer s. Mor eover, al | | ayers exhibit
Crystalilni P2t iacmmd P3 | ay esrusb swtarsa toeb sreer gva
bias ran§6 am&@bwdiesn appl i ed, buat was
high substratledOne/gative bias of

Il n this chapter, l nvestigations int c
corrosion properties of the | ayers v

selected as the base for s ubdsoepgeude nt F

hard metallic) coating deposition. E
benefici al for accommodating both e
mechani cal or tribological | oadi ng,
modul us ( E) I's ,desiredg &adheasdidon i iog
maxi mi se coating |ifeti me. Finally,

I's required to achieve good protecti

all oy substrate.
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Hardness (GPa)

Elastic modulus (GPa)

6.1. Mechanical properties

6.1.1. Evaluation of H and E

To e

val uat e t

nanoi nde

modul us

nt at i

(E) .

he mechanical propert.i

on was carri

ed out t o

T heFirgeusruel tés. lar e shown |

==
-}
ﬁ
=1
=
(173
w
7

90.6 93.9

125.9

104.3

P1 P2 P3 P4
S0V

Fi

gur e

106.6 109.1

89.8
79.8 81.0

P1 P2P3 P4 P1 P2 P3 P4
60V 75V
6.1 Hardness and

Ha nkEo WE 4 3

subsdetad &3 Gudk2r ®GP a

- Elastic modulus_

107.5

86.3
73.8

71.5

P1 P2 P3 P4
100V

el astic mo

and 1.4 GPa, resp:¢
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Compared to WE43 substrate (with H o
Al CuMo Mg ZrsBh olwaeyde risncr easi ng hardness
I n general, bothdKdcamrdaskE avwid hob nemr\war
negative bias. The decrease in H for
to be more significant than that of

Referring to the results of SEM ana
mor phol ogyi oosthbbhapter, the high val
deposited at | ow substrate negative
refinement of columnar grain size. Cc
exhibit hi gh H can ibet cehx [1d6[®fi ettetd) h b y

measured H can al so @adcurcomprtlsgi dee
state of the coating. |l n addition, t
(possi bl ycowiutmmar ntpemr osi ty) at a hig
contribute to a decrease i n measur e
resistancackofmromabcon has al so beer
wi t h PVD <coating col ufin7ad Tghrioswtihs mic
agreement with the observatriesceant I
shaped s urlfoagc ee sinoiGnpdd& O PB a yFeirgsur(es e e
5.5i(d)Chapter 5).

For each deposition run, the P4 | aye
and E. This could be attributed to t
the Zr/ Mo/ Cu compo®i tae ttoarad e tc,o nrpeossu |
(E~1GP&HA) and ®MPa))ErB3@xcess of 60 at¢
each P4 Taabyern5(Gheaept er 5) .

Al t hough the P1 | ayers contained a

whi ch was expected B ovalhuwens ,t hien | coomepsa
and P3 | ayers were found to have | ow
negati v &5 boMakO wafs applied. The propo

changes in the distribution of ener
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thermal abkselyd oputhe surface of P2 and

t he significant reducti oeinrsduiced Hi @am

bombar dment during coating growth i ¢
mobility of adatoms (and hececsesipvreodu
higmergy bombar dment S considered
compressive stress, a coating surfac
surface. This corresponegdrappedt ser © hce

mor phol ogy0 odbdPO2¢Bay which i ndicates
damage caused by excessive energetic
decreasing H and E values by applyin
bi as was al soetr flgMArntde dkeobnydadDld ® n

Further more, the variation in H and
with substrate negative bias, parti
associated with the col umnagmalrloewt h
variations observed at | ow substrate

def ormation behaviour in practical a

96



6.1.2. H/E ratio

The H/E ratio iIis acknowledged as a p
reveal i ng copaer hgr maohaeniaalpractical
Hi gh H values indicate good wear res

val ues ensur e t he coating POSSesses
underl ying substrate. Thi s I S part.i
teat ments of softe.magmelsiiam ad dmgtsr) att
godaelngi neeri ognd ougfingeeribdws t he H/ I
ratios of the Al CuMoMgZr B | ayers

7| —=—50V —e— 60V ——75V —— 100V

H/E Ratios (%)

P1 P2 P3 P4

Figure 6.2 H/E ratios of Al CuM

HEr atoiiME4 3 suls2r-adt9és w
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As
H/
di
di
di
Al
t h
Th
un
Ho
t h
f a
cr
su
tr
P1
Th
b a
cCo
E
ac
b a

| a

may beFisgeme PRoand P3 | ayers exhi
E than those of P1 and P4 | ayers, |
fference S amplified wi t h I nNcr ece
scussed prewvieouastltyr,i btuhiedd may a dr a
stribution of energetic particles &
though the P4 | ayers show a slight
e P1 | ayers, they al soapod®Reas)S t he
I's i ndicates an increased risk of
derl ying WE43GPsauybsumdadre HKIiEgh 4 meche
wever, despite P2 and P3 IGPyaer,s ex
eir |l ow H/ E ratiibmd omay ailmpaioperti e
ctor whether a | ow elastic modul us
I tical par amet ebe@th CuMeMgEZI Bct agpar
bsequent PVD c erdaonpiecd nhiat)rdi cdeee t(anhigtir

I al

| ayers show not only | ow E wvalue
erefore, P1 | ayers appear to be 1
s e | ayer. 66 bpbayeéercuewelxdanbi P& the t

mpared tosideseposunedrapiaarot her subst
val u-€0 off aydr w@aPsa,onwhyi c88 .slhoul d be
commodate considerable plastic str
sed on t h6i0s laanyael ry siiss ,e xPple cttaebd et db abse

yer for subsequent PVD coating.
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6.2. Adhesivestrength

To investigate thaAl @dMeMg@atBisng elna@y e
scratdbhlsi on tests wer e carried out
Al CuMoMbgayBr to the WE43 substrate

sufficient support for foll owing P\
wor king i n har she .saggparmbii cnee de nweiarr o nammedn tcs
Due to the soft and compliartremébye
| ow EGRa@¥4 substanti al pl astic defor
after each scratch. This inevitably
coatings deposited onto Mg all oy sub

onto harde.ggubsnht ases s eel ) :adhhee iroems ul
tests are characteytdBeads hbforhespandm

definitions and deadbil ibpethiodns are as

Critic Descripti ol Observabl e schar a
. . , The first chipping obs:¢
Lca First chipping troack
Lea Adhesive failurThe first exposure of ¢
track
L Comol ete | aver Continuous exposure of
cs3 P y track
Table 6.1 Descriptions of failure eve

i n theadleaiteam t est s

All Al CuMoMgZrB | ayers formed.eracks
under an initial | oad @ef @WN)chThefef
the | oad at which the first crack
significance in thei bheshss Waoaskead, t

i ndi cative of htihpepilngad iatstwhicochurese a

99



scratch track (which may still be co
However, although significant plasti
track widths were megadurl edbeddlyroys uz2df Gbaee
em, which corresponds to the radius ¢
tip. Once the track width exceeds t
similarity is considered to be no |Ic
should not [bé2 cBhecefmpwmeujtson of t he
strength of the | ayers is stildl cons

selecting the optimised base | ayer.
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Critical Loads (N)

Critical Loads (N)

6.2.1. Adhesive strengths of sixteen AICuMoMgZrB layers

The resul t saddfe stiloen < cersa tsi€ihegruer. es wommar i

20 [ Lc1 - First chipping [JJl LC2 - First adhesive failure JJJJlJ LC3 - Complete coating removat]

14.2
16 1 13.3 13.5 12.7 12.2 3

12

P1-50 P2-50 P3-50 P4-50 P1-60 P2-60 P3-60 P4-60

20 [ LC1 - First chipping [l LC2 - First adhesive failure ] LC3 - Complete coating removal]

13.4 11.7 13.7 129

P1-75 P2-75 P3-75 P4-75 P1-100 P2-100 P3-100 P4-100

Figure 6.3: Cri-adlbasi doatdesi e Bar ah

| ayer s
Af ter tta@dhesranchest s, the <critical
t hrough observation of the |l ocation

t hrougdhharEaMct eri sati on and converting
From the Frgsuketadl.IBnl ayers exhi bi't cCo
strength as they are found to adhere

period after the filruite eo(cesugd elms ef off
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al | coatings).

The different thicknesses of the | ay
t heir perfor@mamhesi om ®Bestas chAccordi
Burnett anMd7]3Rdlc &k lewdy 1 ncreased with
although one argument Pshpwist ddevarse a
as the internal energy increases wit
possi ble effect of thicknebkseosnsmeals

be normali sedem.o Tah es traensdualFtidyy waf.ree26s Mo v

777 Normalised LC2 |
10.9

=% 7 e

s 7.9
S 84 y 7]

A /

° /
£ 4 7 7 -
2 % 7

PLP2 P3P4 P1P2 P3P4 P1P2P3P4 P1P2P3P4

50V 60V 75V 100V

Figure 6. 4 c.oMoAmMLluiMoeMdy Zlt B | ayer s

As seefi guroemtth.ed perf ormance of the Al
scradtlesi on tests ¢codre mManoomdehawdeéedo
The overall hi gh vahbafes!| ayertsh ed enpoorsni
substrate nbedgiad | avtet rbii mst @ed t o their |
Il ncreasing substrate dJgrefgaP2 veandiR3, |
germéndy decreases until t hhR2ZLOBGsandg r
P3 00 | ayers exhibit both chipping ar
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scratching. This may be related to -t
could not resi sAs tthhee elMASrash AfdooRB ( 5
deposited at hi gh substrate negatiyv
performance-aidiheshensteasatcltan be enh,
good strain coherency with the wunder
def or mati on. Overall, to obtain a g
Ssubstrates requires not only a high
high H values.

However, some uni que chkiaguwrca é&bnil 4 tkiec s
t he resul ts Qf trmanon avgdeanltinga d h br e a
deposition run did not always decrea
bi as. The maxi mum cweaalsu eo bosfe rv@&m@mai Ini ste
| ayer . | n6 G dalli 40 odi, s Pllayna | acsveaaa myea.r a b |
Oweral-dQ &md RAyers possesses the two
may be considered as gsesobthsbasent ap¥

nanocomposite coatings.

6.2.2. Comparison of adhesion between&dand P460 layers

To further 1 nveasgsteinggath® 0tf la @b iaedHBehspi | oens s

(which have been narrowed down as <ca

the above investigations), anal ysi s
gener al , i f the adhesion of the | ay:
coating material within the scratch
occur. This is especially commecen i f

WE43 alloy in this research). This i :
provide smudft camdatt swyp, tends to ben

[17]4
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The cohesi vebOf aairbdd rRRdlay ®of s PWer e obser
and shRoiwgurien 6. 5

Scratch direction

Tensile cracks

Delamination

(a) (b)

Figure 6.5 Cohes6Ov,e (6b)i IPuor es of

Both | ayers exhibit -ahiakgessiagnatki-d
the occurrence &f gadhbe 6tihgeé acjraaiclku rneo.r p
of t66 Phyer can be observed to ope
scratbebbadi ng towahddi t et sona whi ch
right for the present test, as indic
| ayer damage was confined within the
classified as tensile (durcesdeyg atr atclt
rear of the i ndle7hdt &ing due,i 6ayl5t{hau g he stt
crack morphob6tOgVapér tbeulPd al so be ¢
away from the directeowasfmschalteds
of t 6 Phyer. The <cracks with cur v
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resistance to scratch sliding. Moreo:
the track edge, possibly attributabl ¢
betewme t668 Pady&Pa)~20d the WELA)substr
The first adhee&di vaebdd aRHidd yweres wdr e lal s

and areFsbawe b6n6

SCI"atCh dl.l"ECtl.On Extensive spallation

—» Pile up of cracked coating materials

Loss of overlayng

() (b)

Figure 6.6 First ab6dOh;e s(bhd)e | Fadgel ar es

Figureéi pléays the adhesi-68 &8600 Phes

| ayer-sp dfi l[tehe cracked | ayer materi al
track was observed in both | ayers due
As sed&dmguirmre, 6mobd(eargdt ¢ hleoowver |l ying | ay
the6®lsampl e, i ndicating a good adhe

subsflrat @&he magnit uded osfa nfpdiel uwwaes inno
(i .pea.rti al spallation) in terms of | i:1
| Fi gur e, 6hoowebv)er, extensive spall atic
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generally caused by | arge compressi vi
stylusanipressive spdalnl,mtdhealna) on | al @andgl
scratch track could be found. Thi s

t hr euhghc kness c¢cracks propagating and
The del amination &0dfifspeaebll dt benrefat
cons &ceu eonf mi ni mising the amouamt of
recovery spallation). This correspon
modul i bet ween the surface | ayer an
recovery and compr essi vvee ds pian |oatthieorn w
[17]14 The inferio6Opendocmamescseaohi Bher
stress6@®@han P1

Il n summary, &0t Haweh thhhed R4 sl i ghtly
critiacale)l, oads(fambueebmodeéel| was$s han t
60 | ayer. Therefore, considering thi
tribol ogi cal6O0apwalsi ccaotnisamdse,r e”Rdll t o be t

| ayer, among all the sixteen candi da:
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6.3. Electrochemical corrosionproperties

The resul-adhesi esor testsO0 ianrbld) cHada g et & a

perform much better than o6H6bet agandi

may be the best base | ayer for the st
for applichdnionas!l iandnet ri bol ogi cal u ¢
Apart from good mechanical and trib
protection given by interfacial | avy

substrate against corrosive environ|
el ectrcatchemirrosi o-60paedde Phiyes sofs hPll

be evaluated i n order to determine ar

6.3.1. Open circuit potential evaluation and electrochemical

impedance spectroscopy

The open circuibtotpg®GPeani6d atdb Yy OCP)was f
to shift to significantl y0o.MMBre. posi
saturated cal omel eVescICH,der  SSEIC&EQ t i av
compar-k7d5 v M5.CE of WE43 substrates. Tt
values is indicative of an i mproved
agsleposited | ayers (but maybe a risk
coating and substrate).

After the OCP testdamnbte spectrosbtemy
performed to reveal Chareacctoerrriosstiiocn ipn
di agr ams0 dfaypr | a€r and WE43 substr a
Figure 6.7
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Figure 6.7 E#669% amald WHIdadyserof aPnld WE43 substr

(b) Bode pl ot s, (c) equivalent <circu4t for
60 anrd H4ayers
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OveraEl S spect 6D aafrodb dtehy lePrlsi t 1 ncr e a
|l mpedance when compared with that of
pl otFs giume) ,6.i7n(dbi)cati ng I mpr[loA%ed corr
Il n addi t-demqgsittheed alsayers al so posses
compared to Fihgeumse b&.t,7 @dhee aBIhS (bpPpectr

WE43 substrate (black |Iines) displ ay:¢
to high frequency range, and an I ndu
On the other hand-60t ABdEH& y®ep esc tsrhao wc
Figuré¢é¢ @angbhbhbé and red | ines, respect
semicircle in the high frequency rar

medi um frequency range.

EI'S results are commonly §€x76l d&ihreed u
three | oyepms idi stphlea EI' S spectrum of t
i ndicative of the degradation of WEA4:
time constants. The two capacitive
depressed rather than an adleabhpaemto

behaviour due to the passive oxide f

177 I n this case of equivalent <circu
used instead of capacitor (C) . The
frequency ranpgerocwepresieae sfithm on WE
all oy surface, which is normally di ¢
resistor and constant phaEé&]l7elTament
second capacitive | oop in the medi um
chargensfer processes, which is anal

a resistor (charge transfer resistani
| ayer ca[pdci Thecé) nal Il nductive | oop
range can be repreatinamrdofbyr asisetrores
(L). Such inductive behaviour has b

associated with active corrosion pro
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Mg'i on i ntermediate corrosion product

Mg

t )[MgB8.1 Therefore, an equivalent

Figeér &(c)

The depressed semicboOochasdbd RPAYyEIS c@mea
regarded as an-idedlicbhéhawnwi odr nofn t h
capaci tdnsper(si ve properties[ld@de to r
Consequently, a constant phase el eme
mentioned above. Mor eover, a War bur
Il ntroduced in the equivalent <circuit
I ndi catasi aeme diofufrusildn usawlad M vy r ef e
or activation inhomogeneity of t he
di ffusi onal effectds wda cihdethlea wm alt e o o é
accumul ati on, or depletion, of speci
proportional to the | ocal curvature
addition, the high intersected value
Bode pilguse)(6al7s(ob)i ndi cate the presen
transpoflt7,&p8)20 ddreg ef or e, tygpey pgiqualvaRa
circuit was used to analogise the ¢
Fi gure. 6Si7nmidl)ar equivalent circuits
| iterature to describe thetraosfesi ol
ki ndl8R85
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The corresponding equivalenéOcamadui't
P40 | ayedsTablee |16 .52 e

Data WE43 P1-60 P4-60
Rs( kqAcm 0.01 0.14 0.02
CPELT

(Fsrrien?) 3.12x10° 2.57x10° 39.61 x10P
CPELP 0.91 0.52 0.53
Re( k gAT m 0.21 2.62 0.41
W-R ( kP A - 27.27 13.05
W-T - 171.10 32.64
W-P - 0.53 0.71
R(kgAcm 0.33 ] )
CPE2T

(Fsrien) 3.98 x10° ; )
CPE2P 0.48 - -
R(kg?dAcm 1.03 ; ]

L 5891 ; )

*Rerefers to Rin the equivalent circuit of WE43 substrate

Table 6.2 Results of EI'S data f it

As selTamlien 6h@ high | mpedarmde amag rPi4t u
60 | ayrargsurien 6. Mmols)t |l y attributed to

resi stance originated from the Warbu
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remar kabl y | ag¢igeeaa ushea no it htame tosfe mii f f u ¢

charged particles, I nld6iOc aatrbdd gR4&a ) er € 0
depends mainly on diffusional mass t
One i mportant parameter to assess tF

resi spanpcreoopoksedt QIuA9B iTrhbei lviasl ue of po

resistance is thought to be [0LB8ersel.
The ©polarisation resistance is defi
bet ween zero and i nfiinon er efsriesgtuaenncce eo:

subst o8t eerddll H4dayers can be obtained

equations bel ow:

WE43 substrate:

2 gRo o gy FAOF <8 s
P60 amwd RPAayers
2 E%o LBo Y FAOF €80 -

By substituting thé&abber édoo RMdE4N3g, da
P60 armd R4n be readily afifc u2l9ast9edd,
qA rhand 1PMMB 0 respecti v-eDy.ha€l dairel yhi g
pol aation resistance and the corresp
al so consistent with the observation
| Ri gure 6. 7(b)
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6.3.2. Potentiodynamic polarisation

Potentiodynamic wppbeéarmnil sat iuotni | $ cs®mds t
compare the corrosidm rtetee poft enhesod
pol ari sation graph, vallhesregbkbalcsortt
susceptibility of a material ¢tha corr
describes the corrosiodviBrdmfankdnats
potential at which the anodic current
densThtey. resul ts of potentiodynamic

presemigdr.en6. 8

2
— P1-60
- —— P4-60
—— WEA43 substrate
1 —

M

O

S 0 ~———_
L —&

2407 10”7

10® 107 10° 10° 10* 10
| (Amps/cm?)

Figar8 Potentiodynamic polari-sati on
60 amdd Hd4ayer s
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Il ki gur,e bo-60 &88AD Rdbyers showed pol ar.
a more positive regi-long2su@Gk ctho weWE4 3 |
substNal®@®@eésSSCOE andvVvsAICEH 7f-60 Padyer and

60 | ayer, respectively. This 1 s fai.l
resul ts.

Il n general, I f coatings can exhibit

met hod i s apepld /i eadwdwero,btalilnFitidner @ hr e
6.d80 not show a clear Taf el behavi our
these sampl es areveelvyal cameadr ibnyg qtuhae

positions of the potentiodynatniec pol

right are indicative of a higher cor
this point of view, si-ticearfddeR4Appbasi
are both I ocated in the |l eft region,

can be codepaoadiedi o hadof0 bactdh Pldayerrs wil
reduce the corrosion rate of WE43 su
deposited with sufficieabattihnmgkpesss

and thus act as a physioapab&atG@uéenrff

| ayer is |ikely to ha¥é® & alyewer <corr
The anodic branch of the WE43 subst
relative small pol arised overpotent.
resi st angcueeent3whs with further 1 ncreas
the anodic current density increased

of corrosion products covering the s
The absence of T-8DelandtkePPdayeus caulP
athhutied to the previously mentioned ¢
Mor eover, their anodic branches do n
behaviour, i ndicating mul tiiptebeacti v
presence of severearli cadon aowrarcantonesl)ect

branches ar e t oo short tig, G @ar ibvee a
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determined using the intersecting poc¢

curveko,dn8l7 I n t hijoofra@@flaambdd Hd4dayers ar
obtai nedcA/adgmn2d 3&/65m This confirms t

corrosion rat#téed prageirded by P1
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6.4. Microstructural investigation of P1-60 base layer

According to the p¢r6elviloauyse rd iwsacsu scshi oosn
bedbtase | ayer for the subseqguent nan:

terms of outstanding mechanical and

To confirm t lod mib@r Pdyevuct TE®M i nvest.

carried out. A e catrieacan OoT E-BtOhfeb aclreoosfsw & 4
observed emswlhitglon transmission el ect
(HRTEM) . This and the selected area

resul ts arFe gduirbeplbaywed i n

ST W e TN
XUN ¥,

%’ =

%
_-5!8

.

Figure 6.9 HRTEM and SAED pattern i
P16 0 | ayer
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No nanocrystalliniFi guccehéb®oabsprgvad
to be completely amor pdiiosupsl a(lywintgh at htey
wi de and blurred diffraction ring).

mi crostruct®#”0e |fagrert hdhiPd amor phous
benefici al for t he subsequent pr o
mi crostructuree s aandealPyvd wirlol tend
corr-odseisopnit e the noble OCP of the <co

substrate.

6.5. Summary

Il n this <chapter, sixteen Al CuMoMgZr
nanoi ndent at i-aodiheandn steae¢shl| tEr,omt wto
promising -6l0ayan$€0,PRWwer e chosen fo

characterisation experiments.

Mechani cal properties

In general, H values, E values, and H/E ratios of the layers in each
deposition run can be sorted by descending order of P4>PP3P2/

This may be attributed both to their elemental compositions and to
the coating microstructure caused by the energetic bombardment

effects during the deposition process.

H values, E values, and H/E ratiegre found to decrease with
increasing substrate negative bias. This is attributed to the increasing
energetic bombardment which causes rough surfandscoarser

columnar growth (with the associated voids and defects).
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Adhesive strength

The results othe scratckadhesion test are, in general, consistent
with those of nanoindentation.

The good adhesion of the layer requires not only a high H/E ratio,

but also a low E value and a moderately high H value.

P1-60 and P40 layers showed superior adhesiveersgths
compared with other layers.

In particular, the P60 layer exhibited a more ductile failure mode
than the P40 layer, indicating a better performance in terms of

withstanding plastic deformations in practical applications.

El ectrochdmneinc elr ogpeerrrtad se s

The electrochemical corrosion properties of the layer8@Pand P4

60 were evaluated in detail and compared with the WE43 substrate.

Both P60 and P40 layers, showed significantly more positive
OCP values, but also much higher polarmatiesistance and lower
corrosion rates than the WE43 substrate.

The P160 layer showed the superior performance in the tests.

Therefore, the RB0 layer was selected as the most suitable base

layer for coupling to subsequent nanocomposite PVD hard goatin

TEM anal ysi s
The P1-60 layer is confirmed to possess a fully amorphous
microstructure.
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CHAPTER 7: INVESTIGATION OF NOVEL
NITROGEN -CONTAINING
ALCUMOMGZRB (N) PVD COATINGS

The previous two chapters explored

develop the base | ayer of the-nanoco
60 sample was chosen as be the most
sixteen Al CuMoMgZr B capteirngr | aneerhan
properties, electrochemical propert.
I n t his chapter, four novel Al Cu Mol
coatings wer e pr o-@ @ccoeudpdl cang gtro p Daufr i tnige
deposition sequédg2e BON) t teatAill Cqg,Mot h
foll ows the pr odu6eOt ilocany eprr. o cFeod s oowfi ntgh
hour of the deposition process invol
gas. | t should 4dme nméeeprtisoreeepi ngatpeali
nrobgen gas was used at the beginning
run. For I nstance -6 @ Mhs ctchne, dtehpeo sfilta vo
nitrogen gas wax m rperreansiendutley f4 om t |
reachsicncgm 4at t hesé&dadmt tmien BGt2eh,d udnitn ut e
2ccm at the 65th minute, amdcctmher ea
for the remaining 55 minutes.
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The synthesised

nitrogen gas fl ow Gsaxtcenscdmpd dd@d,d & ndh i «

sampl es

are therefor

2&ccm, respectivellTapl eTliede are show

Final flow rate of

nitrogen gas (scem) Designation Current (A)
5 P1-60-5sccm 0.09
10 P1-60-10sccm 0.09
15 P1-60-15sccm 0.10
20 P1-60-20sccm 0.11

Tabl €1 @s§i fi cati on

Al |l deaposi t ed
then subjected
composition,

mi calor asi on

phase

wear, and

of

Al CuMoMgZr B( N

Al CuMoMgZr B( N) nanocao

to a series

of test s

composi ecbani maktr

COrrosion prope
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7.1. Elementalcomposition

Tabl eshdbwxs the el ement al composition
coating, in atomic percentage.
EIl ement al Compositi

Layer Desi

Al Mg Cu Mo Zr B N

Pi6ébsccnego. 9.6 7.1 3.2 2.0 3.314,

P6@0sccls52, 8.86.2 3.4 1.7 2.924.

P#6dS5sccig46., 8.7 5.3 3.6 1.3 2.632.

P6@0scclg0. 7.9 4.1 4.3 1.5 2.1309.

Table 7.2 EDX el emeGuBbdMgadmPON) tc oa-t

Theot al c oonip odiltedmemt s (e. g. oxygart ecaaledwnlamn% i ron
Therefore, their compositions

As expedGakeldep,(8tee nitrogen content i
systematically with increasing nitroc
nitrogen systematically decreased t|

el ement s. However t hiat ¢dore BéOmbeacbwn
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Mo showed a net iIimicrrer@agenwcomt emcr ean

target el ements).

I f only considering the el emental Co

the composi ti onRdaelp opsriotfeid ec ooaft ienagc hmaays
ad shokfvMngurme 7.1

S

E 705+

£ -

1ol ~

3 69.0f .

= \\

s .
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£
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Figure 7.1 Fractional proportion of

eackhegpxsited coating excludin
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As seemli gurpemt/th.el net change in concen

el ements with i ncr egsibreg smuinnraag ere df i
separate dh#graadi Mos.content 1 ncreas
content decreased, while the Zr and
Unl i ke the observations of the el eme
| ayer s, obrntaga rnp megt i amgd iinf or mati on 0 |
behaviour of the six elements I s com

effects and target el ement sputter 'y
Il ntroduction of nNitrogen pgas tdioc oo

ni t-tfodmi ng ieAde.medt safd Mo el ement s) .

behaviour of the six elements is pro
the coatings, where increasing nitro
of certain phases, thus | eadiorig tthe

corresponding el ements, which wil/| b

123



Intensity (a.u.)

7.2. Phase composition

The phases present in each Al CuMoMgZ
VieAXRD, the patterns&igtrbeehliifocvd. ar e sh

O 7ZrNe:: OZrCu A MoN

(101) oo
(200) A (101
P1-60-05sccm O (103)
| 100 (101}|:|[1Ol)
MM P1-60-10sccm
o (103)

1 sk ey VR Vg

(101)0

1 (100) (101)
— (002)2° (200) P1-60-15sccm o (103)
. L al . an (101) e
(1%0)[2[:1[:1} o (101)
1 (002) P1-60-20sccm
0(103)
Ll LT R RPN “W)"'-mm

20 30 40 50 60 70

2-Theta (degree)

Fi gurGAX/IRD2 patterns of Al CuMoMgZr

Compared with the -X(RDb gpxaed tleayerofwhihce
highly amorphoubfi gbhgeabtthér iXsRiDi o a(t & eee
nitroagrethai ning coatings exhibihned na
terms of sharp peaks appearing on (o0
refl ection. This i s i nAfdinceatcirvyes toafl |tiht

the amor phous matri x.
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7.2.1. Formation of characteristic peaks

As s holvingurpe t7he2 chpmealcst evi st bte i n
patterns can be identified as nitrid
formation of ceramic nitrides I s exp
the formation of the Zr Cu intermetal

corroesostance of the coating systen

mi g ht be galvanically coupled to the
OCPG. 16V, see section 6.3). Therefore
promoted, | eading tockhn accelerated
Further mor e, characteristic peaks b
l ncreasing nitrogen content . Such pe
f outnod correl ate with | arger crystall:]
[1 8].8

Mor eover, peaks « manrdacMoeN iweéin € olbs e
appear I n coatings possessing high r

MON peaks seems to cor  rkeilgaureshwictiih, t h

showed an i ncrease in Mo content as t
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7.2.2. Confirmaton of nanocomposite microstructure

To confirm nanocrystallite formation

nitrlohiggesol uti on transmission el ectr
used to oksEeswvemth@d PR mMm mi cr ostruct

results &na@uskown 3i n

Figure 7. 3: HRTBM 9 anamg;e6@®D)s cKIm) Pl

As seen irFigure 7.3 nanocrystallites were observed in both images with

sizes ranging from a few nanometres to several tens of nanometres.
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The selected area el ectron dbbdfracti

15sccm | §Fighoen7i 4

Figure 7ASAED patgtesr i S5®Ac cm coating

Small diffraction spots can be seen in Figure 7.4. The limited amount of
spots (with relatively low intensity) indicates the presence of crystallites
with ultra-fine grain sizes, which are embedded in an amorphous matrix.
According to the results of the XRD patterns;&&15sccm is the coating
with the secondhighest degree of crystallisation. Consequently, it is
reasonable to conclude that all AICuMoMgZrB(N) coatings possess a

nanocomposite microstructure.
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7.3. Thickness andmorphology

7.3.1Fracture crosssections

Fract ur-sac tciroonsasl mal godMbbMgiZeB( M) coa
were observed by FFiEgW raend7 .ad e shown |

1Uum

P1-60-20sccm
P1-60-5sccm P1-60-10sccm P1-60-15sccm 4.2pm

4.0pm 4.0pm 4.0pm _ |
| ' o {

.I ; 4 -

Figure 7.5 -sfgcatcitaumrael cmadrgahhd M@Z reB( MN)f

coatings

Al | fourxcontbiogeg codtgiur@eO Isbewre di @&
thickness onf. alrhceuncdoasd.ilhgs di spl ayed
mor phol ogy. Addi tionally, col umnar g

clearly observed, winth increasing ni
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Grains in the coatings are observed
Ther ef ocroen,s i Nl ey eai m spwdoimoht eserves to |
surfaceamd féduwgswoal | i sation. This corr
column size found nearer to t&he coat
mor phdlamgy to the appearance of an |
characteristic peaks iinng st hwei tXR Dhipgaht tn

content .

Anot her noticeable feature is the ev
| ayer and-colmé anhi nggemwmat iFngu(tehe . dot
For t-eb@®sPdm coating, the boundary i
beéewn t he top col umnar mor phol ogy

mor phol ogy. As N content increases h
di stinct and-sthbhéeibnatt moepbpobbesgy ten
homogeneous. This may bref adce rdibfuft esli c
high N content with sufficient atom
Il n addition, (eekscceddpseimme t Nearemsti on W
forming el ements in the plasma) can i
at eaes yostagposition. The penetrate
forming ielpgd.metrs ahd Mo) wunderneath t

mi crostructur e.
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7.3.2. Surface morphology

The surface morphologies of the four
resulsthowddin g mr.e 7. 6

Figure 7.6 Sur fAacCu MooMgpZwaodt(d\gligess o f

The surface morphology of the coati ng¢
Il ncreasing N conteh@®sctmecsatfagei oef
t o show-sthhaegpebdummpr phol ogy, which i s ¢
mor phol ogy-f oé&0Kkterad e rgu(riee &Clbapt er
5) The surface morphol-vsggpedtolve si n ot
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