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CHARACTERISTICS AND WEAR PERFORMANCE OF NITRIDED
TITANIUM ALLOYS

SUMMARY

Titanium and its alloys are used in the aerospace industry, chemical applications,
architectural areas, sports equipment industry, biomedical applications, power plant
industries, transportation, marine and automobile industry. Properties such as high
strength, low density and enhanced corrosion resistance are the most important
advantages of titanium alloys for these engineering applications. On the other hand,
the most unfavorable feature of titanium is the poor tribological properties such as
wear resistance; hence, the usage of titanium alloys is limited with wear related
applications. Since gas nitriding is a very simple, economical and most used surface
treatment method which has been used for many years, present study focuses on gas
nitriding of titanium and its alloys conduced with the aim of improving the surface
hardness and wear resistance by forming titanium nitride (TiN) layer and a nitrogen
diffusion zone (NDZ) beneath it. In nitriding process, in addition to treatment time
and temperature, chemical composition of titanium alloys could have significant
influence on the characteristics of the nitrogen exposed surfaces. Therefore, it is
needed to have further studies on different classes and grades of titanium alloys to
investigate the effect of chemical composition on the characteristics of nitrided
surfaces.

This study focuses on characteristics of commercial purity grade titanium (Cp-Ti
Grade 4) and titanium alloys (Ti6Al4V and Ti6AI7NDb) after gas nitriding at 950,
1120 and 1250 °C for 3, 7 and 12 h. The objective of this study can be summarized
as investigation of microstructural features, nitriding kinetics (based on the weight
changes and thickness of the grown layers), hardness and tribological performances
of nitrogen exposed surfaces.

As the result of the nitriding process, the surface appearances of the samples changed
to golden color upon formation of a TiN layer. As a general trend higher nitriding
temperatures and longer exposure times favored formation of thicker TiN layer.
However, XRD analyses conducted on Cp-Ti revealed that nitriding temperature
950°C did not cause complete covering of the surface with TiN layer unlike titanium
alloys. Microscopic examinations revealed the formation of two layers consisting of
TiN and NDZ on Cp-Ti, while three layers, including TiN, Intermediate Zone (12)
and NDZ, were developed on nitrogen-exposed surfaces of Ti6AI6V and Ti6AI7NDb
alloys. Energy dispersive X-ray spectroscopy (EDX) equipped scanning electron
microscopic (SEM) surveys showed that 1Z has a wavy appearance and formed as a
thin layer upon enrichment by aluminum. In the case of Cp-Ti, the interface between
TiN layer and NDZ was straight without any evidence of changes in composition.
Kinetic studies conducted on the nitrided samples revealed that presence of alloying
elements in the substrate caused higher activation energy for diffusion of nitrogen. In
this respect, higher nitrogen diffusion activation energy of titanium alloys as
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compared to Cp-Ti can be attributed to 1Z formation as the result of repelling of
aluminum atoms from the growing TiN layer.

As the nitriding temperature and time increase, TiN layer tend to be more porous and
exhibit poor adhesion characteristics. In general, TiN layers formed at nitriding
temperature of 950 °C exhibited better adhesion performance than those formed at
1120 and 1250 °C.

Results of the cross-sectional microhardness measurements and wear tests showed
that nitriding process is very beneficial to enhance the hardness and wear resistance
of the examined samples as compared to their as-received states. In accordance with
adhesion characteristics of the TiN layer nitriding temperature of 950°C provided
excellent wear resistance for the examined titanium alloys. The best wear
performance of Cp-Titanium was obtained after nitriding at 1120 °C for 7 hours.
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NITRURLENMIS TITANIYUM ALASIMLARIN KAREKTERIZASYON VE
ASINMA DAVRANISLARI

OZET

Bu tezde nitriirleme siireci, titanyum ve titanyum alasimlari tizerinden anlatilmistir.
Titanyum ve titanyum alagimlari hafif olduklarindan dolay1 birgok teknolojik alanda
kullanilmaktadirlar. Kullanilan alanlardan bazilar1 kimya endiistrisi, uzay endiistrisi,
biyomedikal uygulamalar, gemi insaat1 ve enerji sanayi olarak belirtilebilir. Hafif ve
yiksek dayanimli olan bu malzemelerin bircok miihendislik uygulamasi, ylizey
modifikasyonu ile saglanmaktadir.

Son zamanlarda titanyum alasgimlarinin mekanik Ozelliklerini 1iyilestirmek ve
kullanim alanlarini arttirmak igin gesitli arastirmalar yapilmaktadir. Titanyumun 6ne
cikan ozellikleri, yiiksek mukavemeti, yiiksek korozyon ve erozyon dayanimi ve
biyouyumlulugudur. Titanyumun diisiik asinma dayanimi ve disiik yiizey sertligi
gibi yiizey Ozellikleri ise dezavantaj olarak kullanim alanmi kisitlamaktadir. Bu
kisitlamalar1 gidermek i¢in en basit ve ekonomik yontem gaz nitrasyonudur. Bu
yontem uzun yillarca demir ve demir alasimlar iizerinde kullanmilmistir ve
giinimiizde de titanyum iizerinde yaygin olarak kullanilan yilizey modifikasyonu
yontemlerden biridir.

Titanyum alasimlar1 {istiin  6zellikleri sayesinde, bir¢ok miihendislik alan ve
uygulamasinda kullanilmaktadir fakat yeni uygulama alanlar1 yaratilmasi igin ileri
aragtirma ve c¢alismalar gerekmektedir. Bu g¢alisma kapsaminda, titanyumun farkli
kompozisyonlart (Cp-grade 4, Ti6Al4V ve TiAI7Nb) iizerinde gaz nitrasyonu
yapilmistir.

CP-Ti ve Ti6Al4V alagimi, yiiksek biyouyumlulugu ve sahip oldugu koruyucu pasif
oksit film sayesinde yiiksek korozyon direnci gostermektedir, bunun yanisira yiiksek
mekanik 6zellikleri ile de 6ne ¢ikan bir implant malzemesidir. Son zamanlarda ise,
vanadyumun toksik etkisinden dolayi, vanadyum igermeyen Ti6Al7Nb alasimi
tretilmistir.

Titanyumun olumsuz 6zelliklerin iyilestirilmesi igin titanyuma uygulanabilecek
cesitli yiizey modifikasyon tekniklerini ise {i¢ grupta toplanabilir; Bunlar, kaplama
yontemleri, yiizeyin kimyasal 0Ozelliklerini degistirmeden yapisim1 degistiren
yontemler ve yiizeyin kimyasal 6zelliklerini degistirerek yeni ve farkli fazlar igeren
bir yiizey tabakasi elde etme yontemleridir. Bu teze konu olan yiizey modifikasyon
yontemi, ticiincii gruba dahil olan gaz nitriirleme yontemidir.

Nitrojen difiizyonu sonucu olusan nitriir tabakasi sayesinde, titanyum ve titanyum
alagimlarinin  ylizey sertlikleri ve asmmma direngleri arttirllmistir. Nitrojenin
difiizyonu ile birlikte, malzemenin yiizeyinde kat1 eriyik olusmaktadir ve bundan
dolay yiizey sertligi artmaktadir.

Gaz nitriirleme ydntemi, termokimyasal bir yontemdir. Ilgili metal, yiiksek sicakliga
cikarildiktan sonra saf azot ya da amonyum gazi ortaminda belli bir siire boyunca 1s1l
isleme tabi tutulur. Bu siirecte, yilizeydeki atomlarin mobilitesi artar, titanyum ylizeyi

XXi



arayer difiizyonuna daha miisait hale gelir ve azotun arayer diflizyonu sonucunda
titanyum nitriir faz1 olusur.

Bu calismada, titanyum alasimlari 950, 1120 ve 1250 derece sicaklikta ve farkli
stirelerde (3, 7 ve 12 saat) nitriirlenmistir. Calisma kapsaminda, nitrasyon kinetigi,
malzemenin agirhik degisimi ve nitriir tabakalarmin kalinlik degisimi ile
hesaplanmigtir.  Titanyumun yilizey Ozelliklerini gelistirmek igin termokimyasal
yontem uygulanmistir. Bu islemin sonucunda titanyumun gri yiizeyi, titanyum
nitriirlin - karakteristik 6zelliklerinden olan altin rengine doniismistiir. Ayrica
titanyum nitriiriin olusumu X-ray cihazi ile de tespit edilmistir.

Faz doniisiim sicakligi altinda yapilan nitriirleme ¢aligmalarinda ise CP-Ti yiizeyi
nitriir tabakasi ile tamamen kaplanmamigken, aliiminyum igeren titanyum
alagimlarinin ylizeyi tamamen nitriir ile kaplanmaktadir.

Bilindigi gibi titanyum ve titanyum alagimlarinin nitrojen ile reaksiyon verme egilimi
yiiksektir, ozellikle sicaklik ve zamanin artmasi ile de bu malzemeler nitrojen
atmosferinde nitrojen ile bilesik olusturmaktadir. Onceki arastirmalarda sunuldugu
lizere, titanyum ve alasimlarmin yilizeyinde oda sicakliginda titanyum oksit
bulunmaktadir. Sicakligin artmasi ile nitrojen atomlar1 oksit atomlar1 ile yer
degistirmektedir.

Faz donisiim sicakliginin iizerinde ise tiim numuneler tamamen nitriir tabakasi ile
kaplanmistir.  Yiksek sicaklikta, titanyumun alfa yapisi beta titanyuma
dontigmektedir. Azot diflizyonunun baglamasi ile birlikte faz doniistim sicaklig
diismekte ve nitriir tabakasinin altinda yeniden alfa tabaka 6zelligine sahip NDZ
tabakasi olugmaktadir. Optik mikroskop ¢aligmalarinda, Cp-Ti yiizeyinde ¢ift kath
bir tabaka olustugu goriilmektedir. Ust tabakada nitriir ve alt tabakada ise nitrojenin
diflizyon ettigi alfa tabakasi bulunmaktadir.

Beta titanyum fazinin nitriirleme yapildigi sirada gosterdigi dontisiimler asagidaki
sekilde Ozetlenebilir;

1- Azotun beta titanyumda ¢dziinmesi ve kati ¢ozelti olusturmasi.

2- Nitrojen ile zenginlesmis ylizeyde beta titanyumun alfa titanyuma doniisiip
NDZ (nitrojen diffusion zone) olusmasi.

3- Alfa titanyumda nitrojen konsantrasyonunun yeterince artmasi sonucu altin
renginde nitriir tabakasinin olusmasi ve aliminyum igeren titanyum
alasimlarinda ise ara tabaka olusmasi.

Aliminyum igeren titanyum alasimlar1 iizerinde yapilan optik mikroskop
incelemelerinde, nitrir tabakasi ve NDZ tabakasi ortasinda 1Z adi verilen bir orta
tabaka olustugu gozlemlenmektedir. Taramali elektron mikroskobu biinyesinde
bulunan enerji dagilim spektrometre analizlerinde bu tabakanin yiiksek aliiminyum
icerdigi tespit edilmistir. Bilindigi iizere, nitriir tabakasi i¢inde aliiminyum
tutunamadigi i¢in aliminyum alt tabakalara itilmektedir ve 1Z tabakasi olusumuna
sebep olmaktadir. Aktivasyon enerjisi hesaplandiginda nitriir tabakasinin biiytimesini
kontrol eden parametreler nitrojenin beta fazindaki difiizyonu ve aliiminyumun alfa
fazindaki difiizyon hizidir.

Numunelerin kesitleri EDX ve EPMA yontemleri ile incelendiginde I1Z ara
tabakasinin aliiminyum ile zenginlesmis oldugu, vanadyum ve niyobyum
elementlerinin ise beta fazinda ¢6ziiniip malzemelerin i¢ kisimlarina dogru nufiiz
edip genellikle tane sinirlarina yerlestigi gozlemlenmektedir.
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Sicakligin ve zamanin artmasi ile malzemede bulunan nitriir tabakasi, ara tabaka ve
NDZ tabakasmin biiyiidigii tespit edilmistir. Bu biiyiime ile birlikte nitriir
tabakasinin piiriizliliigii de artmaktadir. Doniisiim sicakliginin altinda nitriirlenmis
malzemelerin yiizeyinde yapilan Rockwell C yapisma testi sonucunda, nitriir
tabakasinin yiizeye daha iyi yapistigi gézlemlenmektedir. Doniisiim sicakliginin
tizerinde yapilan nitriirlemelerde nitriir tabakasinin basing ve asinma sirasinda kirilip
yiizeyden kopdugu goriilmektedir.

Titanyum numunelere kesitten 50 g yiik ile uygulanan sertlik testi sonucunda,
titanyum nitriir tabakasinin sertliginin i¢ kisimdan yiizeye arttigi tespit edilmistir.
Elde edilen sonuglara gore, sicaklik ve islem siiresi arttikca sertlik artmaktadir.
Malzemenin yilizeye yakin kisimlarinda sertligin ise en yiiksek sertlige ulasilmis ve
2000-2500 HV civarinda oldugu tespit edilmistir.

Nitriirleme yOntemi malzemenin asinma direncini ¢ok biiyilk 0Slgiide
iyilestirmektedir. Yapilan asinma testleri sonucunda, Cp-Ti 1120 derecede ve 7 saat
nitriirleme sonucunda en iyi asinma dayanimi performansi gosterdigi saptanmustir.
Aliiminyum igeren titanyum alagimlarini ise en iyi asinma dayanimini, faz doniistim
sicakliginin altinda yani 950 derecede 3 saat nitriirleme sartlarinda gostermislerdir.
Asinma yiizeyi incelendiginde, ¢ok ince bir izi ve hafif parlamis bir yiizey
goriilmektedir. Genel olarak aginma igin tespit edilen mekanizma abrasif aginmadir.
Asinma testleri sonucunda, aliiminyum igeren titanyum alagimlarinin malzemenin
asinma direncini 300 kata kadar arttig1 gézlemlenmektedir.
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1. INTRODUCTION

1.1 Classification of Titanium Alloys and Their Applications

Titanium was discovered in 1791 by William Gregor, a British chemist and
mineralogist, who produced titanium from “ilmenite”. Four years after this
discovery, a chemist from Berlin named Martin Heinrich Klaproth produced titanium
from “rutile”. The element Ti is the fourth most abundant metal in the earth's crust.
Because of its great affinity for oxygen and nitrogen, pure titanium was not produced
in a commercial process until the late 1930's. Titanium is not a rare element or
structural metal; rather it is the ninth most common elements. The concentration of
titanium is approximately 0.6% of the earth structure, making it the fourth most
prevalent structural metal [1-6]. Interest in the properties of titanium increased in the
late 1940 and early 1950 after World War I1. In the following decades, titanium
research and application exhibited tremendous development [2].

Titanium and its alloys are used in many industrial areas. For example, about 80% of
the produced titanium is used in aerospace industry. Moreover, it is used in the areas
like medicine and biomaterial engineering, offshore and marine, transportation,
architecture, chemical processing, power industry, military, sports industry and
automotive sector [1, 2, 3-5]. Titanium is present in many different places including
the moon, meteorites, the sun and the other stars. However, it cannot be found in
high concentrations. Furthermore titanium ore is never found as a pure metal. Due to

these factors, producing titanium is very difficult and expensive [7-11].

Titanium is a very light metal due to its low density. At the same time, its strength is
very high.Therefore, it can be used in the structures requiring strength and lightness,
such as needed for the aviation industry [6-12]. Moreover, the temperature capability
of titanium is very high, allowing it to be used in cryogenic applications; and it can
also resist to corrosion, hence one of the usage areas is marine and offshore
structures. In addition to these advantageous features, the biocompatibility of

titanium is very high so it can be used in medical industry widely [2, 5, 12-15].



Titanium is neutral for the human body, it does not cause any cyto-toxic reactions
and hence titanium is used in bio-engineering applications such as heart valves, joints
and bone plates, too. Titanium has been used as artificial body parts, especially hips
and the other joints for about 35 years. Moreover, its corrosion resistance and
mechanical properties are excellent for structural bioengineering applications.
Because of the features of strength and biocompatibility of titanium, it is an optimum
material for oral prosthetics and other dental applications [10, 13-19]. Titanium is
also used for applications needing damage tolerance, high resistance against
corrosion, low elastic modulus and high strength-to-weight ratios such as sports
equipment [5, 8]. Like the most of other metals, titanium and its alloys also have
some disadvantages. The adhesive and abrasive wear resistance of titanium is very
low, its friction coefficient is very high, its fretting properties are inadequate and
hardness values of titanium are low. However, these alloys have significant problems
with wear. Moreover, pure titanium can disfigure and relay drastically in wear

applications without lubricants [14, 20-23].

The specific strength of titanium alloys at high temperature is significantly high.
Nevertheless, the maximum use temperature of titanium (about 600 °C) is not very
high because of the high reactivity of titanium with oxygen [19, 21, 23]. Above 600
°C, oxygen diffuses through the oxide layer on the surface too quickly, causing
extreme growth of the oxide layer which results in oxygen embrittlement in titanium.
Moreover, because of this oxidation behavior, melting processes of titanium requires
extra equipment which increases the production cost and hence, titanium price.
However, a thin oxide layer provides excellent corrosion resistance of titanium in

several types of aggressive media such as aqueous acid [24-27].

Pure titanium has an allotropic phase transformation at 882°C from a body-centered
cubic (BCC) B phase to a hexagonal close-packed crystal structure (HCP) a phase.
During the transformation, titanium atoms in the BCC beta structure slightly shift to
convert to the HCP alpha structure. The unit cell of hexagonal a phase and cubic
phase is shown in Figure 1.1. At room temperature, the lattice parameters of o phase
are a = 0.2951 nm and ¢ = 0.4684 nm. The resulting c/a ratio = 1.5871 is smaller
than the ideal ratio of 1.633 for the HCP structure. There are several densely packed
planes in these two phases. In B, it is one of the six {110} planes, while in a, there
are three types of densely packed planes: (i): (0001) plane, also called basal plane;



(ii): one of the three {1010} planes, also called the prismatic planes (iii): one of the
six {1011} planes, also called pyramidal planes. In B, the close-packed directions

have four <111> directions.

0.468 nm

(a) a-phase unit cell of titanium (b) B-phase unit cell of titanium

(c) TiN structure
Figure 1.1 : Crystal structures of Ti and TiN [2].

In a, there are three <1120 > directions. The o/p transformation temperature of
titanium alloys is strongly influenced by interstitial and substitutional elements, and
therefore depends on the purity of the metal. Alloying elements in titanium are
usually classified as a or B stabilizing additions, depending on whether they increase

or decrease the o/p transformation temperature [1-2, 18].

The substitutional element Al and the interstitial elements C, N, and O are all strong
a stabilizers. The transus temperature from HCP to BCC increases with increasing
concentrations of these alloying elements (see Figure 1.2 (a)). Aluminum is the most

widely used alloying element in titanium alloys, because it is the only common metal



that can raise the transus temperature and it has a large solubility in both o and 8
phases. Some other a stabilizers include B, Ga, Ge and the rare earth elements, but
their solid solubility are much lower as compared to aluminum and none of these

elements is used commonly as an alloying element [1-5].

Ti
o stabilizer

(ALON,C)
(a)

Figure 1.2 : Effect of alloying elements on phase diagrams of titanium alloys [2].

Titanium nitride has rock-salt crystal structure, c-TiN (or NaCl crystal structure,
Figure 1.1 (c)), with a mass density of 5.44 mg/cm:. As the result of different growth
methods and operation conditions, it does not always exhibit composition Ti/N equal
to unity [25-31], while the atomic ratio between titanium and nitrogen determines the

color of titanium nitride.

Stoichiometric titanium nitride has metallic shiny gold color, making it popular as
decorative coatings. It has been reported that the color of titanium coatings is gray
when it suffers from nitrogen deficiency. With increasing the nitrogen content, the
color becomes pale and yellowish, and finally reaches the yellow-gold color as the
nitrogen content in the film close to the titanium. Over stoichiometric nitrogen turns

the appearance into dark yellow and brown [24, 26-28].

Titanium alloys can be categorized depending on the development of o and  phases
as a alloys, B alloys and a+p alloys. There are two subcategories of a+f alloys
named near-a and near-p alloys. The compositions of the alloys belonging to these
subcategories are located near to (o+B)/p or o/(at+p)-phase boundaries, so these
alloys are named near-p or near-a alloys respectively [1-5, 31-33]. Table 1.1 shows

most used elements to produce alloys and their stabilizing influences.



Table 1.1 : The most used alloying elements and their stabilizer influences [4].

Alloying Element Influence on the structure Ran%z) (wt.
Silicon Enhances the resistance against creeping 0.2to1l
Tin Stabilizing o 2106
Aluminum Stabilizing o 2t0 7
Zirconium Strengths o and 3 2t08
Chromium Stabilizing B 21012
Vanadium Stabilizing 3 21020
Copper Stabilizing 3 2106
Molybdenum Stabilizing 21020

1.1.1 a alloys

Alpha Alloys includes substitutional alloying elements such as tin and aluminum or
interstitial elements such as N, O or C. These are a-phase stabilizing elements, and
they can dissolve in the hexagonal a phase as well as raise the temperature of the
phase transformation. [13]. Specific and favorable features of Alpha alloys are
toughness, gratifying strength and ability to be welded. However, the most important
disadvantage of these alloys is less formability in comparison to B alloys [4]. Another
significant advantage of a alloy is that they have the HCP structure; hence these
alloys do not have a ductile-brittle transformation making them convenient for the

usage in cryogenic applications [4].

Moreover, these alloys are commonly used in the chemical applications and process
engineering applications because of the super corrosion resistance and formability. In
addition to this, these alloys have a very high strength [1]. Cp-Titanium is actually a
a-alloy. The difference of them from the other a-alloys is their oxygen contents.
Their oxygen contents range from 0.18% to 0.40% respectively from grade-1 Cp-
Titanium to grade-4. The oxygen content of these four grades raises the values of the
stress yield of these alloys. In addition, all Cp-Titanium grades do not obtain their
strength from the substitutional alloying elements such as Ru, Fe or Pd, and hence,
they form a group different from the other o alloys [13]. Cp-Titanium alloys grade 1
to 4 have a tensile strength values range from 240 to about 550 MPa at room
temperature. The tensile strength values of Grade 2 range between 390 and 450 MPa.
This alloy is the most used grade of CP-titanium. Grade 3 has a high strength. It can
be moderately cold-formed. Table 1.2 that shows some properties of the Cp-Titanium



alloys grade-1 to 4. CP grade-4 Titanium, which is used as specimens for this thesis
work, is the strongest one of the Cp-Titanium alloys. Its strength value can be up to
740 MPa [1].

Table 1.2 : Cp-Titanium alloys grade 1 to 4 with some of their features [13].

Common Name  Transus Temperature(Tg,°C) Composition of the Alloy

Grade 1 890 CP-Ti (0.18 O, 0.2 Fe)
Grade 2 915 CP-Ti (0.25 O, 0.3 Fe)
Grade 3 920 CP-Ti (0.35 0, 0.3 Fe)
Grade 4 950 CP-Ti (0.40 O, 0.5 Fe)

1.1.2 B alloys

These alloys include several alloying elements such as Fe, V, Cr and Mo. These
alloying elements are [-stabilizer and can reduce the a—f phase transformation
temperature ( Transus). Another feature of beta alloys is their tendency to transform
from ductile to brittle, because the crystal structure of beta alloys is BCC and the
materials formed in BCC structure tend to exhibit ductile-brittle transition. Hence
these alloys-similarly to other bcc structured materials-cannot be used for the at low

temperatures [4]. Figure 1.3 shows the schematic phase diagram for [ stabilizers.

'\
o Metastable Stable
Alloy| a + 3 Alloy B Alloy B Alloy
o [\~ B
= N
m b Y
S ~
8_ \\a + B
dEJ N
[ .
N
Mg
o "\
\
\ o

B - Stabilizer Concentration

Figure 1.3 : Pseudo-binary section through a isomorphism phase diagram [2].



1.1.3 a+p alloys

These alloys have a mixed composition of o and  phases. o+f alloys include mixes
of B and a stabilizing elements. The features of o+f alloys can be adjusted by heat
processing, hence the existing phases’ types and amounts. These alloys usually show
sufficient strength at high temperature values and very good strength at room
temperature values. Moreover, the machinability of these alloys is also quite good.

Ti-6Al-4V is an example of the most used a+ B titanium alloy, Figure 1.4 shows

Typical microstructures for a, a-p and B titanium alloys [2, 4].

The most commonly used B stabilizers in o+ B titanium alloys are V, Mo, and Nb.
Sufficient concentration of these elements make it possible to stabilize the  phase at

room temperature [34-36]. These elements have solubility in o and B phases of

titanium.

Figure 1.4 : Typical microstructures for a, a-p and P titanium alloys: (a) equiaxed
a phase in unalloyed titanium (after1h/1,290 °F); (b) acicular equiaxed a+f; (c)
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acicular o+f in Ti-6Al-4V; (d) equiaxed B in Ti-13V-11Cr-3Al [2].






2. SURFACE MODIFICATION TECHNIQUES APPLIED TO TITANIUM
AND ITS ALLOYS

As mentioned in the previous sections, the tribological properties of titanium are very
poor [1-3]. The high values of coefficient of friction, low hardness and poor
resistance against abrasive wear prevent the use of titanium in some applications. For
improving these poor features of titanium, some surface engineering methods can be
applied to commercial purity titanium and titanium alloys. With these methods, the
problems of wear and hence, galling of titanium can be minimized .Generally, the
surface modification techniques applied to titanium and its alloys can be categorized
two major classes: deposition and thermochemical processes. A variety of surface
engineering techniques, such as PVD/CVD coating, direct gas nitriding, plasma, and
laser thermochemical processing, generates surface layers with considerable
thickness. The improved wear resistance has a cost in mechanical properties, such as
ductility and fatigue resistance [1, 2, 34].

2.1 Deposition Processes

There are many different kinds of coating methods that can be applied to titanium
and its alloys. These coating methods can be categorized as physical vapor
deposition (PVD), chemical vapor deposition (CVD), chemical conversion coatings,
sprayed coatings or plating. All of these coatings are applied to titanium substrates in

order to improve the tribological properties of titanium and its alloys [4].

PVD and CVD are coating techniques which give a completely different chemistry,
structure and property to the surface compared to the substrate. Basically, PVD
involves evaporating a coating metal, and then depositing that metal on the substrate.
These coatings are applied at substrate temperatures of several hundred degrees
celsius and are accomplished in high-vacuum chambers. The coating metal is
vaporized by induction coils. Electrical resistance or electron beams heat the source
and thus coating materials evaporate in the presence of reactive gases, in most cases

N. Nitride compounds form and deposit on the surface of substrates [1-8].



CVD involves supplying a source of several reactant gases, and then depositing the
chemical reaction products on the substrate. Gaseous compounds of the materials to
be deposited are transported to a heated substrate surface where a thermal
reaction/deposition occurs. The reactions of gases occur at the surface of the hot
substrate to form a solid deposit. A more detailed interpretation of CVD mechanism
would include chemical reactions that take place in the vapor phase prior to
adsorption, as well as surface diffusion of the reactive adsorbents. The most
advanced CVD systems allow control over the extent of these processes, thus
allowing control of the morphology of the deposit. Chemical conversion coatings are
applied on titanium to enhance lubricity. These coatings behave like a base to retain
the lubricants [1-8].

2.2 Thermochemical Diffusion Treatment

As mentioned before, most surface modification techniques can be applied to
titanium and its alloys. Some case hardening methods can be applied as surface
modification techniques to Cp-Titanium and commercially available alloys, but as a
consequence of these methods, significant alterations of the composition of the
surface do not occur. These alterations are limited by the substrate composition;
therefore the thermal hardening processes are not effective in many cases. The
treatments, which can change the surface composition locally, can produce
microstructures and related mechanical features which are different from those of the
base material [2-8, 16].

Moreover, titanium alloys can react with all elements with the exception of the most
stable ones at several temperature values. This property of titanium allows for the
application of many different diffusion-based treatments to the surface. For
developing the mechanical features of titanium and its alloys, different kinds of
thermochemical processes can be implemented .In addition to these conditions, the
treatments that are applied to the surfaces of titanium and its alloys have to be
completed in protecting inert gas environment or in vacuum, because titanium and its
alloys can react with interstitial elements, particularly oxygen easily because of the
chemically activeness [34-35]. Today, the popularity of the thermochemical
treatment techniques depending on diffusion saturation of the surfaces of the

materials with several elements is increasing. These treatments can reduce the
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coefficient of friction , enhance the corrosion resistance and the wear resistance and
harden the surface of the relevant material. The most used thermochemical
treatments for the enhancement of the poor tribological features of titanium and
titanium alloys are carburizing processes, oxidation processes and nitriding processes
[1-4].

2.2.1 Carburizing

During carburizing process, titanium and its alloys should be treated in carburizing
and non-oxidizing media because of the very low solid solubility of carbon in
titanium. For this reason, the phase equilibrium system of titanium-carbon is
different from the titanium-nitrogen system and the titanium-oxygen system. The
solid solubility of nitrogen and oxygen in titanium are higher than found with carbon.
Because of this low solid solubility of carbon in titanium, although the thickness of
the formed TiC compound layer varies from 1 to 10 um, there is no remarkable
diffusion zone underneath this TiC layer. The process temperature values of
carburizing vary up to 1050 °C in an environment that includes carbon. After
carburizing, wear-resistant surfaces can be obtained for titanium and its alloys. This

modification method can be used to enhance the surfaces of engine valves [4, 10-12].

2.2.2 Oxidation

The oxidation of titanium has been studied by different research groups. However,
initially, this thermochemical process has not been considered as a surface
modification technique that can be applied to titanium and titanium alloys [1-2]. The
poor tribological features of titanium and its alloys can be developed via oxidation
process. The solid solution of oxygen and a-Ti provides a remarkable enhancement
of the strength of the material. Titanium has a super resistance against corrosion
under normal conditions commonly because of the development of protecting,
adhesive and steady oxide films on the material surface. This oxide film grows into a
tougher and thicker form during oxidation and this form provides an extra corrosion
protection [1-4]. These protecting oxide layers can be created while titanium and its
alloys are being heated in air at a temperature ranging from 400 °C to 800 °C.
However, these oxide films are very brittle and therefore, these films can fail during
mechanical applications with ease. In the end, this means the oxidation process

cannot really enhance the resistance against wear [2-7].
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There are some studies about the thermal oxidation to develop the wear resistance of
titanium. According to these studies, the rutile surface oxide (TiO;) is formed after
the thermochemical treatment of Ti6AI4V in a gas environment of Ar/O,. This rutile
layer shows ideal values of wear resistance for Ti6Al4V and the maximum hardening
depth is 250 pm at 900 °C and 125 pm at 850 °C. Another method is plasma
electrolytic oxidation which is used to obtain a wear-resistance layer on the surface
of titanium. With this technique, a thick and outstandingly adhesive film can be
formed. The maximum thickness of this layer can reach to 500 pum. Plasma
thermochemical interactions within the multiple-surface discharges eventuate in

developing a coating in either direction from the surface of the substrate [1-4].

2.2.3 Nitriding

Nitriding is a method to harden the surface of titanium and its alloys and this method
has been used for a long while. The poor tribological properties of titanium, such as
the low resistance against wear and tending to gall, can be enhanced via this method
[1]. The process of nitriding and its derivative processes are seen today as a future
surface enhancement technique for many ferrous and nonferrous metals. Interest in
the subject of nitriding has grown and even more recognized as a proven surface
engineering process. Particularly, during the past 10 years it has been recognized as a
very simple process without serious problems such as the problem of distortion. The
process of nitriding, while not distortion free, is a process that can cause only
minimal distortion compared to that seen on other surface treatment process
techniques such as carburizing and carbonitriding, which involve higher process

temperatures as well as a quench from a high austenitizing temperature [18].
The main reasons for nitriding are:

- To obtain high surface hardness.

- To increase wear resistance and anti-galling properties.

- To improve fatigue life.

- To improve corrosion resistance.

- To obtain a surface that is resistant to the softening effect of heat at

temperatures up to the nitriding temperature [19].

There have been developments in the application areas of the nitriding process. The

automotive industry has shown serious interest in the use surface enhanced high-
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strength low-alloy to reduce material costs as well as giving a good performance.
Still, the majority of the work on all of the process methods and process metallurgy
is still dedicated to ferrous materials and only a small amount of research is directed
to nonferrous materials such as aluminum and titanium. One of the areas of
investigation with nonferrous materials is conducted on the nitriding surface

treatment of titanium to form a non-brittle surface layer of titanium nitride [18].

Nowadays, some features of nitriding are being studied mainly such as saturation
control, mechanism of development of layers, the form of the treatment, engineering
and industrial applications of nitrided materials. With these studies, the current
classification of nitriding process and nitriding based treatments will be expanded.
And the classification like this can provide some advantages such as systematization
of the current treatments, understanding and developing of the process parameters
and mechanism of forming, to control the features of the acquired compound layer
and the final structure of the specimen and the specification of the optimum
application areas for the treated materials. There are four important criteria for the
classification of nitriding process: the properties of the treatment, the mechanism of
the development of the saturating atoms, the materials and temperature of the
treatment and the composition and features of the phase.

After nitriding process, the strength of the surface layer increases remarkably,
because of the high solubility of nitrogen in a-Ti. Moreover, the hardness values of
titanium and its alloys increase. Especially, the longer nitriding time and the higher
process temperature can cause higher values of hardness. In addition to this, nitriding
process should not be carried out in air, because titanium tends to react with oxygen
to form TiO, in preference to TiN and TiN,. Because of this tendency, nitriding has

to be applied to titanium in a vacuum furnace [1-4].
Some of the problems commonly encountered in nitriding are:

- Low case hardness or shallow case.

- Discoloration of work pieces.

- Excessive dimensional changes.

- Cracking and spalling of nitrided surfaces.

- Variations in percentage of ammonia dissociation.
- White layer deeper than permitted.

- Plugging of exhaust lines and pipette lines.
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Knowing the causes of these problems should help to avoid, prevent, or correct them
[19].

Although many techniques are commercially available to modify the surface
properties of titanium alloys, conventional gas nitriding is still considered to be the
most promising method for engineering applications because it can easily form a
hardened nitrided layer on the surface of material and it is not as expensive as those

newly developed technologies. The nitriding processes can be classified as:
i- Gas nitriding,
ii- Laser nitriding,
iii-Plasma nitriding and

iv-lon beam nitriding

Gas nitriding:

Gas nitriding is a thermochemical treatment that can be applied easily to the surface
of the materials to develop a harder compound layer for engineering applications.
This process does not need particular equipment and is not dependent on the

geometry of the specimen [1-3].

The treatment is usually conducted in a furnace with a controlled gas atmosphere.
Pure nitrogen, nitrogen/argon gas mixture, nitrogen/hydrogen gas mixture, or
ammonia can be used as the nitriding gas resource (Figure 2.1). The general
procedure is first to create a vacuum in the furnace and then re-introduce a gas until
atmospheric pressure is reached. This nitrogen gas diffuses into the specimens after it
dissociates thermally during this process [1]. The disadvantage of this process is that
it can take a very long time to do the nitriding. Moreover, this treatment decreases
the fatigue strength of titanium and its alloys .The thickness of the surface layer and
the value of the hardness depend on two parameters-temperatures and time [1-4]. In
the gas nitriding practice, the oxygen contamination is very hard to control. The
processing gases all have a certain level of oxygen impurities in the form of oxygen
gas or water vapor. Gas leakage through heat treatment facilities also introduces the
contamination. Titanium alloys with a high level of oxygen have a tendency to form
the brittle a phase on the surface which has a detrimental effect on mechanical

properties [1-4].
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Figure 2.1 : Gas nitriding setup [4].

Nitrogen is in the periodic table of nonmetals in Group IVA, along with four other
nonmetals. It will readily form gases with both hydrogen and oxygen. In addition, it
is diffusible in metals especially at low temperature and it will not only diffuse, but
also react with metals with which it can form nitrides (Figure 2.2). Nitrogen is
generally obtained for gas nitriding from the decomposition of nitrogen and ammonia
from the following reaction sequence during the gas nitriding procedure by using

heat as the method of decomposition and the material as the catalyst [18]:
2NH3 =—=> N2+ 3H2
N2 —> 2[N]

The nitriding process requires perhaps the lowest temperature range of all the
thermochemical diffusion techniques: 315 °C to 540 °C [18].
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Figure 2.2 : A typical nitrided structure [18].

The control of the compound layer thickness will depend on the following process

parameters:

- Process time
- Process temperature selection
- Process gas composition

- Gas dissociation

Laser nitriding:

In some applications of industry such as some mechanical parts, diffusion barriers in
microelectronics, die molds, decorative stuff and cutting tools, the thin films made of
TiN are the most used ones. Laser Nitriding is one of the nitriding processes applied
to titanium and its alloys to produce a hard titanium nitride layer on the surface of the
material. During this process, the surface is melted in depth of 1 to 1.5 um by a
focused laser beam in a nitrogen gas medium. After laser nitriding process, a super
metallurgical bond between the substrate and the surface layer can be obtained and
because of that, it is a very attractive method to harden titanium and its alloys [2-5].
During this process, nitrogen has to flow through a nozzle with an angle of minimum
30° to the surface into the melting pool. The major problem of the laser nitriding of
titanium is the surface cracking. The parameters of the laser nitriding treatment such
as scanning speed, the concentration of nitrogen and laser pulse energy can be
adjusted to avoid cracking. The most important disadvantages of the laser nitriding of
titanium and its alloys are the importance of the geometry of the used material and

the requirement of particular equipment [29, 36].
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In recent years there has been widespread interest in using lasers to modify surface
structures and compositions of titanium alloys (Deevi, Sikka, Swindeman, &Seals,
1997). In this case, the use of gaseous nitrogen interaction with the laser melted
surface is utilized, since elemental titanium has a strong affinity for nitrogen. Very
high incident power is brought by CO2 or YAG lasers to bear on the substrate
surface, producing extremely rapid heating [1, 2]. Since there is a steep temperature
gradient, the bulk of the material remains unaffected and acts as a heat sink to
provide self-quenching. A relatively thick and hard nitrided layer on Ti-alloys can be
obtained. Primarily this will improve their tribological properties. Laser beam
moving velocities, processing pressure as well as nitrogen/argon ratio, gas flow rates

are major controlling factors (Figure 2.3).

Laser surface modification of Ti-6Al-4V alloy was investigated by Akgun and Inal
under nitrogen gas atmosphere. The results showed that laser-treated Ti-6Al-4V alloy
produced a hardened surface layer due to TiN formation [2, 8]. Laser surface melting
followed by an aging treatment resulted in uniform hardness distribution in the
melted zone. Ignatiev and et al. also produced a laser-nitrided surface with very small
roughness, free from cracks [2]. They demonstrated that the wear properties of laser-
treated surfaces improved considerably, which encouraged the use of laser nitriding
as a potential surface treatment technique for the industry. Yilbas and Shuja (2000)
have described that laser melting plus PVD TiN coating duplex treatment can
improve the surface wear property considerably. Although laser nitriding can
generate a hardened layer about hundreds of microns in a very short time and without
affecting the substrate properties, the melting-solidifying process totally changes the
surface microstructure. Surface roughness is comparably high and it is very hard to
have a crack-free surface. Significant reduction in ductility and fatigue strength also
occurs after laser melting and alloying with nitrogen. This cracked, brittle surface
layer has limited the application of laser nitrided titanium alloy products.
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Figure 2.3 : Principle of operation of a laser nitriding furnace [21].

Plasma nitriding:

Plasma nitriding is a very advantageous thermochemical process. Controlling of the
depth of the developing layer and the creation of the phase during process are the
main advantages of the plasma nitriding. Moreover, the nitriding during this process
lasts a short time and it prevents oxidation .There are two main plasma processes for
synthesizing titanium nitride: ion nitriding and PVD. Plasma nitriding has some
disadvantages. For this treatment, high ionizing energy and some particular
equipment are needed. Furthermore, this process diminishes the fatigue strength of
titanium and its alloys. However, if the temperature of the treatment is decreased,
this issue can be solved. Plasma based technology can be used for many process
applications, which include the treatments of a metal, plastic, or other surface
treatment methods. Plasma nitriding is a method of surface hardening that uses glow
discharge technology to introduce elemental nitrogen to the surface of a material
which then diffuses [4, 20].

Plasma nitriding uses voltage applied between two electrodes in a sealed chamber to
ionize gas under low pressure. Positive ions are accelerated toward the work pieces
which act as a cathode (Figure 2.4). Therefore the potential drop emits visible
radiation (popularly called “glow”). The process gas contains nitrogen and its
positive ions hit the treated surface when a potential of several hundred volts is

applied. In this way, the plasma completely covers the cathode, exposing the surface

18



of the whole work piece to a flux of ions .This ion bombardment process heats the
work piece and cleans the surface providing active nitrogen, which under the
influence of the glow discharge, forms the nitrided case. The addition of diffusive
atoms improves the hardness of work pieces .The inner wall of the chamber is the
anode. A gas mixture containing nitrogen (usually nitrogen and hydrogen) is
introduced into the chamber. During the process a pump continuously evacuates the
gas to maintain a soft vacuum of between 0.1 and 10 mbar. The pressure during the

plasma process is measured by a pressure transducer [35-38].

During these last years, the pulsed plasma generation technique has been preferred
for the plasma nitriding process. This technique is based on the ability to interrupt the
continuous DC power at specific and variable time intervals. Through this pulse
system used in combination with additional heating, high temperature uniformity is

obtained over all the work pieces in the furnace [20-22].
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Figure 2.4 : Principle of operation of a plasma nitriding furnace [21].

Most of the thickness of the nitride case is the diffusion zone where fine metal/alloy
nitride precipitates produce increased hardness and strength. Compressive stresses
are also developed, as in other nitriding processes. The hardness resulting from ion
nitriding is similar to ammonia-gas nitriding, but due to a lower processing
temperature, the near-surface is usually harder. The hardness of the nitride case is
determined by the concentration and size of the alloy nitride precipitates formed and
the hardness of the parent materials. The thickness of the nitrided case and the
compound layer are determined by process gas ratios, process time and temperature

and material composition. To obtain a uniform surface properties with consistent and
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repeatable results, all the following process parameters must be carefully and
precisely controlled during the plasma nitriding process [18-19]:

- Time

- Temperature of the work piece

- Temperature of the process chamber
- Process gas flow (nitrogen, hydrogen, methane, and argon)
- Surface working area

- Support fixturing surface area

- Process power voltage

- Current density

- Operation time

- Process amperage

- Rate of temperature rise

- Process pressure (vacuum level)

Plasma nitriding typically offers engineers and metallurgists a number of advantages
including total absence of pollution, very good process control and reproducibility ,
total process automation , precise phase control of the nitrided surface layers and
improved control of case thickness, possibility of selective nitriding by simple
masking techniques, reduced nitriding time , lower surface treatment temperatures ,
lower distortion , process span that encompasses all subcritical nitriding, wide range
of process gas composition possibilities , relatively low energy, gas consumption
and operating costs and cleaning and activation of surfaces by initial sputtering
[10,19].

lon-beam nitriding:

lon-beam nitriding is one of the hardening processes applied to the surface of
titanium. During this process, the surface of the material is treated by an ion beam
via using Ar and N,. The surface of the sample is bombed by nitrogen and as a result

of this, the atoms of the impurities are desorbed and sputtered [4].

The surface modification of titanium and its alloys by ion implantation with N or C
has been studied as a means to improve the wear, fatigue, or fretting fatigue behavior
of the alloys. During ion implantation, accelerated ions are driven into a substrate

surface. An ion source is bombarded with electrons that ionize the molecules by
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striking an arc discharge between an anode and a cathode. The ions are extracted by
an electrostatic field, which then are magnetically accelerated, separated and detected
on a substrate. If the implantation is under a suitable level, it will correspond to the
formation of a stoichiometric or near-stoichiometric balance between the implanted
species (N or C) and the host lattice. The ion implantation process is carried out at
room temperature, however, the surface temperature increases dramatically. The high

energy ions enter the lattice and produce vacancy-interstitial point defects [1, 3-6].

2.2.3.1 Mechanism of nitriding in gas atmosphere

During nitriding process, many reactions occur at the gas-metal interface and in the
base material. A simplified physical model of the development of consisted layers
during gas nitriding process of titanium is proposed. This physical model is attributed
to reaction-diffusion laws and can be applied for the nitriding process temperatures
that are below o — B transformation temperature [36-40]. In order to optimize the
nitriding effects, the thermodynamics and kinetics of Ti-N system should be
investigated more thoroughly. The nitriding process can be divided into the
following steps [37, 39-42]:

1. Nitrogen is supplied or generated from sources such as NHs, nitrogen gas or
decomposition from nitrogen-containing compounds.

2. Nitrogen moves towards the surface of titanium by gas diffusion.

3. Nitrogen molecules impinge the titanium surface and then adsorb to the surface

(physisorption).

4. The nitrogen is absorbed by the substrate at the surface, and then nitrogen diffuses
inside of the substrate and makes an interstitial solution with hcp a-titanium. This
layer is named as the diffusion zone (a (N)).

5. The diffusion process proceeds until the a-titanium saturates with nitrogen atoms.
When the concentration of nitrogen at the boundary between the gas media and the
substrate becomes higher than the a-titanium phase, this phase cannot maintain itself
and a new reaction occurs to compose a new phase called Ti;N. Accordingly, there
are two layers: on the top, a compound layer named Ti>N and a diffusion zone
beneath.

6. After the formation of Ti;N, this layer continues to develop until the nitrogen

concentration at the boundary between gas environment and the surface of the

21



substrate becomes higher than the Ti,N, Ti>N phase transforms to TiN phase. So, the
consisted layers are TiN on the top, Ti;N underneath it and the diffusion zone (o (N))
is at the bottom [4-6].

Reactions may happen on the surface to form Ti,N and TiN compounds when the
nitrogen concentration becomes high enough. The reactions, which take place during
nitriding, are:

a—Ti=>a (N)-Ti =>Ti,N => TiN

Figure 2.5 shows the development kinetics of consisted layers during nitriding

process of Titanium specimen.
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Figure 2.5 : A schematic drawing of consisted layers during nitriding [4].

Some B-stabilizer elements, such as vanadium, affect the nitrogen diffusion in
titanium and its alloys negatively [2, 3]. The proportion of o to B phases varies in
several alloys at the same temperature values. The strengthened surface layer
consists of nitride and gas-saturated area. It is the result of the high-temperature
interaction of titanium with nitrogen. This interaction is accompanied with the
redistribution of alloying elements in alloy’s surface layers. The general regularities
of alloying elements redistribution at nitriding of titanium alloys can be considered
here. The alloying elements of titanium alloys are categorized as a- (Al), B- (Mn, V,
Mo, Cr, Fe,Nb, Si, W) - stabilizers and neutral reinforcing (Zr, Sn). [1-3].
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The increase of electron concentration during the nitrogen dissolution leads to
decrease of solubility of alloying elements in titanium due to the limited solubility
and also the formation of continuous series of solid solutions. It assists in
redistribution of alloying elements in the surface layers of titanium alloys: their
separation from solid solution and diffusion into titanium matrix [43-45]. Thus, after
thermodiffusion saturation by nitrogen there is diffusion of elements separated from
solid solution into the alloy, Figure 2.6. The intensity of this diffusion is determined

by the solubility and diffusion mobility of alloying elements.

TiN

Figure 2.6 : Scheme of redistribution of alloying elements in the gas-saturated layer
of titanium alloys at nitriding [23, 43].

The thickness and the microstructure of the nitride layer are related to the nitriding
temperature and the nitriding time. The nitriding temperature above and below -
transus affect the specimens differently. According to this, different features,
different morphologies of the microstructure and the different process kinetics for
various phase compositions can be obtained after nitriding .In addition, the effect of
the nitrogen to the temperature of a-f transformation should be considered. For
example, a very low concentration of nitrogen can change the p-transus significantly.
Hence, the phases can form at different ratios at the equilibrium phase diagram of a-
and B-phases according to Figure 2.7 .The effect of the process temper