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ABSTRACT 'This paper presents and discusses static (elastoviscoplastic and damage) and high-cycle
fatigue characterization of two microstructures of the Ti5553 alloy. The difference be-
tween these two micrestructares is refated o their heat treatment and precisely to the
temperature of the final aging. For each microstructure, several tests were carried out
to identify their static and fatigue properties and the test resules were correlated to the
microstracture. A fractographic analysis of the rupture sections was performed in order
to investigate the fracture mechanisms of the two microstructures. Finally, the fatigue
properties of the two microseructures were compared with those tound in resules reported
in the literature for two other classical dranium alloys used for acronautical applications.

Keywords  fractographic analysis; Goodman diagrams; high-cyele fatigue; static char-
acterization; Ti5553 alloy.

NOMENCLATURE HCYF = High eycle fatigue
LCF = Low eycle fatgue
NR = the number of cycles w failure
Py, Py, Py, Py = Norton Hoff parameters
S-N curve = the cvolution of o, with NR
o = alpha metallurgical phase
£ = beta metatlurgical phase
£ = Von Mises equivalent strain
£11 = True swess in the tensile direcdon
& = Von Mises equivalent strain rate
&5 == Strain at fracture
o1 = True strain in the wensile direcdon
& = Von Mises equivalent stress
Opny = yield stwess compured ar 0,2% of che plastic strain
Opnin == Minimum stress imposed at each cycle
Oyax = Maximum stress imposed at each cycle
O,y = N1edn Sress
o, = magnitude or alternated stress equal to (B ~ Gainl/2
INTRODUCTION titanium alloy for aerospace components {e.g. fan disks,

spools) for almost 50 years. Flowever, the need 1o in-
crease the strength of Ti-6Al-4V components combined
with the alloy's inherent imitation due to ity hardenabil-
ity has created interest in other titaniwn alloys, Over the
past few vears, several sciendfic and industrial teams have
identified TiS553 as a promising alloy.” " Currently, lit-
tle information is available regarding this relatively new

Titanium alloys receive considerable interest due 10 their
wide range of applications in the aerospace, automotive,
chemical and medical industries.!™® These alloys are se-
lected for their low density, their good corrosion he-
haviour and their excellent mechanical properties, The
well-known Ti-6AL-4V has been the most commonly used
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alloy. Ti5553 is a high strength, near beta tranium al-
toy designed with excellent imechanical properdes, Teis a
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variation of the Russian alloy VT22' and is an alternative
to the Ti-16-2-3 alloy, It provides 2 way of obtaining a
microstructure of much greater strength than Ti-6A1-4V,
feading to a lighter weight product.

Unfortunaicly, there is not a tot of informadon in the
literarure about the mechanical behaviour (static and fa-
tigne properties} of the Ti3553 alloy, and present work
gives some experimental resubts and explanations about its
mechanical behaviour. The microstructure of the seudied
alloy is correlated with the mechanical properdes. The
current paper investigates whether the high strength and
the good ducdlity of this alloy are associated with high
fatgue properties. The Arst motivation behind the study
is the fact that the majority of acrospace and autonotive
components are submitted to cyclic loading: high-cycle
fatigue (HCF) and low cycle fatigue (LCF) loadings. The
secomd motivaton is related to the insutficiency of data
in the literature vegarding reliable strucrure design under
fatigue loads.!" Earlier studies have revealed a number
of important factors underlying the fatigue behaviour of
titanium alloys. It is reported in the literature’*™" that
the volume fraction and the morphology of the phases (o,
£} in dtanium alloys appear to be critical parameters for
their mechanical properties in general and for their fa-
tigue properties in particular. Indeed, the service life and
reliability of these alloys depend on the microstructore
obtained after hot working and final heat treattnent and
on the condition of the surface layer, 131926

In the present study, static (elastoviscoplasticity and
damage) and high-cycle fatigue behaviour were invesd-
gated for two microstructures of the Ti5553 alloy, called
hereafter Ti5553-1 and TiS553-3. The first aging tem-
perature of the heat treamnent eyele was identical for
the two microstructures. However the temperature of the
sccond aging was different for each of the two microsorue-
tures: it was equal to 610 °C for the Ti5553-1 microstrue-
ture and 670 *C for the Ti5553-3 microstucture. This
final aging was responsible for the nucleation of the
secondary « phase. The temperature of this aging deter-
mined the volume fraction and the morphology of these
o precipitates. These microstructures are correlated with
the static and the fatgue properties,

A fractographic analysis was perfornied on fatigue spec-
imens to understand the fracture mechanisms of the dif-
ferent microstructures. Finally, the fatipue behaviour of
the Ti5553 ailov was atso compared with the fatigue be-
haviour of two other classical ticaniwm alloys (Ti40 and
Ti-6A1-4V) used in the aeronautic industry,

The oudline of the paper is as follows:

e Section ‘Materials’ describes the studied material (195553
alloy). ie. its chemical composition, hear treatment and
MiCrostrchnes;

e Section ‘Elastoviscoplastic properties of the Ti5553 mi-
crostractures’ presents the clastoviscoplastic properties of
the two microstructores;

¢ Section ‘Damage propurties of the Tis553 mierostrue-
tures’ details the damage properties of the TiS553-1 and
‘Ti8353-3 microstructures;

¢ Section ‘I'adgue experiments and results’ shows the fatigue
experiments and resules;

e Section ‘Comparison of fatigue results of the two studied
Ti5353 alloy microstructures with those of two other tia-
nium atloys, Ti40 and Ti-6AL4V describes a comparison
of the fatigue test vesults for both microstructures with
that of other dtanium altoys as described in resules in the
literacure;

¢ Sccuon ‘Conclusions’ presents sonse overall conclusions,

MATERIALS
General deseription of the studied microstructures

The Ti5853 (T9-5A-5V-5Mo-3Cr) alloy is 2 metastable
B alloy. In fact, a large quantity of beta stabilizer ele-
ments such as Mo, V, Fe, Cr, etc. are present (see the
chentical compaosition in Table 1). This alloy exhibits ex-
cellent hardenability and strength properties, making it
atractve as a structural dranium atloy. Its transus wem-
perature is about 860 “C. The Ti5553 alloy presents high
sensitivity to the variation of the heat treatment and the
thermomechanical treanment. This sensitivity has a sig-
nificant impact on the microstructure as demonstrated in
section ‘Forging and heat weatment’.

As received material

The material used for the current study was a deanium al-
toy received from the Techspace Aero company (a mem-
ber of the Safran group} in the form of forged pancakes
(Fig. 1). The forging of these pancakes was performed at
815 "C on a 2500 ton forging press. The final thickncess
of these paneakes was equal to 47 mm,

Table 1 Chemical commposition of the Ti5553 alloy (values are in
wi%h)

Mo v Fe % Si Al [
Botomr 482 <0.0605 0.3 4.93 <003 326 0009
Top 487 =0.605 03 494 =003 5.3} 0,097

O N Cr Y 18!

Bottom 004 0.005 .04 <0.0M 0.008
Tup 6.4 0.004 305 <0001 0.0
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Fig. } Forged pancake.

Chemical composition of the billet

The measwred chemical composition from the top and
the bottom of the pancake is reported in Table 1.

‘The molybdenum equivalent (Mo equivalent) in terms
of chemical composidon is defined as follows:?!

wi% Mo eq. = 1.0 (wt% Mo} + 8.66 (wt% V)
+ .33 (wt% N) + 3 {(wt% Fe)

4 3 (wt¥% Cr). D

Using the above table and formulae, the Mo eguivalent

of the present aloy was estimated {with the minimal com-
position) as 18.18,

Forging and heat treatment

The final heat weatument used to generate each Ti5553
microstructures studied is shown in Fig, 2,

A detailed descripdon of the heat wreatment cycle s given
below:

o Ti$553-1; heat from room temperature up to 830 "C +
hold at 830 7C for 7 h + air cooling + aging at 610 °C for
8 h + air cooling.

Tis333.3

s h

by

Fig. 2 Forging of pancakes and tinal heat treaunent cycle applied
to generate the owo microstructures of TiS553 alioy.
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e Ti3553-3: heat from room temperatvre up to 830 -C 4
hold a¢ 830 °C for 2 h + air cooling + aging at 670 °C for
8 k + air cooling.

Microstructures of the Ti5553 alloy

Figure 3 shows that the two generated microstructures
are bi-modal, the primary o has a nodular morphology
and the secondary o is lameltar, The first aging at 830°C
{Fig. 2) was responsible for the nucleation of the nodules
of @. This aging was the same for both microstructures
(Fig. 2), explaining why there is no difference between
the morphology and the size of the nodular o phase of the
two microstructures. The only difference between the two
microstructures is related to the emperature of the final
aging. This teinperature was responsible for the formation
of the secondary & phase, which contains particles shaped
like needles or very small plates. For the microstructure
Ti5553-1, as shown in Fig. 3 (a), this flac svrucrure is
slighdy chinner {compared to the secondary & phase of
the Ti5553-3 microstructure), due to a lower aging teni-
perature {616 *C), In the T15553 alloy, the o phase is the
main hardening mechanism. The size of the « particles
has a significant effect on the static strength (section ‘Elas-
toviscoplastic properties of the 115553 microstructures’),
ductility (section ‘Damage properties of the Ti5553 mi-
crostructures’) and fatgue strength (section ‘Fatigue ex-
periments and results’} of the studied microstruetures.

ELASTOVISCOPLASTIC PROPERTIES OF THE
TI5553 MICROSTRUCTURES

The mechanical hehaviour of the two studied microstrue-
tures was previously determined in Refs {2, 3}. Both stud-
ies clearly demonstrate that the materials exhibit an elas-
toviscoplastic behaviour,

Inorder to investigate the clastoviscoplastic behaviour of
the two microstructures at room temperature, four strain
rates were investigated through different rests: § » 1077
s, 2% 107 s 4 x 107 s and 1077 571 To check
experiment repeatability, three duplicate tests were per-
formed for each strain rate and cach micrestructure.

FElastic behaviour

From several mechanical rests (uniaxial tensile tests at
different strain rates and in different loading directions,
plane strain tests, shear tests), it was previously demon-
strated in Ref. [2] that the elastic behaviour of the two
microstructures is isotropic and independent of the strain
rate. Young’s modulus was found in the present study
to be equal to 112 GPa and 108 GPa for the Ti5553-1
and 'Ti§553-3 microstructures, respectively. These were
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Tig. 3 Microsuuctures of the TiS533 affoy. (a) Ti5553-1, (b) Ti5553-3,
average values caleulated from 12 specimens (four smrain Viscoplastic behaviour
rates and three specimens by strain rate) for each mi-
crostructure. Poisson’s ratio was found to be equal to 0.35
for both microsurectures (calenlated from 2 ensile spec-
imens for each microstructure), This ratio was measured
by adding a radial extensometer to the axial extensometer
used classically to measure the axial strain in the tensile
direcdon.

Figare 4 (a} and (b) shows the effece of the strain rate
on the viscoplatic behaviour of bath microstruceures, The
values shown in the small box in Fig. 4 (a) and (b) (0.00005;
0.0002; 0.004; 0.01) define the strain rates expressedin s~}
used to perform the tensile teses, In order to accurately
analyze the effect of the strain rate on the stress—strain
curve, a magnificadon of the stress domain (1000 MPa,

B 3012 Waley Putitishing Ltd. Fatigue fract Engng Mater St 36, 4D1-415
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Fig. 4 Effect of the strain rate on the stress-strain curves.

1600 MPa) is shown in Fig, 4 (¢} and (d). Only the average
carve over the three duplicate specimens is presented. T
is clear, for both microstructures, that strength increases
with the strain rate, In Ref, {2], it was demonstrated (on
the basis of several mechanical tests such as shear, com-
pression and plane strain tensile tests) that the plastcity
for both microstructures can be assumed to be isotropic
and follows the Von Mises vield function. Figure 5 shows
that the strength of Ti5$53-1 is higher than the strength
of T1§553-3. The viscoplastic properties can be correlated
with the microstructure, which is a result of the heat treat-
meitt: a lower second aging temperature for microstruc-
ture Ti5553-1 results in a higher strengith compared w
"Ti5553-3. Further explanations of these results are given
in section ‘Effect of the size of the secondary & precipi-
tates’,

A mechanical constitutive relationship, frequently used
for titanium alloys,” is the Norton-Hoff model. This
law was developed by Norton,?? and was generalized to
three dimensions by Hoff.>? It defines the Von Miscs

T 3012 Willey Pubitishing Ltd, Fatigue Fract Frgrg Mater Stiuct 36, 405415
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equivalent stress or the yield stress ¢ in terms of the ac-
cumudated Von Mises equivalent strain # and strain rate
& (Eqn. (2)). The use of the Von Mises criterion is ex-
tensively justified in Ref, [2]. The material model of Eqn.
{2) refers to the general three dimensions stress state, but
experimental tests are uniaxial tensile tests and only the
strain component along the longitudinal direetion is pro-
vided. In this case the strain component is equal to the
equivalent strain untll the necking event. After that, the
tests are no more uniaxial and che equivalent strain can-
not be determined by a single extensometer, Data after the
necking event cannot be considered o identify the ma-
terial model parameters if no FE inverse modelling and
digital image correlation are vsed to idendfy the muldax-
ial stress and strain field to this paper, the stress—strain
curves are stopped when the uniaxial stress reaches
a maximum. According to Considére criterion, necking
has not yet happened at this moment. This model mkes
into account many physical phenomena: strain rate de-
pendency, hardening, softening. The law fitted on the
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Fig. § Comparison between the stress-strain curves of Ti5553-1 and Ti5553-3,

basis on the uniaxial tensile rests presented in Fig. 4 is:
a = exp(— B VIRV EN, (2)

where:
Py:
P
Py:
Py

is the softening parameter,

is a scaling facror,

is the strain rate sensitivity parameter,
is the hardening parameter,

The material parameters (P, P2, Py and Py) are adjusted
to fit the Norton-Hoff law to the average of experimenta)
curves. In this anm, a fitess scalar function (noted here-
after R) is defined 1o deseribe the ‘distance’ berween the
experimental results r"rlf-"".' (£, &) (where s refers here o the
number of the duplicate tensile tests ranging between |
and 3) and the Norton-Hoff curve 5 M(E, &) as evaluated
with a given set of parameters values. The experimental
curves and the Norton-Hoff curves are sampled at differ-
ent strain positions (200 poines) which are used to evaluate
R as follows:

R(G) = Z >y (&f-‘"’(é‘ &) —aNIE, E‘))
S=t ; ¢

The optimal set of material parameters (Py, Py, Py and
Py} is obtained by a minimization of the fitness function
R. This minimization was performed with a homemade
python seript involving the Nelder-Mead Simplex algo-
rithm. For more details about this algorithm, see Ref. {24].
A better description of the script used in this algorithm is
given in the Appendix.

Equarion (2) contains the elastic and plastic components
of the strain. However, this law does not model the begin-
ning of the curve. The elastic part is replaced by Hoole’s
law:

2

3

o‘“_x‘f - Eg,u"

)

Table 2 Norton-Hoff parameters of Ti$553-1 and Ti5553-3

micrastructures

&) P Py s
Tis583-1 0.00187 082 0.006 0045
Ti5553-3 {.065 372 (L0U38 0.035

where J is the Young's modulus (idendified for both mi-
crostructures in secdon ‘Elastic behaviowr”) and 27 s the
elastic strain in the tensile divection. The total model is
composed of Hooke’s law for elasdc strain and of Norton-
Hoff's law for viscophastic strain, The heer is used when
the elastic linear curve intercepts that of Nereon-Hoff.
So for a given equivalent strain value, the corresponding
equivalent stress is the minimum of the Norton-Hoff and
Hooke’s law as computed for that strain value,

These parameter values are provided in Table 2 (for the
two microstructures),

It should be noted that the value of the parameter Py
corresponding to the Ti5553-1 microstructure is larger
than the value of the same paramcter identified for the
Ti5553-3 microstructure, This means that the 155553-1
microstructure is more sensitive to the strain rate than
the T15553-3 microstructure. This can be casily observed
{rom Fig. 4.

Table 3 summarizes the yield stress a g 2 {experimentally
measured at 0.2% of plastic strain) and the ultimate stress
oy for each of the strain rates, The ulomate stress value
is provided by an average of the stress computed from the
measured sample secdon at rupeure for each specimen {as
in section ‘Geometry of the specimens’). These stresses
arc expressed in MPa.

The results presented in Table 4 are further Hluswared
in Fig. 6.

A 2012 Wiley Publishing Ltd. Fatigue Fract Ergrg Mater Stuict 36, 401-415



Table 3 Effect of the strain rate on the experimental yield stress

T 2

Tis553-1 Ti$553-3
#sh T2 ay Tpd oy
$x107F 1285 1308 1142 1252
R U 1313 1419 1150 1297
4 % 1074 1332 1421 1185 1300
1w 1370 1452 19y 1314

Table 4 The differcnt values of @ i, #me and o, applied for the
fatigue tests

& min (MP2) 40 66 75 86 73 1o
o max (VPa) i 66 73§ 866 933 TEGO
o, (MPy) IS0 300 30 0 420 495
1500
1E- i
2 [
1400 .
&
1350-
. &
1300+ : .
g
5 1250+
© 4200 ‘
H #
1E . '
: v oo, (TI5563-1)
Tae '
1. oo (T5553-1)
1050 v, AT80)
: a, £T155533~3)
1000
000035 0062 | 0004 041
¢

Fig, 6 Evoluton of the experimental a g2 and the experimental o
as a function of £,

For information, Lutjering and Williams reported in
Ref, {11] that the yield stress a2 of the Ti5553 alloy
is between 1090 and 1100 MPa, respectively, for a g an-
nealed microstructure and for a bi-modal mierostructure.
Ti must be noted that the processed conditions (forging
and heat treatrnent) used to elaborate the Ti5553 mi-
crostructures studied in Ref. [11] are not the same as the
conditions used in order to elaborate the microstructures
studied in the present work. This can explain the differ-
ence in the value of the yickd stress beoween the ditferent
microstractures.

& 2012 Wiley Fublishing Lhd. Falipae Fract Engng Mater Struct 36, 401415
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Analysis of the effect of the strain rate and the
niicrostructure on the elastoviscoplastie behaviour

The aim of the present subsection is to analyze and in-
terpret the effect of the serain rate and the microstrue-
twre (especially the size of the o secondary precipitates)
on the mechanical behaviour (inidal yield stress, ulumate
Stress).

Effect of the strain rate

Classicaily strain rate increase generates higher stress level
in most materials.?® This effect is confirmed for the two
studied microstructures on the initial yield stress o 42 and
ultimated stress o,. These swresses increase moderately
with strain rate, which is consistent with the bibliographic
results (see for example Refs {29, 30]). This smain rate
effect can be explained by the theory proposed by Johnson
and Gilman,*! Johnson and Gilman relate the imposed
strain rate £ to the velocity of the mobile dislocations v
as:

5 = phv, )

where p is the dislocation density and b is the burgers
vector. The distocation velocity is in wrn related to the
shear stress r by the relation v = (r/1p)", where vy and '
are material constants. Thus a higher imposed strain rate
would entail a higher velocity for dislocadon motion and
hence 2 higher stress for riggering of plastic deformation
at the macroscopic level.

Effect of the size of the secondary o precipitates

The effect of the size of the secondary o precipitates on
the strength (initial yield stress 642 and the ultmated
stress ) can be explained by the Hall-Petch effect.?-2
This relation assames that the yield stress is inversely
proportional to the square root of the grain size, Physically
this effect assumes that the grain boundarics benween the
B phase and the secondary « precipitates act as barriers o
dislocation motion. As the size of secondary & precipitates
is smaller and their number is higher in the microstructure
T13553-1 than in the Ti5553-3 microsocture, there are
more a barriers in the first microstructure than in the
second one. So the stress required to move the dislocatons
is higher for Ti5553-1 microstructure,

DAMAGE PROPERYIES OF THE Ti5553
MICROSTRUCTURES

Geometry of the specimens

It is common to study the damage of materials on the
basis of experimental tensile tests on notched axisym-
metric specimens, In chis study, tests were performed on
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Fig, 7 Geametry of the smooth and notched tensile specimens.

samples with three different notch root inkial radit By
equal to 1, 2 and 4 mu. The initial diameter in the gauge
section was kept constant at 6 mm for all specimens tested.
The geometry of the notched specimens is provided in
Fig. 7. 'The ditterent notches induce different levels of hy-
drostade tension (which induce different triaxiality levels)
in the specimens during straining, which distinctly affect
both the true stress and the strain o failure of the mate-
rial, Three duplicate tests were conducted for each case
(each temperature, notch radins, alloy and microstrae-
ture). During the tests, the applied load, the crosshead
displacemene and the diameter reduction (at the mini-
mym cross-section) were continnously measured.

The ductility of the material, defined by the true fracture
serain £ is computed by the following relation:
ep = Ln(dy/dg), (6)
where Ay and Ay arve the initial and final sections of the
specinien. The initial section Ay was exactly measured
prior to testing.

Fig. 8 Eftect of the inital notwh radius on the stress-strain curves,

T
“
1

|
Aty

Yirel beid

&0

Hign ), 5270

Experimentally, the minimum cross-secgon after frac-
ture Ay is decermined by using optical microscopic mea-
surement avaitable in MAMS laboratory of ULg,

Experimental results

Effect of the noteh vadins on the axial stress—strain curve

The effect of the notch radius on the experimental ax-
tal stress component versus the tensile strain, for smooth
and notched round spechnens is given in Fig. 8 (three
curves for each radius corresponding to the three du-
plicated tests). The siress is calculated by dividing the
experimental force by the area of the current mininm
notch cross-section. The curves are interrupted ac the
maximum stress. The main wend that the stress increases
with decreasing initial notch radius is also well caprured in
FE simuladons. Note that the apparent elastic modulus
(the slope of the stress—strain curve) increases also with
triaxiality.

© 2012 Wiley Publishing Ltd, Fatigue Fract Engng Mater Stiuct 36, 401415
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Fig. 9 Effcct of the initial notch radivs on the fraceare strain.

Effect of the initial notch vadius on the fracture strain

The fracture strain, experimentally determined according
to Eqn. (6), is plotted as a function of the initial notch ra-
divs (over the minimum necking sectdon). As expected, itis
apparent from the results of Fig, 9 that the ductility of the
tested microstructures is strongly dependent on the value
of the initial notch radius. The triaxiality in the minimum
section is inversely proportional to the notch radius, Tt is
demonstrated i many scientific works and theories?” %
that ductility ar failure and triaxiality are nonlinearly in-
versely propordonal: the more stress stare is triaxial, the
less the strain at failure is. Se the fracture strain is non-
linearly propordonal to the notch radius, This result is
experimentally observed. Tndeed, it is seen that the spec-
imen with 4 mun initial nowch radius has globally targer
strain to fracture than the specimens with inital notch
radius equal to | and 2 num, respectively. ‘T'he expected
general tendency for fracture strain to increase with in-
creasing notch profile radius is clear but there is a lot
of scattering in the resules. This large dispersion in frac-
ture strain is also observed for other dranium alloys, like
the Ti-6Al-4V alloy (sec Ref. {3]). This dispersion may
be due to a non-controlled difference in the microstrac-
ture elaboration or heat treatment (inducing for examiple
anan-controtled heterogencity of the grain size. .. .). Un-
forrunately, we are not able at this Ievel to give a definitive
contirmation to the explanation of this phenomenon. Fur-
ther investigation is required in order to better understand
this dispersion,

The grain boundary of the secondary a precipitates is
dewrimental 1o tensile ductility of the 195553 alloy. In-
deed high stress concentradion and local strain occur at
this grain boundary, especially at ariple points. In these
regions, crack initiates and propagates along grain bound-
aries and fracture accurs even at low macroscopic strains.
As the numerical density of the secondary alpha precipi-

€ 20312 Witey Publishing Ud, Fatigee Fract Engrg Aater Stiuct 36, 401-435
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tates is statistically higher {in the case of the Ti5553-1 mi-
crosoucture compared to the Ti5553-3 microstructure,
the fracture occur earlier in the first microstracnure,

FATIGUE EXPERIMENTS AND RESULTS
Geometry of the specimens

The geomeuy of the fatigue specimens is presented in
Fig. 10. Cylindric specitnens were extracted from the
pancakes (one pancake from each microsoructure) by the
MSM laboratory at ULg, using the clectric discharge ma-
chining technique (Fig. 11). The specimens were finally

AR & o

+q

Fig. 10 Geomeuy of the Ti5553 fatigue specimens.

Fig. 11 Extraction of the specimens from the initial pancakes.
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machined by the Metcut Research Inc (Cincinnati, Ohio,
USA} to meet the machining standards of Techspace
Aero. Forty-nine specimens were machined: 24 speci-
mens of the TiS553-1 microstructure and 25 specimens
of '115553-3. Forty specimens were tested at the ULg
laboratory (20 specimens for each microstructure) and 9
at Metcur Research Ine (a laboratory qualified to carry
out fatigue tests) in order to compare the results becween
them.

HCYF tests

High-cyele fatigue (HCF) tests were condueted, in ac-
cordmee with the ASTM E466-02 standard, at room
temperature and with a stress ratio R (opin/o 5a) of 0.1,
where o min and o may are, respectively, the minimum and
the maximum stress during the toading cycle. The difter-
ent values of gn, amas and the magnitude stress o, =
(o max — omin)/2 are given in Table 4, A sinusoidal loading
was applied at a frequency of 125 and 80 Hz ar Ulg and
Meteut, respectively. The analyzed domain ranged from
10* to 2 % 107 eycles. Tf a sample reached 2 x 107 cycles
without failure, the test was stopped and the sample was
considered unbroken (‘run out’ on the Wohler curves).

EXPERIMENTAL RESULYS OFf THE FATIGUE
TESTS OF THE 7i5553 MiCROSTRUCTURES

Wahler curves

High-cydic fatigue tests are the most widely used teeh-
nigue to establish the fatgue limit of 2 chosen metal by
essentially generating the $-N, or the Wihler, curve [the
evolution of the alternated stress o, with the number of
cycles to frilure (NR})]. The identified §-N curves of the
two investigated microstructures are presented in Fig. 12,
Only the results corresponding to the ULg tests are pre-
sented here. Curves were built by the Techspace Aero
company using a simple Bastenaire model.** For each
stress level, & minimum of three specimens were tested.

00

i
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B
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Alernated stress [MPa]
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b T LI o POE s 10E ¢l
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Fig. 12 5-N curves (Wohler) of the Ti5553 microstruciures,

Table 5 Correlation begween the statie prapertics and the fatigue
properties of the Ti5553 alloy

Ti5553-1 Ti5553-3
oumpaté =4 to7 5! 1332 1185
ayatd =4 % 107 57! 1423 1300
Fatigue limitac 2.2 107 330 310
Fatigne limit/op 2 1.261 0.275
Fatigue limit/e, 0.244 025t

Asindicated in Fig. 12, TiS553-1 exhibits a slightdy higher
endurance Hinit than Ti5553-3. It should be noted that
the experimental results obtained at ULg were similar to
the results obtained at Metent Research Ine. The *run out’
of the Ti5§53-1 and the Ti5553-3 occurred at 340 and
300 MPa, respectively. The endurance limit defined at
2 x 107 was equal to 348 and 326 MPa for the TiS553-1
and Ti5553-3 microstructures, respectively.

The comparison of the fadgue properties of the two mi-
crostructures may be correlated with a similar trend no-
ticed for the tensile strength of the two microstructures
in Table §. From this table, it is clear that an increase in
tensile strength led to an increase in fatigue strength. It is
interesting to note that a decrease in the size of the sec-
ondary o precipitates have a positive effect on the yield
and tensile strength (I1all-Petch effect as mendoned in
section ‘Effect of the size of the sccondary e precipitates”)
while generatly improving fatigue strength by retarding
the crack initiation. The enhanced resistance to crack ini-
tiation is considered as a result of high strength of fine
grains that act as potendal obstacies for dislocation move-
mient, and thereby the formation of microcracks is inac-
tive, 163337

In conclusion, the fatigue behaviour of the two mi-
crostructires of the Ti5353 altoy is linked to changes in
the microstructures that occur a5 4 result of small modifi-
cations in heat treaunent. After analysis, it scems that no
clear reladonship between the faggue limivand the inftdal
position of the extracted specimen in the pancake can be
observed,

Fractographic analysis

The fatigue fracture surfaces were observed with a scan-
ning clectron microscope in order to understand the frac-
ture mode. From this examination (see Fig. 13), itis clear
that the majority of the specimens (from the two mi-
crostructures) present a crack inittation on @ nodules de-
pleted in chromium and molybdenum. From the same
examination, fatigue crack inidation generally seems to
occur at grain boundaries or at a triple point. No signifi-
cant clear difference is found between the fracture mech-
anisms of the two microstructures, These conclusions are

© 2012 Wiley Publishing Ld. Faligue fract Engng Mater Struct 36, 401-435
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Fig. 13 Fracture surfaces of Ti$§53-1 specimens.

drawn from analysis of 10 specimens from the Ti5553-1
microstructrre and 8 specimens from the Ti5553-3 mi-
crostructure,

COMPARISON OF FATIGUE RESULTS

OF THE TWO STUDIED Ti5553 ALLOY
MICROSTRUCTURES WITH THOSE OF TWO
OTHER TITANIUM ALLOYS, Ti4 AND
Ti-6Ai-4V

Fatigue properties of 1140 and Ti-6A1-4V

e Tid40 isa commercially pure low-iron grade 2 dranium con-
taining 0.03% iron or kess.”® The alloy is double vacuum
melted by the consumable electrode are meldng process.

€ 2012 Wiley Publiching Ltd. Fatigue Fract Engrg Mater Strict 36, 401415
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Russo and Schobel*” studied T4 ingots forged and rolled
into a 444 or 50.8 mm thick plate product. The plate
product was annealed at 730 C for 30 min and air cooled.
The frequency of die fadgue tests corresponding to the
Ti40 was set to 20 Hz. The stress ratio R was equal to
0.1 and the fadgue tests were performed at room tempera-
ture. The yield stress (resp. the uldmate stress) of this alloy
in the heat treatment conditions cited previously is about
960 MPa (resp. 985 MPa) as mentioned in Ref, {40].

Bellows et al. " studied Ti-6A1-4V, an alloy forged into fan
blade forging tools, mmeasuring approximately 400 x 130
% 20 mm, in a single forging campaign by the Cleveland
Operadons of Textron Turbine Engine Components. The
forging stock had been double vacwum are remelted, con-
verted to 64 nmm diameter bar stock, and supplied in the
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Fig, 14 S-N curves of Ti3553, TAOV and Tid0 altoys (B = (.1).

mill-annealed condition in aecordance with AMS4928L.#
The frequency of the fatigue tests corresponding to the
Ti-6Al4V was set to 60 1z, The stress ratio R was cqual
to (.1 and the fatigue tests were performed at room tem-
perature. ‘The yield stress (resp. the ultimate stress) of this
aloy is about 1100 MPa (resp. 1170 MPa).

It is elear that the yield siress and the uldmate stress of
the titanium alloys depend on their chemical compositon,
heat oreatment and the applied strain rate. But it can be
concluded, despite the dispersion, that the strength (yield
stress and ultimace stress) of the Ti5553 alloy (both mi-
crostructures) is superior o the strength of the Ti-6A1-4V
alloy which is superior to the strength of the Ti40 alloy.

S-N curves

A comparison of the farpue test results obuained in this
research study with tre 5-N curves of the above alloys
T140 and 'T1-6A1-4V is shown in Fig, 14, It demonsirates
that the high-cycle fatigue resistance of both 15553 mi-
crostrucures fs noticeably better than the high-cycle fa-
tgue resistance of the Tid0 and Ti-6A1-4V alloys. This
result can be explained by the difference of the yield
stress and the ultmate seress between the different al-
loys. Indeed an increase in the yield stress and the uwldi-
mate stress is accompanied by an increase in dhe fatigue
strength,

The fatigue strength of Ti5553 (fatigue limit equal to
429 MPa at 10° cycles and 404 MPa at 10° cycles for the
Tis553-1 and Ti5553-3 microstructures, respectively) is
fargely superior to the limit fatigue (at 10% cycles) of the
Tit0alloy {equal to 155 MPa) and of the Ti-6Al-4V (equal
to 274 MPa).

Goodman diagrams

Several models arve tradidonally been used for constant
life diagrams; the first and probably the most popular is

e

)

ey

Alternated stress [MPa]

2 0 100 [223] 500 1090 1D MED K60
Moan stross [MPa)

Fig. 15 Goodman dirgrams of Tis553, TAGV and Ti40 alloys,

the Goodman diagram. ™+ In this case, the magnitude
stress «, is plotted as a function of the mean stress oy, in
the following way:

ay = F{eny = 0} = (! - "O‘T) ' )
Ty

where a4, = a,(o, = 0) is the limit fadgue for completely

reversed loading and oy is the uldmate tensile soess.

In Fig. 15, the Goodman diagram corresponding to the
different atloys and microstructures seudied in Fig. 14 is
constructed at 10% cycles and at room temperatare with
available data. So, in the case of Ti5353-1, Ti5553-3 and
Ti40, a straight tine is drawn connecting the point (o,
;) determined from Fig. 14 at 10° cycles to the ultimate
tensile strength on the mean axis. In the case of Ti-6Al-
4V, a straight line is drawn connecting the point (o, 0,)
determined at 10°% eycles from Fig, 14 (so at R = 0.1) with
the point (., 0,) determined at 10° cycles from Ref, {41]

ata stress ratio of R = —1 (the Ti-6Al-4V specimens used
for the two stress rattos 0.1 and —1 came from the same
supplier),

Figure 15 undoubredly confirms the supertority of the
fatgue properties of the Ti$553 alloys in comparison with
the other alloys,

CONCLUSIONS

This paper presents and discusses the experimental re-
sults of a recent experimental study aimed o determine
the static (elastaviscoplastic and damage) and high-cycle
fatgue behaviour of two distnguish microstructures of
the new Ti5553 ticanium alloy. The difference between
the two microstructures is rehated to the value of the tem-
perature of the second aging which induces 2 difference
of the size of the secondary o phase. It is interesting o
note that a decrease in the size of the secondary ¢ pre-
cipitates have a positive effect on the vield and tensile
strength (Hall-Petch effect as mentioned in section ‘Effect
of the size of the secondary o precipitates’) and a negative
effect of the ductility while generally improving fadgue

€1 2012 Wiley Publishing 12d. Fatigue Fract Engrg Maler Strusct 36, 401415




strength by delaying the crack initiation. The enhanced
resistance to crack initiation is considered as a result of
high strength of fine grains that act as porental ohsea-
cles for dislocation movement, and thereby the formation
of microcracks is less inactive. A fractographic analysis
is carvied out in order to understand the fatigue mecha-
nisms in both microstructures (115553-1 and Ti55$53-3),
This analysis reveals that fatigue crack initiation generally
seems to oceur at grain boundaries or at a triple points and
nosignificant clear difference was found between the frac-
ture mechanisms of the two microstructures. The static
and fatigue properties of Ti5553 were also compared with
the fatigue properties of two other titanium alloys, Tid0)
and Ti-0Al-4V. The results of various studies have shown
that the Ti5553 alloy exhibits substantially superior static
and fatigue characteristies reladve to other ttanivm alloys
and in particular in comparison with the Ti-6A1-4V alloy,
which is the most popular ttanium alloy, This compari-
son confirms the well-known idea stadng that an increase
of the yield stress and the ultimate stress is accompanied
by an increase in the fatigue strength, This makes Ti5553
a prowising material for advanced aeronautical applica-
tons,
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APPENDIX: DETAILED DESCRIPTION OF THE
NELDER-MEAD ALGORITHM

Nelder-Mead method

A simplex method for finding a local mininam of a func-
tion of several variables has been designed by Nelder and
Mead.

For two variables, a simplex is a triangle, and the method
is a pattern search that compares functdon values at the
three vertices of a wiangle. The worst vertex, where
F(x, yhis largest, is rejected and replaced with a new vertex.
A new wiangie is formed and the search is continued. The
process generates a sequence of timgles (which might
have different shapes), for which the function values at
the vertices get smaller and smaller. The size of the wian-
gles is reduced and the coordinates of the minimum point
are found.

The Nelder and Mead's algorithm is stated using the
term siniplex (a generalized wiangle in N dimensions) and
will find the minimum of a function of N variables. It is
effective and computationally compact,

Initial triangle BGHW

Let f (v, y) be the function that is to be minimized. To
start, we are given three vertices of a triangie: b = (vk,
vk}, k=1, 2,3, The function [ (x, y) is then evaluated at
each of the three points: sk = f (vk, yl) for b =1, 2, 3.
The subscripts ave then reordered so that 21 < 52 < 23,
We use the notation

B=(rlyl), G={(x2,y2), and W=(x3,y3) (AI)
to help remember thae B is the best vertex, G is good (next
to best), and ¥ is the worst vertex,

Midpoint of the gaod side

The construction process uses the midpoint of the line
segment joining B and G. 1t is found by averaging the
coordinates:

Mo B+G (.\‘[ +x1 ¥ +y1).

. \.2
2 2 2 A

Reflection wusing the point R

The function decrcases as we move along the side of the
triangle from W wo B, and it deereases as we move along
the side from I to . Hence it is feasible thac f (v, y)
takes on smaller values at points that lie away from IF on
the opposite side of the line between B and G. We choose
a test point R that is obtained by 'reflecting’ the wiangle
through the side BG. To determine R, we first find the
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midpoint M of the side BG. Then draw the line segment
from B to M and call its length 4. This st segment is
extended a distance d through M to locate the point R,
The vector formula for R is

R=M+ (M- =2M- W, (A3)

xpansion using the point E

If the function value at R is smaller than the function
value at I, then we have moved in the correct direction
towards the minimum. Perhaps the minimurn is just a bit
farther than the point R. So we extend the line segment
through M and R to the point E, This forms an expanded
triangle BGE. The point E is found by moving an addi-
tional distance # along the line joining M and R. I the
fonction value at E is less than the function value at R,
then we have found a better vertex than R, The vector
formula for £ is:

E=R+(R-My=2R- AL {A4)

Contraction using the point C

If the funcdon values at B and B are the same, another
point must be tested. Perhaps the function is smaller at
M, but we cannot replace W with M because we must
have a triangle. Consider the two midpoints C1 and €2 of
the line segments M and MR, respectively. The point
with the smaller unction value is called C, and the new
triangle is BGC,

Note: The choice between C1 and €2 might scem inap-
propriate for the two-dimensional case, but it is important
in higher dimensions.
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Shrink towards B

It the function value at C is not less than the value at W7,
the points & and W ust be shrank towards B. The
point & is replaced with M, and W is replaced with
8, which is the midpoint of the line segment joining B

with V.

Logical decisions for each stcp

A computationally efficient algorithm should perform
function evaluations only if needed. In cach step, a new
vertex is found, which replaces #7. As soon as it is found,
further investigation is not needed, and the iteration step
is completed, The logical details for two-dimensional
cases are explained in the following table.

¥ iR}« f(G), THEN Performs Case (i) {either reflect ar extend}

ELSE Perform Case ¢it) {either contract or shonk}

BEGIN {Case (1).}
I¥ f(B) <f(R) THIN

replace B with B
ELSE

Compute E and (1)
¥ fill)<jtB) THEN
replace 7 with B
ELSE
replace B with &
ENDIF
ENDIF
END {Case (i).}

BEGEN {Case (it).}
IF fiR}< {17 THEN
replace H with R
Compute C=(H4+M)W2
or C=(H M2 and fIC)
I HO <fIV) THEN
replace B with ¢
ELSE
Compute § arud f{5)
replace B with §
replace G with M
ENDIF
END {Case (ii).}







