The copyright of this thesis vests in the author. No
quotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



SURFACE MODIFICATION OF TITANIUM-BASED
ALLOYS

By

Sigqibo Templeton Camagu

A thests submitted to the faculty of Engineering and the Buill
Environment of the University of Cape Town in fulfilment of the
requirements for the degree of MSc(Applied Sciences) in Materials
Engineering

Centre for Materials Enginecring
Department of Mechanical Engineering
Umiversity of Cape Town
March 2007

IFLMIVESITHE TALERAPA = UMIYERMITEIT YAM LALFSTAD

e UNIVERSITY OF CAPE TOWN | '




DECLARATIONS:

1. I hereby grant the University of Cape Town free licence to reproduce for the
purpose of research either the whole or any portion of the contents in any
manner whatsoever of the above dissertation. I am presenting this dissertation
in FULL fulfilment of the requirements for my degree.

2. I know the meaning of plagiarism and declare that all of the work in the
document, save for that which is properly acknowledged, is my own.

Signature:.

29 Muken oot



Acknowledgements

I am particularly grateful to my supervisor, A/Professor R D Knutsen for his valuable

suggestions and relentless efforts which have made this work possible. Under his

supervision and direction the quality of this work improved greatly.

I would also like to express much gratitude and appreciation to the following people

who assisted me in one way or the other during the course of the project work.

Glen Newins and the workshop staff for their technical assistance in
machining the test pieces.

Mrs P Park—Ross for her technical and logistical assistance in the laboratories.
Mrs N S Africa for all the administrative assistance.

Mrs F D Young for helping us to maintain a clean working environment.

Miss Nandipha Naki for her assistance in keeping the working place neat as
well as her friendly chats.

The staff and students of the Centre for Materials Engineering for their
constant words of encouragement.

The NRF for the financial support of the research and the UCT/CSIR for

supporting me during this research.

I would also like to thank my mother and my family for their encouragement

throughout my life.

To Nomonde (my wife), thank you for your love, prayers and constant support during

the course of this work.

The greatest of all the thanksgiving goes to God Almighty for giving me the strength

and energy throughout the course of this study.

8 HRIVIRSTY OF CAPT TOWN



ii

Abstract

Two routes of Oxygen Diffusion Hardening (ODH) have been investigated on two
alloys of titanium, Ti-6Al-4V and Ti-6Al-7Nb (by weight). The first route involves a
controlled atmosphere where argon saturated with water was used to transport water
into the test pieces at elevated temperatures. The controlled atmosphere would
encourage the generation of mono-atomic oxygen through the dissociation of water
vapour, and therefore change the kinetics of physical absorption and diffusion of
oxygen into titanium. The second route of ODH investigated was the Oxygen Boost
Diffusion Hardening (OBDH). The oxygen boost diffusion hardening process was
carried out in two steps. The first step was oxidation of the samples in air at elevated
temperatures and the second step was to further diffusion treat the pre-oxidised test
pieces in a vacuum or argon. Various temperature and time combinations were used

on both steps of OBDH.

The results revealed that the ODH heat-treatment in a controlled saturated argon
environment was unsuccessful in developing a significant oxygen diffusion hardened

layer.

The OBDH process can be carried out to modify the surface properties of titanium
and alloys. Both steps of this process play a vital role in achieving a thick modified
layer for improved tribological properties of titanium and alloys. Performing the
oxidation step of OBDH heat-treatment at higher temperatures results in higher
surface hardness and deeper diffusion zone than carrying the oxidation step at lower
temperatures for longer times provided there is no peeling of the oxide scale during
the high temperature oxidation. The Ti-6Al-4V achieves higher surface hardness than
the Ti-6Al-7Nb upon the same OBDH heat-treatment.

The second step of the OBDH can also be carried out in an argon environment instead
of vacuum. Carrying out the second step in an argon atmosphere allowed for higher
surface hardness and thicker hardened zone than carrying the same step in vacuum.
The effect of the OBDH on the underlying microstructures of two alloys under

investigation is the depletion of the B phase on the modified surface as a result of the

. , [P v e e Ty A h
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diffused oxygen which stabilises the a phase. Although higher surface hardness was
achieved for the Ti-6Al-4V alloy than the Ti-6Al-7Nb alloy after the same heat-
treatment, the Ti-6Al-7Nb alloy achieved higher wear resistance due to more
adherence of the oxide scale after the oxidation step. Despite achieving higher
surface hardness and thicker hardened zone upon carrying out the second step of
OBDH in an argon atmosphere than in vacuum, samples which underwent the second
step of OBDH heat-treatment in vacuum exhibited higher wear resistance.
Performing a twin cycle OBDH heat-treatment results in even higher surface hardness
and higher wear resistance despite the severe scaling of the alloys upon the heat-

treatments.
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Chapter One

Introduction

1.1 Background

Total joint replacements have been widely accepted in the past 14 years'”,
Destructive joint discascs including osteoncerosis, theumatoid arthritis, osteoarthritis
and scvere pathologie fractures have led 1o matenals being used as replacements o
the bone’. [n many instances arthritis destroys the joint and the paticat will
experience pain. X-ray piclures of the jomtl can revea! that arthntis is destroying the
joint. 'The pictures in figure 1.1 show a normal hip and a hip that 15 degraded by

arthritis.

Figure 1.1: X-rav piciure of a hip ininl“.

a) Normal hip. b) Hip with arthritis
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In figure 1a, the space between the head of the femur and the acetabulum is due to the
cartilage not showing up on x-ray. There is very little space in figure 1b which is

indicative of the degraded cartilage.

1.2 Motivation of the Research

The use of implants in the body poses lots of challenges. Once the implant has been
used to replace a bone in the body it cannot be readily monitored or replaced. This
comes not only with short term challenges such as strength requirements and
manufacturing but also long term requirements such as resistance to fretting, retaining
of the strength for a long time and compatibility. The implant has to perform such a
specialised and complex function such that more stringent requirements are needed
from the constructional material*. The requirements of the implant material are

summarised in table 1.1.
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Table 1.1: Requirements of the implant materials®,

Compatibility

Mechanical Properties

Manufacturing

Tissue reactions
Changes in
properties
e Mechanical
e Physical
e Chemical

Degradation leads

to

e Local
deleterious
changes

e Harmful

systemic effects

Elasticity

Yield stress
Ductility

Time dependent
deformation

e Creep
Ultimate strength
Hardness

Wear resistance

Fabricating
methods
Consistency and
conformity to all
requirements
Quality raw
materials
Superior
techniques to
obtain excellent
surface finish or
texture
Capability of
material to get safe
and efficient
sterilisation

Cost of product

The lack of material that would be tolerated by the body as well as possess the
required properties has been the major drawback in orthopaedic surgery. Engineers
have played a vital role in developing materials that can be used as replacements to
the bone. Ti-6Al-4V has been used extensively for metallic implants. Ti-6Al-7Nb has
been developed as an alloy that has better properties than the standard Ti-6A1-4V for
metallic implants. Can the shortcomings of these two alloys be altered to ensure that

the superior properties that titanium alloys have in the biomaterial field are not lost?
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1.3 Objectives

Various methods of surface modification have been employed to improve the wear
resistance of titanium-based alloys. All these techniques have not been overly
successful. Corrosion attack is exacerbated at the coating-substrate interface on the
coated materials. Loosely bound surface oxide on oxidised material has eliminated
thermal oxidation as a surface treatment. Modified surfaces of less than 2 pum
achieved through ion implantation has also proved rather less successful. Nitriding
titanium and alloys has resulted in components with nodular surfaces. A further
activity is then required to rehabilitate the surface of the nitrided components.
Diffusion treatments have recently been developed to overcome various problems
encountered with the techniques mentioned above. High reactivity of titanium
towards oxygen, nitrogen and carbon forms the basis of the diffusion treatments.
Instead of forming a thin poorly adherent ceramic layer O, N, and C diffuse into the
interstitial sites of the titanium matrix forming a solid solution which causes
obstruction of the dislocation movement resulting in a harder and more wear resistant
metal surface. The techniques used to improve the tribological properties of titanium

are outlined in detail in chapter two.

The aim of this research is to modify the surfaces of Ti-6Al-4V and Ti-6Al-7Nb for
medical implants via Oxygen Diffusion Hardening (ODH). The oxygen diffusion
hardening process should be reasonably obtainable, result in a thicker modified
surface that is compatible with the component substrate. As the modification process
is done on net-shaped components there should be no dimensional changes on the
components after the ODH process and the surface integrity of the hardened
component should be preserved. The ODH process should result in improved wear

resistance on the titanium test pieces.

1.4 Thesis Layout

The work conducted during this research is presented in various chapters. The first
chapter has been used to introduce the research. The second chapter will then review

the work that has been done which is related to this research. The experimental
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techniques used to conduct this research are outlined in chapter three. The results
obtained from the experiments are presented and discussed in chapter four.
Conclusions drawn from the results are stated in chapter five and the

recommendations for future work are listed in chapter six.
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Chapter Two

Literature Review

2.1 Materials Used in Total Joint Replacement.

There are various materials that have been used as replacements to the bone in
orthopaedic surgery. These materials fall into two groups, surface-modified metallic
materials and ceramics. Metallic alloys used in joint replacements include, cobalt
alloys, austenitic stainless steels and titanium alloys’. To avoid a galvanic couple it is
useful to use identical metals. This concept was used as the original hip prosthesis
components were manufactured from stainless steel componentsz’6. It was soon
discovered that metal-on-metal artificial joints was not the best tribological design
due to non-optimum fit between the articulating surfaces which results in excessive

wear6’7’8.

As an alternative to the metal-on-metal joints, Sir John Charnely developed a concept
of low friction arthoplasty in the 1960s°. In his work he designed a small-diameter
metallic femoral head articulating with a polymeric acetubular cup. The polymeric
acetubular cup was originally made from polytetrafluoroethylene (PTFE) which was
later replaced by ultra-high-molecular-weight polyethylene (UHMWPE)®’. Although
this design was widely accepted (with UHMWPE being the dominant orthopaedic
material for 30 years), wear of UHMWPE when rubbing against metal femoral heads
has been observed®. Various materials combinations were considered where it was
concluded that the ceramic in the ceramic/UHMWPE prostheses caused less wear to

6,10,11,12,13 Ceramic

the UHMWPE compared to titanium and cobalt based alloys
materials involve the use of alumina and zirconia types’. Various materials

combinations used in total joint replacements (TGR’s) are shown in table 2.1.
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Table 2.1: Materials combinations in TGR’s.’

Femoral Component Hip/tibial component Results

Co-Cr-Mo Co-Cr-Mo Early loosening rate and
limited use. New

developments show lowest

wear rate.
Co-Cr-Mo UHMWPE Widely employed, low
wear
Alumina/zirconia UHMWPE Very low wear rate.
Zirconia more impact
resistant.
Alumina Alumina Minimum wear rate.
Ti-6Al-4V UHMWPE Reports of high

UHMWPE wear due to a
breakdown of titanium

surface.

Surface coated Ti-6A1-4V ~ UHMWPE Enhanced wear resistance
to abrasion. Only thin

treated layer achieved.

Reports on possible harmful effects of UHMWPE such as sterilisation as well as the
development of the metal-on—metal technology, through optimisation of cobalt based
alloys, manufacturing process and prostheses geometry has seen metal-on-metal

prostheses being the most widely used in Europe®'.

Of all the possible joint
replacement materials, titanium alloys have received the most attention in recent
times. This is due to inherent properties of titanium that are very attractive to

orthopaedic surgery.
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2.2 Titanium Alloys in Orthopaedic Surgery

Titanium is a transition metal with physical properties that are shown in table 2.2:

Table 2.2 Physical properties of titanium'®

Physical Property Value
Lattice Parameter(a Ti) a=2.95A
b=4.68A

Young’s Modulus (polycrystalline titantum) 107 GPa
Density 4.505 gem™

Latent heat of (a <> f) transformation 678 cal.mol’

Melting temperature 1668°C

Latent heat of fusion 5 Kcal.mol™
Latent heat of evaporation 112.5 Kcal.mol™
Specific heat 0.1248 cal/°C/g
Thermal expansion (at 15°C) 8.35x107%/°C
Resistivity( at room temperature) 42-63x10°0hm.cm
Atomic weight 44 88¢g

Atomic number 22

Although pure titanium has superior corrosion resistance, titanium alloys are more
useful than pure titanium in applications where mechanical strength is required.
Titanium and its alloys show very high resistance to corrosion attack. This is due to

the passivity of the metal’s oxide which provides resistance to contamination below

e : Vi Tt v T - Pa g
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535°C'®. Titanium alloys have shown excellent biocompatibility. Biocompatibility
means the metal is non-toxic and ions released by the metal do not have adverse
effects on the surrounding body tissue. Chemistry and texture of this metal mediate

17,18,19,20,21,22,23 1 24 evaluated the

the biomaterial-tissue interaction . Lavos-Valereto et a
growth and viability of cultured osteoblast-like cells on Ti-6Al-7Nb alloy with or
without plasma-sprayed hydroxyapatite coating. The conclusions drawn from the cell
viability and structural studies reveal that Ti-6Al-7Nb has relevant biological and
physical properties as an implant material’*. Another important property of this metal
is its high strength-to-weight ratio. Superior specific mechanical properties are
achievable as a result of strengths up to 1400MN.m™ combined with density of

4.505gcm'3 e,

2.2.1 Structure and Properties of Titanium and its Alloys

High chemical reactivity has delayed the development of titanium due to the difficulty
associated with melting, casting into ingots and hot working of this metal®>. Special
high-stability refractories such as zirconia, thoria, and yttria are used during the
casting instead of the conventional silica and zirconium silicate moulds®.
Conventional refractories result in components with unacceptable surface finish and
gross porosity26. Low density, high thermal stability and high strength make titanium
a candidate for aerospace and structural application. Indeed initial work on the metal
has been based on titanium being a possible replacement to aluminium in aerospace

applications due to titanium’s superior thermal integrity.

Titanium exhibits a hexagonal close packed (HCP) alpha (o) phase at room
temperature which transforms into a body centred cubic (BCC) beta (B) phase at
880°C*. The temperature at which this allotropic phase transformation occurs is
known as the transus temperature’’. Pure titanium is restricted to applications that

involve moderate loads. The mechanical properties of pure titanium are shown in

table 2.3.
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Table 2.3: Mechanical properties of commercially pure titanium 2,

Material Chemical Tensile Yield Percent BHN
Analysis, Strength Strength Elongation
percent  MPa MPa
Ti 99 Ti 26210690 151t0586 17to 30 116 to
220

Titanium-based alloys are employed in applications where high mechanical strength is
required®®. A wide range of physical and mechanical properties are achievable by
addition of alloying elements®’. Addition of these elements alters the transus
temperature. Some elements stabilise the a phase thereby giving the “all o” alloys.
Other elements will stabilise the B phase resulting in the “all B alloys®®. A B-alloy
will contain enough P stabilisers such that 100% B is retained upon quenching above f
transus. The alloy therefore has a beta stabilising content to an extent that the

chemical composition lies above B, in figure 2.1.

Figure 2.1: Pseudo-binary phase diagram of Ti-p stabilizer®.

Addition of controlled amounts of o and f stabilising elements results in an a-f alloy
at room temperature. Alloying solutes such as manganese, chromium, iron, copper,

tantalum, molybdenum, niobium and vanadium stabilize the B phase and lower the
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temperature of transformation from P to o*’. Aluminium is the most notable alloying
element that stabilises the o phase of titanium?®. Other elements that stabilise the o
phase include carbon, oxygen and nitrogen®. Tin and zirconium are neutral solutes
that have little effect on the transformation temperature”’. Depending on the
microstructure that an alloy exhibits it will have certain properties. Near a and a
titanium alloys have superior corrosion resistance with limited application on medical
implants due to their low ambient temperature strength®. The a + B alloys exhibit
higher strength due to the presence of the two phases. The [ alloys and metastable 3
alloys exhibit high strength, good formability as well as high hardenability®. The p
alloys have been earmarked as the alloys that will be very useful in total joint
replacement. Combination of low elastic modulus and superior corrosion resistance
are the unique properties that these alloys have presented to the science of orthopaedic

surgery®.

2.2.1.1 Ti-6Al-4V

Ti-6A1-4V is the alloy that has been widely used in surgical implants. It is the most
commonly used alloy due to its high strength, workability and good fatigue resistance,
good corrosion resistance and high biocompatibility”®. Although this alloy was
initially designed for aerospace application it is used extensively in surgical implants,
pressure vessels, aircraft turbine and compressor blades and disks®. Aluminium is an
a phase stabiliser while vanadium is a B phase stabiliser. The effects of the two
solutes on phase transformation of the titanium metal are depicted by the phase

diagrams in figure 2.2a-b.
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Addition of controlled amounts of the two elements results in the stability of alpha
and beta phases at room kemperature.  The unnealed microstructure of the alioy shows

the dark [} phase at the grain boundarics of the while « phase as shown in ligure 2 3a,

Dark fp
phasc

Light u
phase

Figure 2.3a: Ti-6A1-4V har held for 1 hr at 956°C and furnace cooled®'.

'he two binary svstemis of Ti-Al and Ti-V mdicate that titanium dissolves about 7%
Auminium while complete solubility is noted for the titanium-vanadium binary

svslem,

2.2.1.1.1 lleat-Treatment of Titanium Alloys and Mechanical
Properties of Ti-6Al-4Y.

Ti-6Al1-4Y exhibits a [} transus temperature at 890"C according to Shivpur o al*
This is different fram the reports made by Kerr ot al.Pand Uvn ct al.** who have
studied the alteration of the B transus temperature with the additions of hydrogen on
this alloy. Both these studies suggest a p transus temperature of around 1000 °C for
this alloy. Al this temperature « and 3 phases transform into an “all B~ system. ‘There
are several heat treatments that are used for titanium alloys. I'itanium castings that
arc heat treated vield producis of comparable or even higher mechameal properties io
those of wrought products®™®. When the alloy is slowly coofed from the all p region,

the u phase emerges in the shape of plaies below the B transus temperature with the
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erystallographic morphology that is related 10 the parent f phase. The etch elleet on
the metal reveals white plates that correspond to the alpha phase while the thin dark
regions between the alpha plates are the beta phase in the typical Widmansititen
structure.  Different cooling rates from various temperatures resull m o distinet
microstructures and mechanical propertics. The a, o and the J phases are observed in
varions volume fractions and combinalions owing to anncaling lemperatures and
cooling rates, The o' phase is [ormed during the martensitic transformation lrom
quenching above the bela transus (emperature,  As the alloy crosses the My (start of
martensite) line. the B microstructure transforms inte titanium martensite.  The basket

weave structure of Lthe air-cooled microstructure is shown in figure 2.3b.

Figure 2.3h: Ti6AlL4V, forged at 1038°C above the beta transus, air cooled,

anncaled for 2 hre at W4 "C. and air cooled  showing a Widmanstiiticn

3
struciure” .

When titanium martensite is reheated tempering will take place as [} precipitates from
the supersaturated o', When highly alloyed -8 alloys are quenched from the [ ficld,
B which is supcrsaturated in titanium is formed. When (his supersaturated structure is
aged a wall starl o precipitate 1n a Widmanstiitten structure shown in figure 2.5b.

Figure 2.4 provides a schematic for the two heat treatiment paths.
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Figure 2.4: Heat treatment of the alpha-beta fitanium alloys™ .

Volume fraction (%) of phases present upon different heat-treatments in a study

conducted by Jovanovic el al.*" is shown in tuble 2.4,

Table 2.4: Volume fraction (%) of phases present uw different heat-

treatment™,
T (*C}) Water-Quenching Air-ﬁuuling Fum::ce-c voling
1100 | 1.3 (B) 14.7 () 95 ()
a$=98.7 Pt oaac =853 [i— rest
1050 5(B) 34.5 (a) 97 (u)
a =95 B"‘ s = 65.5 ﬂ“ rest
1000 7.8(B) S0.9 (a) 90 (1)
=922 Pt s =49.1 i rest
950 42.2 () 72.2 (n) 05 (a)
@ =50-57.8
B=8 Braae =288 B= rest
900 613 (a) 81.3 (u) 95 (1)
=269
10 Bt arac = 18.7 [} rest
B30 80 (i) 84.5 (u) 95 (a)
=10

=10 Bt aa-= 155 - rest

where tac means acicular a phase and a is the martensite phase.
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Llemental composition analvsis and mechanical properties lor wrought and cast Ti-
6Al-4V is shown in tables 2 .5a and b

Table 2.5a;: Elemental composition specifications Tor cast and wrought Ti-6A 4V

alloys”.
Weight (%)

Standard Ti Al V N C O H Fe
ASTM Balance 55- 35- 0.05 0.10 D20max 0.015 0.30
F1108 - 675 45 max max max max
97 (cast)

ASTM Balance 55- 35- 005 0.08 020max 0012t 025
F136 — 6.75 45 max max max max
96

(wrought)

- " Section sizes of 0,813 mm and under may have a hydrogen content up to 0.0150 wt %

Table 2.5h: Mechanical propertics of cast and wrought Ti-6A1-4V alloys’.

Standard Minimum Minimum Minimum Minimum Hardness

Tensile 02% proof % % (Rockwell
strength strength elongation reduction C)
(MPa) (MPa) on area
ASTM 860 758 8 14 Unspecified
F1108 - 97
(cast)
ASTM 830 860 10 20-25 Unspecified
F1472 -93

(wrought)

The elemental composinen analysis and mechanical properties for other wrought
stundards of this alloy arc shown in appendix B.

E UNIVERSITY OF CAPE TOWN




fiterctire Revien 17

2.2.1.2 Ti-6Al-7Xb

There has been a decline m use of Ti-6A1-4Y alloy i orthopacdic implants due 10
high incidence of aseptic loosening”. 1 turns out that titanium has poor tribological
properties.  The creation of debns duc 1o the action of wear that leads to tissuc
blackening has been reported”. Poorly adhering surface oxide layer which continually
detaches from the metal 15 belhieved 1o be the result of the debris formation between

the articulating surfaces.

Following the decline in the use of Ti-0AlL4Y alloy in orthopaedic surgery. new
alloys of the titanium metal have been developed. Initially the reason for the drop in
application of this metal alloy was high incidence of aseptic loosening.  Recent
studics have revealed another drawback associated with the use of the alloy in implant
surgery. According to OHiveira ¢t al.‘m, studics conducted by [to et al. and Okazaki ot
al. concluded that vanadium is toxic | the human body, Similar (o other toxic metals
vanadium can accumulate in the human body organs, such as hver, bone and kidneys.
The alternative was found in replacing vanadium with niobium in the titanium o +
alloy type. Niohium stabilises the [ phase in the alloy as depicled by the Ti-Nb
binary system shown in figure 2.5,

Weight Percent Miohium
4] !.Cr ?D ?U‘ H) !'}0 E:(l ?:ﬂ BO a0 100

'] i A

267

E 1no0d 1670

14004 {fTi, Nbj

Taaz

0} T T T T T 13 T T T
o 10 20 30 ) 50 &0 Th =] Qo Lo

T Aomic Percent Niobiem Nb

Figure 2.5: Ti-Nb binary phase svstem™.
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According to a tissue reaction analysis, niobium is classified into a vital class of
materials while vanadium belongs to a toxic class?.  Ti-6Al-7Nb commercially
known as protasul-100 alloy has been developed as a possible replacement to Ti-6Al-
4V in the field of metal implants. This alloy has an o/B equiaxed structure with 10-12
% B phase®®. The elemental composition specifications and mechanical properties of

protasul-100 are shown in table 2.6a and b.

Table 2.6a: Elemental composition specifications for Ti-6Al-7Nb allov“’.

Weight (%)
Ti Nb Al Ta Fe N O C
Balance 6.50- 5.50- 0.50 0.25 0.05 0.20 max 0.08
7.50 6.50 max max max max

Table 2.6b: Properties of Ti-6Al-7Nb allov36.

Property Density 0.2% Tensile Elongation Reduction Young's  Fatigue Hardness

proof strength  on 5D of area modulus  strength  Hv
stress
Value 452 Min. Min. Min 12% Min35% 105 GPa +500MPa 360
gcm™ 900MPa 1000Mpa

As mentioned in the introduction, there are various ways that have been employed to

modify the surface of titanium and its alloys.
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2.3 Techniques Used to Modify the Surface of Titanium Alloys

Most of these techniques are based on high reactivity of titanium with respect to
elements such as oxygen, nitrogen and carbon®’. The high reactivity of this transition
metal can be attributed to its electronic structure (Is°, 2s°, 2p° 3s 3p° 3d 459).
There is a stable shell of eight electrons and four (3d + 4s) electrons that are held

loosely™.

2.3.1 Coating of Titanium Alloys

Improved wear resistance can be achieved by producing components with thick
coatings. These coatings can be introduced by Physical Vapour Deposition (PVD),
Chemical Vapour Deposition (CVD) and plasma spray. Achieving implants of
consistent coating that influences physical-chemical behaviour is very challenging
and in many instances spalling and delimination of the coating is experienced’®. The
shortcoming of the process is the exfoliation as a result of corrosive attack at coating
substrate interface. This effect (exfoliation) is worsened by the high porosity of the

coating.

2.3.2 Thermal Oxidation

Titanium components are thermally oxidised at elevated temperatures (850°C) in air’?.
The result is a thin oxide layer that is formed on the surface of the titanium alloy. The
thin oxide layer inhibits further reaction and therefore no further oxygen molecules
can diffuse into the surface of the component. Severe scaling is experienced when
temperature is increased or longer heat-treatments are performed in an attempt to
increase the depth of the modified layer. The scaling of the poorly adherent oxide
layer can be attributed to the high value of the Pilling-Bedworth ratio for titanium>**.
The Pilling-Bedworth ratio, R of a metal oxide is defined as the ratio of the volume of

the metal oxide which is produced by the reaction of metal and oxygen, to the

consumed metal volume *'.

Vmetal oxide produced Md

R

i

|
m
0

=3
=

metal consumed
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D and M are the density and molecular weight of the metal oxide that has a
composition: (metal), (oxygen), while m and d are the atomic weight and density of
the metal. When R is less than one, the oxide cannot cover the whole surface as it is
porous and therefore non-protective. Compressive stresses exist in metal oxides with
large R. The result is buckling and spalling of the metal oxide. According to
Corrosion Doctors Organisation®’, Chalmers and McKay of Harvard University
separated protective metal oxides from non-protective metal oxides and titanium
forms a non-protective metal oxide. The rest of the metals they separated are shown

in appendix C.
The nature of oxides that form on titanium and its alloys are shown in table 2.7.

Table 2.7: Nature of oxides formed on titanium and its alloysﬁ.

Material Oxide

T102 A1203 Nb205 V205 MOO3/M002 ZI‘Oz
cp Ti X
Ti-6Al-4V  x X X
Ti-5Al- X X
2.5Fe
Ti-6Al- X X X
7Nb
Ti-15Mo-  x X X X
57r-3Al

The difference between V,05 formed in Ti-6A1-4V and Nb,Os Ti-6Al-7Nb is the fact
that Nb,Os is chemically much more stable, less soluble and more biocompatible in
comparison to V,05** . The selected physico-chemical properties of titanium oxides
and oxides of other metals used as alloying elements in titanium in table 2.8 show the

superiority Nb,Os of over V,0s in metallic implants.
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Table 2.8: Physico-chemical properties of titanium oxide and of oxides of

other metals used as alloying elements in titanium alloyiz.

Element Most stable ~ Typical tissue
oxide response

Ti TiO, Inertness

Al Al Os Sequestration

Nb Nb,Os Inertness

\Y% V5,05 Toxicity

Zr ZrO, Inertness

Ta Ta,0s5 Inertness

Fe Fe,Os Sequestration

Cr Cr03 Toxicity

Co Co0,0; Toxicity

Recently the thin oxide layer has been supported by an oxygen diffusion zone as
means of improvement to the easy process of thermal oxidation. Four fifths of air

. . 44
consists of nitrogen'™

. It is therefore worth mentioning that during oxidation in air
there is nitrogen intake as well. Dong and Li* detected nitrogen pile-up in the
titanium oxygen interface of Ti-6Al-4V specimens oxidised in air as shown in figure
2.6. However, nitrogen plays a minor role in the scaling of titanium in air as a result
of slower diffusion rates of nitrogen in titanium and titanium nitride as well as the
instability of titanium nitrides with respect to the oxides'”. Another atmospheric gas

that takes part in the reaction is water vapour'".
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Concentration, wt%

Depth, mun

Figure 2.6: Compaosilion profile showing nitrogen pile-up at the interface

between the oxide laver and the substrate during oxidation of Ti-6A1-4VY,

A series of experiments shown in Lible 2.9 conducted by Dong et al.™ indicate that
thermally oxidised specimens of T-0A14V contain a hardencd oxygen diffusion zone
underneath the thin surface compound layer, A hardened surface layer with an outer

: sog o8 . 3743
compound layer and inner diffusion layer can he achieved” .

CLIM I el

YR L
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Table 2.9: Oxide layer thicknesses and diffusion zone depths resulting from

. . . . » 45
various oxidation heat treatments in air .

No. Time Temp. Thickness Depth of
(hr) °O) of the the
oxide diffusion
layer hardened
(um) zone
(um)
1 50 600 1.4 10.6
2 100 600 2 14
3 3 630 0.2 4
4 10 650 1 8
5 2.5 700 1 10
6 20 680 8 20
7 8 700 6 15
8 20 700 10 27
9 48 700 15 45

2.3.2.1 Kinetics of Reactions of Titanium as well as the Nature of
Scale Formed during Oxidation in Air

Morton and Baldwin®® carried out their study of the scaling of titanium in air on
sintered magnesium-reduced titanium using a gravimetric technique'>*®.  They
concluded that at temperatures between 250 and 700°C the increase in weight, w, of a
specimen heated in air for time, t, obeyed, after initial deviations a modified parabolic

law of the form>”*:

where w, and k are constants for any given temperature. The scaling rate

dwdt - A(W_ Wo) -------- Eqn (3)
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is controlled by the amount of gas absorbed in excess of a certain amount, w,, which
is fixed for each temperature. The quantity k was found to be more temperature
dependent than w,. After a comparable short time of heating the magnitude of w is
much greater than that of w, hence the quantity w, has not been found to have a very
marked effect on the form of the isothermal gas-absorption / time curves. Morton and
Baldwin *° discovered discontinuities on the absorption isothermals occurring after
heating periods which became shorter at higher temperatures. According to Morton
and Baldwin the discontinuities took the form of a sudden increase in the rate of gas
absorption, which continued for a short period and then gradually fell off again until
the isothermal reverted to a parabolic form, the new parabola corresponding to a
value, k,, of the constant, k, different from that governing the earlier parabolic section
of the curve, k,">. Values of (k,)"? and (k,) '* plotted by Baldwin and Morton from
their experimental curves logarithmically against the reciprocal of the absolute
temperature are shown in figure 2.7. Similar data obtained from the experiments of

47,48

Gulbransen and Andrew on the scaling of titanium in oxygen are included for

comparison.
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Figure 2,7: Values of (k)" and (k2)"? obtained by Merton and Baldwin® from

experimental curves of the imerease in weight of titaninm on beating in air as a

function of temperatere and a similar data ebtained from the experiments of

Gulbransen and Andrew®” ™

on the scaling of titanium in exvgen.

The early parabolic sechion of the 1sothermal curve for the oxidation (230°C-700°C7)
of litamum in air cormesponds to a value (kq) of the constant k and the later stage of
oxidation (800°C-1000°CY parabohe isothermal corresponds to a valuce (ka} of the

constant k'". As supgested by figure 2.7, the relationship between /!/5111 %, and |/‘: 18

not linear, henee Morton and Baldwin did not attemipt 1o evaluate the activation

encrpics of the processes operative during the two stages of their oxidations'
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Morton and Baldwin™ have published the sketches of the scale formed on heating
titanium in air depicted in figurc 2.8.

Wultle - {iqnt blue

Bronze coloration

A-Outer scole
-Rutite - yeilow brown
—Rufile—light blue
~Rulily - derk blue
B-[t0+ someTi~
mefallic appearance

VA O-The [L0—Powder

(b) 825 ~850°C Lang times

dark blye
A Tipl5#ine purple powder

¢ Tl } Metallic

O-T10+ seme ]t
£ ~To s TLO—Powder 10 000

(;r} 875 =1030"C Long fimes

Figure 2.8: The appearance of the scale observed by Morton and
Buldwin®* to form on commercial titanium after heating in air.

It has been cstablished by Finlay and Sn;.'der*" as well as Bumps, Kessler and
Hansen™’, thar in addition to the solid solution of oxygen m titanium, at least three
intermediate phases, TiO, 11,0, and T, exist with other phases, Ti,0.und Ti,0; that
ure possible 1o form®', Some of these phases are shown in the Ti-O binary system in
figure 2.9,
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Figure 2.9; I'hase diagram of the Ti-0) system’ .

Therelore the reaction of oxygen wilth hitanium as a dynamic process would he
expecied to be an extremely complex process since al least five and possibly more
distinet layers are likely to be found between the uncontaminated core of an oxidiscd
sample of tutanium and the outer surface layer'”. The oxidation reactions ol titanium
are therefore not {ully understood. 1t has been cstablished though that the greater part
of the scale which is in dircet contact with the atmosphere is rutile, and since it 15
ohserved in general that the thickness of the scale increases with time, 1L may be
assumed that the rate of diffusion ol exygen threugh the coherent outer layers of rutile
is the process controlling the reaction rate under all conditions which are of practical
importance and thus any redoction of the rate of diffuston of oxvgen in nutile would

be expected o decrease the rate of scale formation'”,

2.3.3 lon Implantation

This involves (iring of aloms into a titanium surface. This process can be carricd out

al ambient temperatures as it requires no heating up of the substrate. The process is
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independent of the soivbility of elements that are fired at titanium substrate and there
are no dimensional changes on the substrate, In practice this 15 gquite 2 complicated
activily. For complex peometry components, the line of site constraints requires target
mianipadation and carcful dose control™. Iligh energy implanters and post-implant
arncaling are used to increase the very shallow mwodified depths achieved by ion
implantation. Nitrogen ion implantation is the most widely used surface reatment ol
titanium components, Streicher et al™® conducted the study of N' implantation on Ti-
6A1-7Nb. An increase in hardness was observed to a depth ol less than 1 pm. Figure
2.10 shows that the depth of maximum N' concentration with the investigated

variations was below 1m,

1:1023
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Figure 2.10: Nitrogen ion profile for a five-fold implantation treatment of 1i-

G AL-TND with cumuolative pridile for different enerey imnlantcrsjﬁ.

2.3.4 Nitrogen Diftusion Hardening

Introducing nitrogen (N-} into the intersiitial sites of the titaniwn lattice can improve
the hardness of titanium substantially. ‘Thermo-chemical nitriding processes such as
gas and salt bath nilnding have been used. Ihgher mean roughness values and
increasing nodular surfaces of Glanium components treated by these traditional

nitriding processes have been reported™.  Recently plasma nitriding has been
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introduced to overcome various existing problems that are associated with traditional
nitriding processes.  During this process sputtering removes the reactive layer.

: : . )
Increased process rales are made possible by high lemperature processing .

Blistortion uf components treated al high teniperatures has been coported ™,

2.3.5 Oxygen Diffusion Hardening

This is a process by which oxyecn atoms diffuse into the titanium component at
clevated temperatures.  Controlled diffuston can result in 2 net of flux of atomic
movement into the substrate™.  The movement of thesc foreign atoms into the
titanium substrate does not change the dimensions of the substrate. The much smaller
oxyvueen atoms occupy the interstitial sites of the titanium matrix.  There are four
factors that atlect the process of oxygen ditfusion into the surface ot Utanium. The
temperature at which the diffusion 15 carmed out, time allowed for the ditfusion
process, partial pressure of the oxygen as well as the solules (other elements)

dissolved in the ttaniam matrx’

. The study conducted by Poggie et' al showed that
zirconiwm is essential to oxygen diffusion and surtace hardeming of Ti-Nb-Zr alloys at
S00PC. In the study Ti-Nb-Zir samples were hardened by linear ramp-up to 300°C
over two hours and six hours al 300°C and {inally cooled Lo room temperature in one

hour. The hardness valucs measured on the treated alloys are shown in figure 2,11,
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Figurc 2.11: Knoop hardness values (1{s} for the surfaces of the Ti-Nb-Zr

alloys oxyveen hardened in air'.
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Higher hardness is achieved by an oulermost oxide layer below which is the
imterstitial oxyvger hardened metal. Scemlitsch et al.*™ have successfully hardened Ti-
6Al-7Nb through oxygen diffusion bardentng. Figure 2.12 shows that a hardpess of
muore than twice the hardness of the bulk material can be aclieved on the surface ol

the alloy,
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Figure 2.12: Hardness profile of Oxygen dilfusion bardening — treated Ti-
6ALIND*,
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Figure 2,13 shows the reduction of ithe [ phase near the surface which indicates the

clfect of oxygen as the o phase stabiliser on the alloy,

QL

BM

0L
(N7

Ficure 2.13%: (a) 3-1) and (b) 2-1) section optical micrographs of the Ti-6Al-4V
oxidised i'ur1 60 h {OL: oxide laver, ODZ: oxveen diffusion zone, and BM:
hasc metal”

The effect of oxyvgen on room lemperature tensile properties and hardness of Uilanium

shown in figure 2.14 was constructed by JaiTee, Ogden and Makuth™ as well as
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Finlay and Snvder'. 'The diagram shows the increase ol various mechanical

properties and the reduction in elongation,

Cancentog b 1 A A

I'g':..g-'f g.‘ﬁi? ﬁ 75 1{?1':" 'f'.:?ﬁ 7'5{? T Fh i
S T | T T b

tup | —— | — /;

Uitumiie tensile sfress.

720 |— - - -
S il W il

Uitimate fensde .S'fPEﬁS e

7Z / 22% preol” siress

Pl pﬂﬁw".s frosy ="

o 350 <
P
i

G

oy

=3
S

3
|
|

VPN

Mandngss — -

a0 i3 ! e

-~ |

Litmats fensife sinsss and 92 % proot’ shress 197 it

!
i\
|
i

l

iy
=

a
&
'-r.-"
et
|
™\ |
g
g
o
1
1
by
&=
Haednags

Jl\ I B ieTH

'-?E? ¥ .I i i o
/ i T ' 3
\ Mﬂ T in ) Rk,

: Elengationfon 11T, )
..... o ]_ Lo

ffg@aﬁm
2

?I? R T N e SN SR [ R Y (e

|
|

i
: : i J
& a7 & a7 a4 hE e o7

Cancontrotion Wil S

Figure 2.14: Effect of oxygen on_room-lemperature tensile properties and

oot LR
hardness of titaniom™ ™,

---- WA TASERARAY JhlY Wl Lk AERTAL

e E UNIVERSITY OF CAPE TOWN




e 33

Diffusion treated metals are more favoured than coated metals due to the problems
associated with cosling-substrate iniertace.  The difference in the structure of the
coating and that of the substrate resulls v a mismateh of propertics at the interface.
The diffusion zone beneath the compound layer results in a smoother hardness
transition between the outer compound layer and the substeate beneath'  This
phenomenon is demeted by the schematies of a coated metal and a dittusion hardened

metal in figure 2.15.
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l

METANCE BELOW SURSACE ——#e  DIZTANCE BELOW SURFALT ==

{8l COATED} (b) DEFFLUSION HARDENED

Figure 2.15: (a) a PVD {physical vapour depusition) ceramic costed metallic

alloy, (b} a ditfusion hardened metallic alloy”,

2.3.6 Decp Case Hardening of Titanium Alloys with Oxygen.

A short heating time of the titanium components results in a surface layer which
contains dissolved oxygen al a concentration that diminishes graduvally with the
increase of distance from the metal surface”™.  High Pilling-Bedworth tatio of the
titanium alloys which reswits in severe scaling that compromises the quality of

surfaces has ruled out thermal oxidation as a surface treatment to improve tribological
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properties of titandwmn. In recent studies, a new thermal oxidation process wherchy an
adherent thin oxide film supported by an oxygen diffusion zone has been developed.
The two-step process is referred to as deep case hardenmg of tilamium allovs with
oxveen or Oxyeen Boost Diffusion Hardening {DBDH}W'SS. The first step involves
heating the metat i air. In the event that the compound layer is found unsuitable it
cai be broken down by further heat-treating the pre-oxidised specimen at elevated
temperatures in vacuum or under inert gas atmospherc allowing for the coherent oxide
layer 1o be re-absorbed by the metal leaving only a metal-gas solid solution'****,
Controlling the patameters ol this process such as the time of heating, temperature
and gas pressure can produce surface lavers of any desited hardness whereby the
honding of the hardened surface layer 1o the core is strong sinee the lattices of the
core material and the solid solution are [ully coherent's. €. Beetcher™ concluded that
a post diffusion treatment applied o Timet35% (Ti-4.030A1-2.0758n-0.4| 55i-
(L035Ve-4.140Me-0.010C, with 1800 ppm O and 35 ppm N) increases the effective
case depth from 60 to 120 pun, thus improving the poot wear resistance associated
with titanium™. Time allowed for the first step of the process is critical.  The
obtained adherent oxide layer becomes an oxygen reservoir for the second step.
Figure 2.16 shows the effects of time allowed for the first step on mmerohardness for

Ti-6A1-4V on a study conducted by Dong and Li™.
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Figure 2.16: Effect of the oxidution time in step 1 on the microhardness

distribution of the oxveen boost diffusion treated material®,
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Either shorter time or longer time oxidation in step one resulted in weaker effective

hardening effect compared with that produced using an optimum oxidation time (30

minutes)*®. Oxidation for a short time (15 minutes) results in a thin oxide formation

which results in less oxygen for step two. Longer (45 minutes) oxidation time results

in a crumbly oxide that spalls off and the result is less oxygen for step two.

Table 2.10 summarizes the surface treatments that are used in various total joint

replacement metals.

Table 2.10: Treatments presently used in TGR’s®

Substrate Surface treatment ~ Commercial Current status
affiliation/sponsor
Ti-6Al-7Nb Oxygen diffusion  Zimmer, USA C
hardening
Ti-13Nb-13Zr Oxygen diffusion  Smith and IVT
hardening Nephew
Richards, USA
Ti-6Al-4V Nitriding - IVT
Co-Cr-Mo Nitriding Zimmer, USA IVT
(cast and wrought)
Zircadyne 705 (Zr- Oxygen diffusion ~ Smith and IVT
2.5Nb) and other hardening or Nephew
zirconium alloys nitriding Richards, USA
Ti-6Al-4V PVD-TiN Innovatique, CE
France
Ti-6Al-4V PVD-TiN Endotec, USA CE
Ti-6Al1-4V DLC Ion Tech, UK IVVT/IVT
Various metals DLC Teer Coatings, IVT

UK

C = commercially available, CE = undergoing clinical evaluation, IVT = in vitro testing, IVVT = in vitro testing (sheep)
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2.3.6.1 The Mechanism for the Oxidation and Boost Diffusion
Process.

Superposition and/or competition of two fundamental processes characterise the
oxidation of titanium. The two processes are: the growth of the surface oxide layers
and the formation of the oxygen solid solution™®”. Despite the high number of oxides
that form readily even at room temperature, rutile is the only titanium oxide identified

in the layer with certainty between 600 and 900°C>¢*7%8,

Controversy has come
about whether the oxide film grows inward or outward™. In their work Dechamps et
al.’” argued that although in monocrystalline oxide film the diffusion coefficient of
titanium is greater than that of oxygen by about 10 times, the existing defects such as
strata, micropores or grain boundaries will effectively inhibit the diffusion of titanium
but facilitate the diffusion of oxygen, hence the main diffusion species through the

d**¥%°  Surface defects are therefore

60,61,62

oxide is oxygen and the film grows inwar

believed to be a dominating factor in the surface chemistry of oxide materials

In a different view, Li et al.®® concluded from their study of oxygen-induced
restructuring of the rutile that TiO, (110) surfaces in an oxygen environment causes
extraction of interstitial Ti atoms from the bulk and near surface region. These Ti
atoms are oxidised at the surface, forming added layers of TiO; (110) (1x1). In the
notation TiO; (110) TiO; is the substrate upon which the layer is growing on the (110)
face and (1x1) indicates that the arrangement of the atoms growing on the surface
corresponds to the bulk unit cell called the substrate structure. Kinetic limitations
result in the formation of a metastable phase consisting of a partially incomplete TiO,
(110) structure from the added TiO, layers. Li et al.®’ proposed that this structure
consists of Ti atoms with a reduced coordination number. This study will then
suggest the outward growth of the oxide film as well as Ti being the main diffusion

species through the oxide.
The diffusivity of oxygen in TiO, is about 50 times the value in Ti, therefore

oxidation of titanium is controlled by oxygen diffusion in the diffusion zone rather

than in the oxide®*.
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There are two mechanisms that have been proposed for the degradation of TiO; in the
boost oxygen diffusion process39. The first mechanism involves the dissociation of
the oxide at the oxide/air interface. The second mechanism is the dissolution of oxide
at the oxide/Ti interface and the absorption of oxygen by titanium via the following

overall reactions’>%’.

Ti0,(s) = Ti(s)+ O, ------- Eqn (4)
TiO, (s)+ Ti(s) = 20 (dissolved in Ti) -------- Eqn (5)

Dong and Li*’ state that the first mechanism is unlikely to take place during the boost
oxygen diffusion process. Even though the partial pressure of oxygen in the vacuum
is very low (about 1.3x10™ Pa), it is still much higher than the dissociation pressure of
Ti0, at 850°C which is calculated to be 4.39x10™° Pa based on equation 4 as well as

equations 6 and 7>

AG = 910000 1737 ---ene- Eqn (6)

AG =—-RTInK = —RTln{[(a” )(poz}/

-------- Eqn (7
Xy, } an (7)
This is supported by the much deeper hardened layer after the boost oxygen diffusion

process which would otherwise be thinner if the first mechanism was dominant™.

2.4 Effect of Surface Hardening on Wear Behaviour of Titanium
Alloys

As indicated in the introduction, low frictional wear resistance and tendency to
seizure has restricted the wider application of titanium and titanium alloys®’. Various
surface modification techniques have been developed and their effect on tribology of
titanium has been studied. Ion implanted Ti-6Al-4V showed substantially improved

. 40,68
wear resistance 6

. Tribological properties of the Ti-6Al-4V can also be improved
significantly by the nitriding technique according to a study conducted by Johns et

al.** on the wear resistance of plasma immersion ion implanted Ti-6Al1-4V. The
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TiN/TiING complexes on nitride and oxidised surfaces have resulled in a substantially
improved resistance to wear/fretting.  The linear wear wate of oxygen diffusion
hardened titanium sliding against a carbon steel AISI 1045 appeared 10 be lower by a
factor of 160, with & value of 3.0x107 pm / {mN) compared with untreated titanium
with a valuc of 4 83x10™ LLin HmNY. The u-Ti{O)y comtinuous layver in dry shiding
against Co-28Cr-3W-4l'e-3Ni-181 showed a significanily lower wear resistance than
pure titaninm, but only over a limited shding distance proportional 1o the thickness of
the hardened zone™. Dong and 117 also performed abrasive wear tests on oxygen
boost diffusion ireated Ti-0A1-4V samples. In their study they lurther conclude that
oxygen boost diffusion ireated components possess higher wear resistance ihan
oxidised componenis wiih the same thermal ¢yvele, The abrasive wear resistance test
showed a higher mass loss lor the unireated material (ollowed by oxidised and the

least mass loss was noted for ihe diffusion treated samples shown n figure 2.17.

45

25

Weight loss, mg

15

tintreated Omidised (A1) Prffusion treated (B2)

Figure 2.17: Abrasive wear resistance of the oxvoen hoost diffusion treated,
12

oxidised and the as-received materia
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Chapter Three

Experimental Procedure

3.1 Materials

The materials used were:

1. Timetal 6-4 in the form of hot rolled and annealed bar of 25 mm diameter was
supplied by Goodfellow, Cambridge L.TD, Huntington. This “all purpose” alloy is the
most widely used®. Its medium to high strength, workability, good fatigue resistance,
good corrosion resistance and high biocompatibility has landed it to a position where
it accounts for about 50-60% of world tonnage production of titanium®***°. This
alloy has a nominal composition of 6wt% Al, 4 wt% V and balance Ti, hence the
designation Ti-6Al1-4V (Ti64). Cylindrical coupons of 22mm in diameter and

thickness of 5mm were then machined from the bulk material and used as test pieces.

2. Protasul-100 (Ti-6Al-7Nb) in the form of hot rolled and annealed bar of 22 mm
diameter was supplied by Biomaterials, Bar Lane Industrial Estate, North Yorkshire.
Following the decline in the use of Ti-6Al-4V as an implant due to aseptic loosening
and the toxicity of vanadium in the human body new titanium alloys were then
specifically developed for biomedical applications'*°. Ti-6Al-7Nb is among the first
alloys that were tailored to replace Ti-6Al-4V while maintaining the desirable
properties such as high resistance to corrosion, a-f grain structure as well as
mechanical properties that are comparable with those of Ti-6Al-4V®®. This alloy has
a nominal composition of 6 wt% Al, 7 wt% Nb and balance Ti, hence the designation
Ti-6Al-7Nb (Ti67). Cylindrical coupons of 22mm in diameter and thickness of 5Smm

were then machined from the bulk material and used as test pieces
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3.2 Heat-treatments

Test pieces from both alloys were subjected to the same heat treatment processes.

The oxygen diffusion hardening process was carried in two ways.

3.2.1 Water saturated Argon Environment

This method of Oxygen Diffusion Hardening was done by Poggie et al.' on Ti-13Nb-
13Zr (by weight) samples. According to their experimental set up, this heat-treatment
was performed in a controlled atmosphere, positive pressure in a convection furnace.
A bottle of water containing two openings was set to receive through one of its
openings the argon gas supply. Subsequently the argon gas saturated with water
would exit the bottle via the second opening into the furnace. The opening on the
furnace would allow for a continuous flow of saturated argon into and out of the
furnace, while maintaining a positive pressure of at least two inches of water above
standard atmospheric pressure’. The objective of this controlled atmosphere is to
generate mono-atomic oxygen through the dissociation of water vapour in the furnace,
and therefore change the surface kinetics of physical absorption and diffusion of
oxygen into titanium'. The positive pressure of at least 2 inches can be measured

using the manometer scale.

A similar set up outlined above was put together for this research. The experimental
set up is shown in figure 3.1. The furnace with the test pieces was ramped up at
350°C per hour to 700°C and then allowed to stay at that temperature for 10 hours in
the controlled atmosphere. The next set of specimens was heat-treated in the same

way for 48 hours.

3.2.2 Oxygen Boost Diffusion Hardening

The oxygen boost diffusion hardening process was carried in two steps. The first step
was oxidation in air at elevated temperatures and the second step was the diffusion

treatment carried out in a vacuum furnace. This form of heat treatment is referred to
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as oxygen diffusion hardening or deep case hardening of titanium alloys 3935 The
first set of specimens were oxidised at 850°C for 30 minutes in air. This oxidation
step is referred to as A. These pre-oxidised specimens were further diffusion treated
under vacuum of about 1x10™ Pa at 850°C (Vac 850) for 20 hours while others were
diffusion treated under the same vacuum pressure at 750°C (Vac 750) for 20 hours in
a cycle heat-treatment. The vacuuming step at 750°C for 20 hours is referred to as
Vac-750 such that a Ti-6Al-4V test piece that has been oxidised at 850°C for 30
minutes in air followed by heat-treatment in vacuum at 750°C for 20 hours will thus
be referred to as Ti64-A, Vac-750. Similar heat treatments in vacuum were done on
specimens pre-oxidised at 750°C for 45 minutes (B) as well as those pre-oxidised at
600°C for 20 hours (C). A twin cycle heat treatment was carried out for the pre-
oxidised samples that were heat treated in vacuum at 850°C. During the OBDH heat-
treatment a sample that is oxidised in air and further diffusion treated in vacuum has
undergone a cycle heat-treatment. A cycle heat-treated sample that is further oxidised
and diffusion treated in the same conditions as the first cycle has undergone a twin

cycle heat-treatment.

Key for the OBDH Samples

Example: Ti64-A,Vac-850

Type of all Ti6a AV 850 Diffusion temperature for 20
y alloy: 164- , ac hours:

Ti64- Ti-6Al-4V sggfsssooc

Ti67- Ti-6Al-7Nb 250-750°C

Oxidation heat-treatment: — :

A- Oxidation at 850°C for 30 minutes Diffusion environment

B- Oxidation at 750°C for 45 minutes Ar- Argon

C- Oxidation at 600°C for 20 hours Vac- Vacuum

The second set of specimens was heat-treated in the same way except for the second
step which was carried out in argon instead of the vacuum environment. The heat-
treatment vacuum furnace would be pumped down at room temperature to a pressure

of about 1x10™ Pa. Argon was then purged into the furnace at room temperature until

B UNIVIRS TY OF CAPE TOWN



Fxpevimental Procedure 42

the pressure pauge reads §.27x10* Pa. As the furnace heats up argon will expand until
9.33x 10" Pa at 850°C (Ar-850). For the diffusion treatments at 750°C {Ar-75(), argon
was purged at room temperature until the gauge registers 8.60x10" *a and that would
expand to $.33x10" Pa once 750°C is attained. This pressure of 9.33x10* Pa used
during the diffusion in the arpon environment was chosen because lower pressures
will be closer to vacuuming conditions while room temperature pressure (10,13x10*
Pa) and pressure above that will break the seal of the furnace and allow the air to leak
into the fumace. A twin cycle heat treatment was carried out for the pre-oxidised
samples that swere heat treated under argon environment at 850°C.  All the diffusion
heat treatments were carmed oul om the vertical vacuum lurmmace which 18 shown as
component in figure 3.1. A low chart for the performed heat treatments exceplt the

twin eycle heal treatments 1s shown in figures 3.2 (a) and (b}

Figure 3.1: Experimental set-up for water saturaied argon environment heat

treatment process with (1) high iempersture vacuum furnsce, (2)
manometer, {3) water boitle and {4) gas evlinder (with Argon}
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Figure 3.2: {(a) WSAE and (bjOBDBH heat-treatment procedure.

3.3 Characterisation of the Oxygen Diffusion Laver

Various characterisation techniques were used to study the cffect of the oxygen

diffusion hardening.

1.3.1 Hardness Mceasurement

Microhardness measurements were done on both allovs in the as-received state.
Microhardness was then measured en the oxidised eircular coupons as well as on the
ditlusion treated ones. Specimens were sectioned normal to the lat surface using a

preersion cutting myiehine shown in figure 3.3,
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—Cutting speed
coniraoller

Firure 3.3: Isomet low speed saw used for precision cutting of the specimens.

Specimens were preparcd for microhardness measurements in the following way:
Firstly the specimens were mounted in Dureofast resin using the Strucrs lab-press 3.
Metalog miethod B from Struers Metalog Guide was used 10 grind and polish the
specimiens.  The first step in the guide is gninding the specimen with the MD-Primo
220} gnt pad al 300 rpm using water as a lubocant on the avlomatic polisher applying
a foree of 120N until the specimen 1s plane. The second step 1s further grinding of the
specimen usimg the MD-Targo pad at 150 rpm using the diamond paste suspension
with a grain size of 9 microns applying a force of 180N for 3 minutes. The final step
is the polishing step that uses the MD-Nap pad at a speed of 150 rpm under a force of
60N for 2 minutes, The lubricant wsed in tius fimal step is a mixture of 96 ml of the
OP-U solution, 2 ml hvdrogen peroxide and 2 ml of ammonia,  After this step the
specimens are ready for microhardness measurements und elching to reveal the

underlying microsiructure.

The Zwick microhardness tester shown in Figure 3.4 was used 1o megsure the

hardness on all the specimens.
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Figure 3.4: Zwick hardness tesier.

A load of 50 grams was used m the microhardness measuremenis.  The hardness on
the heal treated specimens was measured from the surface wto the bulk of the
spectmen.  Ten hardness measurements were laken at each fixed distance from the
surface and an average hardness value as well as the standard deviation (for the
particular distance} was computed from the ten values. A set of ten hardness
measurements were taken at 13, 20, 45, 70, 100, 130 and 160 pum below the surface
for the cycle heat-treated samples. An additional three distances of 200, 300 and 400
pm were included for the twin eyele heai-treated samples. The How chart of heat
treatment with sample preparanon lor hardness {or one specimen is shown in hgure

3.5

Pl WS T TAMESRAPL S JRIVEESITHIT VAN NAAFYIAD

- e UNIVERSITY OF CAPE TOWN




Lxperimemal Provedi 46

!_ Oxidation in
ioair @ 7SO

_

. Diffusion under vacnum
ar: T50°C for 20 hrs
ity e
L J

L
@ Hardiess measuring

l

Cut a evpical slice

‘ Cut a typical slice

l

EE Oxvecn Ditfuzion Lonc

| Bulk

® Indent

Figure 3.5: The flow diagram on the preparation of the test pieces for

mivrehardncess testing.
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3.3.2 Metallographic Studies

A solution of 10 ml hydrogen fluoride, 30 ml nitric acid and 50 ml of water was used
to etch the test pieces that were prepared in the same way as those prepared for
microhardness measurements. The samples were dip-etched in the solution for 15-20

seconds. The revealed microstructure was then examined under the light microscope.

3.4 Wear Testing

There were three types of wear apparatus that were available to conduct the wear
experiments. Prior to testing, the test pieces were ground using the 4000 grit silicon
carbide (SiC) paper to remove any loose layer on the surface. The specimens were

then cleaned with ethanol in ultrasonic bath and weighed.

3.4.1 The Pin-On-Disk Set Up

This form of tribometer is a widely used standard wear testing apparatus due to its
simplicity and convenience®. The test piece is mounted and forced against the
counterface disk (mounted onto a shaft driven by an electric motor) by the lever arm
system. The counterface disk has to be more wear resistant than the specimen to
ensure that only the test piece undergoes mass loss during the wear experiment
although it is generally accepted that the counterface will undergo some minimal wear
loss. When the specimen is mounted before the experiment commences the lever arm
must be balanced to ensure zero residual load. The dead weight load can be placed on
the end of the arm to increase the interfacial pressure. The load at the pin-counterface
interface is twice the dead weight load due to torque balance. Friction can then be
measured by a load cell restraining the tangential movement of the specimen clamp or
measured by a strain gauge device located on the pivot arm. The Pin-On-Disk

apparatus is shown in figure 3.6.
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R - Chart recorder used to measure friction 8 - AC control box
B - Disk E -R.P.Mcounter
€ - Load F-Spesd dial

B - Counter

Figure 3.6: The Pin-On-1isk set ap.

There are vanous vamahles that con be aliered o achieve the desired tlesting
conditions. These include the load, the sliding velocity and the shding distance. The
load and the sliding velocity were fixed at 36.32N and 1.5 ms” respectively,  The
sliding distance was interrupted at recvlar intervals o measure the mass loss. The
cumulative mass loss can thus be plotted against the shiding distance. The test was
conducted without the use of a fubricant, The counterface of the cast iron with a
hardness of 39 HRC (675Hv) was lound o exhibit severe wear when the surface
treated samples were tested.  This compromised the inteerity of the results and meant
that the resulls of the sorface treated samples could not be compared and contrasted
with thosc of the unircated samples as there was no weanng of the counterface when
the untreated samples were tested, The image of the worn cast iron counterface disk

15 shown in figure 3.7,
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(2} (b)

Figure 3.7: {a) A severely_worn cast iron counterfazce after pin on disk

experiment apainst an OBDH treated test piece and (b) magnified portion of the

cust iron counterface to show the extent of wear.,

3.4.2 The Pin-On-Belt Abrasion Set Up

This kind of wear testing 15 comducted using pin on belt apparatus. Lhe specimen is
tocked into a bracket and placed in contact with an abrasive belt. The motor-driven
abrasive bell moves conlinuously in one direetion while the specimen bracket moves
simultaneously across the bell. The resuli 15 that the specimen surface is always in
contact with fresh abrasive. The abrasive wear testing equipment used is shown in

figure 3.8,

Figure 3.8: The Pin-On-Belt abrasion ¢quipment,
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The contact load, belt speed and the type of abrasive can be varied. The load was
fixed at 2.5 kg while the beit speed was kept fixed at ¢.6ms™ and the type of abrasive
used was metaiite {aiumina abrasive) 600 prit paper. Mctalite 600 grit was
convenient because a coarser grit would remove the modificd laver quickly while a
fincr grit would wake long to canse wear on the test pieces. This was a dry sliding
wear test.  The cumulative mass or volume loss can then be plotied against the shiding
distance. Duc to the relatively farge surface arca of the 22 mm diameler coupons
there was no uniformity in the wear. A slight angle on the specimen onentation wall
be magnified as the test piece will losc mass at the point of contact that is
experiencing the highest interlacial pressure. This disputed the integrity of the results
obtaincd via this wear lesting method. An image of the Ti67 alloy {oxidised at 730°C
for 45 minutes and lurther boost heat-treated in argon at 850°C for 20 hours) in figure

3.9 depicts the non-uniform surface afier the belt abrasive wearing,

Severe wear

Mon-severs wear

Figure 3.9: Non-uniform wearing of the OBDI treated sample upon the pin on

belt abrasion wear,

3.4.3 Two-body Abrasive Wear on Automatic Grinding/Polishing
Machine

The Struers Rotopol-22 base with rotolorce-4 head automatic grinding or polishing

machine was used to carry out the abrasive wear test.  The as-received, the pre-

oxidised samples that were further heat-treated in vacuum or in argon as well as the
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samples that underwent the twin cycle heat-treatment were subjected to this form of
wear testing. A set of parameters were keyed into the machine. The pin specimen in
the sample holder was set to run at 150 rpm in the same direction as the 800 grit SiC
counterface under a load of 15N for five minutes. A constant flow of water at the
centre of the rotating SiC ensured the removal of the wear debris. A fresh 800 grit SiC
paper was used for each five minute test. The mass loss was measured for the
untreated and surface treated samples under the above conditions. The mass loss was

then plotted as a function of heat treatment.
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Chapter Four

Experimental Results and Discussion

Introduction

From the various characterisation techniques employed to investigate the effect of the
oxygen diffusion on the two alloys the following results have been obtained and

discussed

4.1 Surface Hardening

Microhardness profiles for each heat-treated sample have been plotted. As indicated
in the previous chapter a load of 50g was used on measuring the hardness on all the
samples. Due to the good surface finish required for microhardness testing, the
hardness resulting from the indents taken on the surfaces of the heat-treated samples
could not be reported due to high percentage error. The closest distance from the
surface edge of the specimens that the indents were made was at 13 um. Getting
closer to the edge increases the influence of the edge (“edge effects”) on the hardness
measurements. A lower load can be used to try and get even closer to the edge as
well as obtain more points on the diffusion zone but the smaller the load the smaller

the indent and the percentage error on the measurements is magnified.

4.1.1 Saturated Argon Environment

Upon carrying out the oxygen diffusion hardening via the dissociation of water
vapour (in a controlled atmosphere of saturated argon) at 700°C for 10 and 48 hours
for both alloys the microhardness of the heat-treated alloy surfaces was measured and

presented in figures 4.1 and 4.2.
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Figures 4.1: Microhardness profiles for the Tiod allov after ODH via the

dissociation of »ater vapour at 700°C for 10k and 48 hours.
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Firures 4.2: Microbardness profiles for the Ti67 allov after G via the

dissociation of water ¥vapour at HN'C for 10 and 48 hours.

Inspection of the figures 4.1 and 4.2 shows an increase in hardness at 13 um for both
allovs.  SIMS analysis conducled by Poggic et al.' on the Ti-13Nb-13Zr oxygen
diffusion hardened in same controlled atmospheric conditions at 300°C for 6 hours
showed the total depth of oxygen peneiralion to be 2-3 um. The conditions at which
the ODH was conducted in this rescarch encouraged more diffusion of oxygen into
the two alloys as more time and higher temperature were used.  This results in the
oxyeen diffusion that will cause an increase in hardness up to 13 pm. There is no

significant inerease in the surface hardening of the two alloys from carrying the ODH

k| F
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at 1} or 48 howrs at 700°C.  This suggests thal mereasing the tme al the same

lemperature does not mfluence the kinetics ol this lorm of ODH very much.

As an under study to this particular ODH process, an experiment was conducted o
invesitgate the role of water vapour on the hardemng of the two allovs.  The
controlled atmosphere experiment was set up with argon instead of the saturated
argon flowing into the furnace.  In other words, the water bottle was excluded from
the set up as the argon was purged directly inte the furnace at atmospheric pressure.
The experiment was carried out at 70°C for 10 hours. The hardness profites of the

twe alloys atter this hest-tregtment are shown in figure 4.3,
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Figures 4.3: Microhardness profiles for the Tibd and Tih7 allovs after heat-

treatment in cirenlating arron atmsphere at TN*C for 10 hours.

[t can be seen from the hardness praiiles of the two atlovs that the hardening that was
measured at 13 pum for the ODH with the heai-treatment that involved areon saturated
with water vapour has been detected for the samiples wath only argon. This may noi
necessanly discard the diffusion of oxyeen during the ODH in argon saturated with
waler vapour hul encourage the study of the reaction of titanium metal with argon or
the rest of the noble gases and the resulting inlluence on the mechanical properties of
ttanium. It 15 possible thai an oxide layer forms {due to small amount of oxyegen
present in the furmace) and that the hardness reflects this oxide formation. The
cutcome possibly points to the fact that under the present experimeniad conditions the

suturated argon technique is not particularly effective.
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4.1.2 Oxygen Boost Diftusion Hardening (OBDH)

The initial step of the OBDH process was oxidation ol the test pteces in air.

4.1.2.1 Step One: Oxidation Heat-treatment in air

The hardness prefiles of the two allovs after oxidation at various emperatures for

varlous periods are shewn in the figures 4.4 and 4.5,
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Figures 4.4: Microhardness profiles for Tibd alloy after oxidation at 850°C for 30

minutes {A), oxidation at 730°C [or 45 minutes{B) und oxidation at 600°C for 20

hours (C).
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Figures 4.5: Microhardness profiles for Ti67 alloy aller axidation at 850°C for 30

minutes {A), oxidation at 750"C for 45 minutes(B) and oxidation af 640°C for 20

hours (C) in air.

Of the three oxidation conditions it 15 seen thal oxidation in air at 830°C for 30
minutes results in the highest average hardness on the surfaces of both alloys. The
1164 gloy shows higher surface hardness than the 1767 alloy upon the same oxidation
heat-ireatments.  There is also an increase in hardness al the surlaces of both alloys
after oxidation at 6(0°C for 20 hours. ‘Therc is no observed change on the surface

hardness ol both altoys alter oxidation at 750°C for 45 minutes.

The above result indicates that oxidation al 850°C for 30 minutes resuits in thicker
oxide lormation and mere diffusion vone supporting the oxide scale than the other
two oxidation conditions.  This is n agreement with the optimum oxidation
conditions for the 1104 alloy suggested by Dong et al 7% Oxidation at 600°C for 20
hours also shows an inercase in hardness on the surfaces for both slloys despite the
relatively tow oxidation temperature.  The relatively longer time has resulted in
sufficieni diffusion which allows for an increase in hardness at 13 pm. The change in
colour for both altoys atter oxidation =t 750°C for 45 minutes clearly supgests that
oxidation took place. ‘The time period of 45 minutes at 750°C may not be sufficient to
allow for an oxide formation wnd diffusion that would be delectable by means of

hardness measurements at 13 pm fromr the surface.
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The pre-oxidised samples were then lurther heat-treated m an  oxygen-free
environmeni. The eflect of heat-lrealing the pre-oxidised lesl pieces in an Oxyvgen
delicient epvironment 15 shown by means ol hardness profiles (fgures 4.6-4.8) for

pre-oxidised samples that were further heat-treated in vacuum at 750°C for 20 hours.

4.1.2.2 Step Two: Vacuum Boost Diffusion

Subjecting the pre-oxidised samples 1o further heat-treatment in vacoum has resulted
in higher hardness on the surface as well as a thicker hardened zone for both alloys as

shown by figures 4.6-4.8.
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Figure 4.6: Microhardness profiles for Tib4 and Tin7 alloys- Oxidation al 85°C

fur Mt minutes followed by heat-treatment in ¥acuum at 730°C Tor 24 hours.
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Fienre 4.7: Microhardness profiles for Ti64 and Ti67 - Oxidation ad 750°C for 45

nminutes followed by heat-treatment in viacuum at TSC for 20 hours.
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Figure 4.8: Microhuardness profiles for Ti6d and Ti67 - Oxidation at 640°C for 24

howrs followed by heat-ireatment in vacoam at 730°C Tor 20 hours.

Both alloys have showed an increase in hardness which declines gradually with
increasing depth from the surfuce into the bulk of the surface treated samples.
Highest surface hardness is measured for sample pre-oxidised at 850°C for 30 minutes
for both allovs. As concluded by Dong et al. ™, the oxidation step is vital for OBDH
as the oxide formed during this step acts as an oxygen reservoir for the second siep, It
15 the rutile lormed during the oxidation step that breaks down in the oxvgen and

nitrogen frec covironment and oxveen is released to diffuse further indo the titanium

.....
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component and forming an oxygen diffusion zone beneath the oxide scale. Oxidation
at higher temperatures results in optimum oxide formation which is essential for the
second step. Morton and Baldwin *’ discovered that discontinuities on the gas
absorption isothermals which occurred after heating titanium for short periods at high
temperatures took the form of a sudden increase in the rate of gas absorption. As
indicated before, oxidation of titanium is still not fully understood. Other studies
suggest that the diffusivity of oxygen in rutile is 50 times that of titanium in rutile and
therefore oxygen is the diffusing species during the “inward growth” of the oxide.
Studies by Li® et al. have revealed that oxygen ambient causes extraction of titanium
atoms from the bulk and near surface region in the “outward growth” of the oxide.
This research cannot suggest which of the two processes actually takes place. One of
these two processes occurs, it is clear that the process will be enhanced by high

temperatures because of increased diffusion resulting in a thicker oxide formation.

While samples oxidised at 750°C for 45 minutes showed no increase in hardness at 13
um, after heat-treatment in vacuum at 750°C for 20 hours, an increase from ~344 Hv
to 577+16 Hv is measured for the Ti64 alloy. This suggests that despite oxidation at
750°C for 45 minutes not forming a thick oxide that can be detected via
microhardness testing at 13 um from the surface, some oxide has been formed to
allow for the diffusion of oxygen during the second step. Oxidation at 600°C for 20
hours might not necessarily form a thick oxide but the relatively long time encourages
diffusion of oxygen into the zone below the oxide layer during oxidation, hence the
hardness increase that was measured for both alloys after oxidation at 600°C for 20

hours.

Another set of the pre-oxidised samples was further heat-treated in vacuum at 850°C
for 20 hours to study the effect the varying the temperature for the second step of
OBDH.

4.1.2.3 Effect of Varying the Step Two Temperature

Subjecting the pre-oxidised samples to a heat-treatment in vacuum at higher

temperature (850°C) for 20 hours has produced different hardness profiles to those of
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pre-oxidised samples further heal-treated in vacuunm at 750°C for 20 hours.  Iigher
surfuce hardness and deeper maodified layer is achieved tor both allovs. The hardness
profiles of both scts of alloys aller these heat-treatments are shown m figurcs 4.9-

4.11.
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Figurc 4.9: Microhardness profiles for Tiod and Ti67 - Oxidation at 8530°C for 3

minutes followed by heat-treatment in vacuum at 850°C for 20 hours,
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Figurc 4.10: Microhardoess profiles for Ti6éd and Ti67 - Oxidation at 750°C for

45 minutes followed by heat-treatment in vacunm at 850°C for 200 hiurs.
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Figure 4.11: Microhardness profiles for 1'i64 and Ti67 - Oxidatien at 600°C for

20 hours followed by heat-treatment in vacuum at 850°C for 20 hours.

The surbace hardness of the pre-oxidised samples subsequently heat-treated in vacuum
at 850°C {or 20 howrs showed hardness values between 721+11 and 810+23Hv on the
surlaces for the Ti64 allov, while the pre-oxidised 164 samples subsequently heat-
treated in vacuum at 750°C tor 20 howrs showed surface hardness values between
518418 and 670437, Similarly the Ti67 alloy has showed a hardness increase irom
between 417=14 and 374+ 16 Hv to between 706121 and 72719 upon inereasing the
seccond step temperature from 750°C to §50°C.,

Higher temperature facilitates higher diffusion rates.  Both mechanisms that are
supgested for the OBDHE process are temperature dependent. The decomposition of
the oxide into titamium and oxygen as well as the diffusion ol oxygen nlo ltanum 15

]56

dependent on the temperature. Luo et al.”” stales that according 1o Crank ", the

diltusion of oxygen in titanium lattices [01lows the Fick's first and sceond laws,

A x. ) .
e B e B
e SURQLHY)
* 1
acfxt) D & (x,0) By (11)

i e
where, .J 15 the Mux of mass transfer [kg_s."rn'3 ), C{x.¢} 1s the oXygen concentration

in solution at depth x and time ¢, £ is the coefficient of exygen in tilanium (m’s™).
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The diffusion coefficient of oxygen in titanium is strongly dependent on the
concentration of oxygen and if that dependence is considered, then Fick’s second law

becomes:

oC(x,1) _ DazC(x,t)+(_8£j(aC(xa’)) Eqn (12)
ot axz ox ox

Luo et al.*® states that according to Shamblen and Redden’', the diffusion coefficient

of oxygen in titanium may take the form of:

p=[k(cy ]exp(” %T) -------- Eqn (13)

where k., y is the empirical constants to be determined for each alloy, C is the

oxygen concentration (wt%), Q is the activation energy of temperature dependence of

diffusivity, R is the gas constant, T is the temperature. This equation of diffusivity
can be inserted into the Fick’s second law to describe the diffusion of oxygen in
titanium lattice. The equation suggests the dependence of the diffusion process on

temperature.

For the pre-oxidised test pieces that were further heat-treated in vacuum at 850°C for
20 hours, it is noticeable that the Ti64 alloy pre-oxidised at 750°C for 45 minutes
shows a slightly higher surface hardness than the sample pre-oxidised at 850°C for 30
minutes. This is not the case for the Ti67 alloy. This depicts a very important
difference in the thermal behaviour of the two alloys. Despite oxidation at 850°C for
30 minutes in air being suggested as optimal for the first step of OBDH of Ti64, there
is incidence of spalling off of the oxide layer that sometimes occurred during air
cooling from this oxidation temperature. The peeling of the oxide scale means less
oxygen content is then made available for the second step of OBDH. The Ti67 alloy
showed no signs of scaling after oxidation at 850°C for 30 minutes. This alloy derives
its thermal stability from the formation of NbyOs which is much more stable than

V,0s formed in the Ti64 alloy as concluded by Chuanxi et al.*’.
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The other set of pre-oxidised samples were further heat-ireated in an argon
atmosphere ot the same lemperature and Lime as those samples subsequently heal-
treated in vacuwm,  This was to understand whether it s the action of vacuwm or the
abscnce of oxvgen that 1s responsible fur the decomposition of the oxide film during

the second siep.

4.1.2.4 Step Two: Argon Boost Diffusion

The hardress profiles of the pre-oxidised samples further heat-treated in an argon

atmosphere of 9.33x10% Pa at 750°C for 20 hours are shown in lgures 4,12-4,14,
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Figure 4.12: Microhardness profiles for Tiod and Ti67 - Oxidation at 850°C for

30 minutes lollowed by heat-treatment in_argon at 750°C for 20 hours.
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Ficure 4.13: Microhardness profiles for Tied and Ti67 - Oxidation_at 750°C for

45 minutes followed by heat-treatment in argon at 750°C for 20 hours.
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Figurce 4.14;: Microhardness profiles for Ti6d and Ti67 - Oxidation at 600°C for

20 hours folliwed by heat-treatment in argon at 7530"C for 20 hours with the Ti67

alloy that has been heat-treated the same way bat further diffusion heat-treated

in vacuum overlaid for comparisan.

An increased hardness on the surface which graduoally decreases [fom the surluce into
the bulk of the test picce is shown on the hardness results plotted above. 1L s
therefore clear that any high temperature incrt environment facilitates the diffusion
hardening during the second step. What is also notable on the hardness profiles above

15 that, pre-oxidised samples further heat-treated in an argon atmosphere at 750°C [or
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20 howurs exhibit higher surlace hardness and deeper hardened zone than pre-oxidised
samples further hea-treated in vacuum at 750°C for 20 hours, Microhardness profile
of the Ti67 alloy oxidised at 600°C for 20 hours and turther boost diltusen reated in
vareuum al 730°C for 20 hours has been overlaid on the microhardness profiles of the
two alloys upon oxidation st 600°C for 200 hours ollowed by boost diffusion

treatment in argon al 730°C for 20 hours in figure 4.14 for comparison.

Similarly, the pre-oxidised samples further heat-ircaled inoan argon atmosphere al
830°C for 20 hours exhibit higher surface hardness (comparison is shown in ligure
4.16) than the pre-oxidised samples further heat-treated in vacoum at 850°C for 20

hours as seen from the hardness profiles in figures 4.15-4.17.

tooo |-
900 |
200
700 |
600

Hardness {(Hv)

el

i) ‘. ¥.. -

300 = i : ai)
] ) 100 150 200
Cepth {pm)

Figure 4.15: Microhardness profiles for Ti64 and Ti67 - Oxidation at $50°C for

30 minutes followed by heat-treatment in argon at 850°C for 20 hours.
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Fioure 4.16: Microhardness profiles for Ti6d4 and Ti67 - Oxidatwon al 730"C for

45 mtinutes followed by heat-treaiment in argon at 850°C for 20 howrs.
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Figure 4.17: Microhardness profiles for Tiod and Ti67 - Oxudation at 600°C for

20 hours followed by heat-treatment in argon at 850°C for 24 hours with the TiG7

alloy that has been heat-treated the same way hut (urther diffusion heat-treated

in vacuum overlaid for comparison.

As observed hefore, the highest surface hardness is achieved on the test picees that

were pre-oxidised al 830°C lor 30 munutes in air. This suggests that there was no

stratification ol the oxide layer on cooling the Ti6d samples after oxidation.

As

expected. the surface hardness of the pre-oxidised samples that were turther heat-

treated in an argon atmosphere at 850°C for 20 hours is higher than the pre-oxidised
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samples that were further heat-treated in an argon atmosphere at 750°C for 20 hours.
The depth of the hardened zone is also thicker for the samples further heat-treated in

an argon atmosphere at 850°C for 20 hours.

No reason that has been formulated to explain the increase in surface hardness that
has been achieved via carrying the second step of OBDH in argon as compared to
carrying it in vacuum. As stated in the second chapter the oxygen diffusion hardening
process depends on three parameters namely the solute dissolved in the titanium, the
temperature at which the diffusion process is carried as well as the partial pressure of
oxygen in the system. Since the same alloy types were used as well as the same
temperature for both vacuum and argon environments the difference in hardening can
be attributed to the difference in the partial pressure of oxygen in the two systems. If
we assume that the argon pumped into the furnace for the argon diffusion heat-
treatment is pure then it can be concluded that the amount of oxygen in both the
vacuum and argon systems is the same. The amount of oxygen in both systems is
equivalent to the oxygen that is left after the vacuum is pumped until 1.33x10 Pa.
The 1deal gas equation can thus be used to investigate the partial pressure of the two

systems:
PV =nRT --—----- Eqn (14)

where P is the pressure of the system , V' is the volume of the system, » is the
number of moles of gases in the system, R is the gas constant and 7' is the absolute
temperature of the system. For the two systems the volume of the furnace used is the
same, the gas constant is the same and the temperature upon which the heat-
treatments were carried out is the same. Therefore the pressure of the system is

proportional to the total number of moles in the system.

P, < n,
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The partial pressure of oxygen in the system is proportional to the total number of

moles of oxygen in the system.

F, o« R,

This result is not surprising because the partial pressure of a gas is defined as the

pressure the gas exerts on the system as if it was alone.

P, n
0, @ . .
For the vacuum system: PL oc : where n,, is number of moles of nitrogen
A ’
7 0, N,

(from the residual air after pumping down the vacuum) in the system.

Once the argon is purged for the argon atmosphere heat-treatments:

P()2 ny,,

where n,, is the number of moles of argon in
P’/' n(), + an + nAr

the system. The total pressure increase in the second system is due to the addition of
argon into the furnace and the partial pressure of oxygen is the same for both systems.

Therefore there is no difference in the partial pressures of the two systems.

Argon is an inert gas and therefore should not form compound with the titanium test
pieces. The possible reason could be the interaction of argon with the titanium
surfaces at high temperatures. It is understood that the type of inert gas used during
titanium melting and casting has serious implications for the extent of porosity and
the resulting mechanical properties of the cast components. Zinelis’® concluded that
specimens cast under argon show higher hardness than the ones that have been cast
under krypton and xenon. The extent of solubility of inert gases in the titanium lattice
remains unknown. At high enough temperatures in an argon atmosphere, argon can
possible ‘open-up’ the surface of the titanium sample and thereby paving way for
oxygen (which can bond to titanium) to diffuse further in the titanium matrix in what
is referred to as the “exchange reaction”. Argon is a bigger atom than oxygen and the

exchange reaction between the two species would lead to porosity.
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4.1.2.5 Effect of the Alloying Element on the OBDH of Titanium
Alloys

All the hardness profiles have one common feature and that is the Ti64 microhardness
profile always shows higher surface hardness and deeper hardened zone than the Ti67
alloy. The difference between the two alloys is that one contains vanadium and the
other one contains niobium. As indicated before the Ti64 alloy forms V,0s while the
Ti67 alloy forms Nb,Os. Nb,Os formed during the oxidation of Ti67 is much more
stable than V;,0s that is formed during the oxidation of Ti64. Once the two oxides
have been formed during the oxidation in air, V,0Os will break down quicker than the
Nb20542’43. With the decomposition of V,05 more oxygen will be made available to
diffuse into the titanium matrix while less oxygen will be released in the case of the

more thermally stable Nb,Os

Twin cycle heat treatments were carried out on the pre-oxidised samples further heat-

treated in vacuum/argon at 850°C for 20 hours.

4.1.2.6 Effect of the Number of Heat-treatment Cycles on the OBDH

Even higher surface hardness and deeper hardened zone was achieved by performing
an OBDH cycle heat-treatment on the two alloys as suggested by the microhardness
profiles in figures 4.18-4.23. During the OBDH heat-treatment a sample that is
oxidised in air and further diffusion treated in vacuum or argon atmosphere has
undergone a cycle heat-treatment. A cycle heat-treated sample that is further oxidised
and diffusion treated in the same conditions as the first cycle has undergone a twin

cycle heat-treatment.
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Figure 4.18: Microhardness profiles for Tied and Ti67 — Twin ¢yele oxidation at

K850°C for 30 minutes followed by heat-treatment in vacoum at 85000 for 20

hours.
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Figure 4.19: Microhardness profiles for Ti6d and Ti67 — Twin ¢ycle oxidation at

T511'C for 45 minutes followed by heat-treatment in vacuum at 850°C for 20}

heurs.
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Figure 4.20: Microhardness profiles for Tiod and Ti67 — Twin cyele exidation at

600°C for 20 hours followed by heat-treatment in vacuum at 850°C for 20 hours.

Higher surface hardness and decper hardened zone is achieved despite severe scahing
of the samples that was observed for both alloys during the twin cycle heat-treatment.
The twin cycle heat-treatiment was carried out on the pre-oxidised samples that were

further heat-treated in vacuum or 10 an arcon atmosphere at B3PC for 20 hours.
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Figure 4.21: Microhardness profiles for 'Ti6d and Ti67 — Twin cvele oxidation atl

8350°C for 30 minutcs followed by heat-treatment in argon at 850°C for 20 hours,
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Fizure 4.22; Miecrohardness profiles for Titcd and Ti67 — Twin cvele oxidation at

750"C for 45 minutes followed by heat-treatment in argon at 850°C tor 20 hours,
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Figure 4.23: Microhardness profiles for Ti6d and Ti6? — Twin cyele oxidation at

&H)'C {or 20 hours tollowed by heat-treatment in areon at 851°C for 20 hours.

The increased surface hardness and deeper hardened rone 18 nol surprising because
hath steps involved in the OBDH play a vital rote. The {irst step (oxadation) results in
the formation of oxide which is the oxyeen reservoir for the second step. The
deficiency ot oxygen and nitrides in the second step facilitates the decomposition of
the oxide scale thereby releasing oxygen atoms to diffuse into the titanium matrix.
The deficiency of the oxygen in the vacuum or argon environment inhibits oxidation

that leads to scaling of the oxide layer. The deficiency of the nitrogen means there is
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no formation of nitrides in the oxide/substrate interface which hinders the diffusion of

oxygen from the oxide layer into the substrate. The pile-up of nitrogen in the form of

nitrides on oxide/substrate interface of Ti64 alloy oxidised in air was detecteted by

Dong et al’®. The oxide scale which is the source of oxygen becomes depleted after

the second step (diffusion in vacuum/argon) of OBDH. The twin cycle heat treatment

replenishes the oxide film after the diffusion process building up an oxygen source for

the second diffusion heat-treatment in an oxygen deficient environment. Therefore

the twin cycle heat-treatment allows for higher oxygen content on the surface of the

test piece as well as longer time for diffusion which is important for surface

treatments governed by gas diffusion into the metal surface.

Key for the OBDH Samples

Example: Ti64-A,Ar-850

Type of alloy: Ti64- | A,
Ti64- Ti-6Al-4V

Diffusion temperature for 20

850 hours:

Ti67- Ti-6Al-7Nb

Oxidation heat-treatment:

A- Oxidation at 850°C for 30 minutes
B- Oxidation at 750°C for 45 minutes
C- Oxidation at 600°C for 20 hours

850- 850°C
750-750°C

Diffusion environment
Ar- Argon
Vac- Vacuum
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4.1.3 Microstructural Analysis

Omptical micragraphs for both alloys were captured to study the effect of the heat-
treatments on the underlving microstructures of the two altoys,  All the micrographs

were captured under 50 x abjeetive lens magnifications,

4.1.3.1 The As-received Condition

‘The microstructurcs of the two atloys in the as-received condition are shown in fipure

4.24.

(a) Tiod (b) Ti67
Figure 4.24: Optical micrographs showing the underbving microstroctures of

untreated (a) Tiod alloy and (b} Ti6 7 alloy.

Lioth microstructurcs reveal a combination of the a-P grain structure as expected for
the two alloys. Aluminium stabilises the o phase in buth alloys while vanadium and
niobium stabilises the [} phases of the Ti-6Al-4Y and T1-6AL-7Nb respectively, The
phase that appears light from the etehing elfect is the THICP ¢ phase and the dark phase
is the BCC [ phase. The homogeneously dispersed equiaxed grain structure is
indicative of annealed allovs, The allovs were then subjected to various ODII heat-

lrgalments.
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4.1.3.2 Water saturated Argon Environment

The microstructures ol the surfaces of the samples oxygen diffusion hardened in a
conirolled atmosphere via the dissociation of water vapour arc shown below along

with the micrographs of the two alloys that were heat-treated in argon.

Figure 4.25:

after hL::lt—tI"L::ltlTILl‘lt in {a} Argoen at 700°C for 1 hours, {b) Argon
saturated with water vapour at 700°C for 10 hours and (¢) Argon
saturated with water vapour at 700°C for 48 hours.

3 ':":?.I:_! Ty

(i1} (b} te)
Figure 4.26: Cross-section optical micrographs of the Tib7 alioy
after heat-treatment in {a} Arcon at 7HPC for 10 hours, (b} Areon

saturated with water vapour al THPC for 1 hours and {¢) Areon

saturated with water vapour 21 7IMPC for 48 hours.
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Observation on the surfaces of the two alloys upon the ODIT in figures 4.25 and 4.26
shows no influence of absorplion of oxygen. As an a phase stabilizer, oxygen would
be expected 1o cause a surface laver thal is depleted of the dark B phase.  With
hardening of the alloys that was measured up 10 only 13 pm it would be difficult to
detect any volume Iraction changes ol the two phases using optical microscopy. As
expecled the heat-ircated samples show larger grains than the untreated samples due
1o grain growth thal occurred at elevated temperatures. ‘There is no notable chunge on
the surfaces of 1164 as well as ‘1167 that have undergone ORI in the controlled
almasphere at 700°C for W) hours and 48 hours. ‘The smmple heat-treated with just
purging argon into the furnace at 700°C for 10 hours exhibit similar nmcrostruciures as

those samples heat-ireated in controlled almosphere of argon,

4.1.3.3 Oxygen Boost Diffusion Hardening (OBDH)

The OBDH is a surface moditving process and particular attention will be focused on
studying the changes occurring on the surfaces of the two alloys upon the heat-
trcatment processes.  Lhe cross section of the micrographs was used to reveal the
changes occurring on the surfaces of the two allovs. The microstructures of the

oxidised sumples (step one) are shown in figures 4.27 and 4.28.

S0¥ i 3 S0 i

{a} (b (<)
Figure 4.27: Cross-section optical micrographs of the Ti6d alloy
oxidised at {4} BS0°C for 30 minwtes, (b 730°C for 45 minutes and
() 600°C for M hours.
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Figure 4.28: Cross-section optical micrographs of the Ti67 alloy

oxidised at {a) 850°C for 30 minutes, (b} 750°C for 45 minutes and
{¢) 6O0°C for 20 hours.

There is no oxide layer that is scen on the micrographs after oxidation of the alloys.
The oxide layer is thin and cannot be revealed by the magnification vsed for oprical
micrographs. The notable difference on the micrographs atier oxidabion s the
clongation (less circulary of the grains and growth of the grains. The elongation of the
grains is more pronounced for the samples vxidised at 850°C lor 30 munutes and the
samples oxidised at 730°C as the samples were guenched in air Irom a high
temperature.  There was nol enough ume allowed for the grams to spheridise and
assume the circular grain structure due lo ar quenching.  Lreatment at 850°C is the
highest ol the three oxidation temperatures therefore samiples cooled in air from this
temperature will undergo the lastesi cooling rale due to steep thermal gradient

hetween B501C and the room temperature,

‘There is a light band of the light phase that appears as a thin tilm on the surliace of the
Ti67 allov oxidised at 850°C for 30 minutes is observed. This thin layer on the

surface suggests the influence of oxygen as an it phase stabiliser.

The microstructures of the OBDH samples were captured for comparison with the

oxidised samples.
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4.1.3.3.1 Effect of the Second Step of OBDH on the Microstructures
of the Two Alloys

The microstruciures of the pre-oxidised Tiod alloy sumples further heal-treated in
vacuum at 750°C for 20 hours reveal no signilicant changes in ferms of volume
iractions of the two phases present on the surfuces. This s despite the inerease in
hardness on the surfaces of this alloy after this particular heat-treatment.  The optical

micrographs of the 2 alloys are shown in figures 4,24 and 4.30.

30 L all L

i) (b (c)
Figure 4.29: Cross-section micmgranhs of the samples (a) Ti64-
ANac-750, (hy Tied-B.Vac-750 and {¢) T164-C, ¥ ac-75ik

S

{a) ibj (c)
Figure 4.3k Cross-scetion micrographs of the samples (a) 1i67-
ANVae-T50, (b) Ti67-RB.Vae-750 and (o) Tio7-C, Vac-7T51),
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The 1i67 alloy shows a thin zone that is depleted of the dark B phase al the surlace.
Oxyegen is an o phase stabiliser hence a certain amount of oxygen absorbed by
titanium and alloys will influence the volume lractions of the a-p system by

increasing the volume [raction of the o phase at the expense of the [3 phase.

4.1.3.3.2 Effeet of Varying the Temperature during the Second Step
of OBDH on the Underlving Microstructures

Upon heat-treating the pre-oxidised tesi picces at §30°C in vacuum for 20 hours a
significant change on the microstruciures was noticed as shown in figures 431 and

4.32.

i) {h} {c)
Figure 4.31: Cross-scetion micrographs of the samples (a) Ti64-
A Vac-850, (b} 1i64-13,Vac-550 and (c) Ti64-C. Vace-B51).

S0 um

{a) {b} (c)
Figure 4.32: Cross-scetion micrographs ol the samples {a) Ti67-
A Vac-850, (b '1i67-B.Vac-850 and (c} Ti67-C.Vac-RB5.
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In both alloys there is a distinct zone that is depleted of the dark B phase on the
surface. Enough oxygen has diffused into the two alloys such that the a phase
becomes dominant on the surfaces of OBDH samples. This modification of the
microstructure is in agreement with the increased surface hardness and thicker
hardened zone that is observed for the pre-oxidised samples further heat-treated in
vacuum at 850°C for 20 hours than those further heat-treated in vacuum at 750°C for
20 hours. Higher temperature in vacuum causes more oxygen diffusion into the bulk
which results in a thicker B depleted zone as well as higher surface hardness and

deeper diffusion hardened zone.

It can be observed from the microstructures in figures 4.31 and 4.32 that the Ti67
alloy shows a more conspicuous and thicker §§ depleted zone than the Ti64 alloy after
the same heat-treatment. This is despite the higher surface hardness for the Ti64 alloy
than the Ti67 alloy after the OBDH. A conclusion can thus be drawn that, less
amount of oxygen is required to influence the volume fractions of two phases in an a-

B system of the Ti67 alloy than the Ti64 alloy.

After the twin cycle heat- treatment on the pre-oxidised samples further heat-treated
in vacuum at 850°C for 20 hours the optical micrographs of the cross-section were

captured.

4.1.3.3.3 Effect of the Number of Heat-treatment Cycles on the
OBDH

The light o phase is even more pronounced on the surfaces of the twin cycle heat-
treated test pieces shown in figures 4.33 and 4.34. More diffusion that is facilitated
by oxygen replenishment and longer diffusion time resulted in more B depleted
surfaces. A thicker diffusion zone is observed as the hardening profiles of these

samples suggested.
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(a)
Ficure 4.33: Cross-section opticul micrographs for nwvin evele
samples {uh Tib4-A.V ac-850, (b} Tiod-B. Vac-8B5 und {c) Tibd-
C,¥ac-45i4).

Figure 4.34: Cross-section optical micrographs for twin cycle
samples (a) Tib7-A Vae- 85, (bt Tib7-B.Vae-850 and () Tig7-
C,Vac- 830,

What 1s more sigrificant with the twin cyele heat-treated samples is the vnevenness of
the surtace which is indicative of the severe stratilication of the surfaces that occurred
during the twin cycle heal-treatment. More unevenness is observed on the twin cyele
heat-treated sample that was pre-oxidised at 850°C for 3() minutes which indicates

that more scaling oecwred during the beat-treatment ol this sample,

g UMNIVERSITY OF CAPE TOWN
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4.1.3.3.4 Step Two: Argon Boost Diffusion

Similarly the changes that were observed on the pre-oxidised samples forther heat-
treated in vacuum have been obscrved for the pre-oxidised samples further heat-

treated in an argon atmoesphere shown in figures 4.35-4.38.

b M T AT
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Figure 4.35: Cross-section micrographs of the samples (a) Tiod-
AA-750, {b} Tied-B, A e-75 and (¢} Ti6d-C, Ar-750)

{1} b e}
Figure 4.36: Cross-section micrographs of the samples (a) Tig7-

AAr-750, (b} Ti67-13, Ar-750 and {¢} Ti67-C, Ar-750.

A Javer of the [} depleted zone on the surfaces of the two alloys is observed on the
pre-oxidised samples further heai-treated in an argon atmospherc at 730°C for 20
hours while the same depleted zonc was not observed for the pre-oxidised samples

further heal-treated in vacuwm at 750°C for 20 hours. This is also the case with the

BT WA AAAFLTAD
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pre-oxidised samples lurther heat-treated in argon at 850°C [or 20 hours showing a
more conspicuous [{-depleted surface than those further heat-treated in vacuum at
850°C for 20 hours, This furiher sugpests that the argon environment cnhances the
diffusion of oxygen during the sccond siep ol the OBDH which is what was depieted

hy the hardness profiles of these samples.

Figure 4.37: {ross-section micrographs of the samples (a) 1i6d-
AAr-850, {b} Tibd-B, A r-850 and {¢} Tiod-(, Ar-850.

% fw%,y &

£ W

Figure 4.38: Cross-sectivn micrographs of the sumples (a) Ti67-
AAr-850, {h) 'Ti67-B,Ar-850 and {¢} 1'i67-C, Ar-850.

There is powdery texture that was observed on the surlaces ol the pre-oxidised
samples [urther heat-treated in an argon atmosphere al 850°C for 20 hours as well as
the cyele heal-treated samptes. This may further suggest the role ol argon as “paving”

way for oxyges to diffuse further resulting in a porous surlace.
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(a}
Figure 4.39: Cross-section _optical micrographs  For _iwin_cvele
samples (a) Tied-AAr-85), (b} Fiod-B.Ar-850 and () Tivd-C Ar
H56.

L

PO

fal {b} (c}
Figure 4.4 Cross-section optical micrographs for twin eyvele
samples (a1 FI67-AAr-850, () Tie7-B.Ar-850 and {¢) Ti6d-C Ar-
8510,

Surface integrity is very important for surface treated components,  Surface
maodification is dong on net-shaped components which allow no further alterations
after the heat treatment of the component.  Therefore a surface heat treatment that
causes undesirable eflfect on the surface is not only problemaric dug o the extra cost
required to rehabilitate the component but the compromised dimensions might render
the component unfit [or the intended application.  Heat-treatments that results in a

loose crumbly oxide layer or severe scaling are therelore undesirable.
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4.1.4 Surfaces of the Heat-treated Samples

The surfaces of the Ti64 alloy showed a yellow to brown colour with the increasing
oxidation temperature. The Ti67 alloy surfaces showed a shiny green colour after
oxidation at 600°C for 20 hours and a blue coloured surface upon oxidation at 750°C
for 45 minutes and a yellow colour was observed on the surface after oxidation at
850°C for 30 minutes. According to the scale appearances observe by Morton and
Baldwin'’, the colour of the surfaces suggests the formation of rutile. Rutile can
appear light blue, yellow brown and dark blue depending on the oxidation heat-

treatment of the titanium component®’.

After the second step of OBDH the loosely bound scale on the surfaces of the Ti64
test pieces pre-oxidised at 850°C for 30 minutes would spall off. There was
restoration of the shiny metallic colour upon further heat-treatment of the pre-oxidised
test pieces in vacuum at 750°C for 20 hours. This is as a result of the decomposition
of the oxide layer and the release of oxygen into the bulk of the test piece. There was
no observed restoration of the lustre on the two alloys upon further heat-treatment in
vacuum at 850°C for 20 hours. This is despite the more diffusion that occurred during
the further heat-treatment in vacuum at 850°C for 20 hours which resulted in higher
surface hardness and deeper diffusion zone than the further heat-treatment in vacuum

at 750°C for 20 hours.

Upon heat-treatment of the pre-oxidised samples in argon at 750°C and 850°C for 20
hours the surfaces of the two alloys assumed a greyish-white colour. All the colours
may be for different types of rutile or even different oxides. Different types of rutile
occur from the stoichiometric rutile to various non-stoichiometric rutile. The table
summarising the surface condition upon OBDH is shown in table 4.1. Pictures
showing the surface appearances of some of the heat-treated samples are shown in

appendix A.
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Table 4.1: Summary of the surface condition upon OBDH.

Alloy treatment

Surface colour

Surface quality

Comment

Ti64-A Brown Loose and crumbly  Rutile formation
Ti67-A Yellow Adherent Rutile formation
Ti64-B Yellow-brown Adherent Rutile formation
Ti67-B Shiny blue Adherent Rutile formation
Ti64-C Yellow Adherent Rutile formation
Ti67-C Shiny green Adherent Rutile formation
Ti64-A,Vac-850 Dark brown Flaky Scaling of the
surface
Ti67-A,Vac-850 Greyish-blue Adherent Rutile
decomposition
Ti64-B,Vac-850 Brown Slight pitting of the Rutile
surface decomposition
Ti67-B,Vac-850 Greyish-blue Adherent Rutile
decomposition
Ti64-C,Vac-850 Yellow Slight pitting of the Rutile
surface decomposition
Ti67-C,Vac-850 Brown Adherent Rutile
decomposition
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Key for the OBDH Samples

Example: Ti64-A,Ar-850

T fall Tioa A Ar 950 Diffusion temperature for 20
ype ol alloy: 104~ > : hours:

Ti64- Ti-6Al-4V 850- 850°C

Ti67- Ti-6Al-7Nb 750-750°C

Oxidation heat-treatment: — -

A- Oxidation at 850°C for 30 minutes Diffusion environment

B- Oxidation at 750°C for 45 minutes Ar- Argon

C- Oxidation at 600°C for 20 hours Vac- Vacuum

The surface colour and quality of the pre-oxidised samples further heat-treated in
vacuum at 750°C for 20 hours is the same as the pre-oxidised samples further heat-
treated in vacuum at 850°C for 20 hours. The difference is the more shiny appearance
of the surfaces of the pre-oxidised samples further heat-treated in vacuum at 750°C

for 20 hours.

All the pre-oxidised samples further heat-treated in argon exhibited a greyish-white
colour. The pre-oxidised samples further heat-treated in argon at 850°C for 20 hours

had a powdery surface texture.

The samples that were subjected to the twin cycle heat-treatment had a grey-coloured

surface. The often flaky surfaces had a tendency to spall off.

Some of the oxygen boost diffusion hardened specimens were subjected to a two-
body abrasion wear test using the automatic grinding/polishing machine. This was to
ascertain if the increased surface hardness resulted in improved wear resistance. The
two alloys in the as-received conditions, the pre-oxidised samples further heat-treated
in vacuum/argon at 850°C for 20 hours as well as the twin cycle heat-treated samples
underwent the wear testing. The weight loss of these test pieces upon wear-testing
under the conditions outlined in the previous chapter was compared to the weight loss

of the untreated samples.
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4.1.5 Wear

The wear results of the samples are shown below i the form of weight loss as a
function of heat-treatment, The present study was not amed at performing extensive
wear tests on the surface treated samples. A prelimipary five minute wear test on a
single surface of the heat-treated sample against 800 grit SiC paper was performed.
This was done only to rank the treated samples and the untreated samples without
taking inte consideration the contnbutions of 1he surface, the oxveen diffusion zone
and the base metal on the wear resulis. A more extensive approach of wear testing
will provide wear loss as a function of relative sliding distance. 'The sliding distance
should be increased to a point where the surface treated laver eventually wears away.
This test will provide information about the durability of the treated surfaces as
opposed 1o the initial wear resistance and is recommended as a luture study. The
wedr results presented were obtained using a Struers polishing machine (section

3.4.3),

4.1.5.1 OBDH in Vacuum

Llpon subjecting the samples to woear testing, the pre-oxidised samples larther heat-
treated in vacuum at 850°C for 20 hours exhibiled lower weight losses than the

unireated samples as shown in figure 4.41 below.
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Figure 4.41: Abrasive wear resistance for oxygen boost diffusion (in

vacnum] treated and untreated Tibd and Tio? alloys.
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The OBDH Ti64 alloy shows a reduced weight loss producing an improvement
between 71 and 89% over the untreated alloy. The Ti64 alloy pre-oxidised at 850°C
for 30 minutes shows the least weight loss, followed by the sample pre-oxidised at

750°C for 45 minutes and then the sample pre-oxidised at 600°C for 20 hours.

A similar trend in terms of pre-oxidation temperature and improved mass loss
resistance for the boost diffusion treated Ti67 alloy is observed. The Ti67 alloy shows
even more improved mass loss reduction after abrasive wear against 800 grit SiC
paper. The weight loss has been reduced by the oxygen boost diffusion hardening
heat-treatment, producing an improvement of more than 100% over the untreated

alloy for the Ti67 alloy.

Despite the higher surface hardness that was measured for the OBDH Ti64 alloy
compared to theTi67 alloy, the OBDH Ti67 exhibits more improved weight loss
reduction under the two-body abrasive wear testing that was conducted. The oxide
layer that is formed on the surface of the Ti67 alloy during oxidation is more stable
and more adherent to the substrate hence the more improved wear for the Ti67 alloy

than theTi64 alloy following the boost oxygen diffusion heat-treatment.

4.1.5.2 OBDH in Argon

Following the abrasive wear testing of the pre-oxidised samples further heat-treated in
an argon atmosphere at 850°C for 20 hours the weight loss of the samples was

compared to the untreated samples in figure 4.42.
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Figure 4.42: Abrasive wear resistance for oxygen boost diffusion {in_argen)
treated and untreated Tibd and Ti67 samples.

It can be seen from the figure 4.42 that the weight loss has been reduced upon heat-
treating the pre-oxidised samples in an argon atmosphere at 850°C for 20 hours, The
Tio4 alloy shows an improved weight loss between 35 and 70% upon the three boost
ditTusion heal-lreatments. As was the case with the pre-oxidised samples further heat-
treated in vacuum. the 1167 alloy shows more improved weight loss reduction than

the 164 alloy.

Although the pre-oxidised samples further heat-treated in argon measured higher
surface hardness they have undergone higher weight loss than the pre-oxidised
samples further heat-treated 1 vacuum against the 800 grit SiC paper.  The porosity
observed on the suriaees ol samples boost diffusion treated in argon has resulted in
less improvemeni on the wear reststance.  The interaction ol argon gas atoms with the
alloy surfaees results in porosily and the less dense porous layer does not improve the
iribological propernies as much as the boost diffusion heat-treatment that is carried out

i1 VACLILI.

B UMNIVERSITY OF CAPE TOWN



4.1.5.3 Twin Cyecle OBDH

Performing the twin cyele heat-ireaiments on the pre-oxidised test pieces Turther heal-
treated in vacuum at 850°C for 20 hours has produced the weight loss profiles

depicted by fipure 4.43.
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Figure 4.43: Abrusive wear resistunce for evele oxygen boost diffusion {in

vacuum) treated und votreated Tidd and Ti67 samples.

Even more improved weight loss reduction 1s achieved by performing the twin eycle
heat-treatments as suggesied by the figure 443, This ts despite severe seahing of the
lest pieces upon the twin cyele heat- treatment, More than H00% mmprovemeni
weight loss over the umtreated material 15 achicved when abraded by 800 grit SiC
paper. The Tie7 alloy still shows higher wear resistance than the 164 alloy when
abraded by 800 grit SiC paper after the twin cycle heat-treatment. As indicated
before. more oxygen intake occurred on the twin cycle heat-treated samples resulting

in even more improved tribological properties of the two alloys,

Similarly the twin cyele heat-treatment produces more improvement in weight
reduction on the pre-oxidised samples firther heat-treated in an argon atmosphere at
830°C for 20 hours as suggested by ligure 444, Twin eyele heat-treated samples tha
underwent diffusion in argon shows less wear resistance than the Lwin cyele heat-

treated samples that underwent diffusion in vaceum.
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Figure 4.44: Abrasive wear resistance for eycle oxygen boost diffusion (in argon)
treated and antreated Tiod and Ti67 samples.
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Chapter Five

Conclusions

Based on the results obtained during this research the following conclusions can be

drawn:

The heat-treatment practice in a controlled saturated argon environment was

unsuccessful in developing a significant oxygen diffusion hardened layer.

The OBDH process can be carried out to modify the surface properties of titanium
and alloys. Both steps of this process play a vital role in achieving a thick
modified layer for improved tribological properties of titanium and alloys. The
first step of oxidation allows for the formation of rutile which becomes an oxygen
reservoir for the second step. The second step performed in oxygen and nitrogen
depleted environment causes the decomposition of rutile into the bulk material

resulting in a thicker hardened zone beneath the surface of the component.

Oxidation of the Ti-6Al-4V at 850°C for 30 minutes produces the optimal oxide
for the second step of OBDH but there is a tendency for the oxide scale to peel off

during the air cooling from this temperature.

There was no peeling off of the oxide scale on the Ti-6Al-7Nb upon air cooling
after oxidation at 850°C for 30 minutes which suggests that this alloy has higher
thermal stability than the Ti-6Al1-4V alloy.

Performing the oxidation step of OBDH heat-treatment at higher temperatures
results in higher surface hardness and deeper diffusion zone than carrying the
oxidation step at lower temperatures for longer times provided there is no peeling

of the oxide scale during the high temperature oxidation.

- et e T s g o e e
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Carrying out the second step of OBDH heat-treatment at higher temperatures

increases the rate of diffusion of oxygen resulting in a thicker hardened zone.

The Ti-6Al-4V achieves higher surface hardness than the Ti-6AIl-7Nb upon the
same OBDH heat-treatment.

The second step of the OBDH can also be carried out in an argon environment
instead of vacuum. Carrying out the second step in an argon atmosphere allowed
for higher surface hardness and thicker hardened zone than carrying the same step

in vacuum.

The effect of OBDH on the underlying microstructures of the two alloys under
investigation is the depletion of the B phase on the modified surface as a result of
the diffused oxygen which stabilises the a phase. The effect of the OBDH process
is more conspicuous on the microstructure of the Ti-6Al-7Nb alloy than on the Ti-
6Al-4V after the same OBDH heat-treatment which indicates that less amount of
oxygen is influencing the a-p system of the Ti-6Al-7Nb alloy than the a-f3 system
of the Ti-6Al-4V.

Although higher surface hardness was achieved for the Ti-6Al-4V alloy than the
Ti-6Al-7Nb alloy after the same heat-treatment, the Ti-6Al-7Nb alloy achieved
higher wear resistance due to more adherence of the oxide scale after the

oxidation step.

Despite achieving higher surface hardness and thicker hardened zone upon
carrying out the second step of OBDH in an argon atmosphere than in vacuum,
samples which underwent the second step of OBDH heat-treatment in vacuum

exhibited higher wear resistance.
Performing a twin cycle OBDH heat-treatment results in even higher surface

hardness and higher wear resistance despite the severe scaling of the alloys upon

the heat-treatments.
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Chapter Six
Recommendations

Various heat-treatments have been carried out with certain variations from one heat
treatment to the other. The following recommendations are made based on the

outcome of the heat-treatments:

e The preferred heat-treatment will be the one that has a good combination in terms
of achieving optimal tribological properties as well cost effective. A cost
effective heat-treatment will be the one that is not performed at very high
temperatures and does not take a very long time. Oxidation at 850°C for 30
minutes produced the most improved tribological properties and slightly less than
750°C for 45 minutes where spalling off of the oxide layer occurred during air
cooling. Therefore a slower cooling rate on the Ti-6Al-4V from oxidation at

850°C for 30 minutes will result in a more adherent oxide scale.

e A higher oxidation temperature or longer oxidation time can be used on the more
thermally stable Ti-6Al-7Nb to achieve an even thicker oxide and a subsequent

thicker diffusion zone upon OBDH heat-treatment.

e Higher temperature or longer time than used for this research on second step of
the OBDH heat-treatment can be employed for both alloys to increase the rate of

diffusion of oxygen into the titanium lattice.
e Carry out the second step of the OBDH heat-treatment in another inert gas such as
krypton and xenon to study the effect of these gases on the wear properties of

titanium and alloys.

e Carry out the oxidation step in oxygen or a gas mixture with higher oxygen partial

pressure than air to investigate the influence of oxidation concentration in the first

6 UNIVERSTY OF CAPE TOWN
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Perform more extensive wear tests that will provide weight loss as a function of
relative sliding distance. The sliding distance should be increased to a point
where the surface treated layer eventually wears away. This test will provide
information about the durability of the treated surfaces as opposed to the initial

wear resistance.
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Appendix A: The Appearance of the alloy Surfaces After the First as
well as the Second Step of the OBIDH Heat-treatment.

(a) (b)
{a) Tied and {(b) Tie7 allovs aher oxidation at 8507C for 30 minutes,

(a) (b)
{a) Tied and (b) Ti6T alloys aller oxidation at 750°C for 45 minutes.

(a) (b)
{a) Tied and (b) 1167 allovs atter oxidation atl 600°C lor 20 hours.
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(b)

(a) Ti64 and (b) 1167 alluys alter oxidation at 850°C for 30 minutes followed
by heat-treatment in vacuum at 730°C for 20 hours.

(a) . (b)
{a) Tiod and (b) Tia7 alloys afler oxidation at 730°C lor 45 minutes followed
by heat-treatment in vacuum at 730°C for 20 hours.

fa) ib)
fa) Tio4 and by 1167 allovs alier oxidation at 600°C for 20 hours tollowed by
heat-treatment in vacuum at 750°C for 20 hours.
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(a} (b}
{a) Tied and (b) T67 allovs after oxidation at 830°C tor 30 minutes followed
by heat-treatment in Argon atmosphere at 7507°C for 20 hours.

(] (b}

(a) Ti64 and (b) Ti67 allovs akier oxidation at 750°C for 45 minuies followed
by heal-treatment in Argon atmosphere ut 730°C for 20 hours. '

() (b}
{a) Tved and (b) Tie? alloys after exidation at 600°C for 20 hours followed by heat-
treatment in Argon atmosphere at 750°C {or 20 hours.
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(a) ' (b)
{a) Ti64 and (b) Tia67 alloys after oxidanon at B50°C for 30 minutes followed
by heat-treatment in vacuum at 85307°C for 20 hours.

(a) (b)
fa) 1164 and {h} 1'i67 alloys after oxidation at 750°C Tor 43 mnules lollowed by
heat-treatiient in vacuum at 8530°C for 24 hours.

{a) {b)
() Tied and (b) 67 alloys after oxidation at 600°C for 20 hours followed by
heat-treatment in vacuum at $50°C for 20 hours.
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lppemdix

(a) (b)
{(a) Ti6d and (b) 1167 alloys after oxidation at B50°C for 30 mirules lollowed by
heal-treatment in Argon almosphere at 850°C for 20 hours,

{a) (b)
(a) Ti64 and (b) Thé67 alloys afler oxidation at 730°C for 45 minuics followed by
heat-treaiment in Argon atmosphere at 830°C lor 20 hours.

(a) (b)
{a) Ti64 and {(b) 1167 alloys atler oxidation at 60G°C for 20 hours followed by
heat-trcatment tn Argen atmosphere at 850°C for 20 hours,
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Appendix B: Elemental Composition Specifications and Mechanical

Properties of Wrought and Cast Ti-6Al-4V Alloys.

Table 2.4a: Elemental composition specifications for wrought Ti-6Al1-4V

alloys5 .
Weight (%)
Standard Ti Al Vv N C O H Fe Y
BS 7252 Balance 5.5 - 3.5- 0.05 0.08 0.20 0.015%* 0.30
Part 33: 6.75 4.5 max max max max max
1990 and
ISO 5832-3:
1996 (E)
ASTM Balance 5.5 - 3.5- 0.05 0.08 0.20 0.015%* 0.30 0.005
F1472-93 6.75 4.5 max max max max max max
ASTM F136 Balance 5.5- 3.5- 0.05 0.08 0.20 0.012" 0.25
-96 6.75 4.5 max max max max max

* Maximum hydrogen content for billets

0.010 wt %

" Section sizes of 0.813 mm and under may have a hydrogen content up to 0.0150 wt %

£ CAPE TOWN



Table 2.4¢: Mechanical properties of wrought Ti-6Al-4V alloys”.

Standard Minimum Minimum Minimum  Minimum % Hardness
Tensile 0.2% proof % reduction (Rockwell
strength strength elongation on area C)
(MPa) (MPa)
ASTMF136- 860 795 10% 25% Unspecified
96*
ASTM F1472 - 930 860 10 20-25 Unspecified
93
BS 7252: Part 860 780 10 25 Unspecified
3: 19907
ISO 5832-3: 860 780 10 Unspecified Unspecified
1996 (E)

* For sizes (diameter or thickness) between 4.75 and 44.45 mm in the annealed
condition.

' For bar diameter or thickness up to 75 mm.

* In the longitudinal direction of the test bar.



Appendix C: Values for the Pilling-Bedworth ratio, R of various

.y 41
metal oxides™ .

Protective Non-protective
oxides oxides
Be 1.59 K 045
Cu 1.68 Ag 1.59
Al 1.28 Cd 1.21
Cr 1.99 Ti 1.95
Mn 1.79 Mo 3.40
Fe 1.77 Hf 2.61
Co 1.99 Sb 2.35
Ni 1.52 W 3.40
Pd 1.60 Ta 2.33
Pb 1.40 U 3.05
Ce 1.16 V 3.18
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