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Abstract

The novel microstructures resulting from the temporary alloying of hydrogen in titanium
6 wt.-% aluminium 4 wt.-% vanadium alloy have been investigated. The temporary
alloying process involves a two stage heat treatment during which hydrogen is firstly
introduced into the titanium sample (hydrogenation), and secondly removed from the

sample under vacuum annealing (dehydrogenation), thereby completing the cycle.

During the hydrogenation stage, the high diffusivity of hydrogen in titanium alloys at
elevated temperatures is used to introduce hydrogen into the sample. Hydrogenpbeing a
stabilizing element of titanium alloys, lowers fhe— (o+ B) transition temperature and
slows the kinetics of thg — o phase transformation. This leads to the generation of new
microstructures. Finex-grain structures and martensitic plates were observed upon

completion of the hydrogenation treatment.

The dehydrogenation treatments were carried out in vacuum at constant isothermal time
but different temperatures (5% 650C and 750C). Widmanstatten structures with

phase colonies were observed after dehydrogenation afC7%hd 65€C.
Dehydrogenation at 580 produced more nucleation and further growth of the grain
boundary allotriormorphs and a homogeneous microstructure consisting of glebular
grains in a3 matrix. The hardness result from dehydrogenation &t&%&s higher than

after similar treatments at 7%Dand 656C.

Dehydrogenation at 580 and 656C for 18 hours produced greater volume fraction of
equiaxedu-grains compared to the structure achieved from th&CZ5@urthermore, it is
more cost effective to process at the temperatures 8€5&d 656C respectively. The

lower dehydrogenation temperatures are therefore recommended.
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Introduction 1

Chapter 1

Introduction

1.1 Background

Microstructure plays a crucial role in the mechanical properties of alloys, such as
strength, ductility, creep resistance, fracture toughness and crack propagation réesistance
It is known that microstructural or property enhancements rely mainly on the chemical
composition, processing history and thermal treatment procedures used on the

Alloy *.

Research into an understanding of the evolution of microstructure in titanium alloys when
subjected to a solution heat treatment, especially when treated temporarily with hydrogen
as an alloying element, can be of great benefit to optimise titanium applications

considering the mechanical property enhancement these treatments have enabled lately.

Titanium alloys are most widely used in chemical, automobile, aeronautical and
biomedical industries because of its unique combination of biocompatibility, corrosion
resistance and high specific strengtfitanium alloy containing 6 wt.% aluminium and

4 wt.% vanadium ( Ti-6Al-4V) is a well known, relatively low cost and most
commercially viable amongst titanium alloys due to its attractive properties such as low
density, high specific strength, workability, corrosion resistance, good creep and fatigue
resistance. It is used in all product forms including valves, gears, bearings and castings,
and possesses a high potential for production of pieces with good mechanical properties
The mechanical properties of this alloy are often degraded by the adverse effects of
hydrogen embrittlemerft Titanium and conventional titanium alloys have high affinity

for hydrogen, being capable of absorbing up to 50 at.% hydrdgekt higher
temperatures, hydrogen as a temporary alloying element in titanium alloys could refine
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Introduction 2

the microstructure and improve the properties of the alloys due to the hydrogen
enhanced-plasticity, hydrogen-induced phase transformations and the reversible reaction
of hydrogen with titaniuni®. The reaction of hydrogen with titanium is reversible due to

a positive enthalpy of solution in titanium, allowing hydrogen to be removed by vacuum
annealing’.

Recent researchers have shown that even a relatively low concentration of hydrogen
introduced into titanium alloys as a temporary alloying element has a great effect upon
phase transformation and subsequent modification of microstructure and mechanical
properties’. This novel technique called thermo-hydrogen processing (THP) is based on
the modifying effect of hydrogen as an alloying element on phase compositions,
development of metastable phases, and kinetics of phase transformations in titanium
alloys®. In this approach, the high diffusivity of hydrogen in titanium is used first to add
hydrogen to the alloy by controlled diffusion from hydrogen environment and then, after
processing, to remove it by controlled vacuum anriedt summarily involves the

hydrogenation and dehydrogenation heat treatment technique of titanium alloys.

There are reported evidences of novel microstructures that result from this heat treatment.
Little information is thus far available in open literature about the mechanism of the

evolution of these resultant microstructures.

1.2 Motivation of the Research

This project is aimed at contributing towards the ongoing initiative, sponsored by the
Advanced Manufacturing Technology Strategy (AMTS), towards building a lighter
aircraft.

Improvements in the performance of aircraft have been closely linked to progress in
materials. Reducing structural weights is one of the major ways to improve aircraft
performance. Light and/or stronger materials allow greater range and speed and may also

contribute to reducing operational costs
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Introduction 3

Microstructure plays a crucial role in the mechanical properties of alloys, such as
strength, ductility, creep resistance, fracture toughness and crack propagation ressistance
It is known that these enhancements rely mainly on the chemical composition, processing
history and thermal treatment procedures. Ti-6Al-4V is a candidate material for
aerospace application. Understanding of the evolution of the resultant microstructure
which contributes to its modifications could be significant to the alloy usage. Besides,
there is a motivation towards using hydrogen as a temporary alloying element in order to

refine the grain size of cast titanium components.
1.3 Research Objectives

The following are the objectives of this research:

* To design an effective apparatus for hydrogenation and dehydrogenation of Ti-
6Al-4V alloy

* To effect the diffusion of hydrogen in the titanium sample for microstructural
modification

* To investigate the effect of hydrogen on phase transformation temperatures during
hydrogenation

* To investigate the effect of varying heat treatment parameters on microstructure
evolution during the hydrogenation/dehydrogenation cycles

 To identify the most effective processing variables to achieve grain size

refinement

1.4 Thesis Layout

This research has been presented in the following sequence. The first chapter has been
used to introduce the research. The second chapter contains the review of the works that
have been done in the area of this research. The experimental technique which starts with
the equipment design followed by the experimental approach is contained in chapter
three. The results obtained from the experiments are presented and discussed in chapter
four. The conclusions drawn from the results are stated in chapter five and finally the

recommendations for future work are listed in chapter six.
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Literature Review 4

Chapter Two

Literature Review

2.1 Titanium alloys and their usages in the aerospace industry

Titanium and its alloys are excellent candidates for aerospace applications owing to their
high strength to weight ratio and excellent corrosion resistance. Titanium usage is,
however, strongly limited by its higher cost relative to competing materials, primarily
aluminium alloys and steels. Therefore the advantages of using titanium must be
balanced against this added cost.

There are three titanium alloy types based on the composition of the alloy and the
resultant predominant room temperature (RT) constituent phase(s), and each of these
families of alloys serves a specific role. The alloy types (conventional alloys only)
include: (a)a and neare alloys, (b)o/p alloys (c)p- alloys.

Alpha ‘o’ is the low temperature allotrope of titanium, and the microstructure avfd
near-a alloys consists predominantly of tikke phase. The/p3 alloys are, for the most
part, still mostlya at room temperature, but they do have more ofthghase, the high
temperature allotrope, than the former class of alloys. The definitifn afoys is not
fully agreed upon, but in very general terms, they are capable of retainingpl@0%n
guenched from th@- phase field. There is some overlap in each of these “families” of

alloys.

a and Near-a Alloys:_ There are two types of alloys in this category, the commercially
pure grades of titanium (withnd Fe as the primary alloying elements ) and those with
intentional additions odi- stabilizers, such as Al and Sn. Some of these do contain minor

additions off3- stabilizers, such as Mo & V, but there is very liffleetained at room

6 UNIVERSITY OF CAPE TOWN
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Literature Review 5

temperature. The commercially pure grades can be obtained with minimum yield
strengths from 170 to 480 MPa, with the higher strength grades containing a&reO

Their primary characteristics are good formability, with the formability decreasing as the
strength increases, and excellent corrosion resistance. Strengths are comparable with the
annealed 300 series stainless steels, but with about 40% decrease in density. The
commercially pure titanium alloys are not heat treatable; hence they exhibit good
weldability.

Thea and nean- alloys include alloys such as Ti-3Al-2.5V (Ti-3-2.5), Ti-5Al-2.5Sn (Ti-
5-2.5), Ti-8Al-1Mo-1V (Ti-8-1-1) and Ti-6Al-2Sn-4Zr-2Mo (Ti-6-2-4-2S). The “S” is
added to the end of the composition for the latter alloy to denote the Si addition. Minor Si
additions, in the range of 0.1 to 0.25, and higher, enhance the creep resistance of the high
temperature alloys' * '© These mechanical properties of these alloys project it for

elevated temperature applications.

a/f Alloy: The alloys include: Ti-6Al-4V (Ti-6-4), Ti-6Al-6V-2Sn(Ti-6-6-2) and Ti-6Al-
2Sn-4Zr-6Mo(Ti-6-2-4-6). They are capable of somewhat higher strengths than the near-

a alloys, have good combinations of properties, have a wide processing window, which
means that processing requirements are not as stringent as for other types, and, depending
on the alloy, are good for applications up to the range of about 315%.4ltey can be
strengthened, usually with a solution treatment below fthigansus (the minimum
temperature at which the alloy consists of 1089phase) to establish the hardenability,

and a subsequent age. The amount of strengthening which can be achieved is a function
of the alloy and section thickness. Alloys with the lofestabilizer contents such as Ti-
6Al-4V, are highly weldable. As th@- stabilizer content increases, the hardenability

increases but welding becomes more difficult.

Aluminium is ana-phase stabiliser while vanadium i§-phase stabiliser. The effects of
the two solutes on phase transformation of the titanium metal are depicted by the phase
diagrams in figure 2.1a-b.

6 UNIVERSITY OF CAPE TOWN
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Figure 2.1b: Ti-V binary phase diagram®?

Addition of controlled amounts of the two elements results in the stability of alpha and
beta phases at room temperature. The annealed microstructure of the alloy shows the
darkp-phase at the grain boundaries of the witifghase as shown in figure 2.2
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Figure 2.2: Ti-6Al-4V bar held for 1 hr at 956°C and furnace cooled®

The two binary systems of Ti-Al and Ti-V indicate that titanium dissolves about 7%

aluminium while complete solubility is noted for the titanium-vanadium binary system.

B -Alloys: This class of alloy which includes Ti-10V-2Fe-3Al (Ti-10-2-3), Ti-15V-3Cr-
3Al-3Sn (Ti-15-3), Timetal 21S (Ti-15Mo-2.7Nb-3Al-0.2Si), and Ti-3Al-8V-6Cr-4Mo-

47r (B-C), is capable of being heat treated to high strengths in excess of 1380 MPa. They
can be heat treated over a broad range of strengths, permitting one to tailor the
strength/fracture toughness properties combination that is desired. They generally have
high stress corrosion resistance as well as fracture toughness. Beta alloys offer fabrication
advantages, particularly for producing sheet, owing to their cold rolling capabilities.
Owing to the limitations in reductions which can be achievadfiralloys, they must be

hand rolled, which is a very labour intensive operationftaoys, on the contrary, can

be strip rolled. Prior processing in terms of obtaining a given microstructure is not as
important for thef alloys as solution treatment is normally done abové tinensus. This

is not, however, the case withanda/p alloys which may require careful processing to

obtain the correct microstructures for some of the more demanding applications.
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Literature Review 9

2.1.2 Heat-Treatment of Titanium Alloys and Mechanical Properties of
Ti-6Al-4V.

The occurrence of an allotropic transformation in pure titanium controls the type of
structures which can be produced by the heat treatment of titanium-rich alloys and hence
the increases in the range of mechanical properties which can be obtained from the

alloys.

A number of contributions about the allotropic transformations of Ti-6Al-4V alloys have
been put forward by some investigators.

Shivpuri et al® reported that Ti-6Al-4V exhibits fatransus temperature at 890°C. This
was contrary to reports made by Kerr et®and llyn et al!’ who studied the alteration

of the B transus temperature with the additions of hydrogen on the Ti-6Al-4V alloy.
However, both studies suggesp &ransus temperature of around 1000 °C for this alloy.

At this temperature. andp phases transform into an “gt system. There are several

heat treatments that are used for titanium alloys. Titanium castings that are heat treated
yield products of comparable or even higher mechanical properties to those of wrought
products'®. When the alloy is slowly cooled from the pltegion, then phase emerges

in the shape of plates below tie transus temperature with the crystallographic
morphology that is related to the par@nthase. The etching effect 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 Widmansttaten structure. Different cooling
rates from various temperatures result in distinct microstructures and mechanical
properties. Thex, o' and thep phases are observed in various volume fractions and
combinations owing to annealing temperatures and cooling rateso’ phase is formed

during the martensitic transformation from quenching above the beta transus temperature.
As the alloy crosses the Ms (start of martensite) linef tiécrostructure transforms into
titanium martensite. The basket weave structure of the air-cooled microstructure is

shown in figure 2-3.
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Vs N o

Figure 2-3: Ti-6Al-4V, forged at 1038°C above the beta transus, air cooled,

annealed for 2 hr at 704 °C, and air cooled showing a Widmanstétten structuté

When titanium martensite is reheated, tempering will take plaggeeipitates from the
supersaturated’. When highly alloyedi-p alloys are quenched from tiefield, p

which is supersaturated in titanium is formed. When this supersaturated structure is aged,
a will start to precipitate in a Widmanstatten structure shown in figure 2-3. Figure 2-4

provides a schematic for the two heat treatment paths.

Salution
treatment

e s
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Figure 2-4: Heat treatment of the alpha- titanium alloys"®
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Volume fraction (%) of phases present upon different heat-treatments in a study
conducted by Jovanovic et &.is shown in table 2:1

Table 2-1: Volume fraction (%) of phases present upon different heat-treatment

T (°C) Water-Quenching Air-cooling Furnace-cooling
1100 1.3 () 14.7 @) 95 (@)

G =98.7 B+ oac = 85.3 B= rest
1050 5@) 34.5 @) 97 @)

4 =95 B+ aac = 65.5 B= rest
1000 7.88) 50.9 @) 90 (@)

G =92.2 B+ oac =49.1 B= rest
950 42.2 ¢) 72.2 @) 95 (@)

¢~ 50-57.8

B~8 B+ aac = 28.8 B= rest
900 61.3¢) 81.3 @) 95 (@)

4~ 26.9

B=10 B+ oac = 18.7 B= rest
850 80 @) 84.5 @) 95 (@)

4~ 10

B~=10 B+ oac = 15.5 B=rest

whereoac means acicular phase and is the martensite phase.

Elemental composition analysis and mechanical properties for wrought and cast Ti-6Al-

4V is shown in tables 2-2a and b respectively.

Table 2-2a: Elemental composition specifications for cast and wrought Ti-6Al-4V alloyd

Weight (%)

Standard Ti Al V N C (@) H Fe
ASTM Balance 55-6.75 3.5- 0.05 0.10 0.20 max 0.015 0.30
F1108 — 4.5 max max max max
97 (cast)

ASTM Balance 55-6.75 3.5- 0.05 0.08 0.20 max 0.012t 0.25
F136 — 96 45 max max max max
(wrought)

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

6 UNIVERSITY OF CAPE TOWN
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Table 2-2b: Mechanical properties of cast and wrought Ti-6Al-4V alloy$°

Standard Minimum  Minimum Minimum % Minimum Hardness
Tensile 0.2% proof elongation % reduction  (Rockwell C)
strength strength on area

(MPa) (MPa)
ASTM 860 758 8 14 Unspecified
F1108 — 97
(cast)
ASTM 930 860 10 20-25 Unspecified
F1472 -93
(wrought)

2.1.2.1 Common Conventional Heat Treatments Used For Ti-6-4 Alloy

Mill anneal (MA or A)- this is the most common heat treatment, with a strength of
about 896MPa, good fatigue properties, moderate fracture toughness (a typical value
of about 66MPam) and reasonable fatigue crack growth rates (FCGR)

Recrystallize anneal (RA) — this is a more damage tolerant heat treatment condition
(usually used with what is termed as an extra low interstitial (ELI) grade with a
reduced Q@ level to improve the fracture properties) which has a slightly lower
strength than MA, slightly reduced fatigue properties, and improved fracture
toughness and fatigue growth rate resistance. It is used for all fracture critical
applications on the B-1 and B-2 bombers.

Beta annealed (BA) — this is used with both the standard and ELI grades. For
maximum damage tolerance properties, the ELI grade is used, and again, the strength
iIs somewhat reduced, while FCGR resistance and fracture toughness are maximized
but the fatigue strength is significantly degraded.

Solution Treated and Aged (STA) — this provides the maximum strength, but full
hardenability is limited to about 25mm. The STA heat treatment is not commonly
used for shaped components as the thermal stresses induced by the required water

quenching are not relieved during the ageing treatment, which can result in part

6 UNIVERSITY OF CAPE TOWN
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warpage during machining. Ti-6-4 has been the work horse of the titanium industry,
and probably 80% - 90% of the titanium used on airframes has been this alloy. This is
used in all sections of the aircraft — fuselage, nacelles, landing gear, wing, and

empennage.

2.1.4 Titanium Alloy Applications *
Some of the more prominent aerospace applications include:

* a- Alloys- Commercially pure (CP) titanium, used in the annealed condition, is used
primarily for their formability and corrosion resistance. Lower density of CP over
annealed 300 series stainless steel which has similar characteristics gives it a better
choice for application. It is used for non-structural applications requiring the above
mentioned traits. Common examples are floor support structure in the galley and
lavatory areas, tubes or pipes in the lavatory system, clips and brackets, and ducting
for the anti-icing and environmental control systems (ECS). The ECS ducts operate at
temperatures up to about 280 which is too high for aluminium alloys. Stainless
steel could be used but the CP offers about a 40% weight savings. Most of the US
tonnage for ther- alloys (excluding CP Ti) in the aerospace industry, is for elevated
temperature applications. They have good properties retention and creep resistance at
elevated temperatures. The primary alloy for these applications is Ti-6-2-4-2S, and its
chief consumer is the gas turbine engine industry. It is used for rotating components
such as blades, discs and rotors at temperatures up to abtdt H4e@ RT tensile
strength is about 930MPa.

* a/p Alloy: Ti-6-4 is most frequently used in the titanium industry; it accounts for
about 60% of the total titanium production. It is a forging alloy to work with; it is
normally used at a minimum tensile strength of 896MPa, has good fatigue and
fracture properties (which can be optimized through heat treatment) and is used in all
product forms including forgings, bar, castings, foil, sheet, plate, extrusions, tubing
and fasteners.

TURIVESITHI TASEEAPA *UMIVERSITEIT VAN KAAPSTAD
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B Alloy: Ti-13V-11Cr-3Al (Ti-13-11-3) was the first commercially significat
Alloy. It was used extensively on the SR-71 “Black bird” reconnaissance airplane.
About 95% of the structural weight was reported to be titafituthe bulk of it being
Ti-13-11-3; it was used for wing and body skins, frames, longerons, bulkheads, ribs,
rivets and essentially the complete main and nose landing gears. One of the key
reasons for selection of Ti-13-11-3 was its thermal stability. Some of the skins had to
be spot welded on assembly, and the assembly could not be subsequently aged so the
weld nugget would essentially be in the solution treated condition. Ti-13-11-3, the
most stable of the commercfalAlloys (except for P & W’s recently developed Alloy
C, Ti-35V-15Cr) was the only heat treatable alloy which could be used at the
operating temperatures, about 250°15which would not embrittle in the weld
region®. Beta 21S is the only titanium alloy which is immune to hot hydraulic fluid.
Hot hydraulic fluid is one of the very few corrosive media for titanium in the
aerospace environmeht The hydraulic fluid used in commercial aircraft will break
down and form an organo-phosphoric acid at temperatures in excess ofC-130
which will etch the titanium, reducing the gauge, and, more importantly, pump in
large amounts of hydrogen, which can cause severe embrittlement. The resistance is
ascribed to the Mo and Nb contents- which seem to have a synergistic effect on

corrosion resistance.

Alloy C: - the newly developed alloy by P&W. It has ignition resistance. It is used in
areas previously requiring nickel-based alloys, primarily because there was a real concern

of titanium fires in “hot” area%

2.2 Concept of Thermo-hydrogen Processing (THP)
2.2.1 Basic Principles of THP

Thermohydrogen processing (THP) is a technique based on the modifying effect of
hydrogen as an alloying element in titanium alloys on the phase compositions and the
kinetics of phase transformationsThe THP technique allows enhancement of most of

the processability/ fabrication techniques including working, machining, powder
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production, sintering, compaction, etc., and also control of the microstructure leading to
improved final mechanical properties. The decrease in the temperature oft+fu (
transformation that accompanies the hydrogen addition leads to a reduction in grain
growth on heating into the (modifiefl)phase rang¥ *?* A hydrogen-induced increase

in the temperature interval of the+3) range permits heat treatments to be performed
that are not possible without hydrogen additforf™ 2° This leads to the generation of
novel microstructures in conventional neaalloys. The increased amount of the more
workable phase also improves the hot workability of the alloys and decreases the hot
working temperature§ 2 A shear modulus decreaseditiitanium and an increase fn
titanium by alloying with hydrogen affects the interaction/s of dislocations with obstacles
and leads to softening of thgphase and strengthening of fhphase respectivefy.

A decrease in the critical cooling rate required for martensite formation brought about by
the hydrogen addition improves the hardenability, increases the volume fraction of
metastable phases, and leads to a completely martensitic structure in thicker sized articles
23.30.31 A5 3 result, a spectrum of novel microstructures can be obtained after aging and
hydrogen removal. The hydrogen addition changes the volume fractions of phases present
in a titanium alloy at a given temperature, which in turn changes the concentrations of
other alloying elements in these phases.

The redistribution of alloying elements in different phases, because of the hydrogen
addition, changes the specific volume of these phases. Thus, the difference in the specific
volumes of these phases can be controlled by changing the amount of hydrogen addition,
which in turn allows control of the morphology of these phases by heat-treatments
(equiaxed structure when the difference in specific volume is small and elongated
structure when the difference in specific volumes is 1&tg8).

The retention of a large amount of the residfaphase at room temperature in
conventional ¢+p) titanium alloys as a result of hydrogen alloying can produce effects
such as transformation-induced plasticity (TRIP) and non-linear elasficithe former

is observed when the martensite transformation is induced by strain and the latter occurs
when the transformation is induced by stress and is reversible during uni&ading
Hydrogen-assisted cleaning and diffusion bonding of the metal surfaces can be used in

the processing of powder metallurgy products and compdsites

TURIVESITHI TASEEAPA *UMIVERSITEIT VAN KAAPSTAD

6 UNIVERSITY OF CAPE TOWN



Literature Review 16

2.2.2 Reaction of Titanium with Hydrogen

The absorption of hydrogen by titanium is a reversible process, and when titanium is
heated in a hydrogen atmosphere the reaction will therefore continue until the
concentration of hydrogen in the metal attains an equilibrium value which depends on the
specimen temperature and the pressure of the surrounding hydrogen atmdsgtrere
imposed temperature or pressure change causes rejection or absorption of hydrogen until
a new equilibrium state is achievé&d Unlike the irreversible absorption of oxygen and
nitrogen, therefore, the rate of absorption of hydrogen is dependent on the pressure of the

gas as well as on the temperature and may be expressed in the form:
do/dt = c (pf2exp (-b/T) .ooovveviiien, Equation. 1

Whereo is the amount of hydrogen absorbed in time t, p is the hydrogen pressure, T the
absolute temperature, and ¢ and b are constants, the values of which depend on the phases
present in the metdl.

Except at very low temperatures, the hydrogen concentration of the metal at the surface
of the specimen will be the equilibrium value appropriate to the temperature and
hydrogen pressure concerngd The phase which will appear at the surface under any
given conditions may, therefore, be ascertained by reference to figure (2- 1) in which the
regions of temperature and pressure in which the three possible phases,d.soliie
solution, thep solid solution and theg or hydride phase, can exist as outlined. The
sequence of phases which would be observed on moving from the surface into the body
of a titanium specimen heated in hydrogen may be obtained by observing the phase
regions intersected by the isothermal line, corresponding to the temperature of the
experiment, starting at the pressure of the hydrogen atmosphere and moving towards
lower pressured’. A eutectoid reaction in which thesolid solution decomposes to form

the a solid solution and the hydride phase occurs in the titanium — hydrogen system at
about 308C, and nd3-phase can, therefore, exist at lower temperafiir&3onsequently

thea /B andp/ y boundaries in figure (2 — 1) would if produced meet at abol}C3a6d
thereafter, would form a singte/ y boundary?’.
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The rates of diffusion of hydrogen & andp- titanium, which will influence the rate at
which hydrogen can be absorbed by the metal, have been studied by wasilewski and kehl

37 who obtained the expressions:
Dg =1.95 x 10 exp {(-6640 + 500) / RT} cffi sec .... Equation. 2
And D, =1.8 x 1F exp {(-12,380 + 680) / RT} cAsec ....Equation. 3

For the diffusion coefficients of hydrogen fia titanium and ino- titanium respectively,

R being the gas constant and T the absolute tempetéatifrewasilewiski and kehl were
unable to establish any definite relationship between the diffusion coefficients and the
hydrogen concentratiofs.

According to Wasilewiski et al’ , Gulbransel and Andrew have shown experimentally
that provided the surface of titanium is oxide-free, the rate of absorption of hydrogen is
appreciable at 30C and increases rapidly at higher temperatures. At temperatures above
about 500°C equilibrium is achieved in a matter of secorils If the experimental
conditions are such that titanium hydride is formed on the surface of the metal as a result
of titanium hydrogen -reaction, the hydrogen is absorbed at constant rate, as has been
observed by wasilewski and kehl. These authors attributed their findings to the fact that
the brittle hydride layer is porous, which is not unlikely, since the hydride has greater
specific volume than the metal from which it was formed, and thus would probably crack
under the internal stresses presént

The rate of hydrogen absorption and the rate of hydrogen evolution in vacuum are

considerably reduced when the surface is contaminated by oXygen
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Figure 2 — 1: Diagram illustrating the phase which will be present in titanium-
hydrogen alloys under any given conditions of temperature and hydrogen pressure.
The two-phase regions are represented by the boundaries separating the single-

phase regions”’

2.2.3 Phase Transformations of Titanium Systems Using THP

The efficacy of THP is based on understanding how hydrogen as an alloying element
affects the phases, phase compositions, and phase reactions in the alloy. Thus, it is
necessary to determine the temperature - hydrogen concentration phase diagrams (both
stable and metastable) of the titanium alloy-hydrogen system and the rates at which
reactions occur (time-temperature-transformation diagran@yer the past few years,
phase diagrams have been determined for a number of titanium alloys-hydrogen systems,
however only the Titanium- Hydrogen binary system and Ti-Al-V-H System will be

discussed herein.
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2.2.3.1 Titanium- Hydrogen Binary System

This is a simple eutectoid system with the terminal constituents being a solution of
hydrogen in hexagonal closed packed (hep)titanium, and asé hydride phase
approaching the stoichiometric composition JiHFigure 2-2°. Hydrogen alloying
stabilizes the high temperature body-centred cubic (bptlase and creates a two phase
o+B region®. The beta transus temperature (the lowest temperature at which only the beta
phase is present) is decreased from 882°C for pure titanium to 300°C for the alloy with
39at.% hydrogen (eutectoid poirit)An interstitial solution of hydrogen in thephase
occurs to a maximum of approximately 6.72 at.% at the eutectoid tempetaftite
solubility of hydrogen in th@ phase is much higher; it is 39 at.% at the eutectoid point
and increases with temperature up to 50 at.¥hep phase is retained to a temperature

of almost 550°C below the pure mefatransformation temperature by the presence of
hydrogen in solid solution (Figure2- 2). Tigephase, however, cannot be retained at
room temperature since it decomposes inémds phases at temperatures below 300°C

The hydride formation is associated with a 17.2% volume expansion, which produces
high internal stresses in thematrix °>. Accommodation of this hydride-matrix misfit
contributes significantly to the difference in hydride formation temperature (during
cooling) and hydride decomposition temperature (during heating), resulting in a thermal
hysteresis of the location of thé(a+5) phase boundaryf. Hydrogen in solid solution
decreases the shear and Young’'s moduli ofithbase and increases these parameters for
thep phasé®.
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900

H (at.%)

Figure 2-2: Binary Ti-H phase diagram®

2.2.3.2 Ti-Al-V-H System

Ti-6Al-4V alloy has the majority of work done on this system. Kerr and co-authors
were the first to conduct a detailed analysis of the effect of hydrogen on phase reactions
in this alloy. The Ti-6Al-4V alloy is armu+p alloy which can have different volume
fractions ofa andp phases, depending on the heat treatment and interstitial (primarily
oxygen) content®. Thep phase is stable at room temperature only if it is enriched with

more than 15 wt% of vanadium. Such enrichment is obtained when the alloy is slowly

cooled or annealed below about OKSDS|OW cooled Ti-6Al-4V contains about 90 vol. %

of the a phase. This alloy can develop a large variety of microstructures with different
morphological arrangements of the and B phases, depending on the particular
thermomechanical treatment utilized. These microstructures can be roughly classified
into three different categories of alpha morphologies: lamellar, equiaxed, or a mixture of

both (bimodal)3°. Equiaxed microstructures can be obtained only after extensive
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mechanical working of the material in the+p) field followed by annealing, while
lamellar structures results from decomposition of the beta phase on cooling below the
beta transus temperatuife

Irrespective of the commercial and practical significance of the Ti-6Al-4V alloy, only a
limited number of open literature publications are available on the effects of hydrogen on
the phase compositions and reactions in this &léY *2 Addition of hydrogen to the

alloy was found to decrease tBetransus temperature, for example a decrease from

0 (o)
1000C to 800C when 20 at.% H is addét. Based on the work of Kerr et &lthe p
transus temperature remained constant at this temperature from 20at.% H onwards up to

37 at.% H; however the data of Ilyn et‘4khowed a further decrease of the temperature

0]
down to 700C with an addition of 32 at.% H. These investigators also disagree
concerning the temperature of hydride transformation in this alloy. Based on
metallographic examinations and X-ray diffraction (XRD) analysis, Kerr and co-authors

8 suggested the existence of an eutectoid decomposition ¢f fif@se intoo plus

hydride at about 880: in alloys with hydrogen concentrations5 at.% (Figure2-3) .

1100
e 900 - P
&
= /

700 - atp f:‘ o+

;J'
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Hydrogen (at.%)

Figure 2-3: Phase boundaries in Ti-6Al-4V-H system as defined by Kerr et 4.
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llyn and co-workers, on the other hand, reporteédhat the eutectoid transformation
(B—0o+3) occurs at a temperature around Z5@h alloys containing-13at.% hydrogen,

Figure 2-4

1200

900 \ P
< 600 -
- ot
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D | ] B
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Hydrogen (at.%)

Figure 2-4:Phase boundaries in Ti-6Al-4V-H system as defined by llyn et &

In a later detailed follow up study of the phase transformations in the Ti-6Al-4V-xH
system using XRD, OM and TEM techniques, Qazi étmoposed a phase diagram,

Figure 2-5, which supports and expands the work of Kerr?t al.
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Figure 2-5: Phase boundaries in Ti-6Al-4V-H system as defined by Qazi et’al

It was shown that at hydrogen concentrations above 15 at.% the hydride phase is not only
stable below the eutectoid temperature, which occurs approximately at 815°C, but there
also exists a two phasp,+d, field above the eutectoid temperature. The presence of a
hydride phase in the Ti-6Al-4V alloy containing 20 at.% H or higher at a temperature of
600°C has been confirmed by Arkhipov et*alby high temperature neutron diffraction;

this result supports the diagram suggested by Kerr?&taad Qazi et af. It was also
concluded that the discrepancy between the earlier results of Kerr é¢ aand llyn et

al. " might be partially due to the very slow ratelgfhase decomposition below the beta
transus and eutectoid temperature. Hydrogen additions have been ‘Sovdecrease

the diffusion coefficient of the alloying elements in the beta phase; suggesting that the
kinetics of the beta to alpha phase transformation will slow down. The kinetics [f the
phase decomposition in the Ti-6Al-4V-xH system have been studied retentythef-

TTT (time temperature transformation) diagrams for the Ti-6Al-4V alloy containing 10,
20 and 30at.% H have been reported. An increase in the hydrogen concentration from 0

to 30at.%H slowed down the kinetics of tliephase transformation considerably,
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resulting in an increase in the nose time for the start of the transformation from 12
seconds to 42 minutes, Figure 2- 6.
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Figure 2- 6: TTT diagram for p phase decomposition in Ti-6Al-4V specimens with
(a) 10at.-%H and (b) 30 at.-%H (Ref.)
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The nose temperature, decreased linearly from 725°C to 580°C with an increase in

hydrogen concentration from 0O to 30at. %, Figure 2 - 7.
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Figure 2 — 7: Nose time for beginning of phase decomposition as function of

hydrogen concentration®

The large increase in the nose time leads to a considerable decrease in the quench rate
necessary to produce a 100% martensite structure. A cooling rate as low as 5°C/min in
the alloy with 30 at.% H is sufficient while a cooling rate of 1000°C/min is required to
produce a 100% martensite structure in the alloy with G%8Blower cooling rates allow
production of more homogenous microstructures after heat treatment, even in thicker
sections, and also result in less warping of the components, because of the lower internal
stresses developed during coolfg

The kinetics of martensite decomposition (aging) for Ti-6Al-4V-xH system has also been
studied** and the following martensite decomposition sequence has been proposed.

Aging at temperatures belowsM
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Martensite (aging)» equilibrium alpha + beta> (after quenching) equilibrium alpha +
residual beta + martensite

Aging at temperatures aboves:M

Martensite (aging)» metastable beta + martensite equilibrium alpha + beta> (after
guenching) equilibrium alpha + residual beta + martensite

The amount of residual beta increases with the increasing hydrogen concentration and
aging of samples containing 30at.% H at temperatures below 730°C, @Hpteese
formed during aging is retained on quenching to room temperature and, therefore no
martensite form§.

Gong et al*? have reported precipitation of an ordergcphase in the Ti-6AI-4V alloy

containing 16 at.% H or higher after aging in the vicinity of 650°C, followed by furnace
cooling through the temperature range of 650 to 550°C. These authors also found that the

formation of the brittlex2 phase in the hydrogenated alloys can be avoided by fast cooling
through the temperature range of 650 to 55¢*CThe o, phase was also detected by

Zhang et af? in the Ti-6Al-4V alloy after hydrogenation at 650°C with up to 22 at.% H

followed by furnace cooling. The amount of thzephase increased with an increase in the
hydrogen concentration. Formation of thzephase (T3iA|), which typically requires high

(above 8%) Al concentrations, indicates that alloying with hydrogen leads to re-
distribution of the alloying elements, in particular aluminium, between Hrelp phases
leading to enrichment of the-phase with aluminium. There is however no explanation

yet why the temperature range and the cooling rate are so critical fcmr2 {hiease

formation in this alloy. The phase compositions of a number of eth@gralloys as
influenced by the presence of hydrogen concentration, temperature and cooling rates are

discussed ift'; similar effects due to hydrogen were found as in the Ti-6Al-4V alloy.
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2.2.4 Hydrogen-Induced Enhanced Processability

2.2.4.1 Hot Workability

Alloying with hydrogen increases ductility and reduces the flow stress of the and
intermetallic-base alloys in a wide temperature range, including the temperatures used for
the conventional hot working of Ti-6Al-4¥" * allowing the use of larger strains at
lower temperatures. A typical example is the Ti-6Al-4V alloy hydrogenated with 16at.%
(0.4wt.%) hydrogen, which showed a 30% decrease in forging stress at a constant forging
temperature (760°C), or, alternatively, a 80°C decrease in the forging temperature at a
constant forging stresS. Besides, a greater decrease in the forging temperature, from
950°C to 750°C, was reported by Anisimova ef%for a VT6 alloy (Russian equivalent

to the Ti-6Al-4V) after addition of 13-20 at.% H. Alloying of a Ti-8Al alloy with 20 at.%

H allowed 78% deformation during forging at 950°C without cracking, while a sample
with no hydrogen was completely fractured under the same forging condffions
Hydrogen alloying improves ductility of tHealloys in a wide temperature range, down

to room temperatur€ “® although, their flow stresses increase with hydrogen addition
46

It has generally been fourfd ** **that fora anda+p alloys, the flow stress decreases,
reaches a minimum, and then increases with an increase in the hydrogen concentration at
a particular processing temperature.

Kerr et al.®

suggested that the reduction in flow stress in Ti-6Al-4V was a result of the
increased proportion of thigphase. They also suggested that the flow stress increase at
higher hydrogen contents could be attributed to the presence of hydrides in the
microstructure. However, this suggestion does not explain the temperature dependence of
the hydrogen concentration at the minimum flow stress. The decrease in the flow stress
(fig.2-8) at lower hydrogen concentrationg-pghase region) was attributed to the
softening of the:-phase due to hydrogen in solid solutfor®

In the a+p two phase region the decrease in the flow stress with increasing hydrogen

concentration was explained in terms of the combined effects of the softeningoef the
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phase and increased volume fraction of fhghase (which is softer than tlephase).
Hydrogen in solution in the-phase decreases the elastic modul Gfanium, figure 2-
8b, and, thereby, lowers the strength of dislocation interactions with various ob%tacles

About one-half of the observed softening can be attributed directly to this&ffect
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Figure 2- 8: Dependence of (a) the yield stress and (b) flow stress on hydrogen
concentration at various temperatures: (a) VT20 alloy (Ti-6Al-2Zr-1.5V-1Mo)*,

(b) CP Ti*®
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Another reason, faa softening, is that the hydrogen in solution, being highly mobile and
occupying interstitial sites near dislocations, prevents other solutes from segregating to
the mobile dislocationd’ . An increase in the hydrogen concentration in the sipigle
phase field resulted in tHphase hardenind and this was explained in terms of the
hydrogen-induced retardation of the diffusion of substitutional atmgading to an
increase in the flow stress. A detailed analysis of the hardening effect of hydrogen
additions tof titanium led to the conclusion® *?that at least two mechanisms could be
responsible for the minimum in the flow stress. Alloying with hydrogen increases the

shear modulus of th&Ti, Figure 2- 9a2°,

This result in a decrease in the density of thermally activatable sites and to an increase in
the heights of the barriers to glide®® both changes harden the material. Additional
hardening could be due to short range ordering, which occurs at high hydrogen

concentrationg®
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Figure 2-9: Dependence of shear modulus on (a) hydrogen concentration at T=960
°C (B-Ti) and (b) temperature (a-Ti containing two different hydrogen

concentrations)?°
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2.2.4.2 Cold Workability

Improvement in cold formability due to THP has been observed and studied by Kolachev
and co-workers™ in pseudop and someo+f titanium alloys. The room-temperature
ductility of these alloys increased considerably when 4.6-8.8at. % (0.1-0.2wt. %)
hydrogen was added and the strength increased also. This behaviour was explained in
terms of a reduction in the concentrations of the alloying elements ifi-pihase
(because of its increased volume fraction), by the increased dislocation mobility, and by
the activation of additional slip systems and twintigHowever, this explanation is in
contradiction with the experimental observation that the material is strengthened by
hydrogen addition®. Instead, the low-temperature increase in the ductility of the
hydrogenated-rich alloys is probably a manifestation of the transformation-induced
plasticity (TRIP) that is well-known in steels (i.e. the strain-induced formation of

)54

martensite from the residupiphase)™. Hydrogen-improved formability has been used

to produce high-quality nuts and heading bolts of large diameter from pBelidys *°.

2.2.4.3 Machining

Improvement in the machinability of certatranda+f titanium alloys has been reported

by Kolachev and co-worker¥’. It was found that a certain hydrogen concentration
interval exists for each alloy within which the hydrogen increases tool life, Table 2- 1.
Within this hydrogen content interval, tool life increases 2-10 times depending on the
alloy type. Table 2- 1 lists the decrease in the cutting area temperature, reduction in
cutting force and increase in tool life for different titanium alloys along with the optimum
hydrogen concentration interval. The improvement in machinability due to the presence
of hydrogen allows the cutting rate to be increased by 1.5-2.0 times while maintaining the
other cutting parameters or, alternatively, allows higher feeds and cutting depths to be

used while keeping the cutting rate constant
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Table 2- 1: Hydrogen Influence on the Machinability Characteristics of Titanium

Alloys >*

Alloy Optimum The change of machinability characteristics
Hydrogen Hydrogenated metal as compared to initial one
Concentration| Decrease of Reduction in Increase in Too
(at.%) cutting Cutting force, Endurance

Area Number of times | Number of
T(°C) Times

VT1-0 (Ti 99.5) 10.7 100-150 1.6-1.7 3.5

VT5-1 (Ti-5Al- 17.8-22.4 S 11 2-2.5

2.5Sn)

VT20 (Ti-6.1Al- 8.8-12.6 - - 35

1.97r-1.6V0.9Mo)

VT3-1 (Ti-6.3AI- | 12.6-19.4 100-120 14 8-12

2.6Mo-1.9Cr-

0.6Fe-0.24Si)

VT6 (Ti-6Al-4V) |12.6-16.1 50-70 1.4 7-8

VT25 (Ti-6.8Al- 25.2-27.8 S 11 4-5

2Mo-1.7Zr-1.3Sn-

1V)

VT8 (Ti-6.7Al- 6.7-8.8 S 1.3 8-10

3.4Mo-1.1Zr-

0.8Sn-0.22Si)

VT8 25.2-26.2 S 1.3 8-10

S small change

2.2.5 Madification of Microstructure and Mechanical Properties

of

Titanium alloy castings have a laregrain size with a coarse lamellar structure and

porosity. As a result, their mechanical properties, especially fatigue endurance (S-N), fall

below desired levels. Thus, in many cases some kind of microstructural refinement

treatment is required. Conventional microstructural refinement techniques involving

mechanical working cannot be used with near net shapes (NNS). This opens up the
possibility for use of THP which requires no working to refine the microstructure
Thermohydrogen processing transforms the lamellar structure into an equiaxed fine

grained morphology, decreases the porosity, and improves the tensile and fatigue strength

substantially* ° Table 2- 2.
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Table 2- 2: Effect of THP on Mechanical Properties of Casting®'
Alloy Treatment YS, UTS, El, RA, Kc,
MPa MPa (%) (%) kJ/m2 K, 2

4
(x10)
Ti-5Al As Cast 735 796 6.2 15.%50 5.7
Ti-5Al THP, 0.9 at.% H 863 910 13.532.3 600 12
Ti-6Al-4V  As Cast 870 940 88 18 460 4.9

Ti-6Al-4V  THP, 0.6 at.% H 1030 1090 12.8 20 450 9.7

T
Ni"is the number of cycles to failure at the stress amplitude of 500 MPa.

Several types of THP have been reported, such as Hydrovac (Hv&)nstitutional
solution treatment (CST,)the hydrogenation/dehydrogenationfotjuenched materials
(BQ-HDH) °, high temperature hydrogenation (HTHind other THP treatments ** >

Table 2- 3. These methods, in general, consistfo$@aution treatment before, during or
after hydrogenation, a possible aging treatment below the hydrogepatehsus
temperature and/or thermomechanical processing, then dehydrogenation by vacuum
annealing at a lower temperatdre
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Table 2- 3: Types of Thermohydrogen Processing Treatments

Designation Treatment References
Hydrovac (HVC) Hydrogenate- beta solution treat — water quefth”

— age to form hydrides — dehydrogenate
Constitutional Hydrogenate in beta region — cool to belpw
Solution Treatment eutectoid temperature and dehydrogenate
(CST)
Beta quench anfiBeta solution treat — water quench | =
hydride-dehydride hydrogenate and dehydrogenate below
(BQ-HDH) eutectoid temperature
Hot isostatic pressingHydrogenate — compact with hydrogen| >/ >®

(HIP’ing) or vacuum dehydrogenate
hot press (VHP)

High temperaturé Hydrogenate in beta region — cool to ropm
hydrogenation (HTH) | temperature — dehydrogenate below normal
eutectoid temperature

Below B(H) transus Hydrogenate just beloW(H) transus — cool tp**>°

hydrogenation room temperature — dehydrogenate | at
temperatures af + 3 field

Repeated eutectoid | Hydrogenate above th@(H) transus — slow?

phase decomposition | cool to below the eutectoid temperature —
thermocycle to repeat the eutectdid phase
decomposition - dehydrogenate

Repeated martensitf| Hydrogenate above th&H) transus — quench’
phase decomposition | to room temperature to produgemartensite —
thermocycle to repeat the martensificphase
decomposition - dehydrogenate

HHWD-1 Hydrogenate — hot work in the + p field —| >*°
dehydrogenate below the hot working
temperatur

HHWD-2 Hydrogenate — hot work just abofgH) transus °

— dehydrogenate belop{H) transus

2.2.5.1 Cast and Wrought Products

2.2.5.1.1 Conventional Alloys

Refinement in the microstructure of wrought alloys using THP has been reported by
various researche® *° °® The refinement iru grain size led to an improvement in
tensile properties of the Ti-6Al-4V alloy, and the strength and ductility values after

different THP cycles are as tabulated in Table - 4
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Table 2- 4: Mechanical Properties of As- Received (Coarse Equiaxedstructure)
and Various THP Treated Ti-6Al-4V *°

Condition 0.2%  UTS Elongation RA
YS MPa %. %.
MPa

As received 829 876 15.0 31.7

(Rolled and annealed)

HG (650°C, AC), B-Solution Treatment (900°C1044 1071 12.8 23.0

AC), Aging (565°C 8hr, AC) DH

HG (850°C, AC), Aging (650°C 2hr, AC) DH 1002 10811.2 27.5

HG (850°C, AC), Aging (650°C 2hr, AC) DH 921 991 10.6 15.5

HG (850°C, AC), DH 977 999 151 46.7

HG (780-750°C, AC), DH 955 991 16.0 49.5

HG: Hydrogenation; AC: Air Cooled; DH: Dehydrogenation done at 675°C
(1247°F) for 8hr in vacuum

Increases in both strength and ductility have been achieved as a result of the THP
treatments in comparison with non-treated coarse equiaxed Ti-6Al-4V material.

Table 2- 5 shows averagegrain sizes for Ti-6Al-4V produced as a result of different
THP treatment&’. The THP treatment did decrease the avesagein size from 3.4pm

in as forged-annealed condition to 0.91um after THP treatment, Table 2- 5. The decrease
in the average-grain size did result in an increase in the yield strength, but at the same
time decreased both the % elongation and reduction in area drastically, Table 2-5.

The THP treatments also resulted in a 9 to 13% increase in the fatigue strength of the Ti-
B6AI-4V, Table 2- 5%°.
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Table 2- 5: Summary of THP Treatments and Average-Grain Produced by These
Treatments in Ti-6Al-4V Alloy *°

THP Cycle Avgrag_a- 0.2%YS UTS Elongation RA .
Grain Size MPa MPa %. %. «
(um) MPa
Forged-annealed 3.40 914 1000 17.7 39.6 590
HG, DH: 650°C 0.91 1119 11522.8 11.3 669
HG: Eutectoid 1.26 974 10255.2 12.3 643

decomposition: 590°Cin Ar
| FC, DH: 775°C

HG: Hydrogenation at 850°C and FC; DH: thydrogenation in Vacuum; FC:
Furnace Cool.* Mean Fatigue Strength at N = 10

Hydrogenation of Ti-5Al-2.5Fe at 0-40°C (32-104°F) below Bhansus temperature
followed by dehydrogenation at 673°C (1243.4°F) has been reported to resultdn fine
grains leading to an improvement in both tensile strength and dulli@gzi et al. in

their later study reported a refinement in the as-cast cadaseellar structure of Ti-6Al-

4V by THP®. Qazi et al. used as-cast material (i.e. no mechanical working was done on
the material) with an initial average prior beta grain size of 0.97nBy changing the

THP parameters, microstructures varying from fine lamellar to equiaxed structures were
produced. Qazi also reported that producing equiaxgdains using THP, requires
alloying with 30at% H, beta solution treatment in the beta phase, step cooling and
annealing below a critical temperature for complete decomposition of the beta phase,
water quenched followed by dehydrogenation at 750°C

Additional possible microstructural modifications can be achieved when a hot working
step is included in the THP. Hot deformation in thep) field accelerates phase and
structure transformations and can produce very fine equiaxed &r&th§? Deformation

at temperatures just above f}{#l) transus temperature initiates dynamic recrystallization

andp grain size refinement takes pldce
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Yoshimura and co-workers have reported refinement inutgeins of the Ti-6Al-4V

alloy by THP®®. The THP treatment used included hydrogenation of the samples with
0.6wt.% hydrogen at 950°C, water quenching, hot rolling to a 85% reduction in thickness
at 750°C followed by air cooling and finally dehydrogenation at 700°C in vacuum. The
THP treatment resulted in an averaggrain size of 1-2um with a tensile strength of
1000 MPa and elongation of 13%

2.2.6 Other Areas of Thermo-hydrogen Process Applications

There are a few other areas where THP has either facilitated production and/or aided in

grain refinement. Some of these areas are reported below:

2.2.6.1 Welds

Welding coarsens the microstructure in the welded region (fusion zone and heat affected
zone) and can necessitate some microstructural refinement treatment to improve the
mechanical properties of the joints. Conventional microstructural refinement treatments
can not be used hence it requires mechanical working of the parts. Thermohydrogen
processing has been used effectively with welded sheet artleleding to a refinement

of the microstructure in all regions of the part and to an increase in the strength of the

joints. For example, spherical vessel of up to 165300apacity, made by welding 2 mm

thick sheets of the VT23 alloy (Ti-6Al-4V-2Mo-1.2Cr-0.8Fe) and conventionally heat-
treated, fractured under an internal pressure of 1080 MPa. But after a THP treatment, the
vessel was able to withstand a pressure of 1119 MRaditionally, THP minimized

oxidation of the parts during heat treatment because of the lower heat-treatment
temperatures used, which is particularly important in the case of articles made from thin
sheets.
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2.2.6.2 Powder Metallurgy Processing

Use of hydrogen as a temporary alloying element in powder metallurgy (P/M) allows

production of high quality powders by the hydride-crush-dehydride (HDH) méth¥%d

% a reduction in the time of mechanical alloying for production of nanocrystalline alloys

and composites, better sintering at lower temperatures, reduction in hot isostatic
temperatures required for full density, thermal treatment of net-shape P/M products for

grain refinement, property improvements, ef¢. ® For example, TAl based

hydrogenated powder during HIP’ing consolidates with less energy than when a non-
hydrogenated powder is employed; this translated into a pressure reduction of 34-67 MPa
or a temperature decrease of 110-148°CThe sintering of injection moulded, blended
elemental powder was found to occur more readily when it was hydrogéhaltedas
suggested that hydrogen might clean the powder particles surfaces, promoting better
bonding of adjacent powder particles. Thermohydrogen processing can be used to refine
the microstructure of both titanium alloy powders and powder compact®
Thermohydrogen processing treatment of HIP'd Ti-6Al-4V powder products resulted in
over 40 % increase in the fatigue strength in comparison to non-treated Ti-6Al-4V P/M
product®. Also hydrogenation of Ti-6Al-4V powder produced by the rotating electrode
process (REP) led to improved compactability

2.2.6.3 Metal Matrix Composites

Titanium-based composites are normally processed through solid-state diffusion bonding
routes to minimize detrimental reactions at the matrix/reinforcement interfaces
Unfortunately, such reactions occur at the temperatures at which the matrix is
conventionally processed, which deteriorate the properties of the compogitee
possible way of reducing the reactivity is to use a matrix with a lower fabrication
temperature®, but little work has been conducted in this direction. THP has been
effectively used in the processing of titanium matrix composites to reduce the
consolidation temperature and to improve the final microstruétufe Commercial foils

of Ti-1100 (Ti-6Al-2.75Sn-4Zr-0.4Mo0-0.45Si) and Ti-6Al-4V were used as the matrix
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materials. The composite reinforcement consisted of two types of 100 um diameter SiC

fibres; these were either bare/or coated with a double-layer protectiyéiﬁﬁating.

Composites were produced by consolidation of alternately stacked fiber mats and matrix
foils by vacuum pressing. Hydrogen was introduced into the foils b€fdfeor during®
consolidation. Unfortunately, the hydrogen concentration in the matrix was not
determined. THP was found to substantially increase the rate of consolidation at a given
temperature. This allowed full consolidation at temperatures about 100°C lower (820°C
for Ti-6Al-4V and 920°C for Ti-1100) than the conventional fabrication temperature
without any detectable reactions at the interfaces. In particular, the long TiB needles that
decorated the interfaces in conventionally processed samples did not form in the
hydrogen-treated samples. Both reduced thermal activation at the low temperatures and
hydrogen in solution in the matrix were suggested to inhibit boron diffusion through the
matrix and thereby retarding the formation of boridesFully bonded fiber/matrix
interfaces were observed in the THP treated samples, while conventionally processed
samples displayed less well-bonded interfaceBesides, the matrix microstructure for

the Ti-6Al-4V composite was refined after THP
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Chapter Three

Experimental Procedure

3.1 Design of an Effective Hydrogenation and Dehydrogenation

Heat Treatment Apparatus

As a follow-up to the need, as articulated in the motivation for this research, a heat
treatment apparatus was designed to provide safe and effective hydrogenation and
subsequent dehydrogenation of titanium specimens after processing. Titanium and
conventional titanium alloys have a high affinity for hydrogen within a hydrogen
environment. The diffusion of hydrogen into titanium is temperature and pressure
sensitive. The high diffusivity of hydrogen in titanium is used, first to add hydrogen to
the alloy by controlled diffusion from hydrogen environment and then, after processing,
to remove it by a controlled vacuum anneal. The rate of hydrogen absorption and the rate
of hydrogen evolution in vacuum are considerably reduced when the surface is
contaminated by oxygen. Therefore, effort has to be made to carry out the hydrogenation
and dehydrogenation processes in a closed vacuum system connected to a heating
apparatus.

6 UNIVERSITY OF CAPE TOWN

TURIVESITHI TASEEAPA *UMIVERSITEIT VAN KAAPSTAD



Experimental Procedure 41

3.1.1 Experimental Rig set-up

The following are required in order to conduct a safe and effective hydrogenation and

dehydrogenation heat treatment study of titanium alloys:

* A high temperature heating system (furnace) with thermal stability

* An efficient vacuum pump to evacuate air from the system

* Pressure monitoring and control devices

» A source of hydrogen supply

* Flow rate control device

» Leak proof design of components

» Provision for adequate protection against mechanical damage on the hydrogen
supply storage cylinder

* Provision for proper ventilation management to increase air flow and flush
possible hydrogen leakage out of the building in the shortest possible path and
time

» Ensuring that materials used in the design are non-combustible and non-reactive

This section outlines the essential component apparatus used for the set-up and describes
the component designs and the experimental and/or operational methods for carrying out
the experiments.

The general layout of the fixed part of the experimental rig is shown in figure (3-1A). It

consists mainly of a horizontal heating furnace, vacuum pump, gas supply cylinders, a
flow meter, pressure gauges, PIRANI gauge connected to the pump, cracking valves and
quick release valves, copper coiled tube connected to the outlet, and a gas extractor

connection (detailed in figure 3-1B).
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Figure 3-1A: General experimental rig set-up

1 — Pressure meter 7 — Cracking valve (for gas outlet)
2 — Heating furnace 8 — Speedivalve

3 — Sample holder enclosure 9 — Cracking valve (for backup)

4 — Gas control valve (inlet) 10 —Peroni gauge

5 — Coiled copper tube 11 — Vacuum pump

6 — Gas extractor connection 12 — Furnace temperature display

Figure 3-1B: A detailed layout of the hydrogenation and dehydrogenation

apparatus
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3.1.1.1 The Heating System (Furnace)

A horizontal furnacemodel: TSH 12/50/300-2216Bwvith a maximum temperature of

1200°C was supplied by Elite Thermal Systems LTD for the system set-up. A silica glass
tube of approximately 2 meters in length with an internal and external diameter of 36mm
and 40mm respectively was also supplied by Elite Thermal Systems LTD. Figure (3-2)

shows this assembly of the heating furnace.

Figure 3-2: The heating furnace with the 2 meters silica glass

(as supplied prior to set-up

The heating system is central to the design set-up, as it provides the high temperature
environment for the experiment. Temperature calibration tests were done on the furnace
to determine the heating and cooling rates with respect to the specimen position during

the experiment.

However, considering that a closed system is needed for the experiment under a constant
hydrogen flow, additional modifications were made to the furnace set-up for sample

positioning and end closure.
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3.1.1.2 Specimen Holder

A specimen holder was designed from a high temperature, corrosion resistant AISI 316
stainless steel alloy. The material selection was in order to avoid material failure at high
temperatures under the hydrogen environment. The specimen holder was designed to
hold test pieces without obstructing gas flow inside the silica glass tube of the furnace.
The specimen holder is firmly attached to an end closure that is designed to close the
furnace system during the experiment. Figure (3-3) shows the full assembly design of the

specimen holder. Details of the design are found in appendix (A)

f!

CEHTRE FOR MATERIALS EHGIHNEERING
TLE

Sample hold

(I TG

Jarry ity

E ORIE
----- 24 July 2006

Figure 3-3: Assembly drawing of the sample holder
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3.1.2 Pressure Control Devices Connected to the Furnace

Pressure control devices were connected to the furnace to prevent over pressuring of the

system during the experiment. The pressure control devices used for the set-up were:

* Two one-way cracking valves;
* A pressure gauge and

* A manual one-way valve.

The cracking valves were set to crack at different gas pressures. One of the valves that
was used on the system at the gas outlet, was set to crack at atmospheric pressure, while
the other valve was set to crack at the pressure of 20kPa as a safety backup. Their relative
positions are shown in figure (3-1B). The decision to set the cracking valves at the stated
pressures was, firstly because the silica glass tube was manufactured to sustain pressures
of up to approximately 50kPa and, secondly, the hydrogenation and dehydrogenation
experiment was designed to be carried out at atmospheric pressure. The pressure gauge
was mounted on the system to monitor pressure in the system during the experiment. The

manual one-way valve was used to control gas inlet into the furnace system

3.1.2.1 Vacuum Pump

Air evacuation from the furnace system is very essential to the experiment owing to the
fact that hydrogen is very explosive and flammable when in direct contact with air.
Hydrogen has an auto-ignition temperature of about’G8fith air. The Edwards
vacuum pump was connected to the furnace apparatus in order to create the needed

vacuum. The vacuum of approximately?IDorr was achieved.

3.1.2.2 Copper coil tube and the gas extractor connections

At high temperatures and pressures hydrogen causes static ignition when in contact with
air. Besides, there is danger of asphyxiation from the inhalation of hydrogen hence good

ventilation and an extracting system are needed when working with hydrogen.
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A copper coiled tube is connected to the gas outlet from the furnace so as to provide
temperature drop of the escaping gas to below’G8tefore being exposed to the
atmosphere. The escaping gas passes through the coiled tube which creates room for a
longer distance of travel for the gas leading to its drop in temperature. A temperature
confirmation test done with argon at 860revealed a safe escaping gas temperature of
about 106C.

The copper coiled tube is finally connected to the gas extraction system that extracts the
escaping gas to the chimney.

3.1.2.3 Hydrogen Supply Source

A cylinder gas mixture of 5%jand 95%Ar was supplied by Air liquid South Africa for

the experiment. This percentage mixture was considered to be a safer working mixture
for hydrogen at the elevated temperatures of the experiment. Also, a 99.998%Ar was
supplied for the purpose of control experiments. Low pressure gas regulators were
mounted on the gas cylinders to control the gas pressure from each cylinder bottle. A
quick release valve was used to connect the gas flow line to the cylinders. The quick
release valve enables easy and safe inter-connection of the gas pressure regulator onto the
gas cylinder bottle. It also quickly locks up to atmospheric pressure on release for inter-
connection.

3.1.2.4 The Gas Flow Meter

The diffusion of hydrogen into titanium alloys is sensitive to the rate of flow of hydrogen
and the temperature of treatment. Thus, a gas flow meter was supplied to control the flow
rate of the gas mixture. The gas flow meter was mounted vertically on the gas bottle
pressure regular nozzle. Then the gas line connecting the heating chamber to the gas
sauce is connected to the flow meter with a quick release valve. Figure (3-4) shows the

general set-up/arrangement of the flow meter.
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A

B
C
D
E
F -
A — Quick release valve
B — Hydrogen gas flow meter

C — Gas regulator

D — Argon gas bottle

E — Hydrogen gas bottle
F — Fume cardboard

Figure 3-4: Gas supply arrangement

3.2 Background to Experimental Technique

The influence of hydrogen as a temporary alloying element in titanium alloys has been
demonstrated on Ti-6Al-4V alloy. The so called Thermo-hydrogen Processing (THP)
techniqgue has enabled the modifying effect of hydrogen as an alloying element in
titanium alloys on the phase compositions and the kinetics of phase transformation
leading to evolution of novel microstructures. In this study, the evolution of
microstructures during cyclic hydrogenation and dehydrogenation heat treatment has
been investigated.
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It has often been impossible to carry out conventional heat treatmenf ailoys like

the Ti-6Al-4V alloy due to the high temperature requirement which often results to grain
growth. Thus, comparative control heat treatment cycles have been done with non-
hydrogenated titanium samples versus the hydrogenated and dehydrogenated samples at
similar heat treatment parameters with the treated specimens, with interest in the resultant

microstructures at the temperature regions of treatment.

The investigation of the evolution of microstructures was done using light microscopy,
scanning electron microscopy and x-ray diffraction (XRD) technique. The mechanical
assessment of the specimens (the as-received and the treated) was done using hardness
measurements. This section gives details of specimen preparation and the techniques used

in this investigation.

3.3 Sample Preparation for Heat Treatment Experiments

Timetal 6-4 in the form of hot rolled and annealed bar of 16mm diameter was supplied by
Goodfellow, Cambridge LTD, Huntington. This alloy has a nominal composition of 6wt.
% Al, 4wt. % V and balance Ti, hence the designation Ti-6Al-4V (Ti-6-4). Cylindrical
coupons of 16mm in diameter and thickness of 2mm were machined, with the precision

cutting machine shown in fig (3-5), from the bulk materials and used as test pieces.

6 UNIVERSITY OF CAPE TOWN

TURIVESITHI TASEEAPA *UMIVERSITEIT VAN KAAPSTAD



Experimental Procedure 49

Load

Specimen holder
Diamond blade

Cutting speed
controller

Figure 3-5: Isomet low speed saw used for precision cutting of the specimens

A hole of 3mm was drilled on the test pieces in order to accommodate test pieces on

sample holder.

3.3.1 Heat Treatment Experiments

Heat treatments on test pieces were done in two stages: Hydrogenation and
Dehydrogenation.

All test pieces underwent heat treatment first in a horizontal vacuum furnace as shown in
figure (3-1A & B), for hydrogenation stage in a hydrogen environment or in argon
environment to create inert environment for control samples which are not hydrogenated.
Test pieces were subsequently subjected to dehydrogenation heat treatment in a vertical
vacuum furnace shown in figure (3-7). The control samples were also subjected to the
same heat treatment cycle in vacuum for comparison. Details of the two stages are as

follows:
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3.3.1.1 Hydrogenation (HG) Heat Treatment Process

Test pieces were inserted into the horizontal vacuum furnace using sample cradle as
shown in the experimental set-up design. A vacuum of about®lkafr was achieved

for the experiment and subsequently the system is heated up first from room temperature
to 430C. Then, hydrogen gas mixture of 95% Ar and 5%(jpercentages by volume)

was introduced into the system at a flow rate of about 180Nml/min at one atmosphere.
Subsequently, the furnace temperature was increased frot@ 48@B50C at 5C/min

and remained isothermally at 8&0for 3 hours. Then, the furnace was switched off to
cool down to 438 at the cooling rate of abouf@min with the gas still flowing.
Finally, the gas flow was terminated and samples were brought out to cool in air at about
25°C/min. It is important to state here that the essence of introducing hydrogen into the
vacuum chamber at 430D instead of the isothermal temperature of’85®as to prevent
possible auto-ignition of hydrogen in the system. Hydrogen experiences an auto-ignition
at the temperature of 56C. Also the temperature for hydrogenation was chosen in
order to simulate one of the standard types of thermohydrogen processes mentioned
discussed earlier: Belofd(H) transus hydrogenation, table 2-3. A schematic experimental

diagram is shown in figure (3-6).

Heat Treatment Cycle Sketch
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Figure 3-6: A schematic diagram of the hydrogenation heat treatment process on
the Ti-6-4 specimens
Similar experimental steps were done on control samples in argon gas environment

instead of hydrogen.

3.3.1.1.1 Partial Pressure Calculation

Experimental Data

Gas mixture by volume: 5%tand 95%Ar
Working Temperature: 85Q

System Pressure: 1 atmosphere = 760 Torr

Using the ideal gas equation where PV = nRT then, if volume V, is assumed to be equal
to unity then, partial pressure at fixed temperature T, is proportional to volume fraction (
or number of moles, n) of gas.

Therefore the partial pressure of hydrogen in the system,

R, = 005datm= 380mmHg= 380Torr

Also partial pressure of argon,

R, = 09%atm= 72199=723nmHg= 723Torr

r

3.3.1.2 Dehydrogenation (DH) Heat Treatment Process

After the HG stage, test pieces were ground on both sides with 320 grit SiC papers to
remove oxide layers formed on surfaces during the hydrogenation heat treatment.
Subsequently, samples were treated in a vertical vacuum furnace for dehydrogenation at

different isothermal temperatures but constant isothermal times. A vacuum pressure of
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about 1x10 Torr was maintained throughout the heat treatment processes. Both the

hydrogenated and the control samples underwent the same conditions at this stage.

Figure 3-7: High temperature vacuum furnace used fothe dehydrogenation

process

3.3.2 Characterization of the Test Pieces

Various characterization techniques were used to investigate the evolution of
microstructures from the cyclic hydrogenation and dehydrogenation heat treatment
technique. All specimen preparations for characterization were done on both as-received
and heat treated specimens.
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3.3.2.1 Measurement of Hydrogen in the Ti-6-4 Specimens

The hydrogen concentrations in the test pieces were measured using sensitive electric
weighing balance which measures up t&d.0The Ti-6-4 specimen (as-received) were
properly cleaned and weighed before and after hydrogenation and reweighed also after
dehydrogenation to the nearest 0.1mg in order to compute the concentration of hydrogen
in the specimen after each heat treatment. The quantification of hydrogen concentration
in the specimen is significant in order to ascertain effective hydrogen diffusion into the

sample as well as its removal after treatment.

3.3.2.2 Specimen Preparation for X-Ray Diffraction

The cylindrical specimens were ground and polished to a mirror finish using the
following procedure:

Metalog method B from Struers Metalog Guide was used to grind and polish the
specimens. The first step in the guide is grinding the specimen with the MD-Primo 220
grit pad at 300 rpm using water as a lubricant on the automatic polisher applying a force
of 120N until the specimen is plane. The second step is further grinding of the specimen
using the MD-Largo pad at 150 rpm using the diamond paste suspension with a grain size
of 9 microns applying a force of 180N for 5 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 used in this final step is a mixture of 96 ml of the OP-U solution, 2 ml hydrogen

peroxide and 2 ml of ammonia.

The XRD was carried out using a D8 ADVANCE X-ray apparatus shown in figure (3-8).
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Figure 3-8: D8 ADVANCE X-Ray Diffraction Apparatus: A — X-ray Detector
(Positioning sensitive detector (PSD)) B — Sample holder with the target
specimen, C — x-ray source supplying Cukradiation
The measurement details are as follows:
» The X-ray generator operated at 40mA and 40kV
» The starting ® angle was at ZGand finish at 80
» Step size was at 0.02 degrees
» Time per step was 3.2 seconds

* The sample rotation was set on and the speed was15

3.3.2.3 Specimen Preparation for Microhardness Measurements

Microhardness measurements were done on the as-received Ti-6-4 specimen, the
hydrogenated specimen as well as the dehydrogenated specimens. The cylindrical test
coupons were sectioned normal to the flat surface using a precision cutting machine

shown in figure (3-5).

The specimens were subsequently mounted in Specifast resin using the Struers lab-press
3. Metalog method B from Struers Metalog Guide was used to grind and polish the

specimens. The sequence was exactly as specified for XRD specimen preparation.
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Finally, the Zwick microhardness tester shown in Figure 3-9 was used to measure the
hardness of the bulk portion of all the specimens. The hydrogenation treatment affects the

bulk of the specimen hence the bulk hardness measurements.

Figure 3-9: Zwick hardness tester

Seventeen random hardness measurements were made per specimen using a standard
Vickers diamond indenter with a load of 500 gf. Then, the average hardness values as
well as the standard deviation for the seventeen measurements were computed for all the

specimens measured.

3.3.2.4 Specimen Preparation for Light Microscopy

The cylindrical test coupons prepared for microhardness were subsequently used for the

light microscopy.

TURIVESITHI TASEEAPA * UMINERSITEIT VAN KAAFSTAD

% UNIVERSITY OF CAPE TOWN



Experimental Procedure 56

However, the specimens were first dip etched with the solution of the following etchant
listed below:

* 10 ml hydrogen fluoride
* 30 ml nitric acid

* 50 ml of water

The samples were dip-etched in the solution for 15-20 seconds. The revealed
microstructure was then examined under the light microscope. The microstructure in
figure (3-9) was obtained from the as-received annealed specimen. All microstructures
obtained in this research except otherwise stated, were taken at x50 magnification of the

objective lens.

Figure 3-9: Microstructure of the as-received anne&d specimen taken from the

bulk after sectioning.
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3.3.2.5 Scanning Electron Microscopy (SEM)

The cylindrical test coupons that were used for the light microscopy were used for the
scanning electron microscopy. The specimens were additionally coated with silver on the
surface in order to make the specimens more conductive during measurement. Then, the
examination was done with the LEO Stroscan 440 scanning electron microscope at higher
magnifications of 1500 and 5000 per specimen. An accelerating voltage of 20 kV was
used in order to achieve optimum secondary and backscattered electron signal. The
working distance between pole piece and sample was 20mm. The micrograph was

captured with the secondary electron detector.

3.3.2.6 Grain size measurements

The grain sizes of the prigi-grains for the dehydrogenated specimens have been
measured using the mean lineal intercept method. The mean intercept length gives the
average length of a line segment that crosses a sufficiently large number of grains. It is
proportional to the equivalent diameter of a spherical grain. The mean linear intercept
length was determined for the hydrogenated specimens by laying a number of randomly
placed test lines on the micrographs and counting the number of times that the grain
boundaries were intercepted. It is expressed mathematically as:

1 L

L-1

No  PM where NL is the number of intercepts per total length of the test lines

LT, P is the total number of grain boundary intersections and M is the magnification. The

average grain size and standard deviation for each micrograph were calculated.
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Chapter Four

Experimental Results and Discussion

4.1 Introduction

This chapter presents the results and the discussion of data obtained from the
measurement of hydrogen concentration in the specimens, light microscopy, scanning

electron microscopy, x-ray diffraction and microhardness testing.

4.2 Hydrogen Measurement

Table 4-1, shows the results of an attempt to measie bulk concentrations of
hydrogen by a process of mass changes for the hydrogenated and the dehydrogenated
specimens respectively. These results were obtained by weighing specimens to the
nearest 0.1mg before and after hydrogenation for weight gain and the subsequent
reweighing after dehydrogenation for weight losses. The detailed experimental values are
contained in Appendix E.
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Table 4-1: Calculated Hydrogen concentration in_Ti-6-4 cylinders following

hydrogenation and dehydrogenation treatments

Hydrogenation Dehydrogenation Dehvdrogenation at
treatment at 85 for 3 treatment at 75°C for 18 ydrog
650°C for 18 hours
hours hours
Sample | ) D ) D .
ncrease in Standard ecrease in Standard ecrease in Standard
hydrogen deviation hydrogen deviation hydrogen deviation
(wt. %) (wt. %) (wt. %)
A 0.812 0.001 0.348 0.002
B 0.538 0.001 0.095 0.001
C 0.695 0.002 0.107 0.002
D 0.486 0.001
E 0.618 0.002
= 0.765 0.002
G 0.707 0.000 0.060 0.003
H 0.506 0.000 0.004 0.001
| 0.780 0.001 0.128 0.001
3 0.556 0.001 0.090 0.002

However, the calculated values are unreliable due to inconsistency in the mass values
resulting from the oxide layers that were formed after each treatment (hydrogenation or
dehydrogenation) due to insufficient vacuum achieved during heat treatments. It was
difficult to reconcile the additional weight on the specimen due to the oxide layer;
considering also that the weight of hydrogen molecule is very little relative to the oxide
layers. Additional efforts were made to weigh the specimens after grinding off the oxide

layers but the fact that diffusion of hydrogen into the bulk titanium specimen is not
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homogeneous; there were chances that the greater portion of the hydrogen could have
been lost in the course of the grinding. Hence, it was incorrect to relate the calculated

hydrogen concentrations (after grinding) to the treatment period.

4.3 Light Microscopy

This section reveals the underlying microstructures of the Ti-6-4 specimen after heat
treatment with hydrogen and the comparative control treatments following each heat

treatment cycle.

4.3.1 Hydrogenation of Titanium specimen

Hydrogen has successfully been diffused into Ti-6-4 alloy using the procedure outlined in
the previous chapter and the microstructure in figure (4-1) is a cross-section of
microstructure that was obtained. The microstructure shows a fully modified grain
structure with plate-like structures that are typical of martensite formation. The structure
formed is typical of structures reported by researcheré® *°> “%that are evident after
successful thermal diffusion of hydrogen into titanium alloys. Martensitic formation in
titanium alloys during hydrogen heat treatment is reported to be dependent on the
processing temperature, concentration of hydrogen in-diffused and the cooling rate after

processing.
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Figure 4-1: Light microscopy of Ti64 alloy: (A) hydrogenated showing the
martensite plates and (B) Argon treated both at 85t for 3 hours and furnace cool

to 430°C and air cooled respectively showing the -phase (light) andp-phase(dark)

4.3.1.1 Martensite formation in Ti-6Al-4V alloy with hydrogen

Hydrogen alloying destabilises the low-temperature dyghase and stabilizes the more
ductile high-temperature bgsphase inx ando+p titanium alloys*. It has the potential

to increase the volume fraction of tifephase and decrease that of thghase
respectively. It brings about the redistribution of the alloying elements with respect to
their favouring phase in the alloy. In a scientific review paper by F.H. Froes etital

was reported that there was a decrease in the diffusion coefficient of the alloying
elements in th@-phase resulting from the hydrogen alloying of fii&am suggesting that

the kinetics of th@-a phase transformation will slow down. Hydrogen alhgyhas been
reported to have enabled the lowering of fiphase transus temperature of titanium
which subsequently facilitates the formation of martensite. F.H. Froes’eteglorted

that an increase in hydrogen concentration from 0 to 30 at.-% slows down the kinetics of
thep phase transformation considerably, resulting tcharease in nose time for the start

of transformation from 12 seconds to 42 minutes, figures (2-6 and 2-7). The large

increase in nose time leads to a considerable decrease in the quenching rate necessary to
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produce a 100% martensite structure. A cooling rate as low as 5Kimihe alloy with
30 at-%H is sufficient while a cooling rate of 1000 K this required to produce a 100%
martensite structure in the alloy with 0%H.

Considering the high diffusivity of hydrogen at elevated temperatures the three hour
isothermal hydrogenation for the present research could have been sufficient to achieve
up to about 30 at-% H for the martensite formation.

4.3.1.2 Hydrogenation Control Specimen

The specimen that was subjected to the same heat treatment cycle for the hydrogenation
process but in argon environment instead of hydrogen revealed the microstructure shown
in figure (4-1B). The relevance of this approach is to compare the resultant
microstructure in a non-hydrogenated specimen under the same isothermal heat treatment
process of hydrogenation. The microstructure revealed in figure (4-1B) shows an
equiaxed coarse grain structure with an intergranular untransforrfigzthase within the

grain boundaries. The-phase structures appeared white @#phase dark with the
etching effect on the metal. The large grains are evidence of the grain growth that
occurred during the heat treatment process. The grain growth was driven by the release of
the grain boundary surface energy due to high temperature and the long duration of the
treatment as the amount of total grain boundary surface is reduced. This leads to grain
boundary mobility and grain growth.

There was no evidence of martensite plate-like structures as was the case with the
hydrogenated specimen. Martensites are only formed in a non-hydrogenated titanium
alloy when quenched at a very fast rate from above the beta tr&nsiise p-phase
transus temperatures(f) — P transition) for Ti-6Al-4V alloy is reported to exiaround

1000°C ** " The temperature of 880 with which this experiment was done does not
contain the needed homogeneous sirfifighase which is required to facilitate the
diffusionless phase transformation @fphase to martensite formation in a non-

hydrogenated specimen. Thus, the disclosure from the heat treatment points out to say
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that the martensitic structures in the hydrogenated specimen were contributed by phase

transformation enabled by hydrogen addition and not the thermal cycle itself.

4.4.2 Dehydrogenation of Ti-6Al-4V alloy Specimen

Various heat treatment procedures have been used to remove the in-diffused hydrogen in
the titanium sample so as to preserve and/or enhance the mechanical integrity of the
titanium alloy and to investigate the resultant novel microstructures after hydrogen
removal in vacuum. Besides, according to an earlier report by D .H. Kohri“ettlze
removal of hydrogen is necessary because the residual hydrogen concentrations in-
diffused into titanium alloys compromise the mechanical integrity, since hydrides can
fracture and act as crack nuclei in the alloy. They reported also that as long as hydrogen
concentrations are less than 140 p.p.m (0.014 wt.-%), there’s no effect of hydrogen on
dynamic properties. The maximum allowable hydrogen concentration in wrought Ti-6Al-
4V is 120 p.p.m (0.012 wt. - %).

In line with these backdrops, isothermal dehydrogenation heat treatments for 18 hours at
different elevated temperatures have been carried out in this research and the results

obtained and the discussion of the results are presented next.

4.4.2.1 Isothermal Dehydrogenation Heat Treatments for 18 hours at

Different Temperatures

4.4.2.1.1 I sothermal Dehydrogenation Heat Treatment at 750°C

The dehydrogenation heat treatment carried out on the Ti-6-4 specimen in vacuum at
750°C for 18 hours and furnace cooled to room temperature produced the microstructure

shown in figure (4-2 A).
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The microstructure shows a lenticular-like structure that is typical of a Widmanstatten
structure with grain boundary allotriormorphs and sosaghase precipitates (light)

within the priorf grains. The dark phase in-between the Widmanstatigmase plates

are identified as residuglphase.

(A) (B)
Figure 4-2: Light microscopy of Ti64 alloy: (A) hydrogenated and (B) Argon treated
both at 85F°C for 3 hours and furnace cooled to 43 and air cooled, then, (A)
dehydrogenated and (B) vacuum treated, both at 758G for 18 hours and furnace

cooled to room temperature respectively.

It is particularly interesting to see the Widmanstatten structures formed after this
dehydrogenation heat treatment. This is because Widmanstéatten structures are only
formed in a non-hydrogenated Ti-6-4 alloy on slow cooling after a solution heat
treatment above the beta transus at about®@20Widmanstatten structures are formed

in titanium alloys by heterogeneous nucleation and growth events occurring on pre-
existing prior B grain boundary with each growing plate maintaining a Burgers’
relationship with its parent matrix . The nucleation and growth of Widmanstatten
structures during the dehydrogenation heat treatment shows that there was a lowering of
the B-phase transus by hydrogen alloying of Ti-6-4. Tha$i-phase region can be
thought to have existed around the temperature ofC758ed for the dehydrogenation
process hence the Widmanstatten structures were formed. A similar cycle heat treatment

done on another titanium specimen but without hydrogen supports the belief that the
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Widmanstétten structures were initiated by hydrogen alloying and not heat treatment
cycle. This is revealed by the microstructure shown in figure (4-2B). The microstructure
shows a well dispersed coarse equilibriwrand intergranulap. The coarse grains are
evidence of grain growth during the heat treatment. The grain growth was driven by the
release of the grain boundary surface energy due to high temperature and the long period
of the treatment as the amount of total grain boundary surface is reduced. This leads to

grain boundary mobility and grain growth of the specimen.

4.4.2.1.2 I sothermal Dehydrogenation Heat Treatment at 650°C

Following dehydrogenation heat treatment at°65€br 18 hours and furnace cooled to
room temperature, a microstructure typical to the morphology obtained for
dehydrogenation at 780 was obtained as shown in figure (4-3).

The microstructure shows a Widmanstatten microstructureatfilphases. The
Widmanstétten structures have shoreplates and smaller prig-grain boundaries of
27um * 4.53 relative to dehydrogenation treatment &Q5wvhich formed prioi3-grain
boundaries of 38m + 7.50; the + values are the standard deviatioftse priorf3 grain
boundaries formed colony boundaries for t@hase, which nucleated preferentially
from the prior} grain boundaries. Besides, there are evidence# primarye grains
(light) in the microstructure after the dehydrogenation af®5figure (4-3), than those
obtained after dehydrogenation at TS0figure (4-2).

This observation could be due to a greater expulsion of hydrogen ¥ ®&€reby
enabling thel — o phase transformation to occur more easily, thusatipg the growth
of Widmanstatten structures that are seen in thé’C75featment. Also, the lower
temperature of 65C could have hindered the growth of Widmanstatten structures on
cooling compared to the higher temperature of °€5@vhich favours growth and

thickening of Widmanstatten plates on cooling.
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(A) (B)
Figure 4-3: Light microscopy of Ti-6-4 alloy: (A) hydrogenated and (B) Argon
treated both at 850C for 3 hours and furnace cooled to 43 and air cooled, then,

(A) dehydrogenated and (B) vacuum treated, both at 65Q for 18 hours and

furnace cooled to room temperature respectively.

Figure (4-3B) shows a control heat treatment done on a Ti-6-4 specimen at the same heat
treatment cycle for dehydrogenation at ®&Mut without hydrogen. The microstructure
shows a well dispersed coarse equilibriwrand intergranula$. The coarse alpha grains

show evidence of grain growth during the heat treatment. The grain growth was driven by
the release of the grain boundary surface energy due to high temperature and the long
period of the treatment as the amount of total grain boundary surface is reduced. This
leads to grain boundary mobility and grain growth of the specimen. The stored energy
released was formed due to imperfections at the grain boundaries. There is no evidence of

Widmanstatten structures in the microstructure.
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4.4.2.1.3 I sothermal Dehydrogenation Heat Treatment at 550°C

A dehydrogenation heat treatment that was carried out 8560 18 hours and furnace
cooled to room temperature produced the microstructure shown in figure (4-4). It shows a
microstructure that resembles a broken-down Widmanstatten microstructure with a well
dispersed globular-like primary-grain structures (light). The microstructure conegar

with the microstructure revealed at figure 4-3A though the grain boundary
allotriormorphs seem to have nucleated more and grown bigger in thé &&atment

than in figure 4-3A. The prids-grain boundaries formed were}ikb + 1.84; the + values

are the standard deviations. This could be indicative of effective dehydrogenation at
550°C. However, there are reservations to this observation due to the previous
contributions by researchers that hydrides are formed within this treatment temperature of
dehydrogenation. The temperature of dehydrogenation is believed to be low for effective
dehydrogenation due to the stability of hydrides within lower temperatures as suggested
by phase diagram done by Qazi et'alThus, it is not clear whether the microstructure is
nearing a full decomposition of the reported hydride phases. Probably the long period of
dehydrogenation (18 hours) may have enabled hydrogen removal in vacuum and patrtial
decomposition of hydrides and subsequent precipitatienpbfase and some residyal

phase. Therefore, a mixture @ff{ f+5) phases could be anticipated in the microstructure
obtained. More scientific work needs to be done in order to confirm this observation.
However, the SEM and the X-ray diffraction analysis done on the treated specimen which

is discussed in the following sections will bring some more understanding.
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Figure 4-4: Light microscopy of Ti-6-4 alloy hydrogenated at 85t for 3 hours and
furnace cooled to 438C and air cooled, then, dehydrogenated at 558G for 18 hours

and furnace cooled to room temperature

4.4 Scanning Electron Microscopy

This section reveals the microstructure of the treated specimens taken at higher
magnifications (1500 and 5000 respectively for each specimen) in order to investigate the

presence of phases that are possibly not visible from the optical microscopy.

Figures (4-5 to 4-8) reveal these microstructures treated as specified at their respective
figures. Generally, there is no clear evidence of additional phase(s) order than those seen
from the optical microscopy. The hydrogenated specimen, figure (4-5) reveals the

martensite plates in the matrix of the fine equiaxed alpha structures.

The specimen dehydrogenated at %K0 figure 4-6, reveals the broken down
Widmanstétten structures with the residfiglhase appearing white in-between the

plates and the grain boundaries. The globular-like alpha structures are also revealed. No
hydride phase is revealed. The presence of hydrides phase normally appears dark from
the electron radiation along thegrain boundaries.
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Figure 4-7, reveals the Widmanstéatten structures and the alpha globular grain structures
as was seen from the light microscopy, figure 4-3. The respiphhse appears white

along the grain boundaries.

Figure 4-8, reveals the elongated Widmanstatten structures with the grain boundary

residualB-phase.

x 1500 x 5000

Figure 4-5: Scanning Electron Microscopy of Ti-6-4 oy hydrogenated at 856C for
3 hours and furnace cooled to 43T and air cooled

x 1500 x 5000

Figure 4-6: Scanning Electron Microscopy of Ti-6-4 alloy hydrogenated at 880 for
3 hours and furnace cooled to 43 and air cooled, then, dehydrogenated at 585G

for 18 hours and furnace cooled to room temperature
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x 1500 X 5000

Figure 4-7: Scanning Electron Microscopy of Ti-6-4 alloy hydrogenated at 880 for
3 hours and furnace cooled to 43 and air cooled, then, dehydrogenated at 65G

for 18 hours and furnace cooled to room temperature

x 1500 x 5000

Figure 4-8: Scanning Electron Microscopy of Ti-6-4 oy hydrogenated at 856C for
3 hours and furnace cooled to 43 and air cooled, then, dehydrogenated at 75G
for 18 hours and furnace cooled to room temperature
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4.5 X-Ray Diffraction

This section gives the X-ray diffraction spectra of the as-received annealed Ti-6Al-4V

alloy specimen, hydrogenated specimen at specified heat treatment parameters,
dehydrogenated specimens at specified heat treatment variables and control specimens
that experienced the same cycle treatments for hydrogenation and dehydrogenation but in

argon for the hydrogenation stage.

The X-ray peaks of this work were identified by measuring and comparing peak positions
of the same alloy, Ti-6Al-4V, measured with Cu#&s X-ray source and published in

scientific journals. Tables (1- 8) in Appendix (C) give the referred work as measured.

The spectra have been presented on the same scaleper assessment hence some X-
ray peaks revealed are cut off. The full spectra peak heights are found in Appendix (D).
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Figure 4-9: X-ray diffraction spectrum of Cold rolled annealed
Ti-6-4 (As-Received)
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Figure 4-9 shows the x-ray diffraction spectrum of the as-received annealed specimen. It
revealed peaks that correspondiphase positions only. Beta phases were not prasent
would have been expected in an annealed condition. This suggests that the as-received
specimen is probably not in the full annealed condition or the volume fraction pf the

phase was too low to be detected.

After hydrogenation heat treatment at 8For 3 hours of the annealed specimen, the
intensity increased at some peak positions as shown in figure 4-10. The spectrum also
reveals coexistence of a martensitic phasé€alpha double prime), and anphase at

peak position 3% Besides, a primary martensitic phas¢alpha primefoexisted withy-

phase at peak positions381° and 53.8respectively. N@-phase peak was revealed by

the spectrum. The absence pphase peak for the hydrogenated specimen could be
explained by the role hydrogen plays in phase transformation and kinetics of titanium
alloys; hydrogen as Brphase stabilizing element has the potential to taive p-phase

transus and transform the prior beta grains into martensite.
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Figure 4-10: X-ray diffraction spectrum of Ti-6-4 hydrogenated at 856C for 3 hours

and furnace cooled to 43%C and air cooled: (Step 1)
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The martensite phase formed by cooling from the beta phase region is reported to be
either theo' (alpha prime) phase (hcp) af (alpha double prime) phase (orthorhombic),
depending on the hydrogen conteéfit The formation of orthorhombic martensite is
typical in o+f titanium alloys containing a large amount [pfstabilizing alloying
elements, such as V and M It is therefore not surprising to have similar effect from

the addition of hydrogen, which is also a str@ngtabilizer as revealed in the spectrum.
Hydrogen is reported to have increased the nose time necessary to decomgbse the
phasewhich subsequently enabled the formation of martensiuntreated specimens. In

a scientific review paper by F.H. Froes ef,at is reported that an increase in hydrogen
concentration from 0 to 30 at.-% slowed down the kinetics of beta phase transformation
considerably, resulting in an increase in the nose time for start of transformation from
12secs to 42mins, figures (2-6) and (2-7) . The nose temperature decreased linearly from
725 to 586C with an increase in hydrogen concentration from 0 to 30 at.-%. The
substantial increase in nose time leads to a considerable decrease in the quenching rate
necessary to produce a 100% martensite structure. A cooling rate as low as ik min

the alloy with 30 at.-%H is sufficient while a cooling rate of 1000 K higrequired to
produce a 100% martensite structure in the alloy with 0%H. Therefore, given the 3 hour
hydrogenation treatment which is a long period to achieve hydrogen diffusion and
saturation considering the high diffusivity of hydrogen in titanium at elevated
temperatures, the martensite phases revealed in the hydrogenated spectrum of this present

work is anticipated.

The Hydrogenated specimen that was subsequently subjected to a dehydrogenation
treatment at 55C for 18 hours and furnace cooled to room temperature revealed a
spectrum withB-phase peaks at position 39dnd smaller peaks at positions’ 281d 72
respectively. The-phase exists at peak positior? 3figure 4-11. Also, primary/-phase

coexists witha-phase at peak position 71.5
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Figure 4-11: X-ray diffraction spectrum of Ti-6-4 hydrogenated at 856C for 3 hours
as in (Step 1) then, dehydrogenated at 5%0 for 18 hours and furnace cooled to
room temperature

The primary martensite in figure 4-11 could possibly be a residual martensite phase from
the hydrogenated specimen which on dehydrogenation #&C560uld not achieve
complete decomposition within the treatment time. Also, it is important to note that the
B-phases that are revealed from this spectrum argicosisly absent at the as- received

specimen, figure 4-9.

The specimen dehydrogenated at %€5@or 18 hours after the hydrogenation stage
revealed a spectrum as shown in figure 4-12. The spectrum indicates the same type of
peak distribution revealed for the dehydrogenation treatment &€ 5B@wever, there is

a significant increase in intensity for peaks at positiorfsa®8 421 respectively under
constant acquisition time for all the spectra revealed in this work. There is about 47%

increase in intensity for thg peak at position 39°5elative to figure 4-11. The peaks
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revealed are identified as alpha phase except the corresponding peakspfphéses.

The o and B phases revealed in this spectrum are anticipatesid®ring that the
dehydrogenation temperature is high enough within the 18 hours treatment to achieve
effective dehydrogenation. This is in accordance with the Ti-6Al-4V-xH alloy phase
diagram done by J. I. Qazi et“dl In a similar work done by D. H. Kohn et 4] they
reported that dehydrogenation occurred more readily at higher temperatures and at longer
treatment times. However, the dehydrogenation temperature and times must be chosen
within the constraint of minimizingt — grain growth. Grain growth is minimized if

shorter times are used, the opposite requirement of efficient dehydrogefiation
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Figure 4-12: X-ray diffraction spectrum of Ti64 hydrogenated at 858C for 3 hours
as in (Step 1) then, dehydrogenated at 6%0 for 18 hours and furnace cooled to

room temperature

The specimen dehydrogenated at°@5and furnace cooled to room temperature revealed
the spectrum shown in figure 4-13. It displayed similar peak distribution as shown for
dehydrogenation at 680, figure 4-12. The phases identified were once again anticipated

based on the higher temperature and sufficient time used for the dehydrogenation

g UNIVERSITY OF CAPE TOWN

TURIVESITHI TASEEAPA *UMIVERSITEIT VAN KAAPSTAD



Experimental results and discussion 76

process. However, further work is needed in order to understand what contributes to the
high peaks in all the spectra revealed for the hydrogen treated specimens. Apparently,
samples were rotated during x-ray measurements in order to prevent problems of
preferred orientation. Additionally, samples that were x-rayed without rotation showed

no change in peak heights. Therefore, a possible contribution from preferred orientation

was not observed.
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Figure 4-13: X-ray diffraction spectrum of Ti-6-4 hydrogenated for 3 hours as in
(step 1) then, dehydrogenated at 78G for 18 hours and Furnace cooled to room

temperature

Figures (4-14, 4-15 and 4-16) show the spectra for control specimens treated as specified
by their respective descriptions at each figure. They have common peak distributions and
intensities. The spectra revealed corresponflipgases peaks at positions 39%” and

71.5 respectively. The-phase peak distributions for the control specimeagte same

as the dehydrogenated spectra but the control peaks are not as strong in intensity as the
dehydrogenated spectra considering that their acquisition time was the same in all cases.
The absence di-phases in the as-received specimen which precigigtmificantly at

the control specimen suggests that the as-received material was probably not in a full

annealed condition. The uniform distributions and intensity of the phases at the control
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specimens could probably mean that the specimens have attended their equilibrium states
during the heat treatments. Ti-6Al-4V alloy is reported to have aboutfipP&ase and

90% a-phase by volume fraction at room temperature ungiitilerium conditions.
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Figure 4-14: X-ray diffraction spectrum of Ti-6-4 treated in Argon at 856C for 3

hours and furnace cooled to 43 and air cooled
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Figure 4-15: X-ray diffraction spectrum of Ti-6-4 treated in Argon at 850C for 3

hours and furnace cooled to 43 and air cooled, then, vacuum treated at 65C for

18 hours and furnace cooled to room temperature
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Figure 4-16: X-ray diffraction spectrum of Ti-6-4 treated in Argon at 856C for 3
hours and furnace cooled to 43 and air cooled, then, vacuum treated at 75C for

18 hours and furnace cooled to room temperature
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4.6 Microhardness measurements

Microhardness profiles have been done on the bulk section of the as-received Ti-6-4
specimen, the hydrogenated specimen as well as the dehydrogenated specimens. As
indicated in the previous chapter seventeen random hardness measurements were made

per specimen using a standard Vickers diamond indenter with a load of 500 df..
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Figure 4-17: Bar chart for the microhardness vs staing temperature for the Ti-6-4
alloy specimens: as-received at room temperature, hydrogenated specimen treated
at 850°C for 3 hours and furnace cooled to 43 and air cooled, dehydrogenated
specimens treated at 55, 650C and 750C for 18 hours respectively and furnace

cooled to room temperature

Figure 4-17, shows the comparative hardness measurements for the as-received
specimen, hydrogenated specimen and dehydrogenated specimens at the specified
temperatures. Inspection at the figure shows an average drop in hardness in the
hydrogenated specimen after the hydrogenation treatment relative to the as received

condition. This drop in hardness could be due to the two martensite phases” that
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were formed after the 3 hour hydrogenation period. aFhghase is reported to be softer
than the primary martensite —phase. The hardness spread at the error barte(pleith
the minimum and maximum values) could be attributed to contributions from the two

phases present.

The microhardness measurements on the dehydrogenated specimen at the various
treatment temperatures (580 650C and 756C for 18 hours) respectively revealed a
significant increase in hardness after dehydrogenation atC5%thile specimens
dehydrogenated at 6%D and 750C respectively resulted to equal hardness which is
slightly higher than the hydrogenated specimen. The hardness achieved after the
dehydrogenation at 580 is seen to be higher than hardness achieved for the as-received
specimen as well as the hydrogenated and dehydrogenated specimens respectively. The
higher hardness achieved at %50could be due to the higher presence of equiaxed
globular alpha precipitates that resulted after the dehydrogenation treatmenf@t 550
Alpha grains are reported to have higher hardness thaf theins. The residual
martensite phase detected with the x-ray diffraction could also have contributed to the
hardness. Besides, the hardening behaviour could also have resulted from the short range
ordering, which occurs at high hydrogen concentrations in titanium alloys as was

reported in the scientific review paper by F.H. Froes &t al

The equal hardness achieved after dehydrogenation 8€ G&td 756C respectively

were not significantly high relative to the hydrogenated and the as-received specimen
respectively. This could possibly be due the high resigydiase that precipitated after

the respective dehydrogenation treatm@rapthase has minimal hardness relative to the
a-phase.
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Chapter Five

Conclusions

The following conclusions can be made from the results obtained for this research:

* The apparatus for the hydrogenation and dehydroigenat Ti-6-4 alloy has
been designed and it has been experimentally tested as safe and reliable for use

under laboratory conditions.

* The hydrogenation technique carried out in this aede produced fine-grain
structures and martensite plates. The investigation with X-ray diffraction analysis
on the treated specimens revealed the presence of martensite. This martensite
could possibly be hexagonal (alpha prime) phase or orthorhomhit (alpha

double prime) phase or both.

 The microstructural changes or modifications seeterathe three hour
hydrogenation cycle which were not evident in the control specimen are attributed
to phase transformations brought about by hydrogen alloying in the sample and
not the heat treatment cycle.

« Dehydrogenation at 580, 650C and 750C for 18 hours produced at least
partial hydrogen removal considering that no trace of hydrides was detected with
the scanning electron microscopy. X-ray diffraction was particularly not very
reliable towards identifying possible hydride phase due to problems of peak

overlaps in the spectra.
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» The measurement of hydrogen concentrations in teeirsgns was unsuccessful
due to additional weight from the oxide layers formed on the specimens after each
heat treatment. The vacuum achieved for the experiment was insufficient hence

the oxide formation.

 There was a significanf-phase precipitation in the dehydrogenated samples
compared to the control samples. Moreover, fhghase was not detected in the
as-received specimen. This implies that hydrogen beirfiyphase stabilizing
element increased the volume fraction of flhiphase at room temperature after

processing.

« Upon dehydrogenation at 7%D and 650C respectively, Widmanstatten
structures with continuous grain boundary allotriormorphs eptiase colonies
are formed while similar treatment at 3&80produced more nucleation and further
growth of the grain boundary allotriormorphs and a homogeneous microstructure
consisting of globulag-grains in g matrix.

» Dehydrogenation at 5580 for 18 hours achieves greater hardness compared to
similar treatment at 65@ and 756C respectively. The higher hardness achieved
after the dehydrogenation treatment is an indication of enhancement in
mechanical strength of Ti-6-4 alloy achieved with the hydrogen treatment.

« Although effective dehydrogenation was achieved &6°QC for 18 hours,
dehydrogenation at 580 and 656C for 18 hours can be seen as more desirable
processing variables due to the fact that a greater volume fraction of equiaxed
grains were produced after this particular dehydrogenation treatment compare to
the structure achieved from the 760 Besides, minimal grain growth is possible
at the lower temperatures. It is also more cost effective to process at the
temperatures of 558G and 656C respectively.
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Chapter Six

Recommendations

The following recommendations are made in the anticipation that, with further
investigations into the new technique of using hydrogen as a temporary alloying
element, its potentials of microstructural modifications and mechanical property

enhancement will be fully understood and utilized.

 The process of mass changes for the hydrogenatedirendiehydrogenated
specimens was unreliable due to the additional weight from the oxide layers from
the oxide layers formed after each heat treatment. It is suggested that a higher
vacuum pump should be used during processing in order to achieve better vacuum

thereby preventing the oxidation on the specimen.

» Additional mechanical tests other than hardnessdcbal carried out in order to
investigate materials response to properties such as tensile strength, fatigue and

fracture toughness.

» The hydrogenation could be processed at varying toegods in order to

investigate the influence of hydrogenation time on microstructure.

 To vary hydrogenation temperatures in order to itigate the influence of

temperatures to hydrogenation and the microstructure thereof.

« The dehydrogenation at 5%D and 650C for 18 hours produced more
homogeneous o+f grain structures which more mechanical property
enhancements are expected compare to the structure obtained from %6e 750

Therefore, it is suggested that lower dehydrogenation temperatures be used.
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* Investigation into the phase transformation charmties, eg. Change in lattice
parameters, during hydrogenation and dehydrogenation treatments could be

carried out with the dilatometer.

» To perform repeated HG and DH cycles in order testigate the influence of

repeated cycles on microstructure and the resultant mechanical properties.
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Component design of Experimental Apparatus
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NOTES:
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MOTES:
1 % 8mm dia. sisteel tube handle
Tube to hawe one end threadadto 1 cradle
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Appendix B

Preliminary Tests and Operating Procedure

Because of the danger associated with the use of hydrogen, an operational performance
assessment was done on the test rig for it to be certified safe for use. The following steps

and procedures were followed in conducting experiments in the test rig.

a. Preliminary Safety Checks

» Ensure that all the Gas Cylinder knobs on the cgligdre closed,;

» Ensure that the Gas Regulator knobs are closed;

* Ensure that the correct Cylinder is used and ngplaced in position;

* Ensure that there are no leaks from any of the @gl® and hose ends to
the Gas Cylinders and vacuum furnace,;

» Ensure procedure check for tightness;

* Ensure that there are no vacuum leaks on the fumessEmbly;

» Ensure that the power switches are initially off;

* Ensure that the extractor fan in the fume cupbosrdni throughout the
experiment. This helps in addition to the main extractor to evacuate any

gas leak during the experiment.
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b. Placement of Samples into the Furnace

In order to open the sample inlet, ensure that tlesspre gauge at the
furnace is at atmospheric (OkPa) otherwise introduce argon from its bottle
to achieve OkPa;

Open the argon gas cylinder knob and set presstineting gas regulator

at 100kPa;

Open the gas inlet valve slightly and watch the sues gauge on the
furnace until it reaches just below 10kPa;

Turn off the argon flow from the bottle and close thas inlet on the
furnace;

Open the sample inlet carefully and insert your damp

Close the sample inlet carefully afterwards.

c. Obtaining Furnace Vacuum and Initiating Furnace Heat up

Keeping the cylinder knobs and gas regulators clogpén the gas inlet
valve on the furnace, open the Speedivalve, switch on the Peroni gauge
and then switch on the pump;

Close the gas inlet valve after about 2 to 3 minatggimping down;

Set furnace to heat up to 500

Leave the pump on until pressure is below T6rr;

Then, close the Speedivalve, switch off the PIRAMUge and finally,

switch off the pump.

TURIVESITHI TASEEAPA *UMIVERSITEIT VAN KAAPSTAD
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d. Introduction of 5% Hydrogen & Argon mix (Reaction Gas)

* Ensure that the reaction gas cylinder is connected;

« When furnace temperature reaches’8)®@pen the reaction gas knob and
set the pressure with the regulator to 100kPa;

» Set your desired flow rate on the flow meter;

* Open the gas inlet valve on the furnace and mairpagssure in the
furnace system to not more than 20kPa;

» Set furnace set point to 9%0

« When 956C is reached, furnace must remain isothermally at this
temperature for a duration of 3hours;

» After the isothermal treatment, the furnace is swatt off to cool down
with the sample up to 560 (furnace temperature) with the reaction gas
still flowing. This was to attend a complete cycle from the point of
hydrogen introduction;

* Switch off the reaction gas flow at the gas cylinkaob and the flow
meter;

» Switch on the pump and open the Speedivalve to tupkmp down the
reaction gas in the vacuum system, and open the gas hose;

e Put off the pump after about 2 minutes and closeSieedivalve and the
gas inlet valve;

 Remove gas hose from the reaction gas cylinder andect the gas hose
to the argon cylinder;

e Open the argon gas cylinder knob and set presstetg Gas regulator
at 100kPa;

* Open the gas inlet valve slightly and watch the fures gauge on the
furnace to reach just less than 10kPa;

* Put off the argon flow;

« Remove sample carefully from the furnace at®&80@urnace temperature)

and allow it to cool in air.
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Appendix C

X-ray diffraction measurements as measured from the
published scientific papers (references attached)

Table C-1

XRD PATTERN OF UNCHARGED & GAS-PHASE CHARGED (5D, 5atm, 10h)
Ti-6Al-4V SPECIMENS BETWEEN AND AFTER TDS (af6/Min, up to 706C) [

2 THETA (20) o Ti BTi 3 TiH,
35.5 (uncharged) *

35.5 (charged 10hrs) *
38.5 (uncharged) *

40° (uncharged) *

42°(charged 10hrs) *
42° (uncharged) *

53.5 (uncharged) *

58 (uncharged) A

58.5 (charged) *
64° (uncharged) *

70.5 (charged) *
71.5 (uncharged) *

72.5 (uncharged) *

75.5 (uncharged) *

77° (uncharged) \
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Table C-2

XRD PATTERNS OF Ti-6Al-4V: a$-solution treated; hydrogenated at 8Dpand
hydrogenated/dehydrogenated for five cycfds [

2 THETA (D) |oTi BTi By 5 .z

26° (HG/DH x5) *

36° *

38 *

40° (as$-soln.) *

41° (asp-soln.) | *

42 *

53.5 (as$-soln.) | *

56° *

57.5 (as$-soln.) *

60° *

63.5 (asp-soln.) | *

64 *

71° *

Table C- 3

XRD PATTERNS OF UNCHARGED AND ELECTROCHEMICALLY
HYDROGENATED Ti-6Al-4V ALLOY, AFTER 12 & 48hrs OF CHARGING AT
50mA/ CM [ ]

2 THETA (0) |oTi
35.5(0hrs) *

36°(12hrs) *

38°(12hrs) ¥

38.5(0hrs) *

40°(12hrs) *

40.5(0hrs) *

42.5(12hrs) *

53.5(0hr, 12hrs)| *

58°(0hr) *

61°(0hr, 12hrs) *

64°(Ohrs, 12hrs) | *

71°(0Ohr, 12hrs) | *

72.5(0hr) *

75’ - 80 *

g UNIVERSITY OF CAPE TOWN

TURIVESITHI TASEEAPA *UMIVERSITEIT VAN KAAPSTAD



Appendix C

Table C-4

XRD PATTERNS OF Ti-6Al-4V ALLOY WITH DIFFERENT HYDROGEN

CONTENT: (a) AS-RECEIVED, (0)0.106 wt.-%, (c) 0.302 wt.-%, AND (d) 0.490 wt

7]

2 THETA ©)

PHASES PRESENT

o Ti

BTi

35.5 (a) (b)

35.5 ()

35.5 (d)

38.5 (a)

38.5 (b)

38.5 (c)

| k| k| | *| *+| x

38.5 (d)

*| k| ¥ *

39.5 (a)

40.5 (a - d)

53.5 (a) (b)

53.5 ()

53.5 (d)

Lol I I

56 (b) (c)

56.5 (a)

64 (a—d)

65 (c) (d)

69 (d)

715 (a—d)

75 (a) (b)

77 (a—d)

785 (a— d)

*| k| F| %
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Table C-5
XRD PATTERNS OF UNCHARGED AND ELECTROCHEMICALLY
HYDROGENATED AT ROOM TEMPERATURE (a) FULLY LAMELLAR
Ti- 6Al-4V [ 9
2 THETA ) PHASES PRESENT
o Ti BTi y TiH d TiH, TiO
35.5 (48hrs) *
36 (48hrs) *
38 (hrs) *

39 (12 & 48hrs)

40(0,12,48hrs)

42(48hrs)

53.5(0,12,48hrs)

57.5(0,12hrs)

71.5(0,12,48hrs)

77 (48hrs)

84 (48hrs)

Table C-6

XRD PATTERNS OF UNCHARGED AND ELECTROCHEMICALLY
HYDROGENATED AT ROOM TEMPERATURE: DUPLEX Ti-6Al-4V SPECIMENS

[

2 THETA ©)

PHASES PRESENT

aTi

B Ti

vy TiH

TiO

35.5(0,12,48hrs

0 TiH,
*

36(12hrs,48hrs)

*

37.5(0,12,48hrs

38.5(0,12,48hrs

40(0,12,48hrs)

40.5(0,12,48hrs

42(12,48hrs)

43.5(48hrs)

53.5(0,12,48hrs

57.5(0,12,48hrs

61.5(0,12,48hrs

63.5(0,12,48hrs

71(0,12,48hrs)

72.5(0,12,48hrs

75 (0,12,48hrs)

77 (0,12,48hrs)

78.5(0,12,48hrs
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Table C-7

XRD PATTERNS OF THE Ti-6Al-4V ALLOY: (a) BEFORE HYDROGENATION; (b
HG 0.2 wt.-%; (c) HG 0.3 wt. -%; (d) HG 0.5 wt.-%

2 THETA ©) PHASES PRESENT

o B o o
35.5 (a) *
35.5 (b) * *
35.5 (c) (d) * * *
38 (c) *
38 (d) * *
38.5 (a) (b) *
38.5 (¢) * *
38.5 (d) *
40 (a—d) *
40.5 (a) *
40.5 (b) * *
40.5 (c) (d) * * *
445 (a—d) *
53.5(a) (b) *
53.5 (c) (d) * *
55 (d) *
63 (d) * *
63.5 (a) (b) *
63.5 (c) * *
65 (a—d) *
69 (b —d) *
71 (a) (b) *
71(c) (d) * *
77 (a) (b) J
77 (C) \ *
77 (d) 4
78 (a) (b) *
78 (c) (d) *
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Table C- 8

XRD PATTERNS OF SAMPLES CONTAINING: Oat. -%H, 10 at.-%H, 20 at.-%H, 30
%H ANNEALED AT 1050C, 890C, 855C, 850C FOR 1 HOUR AND WATER
QUENCHED [*}

at.-

Oat.-%H at
1050C

10at.-%H at
890°C

20at.-%H at
855°C

30at.-%H at
850°C

2 THETA 0)

! n

a a

! n

a a

! "

a a

! "

Qo o
*

35.1

*

*

*

36

38.5

39

40.5

41

53

55

64

64.5

65

69

71

72

77

78

78.5

g UNIVERSITY OF CAPE TOWN
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Appendix D

X-ray diffraction peaks as measured on the Ti-6-4 specimen

~~
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Figure D-1: X-ray diffraction spectrum of Cold rolled annealed

Ti64 (As-Received)
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Figure D- 2: X-ray diffraction spectrum of Ti64 hydrogenated at 858C for 3 hours
and furnace cooled to 43%C and air cooled: (Step 1)
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Figure D- 3: X-ray diffraction spectrum of Ti64 hydrogenated at 858C for 3 hours

as in (step 1) then, dehydrogenated at 5%D for 18 hours and furnace cooled to

room temperature
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Figure D- 4: X-ray diffraction spectrum of Ti64 hydrogenated at 858C for 3 hours

as in (step 1) then, dehydrogenated at 6%D for 18 hours and furnace cooled to

room temperature
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Figure D- 5: X-ray diffraction spectrum of Ti64 hydrogenated for 3 hours as in (step

i e-aTi
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1) then, dehydrogenated at 75 for 18 hours and furnace cooled to room

temperature
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Figure D- 6: X-ray diffraction spectrum of Ti64 treated in Argon at 850C for 3

hours and furnace cooled to 43 and air cooled
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Figure D- 7: X-ray diffraction spectrum of Ti64 treated in Argon at 850C for 3

hours and furnace cooled to 43 and air cooled, then, vacuum treated at 65C for

18 hours and furnace cooled to room temperature
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Figure D-8: X-ray diffraction spectrum of Ti64 treated in Argon at 85FC for 3
hours and furnace cooled to 43 and air cooled, then, vacuum treated at 75C for

18 hours and furnace cooled to room temperature
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Appendix E

Calculated Hydrogen concentration in Ti-6-4 cylinders

following hydrogenation and dehydrogenation treatments

Experiment Sample A

Mass Mass Mass Loss/Gair} Weight % Loss/Gain:
As-received After HG at | (Mpg - May) [(Mhg - May)/ (May)] X
(May) 850(°C for 100%
3hrs
(Mhg)
X, 1.68416 1.69783 0.01367 0.811681
X5 1.6842 1.69788 0.01368 0.812255
X3 1.68418 1.69788 0.0137 0.813452
X4 1.68417 1.69785 0.01368 0.81227
Mean 1.6841775 1.69786 0.013683 0.812414
Std. Dev 1.70783E-05 2.45E-05 1.26E-05 0.000744
Experiment Sample A
Mass Mass Mass Loss/Gairl Weight % Loss/Gain:
After HG at After DH at | (Mgn— th) [(Mgh— th)/ (th)] X
850°C for 3hrs | 750°C for 100%
(Mng 18hrs
(Man))
Xy 1.69783 1.69196 -0.00587 -0.34574
X, 1.69788 1.69196 -0.00592 -0.34867
X3 1.69788 1.69192 -0.00596 -0.35103
X4 1.69785 1.69194 -0.00591 -0.34809
Mean 1.69786 1.691945 -0.00592 -0.34838
Std. Dev. | 2.45E-05 1.91E-05 3.7E-05 0.002173
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Experiment Sample B

Mass Mass Mass Loss/Gairl Weight % Loss/Gain:
As-received After HG at | (Mpg - May) [(Mng - May)/ (May)] X
(May) 850(°C for 100%
3hrs
(Mhg)
X1 1.68354 1.69261 0.00907 0.538746
X5 1.68351 1.69258 0.00907 0.538755
X3 1.68356 1.69259 0.00903 0.536363
X4 1.68352 1.69258 0.00906 0.538158
Mean 1.6835325 1.69259 0.009058 0.538006
Std. Dev. | 2.21736E-05 1.41E-05 1.89E-05 0.00113
Experiment Sample B
Mass Mass Mass Loss/Gairl Weight % Loss/Gain:
After HG at After DH at (Mdh - th) [(M dh— th)/ (th)] X
850°C for 3hrs | 750°C for 100%
(Mng) 18hrs
(Man))
X1 1.69261 1.69101 -0.0016 -0.09453
X5 1.69258 1.691 -0.00158 -0.09335
X3 1.69259 1.69099 -0.0016 -0.09453
X4 1.69258 1.69095 -0.00163 -0.0963
Mean 1.69259 1.690988 -0.0016 -0.09468
Std. Dev. | 1.41E-05 2.63E-05 2.06E-05 0.001218
Experiment Sample C
Mass Mass Mass Loss/Gairl Weight % Loss/Gain:
As-received After HG at | (Mng - May) [(Mhg - May)/ (May)] x
(M ar) 8500C for 100%
3hrs
(Mhg)
X, 1.68221 1.69387 0.01166 0.693136
X5 1.68218 1.69389 0.01171 0.696121
X3 1.6822 1.69392 0.01172 0.696707
X4 1.6822 1.69389 0.01169 0.694923
Mean 1.6821975 1.693893 0.011695 0.695222
Std. Dev. | 1.25831E-05 2.06E-05 2.65E-05 0.001576
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Experiment Sample C

Mass Mass Mass Loss/Gair} Weight % Loss/Gain:
After HG at After DH at | (Mgn— th) [(Mgh— th)/ (th)] X
850°C for 3hrs | 750°C for 100%
(Mhg) 18hrs
(Man))
X1 1.69387 1.69208 -0.00179 -0.10568
X5 1.69389 1.69209 -0.0018 -0.10626
X3 1.69392 1.69206 -0.00186 -0.1098
X4 1.69389 1.69209 -0.0018 -0.10626
Mean 1.693893 1.69208 -0.00181 -0.107
Std. Dev. | 2.06E-05 1.41E-05 3.2E-05 0.001889
Experiment Sample D
Mass Mass Mass Loss/Gairl Weight % Loss/Gain:
As-received After HG at | (Mng - May) [(Mhg - May)/ (May)] x
(M ar) 850)C for 100%
3hrs
(Mng)
X, 1.6799 1.68805 0.00815 0.485148
X, 1.67986 1.68806 0.0082 0.488136
X3 1.67989 1.68805 0.00816 0.485746
X4 1.67989 1.68804 0.00815 0.485151
Mean 1.67989 1.68805 0.008165 0.486045
Std. Dev. | 1.73205E-05 8.16E-06 2.38E-05 0.001422
Experiment Sample E
Mass Mass Mass Loss/Gairl Weight % Loss/Gain:
As-received After HG at | (Mng - May) [(Mhg - Ma)/ (Ma)] X
(May) 850°C for 100%
3hrs
(Mhg)
X1 1.67584 1.68618 0.01034 0.617004
X5 1.67583 1.68619 0.01036 0.618201
X3 1.67582 1.68615 0.01033 0.616415
X4 1.67582 1.68622 0.0104 0.620592
Mean 1.6758275 1.686185 0.010358 0.618053
Std. Dev. | 9.57427E-06 2.89E-05 3.1E-05 0.001849
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Experiment Sample F

Mass Mass Mass Loss/Gairl Weight % Loss/Gain:
As-received After HG at | (Mpg - May) [(Mng - May)/ (May)] X
(May) 850(°C for 100%
3hrs
(Mng)
Xy 1.67507 1.68784 0.01277 0.762356
Xs 1.67504 1.68785 0.01281 0.764758
X3 1.67506 1.68787 0.01281 0.764749
X4 1.67505 1.68789 0.01284 0.766544
Mean 1.675055 1.687863 0.012808 0.764602
Std. Dev. | 1.29099E-05 2.22E-05 2.87E-05 0.001719
Experiment Sample G
Mass Mass Mass Loss/Gair} Weight % Loss/Gain:
As-received After HG at | (Mng - May) [(Mhg - Ma)/ (Ma)] X
(May) 850°C for 100%
3hrs
(Mng)
Xy 1.67295 1.68479 0.01184 0.707732
Xo 1.67295 1.68478 0.01183 0.707134
X3 1.67294 1.68476 0.01182 0.706541
X4 1.67295 1.68476 0.01183 0.707134
Mean 1.6729475 1.684778 0.01183 0.707135
Std. Dev. | 5E-06 1.26E-05 8.16E-06 0.000486
Experiment Sample G
Mass Mass Mass Loss/Gairl Weight % Loss/Gain:
After HG at After DH at (Mdh - th) [(M dh— th)/ (th)] X
850°C for 3hrs | 650°C for 100%
(Mng) 18hrs
(Man))
X, 1.68479 1.68371 -0.00108 -0.0641
X5 1.68478 1.68378 -0.001 -0.05935
X3 1.68476 1.6838 -0.00096 -0.05698
X4 1.68476 1.68378 -0.001 -0.05935
Mean 1.684778 1.683768 -0.00101 -0.05995
Std. Dev. | 1.26E-05 3.95E-05 5.03E-05 0.002987
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Experiment Sample H

Mass Mass Mass Loss/Gairl Weight % Loss/Gain:
As-received After HG at | (Mpg - May) [(Mng - May)/ (May)] X
(May) 850(°C for 100%
3hrs
(Mng)
X1 1.68534 1.69387 0.00853 0.506129
X5 1.68535 1.69387 0.00852 0.505533
X3 1.68534 1.69386 0.00852 0.505536
X4 1.68534 1.69386 0.00852 0.505536
Mean 1.6853425 1.693865 0.008522 0.505684
Std. Dev. | 5E-06 5.77E-06 5E-06 0.000297
Experiment Sample H
Mass Mass Mass Loss/Gairl Weight % Loss/Gain:
After HG at After DH at (Mdh S th) [(M dh— th)/ (th)] X
850°C for 3hrs | 650°C for 100%
(Mng) 18hrs
(Man))
X1 1.69387 1.6938 -7E-05 -0.00413
X5 1.69387 1.69376 -0.00011 -0.00649
X3 1.69386 1.69381 -5E-05 -0.00295
X4 1.69386 1.69379 -7E-05 -0.00413
Mean 1.693865 1.69379 -7.5E-05 -0.00443
Std. Dev. | 5.77E-06 2.16E-05 2.52E-05 0.001486
Experiment Sample |
Mass Mass Mass Loss/Gairl Weight % Loss/Gain:
As-received After HG at | (Mng - May) [(Mhg - Ma)/ (Ma)] X
(May) 850°C for 100%
3hrs
(Mng)
X1 1.6433 1.65614 0.01284 0.781355
X5 1.64328 1.65611 0.01283 0.780756
X3 1.64329 1.65609 0.0128 0.778925
X4 1.64331 1.65612 0.01281 0.779524
Mean 1.643295 1.656115 0.01282 0.78014
Std. Dev. | 1.29099E-05 2.08E-05 1.83E-05 0.001112
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Experiment Sample |

Mass Mass Mass Loss/Gair} Weight % Loss/Gain:
After HG at After DH at | (Mgn— th) [(Mgnh— th)/ (th)] X
850°C for 3hrs | 650°C for 100%
(Mng) 18hrs
(Man)
X3 1.65614 1.65400 -0.00214 -0.12922
X5 1.65611 1.65398 -0.00213 -0.12861
X3 1.65609 1.65399 -0.00210 -0.12680
X4 1.65612 1.65400 -0.00212 -0.12801
Mean 1.656115 1.653993 -0.00212 -0.12816
Std. Dev. | 2.08E-05 9.57E-06 1.71E-05 0.00103
Experiment Sample J
Mass Mass Mass Loss/Gairnl Weight % Loss/Gain:
As-received After HG at | (Mng - May) [(Mhg - Ma)/ (Ma)] X
(May) 850°C for 100%
3hrs
(Mng)
X, 1.69601 1.70546 0.00945 0.55719
X5 1.69601 1.70543 0.00942 0.555421
X3 1.69601 1.70543 0.00942 0.555421
X4 1.69602 1.70543 0.00941 0.554828
Mean 1.6960125 1.705438 0.009425 0.555715
Std. Dev. | 5E-06 1.5E-05 1.73E-05 0.001022
Experiment Sample J
Mass Mass Mass Weight % Loss/Gain:
After HG at After DH at | Loss/Gain [(Mdh— Mng)/ (Mng)] X
850°C for 3hrs | 650°C for (Mgh—Mng | 100%
(Mng) 18hrs (M)
Xy 1.70546 1.70388 -0.00158 -0.09264
Xo 1.70543 1.70391 -0.00152 -0.08913
X3 1.70543 1.70391 -0.00152 -0.08913
X4 1.70543 1.70391 -0.00152 -0.08913
Mean 1.7054375 1.703903 -0.00153 -0.09001
Std. Dev. | 1.5E-05 1.5E-05 3E-05 0.001758
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