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Chapter 1

General Introduction



Chapter 1: General Introduction

1.1 Context of the study

The air traffic or RPK, that represents the number of kilometers traveled by paying
passengers, doubles every 15 years and leads to an increase in service aircrafts. Figure
1-1 shows the world annual traffic between 1950 and 2012 that increase by 4.4% every
year [1].
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Fig. 1-1. World annual traffic between 1950 and 2012 [1].
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Fig. 1-2. Evolution of the fleet in service [2].
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Two consequences stem from the air traffic growth. On one hand, the rise of the new
aircrafts is needed to support this traffic as estimated by Airbus in Figure 1-2. The aircraft
fleet will double in less than twenty years from 20,500 to 42,530 [2]. On the other hand,
the increase of the civil fleet will release a large amount of CO; in atmosphere if no
actions are employed as shown in Figure 1-3. The International Air Transport
Association (IATA) detailed a CO reduction roadmap based on new technology and the
utilization of biofuel to reduce emission by 50% compare to 2005 [3]. Moreover, despite
aviation was not included in 2015 Paris Agreement, during the general 39" session in
October 2016, the member of the International Civil Aviation Organization (ICAO)

decided to create a tool to limit the aviation CO» emission [4].

=== Emissions assuming no action Aircraft technology (known), operations and infrastructure measures No action
— Carbon-neutral growth 2020 Biofuels and radically new technologies
wes Gross emissions trajectory Economic measures ~t— Technology

‘‘‘‘‘ =1 Operations

——————————— *+— Infrastructure

= Biofuels and
£ radical tech
w
= oz CNG 2020
-50% by 2050
Not to scale
2005 2010 2020 2030 2040 2050

Fig. 1-3. Schematic CO; emissions reduction roadmap [3].

Furthermore, kerosene price represents one of the major expense of airline companies.
With the continuous rise of kerosene price and despite the economic crisis in 2017 [5],
engine maker’s companies look ceaselessly for new solutions to improve the turbojet
efficiency.

Improve the energy efficiency of turbojet engine is an important issue for saving fuel
and reducing CO». The turbojet engine efficiency can be described by the following
equation:

thrust
mass

(1-1)

Efficiency o«
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Hence, two ways of research can be explored to optimize an efficient engine. One of
the research way consist to increase the thrust, which mean increase the combustion
chamber temperature. Figure 1-4 shows the evolution of pressure and temperature
through a turbojet engine [6]. Currently applied temperature in the chamber is already
very high and reaches almost 1200°C. Therefore, the merge of progressions is very

limited without technological breakthrough.
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Fig. 1-4. Schematic illustration of the (a) component, (b) change in pressure and (c)
change in temperature in turbojet engine [6].

The second way is to use light-weight materials in order to decrease the mass of engine.
For example, turbofans were made from titanium alloy and have been replaced by lighter
composite materials. Titanium aluminides (TiAl) alloys are also one of the promising
materials for intermediate temperature’ applications up to 800°C. Indeed, TiAl alloys
show half density of conventional high temperature resisting alloys, especially nickel
based superalloys with interesting mechanical properties. Table 1-1 show a comparison
between titanium, nickel and titanium aluminides alloys. TiAl alloys have been
intensively investigated in order to replace the last stage of low pressure turbine (LPT)
blades and possibly high pressure compressor (HPC) blades during the four last decades.
Finally, in 2006, General Electric (GE) announced the first use of TiAl alloys for rotating

part in civil turbojet engine GEnx [7].The Japan has also important activities of research
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on these alloys, especially through the Science Innovative Promotion Program (SIP).
Figure 1-5 shows a schematic illustration of the GEnx engine where the two last stages
of low pressure turbine (LPT) blade were replaced by Ti-48Al-2Nb-2Cr (at.%) alloy with

a fully lamellar microstructure and an operating temperature around 650°C [8].

Table 1-1. Physical, mechanical and metallurgical properties of TiAl alloy, titanium alloys and
superalloys [9].

Property Ti-based alloys Ti;Al-based alloys TiAl-based alloys Superalloy
Density — g.cm® 4.5 4.1-4.7 3.7-3.9 8.3
RT Modulus — GPa 96-115 120-145 160-176 206
Yield Strength — MPa 390-1150 700-990 400-630 -
Tensile Strength — MPa 480-1200 800-1140 450-700 -
Creep Limit — °C 600 750 1000 1090
Oxidation — °C 600 650 900-1000 1090
RT Ductility — % 10-20 2-7 1-3 3-5
HT Ductility — % High 10-20 10-90 10-20

Low-pressure turbine
(LPT) blades

Fig. 1-5. Schematic illustration of GEnx engine with the two last stages of LPT in TiAl alloy [8].

Furthermore, the current target is to increase temperature capability of the TiAl alloys
to replace not only the two lasts stage of LPT blades but also other stages and also to

increase toughness in order to replace also the high-pressure compressor (HPC) blades.
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1.2 Titanium Aluminides Alloys

As explained previously, titanium aluminides alloys show low density (4~4.5)
depending on the additional elements, good mechanical properties and good oxidation
resistance at intermediate temperature up to 800°C [9-13] as illustrated in Figure 1-6 with
the comparison for different class of alloys of (a) the specific modulus and (b) the specific
strength [14]. Up to 700~800°C, the characteristics of TiAl alloys are higher than nickel-

based alloys and explain why TiAl alloys have been introduced in replacement of these

materials.

(@) *
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8
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3

Specific Modulus

-
o

Fig. 1-6. Mechanical properties of TiAl alloys with (a) specific modulus and (b) specific strength
of different class of alloy with temperature [14].

Fig. 1-7. TiAl binary phase diagram [15]. Red rectangle (42~48Al at.%) represent the y-based TiAl

alloys.
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Chapter 1: General Introduction

Figure 1-7 shows the most recent assessment of the binary phase diagram of titanium
aluminides established by Schuster and Palm in 2006 [15] with a band that shows the
delimited range of gamma titanium aluminides based alloys. The standard aluminum of
v-TiAl based alloy content is usually between 42 and 50 (at.%Al). Although, this TiAl
phase diagram is reliable, our research group continues to refer to the phase diagram
published by Petzow and Effenberg [16] for composition with an aluminum content lower
than 35 at.%. Indeed, we demonstrated that the existence of peritectoid o> phase depends
of the oxygen content and therefore, the phase diagram showed a congruent o> phase [17].

Based on the phase diagram, the constituent phases of TiAl can be identified. There
are shown in Figure 1-8 and the crystallographic data are presented in Table 1-2 [18].

Table 1-2. Crystallographic data of phases occurring in the TiAl alloys [18].

Strukturberickt .
Phases Pearson symbol Space group designation Prototype Lattice parameters
B-Ti cl2 Im-3m A2 W a=331A
Bo, B2 cP2 Pm-3m B2 CsCl
o-Ti hP2 P6y/mme A3 Mg 2 - 42(255; 2
. . a=577A
a,-TizAl hP8 P6;/mmce DOy Ni;Sn c=4.46 A
. a=400A
y-TiAl tP4 P4/mmm L1, AuCu =408 A
Hexagonal a-Ti — A3 BCC B-Ti — A2

Fig. 1-8. Crystal structure of TiAl in the range of 30-50Al at.%. B2 structure may not exist in the
binary TiAl alloy [18].
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The main phases found in the range of TiAl alloys are B-Ti, Bo-TiAl(M), a-Ti, o.-
TizAl and y-TiAl. It should be noted that the existence of By phase in binary alloy is still
subject to controversy [19, 20]. The o and Bo phase are the first and second order ordering
transformation of o and 3 phases, respectively. The following phase transformation imply
these phases: peritectic L + § — a, L + a — v, first order ordering transformation a0 —
o2, and second order ordering transformation 3 — Po.

Based on the phase diagram, it is possible to achieve various microstructure in y-TiAl
alloys as shown in Figure 1-9 [21]. Using same alloy composition, it is possible to control
Y phase precipitation by changing heat treatments. By holding the specimen in a-single
phase followed by air cooling the fully lamellar (FL) microstructure can be obtained from
the decomposition of a grain o — o + y. By holding the specimen in a + y two phases
region with eventually some subsequent heat treatments it is possible to change the ratio
between o2/y lamellar structure and y-grains from nearly lamellar (NL) to duplex (DP)
microstructures. Finally, by holding the specimen near or in the y-single phase, around

1473 K, it is possible to obtain near-gamma or y equiaxed microstructures.

Fig. 1-9. OM images of typical microstructures of y-based alloys: (a) fully lamellar, (b) near
lamellar, (c¢) duplex and (d) near-gamma [21].
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The formation of a/y lamellar structure has been explained by Denquin et al. as the
motion of Shockley partial dislocations in o or o every two planes which lead to the
crystal structure change into L 1¢ structure (y phase) [22]. The y precipitation process leads
to the following orientation relationship, called Blackburn orientation relationship,
between the two phases [23]:

{111}, // (0001), and(liO]y//(ﬂ?O)a (1-2)

These y lamellae precipitate according two different sequences of the fcc structure
(ABCABC or ACBACB). Moreover, the (110) orientation are not equivalent due to the
tetragonal primitive cell of y phase and lead to six different orientation variants called
ORI1 to OR6 and shown in Figure 1-10 [24].

Fig. 1-10. Schematic representation of the six orientation variants of the y phase [24].

1.3 Microstructure design principle of wrought TiAl alloys

Conventional alloy design concept of titanium aluminides is to find a good balance of
mechanical properties for the desired applications. Indeed, the duplex microstructure
improves the ductility and the low fatigue cycle properties whereas the fully lamellar

microstructure improves the creep resistance and the fracture toughness.
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Table 1-3 represents a list of common investigated TiAl based alloys. When the
aluminum content decreases and the -stabilizer content increases, the processes change
from cast/SPS to forging. However, only two different compositions are commercialized

nowadays for applications (4822 and TNM) [7, 10, 25-30].

Table 1-3. Composition and process of conventional TiAl alloys.

Composition (at.%)

Alloys i Al p-stabilizer el(;?:;fts Process Application References
4822 (GE) bal. 48 4 casting, AM* GEnx, LEAP, GE9x* 7
IRIS bal. 48 2 B SPS 25
CTI-8 bal. 47 4 B casting 26
G4 bal. 47 2 Si SPS 27
ABB-2 bal. 46 2 Si casting 28
K5 bal. 46 5.2 forging 29
45XD bal. 45 4 B casting 30
TNB bal. 45 5-10 C forging 27
TNM bal. 43.5 5 B forging PW1100G 10

* in service in 2020

The first generation of TiAl alloys consisted of binary Ti-(42-48)Al at.%. Nevertheless,
in order to increase the mechanical properties, the second generation of TiAl alloys were
developed using alloying elements as follows [7]:

Ti-(45-48)Al-(1-3)X-(2-5)Y-(<1)Z (1-3)

Where X and Y are small contents of B-stabilizer elements, respectively Cr, Mn, V
and Nb, Ta, W, Mo. Z consists of interstitials elements such as B, C or Si. Boron is used
as a grain refiner. Carbon and silicon addition contribute to improve mechanical
properties, especially creep resistance [31]. The 4822 alloy from General Electric (Ti-
48Al-2Nb-2Cr at.%) is one of the most known alloys from this generation. With an
aluminum content higher than 45 at.%, o phase is the major primary solidifying phase as
shown in Figure 1-11 [32]. Therefore, these alloys are also called a-solidified y-TiAl
alloys.

In order to use the wrought process of y-based TiAl, the third generation of TiAl alloys
was developed. The alloys of this generation contains usually a lower aluminum content
and higher fraction of B-stabilizer as follows [10]:

Ti-(42-48)Al-(0-10)X-(0-3)Y-(0-1)Z-(0-0.5)RE (1-4)

Where X and Y are higher contents of -stabilizer elements, respectively Cr, Mn, Nb,

Ta and W, Mo, Hf, Wr. Z consists of interstitials elements such as B, C or Si added for
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mechanical properties and RE are small amount of rare earths. TNM (Ti-43.5AI1-4Nb-
1Mo-0.1B at.%) and TNB Ti-45Nb-(5-10)Nb-(0-0.5)B,C at.%) alloys are examples of
this TiAl generation. Due to the lower aluminum content and the higher fraction of (-
stabilizer elements, the primary phase to solidify is B phase and present fine-grained
lamellar structure. These alloys are so called B-solidified y-TiAl alloys. Although effects
of carbon and silicon are similar in case of a-solidified y-TiAl alloys, in these alloys, the
effect of silicon is not beneficial for mechanical properties compared to the carbon
addition [33]. The presence of 3 phase with a bcc structure at high temperature permit

hot-working process, especially forging at high temperature unlike of 2°% generation of
TiAl alloys.

1600

1491°C
1456°C

Temperature, T / °C

1500 -
B 54.7
B 546
1400 [~
i
|
35 40 45 50 55 60

Aluminium content/ %

Fig. 1-11. Partial section of Ti-Al binary phase diagram according the thermodynamic
calculation of Witusiewicz [32].

Takeyama and his co-workers were the first who investigated the wrought TiAl alloy
approach with high toughness potential and successfully manufactured a blade in 2002
[34, 35]. Nakashima et al. [36] recently demonstrated that combine two B-stabilizer
elements is more efficient that their individual p-stabilizer effect. Figure 1-12 show an
illustration of the microstructure design conducted on wrought TiAl based alloy with Ti-
43Al-4Nb-5V system as an example. The vertical section determined by both calculations
and experiments at 43Al and 4Nb (at.%) are shown in (a) [37]. This alloy system shows

a unique phase transformation pathway as follow:

B+a — o — oty — Bro +7 — Pty (1-4)

10
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Therefore, the alloy could be forged in +a two phases region, around 1300°C (b).
Then post forging heat treatment are usually used to reduce the volume fraction of 3 phase
at low temperature (c). Finally, in service, phase transformations will occur, especially
cellular reaction a+y — B+y (d). Thus, understanding the relationship between 3 phase

and the mechanical properties are the key to predict the behavior of wrought TiAl alloy

in service.
()
1773 ‘
43Al, 4Nb
Hot forging
1673 = p
_____________ in B+o region

l
1573 . ' B+a—>a

1473 |- _ // o> oty
o/y fully @
73 = _— “ / lamellar
1273 / \ /
P+y

Temperature (K)

V¥  ody>Py
173 | Ji

o/y lamellae
1073 | - B/y duplex

0 2 4 6 8 (DP)
V content (at.%)

In service

Fig. 1-12. Microstructure design of wrought TiAl alloy (a) vertical section of Ti-43Al-4Nb-xV, (b)
hot forging, (c) heat treated and (d) in service microstructure [37].

1.4 Effect of B phase on mechanical properties

It is generally considered that 3 phase is detrimental for both mechanical properties
(creep and toughness) and fully lamellar microstructure shows better properties [12].
Thus, microstructure design in B-solidified TiAl alloys aims to minimize the 3 phase at
service temperature using optimized heat treatment. However, the role of the 3 phase on
the mechanicals properties was not systematically investigated.

Recently, Clemens’s group studied the effect of microstructure, that contain 3 phase,
on mechanical properties but not on the properties of 3 phase itself. Schwaighofer ef al.
focused on how the heat treatments affect the microstructures and hence the mechanicals

properties of Ti-43.5A1-4Nb-1Mo-0.1B (TNM) alloys [38]. Leitner et al. demonstrated

11
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how large differences of the grain boundaries could modify the R-curve behavior [39].
Despite the difference relatively was quite small, they noticed that a large B/y duplex
structure (DP) obtained by cellular reaction a+y — B+y enhanced slightly fracture
toughness whereas a continuous 3 phase surrounded the lamellar colonies seems to be
detrimental for the fracture toughness as shown in Figure 1-13. Therefore, 3 phase could

be an efficient phase based on the morphology.

20

12 -

Stress intensity K / MPavm

8
—— y grains (a)

low B/y duplex (b)

4 —— high B/y duplex (c)
continuous [3-phase (d)

0 _ | l |

0 50 100 150 200
Crack length Aa / pm

Fig. 1-13. Average crack resistance curves of four microstructures with different grain boundary
structures at 700°C along with the corresponding microstructures [39]

Based on TTP diagram, Oinuma et al. introduced 3 phase at lamellar interface in o./y
colonies of TiAl alloys and investigated the effect on toughness. Figure 1-14 shows the
impact test results between the fully lamellar microstructure and this microstructure [40].

It can be shown that the presence of 3 phase increases drastically the total energy needed

for rupture and so enhanced the toughness of the alloy.

12
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Fig. 1-14. Effect of microstructure on Charpy impact tests with fine
lamellar microstructure and colonies with [ particles at lamellar
interface [40].

Loading axis

Fig. 1-15. Crack appeared during three points bend test at room temperature in Ti-
42A1-8V alloy [41].

13
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Nakashima et al. conducted preliminary in-situ bending studies at room temperature
on microstructure containing [3 phase using the microstructure design for wrought alloy
introduced previously. They clarified that B phase located at the front of the crack tip
reveals plastic deformations as shown in Figure 1-15 [41]. Thus, the crack propagation
is suppressed and the toughness is enhanced.

Based on this study, Usui et al. focused on the tensile properties at high temperature,
both ex-situ and in-situ [42]. Figure 1-16 shows the quantification of the crack-type
appearing during tests. They identified three kinds of cracks, at lamellar interface, at grain
boundaries with /y DP and at grain boundaries without DP. During tests, the cracks
appeared preferentially at grain boundaries which not present 3/y duplex. Nakamura et al.
continued these researches and evaluated the effect of the volume fraction of B/y duplex
on tensile properties as shown in Figure 1-17 [43]. They demonstrated that increase
volume fraction Vpp of B/y duplex not only increases the young modulus but also

increases the deformability.

670

Stress o/ MPa

GB without 3/y DP

630 - GB with B/y DP
- Lamellar interface

] ] ] ]
0 10 20 30 40 50

Number of cracks n / mm™2

Fig. 1-16. Quantification of cracks observed at different stresses [42].

Therefore, the [ phase seems to have interesting effect on mechanical properties.
Wakabayashi et al. evaluated the effect of morphology of § phase on creep behavior [44].
The Figure 1-18 shows the Larson-Miller parameter for Ti-43A1-4Nb-5V alloys with

14
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different microstructures. The presence of elongated grains of B/y phases, called LTL,

slightly improve the creep properties compared to globular grains, called GTL.

1000
é=3.0x10%/s
800
&
S 600 |
o)
w
wn
S 400 -
N
L[] NL(VDP:7%)
A NGDP (Vpp=96%)
0 g l l l ]
0 1.0 2.0 3.0 4.0 5.0

Straine / %

Fig. 1-17. In-situ stress-strain curve of Ti-43Al-4Nb-5V with different volume fractions of B/y
duplex structure at room temperature [43].

5
Nl — NL (Vpp = 7%)
O GTL (Vpp = 37%)
LF LTL (Vpp=34%)
3t <& NLDP (Vpp = 87%)
3
S ozt
©
2
=
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6 L
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Larson-Miller parameter LMP / 103

Fig. 1-18. Larson-Miller parameter of Ti-43Al-4Nb-5V with different volume fractions and/or
morphology of B/y duplex structure [44].
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Many studies investigated the effects of microstructure, lamellar spacing, process,
temperature and/or atmosphere on fatigue crack growth (FCG) behavior in y-based
titanium aluminides alloys. However, mainly investigated alloys do not have 3 phase.
Lately, Dahar et al. investigated the FCG of 4822 (as-cast) 4822 and TNM (as-cast and
forged) alloys at room temperature [45, 46]. Fully lamellar microstructure shows higher
stress intensity threshold than TNM alloy. But this study does not focus on the effect of
B phase on fatigue crack growth behavior and it is still not clear how [ phase affects these

properties in wrought TiAl alloy at ambient and elevated temperatures.

1.5 Objective

The objective of this thesis is to identify the relationship between the microstructure
with a particular attention to 3 phase and the fatigue crack growth properties, especially
the stress intensity threshold, the crack growth rate and the maximum stress at the rupture

in wrought titanium aluminides alloy at ambient and high temperatures.

1.6 Outline

The flowchart of this thesis is shown in Figure 1-19.

Chapter 1 is “General Introduction”. This chapter presents the research background,
some results, problems and the main objectives of this thesis. Microstructure proposal
design of wrought titanium aluminides alloy using B phase is presented. Our previous
study show presence of 3 phase improve toughness and if the morphology is control can
also improve creeps. However, no one study this effect of B phase on fatigue crack
propagation, especially at high temperature. Finally, the objective and outline of this
thesis are detailed.

Chapter 2 is “Phase Equilibria Among B-Ti/o2-Ti3Al/y-TiAl in Ti-Al-M Systems”. In
this chapter, phases equilibria of simple ternary alloys Ti-Al-M, where M is vanadium or
manganese element, is investigated at “relatively lower” temperature, namely between
1073 and 1273 K. Moreover, phases equilibria reassessment at higher temperature will
be conducted. The evolution of the B/a(a2)/y co-existing region with temperature and the
role of o/ai2 ordering transformation will be discussed.

Chapter 3 is “Phase Transformation Involving 3-Ti Phase and Microstructure Control
of Wrought Alloys”. This chapter explores the effect of the different phase

transformations on the microstructure of model alloys, based on phase equilibria
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determined previously. Some representative microstructures have been designed for the
mechanical tests.

Chapter 4 is “Effect of Microstructure on Fatigue Crack Growth Behavior at Ambient
Temperature”. In this chapter, the effect of B/y duplex structure will be investigated at
room temperature, both volume fraction Vpp and morphology of grain boundaries using
microstructures designed in chapter 3 and also microstructures from another alloy system
for comparison.

Chapter 5 is “Effect of Microstructure on Fatigue Crack Growth Behavior at Elevated
Temperatures”. In this chapter, the effect of volume fraction Vpp of B/y duplex structure
at high temperature in air will be discussed.

The Chapter 6, “General Conclusions” summarizes the outcome of all chapters and the

future work is also explained.

Chapter 1
General Introduction

I
Chapter 2

Phase Equilibria Among B-Ti / a,,-TiAl / y-TiAl in Ti-Al-M Systems

Chapter 3
Phase Transformation Involving B-Ti Phase and
Microstructure Control of Wrought Alloys

Chapter 4 (Various alloys) Chapter 5 (Ti-43A1-4Nb-5V)
Effect of Microstructure on Fatigue Crack Effect of Microstructure on Fatigue Crack
Growth Behavior at Ambient Temperature Growth Behavior at Elevated Temperatures
[ |
|
Chapter 6

General Conclusions

Fig. 1-19. Flowchart of the thesis.
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Chapter 2: Phase Equilibria Among B-Ti/o-TizAl/y-TiAl in Ti-Al-M Systems

2.1 Introduction

In Chapter 1, it has been clarified that bec B phase is used for processing at high
temperature due to its high ductility. Thus, it has been showed that LPT blades have been
manufactured using wrought process and implemented in the PW1100G engines. It has
been also reported that during cooling the 3 phase could be partially decomposed into the
ordered ® phase and leads to the embrittlement of the materials [1]. Clemens’ group also
reported on the effect of the o phase [2]. Therefore, many researchers consider the 3
phase as a detrimental phase for mechanical properties in y-TiAl alloy and try to reduce
its volume fraction at service temperature. However, recently few studies focused on the
relationship between microstructures containing the 3 phase and mechanical properties,
and it is found that controlling the morphology of B phase could be effective on some
mechanicals properties.

In this aim, understanding the phase equilibria of Ti-Al-M ternary alloys where M is
a B-stabilizer, such as V! (V, Nb, Ta), VI" (Cr, Mo, W) and VII*" (Mn, Re) elements is
critical to control the microstructure. Almost twenty years ago, these phase equilibria
have been intensively investigated at high temperatures (T > 1473 K) to improve the

wrought process [3-6]. However, the data at lower temperatures, closer to the target
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8“ 1473 F  To- o
= y+a oo
§ L ) ]
g 1373 i
E Y+02 Yy ." ." B +
5 + [ i
= 1273 v Py R
1173 1 O Kobayashi et al. (2001) | : O Kobayashi ez al. (2001)
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Fig. 2-1. Reported vertical section of (a) Ti-Al-V and (b) Ti-Al-Mn system at 42Al at.% [8].
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service temperature are limited (T < 1373 [7]. Figure 2-1 shows the reported vertical
section of Ti-Al-V and Ti-Al-Mn ternary system at 42Al (at.%) [8]. It can be seen that
large range of temperatures has not been experimentally investigated yet.

At high temperature, a three-phase coexisting region of B+o+y exists in all TiAl ternary
systems. However, at lower temperature the tie triangle becomes B+o+y with ordered o
phase (1% order). This phenomenon has been described by Takeyama and Kikuchi [9].
According to the effect of M element on the relative stability between a/a., it could be
either a transition peritectoid transformation when o is stabilized against o or a ternary
eutectoid reaction in opposite case as illustrated in Figure 2-2. Takeyama ef al. were the
first to demonstrate that in case of Ti-Al-Nb system, niobium stabilizes the o phase
against the a phase and confirmed the existence of an o» island above the o <> o
congruent temperature in binary system as shown in Figure 2-3 [10]. Kobayashi et al.
studied the phase equilibria in ternary system and paid attention to the oo — B +y
decomposition at intermediate temperatures and found that in case of vanadium, a
transition peritectoid transformation also takes place [8]. However, the effect of
chromium or manganese elements on the a/a.; relative stability has not been clarified yet.
Therefore, it is important to understand how the phase stability between o/o.> affects the

microstructure control based on what kind of phase transformation takes place.

(a) B T>T g ™ P T<T
Oy s (o5} g
o ¥ Y
a o
(b)
B T B T<T,
+ 1§ Y
oy %3]

Fig. 2-2. Effect of M element on the relative stability between o/a.2 in case of (a) o is stabilize against

a with a transition peritectoid reaction: o + § — o2+ y and (b) o is stabilized against o with a ternary

euctectoid reaction: @ — 3 + o2+ y [9].
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Recently, Nakashima et a/. demonstrated the strong effect of the combination of two
[-stabilizer elements [11]. As a part of the Japanese SIP (Strategic Innovation Promotion
Program) project, in order to refine our calculation database for quaternary Ti-Al-M1-M2
alloy and taking into account the effect of interstitial elements as oxygen and carbon, our
research group is conducting basic experimental investigations on simple binary and

ternary systems [12-14].

30 35 40 45 50 55 60
Al content / at.%

Fig. 2-3. Reported isothermal section of Ti-Al-Nb system at 1473 K with an existence of o island

above the o congruent temperature [9].

Thus, the objective of the chapter is to identify the phase equilibria at low temperature
in Ti-Al-Mn and Ti-Al-V ternary system, below 1473 K and to investigate the on/a
relative stability effect on microstructure of manganese system comparing to vanadium

system. Moreover, a reassessment at intermediate and higher temperatures is carried out.

2.2 Experimental procedures

The experimental procedures are shown in Figure 2-4. Two different Ti-Al-M ternary
systems have been investigated: Ti-Al-V and Ti-Al-Mn within a composition range of Ti-
(36-42)Al-(3-9)V and Ti-(36-42)Al-(3-5)Mn in at.%, respectively. Each alloy is denoted
by Al and M contents, i.e. 42-3V correspond to Ti-42A1-3V (at.%).
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Alloys studied

Ti-Al-V Table 2-1
Ti-Al-Mn Table 2-2

Elaboration

Arc melting ~30g ingots
Forged pancake

Homogenization

[ or a single phase region
Equilibration

1573 K~1073 K
48 h ~ 3000 h

Microstructure observation
OM, FE-SEM

Composition analysis
EPMA, FE-EPMA

Fig. 2-4. Flowchart of experimental procedures for determination of phase equilibria in Ti-Al-V and
Ti-Al-Mn systems at intermediate temperatures.

Button ingots, of around 30 g weight, were prepared from pure elements (Al Ti, V or
Mn) using an arc melting with a non-consumable tungsten electrode in argon atmosphere.
The starting materials were of the following purity: rod-shaped titanium (99.99%),
aluminum grains (99.99%), vanadium grains (99.9%) and manganese grains (99.9%).
Each alloy was melted at least four times in order to homogenize the composition. Some
pieces were taken from forged pancake and were used in the next chapters (for
microstructures control and mechanicals tests).

The homogenization heat treatment was conducted either in the o or the B single phase
in order to erase microstructure variations and possible segregation. Each as-cast or as-
forged specimen was wrapped with Ta-foil and then heat treated. Homogenization heat
treatments were done between 1723 K and 1473 K for 30 min to 1 h under argon

atmosphere using superkanthal furnace for high temperatures (T > 1573 K) or using
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siliconate furnace for lower temperature (T < 1573 K), followed by water quench.
Subsequently, the homogenized specimens were wrapped again with Ta-foil, and then
sealed in an evacuated quartz capsule (P < 4x10° Pa), backfilled with argon and with
small Ta foils as oxygen getter. Different sets of these quartz tubes were equilibrated
between 1573 K and 1073 K up to 2200 h as shown in Table 2-2 in either kantal (T <
1373 K) or siliconate (T > 1373 K) furnaces. After annealing, the specimens were water

quenched.

Table 2-2. Nominal compositions and heat treatment conditions of the Ti-Al-V and Ti-Al-Mn alloys.

Heat treatment condition

Composition

(at%) Homogenization Equilibration
Various 1573 K 1473K  1423K  1373K 1273 K 1173 K 1073 K
Ti-36A1-9V 1523K/1h - - 4 weeks - 6 weeks 6 weeks 13 weeks
Ti-39A1-9V 1603K/1h 72h - - - 6 weeks 6 weeks 13 weeks
Ti-40A1-6.5V* 1723K/1h 48 h 2 weeks - - - - -
Ti-42A1-3V 1523K/1h - - 4 weeks - 6 weeks 0.6 ~ 6 weeks 13 weeks
Ti-42A1-5V 1523K/1h - - - - 6 weeks 0.6 ~ 6 weeks 13 weeks
Ti-42A1-7V 1673 K /30 min 48h 2 weeks - - 6 weeks 6 weeks 13 weeks
Ti-42A1-8V* 1523 K/2h/FC - - - - 6 weeks 6 weeks 9 weeks
Ti-36Al-5Mn 1673 K /30 min 48 h - 4 weeks 4 weeks 4~ 8 weeks 4 ~ 8 weeks -
Ti-37Al1-3.5Mn 1673 K/ 30 min - 2 weeks 4 weeks 4 weeks - - -
Ti-39A1-3Mn 1673 K/ 30 min 48h - 4 weeks - 4 ~ 8 weeks 4 ~ 8 weeks -
Ti-39A1-5Mn 1673 K/ 30 min 48h - 4 weeks 4 weeks 4~ 8 weeks 4 ~ 8 weeks 9 weeks
Ti-42A1-5Mn* 1673 K/ 30 min - 2 weeks 2 weeks - - - 11 weeks

* as-forged alloy

In order to observe the microstructure, as-cast, as-forged, homogenized and
equilibrated specimens were mounted using Bakelite tablets. Then, the samples were
mechanically polished using emery papers (#400, #800 and #1200). Finally, the
specimens were electro-polished in a solution of perchloric acid (90 vol.% Ethanol, 6
vol.% HCIO4, 4 vol.% H,0). Electro-polishing conditions were 3 mA/mm?, 243 K and
60 seconds. The specimens were examined using a Leica OM (Optical Microscope), and
then using a JEOL JSM-7000F FE-SEM (Field Emission Scanning Electron Microscope)
with an acceleration voltage of 15 kV and a working distance of 10 mm.

In order to analyze the composition of the phases, previous equilibrated specimens
were re-mechanically polishing using emery papers (#400, #800, #1200 and #2000),
polished by diamond paste with size of 3 and then 1 pm followed by colloidal silica with
a size of 0.05 um. The different phases were analyzed by using either a JEOL EPMA
(Electron Probe MicroAnalyser) under the condition of 20 kV and 20 nA with a probe
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diameter of 0 um or JEOL FE-EPMA (Field Emission Electron Probe MicroAnalyser)
under the condition of 20 kV and 20 nA with a probe diameter of 0 um. The phase
compositions were determined by averaging the EPMA data from 10 points for each
phase without included aberrant data, e. g. total weight percent 100 + 2 %. The conditions
used for EPMA and FE-EPMA are shown in Table 2-2. Homogenized 42-3V alloy and

homogenized 39-5Mn alloy were used as standard samples for all analyzes.

Table 2-2. Analyzed conditions for each element in EPMA and FE-EPMA.

Equipment Element Channel Analyzing Characteristic Analysis condition Back /mm
P crystal X-ray Acceleration voltage / kV Beam current / nA Dwell time /ms () (+)
Ti 4 PETJ Ka 5 5

Al 2 TAP Ko 7 3

EPMA v 3 LIFH Ka 20 20 200 5 5
Mn 3 LIFH Ka 4 4

Ti 3 PET] Ko 5 5

Al 2 TAP Ka 7 3

FE-EPMA v 1 LIFH Ko 20 20 200 5 5
Mn 1 LIFH Ka 4 4

Due to the martensitic microstructure of 39-5Mn, different beam diameters were used
in order to eliminate laths effect and the results for are shown in Figure 2-5. Despite a
small change between 0 and 2 pm (1500 to 1520 cps), there was no significant difference
observed by increasing the diameter from 0 to 10 pum, thus, diameter 0 um were used for
all experiments. An example of quantitative analysis performed on these systems is

shown in Figure 2-6 along with the analysis range.
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Fig. 2-5. Change of count per second of manganese in homogenized 3 phase of 38.1-
3.7Mn alloy with beam diameter.
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A JEOL JEM 2010 Transmission Electron Microscope (TEM), operated at an
acceleration voltage of 200 kV, was used to distinguish o and o phases based the
presence of anti phase boundaries (APB). TEM foil with less than 150 nm in thickness
and 3 mm in diameter were machined and then mechanically polished followed by twin-
jet polishing in a solution of ethanol with 6 vol.% perchloric acid at 20 V at 253 K.

The error bars used in this chapter for the results are determined using standard

deviation; the method is described in Appendix Al.
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Fig. 2-6. Qualitative analysis of ternary system elements with (a) vanadium, (b) manganese, (c)

aluminum and (d) titanium. (a) and (b-d) analysis were conducted on two different samples.
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2.3 Ti-Al-V ternary system
2.3.1 Change in microstructure with vanadium addition
(A) As-cast and as-forged microstructures
The BSE (backscattered electron) images of the as-cast microstructures (36-9V, 39-9V,
42-3V, 42-5V and 42-7V) and as-forged (40-6.5V and 42-8V) are shown respectively in
Figure 2-7 and 2-8.

10 um

Fig. 2-7 BSE images showing the as-cast
microstructures of (a) 36-9V, (b) 39-9V, (c)
S 42-3V, (d) 42-5V and (e) 42-7V.
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The as-cast microstructure of 36Al-9V showed massive o phase at the center and at
the top of the ingot (Fig. 2-7 (a)) and martensitic transformed on the bottom of the ingot
in contact with copper crucible where the cooling rate was higher whereas 39AI-9V
showed Widmanstddten microstructure from the top to the bottom of the ingot (Fig. 2-7
(b)). The other compositions showed plate-like and equiaxed o2 grains that had grown in
the direction of heat flow for high aluminum content (Fig. 2-7 (c-e)).

The as-forged microstructures showed elongated o2/y colony grains perpendicular to
the forged direction surrounded by y and 3 phases. In case of 40-6.5V alloy, y grains were
globular (Fig. 2-8 (a)) but in 42A1-8V, higher magnification image showed plate y grains
(Fig. 2-8 (b)).

a b 1(Em

Fig. 2-8 BSE images showing the as-forged microstructures of (a) 40-6.5V and (b) 42-8V.

(B) Homogenized microstructures

The homogenization heat treatments were conducted either in o or B single region
phase. BSE images of the microstructures are shown on Figure 2-9 and 2-10, respectively.

The heat treatments were conducted in or near a single region for alloys that contains
a high aluminum content (42-3V, 42-5V and 42-8V). 42-3V and 42-5V alloys showed a
grains with a grains size larger than 1 mm (Fig 2-9 (a, b)). In case of 42-8V alloy,
homogenization did not reach the a-single phase and explained the presence of 3 phase
and few y grains along the colony boundaries (Fig 2-9 (c)). The residual volume fraction
of B phase was less than 5 %. However, the a grains showed a globular morphology,
indicating that the initial as-forged microstructure has been erased during the heat

treatment.
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10 pm

Fig. 29 BSE images showing the

microstructures after homogenization heat

treatment in o or near a single phase of (a)
C 42-3V, (b) 42-5V, and (c) 40-8V.

C d 10 pm

Fig. 2-10 BSE images showing the microstructures after homogenization heat treatment in 3 single phase of (a)
36-9V, (b) 39-9V, (c) 40-6.5A1 (d) 42-7V.
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The others compositions were heat treated in 3 region. 36-9V presented large o grains
due to B — am massive transformation (Fig. 2-10 (a)) whereas in 42-7V alloy, grains size
after homogenization were around 100 pm (Fig. 2-10 (d)). 39-9V and 40-6.5V alloys
showed a Widmanstddten microstructure (Fig. 2-10 (b, ¢)). This indicates that p — o’
martensitic transformation occurred during water quenching and confirmed that the 3

single phase was formed during homogenization heat treatment.

(C) Equilibrated microstructures

The Figure 2-11 shows the equilibrated microstructure at 1573 K for 48 to 72 h. 39-
9V alloy showed [ single phase microstructure with large grains size of about few
millimeters (Fig. 2-11 (a, b)). 40-6.5V and 42-7V alloys showed om grain surrounded by
o’ Widmanstidten type microstructure after water quenching that indicated 3 + o two-
phase region at high temperature (Fig. 2-11 (c-f)). In case of 40-6.5V alloy, om grains size
was of around 100 um whereas in 42-7V alloy, am phase was spread across the

microstructure (thickness around 30 pm).

Ol a

a b

1(-)_;,t-m

Fig. 2-11 equilibrated microstructures at 1573

K after 72 h of (a) 39-9V and after 48h of (b)

40-6.5V and (c) 42-7V. o’ correspond to f —

o’ martensitic transformation where om
C correspond to massive o.
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The equilibrated microstructure at 1473 K for 2 weeks are shown in Figure 2-12. 40-
6.5V showed large elongated a grains dispersed in 3 matrix. The difference of contrast
of a grains came from the grains’ orientation and not from difference in composition (Fig.

2-12 (a, b)). 42-7V alloy showed a single phase microstructure.

a b 10 pm

Fig. 2-12 BSE images showing the equilibrated microstructures at 1473 K after 336 h of (a) 40-6.5V
and (b) 42-7V.

Figure 2-13 shows the equilibrated microstructure of 36-9V and 42-3V alloys at 1413
K for 4 weeks. 36-9V microstructure consisted of o> grains within § matrix. However,
the microstructure was not homogenous after heat treatment with some large o grains
whereas other regions showed a dispersion of fine a; grains. Nevertheless, the difference
of microstructure did not affect the phase analysis composition which are presented in the
following part. 42-3V alloy showed y grains within o matrix (Fig. 2-13 (¢, d)). Coarse y
grains were formed at the grain boundaries while thick y lamellae in the o grains of the

initial microstructure.

a b 10 um

Fig. 2-13 BSE images showing the equilibrated microstructures at 1413 K after 336 h of (a) 36-9V
and (b) 42-3V.
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Equilibrated microstructure at 1273 K for 6 weeks are shown in Figure 2-14. 36-9V
alloy showed B+o2 two phases in a B-based microstructure. On the grain boundaries,
continuous o2 phase precipitated with a thickness of around 20 um. In the grain interior,
fine needle-shaped o> grains with a size around 10 pm in length was observed (Fig. 2-14
(a)). The difference in contrast that was observed in the BSE images came from the
difference in grains orientation. By increasing the aluminum content, the /o.2/y three-
phase region was reached in 39-9V and also in 42-7V. 39-9V alloy showed o and vy
precipitated at the grain boundaries with a thickness of around 5 um. In the grain interior,
fine needle-shaped o grains and globular y grains were observed (Fig 2-14 (b)). High
aluminum and low vanadium content alloys showed o + ¥ two phases region. Both 42-
3V and 42-5V alloys showed primary o2/y lamellar colony grains. At the grain boundaries,
secondary ao/y lamellae were produced by cellular reaction (Fig 2-14 (¢, d)). 42-7V
microstructure consisted mainly of y and 3 grains with a small fraction of a. grains (Fig.
2-14 (e)). Coarse y and o> grains were formed at the grain boundaries. Initial o grains
transformed into B and y phases according the sequential decomposition that will be
introduced in Chapter 3, and therefore the microstructure showed B particles precipitated
at the lamellae interface. Finally, 42-8V showed B+y two phases region with 3 phase as
matrix and globular y grains with a size of around 15 pum. Microstructure was
inhomogeneous with some large 3 phase areas (Fig. 2-14 (f)).

Figure 2-15 shows the different equilibrated microstructure at 1773 K after 6 weeks.
Low aluminum and high vanadium content alloys (36-9V and 39-9V) showed B+ o + ¢
three phases region. The matrix was composed of B phase with distribution of fine needle-
shaped o2 grains and globular y grains. The grains size of both phases was around 4 um.
By increasing the Al content, the volume fraction of y phase increased (Fig. 2-15 (a, b).
The microstructures of 42-3V and 42-5V were similar to that at 1273 K. Both alloys
showed primary ow/y lamellar colony grains with secondary o2/y lamellae at the grain
boundaries. However, the cell sizes were smaller than that for higher temperature ones.
The kinetics of the cellular reaction at 1173 K will be briefly introduced later in this
chapter. 42-7V and 42-8V showed similar microstructure with mainly B and vy phases,
however small o grains were found in case of 42-7V composition. In the colony grains,
o+y — By transformation took place and within the grain the equilibrated composition

is reached. The difference of microstructures between 42-7V and 42-8V alloys can be
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explained by the initial microstructure. Indeed 42-7V showed large a/y colony grains
decorated by P/y cells whereas 42-8V showed initial o grains transformed into P/y

surrounded by initial  phases.

€ f lﬁm

Fig. 2-14 BSE images showing the equilibrated microstructures at 1273 K after 1000 h of (a) 36-9V,
(b) 39-9V, (c) 42-3V, (d) 42-5V, (e) 42-7V and (f) 42-8V.
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€ f lﬁm

Fig. 2-15 BSE images showing the equilibrated microstructures at 1173 K after 1000 h of (a) 36-9V,
(b) 39-9V, (c) 42-3V, (d) 42-5V, (e) 42-7V and (f) 42-8V.

Finally, alloys were heat treated at 1073 K for 1500~2200 h and the microstructures
are shown in Figure 2-16. The phases in equilibria were as same as that at 1173 K. The
major difference was the grains size that was much smaller due to the lower diffusion rate
at this temperature. However, it should be noted that in 42-8V alloy, the fraction of 3

phase decreasing with decreasing temperature. Moreover, some remained colonies were
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still observed in this microstructure. The size of some microstructural features was not

large enough to be analyzed by EPMA but the phase equilibria have been identified.

€ f 5 um

Fig. 2-16 BSE images showing the equilibrated microstructures at 1173 K after 2200 h of (a) 36-9V,
(b) 39-9V, (c) 42-3V, (d) 42-5V, (e) 42-7V and (f) 42-8V.
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a b
C d 50 um
e f
g h 50 pm

Fig. 2-17 BSE images showing the cellular reaction occurred at 1173 K in (a, c, e, g) 42-3V and
(b, d, f, h) 42-5V alloys heat treated at 1173 K after (a, b) furnace cooling, (c, d) 100 h, (e, f)
500h and (g, h) 1000h.
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2.3.2 Change of cellular reaction kinetics with vanadium addition

It is possible to design a fully lamellar microstructure by conducted heat treatment in
the o single phase. Therefore, 42-3V and 42-5V were heat treated at 1523 K for 1 h
followed by furnace cooling (1 K/min) up to 1423 K and then air cooled. The samples
were subsequently aged at 1173 K for 100 to 1000 h as shown in Figure 2-17. 42-3V
presented fully lamellar microstructure with thick lamellae. However, in 42-5V alloy, y
lamellae did not precipitate due to the lower driving force for lamellar precipitation with
vanadium addition, as will be discussed in Chapter 3. Then, during ageing heat treatment
in a2+y two phases region, secondary lamellar growth through cellular reaction.

Figure 2-18 shows the change of volume fraction of secondary lamellae (¥s.) with the
time. The increase of 2 % of Al (at.%) decreased the cellular reaction growth rate by
almost 3 times. After 1000 h, Vsp increased to 37 % in 42-3V but only 13 % in 42-5V
alloy.

50

—e— Ti-42A1-3V
=0 Ti-42A1-5V

Volume fraction of secondary lamellea Vg, / %

10000
Timet/h

Fig. 2-18. Change in volume fraction of secondary lamellae with time in 42-3V and 42-5V alloys.

2.3.3 Phase equilibria among B-Ti / a-Ti / a2-TizAl / y-TiAl phases
Table 2-3 shows the analyzed composition of different phases 3, a., o2 and y that were

found in Ti-Al-V alloys. Different isothermal sections of the investigated temperatures of

38



Chapter 2: Phase Equilibria Among B-Ti/o2-TizAl/y-TiAl in Ti-Al-M Systems

Ti-Al-V ternary system are shown in Figure 2-19 along with the reported data from
literature [3, 4, 7, 10, 11, 15, 16]. Red lines indicate the updated regions. Due to the low
melting point of aluminum, evaporation of aluminum may took place during elaboration
and the alloy compositions might slightly change. This explain why sometimes the
nominal compositions do not fit completely with the tie-line between the analyzed data

in the isothermal sections.

Table 2-3. Composition of the phases after equilibration heat treatment at different temperatures in
Ti-Al-V ternary system determined by EPMA.

Composition /at.%

Temperature Alloy Phases
Ti Al \%
39-9V B - - -
B 53.8+£0.1 39.7+0.2 6.5+0.1
40-6.5V
1573 K o 53.7+0.1 41.4+0.1 41.4+>0.1
B 51.8+0.5 41.0+£04 7.3+0.1
42-7V
o 51.24+0.2 43.1+£0.2 57+£0.2
B 543 +0.1 37.6+0.1 8.1+0.1
40-6.5V
1473 K o 542 +0.1 40.0+0.1 5.8+0.1
42-7V o - - -
B 55.8+0.2 35.0+0.2 9.2+0.1
36-9V
o 58.6 0.2 35.5+0.2 5.8+0.1
1413 K
o 56.2+0.1 40.5+0.1 3.3+>0.1
42-3V
50.1+0.1 479+0.1 2.0£>0.1
B 54.7+0.1 34.5+0.1 10.8 £>0.1
36-9V
o 57.2+0.1 36.1 +>0.1 6.8+>0.1
B 52.5+0.1 35.6+0.1 12.0+0.1
39-9v o 553+0.2 37.1+0.1 7.6 +0.1
% 49.1+£0.1 46.6 £0.1 42+>0.1
o 60.4+£0.1 35.8+0.2 3.8+>0.1
42-3V
Y 52.7+0.2 45.0+0.2 2.2+0.1
1273 K
o 57.7+0.1 36.0+0.1 6.3 +>0.1
42-5V
51.0+0.2 45.4+0.2 3.6+0.1
B 52.6+0.2 357+0.2 11.7+0.1
42-7V [e%) 553+04 37.4+04 7.3+£0.1
49.0+0.2 46.9+0.2 4.1+>0.1
B 51.6 0.1 34.6+0.1 13.8+0.2
42-8V
% 49.1£0.1 46.1+0.1 4.8£>0.1
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Table. 2-3. (continued) Composition of the phases after equilibration heat treatment at different
temperatures in Ti-Al-V ternary determined by EPMA.

Composition /at.%

Temperature Alloy Phases
Ti Al \%
B _ _ _
36-9V o 56.8+0.2 36.1+0.4 7.1+0.2
Y 49.8£0.1 46.2+0.2 4.0+0.1
B 51.6+0.3 353+0.3 13.1+£0.2
39-9v o 56.1+0.1 36.4+0.1 7.6+0.1
Y 48.6 £0.1 473+0.2 4.1+0.1
o 60.4+0.5 35.8+0.5 3.8+0.1
42-3V
1173 K Y 52.5+0.7 45.1+0.8 24+0.1
o 57.3+0.6 36.4+0.9 63+04
42-5V
Y 50.9+0.4 452+05 3.8+0.2
B 52.4+0.1 34.1+0.1 13.5+0.2
42-7V o - - -
Y 49.7+0.1 46.2+0.1 4.1+>0.1
B 50.6+0.2 34.0+0.2 153+0.2
42-8V
Y 48.9+0.1 46.4+£0.1 4.7+0.1
B - - —
36-9V o 57.8+0.3 344+02 7.8+0.4
Y 505+1.4 453+03 42+1.1
B 51.6 343 14.1
39-9V o - - -
Y 49.5+0.2 46.7+0.3 39+0.2
o 60.8 +0.7 352+0.5 3.9+0.2
42-3V
1073 K Y 52240.7 455+09 23+02
[05) - - -
42-5V
Y 50.6 45.7 38
B 51.4+1.1 33.9+0.3 148 +1.1
42-7V [05,) - - -
Y 49.9+0.3 45.8+0.7 43+05
B 50.2+0.3 33.7+0.1 16.0+£0.2
42-8V
Y 49.1+04 46.7+0.7 42+04
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Fig. 2-19. Isothermal sections of Ti-Al-V that were determined experimentally at (a) 1573 K, (b) 1473
K, (c) 1413 K, (d) 1273 K, (e) 1173 K and (f) 1073 K with the reported data [3, 6, 7, 10, 13, 15, 16].
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Despite vanadium have been identified as an o stabilizer against o, only o and 3
phase equilibria have been found at 1573 K (Fig. 2-19 (a)). Moreover, the solubility of 3
and a phases has been found lower than reported data of Nakamura ef al. [3]. Kobayashi
[8] identified a. island at 1473 K and expected two different B+o+a. tie triangles. Based
on his results, 40-6.5V bulk composition could be in these tie triangles, however the
analysis of 40-6.5V did not shows significant difference in the a grains that could support
this hypothesis. Moreover, the tie-line fitted well with the f+a phase boundaries at high
aluminium content. It resulted that the o island should be smaller as shown in (Fig. 2-19
(b)). The phase equilibria determined at 1413 K confirmed the reported data. It should be
noted that the tie-line between 3 and o phase shifted toward o, direction (Fig. 2-19 (c)).
The phase equilibria at 1273 K was similar to the one at 1173K, except for the solubility
of vanadium in 3 phase at 1173 K that was higher than at 1273 K. At 1073 K, the three-
phase region continued to expand toward the 3 phase with a solubility of vanadium in 3
phase up to 15 at.%.

Based on the different isothermal sections, vertical sections at 36, 39, 42 and 45 at.%

of vanadium were drawn and are shown in Appendix A2.

2.4 Ti-Al-Mn ternary system
2.4.1 Change in microstructure with manganese addition
(A) As-cast and as-forged microstructures

The BSE images of the as-cast microstructures (36-5Mn, 37-3.5Mn, 39-3Mn, 39-5Mn)
and as-forged (42-5Mn) are shown in Figure 2-20 and 2-21, respectively.

The as-cast microstructure of 36 Al-5Mn showed massive am phase whereas 37-3.5Mn
and 39-5Mn alloys showed a Widmanstédten pattern. In case of 37-3.5Mn, the laths were
thicker than in 39-5Mn. As for as-cast 39-3Mn, it showed columnar o, grains that had
grown in the direction of heat flow for high aluminum content (Fig. 2-20 (c)).

The as-forged microstructure showed elongated a2/y colony grain perpendicular to the
forged direction with a size around 50 um surrounded by y grains (5 pm) and 3 phase.

The fraction of lamellar colonies was around 50%.
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C d 10 pm

Fig. 2-20. BSE images showing the as-cast microstructures of (a) 36-5Mn, (b) 37-3.5Mn and (c) 39-
3Mn and (d) 39-5Mn.

a 50 pm b 10 pm

Fig. 2-21. BSE images showing the as-forged microstructures of 42-5Mn.
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(B) Homogenized microstructures

All different cast alloys showed a Widmanstiddten-type microstructure after
homogenization heat treatments as shown in Figure 2-22. This indicated that § — o’
martensitic transformation occurred during water quenching and confirmed that the 3
single phase was formed during homogenization heat treatment.

However, the forged 42-5Mn alloy showed massive o grains with dispersion of fine

small y-grains with a size of around 1 pm.

C d

10 pm

Fig. 2-22. BSE images showing the

homogenized microstructures of (a) 36-5Mn, (b)

37-3.5Mn, (c) 39-3Mn, (d) 39-5Mn and (e) 42-
C 5Mn.
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(C) Equilibrated microstructures

In order to investigate the 3 phase boundaries, heat treatments were done at 1573 K
for 48 h. The microstructures after equilibration are shown in Figure 2-23. 36-5Mn
showed massive transformation 3 — oun phase whereas 39-3Mn and 39-5Mn showed a
Widmanstéddten-type microstructure. At 1573 K, only 3 phase existed in these range of

composition.

1(-)_u-rn

Fig. 2-23. BSE images of equilibrated
microstructure at 1573 K after 48 h of (a) 36-
5Mn, (b) 39-3Mn, and (c) 39-5Mn.

Then, heat treatments were conducted between 1473 and 1373 K in order to identify
whether manganese is o-stabilizer against a2 or oz-stabilizer against a.

Figure 2-24 shows the equilibrated microstructures at 1473 K for 2 weeks. The
microstructure of 42-5Mn showed three phases with large o and y grains (around 50 pum)
surrounded by 3 phase with a martensitic pattern as expected from reported data. As for
lower aluminum content, 3+o two-phase region exists as shown in 37-4.5Mn alloy.

After 4 weeks of equilibration heat treatement at 1413 K, microstructures showed only
B+a(an) two-phase region (a-d) as shown in Figure 2-25. The bright phase corresponds
to B and the dark phase corresponds to either a or a. The difference in contrast in Fig.

2-25 (a) in the (o) phase was not due to composition differences but came from the
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grains orientation. 39-3Mn showed the highest volume fraction of a(c2) whereas 39-5Mn
shows the lowest one. 42-5Mn showed mainly 3 and y phases with small amount of o.(a2)

grains.

a b 10 pm

Fig. 2-24. BSE images of equilibrated microstructure at 1473 K after 2 weeks of (a) 37-3.5Mn and (b)
42-5Mn.

C d 10 um

Fig. 2-25. BSE images of equilibrated microstructure at 1423 K after 4 weeks of (a) 37-3.5Mn, (b)
39-3Mn, (¢) 39-5Mn and (d) 42-5Mn.
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In order to verify which phase between o and a exists at 1413 K, TEM observations
were conducted on 37-3.5Mn alloy as shown in Figure 2-26. The absence of anti-phase
boundaries (APB) in o2 grains (Fig. 2-26 (a)) indicated that at equilibration temperature,
o2 was stable. Moreover, the analysis of 3 region revealed the presence of fine precipitates
with a size of about 10 nm (Fig. 2-26 (b)). These precipitates have been identified as mo
phase based on the diffraction pattern. Moreover, the small size of these grains indicated

the precipitation probably occurred during the water quenching.

Fig. 2-26. TEM (a) bright and (b) dark field
images showing o grains and in 37-3.5Mn
equilibrated at 1413 K associated with (c)
corresponding selected area diffraction (SAD)
pattern: g = 1100, B = 1121.
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The equilibrated microstructures at 1373 K for 4 weeks are shown in Figure 2-27.
36Al1-5Mn alloy showed B + a2 two phases with large o2 phase precipitated at grain
boundaries with a thickness of around 50 um whereas smaller a2 grains precipitated in
grains interior with size around 25 um (Fig. 2-27 (a)). 39-5Mn alloy showed B + a2+ y
three-phase microstructure. At grain boundaries and grains interior, o2 and y grains with

a size of around 15 pum precipitated (Fig. 2-27 (b)).

a b 10 pm

Fig. 2-27. BSE images of equilibrated microstructure at 1373 K after 4 weeks of (a) 36-5Mn and (b)
39-5Mn.

The annealed microstructures at 1273 K for 8 weeks are shown in Figure 2-28. 36Al-
5Mn alloy showed 3 + a2 + y three-phase microstructure with a small fraction of y grains.
v grains were globular with a size of 5 pm whereas o, grains were elongated with a size
of around 3 pum in width and 15 pm in length. At grain boundaries only oo phase
precipitated. 39-3Mn alloy showed oo +7vy two-phase microstructure. The matrix
consisted of a» grains with dispersion of fine globular precipitates of y phase. The
difference in contrast of o> phase in (Fig. 2-28 (d)) comes from the grains orientation and
not the change in composition. 39-5Mn showed a 3 matrix with elongated o grains and
globular vy grains. The grains size for all phases was larger than the other compositions at
the same temperature with a size of around 15 pm.

Figure 2-29 shows the equilibrated microstructure at 1173 K for 8 weeks. Phase
equilibria at this temperature was similar at 1273 K. 36-3Mn and 39-5Mn showed
B + oo+ v three phases whereas 39-3Mn showed o + ¥ two phases. However, the grains
size was much smaller than 1273 K due to slow diffusion rate at lower temperature and
became difficult to be analyzed by EPMA. In 36-5Mn and 39-5Mn alloys, the relative
volume fraction of 3 at 1173 K decreased compared to 1273 K.
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10 pm

Fig. 2-28. BSE images of equilibrated
microstructure at 1273 K after 8 weeks of (a) 36-
5Mn, (b) 39-3Mn and (c) 39-5Mn.

lﬁm

Fig. 2-29. BSE images of equilibrated
microstructure at 1173 K after 8 weeks of (a) 36-
5Mn, (b) 39-3Mn and (c) 39-5Mn.
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Finally, at 1073K, 39-5Mn and 42-5Mn alloys have been equilibrated for 9 and 11
weeks, respectively, and the equilibrated microstructures are shown in Figure 2-30. It
showed a three phases microstructure with o and y phases as main phases and a
distribution of fine and bright globular phase that shows clearly different contrast
expected from P phase. It should be not that the difference of the phases morphology,

especially in 42-5Mn alloy, is explained by the differences in the initial microstructure.

a b 10 um

Fig. 2-30. BSE images of equilibrated microstructure at 1073 K (a) after 9 weeks of 39-5Mn alloy and
(b) after 11 weeks of 42-5Mn alloy.

2.4.2 Phase equilibria among B-Ti / a-Ti / a.>-TizAl / y-TiAl phases
(A) Composition analysis of B / o / a2 / y phases

Table 2-4 shows the composition of the different phases (3, a, o2, ¥ and C14). The
phases compositions were used for draw the isothermal sections of the manganese system
at the different investigated temperatures as shown in Figure 2-31 along with the reported
results from the literature [5, 9, 13, 15-17]. As explained previously, due to the low
melting point of aluminum and low vapor pressure of manganese, evaporation of
aluminum and manganese took place during elaboration and the alloy compositions might
slightly change.

At 1473 K, 37-4.5Mn alloy showed a tie-line with a slope equivalent to the /o phase
boundary of the reported B+o+y three-phase triangle (Fig. 2-30 (a)). Hence, it can be
conclude that 37-4.5Mn alloy shows only 3 and a phases at this temperature. No evidence
of the existence of a» phase island has been found in contrary of V or Nb elements.
Nevertheless, the maximum solubility of manganese in 3 and o seems to be higher than

previous studies. The slope of the tie-line between 3 and o phase of the three-phase
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Table 2-4. Composition of the phases after equilibration heat treatment at different temperatures in
Ti-Al-Mn ternary determined by EPMA.

Composition / at.%

Temperature Alloy Phases
Ti Al Mn
36-5Mn B - - -
1573K
(48 ) 39-3Mn B - - -
39-5Mn B - - -
B 60.1+0.1 36.0+0.2 38402
37-3.5Mn
o 60.7+0.2 373402 20+0.1
(2113.;1];) B 541402 382+0.1 7.8+0.1
42-5Mn o 543+0.1 40.6+0.1 52£0.1
¥ 504 +0.1 46.4+0.1 32+0.1
B 59.5+0.1 362402 44+0.1
37-3.5Mn
(o) 60.6+0.1 37.1£0.1 23+0.1
B 57.5+0.1 37.7+0.1 4.8+0.1
39-3Mn
(o) 575+0.1 39.7£0.1 28+0.1
(;“tvljdlfs) .50 B 56.8+0.2 373402 58+0.1
-5Mn
(o) 57.6+0.1 39.1+0.1 32+0.1
B 53.6+0.1 379403 85+0.1
(Onf;f“l\f;ks) ofa) 552+0.1 40.0 £0.1 48+0.1
v 49.1+0.1 475+0.1 3.4£0.1
B 57.4+0.1 35.9+0.1 6.7=0.1
36-5Mn
o 59.8+0.1 36.9+0.1 33£0.1
(if;jeli) B 56.1+0.1 37.0=0.1 6.9=0.1
39-5Mn o 57.6+0.1 387+0.1 3.7£0.1
¥ 50.1+0.1 47.1%0.1 28=0.1
B 582+0.1 34.5+0.1 73£0.1
36-5Mn o 59.9+0.1 36.6+0.1 35+0.1
v 50.8+0.3 463402 29+0.1
o 59.6+0.1 373+0.1 3240.1
S 39-3Mn ?
(8 weeks) ¥ 513+0.1 462+0.1 25401
B 57.6+0.1 34.9+0.1 75+0.1
39-5Mn o 59.5+0.1 37.0£0.1 3.6£0.1
¥ 51.1+0.1 46.1+0.1 28+0.1
B 56.8 £0.2 33.4+0.1 9.8+0.2
36-5Mn o 60.6+0.1 35.5+0.1 3.9+0.1
¥ 513+0.1 452+0.1 35+0.1
o 61.3+0.1 353 +0.1 3.4+0.1
8“73]15 39-3Mn ’
(8 weeks) ¥ 514402 456402 3.0=0.1
B 56.4+0.2 33.140.1 10502
39-5Mn o 60.8+0.1 35.0£0.1 41+0.1
¥ 50.8+0.1 457+0.1 3.6=0.1
Cl4 - - -
(1110\;7;@1;5) 42-5Mn o 654+14 323407 23+0.7
Y 49.8+0.2 46.7+0.5 35+0.7
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Fig. 2-31. Isothermal sections of Ti-Al-Mn that were determined experimentally at (a) 1473 K, (b)
1413 K, (c) 1373 K, (d) 1273 K, (e) 1173 K and (f) 1073 K with the reported data [5, 9, 12, 15-17].
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triangle at 1473 K is similar with those of 39-3Mn and 39-5Mn alloys at 1413 K. It
indicated that for the both alloys, the phase observed was o phase instead of a.. Moreover,
the slope changes clockwisely between 1413 and 1373 K. It results that the oo <> o
ordering transformation probably occurs between these two temperatures, as will be
detailed in the discussion part. It should be noted that 42-5Mn was aged for shorter time
at 1413 K and could explain why o phase is observed in small fraction. Therefore, the B/y
tie-line gave an indication about the phase boundaries direction.

The phases equilibria at 1273 K (Fig. 2-31 (d)) was similar to the one at 1373 K (Fig.
2-31 (c)). The solubility limit of Al in B and a phases decreased with decreasing
temperature while the solubility limit of Mn was almost the same between 1373 and 1273
K. Therefore, the three-phase triangle moved toward only a lower aluminum content with
decreasing temperature. At 1273 K, the solubility limit of manganese in y phase was in
good agreement with calculated data by Chen ef al. [18].

The isothermal section determined at 1173 K (Fig. 2-31 (e)) showed a significant
difference compared to higher temperature equilibria. Despite the solubility limit of
aluminum in 8 and o phases continued to decrease, the solubility limit of manganese in
B drastically increased. Therefore, the three-phase triangle moved toward a lower
aluminum but also to a higher manganese content. By carrying out different equilibration
times of the heat treatment, it was confirmed that the movement of the +a+y tie triangle
come from the phase equilibria that was already reached as will be explain just after.

Between 1473 K and 1273 K, the y and the o phase boundaries go toward high Mn
and high Al contents whereas at 1173 K, y phase boundaries direction change slightly go
toward high Mn and low Al content.

Finally, at 1073 K, the analyzed composition of o and y phases are in good agreement
with reported data established by Chen et al. Despite the composition of bright phase
previously reported could not be fully analyzed due to the small size of the grains, rough
analysis showed a Mn content drastically higher than 3 phase (more than 30 at.%). Short
heat treatment time at 1273 and 1073 K revealed the existence of C14 Mn,Ti Laves phase
in this ternary system for higher manganese content as reported by Chen ef al. [17]. In
this study, four times longer heat treatment times were applied and TEM observations
confirm the existence of this C14 phase but the results will be publish later. Mn,Ti Laves
phase is probably stable at 1073 K even at low Mn content, and therefore, a different

phase transformation occurs between 1173 and 1073 K. With decreasing temperature, the
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B+ax+yand B+7y + Cl4 tie triangles moved closer each other’s until reach a four
phases equilibrium temperature with an invariant reaction, and then transformed into a
o2 +7v + Cl14 tie triangle. In other words, at low temperature a ternary eutectoid reaction
involving Laves phases B — o + v + C14 take place.

Based on the different isothermal sections, the vertical sections at 36, 39, 42 and 45

Mn at.% were plotted and are shown in Appendix A2.

(B) Influence of time on equilibrium
Despite Nakamura et al. [19] studied the diffusivity of manganese in o-Ti, the
diffusion data for Ti-Al-Mn system is very limited and did not allow to estimate the
required heat treatment time to reach the equilibrium state. Therefore, the heat treatments
at lower temperature (1273 and 1173 K) were conducted for 4 and 8 weeks in order to
compare the change in elements’ concentrations. Figure 2-32 shows the evolution of Mn

and Al concentration with time in 36-5Mn alloy.
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Fig. 2-32. Evolution of the concentration of Mn and Al after 4 and 8 weeks equilibration
at 1173 K in 36-5Mn alloy.
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Increased time from 4 to 8 weeks slightly affect the content of the different phases in
the three phases triangle. The largest difference was observed in 3 phase where the
average manganese concentration decreased by 0.5 at.% between 4 and 8 week’s heat
treatments. Same results were observed in 39-5Mn alloy. Hence, despite that twice longer
heat treatments were applied at 1173 and 1273 K, the composition difference were not

significant and confirms that the phase equilibrium was reached.

2.5 Discussion
2.5.1 Effect of M addition on the three-phase triangle below 1473 K

The temperature dependence of the three-phase triangle p/o(a)/y of the two studied
systems was plotted in Figure 2-33 along with literature data [5, 7, 12, 20]. The phase
equilibria among B-Ti, a-Ti and y-TiAl revealed that in any Ti-Al-M ternary system the
three-phase coexisting region exists at temperatures above 1473 K. Moreover, it has been
reported that the three phases triangle moves toward lower aluminum and lower M
contents with decreasing the temperature [9]. However, these studies focused on high
temperature dependence, higher than 1473 K. Though, it is the first time that evolution of
the tie triangle is deeply investigated at lower temperatures, between 1473 and 1073 K in
such ternary systems. Although the composition range at which the three-phase region
seems depended on the third element, in both systems, the tie triangle continued to move
toward low M and low aluminum contents with decreasing temperature up to 1273 K.
Below 1273 K, the tie triangle direction changed and moved toward high M content but
continued to move toward low aluminum concentration as shown in Fig. 2-33. It can also
be noticed that in case of vanadium system, the /o tie-line of the tie-triangle shifted
toward [3 region at lower temperature.

Furthermore, it can be noticed that the shape of the three-phase triangle in Ti-Al-Mn
ternary system change between 1473 and 1373 K. As briefly presented in the introduction,
this phenomenon has been described in Ti-Al-M system by Takeyama and Kikuchi [9] as
the transformation which take place during the oo — o2 ordering. It have been found that
in case of vanadium system, o is stabilized against a with the existence of an o island
above the o <> o, congruent temperature T2 in binary system, and therefore, B+o —
ox-+y transition peritectoid reaction occurred between 1413 and 1473 K [8], but the effect
of manganese element was still unclear. Either of both transition peritectoid or ternary

eutectoid reactions could take place between 1393 and 1473 K. In both cases, the shape
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Fig. 2-33. Temperature dependence of the three-phase triangle B/a.(a)/y in (a) Ti-Al-V and (b) Ti-Al-
Mn systems.
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of the tie-triangle before and after the phase transformation will be the same. The change
of tie-triangle shape in the manganese system indicated that the reaction occurred between
1373 and 1473 K. However, further investigations are needed to clarify which
transformation takes place, as will be described below in more details.

With decreasing temperature, the equilibrium content of M element in the different
phases at the /a(o2)/y three-phase equilibrium decreased and reached at minimum as
shown on Figure 2-34. Based on extrapolation lines, the minimum is estimated around
1353 K with 11 at.% of V in vanadium system and 1398 K with 6 at.% of Mn in
manganese system. Then, when the temperature continued to decrease, the M content in
B phase increased, i.e. at 1173 K, 13 at.%V and 10 at.%Mn. However, after reached the
minimum, the equilibrium content (solubility) of M element in a(o) and y phases with
decreasing temperature appeared to reach a plateau. It decreased slightly in case of
vanadium or increased slightly in case of manganese system but in both cases, the trend

was the same. Thus, an expansion of the three-phase triangle toward [} phase was

observed.
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Fig. 2-35. Binary phase diagram in the titanium rich side of (a) vanadium and (b) manganese systems
[22, 23].
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The shift of the triangle toward low Al and low M contents up to 1273 K implied an
expansion of the 3 phase with decreasing temperature. Moreover, the composition range
at which the three-phase region existed, was enriched in titanium and depleted in M and
Al. So far, it approaches the binary Ti-M phase equilibria side. The open structure of bce
phase with a packing ratio of around 0.68 is not stable against close packed structures
such as fcc and hcp structures at lower temperature. Indeed, in case of Ti side, it
approaches the allotropic transformation 3 — o that occurs at 1153 K. Thus, despite M
is a B-stabilizer, as it can be seen on the binary phase diagram Ti-M in Figure 2-35, the
solubility of a increased with decreasing temperature, even if it is very limited in case of
manganese due to its stronger -stabilizer nature. Therefore, the composition range where
the B+a two phases are in equilibrium increased. Figure 2-36 shows the relative domains
of B/a(a2) stability in the ternary Ti-Al-M system, with the normalized results at 1473 K
as a reference in the /a(a2)/y three-phase equilibrium. Above 1343 K, the composition
range of B/o(a2) decreased in vanadium system but it is relatively stable in case of

manganese system. Then, below 1343 K, the composition range increased in both systems.
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Fig. 2-36. Change in the P+o(o2) two-phase region with temperature in Ti-Al-V and Ti-Al-Mn
systems.
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Given that the terminal solubility of M into a(ct2) and y phases reached a minimum, it
confirmed the change of direction of the three-phase triangle toward high M content
through the expansion of P+o two-phase region as seen in Fig. 2-33. Thus, at low
temperature, precipitation of o phase may occur for composition ranges of high M

contents.

2.5.2 Effect of manganese on o/o.; relative stability effect

The direct method to determine which phase is stabilized between o and a> phases by
the addition of third element is to find the a/o> coexisting region. But these two phases
exist only in a small range of temperature and composition. Hence, an indirect method
based on partition coefficients is used in this study.

At equilibrium, the partition coefficient A"/ = xi/x; is used to discuss the partitioning
behavior of an alloying element between two phases i and j, here B, a, a2 or y where x;
and x; represent the equilibrium mole fraction of the alloying element in the phases i and
J. The partition coefficients of vanadium and manganese between B/(a)aw2, B/y and (ot)a/y
were obtained by averaging the k' of the different tie-lines and are listed in in Table 2-5.
The temperature dependence of the partition coefficients was plotted in accordance with
Arrhenius' relationship and summarized in Figure 2-37 along with the temperature range
where the o — o invariant reaction takes place. Moreover, reported results obtained at

higher temperature were added for comparison [5, 7, 12, 24].

Table. 2-5. Partition coefficient in the V and Mn system between the 3, o, o> and y phases.

Partition coefficient

System Temperature

e ez kay kozy kpy

1573K 1.30 - - - -

1473 K 1.40 - - - -

. 1413 K - 1.57 1.64 - -
Ti-AlV 1273 K - 1.59 - 1.74 2.86
1173 K - 1.73 - 1.70 3.24
1073 K - 1.90 - 1.67 3.63

1473 K 1.75 - - - -

1413 K 1.80 - - - -
. 1373K - 1.97 - 1.30 2.48
Ti-Al-Mn 1273 K - 2.08 - 127 2.64
1173 K - 2.52 - 1.14 2.92

1073 K — — — 0.66 —

The values of the partition coefficient k" for vanadium and manganese systems

obtained between 1073 and 1373 K shows that the values increased with decreasing
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Fig. 2-37. Temperature dependence of the partition coefficients in (a) manganese and (b) vanadium
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systems.

temperature and this is in good agreement with the literature observations [5]. At 1573 K,
k¥ was about 2 and increased up to around 3 at 1173 K. Whereas slightly differences at
elevated temperature was observed, at low temperatures the Mn became more -former
than V against y phase.

In the case of the others coefficients A¥**? and k*(?  the o — oo ordering
transformation takes place. Because these two phases are slightly different, a change
between the partitioning behavior of the o and the o> phases should be expected. Indeed,
a gap was observed between in the temperature dependency between kP and kP just as
k" and k**"". The value of the partition coefficients £** and k**” lied between 1.1 and 1.3
for Mn and decreased with decreasing temperature whereas there was almost no
difference observed between these two coefficients in case of V with a value around 1.7.
as shown in Fig. 2-37 (b). In both cases, the values were higher than 1 at all temperatures,
this implied that Mn and V trended to stabilize the o phase rather the y phase. Though,
the partitioning behavior of Mn get closer to 1 at 1173 K and may change at lower
temperatures. Finally, the k**and kP*? coefficient showed a similar tendency to AP": the
values increased with decreasing temperature. In both systems, the values of k#*(®? and
k*©@D' intersected at 1473 K for Mn and at 1173 K for V element. The evolution of
partitioning behavior of vanadium and manganese between the different phases with
temperatures is shown in Figure 2-38. The results of Nb (o stabilized against o) [10]
and Cr (o stabilizes against o) [25] were added for comparison. The arrows indicated
the evolution of the partition coefficient with decreasing temperatures. The change of
direction in case of Ti-Al-V system corresponded to the shift of the /o tie-line at lower
temperature. The partitioning behaviors of V and Mn were similar: § > o > vy at elevated
temperatures and then 3 > a2 >y at lower one. Moreover, they became more B-former at
low temperatures, however, it can be observed a difference between the evolution of k%Y
and k%2 values corresponding to the difference of partitioning behavior of o and a., as
mentioned above.

In case of Nb and V, both elements showed k**" closer to . region than k%7 to the o
region, that means M elements stabilized rather a» than a, which is confirmed by the
reported experimental results. In case of Cr, which is a stabilizer, and Mn, the opposite
trend was observed and could indicated that Mn is a stronger o.-stabilizer compared to o..

In order to confirm this hypothesis, the k*'®? partition behavior, between the o, and the
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Fig. 2-38. Change of partitioning behavior between B, a or oz and y phases with
temperature change of different elements. The arrows direction shows the evolution
with decreasing temperatures.

o> phases has been estimated based on the reported gap between the kP* and kP2
coefficients and the A* and k**" coefficients, respectively. As explained before, it exists
a gap of the partition coefficient between 1473 and 1373 K due to the ordering
transformation a <> o. Hence, it became possible to determine the partition behavior
k¥®2 between o and oo phases. The change with temperature of P and

P coefficients were determined by linear regression as shown in example in Eq. 2-1:

KB/ = 3140,9%(1/T)-0,6128
(2-1)
KB/ = 4491, 7%(1/T)-1,3502

In the same way, k®" and k%Ypartition coefficients could be used for calculations.
Then, the ratio of the partition coefficients were calculated at different temperatures and

are represented along the reported data of vanadium and niobium system in Fig. 10 [22,
27].
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The evolution of the k%2 partition coefficient of different elements with temperature
was plotted in Figure 2-39. Because the number of experimental data was limited, some

differences between the k%2 determined from the £#*(®2 and the k*(*?¥ coefficients were
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observed but the trends of both calculations were similar.

Because the o and o phases were relatively close, the k2 partition behavior was

around 1 for all elements.

In the range of a ordering transformation, the averaged partition coefficient is smaller
than 1 for Nb and V elements which are both known as a-stabilizer elements against a.
Moreover, the k%% values of Nb and V did not change significantly with temperature
whereas it increased for Mn. In case of Mn, the value of the partitioning behavior lie

between 1.09 at 1573 K to 1.30 at 1173 K and suggested that manganese element is o.-

former against o2 compared to Nb and V.
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Fig. 2-39. Change of k**? partition coefficient of different elements with temperature change.

Therefore, the manganese element is probably a-stabilizer against o, and lead to the
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o — P+o2+7y ternary eutectoid reaction which takes place between 1393 (binary
eutectoid temperature) and 1373 K. In this chapter, the different isothermal sections or
figures were based on this hypothesis. However, no coexisting region between o and a

phases have been found to support this idea.

2.5.3 Eutectoid transformation involving Mn,Ti C14 Laves phase
Short heat treatment time at 1273 and 1073 K revealed the existence of C14 Mn,Ti
Laves phase in this ternary system for higher manganese content as reported by Chen et
al. [17]. In this study, four times longer heat treatment times were applied and TEM
observations confirmed the existence of this C14 phase. Moreover, shorter times heat
treatment showed that C14 Laves phase also precipitated at 1123 K in 42-5Mn as shown
in Figure 2-40.

Gy
(%gZ)y' ‘

0)
{(0002) ¢4

(1100)c14

250 nm

Fig. 2-40. TEM bright field images of C14 Laves phase particles in 42-5Mn
alloys aged at 1488 K for 1 h follow by 1123 K for 100 h along with
corresponding SAD patterns.

Hence, Mn,Ti Laves phase is probably stable below 1123 K even at low Mn content,
and a different phase transformation occurs between 1173 and 1123 K. With decreasing
temperature, the 3 + a2 +y and B + v + C14 tie triangles moved closer each other’s until

reach a four phases equilibrium temperature with an invariant reaction, and then
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transformed into a o2 +y + C14 tie triangle. In other words, at low temperature a ternary

eutectoid reaction involving Laves phases B — o + v + C14 take place.

2.5.4 Vertical section used for microstructure control
Finally, based on the results obtained in this chapter, the vertical sections of the two
systems have been updated. As example the vertical sections at 42 at.%Al in the both

systems are shown in Figure 2-41.
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Fig. 2-41. Updated vertical sections of Ti-Al-V and Ti-Al-Mn ternary system at 42 at.%AL

Thus, possible phase transformations can be observed easily:

(1) The existence of two type of 3, above and below the o single phase region for a certain
composition range as reported by Kobayashi et al. [7]

(2) The transition peritectoid reaction o+ — on+y between 1393 and 1473 K in
vanadium system.

(3) The ternary eutectoid reaction o — P+a2+y between 1373 and 1493 K in Mn system.
(4) The existence of two type of a(a2), above and below the B+y two-phase region for a
certain composition range. The transformation pathway consists of B+oo+y — B+y —
+ou+y in case of vanadium system, and B+a+y — B+y — P+an+y in case of manganese

system.
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(5) The second ternary eutectoid reaction 3 — Cl4+an+y between 1073 and 1173 K in
manganese system.
The phase equilibria will be combined along with the phase transformations for the

microstructure control of the B phase in wrought alloys in Chapter 3.

2.6 Summary

In this chapter, the phase equilibria among B-Ti / a-Ti / ao-TizAl / y-TiAl in Ti-Al-M
ternary system where M is a [-stabilizer has been investigated by SEM and EPMA
between 1573 K and 1073 K. Vanadium (V") and manganese (VII'") elements have been
chosen based on their current state of researches. Moreover, V elements are known as
o-stabilizer against o, e.g. Nb and V. However, in the case of VI and VII™ elements,
the calculation results show that they had an opposite behavior with a stabilizer against
o2, but there is no experimental evidences to confirm that. Thus, the following conclusion

can be drawn on this study.

1. Microstructures and phase equilibria have been determined for various compositions
in both systems between 1573 and 1073 K. However, it is the first time that a study
focused deeply on the temperature range below 1473 K (down to 1073 K).

2. With decreasing the temperature, the B + a(o2) + v three-phase triangle move toward
low M and low aluminum content direction until reached a minimum in M concentration
around 1173 K. Then, the tie triangle shift toward the high M and low aluminum content
direction. Therefore, in the certain range of composition, the change of tie triangle
direction revealed new reaction pathway B+o+y — B+y — B+o+y.

3. The equilibrium content of M element in the different phases at the three-phase triangle
show a minimum around 1353 K and 1398 K for V and Mn, respectively. Thus, the three-
phase triangle expands, especially toward 3 phase region.

4. The partition coefficients show a gap between due to the ordering transformation
between o and o phase. Thus, the partition coefficient k%2 has been estimated and
shows that the Mn trends to be more a-stabilizer than a-stabilizer compared to V. Thus,
the o — B+ow+y ternary eutectoid reaction probably takes place between 1373 K and
1393 K.

5. In case of Ti-Al-Mn ternary system, a second ternary eutectoid transformations

involving Laves phases 3 — o + vy + C14 has been identified between 1073 and 1173 K.
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Chapter 3: Phase Transformation Involving 3-Ti Phase and Microstructure Control of Wrought Alloys

3.1 Introduction

In order to control the B phase and design microstructures of wrought y-based TiAl
alloys, the effect of V group (V) and VII™ group (Mn) elements on phase equilibria of
simple Ti-Al-M ternary systems have been firstly investigated in Chapter 2. The vertical
sections of both systems has been updated as shown in Figure 3-1. It can be seen that in
small range of composition, indicted by color bands, the same transformation pathway
exists, and therefore it become possible to design similar microstructures in these two
alloy systems. It should be noted that the presence of Laves phase at low temperature in
manganese system may affect the microstructure but their kinetics is relatively slow.
Understand the different phase transformations that occurs in these systems is also
important to design model microstructures. Furthermore, these results has been not only
used determine model microstructures for mechanical tests but also for the optimization

of our database and the improvement of quaternary Ti-Al-M1-M2 phase equilibria

calculations.
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Fig. 3-1. Modified vertical sections of Ti-Al-V and Ti-Al-Mn ternary systems at 42Al at.%. based on
Chapter 2.

Kobayashi [1] demonstrated the existence of two types of decomposition to form 3

phase according the composition of TiAl alloys. Indeed, there is a composition range for
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some multicomponent alloys where the alloys exhibit a transformation pathway of B+a
— oo — PB+y under cooling as shown in Figure 3-2. One, 3 phase decomposes to o phase
and another, 3 phase precipitates from o phase. The decomposition can be either massive
or martensitic depending on the M and Al contents. The precipitation can be either
through pearlitic mode or sequential mode and modified the B phase morphology.
Kobayashi proposed a microstructure control method using a combination of these
decompositions and precipitations pathway and thus achieved hot workability and good

toughness in service for TiAl alloys.
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Fig. 3-2. Reported TTT diagram for Ti-42A1-8V alloys [1].

More recently, Clemens’ group [2, 3] showed possibility to design different grain
boundaries by changing the heat treatment conditions and using the effect of cellular
reaction as shown in Figure 3-3 in TNM alloy. Thus, it is necessary to understand not
only the equilibrium state of the different alloys but also the kinetics process in order to
design the microstructures, especially in the case of wrought alloys where the residual

strain and the forging conditions drastically modify the microstructure.

Fig. 3-3. Example of different grains boundaries obtained in TNM alloy system [2].
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The objectives of this Chapter 3 are to investigate the different phase transformations
that occurs in vanadium and manganese system and which are the parameters that affect
the microstructure control of wrought y-based TiAl alloys. Then, by combine the phase
equilibria and the phase transformation study, to design some representative
microstructures that will be tested by fatigue crack growth tests in Chapter 4 and
Chapter 5.

3.2 Experimental procedures

The experimental procedures are shown in Figure 3-4. The nominal composition of
the studied alloys is Ti-42Al-5Mn and Ti-42A1-8V (at.%). The analyzed compositions
are shown in Table 3-1. Hereafter the alloys are referred as 42-5Mn and 42-8V,
respectively. These compositions have been selected with the same aluminum content
and the closest to a-single phase edge. Moreover, the 3+y two phase region exist at lower

temperature.

Studied alloys
Ti-42A1-8V
Ti-42Al-5Mn
I

Elaboration

Wrought process

Heat treatments
As shown in Table 3-2 and 3-4

Microstructure observation
OM, FE-SEM

Microstructure analysis

Volume fraction: cross section, image
analysis
Average grain size /, : (1;+1,+...)/n

Fig. 3-4. Flowchart of the experimental procedures that were
used for the microstructure control of wrought alloys.
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Alloys were elaborated using cold crucible induction melting (CCIM) with a size of 50
mm in diameter and 500 mm in height. Then, the columnar ingot was cut into pieces with
120 mm in height, hold at 1573 K for 30 min in B+a two phase region and then forged

with height reduction to 20 mm by four or less strokes followed by air cooling.

Table. 3-1. Analyzed composition of the forged alloys.

Nominal composition Analysed composition (at.%)
Name o
(at.%) Ti Al \% Mn C O N H
42A1-8V Ti-42A1-8V Bal. 424 8.0 - 0.03 0.20 0.01 0.06
42A1-5Mn Ti-42Al-5Mn Bal. 419 - 5.0 0.03 0.16 0.01 0.05

Afterward, the different pieces were cut by EDM (Electric Discharge Machine) and the
ingot pieces were heat treated. Heat treatments were divided in two steps. First step
consisted of as-forged condition or high temperature heat treatment from 1473 to 1523 K
for 30 min to 2 h with different cooling rates. Subsequently, TiAl alloys were aged at
lower temperature between 1123 K and 1473 K up to 100 h. All of these heat treatments
were conducted either in siliconate or kanthal furnaces depending on the desired
temperature and these conditions are summarized in Table 3-2 and 3-3.

Specimens preparation and microstructures observation were done by the same method
that was described earlier in Chapter 2.

In order to evaluate the microstructural features, the volume fractions of the on/y
colonies (Viam), B phase (¥p) and y grains (V) were measured by using both cross-section
method and image analysis, assuming that the surface fraction was representative of the
bulk microstructure. Cross-section method consisted to superimpose a square grid on the
SEM images of the microstructures and count for each grid intersections the
corresponding phase. Image analysis was performed by selecting manually different
phase regions using ImagelJ software, and then calculate the total pixels. Because, these
two methods gave similar results, the image analysis method was mainly used. At least
three SEM-BSE images were used for measuring the Vr with a magnification between

x250 and x1000 depending the microstructural features size.
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Table. 3-2. Heat treatment condition of Ti-42Al1-5Mn alloy.

It step 2nd step
Purpose
T/K t/h cooling T/K t/h cooling
as-forged Initial microstructure
1508 1 W.Q.
as-forged 1498 1 W.Q. Investigation of y-solvus
1488 1 w.Q.
1523 1 A.C.
as-forged 1503 1 AC. lamellar gnc;rostructure
esign
1488 1 A.C.
w.Q.
A.C.
as-forged 1523 1 1 K/minupto  Effect of cooling rate
1488 K
10 K/min up to
1488 K
1523 1 A.C.
1498 1 A.C Determination of phase
100 AC. fraction and size
1488 1 A.C
1 A.C.
1473 10 A.C.
100 A.C.
1 A.C.
as-forged
1373 10 A.C.
100 A.C. Effect of temperature
and time on
1 A.C. microstructural features
1273 10 A.C.
100 A.C.
1 A.C.
1123 10 A.C.
100 A.C.
1523 2 A.C. 10 A.C.
1498 1 AC. 1123 20 AC. Effect of initial
condition
1488 1 A.C. 10 A.C.
1473 1 A.C.
Determination of phase
1488 1 A.C. 1373 1 A.C. fraction and size
1173 1 A.C.
1473 1 A.C.
Determination of phase
1523 2 A.C. 1373 1 A.C. fraction and size
1173 1 A.C.
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Table. 3-3. Heat treatment condition of Ti-42A1-8V alloy.

Ist step 2nd step
Purpose
T/K t/h cooling T/K t/h cooling
as-forged Initial microstructure
1523 2 A.C.
1498 2 A.C.
1473 2 AC. Investigation of y-solvus
as-forged Design lamellar
1453 2 A.C. microstructure
1423 2 A.C.
1403 1 A.C.
W.Q.
A.C.
as-forged 1523 2 1 K/minupto  Effect of cooling rate
1403 K
10 K/min up to
1403 K
1498 1 A.C.
1473 | AC Determlpatlon of_phase
fraction and size
1403 1 A.C.
1 A.C.
1373
as-forged 10 A.C.
1 AC. Effect of temperature
1273 and time on
10 A.C microstructural features
1 A.C.
1173
10 A.C.
A.C. 3 A.C.
1598 2
A.C. 20 A.C.
A.C. 3 A.C.
1473 2
A.C. 123 20 A.C. Effect of initial
AC. 3 AC. condition
1453 2
A.C. 20 A.C.
A.C. 3 A.C.
1423 2
A.C. 20 A.C.

The Vrof each parameter (colonies, § and y) was calculated by the Equation 3-1.
n
Ve = N X 100% (3-1)

Where N is the total number of either the grid points or the pixels, 7 is the number of

the grid points/pixel of each phase. The average of the selected images was taken as the
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final result. The grain size of the microstructural constituents was evaluated by measuring
at least 25 representative grains for each microstructure. As same as in Chapter 2, the

error bars used for the results were determined using standard deviation (Appendix Al).

3.3 Results
3.3.1 As-forged microstructures

The backscattered electron (BSE) images of the as-forged microstructures are shown
in Figure 3-5. The arrow indicates the forging direction. The 42-8V microstructure
showed elongated o2/y lamellar colony grains surrounded by globular y grains and 3
phase, also called B/y duplex. The size of y grains was relatively small, less than 3 um.
The structure of as-forged 42-5Mn was similar to 42-8V with B/y duplex surrounding
colonies. However, the colonies showed more globular-like lamellar grains shape and the
v grains were bigger with a size of about 5 pm. Moreover, some inhomogeneity was found
in the 42-5Mn microstructure. In both microstructures, the colonies were composed of

smaller sub-colony grains, originated from the forging process.

a b 10 pm

Fig. 3-5. BSE images of the as-forged microstructures (a) Ti-42A1-8V and (b) Ti-42Al-5Mn. The
forging direction is vertical in the micrograph.

3.3.2 Lamellar formation
(A) Investigation of the y-solvus
The composition of both systems have been selected at the nose of the a-single phase
region and thus, in a small range of temperature +o. — o — oty transformation exists.
Therefore, it became complicated to design a fully lamellar microstructure. However, by

deeply investigating the “y-solvus” temperature, or in other words the temperature where
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the y phase starts to dissolve/precipitate, it is possible to control the lamellar structure.
Indeed, near the nose, the fraction of a phase will drastically increase. And then, during
cooling or a second step heat treatment, the lamellar structure will form by y precipitation
according the Blackburn orientation relationship [4].

Because of the high temperature of the a-single phase in case of manganese system
compared to vanadium, heat treatments were performed between 1488 and 1508 K for 1h
followed by water quench as shown in Figure 3-6. At 1488 K, microstructure was
composed of large a grains (around 50 pum) surrounded by martensitic transformed 3
phase. However, microstructures obtained at lower temperature present globular
coarsened y grains, a grains and martensitic transformed 3 phase. Furthermore, “faceted”
vy grains have been observed in the B phase and indicated by arrow in Fig. 3-6 (d). In the
o grains, remaining coarse y lamellae from the forged microstructure exists. Therefore,
the y-solvus has been identified between 1498 and 1508 K which is in good agreement
with the phase equilibria determined in Chapter 2.

a b

10 pm

Fig. 3-6. BSE images of the aged samples for
1 h near the y-solvus temperature at (a) 1508
K, (b) 1498 K, (c) 1488 K and followed by
water quench in 42-5Mn alloy. Arrow
indicates faceted y grains.
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Then, three heat treatments were conducted above, close and below the y-solvus
temperature, estimated at 1503 K, to determine the effect of this transformation on
lamellar colonies formations. The selected temperatures were 1523, 1503 and 1488 K and
the microstructure are shown in Figure 3-7. The heat-treated microstructure in +o two
phases region showed homogeneous large globular colonies (Fig. 3-7 (a)). The globular
v grains were dissolved during heat treatment but two different populations of y grains
were observed after cooling. A small fraction of /y with a pearlitic morphology, which
is formed by a+y — B+y cellular reaction took place and are indicated by a circle in the
figure. However, the kinetics is relatively slow compared to the cooling rates. Then, the
second population of y phase consisted of what is called “faceted” y grains which have

precipitated within the 3 phase, and were indicated by arrow.

10 pm

Fig. 3-7. BSE images of the different
conditions investigated in 42-5Mn alloy: (a)
1523 K, (b) 1503 K and (c) 1488 K for 1 h and
followed by air cooling. Circle indicates
C cellular reaction and arrow indicate faceted y.

The alloy heat treated close to the y-solvus, showed homogeneous globular colony
grains with a size smaller than that at higher temperature but with thicker lamellae. These
colonies are surrounded by P/y duplex (Fig. 3-7 (b)). Furthermore, three different

populations of y grains have been identified. The first one corresponded to the initial
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globular y grains which existed either in grain boundaries or in the interior of some ow2/y
colonies. Their sizes were similar to that in the as-forged microstructure but their number
drastically decreased. The second population consisted of a+y — P+y cellular reaction.
However, the ratio of B/y was relatively small and almost y grains precipitated. The last
population was a smaller fraction of faceted y grains precipitated within the 3 phase.

The last microstructure that was heat treated at 1488 K below the y-solvus, showed
colony grains with a inhomogeneous distribution of thick lamellae surrounded by higher
B/y duplex fraction compared to others microstructures (Fig. 3-7 (c)). The y phase
consisted of large globular y grains, cellular reaction and small fraction of faceted y. The
major difference with microstructure heat treated at 1503 K came from the higher
coarsening of the pre-existing y grains of the initial microstructure with a size of bout 20
pm.

In case of vanadium system, six different temperatures were investigated between 1523
and 1403 K for 2 h directly followed by air cooling and the microstructures are shown in
Figure 3-8.

For temperature above 1473 K, the initial y grains of presented were dissolved (Fig. 3-
8 (a-c)). Microstructures is consisted of globular a grains with a small fraction of
martensitic transformed 3 phase at the grain boundaries. The fraction of § phase increased
with temperature increasing. Lamellar structure was not observed, in contrary of
manganese system. However, faceted y grains were observed in the 3 region.

For temperature below 1453 K, microstructures consisted of a grains and globular y
grains in a § matrix (Fig. 3-8 (d-f)). With decreasing the temperature, the volume fraction
of y phase and the oo/y lamellar grains fraction increased. At 1453 K, lamellae were coarse
(Fig. 3-8 (d)) whereas at 1403 K, lamellae were thin (Fig. 3-8 (f)). Faceted y grains or 3
martensitic were not observe at these temperatures.

Because the y grains of the initial as-forged microstructure were completely erased
after aging for 2 h above 1473 K, and the y grains size increased for heat treatments below
1453 K, the y-solvus was identified between 1453 and 1473 K in case of vanadium system.
Moreover, above 1473 K the volume fraction of B phase increased with increasing
temperature. Thus, for optimized the volume fraction of ow/y lamellar colonies, heat
treatments should be conducted near 1473 K. Nevertheless, at 1473 K the lamellar
structure was not observed and so, the role of subsequent heat treatments on lamellar

formation have to be investigated.
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€ f S pum

Fig. 3-8. BSE images of the aged samples at (a) 1523 K, (b) 1498 K, (¢) 1473 K, (d) 1453 K, (e) 1423
K for 2 h and (f) 1403 K for 1 h followed by air cooling in 42-8V alloy.

(B) Effect of cooling rate
Another parameter to control the o/y lamellar structure is the cooling rate. Thus, the
effect of cooling rate on the formation of grains size and lamellar thickness have been
investigated in both systems using different cooling rates: water quench, air cool, 1 K/min
and 10 K/min, from the B+ two phase region just above the a-single phase to the B+o-+y

three phase region. The cooling rate controlling was conducted between 1523 and 1488
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K for 42-5Mn and between 1523 and 1403 K in case of 42-8V. The different
microstructures are shown in Figure 3-9 and 3-10, respectively.

In 42-5Mn alloy, the microstructure aged with a fast cooling rate presented o grains
surrounded by martensitic f and some faceted y grains (Fig. 3-9 (a)). However,
microstructure with slow cooling rates showed nearly lamellar microstructure with larger
colonies grains surrounded the colonies by faceted y and also a small fraction of cellular
reaction. Lamellar structure was observed with all the others cooling rates. Though, the

lamellae were thinner in case of 1K/min cooling rate (Fig. 3-9 (d)).

C d 10 pm

Fig. 3-9. Influence of the cooling rate on the microstructure in Ti-42A1-5Mn after aging at 1523 K for
1 h: (a) water quench, (b) air cooling, (¢) 10 K/min and (d) 1 K/min up to 1488 K followed by air
cooling.

After heat treatment at 1523 K, 42-8V alloy showed B+a two phase microstructure.
However, even by decreasing the cooling rate, lamellar formation did not occur whether
at 1K/min or 10K/min (Fig. 3-10 (a-d)). After air cool, few faceted y grains precipitated.
For slower cooling rates, large y grains with an irregular shape were observed, up to 25

um. More the cooling rate was slow, more the density and the size of these y grains
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increased. Nevertheless, it should be noted that these y grains did not show a globular
morphology as observed in heat treated microstructures below the y-solvus but a
morphology similar to the small faceted y. Indeed, faceted y grains started to precipitate

and acted as germs for coarsening during slower cooling rates.

C d S pum

Fig. 3-10. Influence of the cooling rate on the microstructure in Ti-42A1-8V aged for 2 h at 1523 K:
(a) water quench, (b) air cooled, (c) 10 K/min and (d) 1 K/min up to 1403 K followed by air cooling.

In both systems, by decreasing the cooling rates, the colonies size increased. It could
be explained by the time to go through the single phase (B+a — o — a+y) was longer

and, thus, allowed the o grains to grow.

3.3.3 B/y duplex formation
(A) Effect of temperature
In order to determine how the transformations may affect the microstructure, the effect
of temperature has been investigated. In both systems, the temperatures have been chosen
in B+o-+y three phase region at high temperature, and then in B+y two phase region at two

different temperatures to investigate the effect of the change in driving force for the
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transformation. Moreover, in case of manganese system, heat treatment was also
conducted below the ternary eutectoid reaction involving Laves phases. Based on the
vertical section determined in Chapter 2, a second three phase region (+a2+y) should
exists in both systems but the range of temperature was too narrow to conduct
investigations.

Figure 3-11 shows the microstructure change for the different temperature after 1 h
followed by air cooling in 42-8V. At 1373 K, the oaw/y colonies have been almost
completely erased. The microstructure consisted mainly of 3 and y phases with small
fraction of a grains. At 1273 K, the initial microstructures still can be distinguished,
however the lamellar colonies were transformed into [ and y phases by the
o+y — B+y cellular reaction, resulting elongated y grains. At 1173 K, transformations

were limited and do not affected significantly the initial microstructure with aging time.

5 pum

Fig. 3-11. BSE images of the aged samples for
1 hat(a) 1373 K (b) 1273 K and (c) 1173 K
followed by air cooling in 42-8V alloy.

Figure 3-12 shows the microstructure change of as-forged microstructure for the
different temperature after 1 h in 42-5Mn alloy. The aged microstructure at 1473 K in
three phases region showed a coarsening of the y grains and a decreasing of a2/y colony

grains size. The microstructure was characterized by an increasing in B/y duplex at

83



Chapter 3: Phase Transformation Involving 3-Ti Phase and Microstructure Control of Wrought Alloys

colonies boundaries. At 1373 K, the lamellar microstructure almost disappeared, only few
colony grains remained. It resulted in an important fraction of § and y phases. However,
the growth effect of y grains was smaller than that at 1473 K. The aged microstructure at
1273 K was similar to the initial as-forged but a limited increase of duplex region was
observed. At both 1373 and 1273 K, small precipitates of B phase were observed within
the lamellar structure. Finally, the aged microstructure at 1123 K does not present
significant difference at lower magnification but at higher magnification, small grains
with a bright contrast was precipitated at the sub-colony grains boundaries and was

identified as C14 Laves phase as detailed in Chapter 2 (Fig. 3-12 (d)).

C d 10 um
Fig. 3-12. BSE images of the samples aged for 1 h at (a) 1473 K, (b) 1373 K, (¢) 1273 K and (d) 1123

K followed by air cooling in 42-5Mn alloy.

(B) Effect of time
The change of microstructure with time have been investigated in order to evaluate the

stability and evolution of different phases.
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The microstructures of 42-8V alloy aged for 10 h are shown in Figure 3-13. At 1373
K, the microstructure consisted of 3 and y grains coarser compared to that of shorter heat
treatment and that of a small fraction of a grains (Fig. 3-13 (a)). The lamellar colonies
disappeared at 1273 K (Fig. 3-13 (b)). At lower temperature, the initial microstructure
still existed with elongated o2/y colonies but a higher fraction of B/y duplex region was
formed. The ratio of B phase precipitated in B/y DP was very low. It found that the

remained colonies appeared decorated by a necklace of y grains.

5 um

Fig. 3-13. BSE images of the samples aged for
10 h at (a, b) 1373 K (c, d) 1273 K and (e, f)
1173 K followed by air cooling in Ti-42A1-8V
alloy.

In the manganese system, the forged alloy was heat treated up to 100 h and the change
in microstructure with temperature are shown in Figure 3-14 and 3-15, respectively.

After 10h, the coarsening become important at 1473 and 1373 K as shown in Figure
3-14. At 1473 K, the number of y grains decreased but their size increased. Within the
colony grains, the coarsening of y phase also occurred and thus, large o grains appeared.
Moreover, faceted y started to precipitate within the B phase (Fig. 3-14 (a, b)). In the
microstructure at 1373 K, the lamellar colonies almost disappeared. The remained
colonies showed coarse and thick y lamellae. Moreover, the volume fraction of 3 phase

was relatively high compared to the other temperatures. The same evolution of the
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microstructural features was observed at 1273 K, but the effect was less important. The
microstructure aged at 1173 K did not change significant change by increasing time.
However, it should be noticed that at the colonies boundaries, the size and the fraction of

Laves precipitates increased.

C d 1(-)_u-m

Fig. 3-14. BSE images of the samples aged at (a) 1473 K, (b) 1373 K, (¢) 1273 K and (d) 1123 K for
10 h followed by air cooling in Ti-42Al-5Mn alloy.

Figure 3-15 shows the evolution of microstructure with temperature after 100 h heat
treatment. At 1473 K, the microstructure was composed of large o and y grains, with a
size of about 50 um, dispersed in 3 matrix. Few a grains still contain some coarse y
lamellae vestiges. The faceted y precipitates were found in all B matrix (Fig. 3-15 (a)).
The microstructures aged at 1373 K and 1273 K were mainly composed of y grains with
a P phase matrix. By decreasing the temperature, the volume fraction of y increase.
Furthermore, a small fraction of o grains was observed only at 1373 K. This could be
explained by the competition between coarsening, which is faster at higher temperature,

and a+y — B+y cellular reaction kinetics. Finally, after 100 h, microstructure aged at
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1023 K did not show a significant difference compare to shorter heat treatments, excepted

the increase of Laves phase size up to 2 pm.

C d 10 pm

Fig. 3-15. BSE images of the samples aged at (a) 1473 K, (b) 1373 K, (¢) 1273 K and (d) 1123 K for
100 h followed by air cooling in Ti-42A1-5Mn alloy.

(C) Effect of the initial conditions

In the previous sections, it has been demonstrated how the different parameters such
as the temperature, the time and the cooling rates may affect the lamellar formation and
how it was possible to control the morphology and the fraction of the y and 3 phases. This
part will describe the change in microstructure during subsequent heat treatment,
especially B/y duplex, after a first step heat treatment.

In both systems, microstructures were stabilized at 1123 K for two different times, 3
and 20 h. The microstructures can be divided into three groups depending on the first step
heat treatment, whether it was conducted below, close, or above the y-solvus.

In Ti-42A1-8V alloy, after aged at 1123 K, the microstructures where the initial state

was in +a two phases region showed lamellar y precipitation within the former colonies
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grains as shown in Figure 3-16 (a-d). Moreover, a+y — [+y cellular reaction occurred
at the colony grain boundaries. As introduced earlier, it is possible to control the ratio
between y and 3 phases, however, at low temperature, this transformation generated
mainly y phase. Furthermore, precipitation of fine y grains occurred in 3 region (indicated
by arrow in Fig. 3-16 (a)). Thus, the volume fraction of B after the second heat treatment
drastically dropped. More the temperature of the first heat treatment was higher more the

cellular reaction was important.

C d S um

Fig. 3-16. Microstructure of samples aged for 2 h at (a) 1498 K, (b) 1473 K (c) 1423 K and (d) 1423
K followed by 2" step heat treatment at 1123 K for 3 h with air cooling.

By increasing time to 20 h, the cellular reaction continues and P/y duplex fraction
increased from 30 to 60 % of the microstructure (Figure 3-17 (a-d)). In the
microstructures where the initial state was below the y-solvus, few differences were
observed after 3 h annealing as shown in Fig. 3-16 (e-h). The y phase precipitated and
formed o2/y lamellar grains in the former o grains. Moreover, the initial y grains became
coarser. At 1403 K, the fraction of globular y was higher than the microstructure that was

aged at 1433 K. By increasing time to 20 h (Fig. 3-17 (e-h)), the coarsening of grains

88



Chapter 3: Phase Transformation Involving 3-Ti Phase and Microstructure Control of Wrought Alloys

continued. The microstructures, where the initial state was in B+a two phases region,
show cellular reaction which occurred on the grains boundaries. As introduced earlier,
this transformation generates mainly y phase. Moreover, fine y precipitation occurred in
B region. Thus, the volume fraction of [ after the second heat treatment drastically
dropped. More the temperature of the first heat treatment was higher more the cellular
reaction was important. Furthermore, after 20 h, the cellular reaction continues and B/y

duplex represents more than 50 % of the microstructure.

C d S pum

Fig. 3-17. Microstructure of samples aged for 2 h at (a) 1498 K, (b) 1473 K (c) 1423 K and (d) 1423
K followed by 2" step heat treatment at 1123 K for 20 h with air cooling.

The manganese system showed very stable microstructures even after 20 h aged at
1123 K as shown in Figure 3-18. Indeed, after annealing heat treatment, the three
microstructures did not show significant different compared to the initial state, either
grains size or volume fraction. However, it should be noted that the initial faceted y grains
of the microstructure aged at 1523 K became smoother due to coarsening mechanism.

Whereas in case of Ti-42Al1-5Mn, the microstructure design is mainly determined by

the initial condition, the annealing heat treatments of Ti-42Al1-8V drastically affected the
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microstructures. Precipitation of the lamellar structure occurred in all initial a grains
independently of the initial conditions. But the morphology of the y phase is determined
by the temperature of the initial step. Morphology could be either globular (T <y-solvus)

by coarsening or plate/elongated (T > y-solvus) by cellular reaction.

10 pm

Fig. 3-18. Microstructure of samples aged at
(a,b) 1488 K for 1 h, (c, d) 1498 K for 1 h and
(e, f) 1523 K for 2 h followed by 2™ step heat
treatment at 1123 K for 10 ~ 20 h with air
cooling.

3.3.4 Quantitative measurements and their change with heat treatment conditions
In order to investigate the effect of heat treatment conditions on the microstructural

features, and thus, design the desired microstructure, some quantitative measurements

were done. The volume fraction of the different phases and the grains size were measured

in both systems.

(A) Volume fraction V of the different microstructural features
The volume fraction of the lamellar colonies, y grains, both globular/elongated and
sharp-like shapes, B and a/a2 grains of 42-5Mn and 42-8V alloys are summarized in
Table 3-4 and 3-5, respectively.
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Table. 3-4. Volume fraction of the microstructural features in Ti-42Al1-5Mn alloy.

Heat treatment condition

Phase fraction / %

B/y duplex Vpp

Lamellar o/,
It step 2nd step Col;nies y-phase V, B-phase gr;ins
‘ Globular Vyq Sharp V. Vo *
- 479 +8.5 385+6.4 - 13.6+2.3 1<
1123K/1h 53.0+1.4 320+1.4 - 14.9+0.8 1<
1123 K/10h 52.5+£5.6 30.6+3.6 - 135+1.6 34406
1123 K/100h  49.6+10.1 348+7.0 - 10.8+2.5 49+0.6
1273K/1h 28.7+7.6 489+42 - 224+34 -
1273 K/10h 150+1.8 63.5+2.4 - 21.5+1.1 -
1273 K /100 h 1.2+0.7 792+3.4 - 189+2.7 -
1373K/1h 183+1.5 51.6+0.8 - 250+0.8 5.0+0.5
as-forged 1373 K/10h 55+04 58.9+0.1 - 294+13 62+0.8
1373 K /100 h - 59.0£0.8 - 30532 10.6+2.7
1473K/1h 31.1£8.0 41.1+4.1 1< 179+36 99+1.2
1473 K/10h 109+44 393+1.6 3.8+04 206+1.1 254+32
1473 K /100 h - 36.6+3.1 7.6+0.9 222422 335+£22
1488K/1h 61.5+£1.0 109+0.3 7.0+£0.4 162+04 45+0.5
1503K/1h 72.5+3.8 192+24 1< 83+14 -
I1503K/100h  67.8+7.1 6.6+1.6 19.6+£4.2 6.1+£1.8 -
1523 K/ 1h 75.4+7.5 - 15.9+4.2 8.7+3.6 -
1123K/1h 50.1+£6.8 322+4.4 1.2+0.2 16.5+7.2 1<
1488K/1h 1373K/1h 20.7+1.6 470+1.3 - 287+12 35+03
1473K/1h 26.3+5.0 39.7+3.4 0.9+0.1 263+27 68+14
1123K/1h 63.6+:2.4 19.0+£1.2 - 124+1.3 1<
1523K/2h 1373K/1h 10.0 £4.7 57.1+£2.7 - 243+1.6 8.6+0.6
1473K/1h 154+1.7 44.7+0.5 3.1+£0.9 234422 134426
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Table. 3-5. Volume fraction of the microstructural features in Ti-42AI-8V alloy.

Heat treatment condition Phase fraction / %

B/y duplex Vpp

Lamellar a/ol,
15t step 2nd step Coll(;nies y-phase 7, B-phase gf;ins
’ Globular Vg, Sharp V. Vs *
- 722+2.1 19.2 £0.7 — 8.6+0.2 -
1173K/1h 64.7+43 29.2+4.0 - 6.1+1.4 1<
1173 K/ 10h 248 +6.1 43.6£8.0 — 31.6 1.9 1<
1273K/1h 10.1£43 77.2+1.8 - 12.7+1.6 1<
1273K/10h 1.0+£0.3 67.5+5.1 - 31.5+5.1 1<
as-forged
1373K/1h 14+£1.0 63.8+3.8 - 326+2.0 22+0.8
1373 K/10h - 60.1£19 - 399+1.9 1<
1403K/1h 9.1+22 39.3+£4.0 - 41.1+£22 10.7+0.7
1473 K/1h - - 1< 10.7+£22 893+22
1498 K/1h - - 1< 159+2.7 84.1+2.7
- - - 1< 11.5+33 885+33
1473 K/2h 1123K/3h 66.8 £ 1.8 27.9+0.5 - 53+1.3 -
1123 K/20h 39.7£5.5 48.8+4.5 - 11.5+£1.0 -
_ - — 1< 21.9+£2.6 78.1+2.6
1498 K/2h 1123K/3h 65.5+6.7 28.0+5.5 - 6.6+1.3 -
1123 K/20h 345+1.7 53.0+13 — 124+£0.3 -

The change in the lamellar volume fraction VL with temperature for different ageing
time, i. e. for 1 to 100 h, in as-forged 42-5Mn and 42-8V alloys is illustrated in Figure 3-
19. In both system, four regions have been identified. With increasing the temperature,
the lamellar volume fraction did not change up to a certain temperature, then the lamellar
fraction decreased with a low slope up to a minimum and increased with high slope up to
a maximum,; finally, the volume fraction decreased again.

In 42-8V alloy, the initial colonies fraction was of about 72 % and did not change up
to 1073 K. Then in the B+y two phase region, the fraction decreased up to a minimum at
1373 K with less 1 % of lamellar grains after 1 h of ageing time. It should be noted that

in vanadium alloy, for ageing time higher than 1453 K, no lamellar precipitation was
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observed after air cool, however, the fraction of a grains provided an estimation of the
possible “lamellar grains”. Therefore, once the ageing temperature was higher than the y-
solvus, the fraction of colonies (o grains) increased up to 88% at 1473 K and then
decreased in the B+a region.

Despite the trend was similar for 42-5Mn alloy, some differences were noticed. The
initial colonies fraction was of about 48 % and did not change up to 1173 K. The
minimum fraction was measured at 1373 K with 20 % and the maximum was around 75%
at 1523 K. Therefore, the transformations and coarsening kinetics in the B+y two phase
region were faster in the vanadium system. Moreover, the peak position was directly
correlated with the y-solvus (or a region) position that was at higher temperature for 42-
SMn.

In both alloys, by increasing time the effect was enhanced. After 100 h, the fraction of
lamellar was almost null between 1173 and 1373 K in 42-8V and between 1273 and 1473
K in 42-5Mn.

*for T > 1473 K in 42A1-8V, fraction of a grains is indicated
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Fig. 3-19. Change in volume fraction of a.2/y lamellar colonies with temperature for different time. In
case of Ti-42A1-8V, for temperatures higher than 1473 K, no y precipitation were observed and the o

grains size is given for indication.
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Figure 3-20 shows the change of lamellar fraction with temperature after 1 h of ageing
time for different initial conditions in 42-5Mn. By changing the initial conditions, the
shape of the curve and the peaks position did not change. Nevertheless, more the initial
lamellar fraction was higher, more the decrease of colony grains was faster. It can be
easily explained by the higher driving force of the cellular reaction. In the as-forged
microstructure, the colonies fraction decreased from 48 % to 20 % while in the 1523 K/
2 h microstructure, the colonies fraction decreased from 69 % to 15 % between 298 and
1373 K.
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Fig. 3-20. Change in volume fraction of a.2/y lamellar colonies with temperature after 1 h with different
initial heat treatment conditions in Ti-42A1-5Mn alloy.

The effect of heat treatments on the lamellar colonies has been described but other
constituents are present in the microstructures. The change of y phase and 3 phase with
temperature for different ageing time in the 42-5Mn alloy is illustrated in Figure 3-21
and 3-22, respectively.

The y phase has been divided in two categories: the globular or elongated grains
observed in B+y two phase and B+o+y three phase regions, and the faceted grains

observed in P+a+y three phase and B+o two phase regions. The fraction of
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globular/elongated grains did not change significantly up to 1123 K with a value of about
35 %. Then, the fraction increased up to a maximum between 52 % after 1 h to 79 % after
100 h. The peak position decreased from 1373 K to 1273 K by increasing time. Afterward
the fraction drastically decreased up to 0 % once the temperature became higher than the
y-solvus. Though from 1473 K, faceted y started to precipitated within the 3 phase. With
increasing both time and temperature the fraction become more important. The fraction

of the faceted v is directly correlated to the fraction of B phase.
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Fig. 3-21. Change in volume fraction of y phase with temperature for different times in Ti-42A1-5Mn
alloy.

The change of volume fraction of § phase V[3 showed three different regions (Fig. 3-
22). The fraction of B showed a minimum at 1123 K, a maximum at 1373 K and then
decreased and approached 0 % at high temperature. The peak position was not affected
by increasing the ageing time but the fractions were enhanced. After 100 h, the minimum
volume fraction was of around 10 % and the maximum of around 30% in the B+y two
phase region. Based on the vertical section, by increasing temperature above the o region,
v phase should not exist and [ fraction should increase which is in contrary of the

observation and measurement. In fact, as will be detailed in the discussion part, after heat
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treatments at high temperature, B phase decomposed into B’ and faceted y grains.
Therefore, by combined the fraction of  phase and the faceted y grains, it became
possible to estimate the original fraction of 3 phase at high temperature. After reached
the peak at 1373 K (B+y two phase region), the fraction of 3 slightly decreased up to 1473
K (B+a+y three phase region) and then increased again in the B+a region as predicted by

the phase diagram.
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Fig. 3-22. Change in volume fraction of [ phase with temperature for different times in Ti-42Al-5Mn
alloy.

Finally, it should be noticed that, between 1373 and 1488 K in the B+a+y three phase
region, large fractions of a grains were measured up to 34 % after 100 h of ageing time.
Moreover below 1173 K, due to the ternary eutectoid reaction, o> grains started to growth
and their fraction increased up to 5% after 100 h. These both grains should be taking into

account during microstructure design.
(B) Grain size d of the different constituents

The lamellar colonies lengths, widths and aspect ratio, as the y grains size of Ti-42Al-

5Mn and Ti-42AI1-8V are summarized in Table 3-6.
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Table. 3-6. Size of lamellar colonies and y grains in 42-5Mn and 42-8V alloys.

Grains size / pm

Alloy Heat treatment o,/y lamellar colonies
y grains d
Length L Width W Aspect ratio
as-forged 41.1+6.4 26.5+4.2 1.6+0.2 5.8+1.0
1123 K /1h 44.5+4.1 26.2+3.7 1.8£0.2 6.7+1.3
1123 K/10h 39.2+4.9 22.9+29 1.8+£0.2 6.7+1.1
1123 K /100 h 44.8+6.8 28.7+4.2 1.6+£0.2 6.8+1.3
1273 K/ 1h 349+3.1 22.1+2.8 1.7£0.2 7.5+£1.3
1273 K/ 10h 33.2+4.6 17.8+ 1.8 1.9+£0.3 10.2+1.4
1273 K/ 100 h 14.5+3.7 84+1.9 1.9+0.3 12.9+£2.3
1373 K/ 1h 36.3+4.1 26.8+3.8 1.4+0.2 9.5£1.6
Ti-42A1-5Mn 1373 K/ 10h 16.6 +4.3 9.7+£2.6 1.8+0.2 11.7+ 1.4
1373 K/ 100 h - - - 16.4+£2.9
1473 K/ 1h 40.2+5.5 29.1+£3.6 1.4+0.2 14.7+£2.3
1473 K/ 10h 21.0+£3.7 11.2+£1.5 1.9+£0.2 23.9+3.8
1473 K/ 100 h - - — 48.6 £10.7
1488 K/ 1h 53.2+8.0 37.9+7.6 1.5£0.2 21.7+3.1
1503 K/ 1h 46.4+£6.7 33.1+4.5 1.4+0.2 8.8+0.2
1503 K/ 100 h 100.1+14.0 77.9+£9.5 1.3£0.1 64.2+13.2
1523 K/ 1h 66.2+8.1 50.2+5.6 1.3£0.1 -
as-forged 443+8.5 11.8+1.2 3.8+0.6 2.1+0.5
1173K/1h 55.6+17.5 16.5+2.4 39+13 26+0.4
1173 K/10h 35.5+9.9 7.3+£0.7 3.4+0.8 4.4+0.6
1273 K/ 1h 12.7+£2.8 5.7+0.9 23+0.4 4.9+0.6
1273 K/ 10h 8.5+2.1 4.6+1.0 1.9+0.3 5.7+0.8
Ti-42A1-8V 1373 K/ 1h 6.2+1.5 39+1.3 1.9+£0.3 6.5+£0.7
1373 K/ 10h - - - 8.1+1.1
1403 K/ 1h 87+25 42+0.7 2.0+0.3 7.4+0.8
1453 K/ 1h 22.3+£29 11.4+1.9 2.0+0.2 9.6+1.3
1473 K/ 1h 43.8+7.0 25.6+4.0 1.7£0.2 -
1498 K/ 1h 39.1+7.6 249+2.0 1.6+0.2 —
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Figure 3-23 shows the change in oo/y lamellar colonies size length L of both
compositions with time for different ageing time (1 to 100 h).

In 42-5Mn, up to 1173 K, the lamellar colonies size did not change with time. Between
1173 K and 1423 K, corresponding to the B+y two phase region, the colonies size slightly
decreased after 1 h and did not change near 1473 K in the three phase region. Indeed, at
this temperature the lamellae of the colonies showed a strong coarsening that led to the
formation of large o and y grains together at long time. Higher than the y-solvus, the
lamellar colonies size increased. Moreover, the grains size aspect ratio that was around
1.8 in the initial microstructure decreased up to 1.3 with the growth of o grains in the
B+a two phase region. By increasing time, the effect was stronger and finally the colonies
disappeared between 1373 and 1473 K whereas the size increased from 41 to 100 um
after 100 h at 1503 K.

*for T> 1473 K in 42A1-8V, a grains size is indicated
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Fig. 3-23. Change in colonies size with temperature for different times.

In 42-8V, the general trend was similar to manganese alloy but faster and within larger
range. Indeed, after only 1 h the colonies size decreased from 44 to 6 um at 1373 K.
Furthermore, between 1173 and 1403 K the colonies lost them integrity and showed

irregular shapes. Thus, the grains size aspect ratio dropped from 3.8 to 2.0, though, at
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higher temperature, the grains size aspect ratio decreased at around 1.7 due to the growth
of a grains in the B+o two phase region. It should be reminded that after air cool from
temperature higher than 1473 K, no y precipitation was observed with the grains and the
grains size indicated on the figure correspond to the a grains, in other words, to the
possible colonies size.

The change of the globular y grains (faceted grains were not considered) with time is
shown in Figure 3-24. Ti-42Al-5Mn alloy showed larger initial y grains. Between
ambient temperature and 1423 K, the y grains size increased slightly with the temperature
and increasing time, increased the grains size. However, the grains size drastically
increased in the B+a+y three phase region from 6 to 64 um after 100 h in the 42-5Mn
alloy, whereas such behavior was not noticed in 42-8V alloy. In both case, above the -
solvus, the grains size dropped and became null. An acceleration of the growth rate of the
grains was observed in vanadium system between 10 and 100 h where the grains size

increased from 4 to 19 um.

100
—h - Ti-42Al-5Mn
..... 10h -0- Ti-42A1-8V

80 |- |— -100h
=
=.
~
60 1
Q /
N
o p—(
7))
g / :
= 40 - I, i
— / 1
en / 1
— :

20

O 7
273 1073 1173 1273 1373 1473 1573

Temperature, T/ K

Fig. 3-24. Change in globular/elongated y grains size with temperature for different times.

Therefore, it became possible not only control both the volume fraction and

morphology but also the grains size to design model microstructures.
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3.4 Discussion

A variety of different phase transformations may occur either during cooling from the
high temperature regions or during subsequent heat treatment and thus modify the
microstructure. In this section, different phase transformations that were observed in the

studied systems will be compared and discussed.

3.4.1 Formation of (a.2+y) lamellae colonies

Lamellar colonies consist of stacks of lamellae of the o> and y phases that form during
the phase formation sequence @ — oa+y — o+y at medium cooling rates [5]. The
formation of aw/y lamellar structure has been explained by Denquin and Naka as the
motion of Shockley partial dislocations in o or a2 every two planes which leads to the
crystal structure change into y phase [6]. The y lamellae precipitated in o according the
Blackburn orientation relationship [4]:

{111}, // (0001), and(ﬂO]y//(ﬂ?O)a (3-1)

These y lamellae may precipitate according two different sequences on the fcc
structure (ABCABC or ACBACB). Moreover, the (110) directions are not equivalent
due to the tetragonality of y phase and lead to six different orientation variants called OR1
to ORG6 [7].

The lamellae precipitation kinetics strongly depend on the studied system. Based on
the microstructural observations of specimens cooled at different rates (water quench, air
cooling, 10 K/min and 1 K/min), a schematic CCT diagram was constructed to illustrate
the difference in lamellae precipitation between 42-5Mn and 42-8V alloys. Controlled
cooling rates were applied between 1523 K and 1488 K for 42-5Mn and between 1523
and 1403 K for 42-8V and then were followed by air cooling. The CCT diagram is shown
in Figure 3-25. The BSE images of the microstructures after different cooling rates were
shown previously in Fig. 3-9 and 3-10. The lamellar precipitation occurred at higher
cooling rate in 42-5Mn while in 42-8V, even after slow cooling rate (1 K/min), lamellar
colonies were not observed. Xu et al. estimated to start temperature of lamellar
precipitation between 1216 and 1410 K with the cooling range in the range of 50 to 0.1
K/s, respectively [8]. The driving force for lamellar precipitation under cooling were
much lower in case of 42-8V alloy, and required a slower cooling rate or a subsequent

heat treatment to precipitate.
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Fig. 3-25. Schematic CCT diagram for 42-5Mn and 42-8V alloys showing the oz —
o+y lamellar precipitation.

3.4.2 Phase transformation evolving B-Ti phase
With the development of the wrought process using B-solidified y-TiAl alloy, the
microstructure control using the § phase became a key to achieve high toughness alloys,
and it is important to understand the phase transformation involving y phase. Moreover,
the P phase is often associated with the y phase in the microstructure of ternary systems,

and therefore, the phase transformation involving 3 phase will also modify the y phase.

(A) Phase transformation from f to o

The B phase at high temperature can transforms to o phase by martensitic or massive
modes. The composition invariant massive transformation through short range diffusion
shows large curved grains as reported by Suzuki et al. [9] and Takeyama and Kobayashi
[10]. The diffusionless martensitic transformation lead to a Widmanstidten-type
morphology. Moreover, the transformation mode change from massive to martensitic by
increasing M or decreasing Al content. Note that all o phase ordered into o2-Ti3Al after
cooling.

The studied systems did not show massive transformation, however martensitic
transformations were observed after quenching and air cooling in both systems dependin

of the heat treatment conditions as shown in Figure 3-26. After air cooling, 42-5Mn alloy
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showed only a small fraction of martensitic transformed 3 phase and will small laths size,

the transformation led to thicker o’ laths in 42-8V.

C d 2 um

Fig. 3-26. Effect of heat treatment condition on § — o’ martensitic transformation in (a, b) Ti-42Al-
5Mn and (c, d) Ti-42A1-8V. (a) 1498 K/ 1 h/WQ, (b) 1373 K/ 1h/ AC, (¢) 1523 K/2h/ AC and
(d) 1473 K/2h/AC.

(B) Phase transformation from B toy

During cooling from high temperature, typically from the B+a two phase or the +o+y
three phase regions, decomposition of 3 phase into y grains may occur. Chang and Loretto
deeply investigated the phase transformation involving [ phase and identified two
distinguished morphology of y grains originated from the [ phase decomposition as
shown in Figure 3-27 [11]. The first y grains formed under furnace cooling from 1625 K
with a globular morphology whereas the second type formed after quenching from 1583
K with a faceted morphology. They identified the orientation relationship between the y

precipitates and the near B phase by TEM and found the same orientation as follows:
{111}, // {110} and (011), //(111)4 (3-2)

102



Chapter 3: Phase Transformation Involving 3-Ti Phase and Microstructure Control of Wrought Alloys

The authors could not confirm if these two morphologies were resulted from the same
mechanism. However, they proposed a direct nucleation mechanism of y grains within 3

phase in both cases.

a b

Fig. 3-27. Example of decomposition mode occurred in [ phase obtained by TEM [11]: (a) after
furnace cooling from 1623 K and (b) after water quenching from 1583 K.

5 pum
Fig. 3-28. Direct nucleation of faceted y grains within B in 42-5Mn aged at 1473 K for 100 h.

The study conducted on 42-5Mn and 42-8V revealed the existence of the same faceted
v grains as shown in Figure 3-28. The faceted y grains were found either in water

quenched samples or in air cooled samples after heat treatment conducted between 1373
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and 1473 K. The decomposition may occur for different cooling rates but appears at
higher rates in case 42-5Mn system. Moreover, during slow cooling or during subsequent
heat treatment at lower temperature, the faceted y grains grew by coarsening and became
smoother and larger. This explains why Chang and Loretto found the same orientation

for the two morphologies after different cooling rates, i.e. the origin of the grains was the

same.
50
—V, faceted
— Vj after cooling
40 | |— Vs 1473 K

Phase volume fraction/ %

| |
100 > o 102 100 > ot
Time, ¢t /s

O

L1l L1l Ll
357 357 35

Fig. 3-29. Change in volume fraction in 42-5Mn between of the 3 phase
and the faceted y grains.

The precipitation mechanism consists of nucleation of y precipitates within 3 phase
according the orientation relationship described earlier. However, the driving force of the
precipitation is still unclear but it is related to the supersaturation of solutes in 3 phase at
high temperature. Therefore, more the fraction of § phase increased at high temperature,
higher the driving force, and the precipitation of facetted y grains, was important as
illustrated in Figure 3-29. Higher the fraction of 3 phase at 1473 K was important, e. g.
by longer holding time, more the precipitation of the faceted y grains increased. However,
the B phase at room temperature trend to reach a plateau. Therefore, the driving force

could be the supersaturation of solute (probably Al) in 3 phase.
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Fig. 3-30. Schematic CCT diagram showing the competition between  — y decomposition and B —
o’ martensitic precipitation.
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w
<

Competition occurred between the martensitic transformation and the y precipitation
should be taken into account. Schematic CCT diagram of the decomposition is shown in
Figure 3-30. Despite it is also depending on the composition and the temperature, it
resulted in different possible cases:

(a) At very high cooling rate, only the martensitic transformation occurred and
transformed all B phase into Widmanstadten type microstructure.

(b) The sample reaches the nose of C-curve under cooling. The faceted y grains start to
precipitate but the martensitic transformation take place right after. The faceted y
nucleates are small and limited as observed in the case of water quenched samples,
especially in 42-8V alloy.

(c) The sample cross completely the C-curve at intermediate cooling rate, e. g. air
cooling. Because the shape of the curve is relatively elongated, faceted y grains nucleate
for a longer time. It results in a higher fraction with a larger size of faceted vy, that seems

corresponding to the observation of the 42-8V alloy.
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(d) The cooling rates is very slow. No martensitic transformation is observed at ambient
temperature. Eventually coarsening of y grains occurred and the faceted y become large

with irregular shapes.

(C) Phase transformation from o to

They exist two modes of transformation from o phase to 3 phase: the pearlitic/cellular
reaction mode where both B and y precipitates simultaneously (a+y— p+y) and the
sequential mode where the y plate precipitates first followed by B phase (a+y— Bs). This
two transformations were intensely investigated by Kobayashi [1]. The cellular reaction
lead to the formation of coarse B/y elongated grains whereas the sequential mode shows
B particles precipitated within the lamellae. The precipitation of 3 phase in lamellar
structure has been explained as the supersaturation of M in the prior y lamellae; the

supersaturation depending of the M element and the temperature.

" 0
50 55 60

0
50 55 60 30 35 40

30 35 40

45 45
Al content / at.% Al content / at.%

Fig. 3-31. Isothermal sections showing where the pearlitic/cellular reaction and the sequential
decomposition modes in Ti-Al-V ternary system at (a) 1373 K and (b) 1123 K.

The transformation mode can be predicted based on the phase equilibria of the studied
system as illustrated in Figure 3-31. Sequential mode occurs in the oi+y metastable region,
excluding the overlapped part (blue region) while pearlitic mode occurs when the B+a
and o+y metastable regions are overlapped (purple region). Moreover, the results
obtained in the Chapter 2 showed that the three phase triangle change direction toward
high M and low Al content from a certain temperature. It can be concluded that,

depending on the alloy composition, the transformation mode can change between high
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temperature to low temperature and, usually sequential mode is observed at higher
temperature (Fig. 3-31 (a)) rather than cellular reaction (Fig. 3-31 (b)).

The two modes of decomposition have been observed in 42-8V alloy as shown in
Figure 3-32. After aging for 10 h at 1173 K, s particles precipitated through the
sequential mode despite that the coarsening was fast and almost erased the lamellar
structure (Fig. 3-32 (a)), while at 1123 K, cellular reaction at the colonies boundaries
occurred structure (Fig. 3-32 (b)). In case of 42-5Mn alloy, only the sequential mode of
B precipitation has been observed as shown after ageing at 1373 K for 1 h in Fig. 3-32
(c). Based on the phases equilibria, cellular reaction may occur at 1123 K, however due
to the second eutectoid that take place at around 1148 K, the phase transformations

changed as will be discussed in the following part.

Ps

a b

10 um

Fig. 3-32. SEM images of 42-8V showing (a)
Bs the sequential decomposition (1173 K/10 h)
and (b) the cellular reaction transformation
(1473 K/2h + 1123 K/ 20 h) and (c) 42-5Mn
showing the sequential decomposition (1373
Y K/1 h).

Finally, in case of 42-8V, both faceted y grains and Widmanstadten type microstructure
were observed simultaneously in the former  phase due to the competition between
martensitic transformation and y nucleation as described above. After aging for 3 h at
1123 K, the faceted y grains are still observed but the martensitic o’ (o2 at ambient

temperature) transformed into fine y and B precipitates as observed in Figure 3-33.
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Although the mechanism was not deeply investigated, the cellular reaction that take place
in the neighborhood lamellar grains may also occur in the martensitic a’ though o’—
o+y— PB+y phase transformation. The small size of y grains resulted from the originated
thin o’ laths. However a complementary study is needed to fully understand the

mechanism.

oLy

faceted y Bly

7’

o
faceted y

a b S um

Fig. 3-33. SEM images of 42-8V aged at 1473 K for 2 h and (a) air cooled and (b) subsequently heat
treated at 1123 K for 3 h.

3.4.3 Other phase transformations

There are two types of o phase along the pathway B+o(o)+y — P+y — B+oo+y
observed in introduction on vertical section (Fig. 3-1). One at high temperature and the
other one at low temperature, above and below the B+y two phase region, respectively.
The former one decomposes through pearlitic or sequential modes as described above,
whereas the latter one precipitates (f — o2). Moreover, in case of 42-5Mn alloy, around
1148 K, a second ternary eutectoid reaction take place B+y — Cl4+an+y. Thus, in this
section the phase transformation involving low temperature o phase and C14 Laves

phase will be introduced.

(A) Precipitation of a2 phase at low temperature
The region of the lower B+an+y tie triangle has been estimated below 1073 K for 42-
8V alloy. In case of 42-5Mn, due to the second ternary eutectoid reaction, the tie-triangle
exists only on a small range between 1148 and 1173 K. The microstructural observations
after ageing time at 1123 K revealed that the a2 grains nucleate on y grains, probably with

a particular orientation relationship, and then growth into § phase with increasing time
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along B — o transformation reaction as shown in Figure 3-34. The nucleation and
growth processes increased with undercooling below f+y — p+an+y phase boundaries
temperature. Though, temperature difference of about 50 K was small and therefore, the

kinetics was relatively slow.

v
\ 4

’ v

a b S um

Fig. 3-34. Microstructure of 42-5Mn aged at 1123 K for (a) 1 h and (b) 100 h showing the nucleation
and growth of o grains. Arrows indicate initiation sites of o grains.

(B) C14 Laves phase

Heat treatments conducted below the eutectoid temperature revealed the existence of
different types of morphologies relates to the Laves phase depending on their locations
as shown in Figure 3-35 (a).

- large globular C14 at the colonies/duplex boundaries (arrow number 1)
- small globular C14 at the colonies/colonies boundaries (arrow number 2)
- lamellar C14 at the a.»/y lamellae boundaries (arrow number 3)

The microstructural observations revealed that Mn,Ti nucleates at a»/y interfaces and
grew in the a2 phase. This is in good agreement with the results of Babu ef al. that observe
the formation of a C14 phases in Ti-47Al1-2Cr-2Nb always at the y interfaces [12]. Below
the eutectoid reaction, the change of slope of a.2/y phase boundaries with the decrease of
solubility of Mn in o2 led to a supersaturation for both Al and Mn elements (See phase
equilibria of Ti-Al-Mn system between 1173 and 1073 K in Chapter 2). Thus, Mn
element precipitated into Laves phase whereas the Mn-depleted and Al-rich region
transform in y phase along the a, — Cl14+y phase transformation pathway.

Moreover, different morphologies can be easily explained by the surrounded

environment of the Laves phase. At the a/y lamellae interfaces, the C14 phase replaced
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the o to form y/C14 lamellar microstructure as shown in Fig 3-35 (b) aged for 1500 h at
1023 K. At the colonies/colonies boundaries, coarser regions exist and thus, the Laves
phase could grew as small globular shape whereas at colonies/duplex boundaries, the
growth of C14 is not constraint by the surrounding lamellae and the Mn,Ti showed large
size. Hence, the mechanism of precipitation of Laves phase is similar to the sequential
mode mentioned earlier: o, — o+y — Cl4+y and shows the same microstructure than
those reported by Takeyama and Kobayashi [10] where the 3 phase is replaced by C14
phase.

Fig. 3-35. Microstructure of 42-5Mn aged (a)
at 1488 K for 1 h and then subsequently heat
treatment at 1123 K for 100 h showing the
nucleation of C14 phases and (b) at 1073 K for
1500 h. Arrows indicate (1) large globular (2)
b 5 um small globular and (3) lamellar morphologies.
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Probably a competition between growth of o phase in the 3 phase against the growth
of C14 in the a» phase occurred. Despite both 3 and C14 phases are rich in manganese
element, the Laves phase seems to not transform directly from the 3 phase. C14 phase
also precipitated after an intermediate transformation along f — o2 — Cl4+ooty
transformation pathway. The reason that C14 precipitated in lamellae is not clear, but it
could be related to the crystallography structures of the phases. Indeed, both o (D019)

and Mn,Ti (C14) present a hexagonal system as shown in Figure 3-36.

0(2—D019 Ml’lle-C14

(2)

(b)

Fig. 3-36. Comparison of o (D019) and Mn,Ti (C14) crystal structure along (a) (0001) and (b)
(1120).

(C) Ternary eutectoid reactiona — B+ oz +y

It have been shown in Chapter 2 that manganese element stabilized o phase rather o
phase and thus, a ternary eutectoid reaction a — 3 + a2 + y occurs. Despite that Ti-
42A1-5Mn alloy’s composition could not show this transformation, it is important to

determine how it could affect the microstructure.
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Al content

Fig. 3.37. Effect of relative stability between o and o, phases in case of (a) binary system, (c) ternary
system where M is an a-stabilizer (c) ternary system where M is an o-stabilizer.

It might be related to the metastable region of o phase below the eutectoid temperature
(1393 K) defined by the 7o curve. The 7o curve correspond to the points of the
compositions and temperatures where the free energies of two phases are equal. Yamabe
deeply investigated the effect of the Toa/ “2 curve on the microstructure formation in
binary y-TiAl alloys [13]. Yamabe revealed that by quenching a sample from oa-single

Toa /as

phase to o2 +7 two phase region above the curve, lamellar formation occurred
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first and then the ordering transformation, whereas below the Toa/ “2 curve, the ordering
transformation occurred first and then the lamellar precipitation as illustrated in Figure
3-37 (a). By adding M elements, i.e. B-stabilizers, the relative stability between o and o
is changed. In case of Mn, which is a-stabilizer against o, the eutectoid temperature
decrease in ternary system and thus, the Toa/ “2 curve also decrease (Fig. 3-37 (b)).
Therefore the metastable oo may exist at lower temperature compared to binary case. If o
is stabilized against o, the opposite reasoning applies (Fig. 3-37 (c)).

Concerning the transformation that involve P phase, it is probably similar to oeo-
stabilizer effect such as V or Nb and therefore same microstructure could be design but
the 3 precipitation may occur faster in case of Mn. However deeply investigation should

be conducted.

3.4.4 Microstructure control of B/y duplex region

Previous studies on the effect of microstructure on the mechanicals properties of y-
TiAl alloys focused on the ow/y fully lamellar microstructure on one hand and o./y
lamellar / y grains duplex microstructure in the other hand. The [ phase was not
considered as potential phase to improve the mechanical properties due to it brittleness at
ambient temperature. However, recently the wrought process of y-TiAl alloys using the
B phase was developed. The alloys developed for this process show a certain fraction of
B phase in the final microstructures.

In the previous sections, different phase transformations that occurred either in 42-5Mn,
42-8V or both alloys have been investigated. Hence, as it has been investigated in this
chapter, by optimizing the heat treatment conditions, it becomes possible to achieve
various morphologies and phase fraction of the B phase associated with y phase and
decorates the lamellar colonies boundaries as illustrated schematically in Figure 3-38.
This figure did not take into account the precipitation of o, and Laves phases in 42-5Mn
alloy. Moreover, Figure 3-39 shows the equivalent morphology observed in
microstructures.

By conducted heat treatments of forged alloys below the y-solvus, coarsening of grains
occurs. Initial y grains grow and lamellae become thicker as shown in Fig. 3-39 (a). The
coarsening rate is directly correlated to the temperature of heat treatment. However, by
aging above the y-solvus, the initial microstructure is erased and the o grains grow by

boundaries migration.
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(2)

(a) Boundaries migration — a

(b) Fast coarsening (FC)

(c) Slow coarsening (SC)

(d) Martensitic transformation # — o’
(e) Unclear a’ — B+y?

’Y—SOIVUS (f) Direct nucleation f — y
———————————————— = (g) Direct nucleation f — y + coarsening

(h) FC + Sequential decomposition o — a+y—> Bty
SC + Cellular reaction a+y— B+y

Depend on B/ou/y
three-phase region

B+a+y

B+y

Temperature

FC = Fast cooling
IC = Intermediate cooling
SC = Slow cooling

Time
Fig. 3-38. Schematic illustration of the different morphology of B/y duplex region observed in the
studied alloys.

By conducted heat treatments of forged alloys below the y-solvus, coarsening of grains
occurs. Initial y grains grow and lamellae become thicker as shown in Fig. 3-39 (a). The
coarsening rate is directly correlated to the temperature of heat treatment. However, by
aging above the y-solvus, the initial microstructure is erased and the o grains grow by
boundaries migration.

Depending of the cooling rate different transformations may occurred. After a fast
cooling rate, Widmanstadten type microstructures is observed (Fig. 3-39 (b)). Despite the
unclear mechanism, a subsequent heat treatment at low temperature in +y two phase
region transforms the martensitic o into fine dispersion of y and [ grains as observed in
Fig. 3-39 (¢). For intermediate cooling, 3 phase decomposed into faceted y grains (Fig.
3-39 (d)). The faceted y grains ecome smoother by coarsening after a subsequent heat
treatment at low temperature in[3+y two phase region (Fig. 3-39 (e)). The P
decomposition into faceted y grains occurred at high temperature, therefore using a slow
cooling in the high temperature region just after the precipitation, fast coarsening of
faceted y grains takes place. It resulted in large y grains with an irregular shape as shown
in Fig. 3-39 (f).
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42-5Mn — 1473 K/10 h/AC 42-5Mn — 1508 K/1 h/Y'WQ

a b
42-8V — 1473 K/2 h/AC + 1123 K/3 h/AC 42-5Mn — 1473 K/100 h/AC

C d
42-5Mn — 1523 K/2 h/AC + 1123 K/10 h/AC  42-8V — 1523 K/2 h —»1K/min— 1403 K/AC

e f
42-5Mn — 1373 K/1 h/AC 42-8V — 1498 K/2 h/AC + 1123 K/20 h/AC
g h 5Tm

Fig. 3-39. Examples of different morphologies obtained for B/y duplex along with the corresponding
heat treatment.
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Finally, in the B+y two phase region, the precipitation of § phase may occur either by

sequential mode (Fig. 3-39 (g)), with the [ precipitation within the lamellar structure, or

cellular reaction (Fig. 3-39 (h)) at the colony boundaries.
However, in most cases, different phase transformations occur simultaneously.

Based on the phase equilibria analysis conducted in Chapter 2 along with the phase
transformations study of the Chapter 3, different model microstructures with various B/y
duplex (DP) have been selected for FCG tests, independently of the alloy composition
as shown in Figure 3-40. Two parameters have been investigated as follow:

(1) Different volume fractions of /y duplex. Small (DP < 10%), intermediate (DP =
35%) and almost 3 and y duplex (DP > 90 %).
(2) Different morphologies of y grains in DP with same volume fraction. Globular (by

coarsening) and Lamellar (by cellular reaction). Moreover, by changing the temperature

it is possible to change the ratio between 3 and y phases in the cells.

Morphology

>

Volume fraction of B/y Duplex

Fig. 3-40. Model microstructure designed for fatigue crack growth test (a) Nearly Lamellar NL, (b)
Globular Triplex GTL, (c¢) Lamellar Triplex LTL, (d) Near y Cellular Triplex NCT and (e) Nearly

Globular B/y Duplex.
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3.5 Summary

In order to develop wrought y-TiAl alloys a certain amount of 3 phase is needed for
processing. Therefore, in this chapter, the microstructure control of 3 phase using phase
transformation has been investigated in 42-5Mn and 42-8V wrought alloys. Conclusion

can be stated as follows

1. Eight different phase transformations have been identified in these systems: B — o'
martensitic, oo — o+y lamellar precipitation, ax+y — Bs+y sequential decomposition,
o+y — P+y cellular reaction, f — y decomposition, o' — B+y,  — oz and o —
C14 (only in 42-5Mn alloy). Moreover, the ordering oo — a2 and B — o also took
place.

2. Competition occurs between martensitic transformation 3 and decomposition that take
place between 1373 and 1473 K in both alloys. However, these phase transformations
occurred under faster cooling rate in 42-5Mn compared to 42-8V.

3. In B+y two phase region a competition occurs between coarsening of y grains and the
others mechanisms (sequential decomposition, cellular reaction...). At elevated
temperatures, the coarsening is faster due to the higher diffusivity, and thus
microstructure appears mainly with large y globular. At lower temperature, both
mechanisms coexisting and therefore, various morphologies of y grains can be designed:
elongated, globular, irregular or faceted.

4. In case of 42-5Mn alloys, below the second eutectoid reaction, another competition
between o grains and Mn,Ti Laves phase growth takes place. However, in lamellar
grains, the decomposition of o grains led to the formation of y/C14 lamellar structure.
The transformation of o grains into Mn2Ti Laves phase is facilitated by their similar
hexagonal system.

5. Finally, five model microstructures have been selected for fatigue crack growth tests

with different volume fractions and morphologies of B/y duplex region.
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Chapter 4: Effect of Microstructure on Fatigue Crack growth Behavior at Ambient Temperature

4.1 Introduction

Based on phase equilibria, it is possible to achieve various kind of microstructure in
TiAl binary alloy from a owo/y fully lamellar (FL) to o.2+y duplex microstructure [1]. In the
previous chapters, it has been introduced the phase equilibria (Chapter 2) and the phase
transformations (Chapter 3) for microstructures design of wrought TiAl alloys. Some
representative microstructures with different volume fractions and morphologies of B/y

duplex (DP) have been selected for fatigue crack growth (FCG) tests.

10 v v S t - B Lamellar
3 (Glaoanec et al., 2003)
' J B8 Lamellar
10 ¥ (Hénaff et al, 1996)
3 8  Lamellar
AJ- (Ueno et al, 1996)
10 3 B Lamcllar
o 1 (Rosenberger et al., 2001)
Lj o [ ®  Gamma finc grain (20pm)
“:‘ 10 3 (Gloanee et al., 2003)
k=) ©  Gamma fine grain (70 pm)
; J' (Ueno ctal, 199 )
= 10 [ X Gamma coarse grain (100 pm)
‘g 3 (Ueno et al., 1996 )
' " +  Gamma coarse grain (150 pym)
10 JE (Hénalf et al., 1996)
E & Duplex
HUI'J 3~ (Campbell et al., 1996)
E- v Duplex
r (Ueno et al, 1996)
ﬂ(ll A a N — " & Diplex
» - . (Rosenberger etal., 2001)
3 - 5 6 7 8 910 20

AK,, (MPaVm)

Fig. 4-1. Influence of microstructure on fatigue crack growth behavior at room temperature [4].

The presence of defects occurring during elaboration, machining or in service could
lead to critical damages and cause the failure of a jet engine blade. Understanding the
crack propagation behavior of these materials becomes crucial for the development of
new class of wrought TiAl alloys with high toughness. Many studies investigated the
effects of microstructure, lamellar spacing, process, temperature or atmosphere on fatigue
crack growth behavior in y-based titanium aluminides alloys with microstructures which
mainly combine o2/ colonies and equiaxed y grains [2-5]. Therefore, it has been clarified
that the FL microstructure present the higher fatigue crack propagation resistance than
duplex (lamellar and y grains) microstructure as shown in Figure 4-1. Nevertheless, these

microstructures do not contain 3 phase (or a small fraction). Indeed, it is considered that
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B phase is detrimental for mechanicals properties. The fatigue crack growth behavior at
ambient temperature of TiAl alloys such as y-single phase TiAl (Ti-55Al at.%) [6], Fully
lamellar 48-2-2 [7] or forged TNM [8] along with other metals such as Ti-6Al-4V [9] and

Inconel 718 [10] are summarized in Table 4-1.

Table 4-1. Fatigue crack growth behavior of TiAl alloys compared with others materials [6-10].

Sample AKy, / MPam m C K. .« / Mpaym
y-single phase (Ti-55Al) 6 29.4 1E-30 NA
FL 48-2-2 9.2 6.5-10.4 1E-11 20.4
TNM (forged + HT) 5.4-10.1 14 NA 12.8—-18
Ti-6Al-4V 4.2 NA NA NA
Inconel 718 8-10 3.6-10.7 2E-9 >100

Recently, Dahar et al. investigated the effect of processing, sample orientation and load
ratio of the TNM alloys [8]. Though, it is still not clear how  phase could affect the
fatigue crack growth behavior in TiAl alloy. Recently, Nakamura et al. established that 3
phase could be effective for improving toughness, and investigated if the same trend could
be observed during fatigue crack growth tests (FCG) [11].

In the present chapter, the fatigue crack growth behavior of wrought y-TiAl alloys with
different microstructures containing various volume fractions and morphologies of 3
phase associated with y phase at the colony grain boundaries have been examined at room
temperature using in-situ and ex-situ observations, and the role of 3 phase on crack

propagation behaviors will be discussed.

4.2 Experiment procedure

The flowchart of the experimental procedure is shown in Figure 4-2. Three different
alloys with the following composition: Ti-42A1-8V, Ti-42A1-5Mn and Ti-43Al-4Nb-5V
(at.%) were used in this chapter. These alloys will be called hereafter 42-8V, 42-5Mn, and
43-4-5. The nominal and analyzed composition are shown in Table 4-2.

Analyzed composition of 43-4-5 alloy was determined to be Ti-43.7Al-4.1Nb-5.2V
(at.%), and matches well with the nominal composition despite a small aluminum excess.
The phase transformation pathway of this system allows to design various microstructures,

equivalent to those find in 42-5Mn and 42-8V [12].
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Alloys studied (at.%)

Ti-42A1-8V
Ti-42A1-5Mn
Ti-43Al-4Nb-5V

Elaboration

Wrought process

Heat treatments

Table 4-4

Tensile test

298 K
£=3x10*/s

FCG test

ATSM E-647
1.2 mm precrack
f=20Hz, R =0.1, Air, 298 K

Microstructure observation

OM, in-situ CDD, FE-SEM, EBSD

Fig. 4-2. Flowchart of the experimental procedures for determination
of the fatigue crack growth behavior at room temperature.

Table 4-2. Nominal and analyzed compositions of the studied wrought TiAl. Two different pancakes

were used for 42-5Mn alloy.

Composition / at.%

Alloys -
Nominal Analyzed
42-5Mn Ti-42A1-5Mn Ti-41.7ALS AMn
Ti-41.9A1-5.0Mn
42-8V Ti-42A1-8V Ti-42.4A1-8.0V
43-4-5 Ti-43Al-4Nb-5V Ti-43.7A1-4.1Nb-5.2V

4.2.1 Microstructure design

As explained in Chapter 3, in order to investigated the effect of microstructure on

fatigue crack growth behavior, two parameters have been investigated: the volume

fraction Fpp and the morphology of /y duplex. It is important to consider further the

microstructure than the alloy composition despite elements influence may also the FCG
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behavior. The as-forged 42-5Mn (AF) microstructure will be also tested for comparison.

Elaboration of vanadium and manganese alloys was detailed in Chapter 3. 43-4-5
alloy was elaborated using cold crucible induction melting (CCIM) with a size of 70 mm
in diameter and 900 mm in height. Then, the columnar ingot was cut into pieces with 100
mm in height, and hot forged for 30 min in B+a two phases region around 1573 K with
height reduction to 45 mm by one stroke and the oxide layer was removed.

The different pieces were cut by EDM (Electron Dispersive Machine) and covered
using Deltaglaze™ in order to prevent oxidation during heat treatment. The ingot pieces
were heat treated using muffle furnace. The heat treatment conditions are summarized in
Table 4-3. Tensile and compact tension specimens were machined in L-T direction

(perpendicular to the forging direction) outside the laboratory.

Table 4-3. Heat treatment conditions.

Heat treatments

Alloys Microstructure Name
1t step 2nd step
As-forged AF - -
42-5Mn Globular Triplex GTL 1503 K/1h/AC 1123K/20h/AC
Nearly Globular B/y Duplex NGDP 1273 K/ 100 h /AC
42-8V Near y Cellular Triplex NCT 1473 K/2h/AC 1123K/3h/AC
Nearly Lamellar NL 1573 K/1h/AC 1173K/1h/AC
43-4-5 Near y Cellular Triplex NCT 1573 K/1h/AC 1173 K/100h/AC
Nearly Globular B/y Duplex NGDP 1373 K/42h/AC

The microstructure with small volume fraction of B/y duplex (DP < 10%) as-called
Nearly Lamellar (NL) microstructure was design using the 43-4-5 alloy. The
microstructure shows equiaxed on/y lamellar grains with an average size of 100 pum
surrounded by 3 and y grains, called B/y duplex (DP) structure (Fig. 4-3 (a)). The volume
fraction of B/y duplex Vpp in NL microstructure is around 7 %. This microstructure was
obtained by heating up the as-forged sample at 1573 K in B + o two phase region,
followed by air cooling and then, subsequently heat treated at 1173 K for 1 h (air cooling).

Three different microstructures with an intermediate volume fraction of /y duplex

(DP =~ 35%) were designed. Each microstructures show a different B/y morphology,
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a b
c d
e f 25 pm

Fig. 4-3. Backscattered electron (BSE) images after heat treatment of the different microstructures (a)
43-4-5 NL, (b) 42-5Mn GTL, (c) 43-4-5 LTL, (d) 42-8V NCT, (e) 42-5Mn NGDP and (f) 43-4-5
NGDP.

globular as-called Globular Triplex (GTL), Lamellar as-called Lamellar Triplex (LTL)
and a second Lamellar morphology but small 3/y ratio as-called Near y Cellular Triplex
(NCT). The GTL microstructure was obtained by heating up as the as-forged 42-5Mn
alloy at 1503 K in B + a + 7 three phase region just below the y solvus for 1 h followed

by air cooling. It resulted in lamellar microstructure surrounded by 3 and small y grains
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that will act as seed for coarsening and will growth during the subsequently heat treatment
at 1123 K for 20 h with air cooling (Fig. 4-3 (b)). The LTL microstructure was obtained
by heating the 43-4-5 alloy specimen at 1573 K for 1 h, the subsequent heat treatment
was conducted for 100 h in order to increase the volume faction of /y duplex Vpp up to
33% using cellular reaction. Therefore, the lamellar colonies size decreased to around 80
um (Fig. 4-3 (c)). Lastly, the NCT microstructure consisted of lamellar colonies where
cellular reaction took place and led to the formation of small and elongated y grains. Due
to the very small B/y ratio, of around 0.19, the lamellar colonies seem to be decorated by
almost y phase. This microstructure was obtained using 42-8V alloy by heating up the as-
forged sample at 1273 K in 3 + o two phase region for 1 h, followed by air cooling and
then, subsequently heat treated at 1123 K for 3 h with air cooling (Fig. 4-3 (d)).

Finally the microstructure which consisted of almost B and y duplex (DP > 90 %) as-
called Nearly Globular B/y Duplex (NGDP) were design using both 42A1-5Mn and 43-
4-5 alloys. This microstructure consists of  and y grains (¥pp > 95 %) of around 20 um
in size and with a small fraction of a grains and remaining a/y lamellar colonies grains
(Fig. 4-3 (e, f)). In 42-5Mn, the microstructure was obtained by heating up the as-forged
sample at 1273 K in 3 + y two phase region for 100 h followed by air cooling whereas in
43-4-5 alloy, the as-forged sample was held at 1373 K for 42h in B + o + y three phase
coexisting region, followed by air cooling.

The microstructural features such as grains size or phase fraction of these three

microstructures are summarized in Table 4-4.

Table 4-4. Microstructural features of the Ti-43A1-4Nb-5V (at.%) microstructures.

o,/y lamellar Duplex
Alloy Microstructure colonies y grains f grains
Ratio B/y
Fraction/ % size/um  Fraction/% size/um  Fraction/ %
As-forged (AF) 479+85 41.1+£64 385+64 58+1.0 13.6£2.3 0.35
42-5Mn Globular Triplex (GTL) 66.4+37 459+£60 23.5+£17 10420 10119 043
Nearly Globular B/y Duplex 15, 07 145137 799434 129423 189+27 024
(NGDP)

42-8V Near y Cellular Triplex (NCT)  66.8+1.8 349+58 279+05 24£0.7 53+13 0.19

Nearly Lamellar (NL) 89.6+04 101.8+349 64+04 48+x14 40+04 0.63
43-4-5 Lamellar Triplex (LTL) 682 £3.0 709 £209 138+3.0 7.1+19 18.0+£3.0 1.30
Nearly Globular B/y Duplex 58 415 1391+26 737+24 164+51 205+35 028

(NGDP)
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4.2.3 Mechanicals tests and characterization
Tensile tests were carried out using tensile specimen in accordance with JIS G0567
standard as shown in Figure 4-4 (a). Tests were conducted in air at room temperature
with a strain rate € =3 x 10 /s using a Shimadzu Autograph AG-1 machine. FCG tests
were carried out using half size compact tension specimen (W = 25 mm) in accordance

with ASTM E-647 standard with a V-notch of 7 mm (ao) [13] as shown in Fig. 4-4 (b).

NRe—=N—
M9, P=1.25
(a) . prerize
‘0/ 3-S
>
e Z
(&
Y o
10 4.5 25 4.5 10
54
_____________ (b)
Q Width : W =25 mm
Thickness : B = 6.3 mm
12w P —— ! h ==

T Notch length : a, =7 mm

Notch height : h =1 mm

\

Fig. 4-4. Schematic illustration of (a) tensile test specimen and (b) half-size compact tension (CT)
specimen for room temperature tests.

Tensile parameters e.g., oys and curs that were used in this study for fatigue crack
growth are presented in Table 4-5. Moreover, detailed strain-stress curves are shown in
Appendix A4.

Specimens were mechanically polished using emery papers (#400, #800 and #1200).
Then, the specimens were electro-polished in a solution of perchloric acid (90 vol.%
Ethanol, 6 vol.% HClOa, 4 vol.% H,0). Electro-polishing conditions were 3 mA/mm? at
243 K for 60 seconds. Due to the large size of specimens, current was often higher than
5 A during polishing. Some of the specimens were immerged in 0.75 vol.% HF - 1.75
vol.% HCI solution for few seconds in order to reveal clearly the microstructure during

in-situ observation. Moreover, post-mortem bulk cracks were also observed. Figure 4-5
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shows experimental procedure of inside and slice cracks preparation.

Table 4-5. Tensile properties of Ti-43A1-4Nb-5V (at.%) at ambient and elevated temperature. Figures
in bracket correspond to in-situ results [11].

Microstructures Young’/s (];/II)(;dulus Yiel(/il\s/};)e;s Oy S t[rjelrtlg?l? tgursen/sli\l/l%a Elongation £/ %
AF 150 440 888 0.5
GTL 157 315 680 0.3
NGDP-Mn 148 375 812 0.9
NCT 159 470 951 0.3
NL 137 (34) 480 900 (664) 0.1(0.7)
LTL 168 430 632 0.1
NGDP-4345 (47) (495) (775) (2.3)
outside
Observed area Inside 2 |
i 03 mm
inside
=
outside

. Q outside Inside 1
A"\
[> inside

Q outside I:

Surface outside

.

inside

Slice M|

N

outside

Fig. 4-5. Experimental procedure of inside and slice cracks preparation for observations.

The suitable introduction of precrack was a critical point in these experiments.
Nakamura et al. demonstrated the importance of the correct precrack introduction on the

reliability of fatigue crack growth curves [11]. To determine the effect of precrack
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introduction on the fatigue crack behavior, two different tests were conducted using
Nearly Lamellar microstructure. The first test was carried out by load shedding without
introducing a precrack. On the other hand, the second test was performed after 1.2 mm
precrack introducing. The results are shown in Figure 4-6. The effect of precrack
introduction is clearly observed. The specimen without precrack shows very scattered
data points and the stress intensity threshold is difficult to be defined. However, in the

precracked specimen, the fatigue threshold is clearly identified.
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Fig. 4-6. Effect of pre-crack introduction effect during K-decreasing test in
Nearly Lamellar microstructure. Black spots indicate the initial positions [11].

The initial fatigue precracks were introduced with a maximum crack growth rate lower
than 1x10 mm/cycle at the tip of the CT specimen notch and with a current flow of 1 A
by cyclic tension-tension load in elastic region. Alumel wires were attached by spot
welding to provide the electrical current and measure the voltage drop at the notch,
necessary for determining the crack length by the use of the potential drop technique
DCPD as shown in Figure 4-7. Because Alumel weld was weak, ¥0.5 mm wires were
used between specimen and Alumel with welding conditions as follow: pressure 10,
power 70, time 5 Hz. However, this diameter was difficult to bend and to avoid weld

failure, ©¥0.3 mm wires were weld with the larger Alumel diameter and used for
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connections with the following welding conditions: pressure 10, power 50, time 5 Hz.

To control the crack growth rates, low initial value of Kmax was chosen below the stress
intensity threshold AKi, of reported TiAl alloys [14]. This value was increased gradually
until the crack start to propagate. This method was inspired by the works of
Gnanamoorthy et al. [15] that was conducted on bending test. The precrack length
measured by direct current potential drop (DCPD) method was set to 8.2 mm (including
7.0 mm of ap notch) as shown in Figure 4-8.

12.5 mm
. . O TiAl - Alumel

D ——
| : O Alumel - Alumel
A

]

l 100_me

Fig. 4-8. OM image of NL microstructure after introducing 1.2 mm pre-crack controlled by DCDP
with the comparison of OM measurement.
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The fatigue crack growth tests were conducted using MTS Landmark™ Servo-
hydraulic Test Systems. During tests, specimens were subjected to sinusoidal stress-time
pattern at constant amplitude and fixed frequency as shown in Figure 4-9. The FCG tests
can be described by the given term [16]:

Maximum stress in the cycle: Gmax
Minimum stress in the cycle: Gmin
(4-1)

Omin

R =

O-max
Adq = Omax — Omin
The hypothesis that the crack is long compared to microstructural features (o2/y
colonies or y grains for example) have been considered. Therefore, the Linear Elastic
Fracture Mechanisms (LEFM) applies and the stress intensity AK which is the difference
between the maximum and minimum value is given by:
AK = Y(Omax = Omin) V@ = Kpgy — Kinin

Where Gmax 18 the maximum stress and Gmin 1s the minimum stress in the cycle, Y is a

(4-2)

dimensionless factor of value around one which depend of the geometry of the sample

and a is the actual crack length.

3

Stress &

— =Y. Omin

v

Time ¢ (s)

Strain &

Fig. 4-9. Sinusoidal stress-time pattern with constant amplitude and fixed

frequency occurring during tests.

A schematic crack growth curve is shown in Figure 4-10. The horizontal axis present

the stress intensity factor AK and the vertical axis present the crack growth rate da/dN. K-
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decreasing tests and K-increasing tests are required to acquire a complete curve. The
curve can be divided in three part:

Region I: The crack growth rate becomes very small. It is considered that, when the
crack growth rate become lower than 10-!° m/cycle, the crack does not propagate. This
value is called the fatigue threshold AKin.

Region II: It is characterized by a linear slope between the stress intensity and the
crack growth rate in log scale and described by the Paris law [17]:

Z—; = C(AK)™ (4-3)

Where C and m are the Paris coefficient and the Paris exponent, respectively.

Region I1II: The crack growth rate accelerates in this region. Two reason could explain
this phenomenon. Knax approaches fracture toughness Kic of the materials or the sectional

area carrying the load become too small for the load.
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Stress intensity factor AK / log scale
Fig. 4-10. Schematic illustration of a fatigue crack growth curve.
Tests were carried out at room temperature in air under cyclic stress intensity (AK)
controlled with load ratio R of 0.1 and a frequency of 20 Hz. K-decreasing tests and K-

increasing tests were conducted, respectively, by load shedding and by constant load

amplitude independently, where K is the stress intensity factor at the tip of the crack with
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a current flow of 3 A. Initial stress intensity K value of K-increasing and K-decreasing
tests was chosen higher than the K value of the precrack test in order to eliminate the
stress field occurred during precrack introduction.
K-decreasing test is performed using normalized K gradient (C) as the following
equation:
AK = AKq exp[C(a — ao)] (4-4)

Where C is the normalized K gradient C = -0.08/mm used during load shedding. It
represents how much the K value decrease when the crack propagates by 1 mm. AKp is
the initial stress intensity, ao and a are the initial and the actual crack length, respectively.
Crack size was measured in-situ with alumel wire with the direct current potential drop
technique.

The specimens were examined using a Nikon LV150 OM (Optical Microscope), and
then using a JEOL JSM-7000F FE-SEM (Field Emission Scanning Electron Microscope)
with an acceleration voltage of 15 kV and a working distance of 14 mm after the different
stages of the experiments: initial microstructure, precrack tests, K-decreasing tests and K-
increasing tests. In-situ observation of crack growth behavior was performed using Hirox
KH 1300 CCD camera. Finally, the fracture surface observations were studied using SEM
model JEOL JSM 6610 at 15-20 kV.

4.3 Results
4.3.1 Fatigue crack growth behavior
(A) Comparison between as-forged and heat treated samples

The influence of microstructure between as-forged and heat treated sampled has been
investigated on wrought 42-5Mn alloy. Fatigue crack growth curve (da/dN as a function
of AK) for samples with as-forged (AF), globular triplex (GTL) and nearly globular B/y
duplex microstructures (NGDP) of 42-5Mn alloy are shown in Figure 4-11. Although the
FCG curve represents only one test, all the fatigue thresholds AKw values where the
cracks stop to propagate, the Paris regime exponents m and coefficients C, and the
maximum stress intensities at overload Kmax are summarized in Table 4-6. Detailed FCG

curves are shown in Appendix AS.
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Fig. 4-11. Effect of heat treatment on the fatigue crack growth behavior of
wrought 42A1-5M alloy.

The heat treatment conditions drastically affected the fatigue resistance properties by
modifying the microstructure. GTL microstructure shows the highest fatigue threshold
(AKn ~8.6 MPay/m) and the smallest Paris slope whereas the as-forged microstructure
shows the smallest fatigue threshold equivalent to NDGP microstructure. The difference
of fatigue threshold, around 3 MPa+y/m is relatively important and not negligible. In
opposite, the Paris slope of AF is similar to GTL results and is around 6.5. NGDP
microstructure shows the highest Paris slope (about 10.5). Moreover, the fatigue crack
growth of as-forged and globular triplex microstructures propagates stepwise, which
could be related to the presence of a/y colony grains microstructure, whereas the FCG
curve of NGDP microstructure grows smoothly. The maximum stress intensity Kmax at
the overload region can provide a correct idea of the toughness of the materials. Heat
treatment conditions affected also the stress intensity Kmax Which varies by a factor of 2
with 12.0 MPav/m in NGDP microstructure to 20.3 MPaym in GTL. Thus, controlling
microstructure through heat treatments can completely modify the fatigue resistance

either improve or worsen it.
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Table 4-6. Fatigue crack growth results in 42-5Mn.

Microstructure Sample AK,, / Mpay/m m C K ax / Mpay/m
42-5Mn-A 5.3 8.0 1E-12 -
42-5Mn-B 5.9 6.1 2E-11 14.1
As-forged
42-5Mn-C - 7.4 9E-11 -
Average 5.6 0.4 6.8+1.0 - 14.1
42-5Mn-D 8.6 4.6 8E-11 -
42-5Mn-E 7.7 8.0 2E-14 20.3
GTL 42-5Mn-F 9.5 - - —
42-5Mn-G 8.5 - - -
Average 8.6+0.7 6.3+2.3 - 20.3
42-5Mn-H - 10.5 9E-15 12.0
NGDP 42-5Mn-1 6.8
Average 6.8 10.5 - 12.0

(B) Effect of alloys composition

Before to investigate in detail the effect of the microstructure and especially the 3
phase, the alloys composition has been briefly studied in order to determine if the
elements composition affects more the FCG properties than the microstructural features.
Therefore, the same microstructure Nearly Globular 3/y Duplex has been designed for the
42-5Mn and 43-4-5 alloys and the fatigue crack growth curve are shown in Figure 4-11
and the results are summarized in Table 4-7. Detailed FCG curves are shown in
Appendix AS.

The alloys composition does not affect significantly the fatigue crack behavior. The
stress intensity threshold in all microstructures is nearby 7.0 MPay/m and the Paris slope
is also similar with a value of about 10.5. Finally, rupture occurred at a comparable stress
intensity, indicating an equivalent fracture toughness. Therefore, the effect of
composition revealed to be negligible against the effect of microstructure and it became

possible to compare different alloys with different microstructures.
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Fig. 4-11. Effect of alloying element on the fatigue crack growth behavior of
wrought alloys with a nearly globular B/y duplex (NGDP) microstructure.

Table 4-7. Fatigue crack growth results of NGDP microstructure in different alloys.

Microstructure Sample AK,, / Mpaym m C K..../ Mpaym

42-5Mn Average

NGDP (Table 4-6) 10.5 - 12.0
43-4-5-] 7.5 - - -
43-4-5-K 6.8 12.7 8E-17 -

43-4-5

NGDP 43-4-5-L — 8.1 5E-13 11.8
43-4-5-M 7.0 - - -
Average 71+04 10.4 +£3.2 - 11.8

(C) Effect of B/y duplex volume fraction Vpp
The first parameter to be studied was the volume fraction of B/y duplex Vpp. Indeed,
in service, the a2 +y — P + 7 cellular reaction takes place at the grain boundaries and

thus, it becomes necessary to understand how it is affected the fatigue crack growth
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behavior. Figure 4-12 and the Table 4-8 show the fatigue crack growth curves and the
detailed results, respectively, of three microstructures which have an increasing volume

fraction /y duplex. Detailed FCG curves are shown in Appendix AS.
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Fig. 4-12. Effect of B/y duplex volume fraction Vpp on the fatigue crack growth
behavior in 43-4-5 alloy.

As shown in Fig. 4-12, it is obvious that the fatigue properties strongly depend on the
B/y duplex structure volume fraction Vpp and by increasing it, the stress intensity
threshold AKwn decreases and the Paris slope increases. The Nearly Lamellar
microstructure exhibits the highest fatigue threshold (AK ~10.4 MPay/m) and the lowest
Paris slope. Lamellar Triplex microstructure shows an intermediate behavior with a
fatigue threshold around 10.1 MPaym close to the NL microstructure, and a higher Paris
slope whereas, at the opposite, the Nearly Globular 3/y Duplex microstructure exhibits
the lowest threshold and the highest Paris slope. Moreover, it should be noticed that the
fatigue crack growth of NL and LTL microstructures propagates stepwise with different
“local” slopes whereas the FCG curve of NGDP microstructure grows smoothly same as
previously reported with the 42-5Mn alloy. The effect of the difference in local Paris slope

will be discussed later.

135



Chapter 4: Effect of Microstructure on Fatigue Crack growth Behavior at Ambient Temperature

Table 4-8. Fatigue crack growth results of microstructures with different B/y duplex volume fraction
Vpp in 43-4-5 alloy.

Microstructure Sample AK,;, / Mpaym m C K. / Mpaym
43-4-5-A - 6.5 5E-13 —
43-4-5-B 10.9 - - -

NL 43-4-5-C 10.2 4.7 4E-11 27.1
(Vop =7%) 43-4-5.D - 6.6 5E-13 -
43-4-5-E 10.0 8.0 3E-15 -
Average 10.4 +£0.5 6.4+14 - 27.1
43-4-5-F 9.4 13.0 8E-21 22.6
43-4-5-G 10.6 5.3 9E-12 23.8
LTL
(Vp = 32%) 43-4-5-H — 7.2 1E-13 20.0
43-4-5-1 10.4 — — —
Average 10.1 £ 0.6 85+4.0 - 22.1+19
NGDP Average 71404 104 3.2 - 11.8

(Vpp = 96%) (Table 4-7)

(D) Effect of B/y morphology

A second parameter was investigated: the morphology of B/y duplex at the grain
boundaries. Since, the composition was not affect drastically the FCG behavior, different
alloys were studied due to their different phase transformation pathway and three unique
morphologies were designed with the same volume fraction of B/y duplex. Figure 4-13
shows the fatigue crack growth curves of the tested samples, GTL, LTL and NCT. Fatigue
threshold, Paris exponent and coefficient, and Kmax are summarized in Table 4-9. Detailed
FCG curves are shown in Appendix AS.

Specimens with a Globular Triplex microstructure exhibited a lower fatigue threshold
(AKn ~8.6 MPa/m) than specimens with another microstructure, but a similar Paris slope
to Near y Cellular Triplex microstructure. Lamellar Triplex specimens showed higher
fatigue threshold (AKw ~10.1 MPay/m) and faster crack growth rates with a Paris slope
of around 8.5. These differences appeared to be small, taking into account that the three
tested microstructures show significant variations concerning their grain boundary

morphologies. However, the difference of Kmax at failure increased between these three
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microstructures. Moreover, the variation of “local” slope in NCT specimens was more

pronounced and occurred often than in GTL and LTL microstructures.
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Fig. 4-13. Effect of f/y duplex morphology on the fatigue crack growth behavior
of wrought alloy.

Table 4-9. Fatigue crack growth results of microstructures with different 3/y duplex morphologies.

Microstructure Sample AK,, / Mpaym m C K..../ Mpaym
43-4-5 Average
LTL (Table f_s) 10.1£0.6 8.5+4.0 - 22.1+1.9
(Vpp = 32%)
42-8V-A 9.6 6.1 8E-13 26.8
42-8V
NCT 42-8V-B 9.7 - - -
(Vpp=33%)
Average 9.7+0.1 6.1 - 26.8
42-5Mn Average
GTL (Table 4-6) 8.6+0.7 63+23 - 20.3

(Vpp = 34%)
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4.3.2 Fatigue crack propagation of wrought alloys

The crack pathways were reconstituted using OM images. The crack pathways after
K-decreasing tests of the different microstructures (NL, NGDP and LTL for the effect of
Vop and LTL, GTL and NCT for the effect of DP morphology) are shown in Figure 4-14
to 4-18. Higher magnification SEM or OM images focused on:

- Initial position, after the precrack test where the stress intensity was the highest.

- During the test in Paris law regime

- At the crack tip, corresponding to the stress intensity threshold where the crack stop to
propagate.

The crack pathway after K-increasing was also reconstituted and shown in Figure 4-
19 and 4-20 but only for NL and NGDP microstructures. Indeed, in most cases after the
K-increasing tests specimens reached the fracture toughness and it was no longer possible
to observed their crack pathways.

Clear differences crack propagation pathways were observed. Morphology of the
cracks could be either tortuous with many secondary branches and ligament bridges or
relatively flat. The zigzagged shape depends on o/y lamellar orientation of each grain
with respect to the stress axis, the grains size and the DP morphology. Thus, NL (Fig. 4-
14 and 4-19) and LTL (Fig. 4-16) microstructure presented the most zigzagged crack
pathways with a larger number of crack deviations. Then, GLT (Fig. 4-17) and NCT (Fig.
4-18) microstructures shown an intermediate behavior with few secondary crack and
limited deviations. Finally, the crack went through straight in the NGDP (Fig. 4-15 and
4-20) specimens.

In this section, a particular attention will be paid on the crack tip, at the stress intensity
threshold, and on the crack during Paris regime. Some in-situ results will be described to
support the observations. Finally, a comparison between crack propagation at the surface

and in the bulk will be introduced.
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(A) Crack propagation near the stress intensity threshold
The crack tip at the stress intensity threshold of the different microstructures are shown
in Figure 4-21. The crack stopped mainly in B/y duplex region either in y grains (Fig. 4-
21 (d), () and (g)) or at B/y grain boundaries (Fig. 4-21 (b) and (h)) indicate that 3 phase
acts as strong features against the crack propagation. It should be noted that cracks stop

sometimes in colonies as presented in Fig. 4-16.

C 25 pm f 5 um

Fig. 4-21. BSE images of (a, b) Nearly Lamellar, (c, d) Lamellar Triplex and (e, f) Nearly Globular
B/y Duplex microstructures near the stress intensity threshold AKw. Arrows indicate (1) crack stop
position and (2) B/y interface crack propagation.
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1 25 um ] 5 um

Fig. 4-21. (continued) BSE images of (g, h) Globular Triplex and (i, j) Near y Cellular Triplex
microstructures near the stress intensity threshold AK. Arrows indicate (1) crack stop position and
(2) B/y interface crack propagation.

During K-decreasing test, approaching the fatigue stress intensity threshold, the crack
propagation diverted from the Paris law. The crack propagates less than 200 um before
reach the fatigue threshold. During this stage, the crack pathways indicate a step by step
crack propagation with many small deviations in y grain or in colonies which are
perpendicular to the crack propagation. In NGDP microstructure, it can be clearly
observed that crack prefer to go through y phase and avoid [ region. Cracks also grow at
the B and vy interfaces, indicated a weak fatigue resistance of these regions against crack

propagation as shown in NL, LTL and GTL microstructures with arrows.
(B) Crack propagation during Paris law regime

The crack pathways in Paris regime of the different microstructure at higher

magnification are shown in Figure 4-22 to 4-26.
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Fig. 4-22. SEM images of crack propagation pathway in NL microstructure (43-4-5 alloy).
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Fig. 4-23. SEM images of crack propagation pathway in LTL microstructure (43-4-5 alloy).
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Fig. 4-24. SEM images of crack propagation pathway in GTL microstructure (42-5Mn alloy).
Arrows indicates particles ejection.
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Fig. 4-25. SEM images of crack propagation pathway in NCT microstructure (42-8V alloy).
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Fig. 4-26. SEM images of crack propagation pathway in NGDP microstructure (43-4-5 alloy).
Arrows indicate (1) secondary cracks and (2) deformation of y grains.
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Due to the low fraction of B/y duplex at the grains boundary, crack mainly propagated
through a/y lamellar grains in NL microstructure. Figure 4-22 shows many secondary
cracks and crack deviations. Crack deviation occur when the crack arrests at a strong
point and cannot propagates forward anymore. Then, the crack growth in a different
direction. If the crack cannot find an easy direction, a secondary crack appears in the
crack wake causing sometimes bridging ligament effects. Bridging ligaments could have
either short range, usually within one grains (Fig. 4-22 (e)) or long range, more a colonies
grain of distance (Fig. 4-22 (a)). The observation of the tip of the different cracks
(secondary, bridges...) shows that the crack stopped preferentially at the B/y duplex
region (Fig. 4-22 (g, h)).

In the Lamellar Triplex microstructure and Globular Triplex, the crack growth
mechanisms are similar to NL specimens. Nevertheless, the B/y regions at the grain
boundaries are thicker and so, allow the crack to deviate slightly between two colonies
grains (Fig. 4-23 (b, h)). In the bridging regions, some particles removed from the
specimen as indicated by arrows on Fig. 4-24 (f, h).

Due to smaller oo/y colonies size, many small range ligament are observed in lamellar
grains of NCT microstructures (Fig. 4-25 (d, f)). Moreover, if the /y duplex region is
aligned parallel to the crack direction, crack propagates straightly though the y grains.

Finally, in the NGDP microstructure, the high fraction of p/y duplex lead to an almost
continuous y-grains region. The crack mainly propagates straight through the y phase as
reported on NCT B/y region. At higher magnification, small secondary cracks deviation
is clearly observed from the main crack as indicated by arrow (1) on Fig. 4-26. However,
these small cracks never propagate more than 10 pum and stopped in y-grains or at B/y
grains interface. Furthermore, many line are observed on y grains as evidences of y

deformation (arrow (2) on Fig. 4-26), that will be detailed in discussion part.

(C) In-situ observations
During FCG tests, the crack propagation was monitoring using in-situ CCD camera.
An example of in-situ observation that was performed on Nearly Lamellar microstructure
during K-decreasing test is shown in Figure 4-27. Therefore, it is possible to determine
the region where the crack stopped (Fig. 4-27 (a)), not only the crack tip or the secondary
cracks but also the intermediate stop points. And then, investigate the microstructural

features of these regions in detail using electron microscopy (Fig. 4-27 (b-d)).
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In this part, different examples of in-situ observation will be described in order to
improve the crack propagation understanding and especially compare the observations
with the previous ex-situ results. In case of Nearly Globular B/y Duplex microstructures,
due to small grains size, it was not possible to identified the in-sifu intermediates crack

stop points.

d 10 pm 50 um
b

Fig. 4-27. In-situ CCD image obtained in (a) NL microstructure, (c, d, d) BSE images corresponding
to the region where the cracks stopped during the test.

The in-situ observation can also provide information concerning the crack propagation
mechanisms. An example of the formation of a long-range crack ligament bridging in
Lamellar Triplex microstructure are shown in Figure 4-28. Crack ligament bridging
causes a crack tip shielding and therefore, enhances the crack propagation resistance. This
mechanism could be observed in microstructures which show a large volume fraction of
o2/y colony grains. Indeed, bridges appear when the crack could not easily find a way to
propagate through colony grains and preferentially moves around them. In Fig. 4-28 (a),
crack stopped at B/y duplex region. Despite that is hard to observe, a plastic deformation
occurred and is located at least more than one colonies grain in distance far from the crack
tip. Then, a microcrack appeared in this region as shown in Fig. 4-28 (b). This new crack
is delimited by B/y duplex structure at both ends and then it continues to growth

independently of the main crack. At the both tips of the microcrack, new plastic
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deformations take place. Moreover, small particles, originated from DP region, probably
v grains are ejected from the specimen (Fig. 4-28 (c)). As long as the crack propagates,
the bridging ligament takes part of the load away from the crack tip. Finally, the bridge
ruptures and the new crack connects the main crack (Fig. 4-28 (d)). The microcrack

became the main crack and continued to propagate (Fig. 4-28 (e)).

e 100 um

Fig. 4-28. In-situ observation of the formation of bridging ligament in Lamellar Triplex microstructure
after (a) 6.000, (b) 13.000, (c) 14.000, (d) 15.000 and (e) 28.000 cycles. Arrows represent the TiAl
particles expulsion due to alloy deformation.
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Fig. 4-29. In-situ observation of the rupture of
bridging ligament in GTL microstructure at (a)
72.600 cycles, (b) 80.500 cycles, (c) 116.000
cycles and (d) 144.700 cycles. Ex-situ
observations were done by SEM of rectangle
yellow at (b) and (d) high magnification and
(f) of rectangle orange. Arrows represent
where the crack stopped during test. The
figures indicate the order of crack propagation.
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Fig. 4-30. Schematic illustration of the long-range bridging mechanism observed in
microstructure containing f/y duplex at grain boundaries with (a) crack stop at DP
region and deformation occurred far from the tip, (b) formation of new crack, (c)
plastic deformation at the ends of the new crack and expulsion of particles and (d)

rupture of the bridging ligament.
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f 50 um

Fig. 4-31. In-situ observation of crack propagation in NCT specimen during Paris regime at (a)
1.066.000 cycles, (b) 1.081.000 cycles, (c) 1.100.000 cycles, (d) 1.105.000 cycles, (e) 1.116.000
cycles and (f) 1.123.000 cycles.

A second example of bridging ligament on globular triplex microstructure is given in
Figure 4-29. The in-situ observations were coupled with ex-situ SEM in order to rebuilt
the crack propagation process given by figures. As observed in Fig. 4-29 (a), the
microcrack already appeared. However, the bridge rupture in two times thought
translamellar propagation between Fig. 4-29 (a) and (c¢) and not in one step as could be

supposed. Furthermore, the particle expulsed came from a lamellar grain. Following the
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bridge, the intermediate stop points of the crack, indicated by arrows 6, 7 and 8, have
been identify as B/y duplex. Based on the two previous examples, a schematic illustration
of the long-range bridging mechanism is shown in Figure 4-30.

Last example of in-situ crack propagation of Near y Cellular Triplex is shown in
Figure 4-31. NCT microstructures is characterize by smaller colony grains than NL or
LTL microstructures and so, the crack deviation is less important. The observations show
that crack propagates thought the colonies and always arrest in DP region which
reinforced the previous observations.

Therefore, the microstructures consisting of colonies surrounded by B/y duplex (NL,
LTL, GTL and NCT) show similar crack pathway. Regardless the an/y colonies
orientation, the in-situ as the ex-sifu observations corroborate that the crack mainly
trapped at B/y duplex areas and thus, confirms that B/y duplex microstructure could be

effective in crack propagation resistance when it decorates the colony boundaries.

(D) Difference between surface and bulk propagation

The CT notched specimens are subjected to tensile load, however, due to the large CT
specimen thickness, the contraction due to the Poisson coefficient in the thickness
direction is not free around the crack tip. Thus, the deformation of the bulk is restricted
by the surface of the specimen, resulting a crack propagation under plane strain condition.
Therefore, some difference could exist between the surface and the bulk crack
propagation. This section will be briefly clarified this point.

Figure 4-32 shows the difference between surface and bulk propagation of NL and
NCT microstructures. The crack length was measured by OM and does not shown
significant different between the bulk and the surface which indicate that the crack
propagates linearly between the two side of the specimens. The crack pathway under Paris
regime is comparable between bulk and surface with many secondary crack of cracks
deviation in both microstructures. Moreover, the crack at the fatigue threshold in bulk
stopped also mainly in DP region as reported for surface observation. Thus, the
observations, results and discussion based on surface analysis apply also to the bulk

behavior.
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Fig. 4-32. Difference between surface (left side) and bulk (right side) crack propagation in (a-d)
NL microstructure and (e-h) NCT microstructures.
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4.4.3 Fracture surface

The differences between the microstructure fracture surfaces are shown in Figure 4-
33. The notch is located on the right side and the crack propagated from the right to the
left of the CT specimen. During the introduction of the precrack, especially before to find
the optimal parameter conditions, the initial Kmax of some samples was set too high. It
resulted a high crack growth rate and difference between OM and DCDP measurement
as explained in experiment procedure section but it did not affect the FCG tests. This
explains why in Fig. 4-33, the precrack of Nearly Lamellar and Lamellar Triplex
microstructures is larger than expected.

The examined fracture surfaces at low magnification in Fig. 4-33 revealed that NL
show the roughest surface. The Nearly Globular B/y Duplex fracture surface is almost flat
whereas LTL and NCT microstructure present an intermediate roughness which are in
concordance with crack propagation pathway observation. The roughness is directly
correlated with the grains size; more the grains size is smaller, more the fracture surface
becomes smooth. The crack occurred during K-decreasing test propagated less than 2 mm
before reaches the stress intensity threshold. The influence of AK on the fractographic
features is small. However, it should be noticed that in low AK region the roughness is
lower than in high AK or overload region in all microstructures.

Before fracture, the crack propagation occurred during K-increasing in NL is more
longer than in LTL microstructure which confirms the higher Kmax of NL microstructure
compared to LTL. Fracture crack size, from the beginning of the notch until the overload
region, is almost same in both specimens due to either the remained section could no
longer carry on the load or the Kmax become close to the fracture toughness. It should be
noted that some LTL specimen present some pores at the fracture surface but it did not
seem to affect the FCG behavior after repeating tests. On the other hand, the NGDP and
NCT specimens fracture occurs only after few millimeter. The maximum stress intensity
Kmax at overload probably approaches the fracture toughness values. However, its value

was twice higher in case of NCT compared to NGDP.
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Typical fatigue fractographs of the different microstructures at higher magnification in
the K-decreasing region, the K-increasing region and the overload region are shown in
Figure 4-34 to 4-36, respectively. Crack propagated from the right to the left. All
microstructures show mainly brittle faceted fracture with small amount of plastic
deformation. The examination of the flat facets in the Paris law regime fail to reveal
fatigue striations in all microstructures. The different fracture mechanisms such as
intergranular (along the boundaries) and transgranular modes are observed. Transgranular
mode can be sub-divided into interlamellar when the fracture is parallel to the lamellae,
translamellar when the crack go through to the lamellae, and simple transgranular when
it splitting y or P grains. The fracture mode are indicated by arrows in the different
microstructures. The intergranular fracture (arrows 1) and the simple transgranular type
(arrows 2) are observed in the four microstructures. Translamellar (arrows 3) and
interlamellar (arrows 4) fracture modes are mainly observed in the microstructures with
a high au/y colonies volume fraction as NL, LTL and NCT microstructures. In the Paris
life region, when the stress intensity AK is higher than the fatigue stress intensity
threshold AKu, it is possible to observe secondary cracks occurred in the specimens
(arrow 5). However, these secondary cracks are multiple and larger (few hundred of
micrometers) in the case of NL and LTL microstructures, intermediate for NCT and
infrequent and relatively small for NGDP, only few micrometers. Microstructures
containing colonies show similar fracture surface; with decreasing the stress intensity,
fracture surface shows either interlamellar or translamellar fracture depending on the
grain orientation. The main difference comes from the higher fraction of intergranular
fracture mode occurred in LTL microstructure. It can be easily explained by the thicker
/y DP region at the colony boundaries compared to NL and NCT microstructures. More
the stress intensity increases, more the transgranular cleavage become dominant. In the
overload region, intergranular and transgranular modes govern the fracture behavior.
Finally, in case of NGDP microstructure, the fracture surface is relatively homogeneous,
as observed at lower magnification, and show plastic deformation of y grains with

transgranular fracture and intergranular cleavage along all the different regions.
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c 100 pm f 25 um

Fig. 4-34. SE images of fracture surface at low stress intensity during K-decreasing tests for (a, b)
NL, (c, d) LTL and (e, f) NCT microstructures. The crack propagated from the right to the left
side. Different fracture modes are marked by arrows (1) interglobular, (2) transglobular, (3)
translamellar, (4) interlamellar. (5) correspond to secondary cracks.
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g 100pm h 25 um

Fig. 4-35. SE images of fracture surface at intermediate stress intensity during K-increasing tests for (a, b) NL, (c,
d) LTL, (e, f) NGDP and (g, h) NCT microstructures. The crack propagated from the right to the left side.
Different fracture modes are marked by arrows (1) interglobular, (2) transglobular, (3) translamellar, (4)
interlamellar. (5) correspond to secondary cracks.
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Fig. 4-36. SE images of fracture surface in overload region for (a, b) NL, (¢, d) LTL, (e, f) NGDP and (g, h) NCT
microstructures. The crack propagated from the right to the left side. Different fracture modes are marked by
arrows (1) interglobular, (2) transglobular, (3) translamellar, (4) interlamellar. (5) correspond to secondary
cracks.
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4.4 Discussion
4.4.1 Comparison of the FCG curves
The fatigue crack growth curves of the investigated microstructures present
completely different behaviors. Increase the volume fraction of B/y duplex at the grain
boundaries leads to decrease the threshold intensity, increase Paris slope and decrease the

maximum stress intensity at the rupture as shown in Figure 4-37 to 4-39, respectively.

—_
N

£
-
S
S 1
J 10 |- - -
< s
: S
g S S~ -
: i |
= o
2
G
= 4
8 ® Ti-43Al-4Nb-5V
= B Ti-42A1-5Mn
s 2
@ ® Ti-42A1-8V
S
@ | | | |
0 20 40 60 80 100

Volume faction of B/y Duplex Vpp/ %

Fig. 4-37. Effect of § and y phases on the stress intensity threshold.

Because as-forged microstructure was not homogeneous and so, affects the FCG
behavior, the data of this microstructure was not added. Stress intensity threshold AKw
values between 10.4 MPavm in NL (Vpp = 7%) and 7.1 MPayvm in NGDP-4345 (Vpp =
96%) were observed. Paris slopes m vary from 6.1 in NCT to 10.5 in NGDP-Mn and Kax
change from 27.1 MPayvm in NL to 11.9 MPavm NGDP-4345. The fatigue crack
growth behavior can be divided in three categories. First, the Nearly Globular 3/y Duplex
microstructures which show a low stress intensity threshold and a steep Paris slope.
Second, the Nearly Lamellar, the Lamellar Triplex and the Near y Cellular Triplex
microstructures which present higher stress intensity threshold and gentler Paris slope.
Finally, the Globular triplex microstructure shows an intermediate AKw but a low Paris
slope. Moreover, the slope of the two last categories appeared as stepwise. The major

difference between these two categories and NGDP microstructures is the volume fraction
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of aw/y lamellar colonies. Volume fraction of colonies in NL, LTL, GTL and NCT
microstructures is almost equal but it drops drastically in NGDP. Furthermore, the local
microstructural inhomogeneity is more important in microstructures containing colony

grains and explains the presence of steps in the Paris slope in NL and LTL microstructures.
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Fig. 4-38. Effect of 3 and y phases on the Paris slope
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Fig. 4-39. Effect of § and y phases on the maximum stress intensity at overload.
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Therefore, the local Paris slope have deeply investigated in NL and LTL
microstructures. Their values have been measured and summarized along with NGDP
results in Table 4-9. There can be represented as high Paris slope m", low Paris slope m",
and average Paris slope m. While the average Paris slope m increased with the increase
of the volume fraction of B/y duplex, the local Paris slope change depending on the
microstructure from Nearly Lamellar to Lamellar Triplex. The low Paris slopes m
decreased from 2.0 to 0.8 but in opposite the high Paris slope m" increased from 13.6 to
20.2.

Table 4-9. Difference in local Paris slope in NL and LTL microstructure.

Microstructure Vor! % m m m*

Nearly Lamellar 7 20 6.5 13.6

Lamellar Triplex 32 0.8 8.5 20.2
Nearly Globular 3/y Duplex 96 - 104 -

The observation of the fracture surfaces before and after a low Paris slope can provided
some complementary information as shown in Figure 4-40 during K-increasing test in
Lamellar Triplex microstructure. Large region of cleavage fracture of y-grains or
intergranular fracture at the grain boundaries were observed in the m* region and were
indicated by arrows Fig. 4-40 (a, ¢). These fracture mechanisms are preferentially found
in NGDP microstructure that shows the highest Paris slope. In the other hand, the fraction
of these mechanisms is lower in low Paris slope region (Fig. 4-40 (b)) that shows mainly
translamellar and transgranular fracture depending of the o2/y colonies orientation.

Thus, the low Paris slopes m™ correspond to a region where the crack propagates
preferentially through o/y colony grains whereas the high Paris slopes m* correspond to
a region where the crack propagates in colony grains and through the grains boundaries.
The rise of the high Paris slope m* between NL and LTL microstructure could be
explained by the increase of f/y duplex fraction at the grains boundaries, especially by
the larger y grains that promote crack growth through cleavages. The reason for the
reduction of the low Paris slope m™ with increasing the volume fraction of /y duplex Vpp
could be explained by the reduction of a/y colony grains size as will be detailed later.

Changing the morphology of DP region from large globular y grains (GTL) to plate
(LTL) or small y grains (NCT) increase the fatigue threshold and the Kmax at the rupture.
However, whereas LTL microstructure shows higher, but similar, stress intensity

threshold than NCT, Near y Cellular Triplex present significantly higher maximum stress
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intensity at the rupture. This could be explained by the ratio 3/y which is more important

in LTL microstructure.
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Fig. 4-40. Fracture surface of LTL microstructure in the region (a) before a low Paris slope, (b) at a
low Paris slope and (c) after a low Paris slope, associated with (d) the corresponding fatigue crack
growth curve. Arrows indicate fracture at 3/y DP region.

It is interesting that despite the significant difference in B/y volume fraction (more than
20 %), the difference between stress intensity threshold can be very small, e. g. only 0.3
MPaVm between NL and LTL microstructure whereas NGDP microstructure, which
consist almost of B and y grain, present large difference of around 3.0 MPay/m. Moreover,
it should be noticed that microstructures with the same in B/y duplex volume fraction but
different morphologies present also large differences of around 2.5 MPayv/m. The reason
probably comes from how much 3 and y phases interact together and affect the fatigue

crack growth propagation as it will be discussed in the following sections.
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4.4.2 Fatigue crack growth mechanisms

During FCG tests, the crack propagation is determined by presence of a crack driving
force which is defined by the stress intensity factor range AK. The resistance of the
microstructure opposes to this driving fatigue crack growth force. Therefore, it is possible
to restrain the crack advance by toughening the materials though solution strengthening
(change the alloy composition) or microstructural modification. The toughening
mechanism are divided into intrinsic and extrinsic mechanisms. Intrinsic mechanisms
depend of the inherent microstructural resistance (atoms bonding strength, ductility)
whereas extrinsic mechanisms reduce locally the fatigue crack propagation force by
mechanical, microstructural or environmental factors [18].

It has been shown that in TiAl alloys, crack closure mechanisms can significantly
affect the stress intensity AK such as plasticity-induced crack closure, roughness-induced
crack close, transformation-induced crack closure or oxide-induced crack closure. By
closely studying the crack propagation pathways both in-situ and ex-situ and the fracture
surfaces, the fatigue crack growth resistance mechanisms and the fatigue reducing
mechanisms were identified.

For all microstructures, the cleavage fracture of grains at the crack tip promote the
crack growth. It is strongly dependent of the nature of each phase. B-Ti phase shows the
highest fracture toughness with a value of about 1300 MPa but is also very brittle phase
at room temperature [19] whereas y-TiAl phase shows a low fracture toughness, about
450 MPa but a better deformability than a2 or 3 phases [20].

The ability of y phase to deform lead to the appearance during the crack propagation
of small lines on the y grains surface near the crack pathway. Figure 4-41 shows an
example of the deformation occurred in y grains. These step line have been observed
mainly in NDGP and GTL microstructures due to the large size of y grains in these
microstructures but are also present in the others microstructures These steps have been
identified as small twins [21]. It has been reported that these mechanical twinning reduces
the stresses at the crack tip and consequently delay the cleavage fracture [22].

It should be noted that, deformations were also observed in colony grains as reported
in Fig. 4-26. The deformation field is strongly related to the plastic affected area and it
will be discussed in the following part. The deformation of the colonies and the y grains
by mechanical twinning lead to the formation of microcracks. When a microcrack is

formed in front of the crack tip (see Fig. 4-29 (a)) it causes an increase of the stresses of
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the crack tip and, therefore, negatively affects fatigue resistance. However, the
microcracks take a part of the load when they appeared in the crack wake.

All microstructures show crack ligament bridging and crack deflection. However,
these mechanisms were more pronounced in microstructures containing colonies compare
to NGDP. A bridge appears when the crack could not find an easy way to propagate
through a grain, mainly colonies grains, and therefore, moves around them to find a more
favorably orientated one. Two family of bridging were observed: short-range and long-
range bridges. In case of short-range bridge, the dimension of ligament is limited within
the grain size whereas long-range bridging ligament measured few grains dimension.
Short-range bridges have been observed in all microstructures, including NGDP whereas
long-range bridging appeared for microstructures containing colonies and, thus,
explained why NGDP crack pathway is relatively straight in these samples. Indeed long-
crack bridges can explain the higher roughness of the fracture surface as seen previously.
Finally, these bridges rupture by shear or cleavage. As long as the crack flanks are

connected by the crack ligament, a part of the load is take away from the crack tip.

5 um

Fig. 4-41. Twinning occurred in Nearly Globular /y Duplex microstructure near the crack pathway.
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4.4.3 Effect of B/y duplex on fatigue crack growth behavior
(A) On stress intensity threshold AKx

The investigated microstructures in this study consist of a certain volume fraction
(Vpp) and morphology of P grains and y grains decorating the ow/y colony grains
boundaries. It has been seen, both in-situ during FCG tests and ex-situ by SEM, that the
crack preferentially arrest in 3/y DP region, showing the high fatigue resistance of this
region. DP region consist of § and y grains along the grains boundaries decorated the
colony grains.

It has been seen previously that the y phase shows a low fracture stress, about 450 MPa
but a high deformability. Despite the deformation of y grains, resulting with a blunting of
the crack tip, reduce the stresses at the crack tip, the titanium aluminides alloys with a
duplex microstructure (equiaxed y and a.2/y colonies) that have a high-volume fraction of
equiaxed y grains usually show lower fatigue properties [14]. Indeed, y grains can easily
fractured by cleavage due to their low toughness. This crack propagation mechanism is
mainly observed in NGDP, as observed on fractographs, and somehow in the others
microstructures. This could be attributed the high fraction of y grains in NGDP
microstructure (more than 75%) which lead to the formation of an almost continuous y
phase. In fact, by observing the crack pathway of this microstructure, the crack propagates
mainly through transgranular y grains or at /y grain boundaries but rarely in B phase. It
is probably the reason why the fatigue crack growth behavior of NGDP microstructure
e.g., the stress intensity threshold, is close to the results find for y-single phase alloys. The
small difference of the fatigue crack behavior comes principally from the presence of 3
phase (Vg = 20%) and somewhat of the remain colonies grains. The important point is
when the total y volume fraction becomes high, the crack propagation behavior is mainly
controlled by the continuous y phase.

On the other hand, the 3 phase shows the opposite behavior compared to the y phase
with a very high fracture toughness. Although in the investigated microstructures 3 phase
is always associates with y phase, it is possible to estimate the effect of this phase. Indeed,
the work conducted by Leitner et al. [23] on fracture and R-curve behavior in TNM alloy
shown that the existence of continuous 3 phase seems to reduce, even lightly, the fracture
toughness of the specimens. Due to the brittleness of § phase, when the crack propagation
initiates, the crack grows fast until collide the nearest obstacle. In case of continuous 3

phase at the grain boundaries, the crack propagates and avoid the ow/y colonies. The
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evidence which can support this observation have been found during crack propagation
tests. Indeed, in all microstructures and especially in NGDP, when the crack starts to
propagate through 3 phase, it continues until reach the next y grains or colonies and thus,
never trapped within this phase.

The plastically affected region could give an estimation of the effect of AK on the crack
pathway change regardless the microstructural features and help to understand how B/y
duplex affected the stress intensity threshold. The monotonic plastic zone size at the
maximum peak stress for plane strain is given by Equation 4-5 in Ref. [25].

2

1 |K

o = —[ m‘”‘l (4-5)
6| oy,

Where 1o, oy and K are the radius of the plastically affect zone, the maximum stress
intensity and the yield stress of the material, respectively. As the minimum load in a cycle
is approached, the change in plastic zone leaves a wake plasticity behind the crack tip and
therefore, induces residual stresses in the vicinity of the crack. At the minimum load the
remained cyclic plastic zone is given by the Equation 4-6 [25]:

2

Where ry’, oy and AK are the radius of the plastically affect zone, the stress intensity

and the yield stress of the material, respectively. The monotonic and cyclic plastic zone

size are illustrated in Figure 4-42.
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Fig. 4-42. Schematic illustration of (a) monotonic and (b) cyclic plastic zone size [25].
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The calculated sizes of the monotonic and cyclic plastic zone area of the different
studied microstructures along with the FL results obtained by Dahar et al. [7] at the stress
intensity threshold assuming the plane strain conditions are given in Table 4-10 and
illustrated in Figure 4-43. It can been see the plastic zone size of Fully Lamellar
microstructure is considerably smaller than the grain size. The plastic zone size at the
fatigue threshold of NL, LTL and NCT microstructures is smaller than the grain size
whereas GTL and NGDPs microstructures show a plastic zone at AKw equivalent or
smaller than the grain size, and, therefore, fracture cleavages occur easily between the

grain even at low stress intensity and explain the lower threshold of these microstructures.
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Fig. 4-43. Schematic illustration (a) of the effect of B/y duplex region on the plastic affected area in
NL compared to the (b) NGDP and (c) FL microstructures at the stress intensity threshold.

Table 4-10. Plastic zone size determined at fatigue threshold DKy, along with Fully Lamellar results
obtained by Dahar et al. [7]

Grain size Monotonic Cyclic plastic
Microstructure Ve /%, um AK,/MPaym K, /MPaym plastic zone zone
1,/ um 7y’ / pm
Fully Lamellar [7] 0 1000 9.2 10.2 52 9.7
Nearly Lamellar 7 100 10.4 11.6 31 6.2
Globular Triplex 31 46 8.6 9.6 49 9.9
Lamellar Triplex 32 80 10.1 11.2 36 7.3
Near y Cellular Triplex 33 35 9.7 10.8 28 5.6
Nearly Globular B/y

. . 44

Duplex —42-5Mn %0 13 6.8 .6 2
Nearly Globular /y 9% 15 71 7.9 13 27

Duplex —43-4-5
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The fatigue crack growth stress intensity threshold has been plotted as a function of
colonies volume fraction in Figure 4-44 and compared to B-free TiAl duplex alloy [14].
The microstructures containing 3 phase show always higher threshold than the
corresponding TiAl duplex, except the as-forged 42-5Mn (inhomogeneous
microstructure). While a small reduction of volume fraction of colonies lead to a
significant decrease of the stress intensity threshold in conventional TiAl alloy. This
difference in fatigue threshold AKuw is unexpectedly small between NL and LTL or NCT
microstructures. Independently, the  and y phases seem to have a detrimental effect due
to brittleness of  phase and low toughness of y phase. The increase of y phase lead to a
loss of FCG properties whereas a continuous 3 phase could act as a brittle cage around
the colonies and could explain why GTL microstructure, which has large 3 regions, shows
slightly lower AKw compared to LTL and NCT microstructures. However, the
independent effects of 3 and y are diminished when the two phases coexist together.
Indeed, in NL and LTL or NCT microstructures, the 3 phase always associates with the y
phase through the cellular reaction that occurred during subsequent heat treatment. Thus,
it is possible to achieve fatigue crack growth comparable to a fully lamellar
microstructure even with high fraction of 3 phase. Nevertheless, when the volume
fraction of y phase become dominant in the microstructure, the beneficial effect of
combined phase is lost and only the y phase control the fatigue crack growth behavior as

observed in the different NGDP microstructures.
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Fig. 4-44. Combined effect of B and y phases on the stress intensity threshold compared
to the duplex TiAl microstructure [14].
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(B) On the Paris slope

The same reasoning can be applied in Paris regime. The calculated sizes of the
monotonic and cyclic plastic zone area at the overload assuming the plane strain
conditions are given in Table 4-11. In the work of Dahar et al. [7], the colonies grains
size is always larger than the plastic zone size even at overload. In that case, the fatigue

crack growth properties appeared to be controlled by the lamellar orientation.

Table 4-11. Plastic zone size determined at the overload along with Fully Lamellar results obtained
by Dabhar et al. [7]

Monotonic Cyclic plastic

Microstructure Vip ! % Gr;unnsllze AK, ../ MPaym K . /MPa,m plastic zone zone
B T,/ pm ry’/ pm
Fully Lamellar [7] 0 1000 17.5 19.4 190 38.6
Nearly Lamellar 7 100 24.4 27.1 169 342
Globular Triplex 31 46 18.3 20.3 220 44.6
Lamellar Triplex 32 80 19.9 22.1 140 28.4
Near vy Cellular Triplex 33 35 24.1 26.8 172 34.9
Nearly Globular B/y
10.8 12.0 54 11.0
Duplex —42-5Mn %0 13
Nearly Globular By 96 Is 10.6 1.8 30 6.1

Duplex —43-4-5

However, in the studied wrought alloys, the presence of 3 phase at high temperature
refined the grains size during microstructure design to and explain why ow/y lamellar
grains are relatively small, ten to twenty times smaller than FL microstructure. This
explain why the plastic zone becomes larger than colonies grains when the stress intensity
increases in all studied microstructures. In that case, when the crack arrests in DP region
and does not find an easy way to propagate, secondary cracks can initiate far from the
crack tip, in region where the crack propagation is easier. Figure 4-45 shows a schematic
illustration of the formation of secondary crack in the plastically affected region that
located in front of the crack tip compare to the FL microstructure. In that case, the fatigue
crack growth properties appeared to be controlled by the lamellar orientation and the
existence of B/y duplex at low stress intensity, as explained previously, whereas at high
stress intensity, the grains size effect become more important.

Due to the cellular reaction o+y — B+y which take place in LTL during subsequent

heat treatment at 1173 K, the grain size is smaller comparing to NL. GTL and NCT
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microstructures show also small grain size. Therefore, secondary cracks could appear at

lower stress intensity in these microstructures

(a) (b)

Formation of microcracks

Fig. 4-45. Schematic illustration of (a) the effect of B/y duplex region on the plastic affected area in
NL compared to (b) FL microstructures during Paris regime.

In case of NGDP microstructure, plastic zone is always within the grain size, even at
high stress intensity and explain why long-range bridge are not observed in this
microstructure. The fatigue crack growth properties appeared to be controlled by the y

and B grains fracture toughness.

4.5 Summary
In this chapter, the fatigue crack growth behavior of wrought alloys containing [3 phase
was determined for microstructures with different B/y duplex volume fractions and
morphologies at the ow/y colonies grain boundaries. Based on this study, the following
conclusion can be drawn.
1. The fatigue crack growth behavior depends of several parameters. However, the effect
of element solution strengthening is limited compared to the effect of microstructures
Thus, different compositions with different microstructures can be compared together.

The effect of B/y duplex volume fraction and morphology has been investigated. The
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stress intensity threshold AK,, and the Paris slope m varies from 10.4 MPavm and 6.5
for NL microstructure to 7.1 MPavm and in 10.4 for NGDP, respectively.

. The fatigue crack pathways and the fracture surfaces are similar between
microstructures containing o2/y colonies with many secondary cracks and crack
deviations and a high roughness, respectively. The fractographs showed translamellar,
interlamellar and cleavage fracture at the grain boundaries. NGDP microstructures
present straight crack propagation as a flat surface with mainly cleavage fracture.

. Local Paris slopes have been investigated in NL and LTL microstructures and show
two different kind of Paris slope. Low Paris slopes m represent the crack propagates
preferentially through o/y colonies and high Paris slopes m* represent a high crack
propagation at the grains boundaries. The reason of decrease of m- with increasing
Vpp 15 not clear but could it be related to the decrease of colonies size which led to the
appearance of secondary crack earlier. The increase of m* is explained by the increase
of the volume fraction and size of the y grains in the /y duplex region.

. Finally, it should be noticed than the introduction of 3 phase in y-based TiAl alloys
does not worsted the FCG behavior. In the contrary, this chapter demonstrates that
the introduction of a certain fraction and morphology of /y along colonies is effective
in toughening of TiAl alloy. The presence of [ phase associated with y grains in
wrought TiAl alloy increase the stress intensity threshold and decrease the Paris slope
compared to corresponding duplex TiAl alloy. The reason come from the combined
effect of deformable y phase and high toughness of discontinuous 3 phase on the
plastically affected area. By using the P/y structure, it is possible to achieve high
fatigue crack growth behavior, comparable to a fully lamellar microstructure, even
with a fraction not negligible of § phase Vj in the microstructure. Nevertheless, when
the volume fraction of PB/y duplex become too high, the fatigue crack growth
properties is mainly controlled by the continuous y phase. Furthermore, the studied
microstructures were just models and it is probably possible to continue to improve

the FCG properties by optimizing the microstructural features.
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Chapter 5: Effect of Microstructure on Fatigue Crack Growth Behavior at Elevated Temperatures

5.1 Introduction

In the Chapter 4, the relationship between P/y duplex structure (DP), both volume
fraction and morphology, and the fatigue crack growth behavior at room temperature has
been introduced. It suggests that independently both 3 and y phases are detrimental for
FCG resistance, but their combined effects lead to achieve high fatigue stress intensity
threshold and low Paris slope compared to B-free equivalent duplex microstructure.

Most on the previous study at elevated temperature focused on lamellar and duplex
(lamellar colonies and y grains) microstructures. It has been shown that in these systems,
the fatigue crack growth (FCG) properties in air decrease up to 873 K, and then increase
with a maximum around 1073 K [1-3] as shown in Figure 5-1. The oxidation-induced
crack closure effect that retard the near-threshold crack growth rate at 1073 K, has been
proposed by McKelvey et al. [4] to explain this dependence to the temperature.
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Fig. 5-1. Effect of temperature on Fully microstructure (Lamellar (Ti-46.5A1-3Nb-2Cr-0.2W) in air
with a frequency of 1 Hz and load ratio R = 0.1 [3].

Furthermore, it has been established that, even at elevated temperature, lamellar
microstructure shows better fatigue resistance than duplex one. However, there are no

study about the relationship between microstructure containing B phase and FCG
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behavior at high temperature and it is still unclear how this phase will affect the fatigue
resistance.
Thus, the objective of this chapter is to identify the influence of B phase on fatigue

crack growth resistance of wrought alloy at elevated temperature.

5.2 Experiment procedure

The flowchart of the experimental procedure is shown in Figure 5-2. Ti-43 Al-4Nb-
5V alloy was used in this chapter with two different microstructures, Nearly Lamellar
(NL) and Nearly Globular B/y Duplex (NGDP), as introduced in previous chapters.
Elaboration of the ingot, heat treatments and sample processing are the same as described

in Chapter 4.

Alloys studied
Ti-43Al-4Nb-5V

Elaboration

Wrought process

Heat treatment

1300°C/1h/AC + 900°C/1h/AC (NL)
1100°C/42h/AC (NGDP)

FCG test

ATSM E-647
1.2 mm precrack
f=20Hz, R =0.1, Air
298 K, 873 Kand 1073 K

Microstructure observation
OM, FE-SEM, EBSD

Fig. 5-2. Flowchart of the experimental procedures for determination of the
fatigue crack growth behaviour of Ti-43Al-4Nb-5V at elevated temperature.
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Tensile parameters e.g., oys and curs that were used in this study for fatigue crack
growth tests come from the ex-situ and in-situ studies performed by Nakamura et al. [5]

on the same TiAl alloy system and are presented in Table 5-1.

Table 5-1. Tensile properties of Ti-43Al-4Nb-5V (at.%) at ambient and elevated temperature [5].
Figures in bracket correspond to ex-situ results.

Mi tructu T t Young’s Yield stress Ultimate Tensile Eloneation & / %
ierostructures emperature  \fodulus £ / GPa o, / MPa Strength oyrg / MPa g 0
Nearly Lamellar 298 34 (137) —(480) 664 (900) 0.7 (0.1)
(NL) 1073 45 (133) 450 (445) 680 (725) 1.3(1.6)
Nearly Globular B/y 298 47 495 775 2.3
Duplex (NGDP) 1073 45 440 526 11.8

Precrack introduction tests were done at room temperature and are defined in Chapter
4. The fatigue crack growth tests were conducted using MTS Landmark™ Servo-
hydraulic Test Systems. Tests were carried out at 873 and 1073 K in air under cyclic stress
intensity (AK) controlled with load ratio R of 0.1 and a frequency of 20 Hz. Figure 5-3
shows an illustration of the high temperature process. After the precrack test, samples
were heated for around 2 h depending of the test temperature and then, the temperature
was maintained for 1 h before to start the FCG tests. Depending of the test (Kgec or Kinc),
the time change from 0.5 to 4 h at 1073 K. After test, furnace was cooled for one day.

30 min~4 h
e
3
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AAAAAA
NVYVYVYVYy - >
Time

Fig. 5-3. Schematic illustration of the thermal history of CT sample during high
temperature test.
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K-decreasing tests and K-increasing tests were conducted, respectively, by load
shedding and by constant load amplitude independently, where K is the stress intensity
factor at the tip of the crack with a current flow of 3 A. Initial stress intensity K value of
K-increasing and K-decreasing tests was chosen higher than the K value of the precrack
test in order to eliminate the stress field occurred during precrack introduction.
Normalized K gradient C = - 0.08 /mm were used during load shedding (K-decreasing
tests). Crack size was measured in-situ with platinum wire with the direct current potential
drop technique. R-type thermocouple (TC) was used for measuring CT specimens’
temperature (+ 2 K). The welding positions are shown in Figure 5-4 Welding conditions

for platinum wires and thermocouple were as follow: pressure 2, power 50, time 7 Hz.

1 12.5 mm,
| —

Fig. 5-4. Schematic illustration of the platinum and thermocouple (TC) welding spots
location.

Samples preparation is described in Chapter 4. EBSD analysis also was conducted
after high temperature tests. However, because the oxide layer was not eliminated by
electrical polishing, the sample were prepared by vibration polishing instead. The
specimens were examined using a Nikon LVI150 OM (Optical Microscope), and then
using a JEOL JSM-7000F FE-SEM (Field Emission Scanning Electron Microscope) with
an acceleration voltage of 15 kV and a working distance of 14 mm after the different
stages of the experiments: initial microstructure, precrack tests, K-decreasing tests and K-

increasing tests. EBSD were carry out on a FIB-SEM model JIB-4601F with an
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acceleration voltage of 25 kV. Finally, the fracture surface observations were studied
using SEM model JEOL JSM 6610 at 15-20 kV.

5.3 Results
5.3.1 Fatigue crack growth behavior
(A) Effect of temperature

The influence of temperature on the cyclic fatigue crack growth curves of the 43-4-5
alloy is shown for the Nearly Lamellar microstructure in Figure 5-5. Although the FCG
curves represent only one test, the fatigue threshold AKy, values, Paris exponents m, Paris
coefficients C, and maximum stress intensity at overload Kmax for the three investigated
temperatures are given in Table 5-1. Detailed FCG curves are shown in Appendix AS.

It was found that the lowest fatigue threshold AKy values was measured for 873 K
(AKn = 7.0 MPavm), below the ductile-brittle transition temperature (DBTT) reported
for y-TiAl alloys [6], whereas the highest values of around 11.5 MPay/m were observed
above the DBTT at 1073 K. The FCG behavior at room temperature showed intermediate
FCG behavior with a stress intensity threshold of around 10.4 MPay/m.
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Fig. 5-5. Fatigue crack growth curves at different temperatures of wrought 43-4-
5 alloy with a Nearly Lamellar microstructure.
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Table 5-2. Fatigue crack growth results of NL microstructure at different temperatures.

Temperature Sample AK,;, / Mpaym m C K./ Mpaym
Average
298 K (Chapter 4 10.4 £ 0.5 6.4+1.4 - 27.1
Table 4-8)
43-4-5-N - 4.6 7E-10 -
43-4-5-0 - 42 3E-9 -
873 K 43-4-5-P - 4.1 4E-9 252
43-4-5-Q 7.0 4.1 6E-9 -
Average 7.0 42+0.2 - 25.2
43-4-5-R - 3.8 1E-1 -
43-4-5-S 10.7 - - -
43-4-5-T 12.1 - - -
1073 K
43-4-5-U 11.8 - — _
43-4-5-V - 4.8 6E-10 30.3
Average 11.5+0.7 43+0.8 - 30.3

In the near-threshold region, the cracks started to propagate in the Paris regime at
different crack growth rates increasing with temperature. Thus, even is the fatigue crack
growth curve at room temperature was the steepest with a Paris slope of around 6.4, the
crack growth rates showed the lower values. Therefore, the crack propagation curves at
298 and 1073 K crossed each other. The Paris slopes determined at 873 and 1073 K were
slower and similar with a value of around 4.3 and explain why the curves joined at ~12
MPay/m. However, the FCG curve at 1073 K was smoother compared to the two other
temperatures suggestive of an increasing of the ductility in the material.

The Kmax at the catastrophic failure in fatigue showed a similar trend to the fatigue
threshold with a minimum of 25.2 MPay/m at 873 K and a maximum of 30.3 MPav/m at
1073 K as shown in Table 5-2. The Kimax at RT was intermediate (27.1 MPavm).

(B) Effect of B/y duplex volume fraction Vpp

The fatigue crack growth curves of NL (Vpp = 7%) and NGDP (Vppr = 96%)
microstructures are compared at 1073 K, along with the results determined in Chapter 4
at ambient temperature and represented by dotted line, in Figure 5-6. The FCG results

are given in Table 5-3. Detailed FCG curves are shown in Appendix A5.
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Fig. 5-6. Effect of B/y duplex volume fraction Vpp on the fatigue crack growth
behavior of wrought 43-4-5 alloy at 1073 K.

A comparison of the results, both room and elevated temperature, showed that NL
microstructure exhibited higher fatigue crack growth resistance in the near-threshold than
NGDP microstructure. In both microstructures, high temperature stress intensity
threshold is higher compared to room temperature. The fatigue threshold of NL and
NGDP microstructures increased from 10.4 MPaym and 7.1 MPa+vm at ambient
temperature to 11.5 MPaym and 7.9 MPay/m at 1073 K, respectively.

The crack growth curves at room temperature were steeper than those at high
temperature which showed a lower Paris exponent. Although the crack growth rate of
Nearly Lamellar was slower at room temperature, the opposite behavior was observed at
high temperature for the NGDP Microstructure with a Paris slope of about 3.2.

In both microstructures, Kmax at overload increasing with increasing temperature.
However, whereas the Kmax increased slightly from 27.1 MPay/m to 30.3 MPaym in NL
microstructure, Kmax in NGDP microstructure almost doubled from 11.8 MPaym to 22.0
MPavm as shown in Table 5-3.
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Table 5-3. Comparison between 298 and 1073 K fatigue crack growth results of NL and NGDP

microstructures.
Microstructure  Temperature ~ Sample AKy, / Mpaym m C Kox / Mpaym
Average
298K (Chapter4  10.4£0.5 6.4+1.4 - 27.1
NL Table 4-8)
Average
1073 K (Table 5-2) 11.5+£0.7 43+0.8 - 30.3
Average
298 K (Chapter 4 7.1+04 10.4 +3.2 - 11.8
Table 4-7)
43-4-5-W - 3.1 2E-7 -
NGDP 43-4-5-X 7.6 /8.3 - - -
1073 K 43-4-5-Y - 3.3 9E-8 22.0
43-4-5-Z 7.8 - - -
Average 7.9+0.4 32+0.1 - 22.0

5.3.2 Crack growth pathway

The crack pathways were reconstituted using SEM images. The crack pathways after

K-decreasing tests of the Nearly Lamellar at 873 and 1073 K, and Nearly Globular p/y

Duplex are shown in Figure 5-7 and 5-8, respectively.
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Two different K-decreasing tests were conducted in NL microstructure at 873 K on the
CT specimen shown in Figure 5-7 (a). Clear crack propagation differences were observed
compared to room temperature. Whereas at ambient temperature the cracks were tortuous
with many secondary branches and ligament bridges on a small range, the crack at 873 K
become smoother but still present secondary branches and ligament bridges with a lower
appearance frequency. At 1073 K a thick oxide layer is observed all along the crack (Fig.
5-7 (b)). The crack became completely fill by the oxide near the crack tip and it also
results a large crack opening compared to lower temperature.

The crack pathway of the NGDP microstructure at 1073 K is relatively flat and similar
to room temperature crack propagation as shown in Figure 5-8. As observed in NL
microstructure, an oxide layer is also observed in NGDP but thinner compared to NL one.

In this section, a particular attention will be paid on the crack pathway, both on surface

and in the bulk, at the stress intensity threshold and during the Paris regime.

(A) Crack propagation near the stress intensity threshold

The crack tips near the stress intensity threshold of the Nearly Lamellar
microstructures between 298 and 1073 K are shown in Figure 5-9. At 298 K, it can be
shown that the both cracks, main and secondary, stopped in B/y duplex region either in y
grains or at B/y grain boundaries (Fig. 5-9 (b)). At 873 K, the main crack tip arrested in
lamellar region. However, it can be observed a crack deviation on the crack wake. It
indicates that probably a microcrack was generated in front of the main crack and as the
main crack propagated, they connected together. Though, the microcrack stopping point
was also in B/y duplex region as indicated by the arrow in Fig. 5-9 (d). Finally, at 1073 K
the crack is thick and blunted at the tip. Actually, the dark region corresponds to the oxide
layer formed during test, that completely filled and deformed the crack. Nevertheless, it
can be observed that the crack also stopped in B/y duplex region. Moreover, a secondary
crack is formed in the crack wake. The secondary crack seems to propagates by the
formation of microcracks in o/y colonies in front of the tip which coalesced when the
crack grew (Fig. 5-9 (f)). This indicates that, even at high temperature, DP region acts as

strong features against the crack propagation.
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C 25 um f 5 um

Fig. 5-9. Effect of the B/y duplex on the crack growth pathway near the stress intensity threshold AKi.
BSE images of Nearly Lamellar microstructure at (a, b) 298 K, (c, d) 873 K and (e, f) 1073 K. The
arrows indicate the B/y duplex region.

Figure 5-10 shows the comparison of crack propagation near surface and within the
bulk in NL microstructure. The final crack size in surface and bulk is equivalent and the
propagation trend is similar with a crack relatively smooth, few secondary cracks and the
presence of a thick oxide layer. This result indicates that the crack propagated linearly

between the two sample sides as the cycles occurred as will be confirmed by the oxidation
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(a) ! K-decreasing test I K-decreasing test (Argon) I Precrack 1
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Low AK High AK
11.8 MPa.m® 14.5 MPa.m®5

Fig. 5-10. SEM images of (a) near surface and (b) bulk crack growth pathway after K-decreasing test at 1073 K in air.
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layer later. Moreover, the analysis of the surface pathway may also describe the bulk
propagation behavior. Then, the crack tip has been investigated at two different depths as
shown in Figure 5-11. About 50 pm has been erased between the two crack tips. Both
pathways are very similar: the main crack arrested and then, in front of this crack, small
crack was generated and grew, resulting bridge ligaments in the microstructure indicated
by arrows. Only one ligament is observed at 3.48 mm depth (Fig. 5-11 (a)) but at 3.53
mm depth, a second ligament appeared. Finally, the crack stopped either in lamellar
colonies (Fig. 5-11 (b)) or DP region (Fig. 5-11 (d)).

C 5oum d 10 pm

Fig. 5-11. Change in the crack pathway near the stress intensity threshold AKy within the bulk of
Nearly Lamellar sample with a thickness of 6.2 mm at (a, b) 3.48 mm and (c, d) 3.53 mm depth after
K-decreasing test.

The comparison between crack tips near the stress intensity threshold of the Nearly
Globular B/y Duplex microstructure at 298 and 1073 K is shown in Figure 5-12. The
crack at high temperature grew more straightly compared to ambient temperature
propagation which shows more crack deviations. Whereas secondary cracks, with a size

of about 10 to 20 um are observed at room temperature near the fatigue threshold, the
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cracks pathway at 1073 K did not shown such features. It should be noted that in both
temperatures, the crack arrests in y grains and these grains present many lines on the
surface, despite it did not can be clearly observed in Fig. 5-12 (d) due to the low contrast.
Moreover, all the B grains in contact of the crack, and by extension in contact with air,
shown phase transformation change, nevertheless this will be discussed later. Finally, by
carefully pay attention to the crack tip, it can be observed that the oxide layer was not
formed yet in the last micrometer, giving indications about the crack propagation at low
stresses. Moreover, it indicates that the oxide layer formation mainly occurred during

fatigue test but not during cooling time.

C soum d 10 um

Fig. 5-12. Effect of the B/y duplex on the crack growth pathway near the stress intensity threshold
AKin. BSE images of Nearly Globular b/g Duplex microstructure at (a, b) 298 K and (c, d) 1073 K.

(B) Crack propagation during Paris life
The crack pathway has been investigated during Paris regime, corresponding to the
crack wake far from the crack tip. The following section will introduce the crack
pathways of NL at 873 and 1073 K and of NGDP at 1073 K.
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a 50um D 1 um
C 25um d 5 um
e | pm

Fig. 5-13. SEM images of crack propagation pathway in Paris region in Nearly Lamellar
microstructure at 873 K. (a, b) surface colonies, (c, d) bulk colonies and (e) B/y DP region. Arrows
indicate microcracks formation.

The crack pathway of NL microstructure through colonies and duplex regions at 873
K is shown in Figure 5-13. The oxide layer was not enough thick to be quantified by
SEM. As observed in room temperature tested samples, due to the low fraction of P/y
duplex at the grains boundary, crack mainly propagated through ow/y lamellar grains and

lead to the formation of crack bridging elements and crack deviations during test. Some
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differences were observed between the crack pathway at the surface and within the bulk.
At the surface, many fine microcracks parallel to each other were observed along the main
and the secondary cracks in colony grains and indicated by arrow in Fig. 5-13 (b). In
comparison, within the bulk the microcracks were few and large as shown in Fig 5-13
(d), and therefore, led to the formation of many bridging ligaments. These differences
could be explained by the deformation at the surface that is free (plane stress condition)
whereas inside it is contained by the surrounding materials (plain strain condition).
Additionally, microcracks formed also in B/y duplex region as shown in Fig. 5-13 (e).
These microcracks mainly connected two y grains together and propagates preferentially
at B/y interfaces.

Figure 5-14 shows the crack propagation pathway of NL microstructure at 1073 K.
The crack in the Paris regime show mainly long-range crack bridging elements (as
described in Chapter 4) and smoother crack deviations compared to the tests conducted
at lower temperatures. As mentioned above, the oxide layer filled the crack and it became
difficult to analyze the pathway of the main crack. Nevertheless, the pathways can be
observed from the secondary cracks or the isolated cracks due to their thinner oxide layer.
The stop points at the right side of the cracks are mainly located in lamellar colonies and
indicated by arrows 1 in Fig. 5-14 (a, e, g) whereas the left side of the cracks arrest in B/y
duplex region at the colony grain boundaries (arrows 2 in Fig. 5-14 (b, ¢)) but also in
colonies. It could indicate that crack occurred in lamellar grains and then propagated until
reach a strong obstacle.

Whereas the cracks mainly arrested at DP region at ambient temperature, the
observation of the tip of the different cracks (secondary, bridges...) at elevated
temperatures shows that the crack could stop either in DP or in lamellar region.

The transverse crack between the surface and the bulk is shown in Figure 5-15. Even
inside the sample, the crack shows microcracks (Fig. 5-15 (c¢)), cracks deviations (Fig. 5-
15 (e)) and crack bridging ligaments (Fig. 5-15 (g)). The difference in level between
surface and bulk was about 200 um. Moreover, it can be observed two different oxide
layers. The thickness was small when the crack propagated through interlamellar mode,
less than 2 pm, but was very thick when the crack propagated within the B/y duplex region
(around 25 pum) or through translamellar mode. The reason comes from the 3 phase in the
B/y duplex region and the o phase in translamellar that were Ti-rich phases and thus,

enhances the oxidation behavior against Al-rich y phase.

199



Chapter 5: Effect of Microstructure on Fatigue Crack Growth Behavior at Elevated Temperatures

a 50 pm
b 0pm € 10 um
d 25um € 5 pm
f 2§m g 5?‘11

Fig. 5-14. SEM images of crack propagation pathway in Paris region of Nearly Lamellar
microstructure at 1073 K.
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Surface

f 50 pm g

Fig. 5-15. SEM images of (a) general view of the slice between surface and bulk in Nearly
Lamellar microstructure at 1073 K and (b-g) higher magnification views.
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Finally, in the NGDP microstructure, the crack propagation was similar to ambient
temperature one. With the high fraction of B/y duplex, an almost continuous y-grains
region formed and the crack mainly propagated through it as shown in Figure 5-16.
However, this crack propagation was straighter at high temperature and the crack surface
was covered by an oxide layer of about 2 to 5 pum in thickness. In others words crack
deviations were limited. In the same way, only rare bridging ligaments were observed as
shown on Fig. 5-16 (c¢). Furthermore, as reported near the crack tip, many line are
observed on y grains as evidences of y deformation, that will be detailed in discussion
part. The transverse crack of the NGDP microstructure was also observed by SEM as
shown in Figure 5-17 and revealed that the crack propagated more straightly in the
transverse direction compared to NL with no difference in level measured between the
bulk and the surface (Fig. 5-17 (a)). However, some differences between the surface and
the transverse propagation have been reported. Despite the crack was flat in both
situations, the crack deviations were more significant in the transverse direction (Fig. 5-
17 (b)). Moreover, despite it was still rarely, the fraction of microcracks (Fig. 5-17 (c))
and secondary cracks (Fig. 5-17 (e, g)) was also more important. The microcracks were
mainly reported at the B and y phases interface which was also the initiation point of the
secondary cracks. The presence in every 3 grains in contact of the crack, and by extension
in contact with air, of a phase transformation change have been observed all along the

transverse direction. Thus, this phenomenon was not limited to the surface.

b Cc 10 um
Fig. 5-16. SEM images of crack propagation pathway in Nearly Globular b/g Duplex at 1073 K.
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Surface Bulk

a 250 um

f 25um g 5 um

Fig. 5-17. SEM images of (a) general view of the slice between surface and bulk in Nearly Globular
B/y Duplex microstructure at 1073 K and (b-g) higher magnification views.
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5.3.3 Fracture surface
Typical fractographs of the NL microstructure at 873 and 1073 K and NGDP
microstructure at 1073 K are shown in Figure 5-18. The notch is located on the right side
and the crack propagated from the right to the left of the CT specimen. The samples
presented precrack, K-decreasing (only in case of NL at 1073 K), K-increasing and
overload regions from right to left, respectively. Overload region corresponded to the

fracture surface when the specimen ruptured.

Fig. 5-18. SE images of fracture surface of CT specimen for NL microstructure at (a) 873 K and (b)
1073 K, and (c) NGDP microstructure at 1073 K. The vertical line at the right side of the image
correspond to the end of the notch and the crack propagated from the right to the left side. A-D
correspond to the precrack, K-decreasing, K-increasing, overload regions, respectively.
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The examined fractographs at low magnification revealed that the surface at 873 K is
similar to the room temperature one (Chapter 4, Fig 4-34 (a)) with all different regions
presented an equivalent roughness. However, at 1073 K, the fracture surfaces in both
microstructure showed the similar trend. As the crack propagates, the roughness
drastically increased. Especially precrack and K-decreasing regions that were almost flat
while the overload regions showed higher roughness compared to 873 K fractography.
Temperature seems to enhance this phenom non. Indeed, it was also reported at room
temperature and also exist at 873 K but in a lesser degree. As at ambient temperature, the
roughness of NL is higher than NGDP and could be related to the grains size. Indeed, a
fully lamellar inhomogeneity in microstructure have been observed on NL microstructure
in the K-increasing region (indicated by arrow in Fig. 5-18 (b)) and presented the highest
roughness.

Fatigue fractographs of the both microstructures at higher magnification in the
precrack, K-decreasing, the K-increasing and the overload regions are shown in Figure
5-19 to 5-21. Cracks propagated from the right to the left. The different fracture modes
have already been introduced in Chapter 4 and have showed than it depends strongly of
the microstructure. There are indicated by arrows in the figures. NL microstructure at 873
K show mainly brittle faceted fracture with small amount of plastic deformation (Fig. 5-
19). At 1073 K and low AK, crack advance in the lamellar structure occurred mainly by
translamellar fracture, resulting in the smoother fracture surface as reported earlier (Fig.
5-20 (d)). Moreover, due to the low crack growth rate near the AK, small globular
particles of oxide were formed at the surface (long time needed to propagate). At higher
AK, high propagation rates led to an increase of the interlamellar incidence and the
formation of the rough surface. The frequency of secondary crack was limited compared
to lower temperatures. Finally, in case of NGDP microstructure, the fracture surface is
relatively flat, as observed at lower magnification, and show higher plasticity compared
to RT with transgranular fracture and intergranular cleavage along all the different regions.
However, in opposite to ambient temperature fracture, more the stress intensity increases,
more the intergranular cleavage become dominant (Fig. 5-21 (f)), indicating a ductile
fracture. Thus, at 1073 K, the crack propagation take place above the DBT temperature
of NGDP microstructures. In the overload region, intergranular and transgranular modes

govern the fracture behavior.
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g 100um h 25 um

Fig. 5-19. Higher magnification SE images of fracture surface of NL sample tested at 873 K in (a,
b) precrack region, (c-f) K-increasing region and (g, h) overload region. Different fracture modes
are marked by white arrows (1) translamellar, (2) interlamellar. (3) correspond to secondary
cracks.
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g 100um h 25 um

Fig. 5-20. Higher magnification SE images of fracture surface of NL sample tested at 873 K in (a,
b) precrack region, (c-f) K-increasing region and (g, h) overload region. Different fracture modes
are marked by white arrows (1) translamellar, (2) interlamellar. (3) correspond to secondary
cracks.
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g 100 pm h 25 pm
Fig. 5-21. Higher magnification SE images of fracture surface of NL sample tested at 873 K in (a,

b) precrack region, (c-f) K-increasing region and (g, h) overload region. Different fracture modes
are marked by white arrows (1) transglobular, (2) interglobular.
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5.4 Discussion
5.4.1 Comparison of the FCG curve

The influence of temperature on the FCG behavior of the Nearly Lamellar
microstructure of 43-4-5 alloy is shown and compared with others fully lamellar
microstructures and the forged TNM alloy in Figure. 5-22 [7, 8]. It should be noted that
the FCG behavior at elevated temperature depends on frequency. The fatigue threshold
gradually decrease between 298 and 873 K, went through a minimum and then steeply
increase up to 1073 K. The difference between ambient and 1073 K fatigue threshold is
about 1.1 MPaym. The same phenomenon has already been reported for Fully Lamellar
and Duplex microstructure [1, 3] with an increase of AKi, in the same order between 0.9
and 2.2 MPay/m as shown in Fig. 5-22 (b). The same tendency was observed in case of
the maximum stress at the rupture. For remind, the maximum stress at the rupture can
provide an estimation of the fracture toughness of the material. However, the Paris slope
showed an opposite behavior: it decreased rapidly up to 873 K, indicating an
improvement of crack propagation resistance, and then stabilized at higher temperature
with a value of around 4.3. Between 873 K and 1073 K: both ductile-brittle transition
temperature (DBTT) and oxidation occurred. The DBTT modified the nature of the
present phases and strongly depend of microstructure with duplex microstructures
causing lower DBTTs (around 873 K) and FL microstructures causing higher DBTTs
(close to 1073 K). No evidence of thick oxide has been found at 873 K compared to 1073
K tested specimens. The specimen fracture occurred at high stress intensity,
corresponding to high crack growth rates, and therefore the oxidation is relatively limited
as observed on the fractography (Fig. 5-20). In contrary, oxides can be formed at low
stress, near fatigue threshold. However, the relative contribution of these both effects on
the FCG behavior will be discussed in the following section.

At first glance, the fatigue crack growth resistance of Nearly Lamellar is also higher
compared to B/y duplex structure at elevated temperature. The effect of 3/y duplex volume
fraction Vpp on fatigue threshold, Paris slope and maximum stress at overload at 298 and
at 1073 K is illustrated on Figure 5-23. Whereas increased the volume fraction of B/y
duplex at the grain boundaries did not significantly affect the fatigue threshold — AKw
increased by 1.1 MPaym for NL and 0.8 MPay/m for NGDP between 298 K and 1073
K — it showed major different for the maximum stress Kmax at the rupture. For high B/y

duplex volume fraction, the stress Kmax of NGDP increase by 10.2 and thus, reduced the
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Fig. 5-22. Effect of temperature on (a) the fatigue crack growth behavior of wrought 43-4-5 alloy with
the Nearly Lamellar microstructures and (b) comparison of AKs with others y-based TiAl[1, 3, 7, 8].
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Fig. 5-23. Comparison of the effect of B/y duplex volume fraction Vpp on (a) the fatigue threshold and
the maximum stress at the rupture and (b) Paris slope of 43-4-5 alloy between 298 and 1073 K.
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difference with the NL microstructures, regarding the room temperature results. Moreover,
it has been reported that even at high temperature the presence of y grains degraded the
fatigue resistance in duplex alloy compared to lamellar microstructure. Therefore, despite
the Paris slope decrease at high temperature, the duplex microstructure showed higher
Paris exponents than lamellar [3, 9]. However, in case of B/y duplex alloy (NGDP), the
Paris slope at high temperature become lower compared to NL microstructure. So, 3
phase is effective to enhance the FCG behavior in Paris regime which became better than

Nearly Lamellar microstructure.

5.4.2 Fatigue crack growth mechanisms
By closely studying the crack pathways and the fracture surfaces at elevated
temperature, the fatigue mechanisms, which enhance or worsen the fatigue crack growth
resistance, were identified and compared with those at ambient temperature. It revealed
that generally the same mechanisms took place but in different proportions. Some
examples are shown in Figure 5-24.

At 1073 K, in the NGDP microstructures, small linear steps can be seen on the surface
in the y grains or lamellar colonies surrounding the crack flanks (Fig. 5-24 (a)). As
described in Chapter 4, it has been identified as thin twins with only a few hundred
nanometers in thickness. These mechanical twinning reduces the stresses at the crack tip
and consequently delay the cleavage fracture. The dislocations movement shows similar
effect to twinning, however, its effect become much more pronounced at high
temperatures. These both mechanisms modified locally the crystal structure and form
microcracks in front of the crack tip (reduce fatigue resistance) or in crack wake (enhance
fatigue resistance). An example is given with microcrack formation is NL at 1073 K in
Fig. 5-24 (b). The formation of multiple microcracks has been identified on surface of
NL at 873 K, especially along the crack flank, and could explain why the fatigue threshold
shows the minimum values at this temperature by increasing the stress at the crack tip.
Eventually, the microcrack will coalesced with the main crack.

Others mechanism were identified at high temperature such as crack ligament bridging
(Fig. 5-24 (¢)) and crack deflections, which cause crack tip shielding.

It has been reported that crack closure mechanisms can significantly affect the stress
intensity AK. At 1073 K, thick oxide layer has been identified and thus, may affect the

FCG behavior through oxide-induced crack closure mechanism. Furthermore, by
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increasing the temperature, the nature of the present phase will change, and, phase

transformations may occur and therefore, also affects the fatigue resistance.

b — —

5 pm C 25 pm

Fig. 5-24. Fatigue crack growth mechanisms at high temperature: (a) deformation of y grain in NGDP,
(b) microcrack formations and (c) Crack ligament bridging in NL.

In the following section, the effect of different mechanisms on FCG behavior such as
oxide-induced crack closure or the nature of the phase will be discussed. Moreover,
different phase transformations occurred during tests and their effect on FCG behavior

will be also investigated.
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5.4.3 Effect of temperature on fatigue threshold AK
In this part, the effect of temperature on the fatigue threshold will be discussed based
on environmental embrittlement, oxide-induced crack closure and also oxidation phase

transformation.

(A) Environmental embrittlement

Many authors reported that in case of y-TiAl alloys, the fatigue resistance at 1073 K is
similar to those at ambient temperature [3, 4, 18]. In the same time, at intermediate
temperature, the fatigue resistance of y-TiAl alloys drastically dropped and showed the
worst fatigue behavior around 873 K. In this study, the same trend have been observed in
both NL and NGDP microstructures. However, the reason of the loss of fatigue resistance
is still not clear.

Larsen et al. [10] have proposed that the resistance to fatigue crack growth should
normally increases with temperature, and that the “anomalous” fatigue crack growth
behavior observed at intermediate temperatures was caused by an unspecified
environmental embrittlement. This embrittlement is outweighed at higher temperatures
by the higher plasticity of the microstructure (nature of phase). Hénaff et al [11]
investigated the effect of atmosphere and demonstrated that similar to steels or titanium
alloys with hydrogen embrittlement at the crack tip, as-called Environmentally Assisted
Fatigue Crack Propagation (EAFCP) mechanism, also occurs in y-TiAl alloys. Therefore,
this embrittlement is probably enhanced with the temperatures.

At the opposite, McKelvey et al. [4] suggested that the fatigue crack growth should
normally decreases with temperatures based on different models for intrinsic fatigue
crack growth. One of these models will be detailed later, i.e. minimum crack tip opening
displacement (CTODmin). They proposed that the fatigue crack growth are retarded at
1073 K and that the increase of the fatigue resistance was explained by the oxide-induced
crack closure effect. This is consistent with the observations of NL and NGDP samples
tested at 1073 K where a thick oxide layer completely filled the crack.

This apparent insensitivity of the fatigue resistance of y-TiAl alloys between 298 and
1073 K is probably the result of several mechanisms (embrittlement, nature of phase or
oxidation), which act simultaneously. Between 298 and 873 K, environmental

embrittlement could the dominant mechanism. However, complementary investigations
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should be conducted in inert atmosphere at intermediate temperature to clarify this.

Preliminary results obtained at low vacuum are shown in Appendix A.6.

(B) Oxide-induced crack closure
Based on the model of oxide-induced crack closure proposed by McKelvey et al.
mentioned before [4], the effect of the oxide layer formation have been evaluated.
The effect of temperature of the CT specimens surface is shown in Figure 5-25 on
NL microstructure. At 673 K, after few hours test, a thin oxide layer with a blue color
formed at the surface. Moreover, the fracture surface showed different colored straight
bands; each band correspond to a different level of oxidation (Fig. 5-25 (g)). These oxide
bands were evidences that the front of the crack propagated at the same rates between the
two side of the specimen and was in good agreement with the comparison of the crack
on surface and in the bulk. Three bands were identified and corresponded respectively to

the precrack (dark blue), K-increasing test (gold) and overload (chrome) regions. As

298 K 873 K 1073 K

1 cm

K-decreasing

K-increasing

K-increasing

Fig. 5-25. Change of CT specimens surface and fracture of NL microstructures after tests
at different temperatures.
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mentioned in the experimental procedures, before starting tests, specimens were kept at
the test temperature for 1 h and, therefore, explained why the precrack showed a higher
oxidation level. However, the oxide layer was enough thin to conduct SEM observation
without preparation directly after the fatigue test. At 1073 K, the thickness of the oxide
layer drastically increased and the color change to brown. Furthermore, the initial
microstructure could not be observed anymore. The fracture surface revealed five
oxidation bands. From right to left, respectively: precrack (white), K-decrease at 298 K
(brown), K-decrease at 1073 K in argon (gray), K-increase (gold) and overload (blue)
regions. Only the three last bands showed metallic surfaces whereas the precrack and the
K-decrease at 298 K regions showed oxide surface.

The rapid development of the oxide layer can be easily explained by the oxidation
resistance of TiAl alloy. Indeed, y-based TiAl alloy showed usually a good oxidation
resistance up to 900°C [12]. However, addition of vanadium trend to decrease the
oxidation resistance. Domingo et al. determined the oxidation kinetic at 1073 K of the
43-4-5 system along with the 48-2-2 and the TNM alloy as shown in Figure 5-26 [13].
The studied alloy showed an oxidation resistance 10 times and 20 times worsted than 48-

2-2 and TNM alloys, respectively.

1.0

Ti-43Al-4Nb-5V

o
)
|

Mass gainm / mg.cm?

0 20 40 60 80 100
Time ¢/h

Fig. 5-26. Comparison of the oxidation kinetic at 1073 K of 43-4-5 alloy
with 48-2-2 and TNM alloys [13]. Red band indicated tests time.
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In order to determine what kind oxides formed during fatigue tests, SEM were
conducted on NL microstructure after high temperature test as shown in Figure 5-27. It
revealed that the oxide was composed of four different layers. The deepest one appeared
white on the figure and measured only few hundred nanometers of thickness. The second
layer was the thicker one. The third layer was also thin (less than 1 pm) and the last layer
showed columnar morphology. A qualitative analysis of the oxide composition of a
secondary crack was conducted by SEM-EDS and the element mapping is shown in
Figure 5-28. The analysis of aluminum and titanium indicated that the different layers
consisted of TiO», Al,O3, a second layer of TiO and, a composed oxide TiOxNy. However,

the oxide film mainly consisted of the two TiO> oxide layers.

C 5 um
Fig. 5-27. Oxides formation composed different layer occurred at cracks surface during
tests at 1073 K. Here an example is given from the NL microstructure.

The following part will describe how this oxide layer affected the FCG behavior at
high temperature. Actually, more the oxide formed during test, more the crack was filled,
resulting of an oxide-induced crack closure effect. The fatigue crack growth occurs only
when the crack is fully open. However, under unload cycles, the stresses preload the crack
faces against each other, reducing the crack driving force. This effect is called crack
closure effect and therefore an effective stress intensity range, AKefr, can be defined as
shown in Equation 5-1:

AKeff = Kmax - Kcl When Kcl 2 Kmin (5-1)
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With K. represent the closure stress intensity. The theoretical effect of the oxide-
induced crack closure can be calculated based on the closure model developed by Suresh
and Ritchie, assuming that the oxide layer is a rigid wedge inside the crack [14]:

K, = dE (5-2)
4/(nD) (1 —v?)

Where d is the excess oxide thickness, 2/ is the length oxide film close behind the

crack, vis the Poisson coefficient and £ is the Young’s modulus as illustrated in Figure
5-29 [15]. The length 2/ where the oxide completely filled the crack was difficult to
measure and have been estimated at 930 pm based on SEM images in NL microstructure
with a thickness of about 14.2 pm. In order to determine the excess oxide relative to the
total oxide thickness, the Pilling-Bedworth (P-B) ratio that was used in the study of
McKelvey et al. was applied for comparison [4]. P-B ratio give the volume ratio of oxide
to metal of an oxidation reaction [16]. Despite the authors only consider the formation of
TiO; and A2O3, it could provide a good approximation of the excess materials. Therefore,
the calculated excess oxide thickness d was about 10.7 um. Results indicated than film-
oxide show larger thickness compared to the minimum crack tip opening displacement
(CTODmin) calculated at 1073 K (46.1 nm). The crack tip opening displacement v under
plain strain was determined using Equation 5-3 in Ref. [17]:
K2

= 5-3
v 20vE (5-3)

Where CTODmin is calculated using Kmin. Ex-situ Young’s modulus £ and yield stress
oyof NL at 1073 K, i.g. 133 GPa and 445 MPa, respectively, and a Poisson coefficient of
0.3 were used for calculations. From Eq. 5-2, values of K¢ at 1073 K of the analyzed
specimen with a NL microstructure was estimated to be 10.2 MPay/m at load ratio of 0.1
as shown in Figure 5-30. Since the extent of crack oxidation became important with d
about 200 times larger than CTODnmin, resulting a reduction of near crack-tip driving force
(Kc/Kmax) by about 84%. These results should be compared with the reduction of 77%
observed in Duplex microstructure (30% of y grains) [4]. Moreover, effective stress
intensities have been determined in K5 alloy (Ti-46A1-3Nb-2Cr-0.2W) with coarse
lamellar and duplex microstructures showed that the fatigue threshold at 1073 K were
about 7 and 5 MPay/m, respectively [18]. These results are more important than the
studied Nearly Lamellar microstructure containing [-phase. The AKer of NL

microstructure is lower in comparison of B-free TiAl alloys (FL or Duplex), however the
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Fig. 5-28. Analysis of the oxide layer (a) BSE
image of a secondary crack and (b-g) Elements
mapping in NL microstructure in the Paris
region.
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Fig. 5-29. Schematic illustration of the mechanism of oxide-induced crack closure [15].
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Fig. 5-30. Effect of oxide-induced closure on fatigue threshold of NL microstructures at
1073 K. Dotted line represent the measured stress intensity at 1073 K.
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K. measured was relatively important. It resulted a stress intensity AK equivalent to Fully
Lamellar at 1073 K. These results indicated than the presence of B phase decreased the
AKesr but promoted the oxide-film formation during the test, resulting a high reduction of
the near-crack tip driving force. Indeed, as observed in Fig. 5-15, the B/y duplex region
that contained Bphase shown higher oxide thickness.

o Effect of the plastic zone at near fatigue threshold intensities

As detailed in Chapter 4, the plastically affected region could give an estimation of
the effect of AK on the crack pathway and fracture roughness change regardless the
microstructural features and help to understand how P/y duplex affected the FCG behavior
in both Paris regime and fatigue threshold.

In case of low stress intensities, near-threshold value, the calculated sizes of the
plastically affected zones radius of both microstructures between ambient and elevated
temperature at the fatigue threshold assuming the plane strain conditions are given in
Table 5-4. It can be seen that at the fatigue threshold the plastic zone size of NL decreased
from 31 pm at 298 K to 16 um at 873 K. Then, it increased up to 44 um at 1073 K. The
decrease of the stress yield with increasing temperature did not affected significantly the
plastic zone. However, as mentioned in the previous section, at elevated temperature
oxidation occurred. The plastic region has been also determined using the effective stress
intensity AKesr calculated, i.e. AKm = 2.1 MPay/m. It can be see that the monotonic plastic

zone radius dropped drastically to 1.5 um. This size was in the same order of the oxide

Table 5-4. Plastic zone size determined at the stress intensity threshold at different temperature of NL
and NGDP microstructures.

Monotonic plastic  Cyclic plastic

Microstructure ~ Temperature / K AK/ Mpay/Mm Koo/ Mpay/Mm zone zone
ro/ um ro’ / um

298 10.4 11.6 31 6.2

Nearly Lamellar 873%* 7.0 7.8 16 32
1073 11.5 12.8 44 8.9

1073%* 2.1 2.3 1.5 0.3

298 7.1 7.9 13 2.7

Nearly Globular 1073 7.9 8.8 21 43

B/y Duplex

1073%** 1.9 2.1 1.2 0.3

*oy was calculated using linear regression between 298 and 1073 K; o, = 454 MPa.
**AK.¢r was used for calculation
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thickness formed near the crack tip. Hence, at the fatigue threshold the plastic zone size
became smaller than the hard but brittle oxide layer. In other words, more the crack
propagated and the stress intensity decreased (approaching the AKi), more the oxide layer
thicknesses increased. Therefore, the crack closure effect was more important and the
plastically affected region size decreased. Finally when the plastic zone become smaller
than the oxide, the cracks stopped to propagate. A schematic illustration of the change of
plastic zone size in NL is illustrated in Figure 5-31. At 873 K, this effect also exist but in

less proportion due to the thin oxide-layer.

(a) (b) (©)

Plastically affected region

Crack tip (x2/y colonies Crack tip

Formation of microcracks

Fig. 5-31. Schematic illustration of the effect the plastic zone at the stress intensity threshold in NL
compared at (a) 298 K, (b) 873 K and (c) 1073 K.

Therefore, the Oxide-Induced Crack Closure (OICC) effect seems to be a dominant
factor of the control of fatigue threshold AKi, at high temperatures (around 1073 K). This
effect is enhanced by the presence of 3 phase in DP region that promote TiO; oxide

formation as Ti-rich source.

(C) Oxidation-induced phase transformations

During FCG test, it has been reported that phase transformations may induced crack
closure due to volume changes. Moreover, stress-induced phase transformations have
been identified in titanium aluminides alloys such as TNB-V2 where the orthorhombic
B19 (equivalent to o superstructure) transformed into y phase [19]. In the studied
wrought alloy, two different phase transformations have been identified and will be

discussed in this section.
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o Decomposition of § phase: B > a2+ 7y

The effect of B phase on the fatigue crack behavior have been investigated in NGDP
microstructure due to the higher volume fraction of B phase in comparison to NL. After
tests at 1073 K, precipitates have been observed only in B grains and along the crack
flanks, indicated that phase transformation occurred. The observation of the crack
revealed that the phase transformation was decomposed in two steps as shown in Figure
5-32. At the crack tip, a first phase precipitated with elongated shape and a size smaller
than 2 um orientated from the crack to the 3 grain (Fig. 5-32 (a)). Between these grains,
the remained matrix 3 showed higher brightness. Then, near the crack tip, the precipitated
coalesced to form a continuous film and the thickness increased up to 5 um (Fig. 5-32
(b)). Finally, far from the tip in the crack wake, a secondary phase precipitated with
globular shape grains but the total thickness of the phase transformed region was not
changed (Fig. 5-32 (c¢)). The phase transformation was observed only in 3 grains that

were in direct contact with the crack indicating a possible oxidation-induced effect.

Fig. 5-32. Oxidation-induced phase
transformation at (a) the crack tip, (b) near
the crack tip and (c) far from the crack tip
after K-decreasing at test 1073 K in NGDP
microstructure.
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In order to verify the origin of the phase transformation (stress-induced or oxidation-
induced), heat treatment was conducted on NGDP microstructure, without conducting
test, at 1073 K for 4 h. This time corresponded roughly to the duration of a FCG K-
decreasing test. The SEM images observation of the microstructure revealed also that in
[ grains directly below the oxide layer, phase transformation also occurred as shown in
Figure 5-33. Therefore, Oxidation-Induced Phase Transformation (OIPT) took place

into B during test.

Fig. 5-33. SE image of oxidation-induced phase transformation occurred out of test in
NGDP microstructure aged at 1073 K for 4 h.

In order to determine the nature of the different precipitates, EBSD analysis was
conducted as shown in Figure 5-34. It revealed that the primary and secondary phase
were a2-Ti3Al and y-TiAl phases, respectively.

The oxidation-induced phase transformation has been identified as follow:

(1) When 8 phase was in contact with air, oxygen diffused into the grains. The increase
of oxygen content modified locally the phase equilibrium (Fig. 5-35 (a)). Kinouchi
demonstrated that oxygen trend to shift the B/aw/y tie-triangle toward higher aluminum
and higher M content [20]. Therefore, the decomposition p — B’ + o take place, where
B and B’ are the same phase but with different compositions. The precipitates o grew

with a columnar-like shape. Moreover, the remained 3” showed a higher M concentration
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Fig. 5-34. Decomposition of b phase analysed
by EBSD: (a) BSE image of the analyse
—_— region, (b) phase identification map and (c)
C | pm inverse pole figure map.

and explained why the phase appeared brighter on the SEM image.

(2) As, identified in the previous section, the oxide-film consisted mainly of TiO> and
somewhat of Al,Os. Thus, the formation of TiO; oxide conducted to a depletion of
titanium content in the region close to the crack (Fig. 5-35 (b)). Due to the Ti depletion,
the local alloy composition is changed and shift toward higher Al content. Moreover, by
acting as a titanium source, the oxide layers close to the 3 grains were sensibly thicker in
both NL and NGDP microstructures.

(3) Finally, the precipitate a2 became no longer stable and a second decomposition oz —>

a2’ + v took place with globular y grains (Fig. 5-35 (c)).
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Fig. 5-35. Oxidation-induced phase transformation mechanism of B phase. (a) Diffusion of oxygen
modify local phase equilibria and o, phase precipitated. (b) Then, during formation of the oxide layer,
the depletion of titanium changed the local composition which led to (c) the precipitation of y grains.

The decomposition process is directly correlated to the oxygen exposure time at high
temperature: more the fatigue test was longer more the phase transformation occurred.
However, the effect of this phase transformation on FCG properties was difficult to
evaluate quantitatively.

As mentioned, phase transformation can induce crack closure of the tip due to the
volume change between the two phase. Because at the crack tip, only o2 precipitated, the
volume change between o> and 3 have been calculated. Since, the elementary cell of o
have 6 atoms, three B cells were used for equivalent comparison. The volume ratio was
estimated to be 1.18. Therefore, the B decomposition created a positive stress field at the
crack tip that could induce crack closure effect. Though, with a thickness of only 2 um
and in the B grains only (¥ =20 % in NGDP) the phase transformed region closure effect
was probably negligible against the oxide-induced crack closure mechanism and did not
effected the FCG behavior.

Nevertheless, a second effect have to be considered: the weakening of the crack tip.
Indeed, the phase transformation occurred directly at the tip. The crack pathways analysis
revealed that even at 1073 K crack stopped at DP region in y or at B/y interface. Hence,
as same as ambient temperature, the  phase has also the higher toughness at high

temperature. By precipitating the o, phase, the phase transformation created a weak point
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Fig. 5-36. B phase transformation-induced weakening of the crack tip mechanism: (a) crack stopped
at B interface. (b) oxide formed and o, precipitated in B grains, (c¢) small crack propagation through
o2 phase and crack stopped at again B interface, (d) and (e) new precipitation followed by crack
propagation occurred alternatively and (f) SEM image representative of the mechanism.

in the microstructure. Thus, the crack can propagate easier in the [ grains step by step
through the o2 phase as illustrated in Figure 5-36. This B phase transformation-induced
weakening of the crack tip mechanism is in good agreement with the observations
conducted at the crack tip in NGDP microstructure (Fig. 5-36 (f)). A first crack stopped
at B/y interface, and then phase transformation and oxidation took place and explain the
thickness of the crack and blunting of the tip. Then, due to the weak precipitates, crack

propagated until found a new strong point, here again the 3 grains. The new crack was
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still sharp because the FCG test was stopped and the oxidation did not continue. This
mechanism could also explain why despite the strong oxidation of 8 region, and thus, a
strong crack closure effect, the difference between 298 and 1073 K of the fatigue
threshold in NGDP microstructure was relatively small in comparison of NL

microstructure, where the total fraction of B phase was limited.

o Dissolution-precipitation of the lamellar structure: c2+y—> vy

Figure 5-37 shows example of secondary crack in lamellae located in the crack wake,
i.e. in the precrack or early stage regions of the FCG test. Phase transformation occurred
along the crack flanks with grains that grew with a perpendicular direction to the crack.
This phase transformation occurred independently of the initial crack direction, either
after translamellar (left grain) or interlamellar (right grain) propagation. The thickness of
the nucleated grains is around 3 pm.

EBSD analysis was conducted in order to identified the nature of the precipitates as
shown in Figure 5-38. The grains were identified as y phase and grew independently each
other’s. Therefore, the phase transformation ax+y — v took place. As same as the phase
transformation that took place into 3 phase, this transformation only occurred near the
crack. Thus, it was identified as oxidation-induced phase transformation mechanism

where the diffusion of oxygen in the lamellar structure modified locally the phase

5 pm

Fig. 5-37. Oxidation-induced phase transformation at a>/g lamellar colonies in NL microstructure
during tests at 1073 K. The square indicated the analyzed region carry out by EBSD.
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A ———

Fig. 5-38. Dissolution-precipitation of ao/y lamellar structure analysed by EBSD: (a) BSE image of
the analyse region, (b) inverse pole figure, (c) phase identification and (d) GROD maps.

equilibria and stabilize y phase against a. The diffusion of oxygen occurred at the crack
interface and new o grains nucleated. As far as the oxygen diffusion take place in the
colonies, the nucleates grow with in columnar shape in the lamellar grain. The grains
growth reduced the stress that occurred initially when this secondary crack grew (Fig. 5-
38 (d)). However, the phase transformation occurred excessively late and far from the
crack tip to affect the crack propagation behavior. Moreover, the volume transformed is

very limited.
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5.4.4 Effect of temperature on Paris slope m
With increasing temperature, at higher stress intensity, the Paris slope value decrease
in both Nearly Lamellar and Nearly Globular /y Duplex microstructures. Preliminary
results obtained at low vacuum (Appendix A.6) showed that the Paris slope seems to be
independent of the atmosphere. Hence, the effect of the plastically affected region and

nature of phases on the Paris slope m will be discussed in this section.

o Effect of the plastic zone size

The calculated sizes of the monotonic and cyclic plastic zone area of NL and NGDP
microstructures between 298 and 1073 K at the overload region assuming the plane strain
conditions are given in Table 5-5. The plastic zone size of NL microstructure at 298 and
1073 K is illustrated in Figure 5-39. It can be seen that the plastic zone size of Nearly
Lamellar microstructure between 298 K and 873 K is equivalent despite the increase of
temperature with the values of about 169 and 163 um, respectively. Its explain well why
the roughness observed in the fracture surfaces was similar. However, the plastic zone
size at 1073 K were much greater. This is the reason why the roughness of the fracture
surface was more important in Paris region compared to lower temperature and also
explain the more wavy shape of the crack pathway at 1073 K. Similar trend was observed
in NGDP microstructure with an increase of the plastic zone from 30 to 133 pm (around
8 times the grains size) between ambient temperature and 1073 K.

Though, the Paris slope of NL microstructure at 873 K showed the lowest value that
could not be explained only by the plastic zone size. It could be related to the nature of

the phases included in the plastically affected region.

Table 5-5. Plastic zone size determined at the overload at different temperature of NL and NGDP
microstructures.

Monotonic plastic  Cyclic plastic

Microstructure ~ Temperature / K AK/ Mpay/m Konax/ Mpay/m zone zone
ro/ um ro’ / um
298 24.4 27.1 169 342
Nearly Lamellar 873* 22.7 25.2 163 33.1
1073 27.3 30.3 246 49.8
Nearly Globular 298 10.6 11.8 30 6.1
p/y Duplex 1073 19.8 22.0 133 26.9

*oy was calculated using linear regression between 298 and 1073 K; o, = 454 MPa.
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Crack tip

X._ BB

Formation of microcracks

Fig. 5-39. Schematic illustration of the plastic affected area in NL (a) between 298 and 873 K and (b)
at 1073 K near the overload.

o Effect of the nature of phases

With increasing the temperature, the nature of phases change. Fully Lamellar
microstructures have a Ductile-Brittle Transition Temperature (DBTT) around 1073 K
whereas y equiaxed / Lamellar duplex microstructure have a DBTT at lower temperature
between 873 and 1073 K.

The comparison of B phase deformation between ambient and elevated temperatures
is shown in Figure 5-40. At room temperature, the deformation have been observed only
along the crack flank (Fig. 5-40 (b)) whereas at 1073 K, the deformation occurred also
far from the crack (Fig. 5-40 (d)). In other words, 3 phase is very effective at high
temperature on crack propagation.

Nakamura showed that even from 873 K, the ductility of the 43-4-5 alloys increased
in either NL or NGDP [5]. The EBSD analysis of the crack at 873 K in NL microstructure
showed that 3 grains also deformed along the crack flanks, whereas at room temperature
mainly the y grains deformed as shown in Figure 5-41. The grain orientation deviation
(GROD) mapping showed that despite the both 3 and y grains are deformed, the y phase
continue to be more deformable at high temperature. However, the toughness of 3 phase
is still higher compared to the y phase. The deformation of these two phases led to the
decrease of the Paris slope with increasing temperature. However, Nearly Lamellar

microstructure showed higher Paris slope than reported results for FL microstructure [3].
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v 1073 K d

15 um

Fig. 5-40. Deformation of B phase analysed by EBSD on NGDP microstructure: (a,b) at 298 K with
(a) BSE image of the crack and (b) GROD map, and (c,d ) at 1073 K with (c) BSE image of the crack
and (d) GROD map.

Though, in case of NGDP microstructure, the total volume fraction of B phase Vj is
higher than in NL, and thus, more 3 grains could be deformed, resulting in a lower Paris
slope compared to the Nearly Lamellar microstructure. The Paris slope m becomes even
lower than B-free duplex microstructures [3, 9]. The deformation of 3 phase led also to a
tremendously higher Kmax at overload compared to ambient temperature tests.

Consequently, the addition of a certain amount of  phase in the microstructure
enhanced both the crack propagation in the Paris regime and the maximum stress Kmax of

the material (indication of the toughness Kic).
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v-TiAl
B-Ti
a — D 15 un

0’ 10° 0°E_H10°

C 15& d 15 um

Fig. 5-41. Fatigue crack tip at 873 K in NL microstructure analysed by EBSD: (a) BSE image of the
tip, (b) inverse pole figure map, (c) and (d) GROD map of B and y phase, respectively.
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5.5 Summary

In this chapter, the fatigue crack growth behavior of wrought Ti-43A1-4Nb-5V alloy

was determined between 298 and 1073 K for two microstructures (NL and NGDP)

containing different B/y duplex volume fractions at the a2/y colonies grain boundaries.

Based on this study, the following conclusion can be drawn.

1.

The fatigue threshold decreased with increasing temperature up to a minimum around
873 K and then it increased and become higher than ambient temperature values. The
K.« at overload showed a similar trend. At opposite, the Paris slope decreased up to
873 K, indicated a higher crack propagation resistance in Paris region. Between 873

K and 1073 K, the Paris slope did not change.

. At both ambient and elevated temperature NL showed higher fatigue threshold and

higher K., than NGDP. However, NGDP microstructure presented the lowest Paris
slope. The reason come from the higher fraction of 3 phase that can deformed at high

temperature and thus improve the crack propagation during Paris regime.

. The fatigue crack pathways and the fracture surfaces are similar between 298 and 873

K microstructures but showed higher roughness at 1073 K. It could be explained by
the larger plastic zone size.
Oxide-induced crack closure effect have been identified in NL microstructure and

shown that it was the main effect to control fatigue threshold.

. Two oxidation-induced phase transformations have been identified during test:

dissolution-precipitation of lamellar colonies in the crack wake and decomposition of
B phase at the crack tip. However, only the precipitation of o> phase in 8 grains could

influence the fatigue threshold.

Finally, it should be noticed than the introduction of 3 phase in y-based TiAl alloys at

high temperature showed different effects: by the phase transformation-induced, the

weakening of the crack tip mechanism reduces slightly the effective fatigue threshold

whereas the deformation at high temperature enhance crack propagation in Paris regime

and improve toughness of the materials.
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6.1 Summary

This thesis focused on the microstructure control of B-Ti phase in y-based alloys and
its effect on the fatigue crack growth (FCG) resistance. Fully Lamellar (FL)
microstructures are known to show the highest FCG properties but these microstructures
do not contain 3 phase. Therefore, after a study on the phase equilibria of Ti-Al-M (where
M is a B-stabilizer element) ternary alloys and phase transformations in order to control
the B phase, model microstructures have been designed with various phase fractions and
morphologies of B and y phases combined together as-called B/y duplex (DP). Finally, the
FCG behavior of the different microstructures have been investigated at ambient and high
temperatures, up to 1073 K, and the role of the § phase according to the different crack
resistance mechanisms have been discussed. Followings are conclusions obtained in this

study.

In Chapter 1 “General Introduction”, context of the study with both the increase of
the aircraft fleet and the limitation of CO> emissions have been described. The necessity
to develop lighter materials to improve turbojet engines efficiency and the current
activities, applications, and future trends on development of titanium aluminides based
on y phase to replace the nickel based alloys have been introduced. The state of the art on
v-TiAl alloy such as crystallography and microstructures have been reported. The
microstructure design principal of wrought TiAl alloys for developing high toughness
materials, and thus, replace not only low pressure turbine blades but also high pressure
compressor, and the importance of using the 3 phase have been detailed. Previous studies
on the effect of microstructure and especially how the 3 phase may affect the mechanical
properties was pointed. Finally, the structure and the objectives of this thesis have been

outlined.

Chapter 2 presents the “Phase Equilibria Among B-Ti / a>-Ti3Al / y-TiAl in Ti-Al-
M Ternary Systems”. In this chapter, the phase equilibria between 1073 K and 1473 K
of Ti-Al-M ternary system where M is a B-stabilizer have been introduced. Moreover, a
reassessment above 1473 K have been conducted. Two different ternary systems where
the M element was vanadium (V") and manganese (VII") have been studied. The effect
of M element on the movement of the B/a(c2)/y three phase triangle with the change of
temperature is investigated. By decreasing the temperature, the tie-triangle shifts toward

low Al and low M contents up to a minimum and then, change direction and move toward
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low Al and high M contents and reveal a new transformation pathway B+o(o)+y — Pty
— B+anx+y near 1073 K with the existence of two types of a» phase. It has been reported
that V" elements stabilize o> against o, however it was unclear concerning the manganese
effect. The results suggest that Mn is stronger a-stabilizer than a»-stabilizer and thus, a
— B+aty ternary eutectoid reaction may occur between 1173 and 1193 K. Finally, in
manganese system, C14 Laves phase has been observed below 1173 K. Therefore, a

second ternary eutectoid reaction 3 — Cl4+o+y takes place in this system.

Chapter 3 introduces the “Phase Transformations Involving B-Ti Phase and
Microstructure Control of Wrought Alloys”. In this chapter, the control of the 3 phase
based on the phase transformations of wrought y-TiAl alloys containing V or Mn have
been studied using the vertical section of the phase equilibria. The competition between

B — Pty decomposition, coarsening and a+y — B+y cellular transformation allowed to
design various morphologies of B phase associated with the y phase surrounded the
lamellar colonies. Moreover, the adjustment of time and temperature control the volume
fraction and the ratio between the two phases. Finally, model microstructures with

different /y volume fractions and morphologies have been designed for mechanical tests.

Chapter 4 presents the “Effect of B/y duplex Microstructure on Fatigue Crack
Growth Behavior at Ambient Temperature”. The fatigue crack growth behaviors of
different model microstructures containing various volume fractions and morphologies
of B/y duplex structure have been tested at ambient temperature. It is revealed that the
introduction of a certain fraction of 3 phase associated with y grains in wrought TiAl alloy
increase the stress intensity threshold and decrease the Paris slope compared to the
corresponding B-free TiAl alloy. The deformable y phase combined with strong but brittle
B phase reduced the stress at the crack tip, and thus, improve the fatigue threshold,
whereas the refinement of the microstructure allowed by the presence of the B phase
during heat treatments lead to the formation of multiple crack deviations and crack

bridging ligaments that decrease the Paris slope.

In Chapter 5 “Effect of B/y Duplex Microstructure on Fatigue Crack Growth
Behavior at Elevated Temperatures”, the fatigue resistance of Nearly Lamellar (NL)
and Nearly Globular B/y Duplex (NGDP) microstructures have been investigated at
different temperatures. The increase of temperature reduces the fatigue threshold and

decreases the Paris slope up to the minimum. Then, the fatigue threshold drastically
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increases and becomes higher than that at ambient temperature whereas no change in the
Paris slope is observed. The oxidation-induced crack closure effect has been proposed to
explain the rise of the fatigue threshold. Furthermore, the presence of 3, Ti-rich phase,
increase the oxidation behavior and therefore, reinforced the crack closure mechanism.
In contrary, the change in the nature of phases within the plastic zone could explain the
reduction of Paris slope. Moreover, this effect is higher for NGDP that contains a larger
fraction of B phase. Therefore, the deformation of [ phase at elevated temperatures trends
to reduce the crack propagation rate. Finally, oxidation-induced phase transformation of
the 3 phase has been observed, even at the crack tip, and thus, may affect negatively, even

slightly, the fatigue threshold.

In Chapter 6 “General Conclusions”, the conclusions obtained in different chapters
have been summarized. In addition, possible microstructure to achieve high fatigue crack

resistance have been proposed, together with future work.

As a conclusion of this thesis, the important point for the fatigue crack growth
resistance is that the introduction of 3 phase in y-based TiAl alloys does not worsen the
fatigue crack growth behavior. In contrary, it has been clearly demonstrated in this study
that, unlike the general thought, the introduction of a certain fraction and morphology of
B/y along the lamellar colony boundaries is effective in toughening of TiAl alloy. The
presence of B phase associated with y grains in wrought TiAl alloy improves both crack
initiation and propagation resistance, and the latter effect is more obvious at elevated

temperatures

6.2 Development of high fatigue resistance alloy based on this thesis

This thesis has identified the fundamental knowledges of fatigue crack growth behavior
of wrought y-TiAl alloys containing (-Ti phase at ambient and elevated temperatures
based on the microstructure control of wrought alloy using both phases’ equilibria and
phases’ transformations. The combination effect of  and y phases at the colonies
boundaries improves the FCG properties in comparison of B-free alloys at ambient
temperature. Therefore, it becomes possible to design microstructure with high fraction
of B phase and also y grains that will enhance the tensile properties without reducing the
fatigue resistance behavior. At high temperatures, a high fraction of  improves the Paris

life of the alloy whereas large [ grains weakening the materials near the fatigue threshold
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by phase transformation. Thus, a high total fraction of fine B grains will be more efficient

to obtain high fatigue crack growth resistance at high temperature, as well.

Figure 6-1 shows microstructure design proposal to achieve high fatigue resistance
behavior based on the knowledge acquired in this study. In a first step, the alloy is forged
in B+o two phase region. Then, it is necessary to design a nearly lamellar microstructure
by conducted heat treatment, above the y-solvus, in a-single phase region followed by
air cooling. If a-single phase does not exist, the remained 3 phase have to be split into
smaller parts, e.g. using the B decomposition that occurs during cooling. Therefore, in
order to increase the decomposition, the highest temperature should be used. However,
the higher temperature, the lower the fraction of lamellar colonies will be: a good balance
between temperature and o grains fraction should be considered. It have been shown in
Chapter 1 that 3 particles dispersed within lamellar structure improve the toughness of

the wrought alloys, despite this factor was not consider in this work. A second step heat
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Fig. 6-1. Microstructure design proposal of high fatigue resistance y-TiAl alloy containing 3 phase

treatment should be conducted in order to precipitate B particles, through the sequential

decomposition. This transformation depend on the system and the temperature. It have
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been shown in Chapter 2 and 3 that due to the change of the tie triangle direction, it is
possible that the transformation change from sequential decomposition at high
temperature to cellular reaction a lower temperature. Hence, a third heat treatment should
be conducted to promote the cellular reaction (elongated y grains) against coarsening
(globular y grains) until the total volume fraction of B/y duplex Vpp is the highest possible
without lose FCG resistance, i.e. about 35 ~ 40 %. It is also possible to control the ratio
B/y by changing the temperature until to find the optimal balance between high AK and
low m, but further experiment are required for this point. Finally, the alloy microstructure
should be stable up to 1073 K for the possible applications. In that case, the three phase

coexisting region may exist at these temperature for the considered alloy composition.

6.3 Future works

Although this thesis investigated many aspects of the relationship between
microstructure, especially B/y duplex, and the fatigue crack growth behavior of wrought
TiAl alloys, there are several points that are still unclear. These points are shown as

following.

I. The crack closure effects at room temperature were not studied and only the
measured stress intensities were discussed. As future work, they should be considered to
compare the effective stress intensities. Indeed, it has been reported that for load ratio
higher than 0.45, it is considered that crack closure effects did not occur. Therefore, a

study conducted at higher load ratio could be a way to proceed.

I1. For same DP fraction, the effect of elongated (LTL), small (NCT) and large (GTL)
v grains with different B/y ratio have been investigated. However, some microstructural
parameters already observed in wrought alloys could be interesting to be studied, e. g.
secondary [ precipitates within the lamellae, continuous B phase, faceted y grains and
colonies size. Moreover, the presence of Laves phase has been reported in the manganese

system in the range of the operating temperature and may play a role in the FCG resistance.

II1. At high temperature, the air (oxygen) seems to have an important effect on fatigue
threshold by oxidation-induced crack closure and by oxidation-induced phase
transformation of the 3 grains. Preliminary investigations have been carried out in GTL
microstructure as shown in Figure 6-2 (and also in Appendix A-6). The results indicate

that in vacuum, the crack growth rate is much’s lower than that in air but shows a similar
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Paris slope. Moreover, the fatigue threshold is lower compared to the tests done in air.
Nevertheless, a thorough study has to be conducted to reveal in detail the role of oxygen

and how it affects the FCG behavior in presence of 3 phase.
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Fig. 6-2. Effect of atmosphere on stress intensity during K-decreasing test near
fatigue threshold on GTL (Ti-42A1-5Mn) in air and in vacuum (4.1x10" Pa).
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A.1 Error bar determination using the standard deviation

Across the different chapters, data are represented using figures where each data point
represents the average of measures conduct to few data points. The evaluation the
significant character of these measures provides important information for results
analysis. A simple way could consist to use the maximum and the minimum values as
error bar. But the information about distribution of measured points are not represented.
In this thesis, in order to refine the information obtained from each data point, the sample
standard deviation have been use as error bar representation. Despite it is consider as a

biased estimator, the sample standard deviation is given by the following equation [1]:

N
X (A
i=1

Where x; is the measure point i, X is the average and N the total number of data
points. An unbiased estimator can be easily obtained using N — 1 instead of N. It

results the following corrected sample standard deviation [1]:

N
1 _
S = m;(xi — X)Z (A-2)

However, it exists more accurate estimators than this one: the confidence intervals
which take account the effect of sample size and measurement variations. If we suppose
that the sample follow a normal distribution, the confidence interval IC is obtained using

the following equation [1]:

S
ICiq= k-t d—,x+t'd

s
2 4N 15 \/_N

Where X is the average (or expected values), t]’f is the Student distribution quantile

(A-3)

of y order and k degree of freedom, s is the corrected sample standard deviation and N
the total number of data points.
In this thesis, the confidence interval with oo = 95 % is used as error bar. Its means that

the “real average” has 95 % of chance to be included between [Cuin and ICpax.

A.2 Vertical sections of Ti-Al-M ternary systems
In the Chapter 2, the phases equilibria of Ti-Al-V and Ti-Al-Mn ternary system have

been studied and the isothermal sections were presented. Moreover, the vertical sections
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of these systems at 42%.at with changing alloying content (V and Mn) has been
introduced in chapter 3 in order to illustrate the transformation pathway of the wrought
studied alloys. However, in this section, some vertical sections of Ti-Al-M ternary system
as a function of M element are represented between at 36, 39, 42 and 45 Al at.%. Figure
A-1to A-4 and A-5 to A-8 show the vertical sections of vanadium and manganese ternary

system along with reported data [2-6], respectively.

A.3 Charpy impact tests

The resilience of Ti-42A1-5Mn and Ti-42AI-8V alloys were estimated in order to refine
the microstructural features to investigate for fatigue crack growth tests. The resilience of
a material corresponds to the energy the material can absorb before rupture. Two different
standard tests exist to measure the resilience of a material; Charpy and Izod tests. In this
thesis, only Charpy impact tests were conducted on samples with various microstructures.

Charpy impact tests were carried out using half size specimen in accordance to ASTM
E-23 standard with a V-notch of 2 mm (ao) [7]. The Charpy impact tests were conducted
at 1103 K with an initial energy of 50 J. This temperature has been previously identified
in our research group as the maximum for the resilience values for TiAl alloys. Specimens
were initial pre-heat for 30 min using a maftle KDF 75 furnace. The transfer time between
the furnace and the pendulum was lower than 5 s. If the time for setting excessed 5 s, the
test was cancelled and the specimen put back in the furnace.

The effect of B/y volume fraction V'pp, B volume fraction Vp, lamellar colonies size Liam
and lamellar spacing on the resilience of 42-5Mn and 42-8V are shown in Figure A-9 to
A-12, respectively.

The resilience of the alloys is directly correlated to the fraction of B/y fraction. Up to

50 %, the resilience was about 2 J-cm?, and then, increased up to a maximum of about 4
J-cm? and decreased again. The peak of the resilience was about 70 % of B/y duplex for
42-5Mn and 85% for 42-8V. Moreover, the resilience is proportional to the total fraction
of B phase as shown in 42-5Mn in Fig. A-10. Therefore, by controlling the ratio B/y of
duplex at grains boundaries it can be possible to increasing the energy absorption of the
alloys. In others hand, the lamellar colonies size did not show any relationship with
lamellar colonies size as shown in Fig. A-11. Nonetheless, the impact values increase

with increasing lamellar thickness with a higher effect in case of 42-5Mn alloy.

243



Appendix

A.4 Tensile properties

In order to conduct fatigue crack growth (FCQG) tests in Chapter 4 and Chapter 5, the
tensile properties of the different model microstructures have been measured and are
briefly introduced in the following section. Indeed, the FCG tests was carried out under
tensile-tensile stress with a load ratio of 0.1, and hence, the determination of yield stress

oy 1s required.

A.4.1 Results at room temperature

For the FCG tests of the Chapter 4, the tensile properties were evaluated at ambient
temperature (298 K). However, it should be noted that, in case of NL and NGDP of the
Ti-43Al-4Nb-5V alloy, the tensile properties have been determined either ex-situ (NL)
and in-situ (NGDG) by Nakamura et al. [8], respectively. The strain-stress curve, the
SEM images at low and high magnification and a summarized table of As-forged (42-
5Mn), Globular Triplex (42-5Mn), Nearly Globular B/y Duplex (42-5Mn), Near y Cellular
Triplex (42-8V), Nearly Lamellar (43-4-5), Lamellar Triplex (43-4-5) and Nearly
Globular B/y Duplex (43-4-5) are shown in Figure A-13 to A-19, respectively.

The microstructure containing higher volume fraction of DP show usually higher
elongation in particular of NGDP microstructures. 42-5Mn microstructures show the
lowest yield stress and ultimate tensile strength, 315 MPa and 680 MPa for GTL,
respectively, whereas 42-8V presents the higher values of around 650 and 951 MPa,

respectively. 43-4-5 alloy have intermediate tensile properties.

A.4.2 Results at elevated temperatures

The tensile properties used in Chapter 5 for high temperature FCG tests were
determined at 1073 K by Nakamura ef al. [8] as illustrated in Figure A-20 and data are
summarized in Table A-1. At 1073 K, the elongation of NGDP microstructure drastically
increased up to 12 % whereas it increased slightly in NL microstructure. This indicates
that the Ductile Brittle Transition Temperature (DBTT) of NGDP microstructure have
been probably reached but not yet the DBTT of NL.

It should be not that the tensile properties of NL microstructure at 873 K could not been
measured in this thesis. However, by increasing the temperature the yield stress did not
change drastically from 480 MPa at room temperature to 445 MPa at 1073 K. Therefore,

the yield stress has been estimated at around 454 MPa using linear regression at 873 K.
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Table A-1 Tensile properties of Ti-43A1-4Nb-5V (at.%) at ambient and elevated temperature [8].
Figures in bracket correspond to ex-situ results.

Young’s Yield stress Ultimate Tensile

1 0,
Modulus £ / GPa o, / MPa Strength oyrg / MPa Elongation &/ %

Microstructures Temperature

Nearly Lamellar 298 34 (137) — (480) 664 (900) 0.7(0.1)

(NL) 1073 45 (133) 450 (445) 680 (725) 1.3 (1.6)
Nearly Globular B/y 298 47 495 775 2.3
Duplex (NGDP) 1073 45 440 526 118

A.5 Fatigue crack growth behavior of the investigated microstructures

In Chapter 4 and Chapter 5, fatigue crack growth rates were carried out, however, in
order to illustrated the comparison between the microstructures, only one curve was
shown for each case. In this section, all the different curves obtained for each

microstructure are shown.

A.5.1 Results at room temperature

The FCG curves obtained at ambient temperature for the AF, GTL, NGDP-Mn, NCT,
NL, LTL and NGDP-4345 microstructures are shown in Figure A-21 to A-27. The
influence of microstructure (volume fraction, morphologies...) is discussed in Chapter
4. The different tests revealed that the experiments were reproducible with a limited
scattering between data both the fatigue threshold AKw and the Paris slope m, except in
case of the as-forged microstructure (Ti-42A1-5Mn alloy) for the latter one. Indeed, the
Paris slope shows important difference between the two K-increasing tests. The as-forged
microstructure showed large inhomogeneity in the microstructure with some regions

nearly lamellar and other one nearly B/y duplex that could explain the difference.

A.5.2 Results at elevated temperatures
In the Chapter 5, the FCG curves were conducted at 873 and 1073 K. Figure A-28 to
A-30 shows the different tests conducted using NL and NGDP microstructures. At 873 K,
the scattering is similar to room temperature tests whereas the both NL and NGDP

microstructures at 1073 K showed smaller scattering than room temperature results.
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A.6 Effect of atmosphere on fatigue crack growth behavior

Some preliminary FCG tests have been conducted in vacuum to investigated why the
fatigue threshold AKw decrease at intermediate temperature. Tests have been conducted
on GTL microstructure (Ti-42A1-5Mn alloy) at 1073 and 873 K. The results is shown in
Figure A-31 and A-32, respectively. It should be noted that the vacuum conditions were
low, between 0.1 and 1 Pa and also the optimal protocol for conducting efficient tests is
still on investigation.

The results indicate that in vacuum, the crack growth rate is much lower than that in
air. At 1073 K, the Paris slope seems to be independent of the atmosphere., and hence,
independent of the oxidation. Moreover, the fatigue threshold is lower compared to the
tests done in air despite that the fatigue threshold value could not be identified. At high
temperature the crack growth rates is very fast, therefore, it exist a transition state before
reach the Paris slope and this explain why at 873 K the slope is steep. Despite that the
crack was too long to continue the test, it can be supposed that the result will be similar
to those at 1073 K with the same Paris slope.

In any case, a thorough study has to be conducted to reveal in detail the role of oxygen

and how it affects the FCG behavior in presence of 3-phase.
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Fig. A-1. Vertical section in Ti-Al-V ternary system at 36 at%Al based on the present study along
with reported data [2, 3].
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Fig. A-2. Vertical section in Ti-Al-V ternary system at 39 at%Al based on the present study along
with reported data [2, 3]. The y single phase was determined by calculation and separates the /(3
ordering phases.
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Fig. A-3. Vertical section in Ti-Al-V ternary system at 42 at%Al based on the present study along
with reported data [2, 3]. The y single phase was determined by calculation and separates the /(3
ordering phases.
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Fig. A-4. Vertical section in Ti-Al-V ternary system at 45 at%Al based on the present study along

with reported data [2, 3]. The y single phase was determined by calculation and separates the /(3
ordering phases.
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Fig. A-5. Vertical section in Ti-Al-Mn ternary system at 36 at%Al based on the present study
along with reported data [2, 3, 5].
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Fig. A-6. Vertical section in Ti-Al-Mn ternary system at 39 at%Al based on the present study
along with reported data [2, 3, 5].
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Fig. A-7. Vertical section in Ti-Al-Mn ternary system at 42 at%Al based on the present study
along with reported data [2, 3, 5].
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Fig. A-8. Vertical section in Ti-Al-Mn ternary system at 45 at%Al based on the present study

along with reported data [2, 3, 5, 6].
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Fig. A-9. Effect of B/y volume fraction on resilience.
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Fig. A-10. Effect of B phase on resilience.
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Fig. A-12. Effect of lamellar thickness on resilience.
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42-5Mn-T1 400 872 153 0.56
42-5Mn-T2 480 903 147 0.36

Average 440 888 150 0.46

Fig. A-13. Tensile properties of Ti-42A1-5Mn: (a) stress-strain curve, (b, ¢) SEM images of the
microstructure and (d) summarized table of the as-forged (AF) microstructure.
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42-5Mn-T3 340 715 164 0.28
42-5Mn-T4 290 644 150 0.25

Average 315 680 157 0.27

Fig. A-14. Tensile properties of Ti-42A1-5Mn: (a) stress-strain curve, (b, ¢) SEM images of the
microstructure and (d) summarized table of the Globular Triplex (GTL) microstructure.
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Fig. A-15. Tensile properties of Ti-42A1-5Mn: (a) stress-strain curve, (b, ¢) SEM images of the
microstructure and (d) summarized table of the Nearly Globular B/y Duplex (NGDP)

microstructure.
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Fig. A-16. Tensile properties of Ti-42A1-8V: (a) stress-strain curve, (b, ¢) SEM images of the
microstructure and (d) summarized table of the Near y Cellular Triplex (NCT) microstructure.
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Fig. A-17. Tensile properties of Ti-43Al-4Nb-5V: (a) stress-strain curve, (b, ¢c) SEM images of
the microstructure and (d) summarized table of the Nearly Lamellar (NL) microstructure
determined by Usui et al. [8].
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Fig. A-18. Tensile properties of Ti-43Al-4Nb-5V: (a) stress-strain curve, (b, ¢c) SEM images of
the microstructure and (d) summarized table of the Lamellar Triplex (LTL) microstructure
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Fig. A-19. In-situ tensile properties of Ti-43Al-4Nb-5V: (a) stress-strain curve, (b, ¢) SEM
images of the microstructure and (d) summarized table of the Nearly Globular B/y Duplex
(NGDP) microstructure determined by Nakamura et al. [8].
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Fig. A-20. in-situ Tensile behaviour of Ti-43Al-4Nb-5V for NL and NGDP microstructure at
1073 K determined by Nakamura et al. [§].
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Fig. A-21. Fatigue crack growth curves of as-forged (AF) microstructure in 42-5Mn alloy.
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Fig. A-22. Fatigue crack growth curves of Globular Triplex (GTL) microstructure in 42-5Mn
alloy.
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Fig. A-23. Fatigue crack growth curves of Nearly Globular B/y Duplex (NGDP) microstructure in
42-5Mn alloy.
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Fig. A-24. Fatigue crack growth curves of Near y Cellular Triplex (NCT) microstructures in 42-
8V alloy.
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Fig. A-25. Fatigue crack growth curves of Nearly Lamellar (NL) microstructure in 43-4-5 alloy.
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Fig. A-26. Fatigue crack growth curves of Lamellar Triplex (LTL) microstructures in 43-4-5
alloy.
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Fig. A-27. Fatigue crack growth curves of Nearly Globular B/y Duplex (NGDP) microstructure in
43-4-5 alloy.
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Fig. A-28. Fatigue crack growth curves of Nearly Lamellar (NL) microstructure in 43-4-5 alloy at
873 K.

102 ,
o R =0.1,20 Hz, Air, 1073 K
=
>
Q
g 103
g
=
< 104
ho]
&
<
a4 10-5
'J: [}
= 1o 43-4-5-R
(_% H o 43-4-5-S g =
< 100H o 43-4-5-T =
§ H o 43-4-5-U £
&) | o 43-4-5-v 5
10—7 | | |
3 5 7 101 2 3

Stress Intensity Factor AK / MPaVm

Fig. A-29. Fatigue crack growth curves of Nearly Lamellar (NL) microstructure in 43-4-5 alloy at
1073 K.
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Fig. A-30. Fatigue crack growth curves of Nearly Globular B/y Duplex (NGDP) microstructure in
43-4-5 alloy at 1073 K.
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Fig. A-31. Effect of atmosphere on stress intensity during K-decreasing test near fatigue
threshold on GTL microstructure (Ti-42A1-5Mn) in air and in vacuum (4.1x10! Pa) at 1073 K.
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Fig. A-32. Effect of atmosphere on stress intensity during K-decreasing test near fatigue
threshold on GTL microstructure (Ti-42Al1-5Mn) in air and in vacuum (6.9x10! Pa) at 873 K.
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