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A B S T R A C T

Biocompatible β-phase Ti-45Nb (wt%) alloy with a low elastic modulus of about 65 GPa has been proposed as
suitable candidate for use in load bearing implants under fatigue conditions. In this work the influence of grain
size on the mechanical properties and high cycle fatigue response of Ti-45Nb alloy has been studied. Severe
plastic deformation was applied by using the high pressure torsion (HPT) technique in order to obtain an ul-
trafine grained (UFG) Ti-45Nb alloy with enhanced mechanical properties without increasing the elastic mod-
ulus. Due to limited size of the HPT processed samples, tensile and fatigue tests on the UFG and the initial
conventional grained (CG) material were performed using small-scaled specimens and special testing set-up.
Finite element simulations were conducted for calculation of the stress and strain conditions in the miniaturized
samples subjected to dynamic loading. Grain refinement resulted in a mechanically stable structure with a
considerable improvement of the tensile properties, however a significant improvement of the high cycle fatigue
performance in comparison with the CG alloy was not observed. In order to explain this behavior, the changes in
the nanohardness, subgrain size and dislocation density of the UFG material before and after SPD processing
were evaluated and discussed. Microstructural investigations and fracture surface analyses were performed to
gain information about the mechanisms of fatigue of the material at high cycle regime.

1. Introduction

Titanium alloys, stainless steels and Co-Cr alloys with biomecha-
nical and biochemical compatibility are used for fabrication of a large
variety of medical implants [1–3]. Especially α+β type titanium alloys
such as Ti-6Al-4V with excellent combination of mechanical properties
and biocompatibility have been recognized as suitable candidates for
bone implants. Their Young's moduli (∼ 110 GPa) are, however, still
greater comparing with that of the cortical bone (10–30 GPa) [4]. For
structural biomaterials used in implants that replace hard tissue, a
combination of enhanced tensile, fatigue and wear properties with low
elastic moduli is desired. If the Young's modulus of a load bearing im-
plant made of metallic biomaterials is higher than that of the cortical
bone, bone atrophy may occur because of the stress shielding between
the implant and bone [5]. Stress shielding causes loosening of the im-
plants such as artificial joints or bone re-fracture after extraction of the
implants [6]. Theoretical study of the effects of alloying elements on the
strength and modulus of β-type bio-Ti alloys suggests that non-toxic and
non-allergenic elements like Nb, Mo, Zr and Ta promote formation of β-
type Ti alloys with enhanced strength and reduced Young's modulus

[7]. These alloys are especially suitable for use in load bearing implants
under fatigue conditions such as artificial hip joints, bone plates and
screws, spinal instruments, and dental implants [8–11]. Among the β-
type titanium alloys with a bcc lattice, those based on Ti-Nb with a
single β-phase, have significantly lower elastic moduli. Previous studies
have shown a composition dependency of the Young's modulus of dif-
ferent stable and metastable phases for Ti-Nb binary alloys [12]. A
minimum in Young's modulus of 62 GPa was observed at around the
composition of Ti-45 mass %Nb in the single β-phase region [12–14].
Ti-45Nb alloy allows stabilizing a single ß-type phase with low Young´s
modulus at room temperature. The Ti-Nb system is a well-established
thermodynamic system, since it is of interest for a variety of applica-
tions. Earlier studies refer to an application of these alloys as super-
conducting material [15].

For the long term usage of metallic implants, biomechanical prop-
erties should be enhanced. Improvements in the static strength of bio-
materials such as the tensile strength can be achieved by employing
strengthening mechanisms including work hardening, grain refinement,
precipitation and dispersion hardening. Severe plastic deformation
(SPD) processes are defined as metal forming processes to fabricate
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ultrafine-grained (UFG) materials, via introducing extremely high
plastic strains into a bulk metal without any significant change in the
overall dimensions. Within the available techniques equal-channel an-
gular pressing (ECAP) and high pressure torsion (HPT) are efficient SPD
techniques which usually require considerably smaller total strain to
achieve the desired submicron grain sizes [16,17]. From a technological
point of view, the structural application of HPT processed materials
should be based on understanding and knowledge of their fatigue
performance. Due to grain refinement and increased tensile properties
of UFG metallic materials, an enhanced fatigue life in comparison with
their equivalent conventional grained (CG) materials might be ex-
pected. Previous investigations have shown that the anticipated im-
provement in fatigue life is highly dependent on the used basic (initial)
material [18–21].

In the present study, mechanical properties and fatigue performance
of biocompatible β-Ti-45Nb alloy was investigated. High pressure tor-
sion (HPT) was applied to enhance the tensile properties of the alloy
without increasing the Young's modulus. Considering the few number
of studies on fatigue of β-type titanium alloys for biomedical applica-
tions, the fatigue response of β-Ti-45Nb in the initial state and after
HPT deformation was investigated. Since at present HPT processing can
only be implemented for small samples (discs with less than 30 mm ø),
all the experiments were conducted by using miniaturized specimens.
Furthermore, two types of sample geometries were chosen, in order to
consider the design aspects of the medical implants.

2. Materials and methods

2.1. Samples

The alloy investigated in the present work was a hot hydrostatic
extruded (HHE) β-type Ti-45Nb (wt%) alloy provided as bars with a
diameter of 42 mm and chemical composition as given in Table 1 re-
ceived from ATI Wah Chang, Alabama, USA. The studies were per-
formed on the samples prepared from the conventional grained original
alloy and ultrafine grained HPT processed material which are denoted
by CG and UFG, respectively.

The principle of HPT is illustrated schematically in Fig. 1. The disc
which is located in a closed die is compressed by a very high pressure,
and plastic torsional straining is achieved by rotation of one of the
anvils. The equivalent strain according to the von Misses yield criterion
is given by ε = πNr h2 / 3 , where r is the radius of the disc, N the
number of rotations and h the final thickness of the disc after HPT
deformation [22]. In this work, slices with a thickness of about 0.8 mm
and diameter of 8 mm were cut from the Ti-45Nb material normal to
the axis of the bars. The Ti-45Nb discs were deformed under a hydro-
static pressure of 4 GPa and N = 1, 5 and 10 at room temperature
leading to an equivalent strain (ε) of 16, 82 and 170 at a radius of 2 mm
from the center of the specimen. In all the cases the rotation speed was
maintained to 0.2 rpm (revolutions per minute). Thickness of the
samples after doing HPT processing of different number of rotations of
N = 1, 5, 10 was in the range of 0.45–0.49 mm.

Due to the limited size of the HPT processed discs (diameter of
8 mm), miniaturized tensile and fatigue samples were prepared by
using special spark erosion cutting tools. Dumbbell shaped samples
with a cross section of 0.75 mm × 0.45 mm and a gauge length of
2.5 mm were used for tensile tests (Fig. 2a). Fatigue experiments on the

CG material were conducted by using hourglass and double-edge not-
ched specimens and the UFG material was tested by using the hourglass
sample geometry with the dimensions given in Fig. 2b and c. Both
sample series had a gauge section of about 350 µm and a thickness of
0.2 mm. The UFG samples were cut at the radius of about 2 mm from
the center of the HPT discs to assure a similar microstructure at the
gauge section as indicated with blue color in the disc illustrated in
Fig. 1. All samples were mechanically thinned and fine polished with
diamond paste to remove possible damages and to obtain smooth sur-
faces.

2.2. Microstructure and texture

A Bruker-AXS Discovery 8 X-ray diffractometer with a 2D detector
using Cu Kα source with an accelerating voltage of 40 kV and a current
of 30 mA was used for the analyses of composition of phases. Optical,
scanning and transmission electron microscopy methods (OM, SEM,
TEM) were used to reveal the microstructure and grain size distribution
of the initial and HPT Ti-45Nb samples. The microstructure of the initial
alloy was characterized with a scanning electron microscope type FEI
Quanta 200 FEG by using Electron backscatter diffraction (EBSD)
technique. TEM investigations were conducted by using a transmission
electron microscope type FEI Technai F 20.

The dislocation density of the HPT Ti-45Nb samples before and after
fatigue processing was measured by high-resolution diffraction peak-
profile analysis [23,24]. The X-ray data were recorded using a highly
monochromatic X-ray beam (with dλ/λ = 10−4) with a Curved Posi-
tion Sensitive Detector INEL CPS-590 positioned at a distance of
480 mm from the specimen and Cu anode generator at 45 kV and
80 mA with a Ge single crystal monochromator. The line profiles were
evaluated using the extended convolutional multiple whole profile
(CMWP) procedure [25,26]. The distances between the specimen and
detector were selected such that the instrumental effect was always<
10% of the physical broadening. The photon energy used was 8 keV,
which corresponds to a wave length of Cu Kα2 radiation of 0.154 nm.
The incident beam size was about 100 µm × 500 µm on the sample and
the photon flux amounted to 5 × 1011 photons mm−2 s−1. In case of
fatigued and failed specimens, the X-ray beam was positioned on the
middle of the plane surface of one of the broken parts and these results

Table 1
Chemical composition of the Ti-45Nb alloy.

Element wt% at%

Ti 53.92 69.22
V 0.51 0.62
Nb 45.57 30.16

Fig. 1. The principle of HPT deformation processing (schematic), the samples were
prepared from the blue area indicated on the HPT disc (ε= 82). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article).
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will be presented and discussed in the last section. The measured dis-
location density for the CG and UFG samples before fatigue testing are
presented in Table 2.

Fig. 3 presents the phase compositions of the Ti-45Nb samples at the
initial state and after HPT deformation at 4 GPa hydrostatic pressure
and by 5 rotations. The XRD results confirm that both initial CG and
UFG Ti-45Nb samples consist of a single β-phase and no phase trans-
formation occurred during HPT processing (Fig. 3). Fig. 4a shows the
grain size distribution and the texture of the initial Ti-45Nb alloy
normal to the axis of the bar (OM). TEM dark and bright field images of
the microstructure of Ti-45Nb after HPT deformation and the corre-
sponding selected area electron diffraction (SAD) pattern are shown in
the Fig. 4b, c and d. HPT deformation of the initial sample with an
average grain size of about 20 µm resulted in an ultrafine grained mi-
crostructure with grain size of less than 100 nm. The continual dif-
fraction rings of the β-phase shown in Fig. 4c confirm the results of XRD

measurements.

2.3. Mechanical properties

Nanoindentation techniques and tensile tests were performed for
characterization of the mechanical properties of the CG and UFG
samples. Nanoindentation measurements were conducted to study the
effect of HPT processing parameters on the values of nanohardness and
Young's modulus of the Ti-45Nb alloy. The measurements were carried
out at room temperature by an ASMEC-Universal Nanomechanical
Tester UNAT and using a Vickers indenter. The device was calibrated in
terms of indenter stiffness and contact area using fused silica and sap-
phire standards. The measurements were carried out on the HPT discs
on an area with the radius ranging from 2/5R to 3/5R as shown in
Fig. 1b (marked with blue color). About 50 single measurements were
performed on each material from which an average value was obtained.
Young's modulus was determined according to the methods given by
Oliver and Pharr [27]. Typical nanoindentation load displacement
curves for Ti-45Nb alloy obtained for the CG and UFG materials after
different stages of HPT processing are presented in Fig. 5. The corre-
sponding values of elastic modulus and nanohardness are demonstrated
in Fig. 6a and b showing the evolution of these both values with in-
creasing the degree of shear deformation. The results show that the
value of Young's modulus after HPT deformation is only slightly higher
than the value measured for the CG samples, while a considerable in-
crease of nanohardness from 1.42 for CG sample to 2.42 for UFG ma-
terial after 5 rotations is observed.

Tensile tests were performed with a strain rate of 10−3/s using a
miniaturized tensile machine with a load cell capacity of 2 kN equipped
with non-contacting laser speckle sensors based on the correlation
technique [28]. Typical stress-strain curves of the initial and UFG Ti-
45Nb samples are presented in Fig. 7. It can be seen that, HPT de-
formation leads to a strong increase in the ultimate tensile strength
about 100% from 446 MPa for the CG to 940 MPa for the UFG sample.
The tensile tests also show a reduction of the fracture strain from above
20% to about 10% after HPT deformation.

The results show that HPT processing induced a significant increase
in the strength of the Ti-45Nb alloy while maintaining the Young's

Fig. 2. a, b, c: Schematic of tensile and fatigue samples. (a) Tensile sample (b) hourglass, (c) double-edge notched.

Table 2
Mechanical properties of the CG and UFG (HPT P = 4, N = 5) Ti-45Nb specimens.

Sample Dislocation density [1/m2] Young's modulus [GPa] UTS [MPa] Yield strength [MPa] Average grain size [µm] Nanohardness [GPa] Fracture strain %

CG 1.35E+15 65.4± 2.1 446±12 430±21 20 µm 1.42± 0.02 21.8
UFG 3.30E+15 67.7± 2.1 940±14 864±25 <0.100 2.42± 0.04 9.4

Fig. 3. XRD spectrum for the initial state and HPT (n = 5, p = 4 GPa) samples.
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modulus at the low level of the initial material. With regard to the
obtained values of Young's modulus and nanohardness for the HPT
processed alloy at three different number of rotations (N = 1, 5, 10)
and 4 GPa hydrostatic pressure and since the increasing of the tensile
strength and nanohardness are rather saturated after HPT of 5 rotations
(Fig. 6a and b) for this study the HPT Ti-45Nb material processed under
5 rotations was selected for the fatigue investigations.

A summary of the microstructural and mechanical properties of the
initial CG and UFG Ti-45Nb samples is presented in Table 2.

2.4. Fatigue experiments

Since skeletal implants are frequently exposed to long-term cyclic
loading [29], our investigations concentrated on the high cycle fatigue
regime up to 109 cycles. A special testing system composed of an ul-
trasonic resonance fatigue testing system working at 20 kHz in combi-
nation with a special experimental set up already developed for testing
of miniaturized specimens was used to perform fatigue tests. For fully
reversed loading condition (R = −1), the mechanical system is com-
posed of a piezoelectric transducer, an amplification horn, and a spe-
cimen holder. The distribution of displacement and strain varies sinu-
soidally along the system with the maximum strain being in the
midsection of the specimen holder (Fig. 8). A bar shaped specimen
holder of high strength Ti-alloy with a cross section of 20 mm × 8 mm
and a resonance length of 128 mm containing a through hole with a
diameter of 2 mm in the midsection was used for fatigue testing. The
miniaturized specimens were aligned and glued carefully over the notch
of the holder parallel to the loading direction by using a cyanide-ac-
rylate adhesive. The gauge section of the miniaturized specimen across
the hole is freestanding in this location. Strain measurements were
performed by using miniature strain gauges. The velocity of vibration at
the end of the sample holder was measured by using a laser Doppler
Vibrometry (LDV) during the loading. During testing, a video camera
attached to a light microscope was used to monitor the plane surface of
the specimens. This allowed recording the entire fatigue process and
determination of the number of loading cycles (Nf) to failure.

Fig. 4. Microstructure of Ti-45Nb material, a) conventional grained initial alloy, b, c and d) Ultrafine grained material (UFG) processed by HPT with P = 4 GPa, n = 5; (b, c) dark and
bright field TEM images and the (d) corresponding selected area electron diffraction (SAD) pattern of the beta phase.

Fig. 5. The plot of load versus displacement curves with Fmax = 100 mN and Vickers
indenter. Inset figure shows typical indent made by Vickers indenter.
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Compressed air cooling prevents heating of the sample and a light
microscope is used to observe the sample surface. The magnification of
the microscope and the video system could be set up to 1000× with a
resolution of about± 5 µm. Tests were performed at room temperature
with additional cooling of the specimen by pressurized dry air. Control
temperature measurements were performed using an infrared thermo-
meter with a spot size of about 0.6 mm on the surface of specimens to
ensure the room temperature testing conditions.

2.4.1. Strain and stress calibration
Strain and displacement measurements were used for the calibration

of the fatigue experimental set-up and determination of the relationship
between the strain values at the plane surface of the test specimens to

that of the specimen holder. Strain gauges were attached to the gauge
section of the specimen and to the site of maximum strain on the side
face of the specimen holder. Due to the small geometries of the notched
and hourglass shaped samples with thickness of 200 µm and gauge
section of about 350 µm direct strain measurements by application of
commercially available strain gauges was not possible. Therefore, strain
measurements were performed by using calibration hourglass samples
with the same thickness and a width of about 600 µm in the gauge
section. The displacement/strain amplitude was increased stepwise and
the ratio of the strain value at midsections of the miniaturized sample to
the holder was determined. The experimental strain ratio (RE = εsample/
εholder) was determined by linear regression as shown in Fig. 9. The
obtained value of 2 which is lower than the theoretical Kt = 2.73 (for a
rectangular bar of 20 mm with a through hole of 2 mm) corresponds to
the actual increase of stress on the free standing samples glued to the
holder across the hole.

The corresponding stress amplitude of the specimens was calculated
based on the experimental calibrations and Finite Element Analysis
(FEA). The experimental stress value was determined by using the
strain measured at the mid-section of the holder at each stress ampli-
tude, the obtained strain calibration factor and the theoretical stress
concentration factors for each sample geometry. Under the assumption
of preliminarily elastic deformation of the specimen at HCF region
Hooke's equation was used:

∆ = ⎛
⎝

∆ ⎞
⎠

σ R K E ε
2

. . .
2E t

holder (1)

where E is the elastic modulus of the Ti-45Nb alloy, ∆( )ε

holder2 is the
strain at the side face of the specimen holder, Kt is theoretical net stress
concentration factor according to Peterson [30] and RE is the calibra-
tion factor measured by the strain gauges.

3. Finite element analysis

Finite element analysis (FEA) was performed by using ANSYS

Fig. 6. Nanoindentation results of initial and HPT Ti-45Nb; (a) Young's modules and (b) Nanohardness values vs. equivalent strain.

Fig. 7. Stress-strain curves of initial and HPT Ti-45Nb specimens.

Fig. 8. Schematic of principal of ultrasonic fatigue technique and experimental set up for miniaturized specimens under fully reversed loading condition (R = −1).
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software in order to calculate the distribution of strain and stress in the
miniaturized samples. The mesh size and geometry of the models was
selected in a manner to define the contours of the miniaturized samples
properly. Thereby, the mesh was refined in the region around a notch
wherever this was necessary. FE models were constructed for three
geometries including the calibration sample, hourglass shaped and
double edge notched samples with details listed in Table 3 and Fig. 2b
and c. Harmonic analyses were conducted by adjusting the sinusoidal
loads in order to fit the measured displacement amplitude at the end of
the sample holder which corresponds to the strain amplitude at the
midsections of the holder. Using these data, the ratio of the calculated
strains of the sample at different locations to the strain measured in the
midsection of the side face of the holder was determined. The calcu-
lated strain in the miniaturized samples is also influenced by the geo-
metry of the experimental set-up. In particular, stress concentrations
are introduced by the hole in the midsection of the holder across which
the samples are stretched due to attachment to the ambient periphery of
the hole. Since the direction of loading is along the y-axis of sample and
holder, particular interest was devoted to the strain component εyy
which was also measured by strain gauges. Furthermore, the simula-
tions revealed that the value of the strain component εyy was nearly
indentical with the value of von Mises strain which may be used as
failure criterion. The calculated values include the ratios of i) the strain
at the location of highest stress concentration which is found at the side
faces of the samples (denoted as Kt-dyn) ii) the volume averaged strain in
the gauge section of the samples (denoted as RFA) to the calculated
strain in the midsection of the side face of the holder (Fig. 8).

The strain distribution plots of the hourglass and double-edge not-
ched miniaturized fatigue samples attached across the hole in the
midsection of the holder are presented in Fig. 10a, c, e and b, d and f,
respectively. The simulations show that the chosen experimental set-up
results in a gradient of strain across the thickness of the samples (t =
200 µm), with the highest values being in the midsection of their lower
surface as shown for the hourglass (Fig. 10c) and notched samples
(Fig. 10d). The strain distribution in the plane normal to the loading
direction shows the proportional contribution of the stress values in the
gauge section of the samples (Fig. 10e, f) from which the volume

averaged strain was determined.
A summary of the experimental and theoretical strain ratios and

stress concentration factors are given in Table 3. The results show that
Kt-Dyn for the notched samples at the location of the highest stress
concentration is ~ 7.5 which is larger than the value of RE × Kt (see
also Eq. (1)) by a factor of two. On the other hand, the values of RE × Kt

show a better compliance with RFA (calculated volume averaged strain
ratio) for all sample geometries. It is known that analytical or numerical
methods based on the theory of elasticity may result to an over-
estimation of the stress concentration especially in the case of sharp
notches due to neglecting the strain gradient effects. Therefore, in the
present study the S-N curves were plotted by using the RFave factor for
calculation of the volume averaged stress and the following formula:

∆ = ⎛
⎝

∆ ⎞
⎠

σ R E ε
2

. .
2FA

holder (2)

4. Experimental results

4.1. Fatigue life curves

S-N curves of miniaturized notched and hourglass shaped CG Ti-
45Nb samples are shown in Fig. 11a and b. The plot displayed in
Fig. 11a shows the raw experimental fatigue data without taking the
stress concentration factors of the samples (Kt) into account compared
with those calculated on the basis of volume averaged stress (Eq. (2)).
The stress amplitude given in the fatigue life curves presented in
Fig. 11b is based on the maximum stress concentration in the gauge
section of the notched and hourglass-shaped samples. S-N curves of CG
samples of both geometries show a rather flat trend in the region of HCF
(N>1e5–1e9). As expected, the fatigue life curves based on volume
averaged stress (VAS) lie above the raw experimental curves and the
notched specimens demonstrate a fatigue strength of about 45% lower
than their hourglass shaped counterparts (Fig. 11a) for stress values
determined by both methods. On the other hand, using the Kt-Dyn for
estimation of the stress amplitude of the samples results in a higher
lifetime for the notched samples than that of hourglass shaped ones
with a considerable scattering of the fatigue data (Fig. 11b). Both trends
are consistent with Weibull statistics considering the very small sample
volume subjected to elevated stress in notched samples. In fact, the
volume exposed to stress concentrations in miniaturized samples is so
small that a variance of fatigue strength can be observed for the Ti-
45Nb alloy.

In order to estimate the influence of stress concentration on the
fatigue performance of the Ti-45Nb alloy it was attempted to determine
the fatigue notch sensitivity factor of the CG material. The fatigue notch
factor Kf is defined as

=K σ σ/f smooth notch (3)

with σsmooth being the fatigue limit of unnotched bodies (hour glass
shaped samples) and σnotch being the fatigue limit of notched bodies.
The fatigue notch sensitivity factor q, is obtained [31,32] according to
the equation

=
−
−

q
K
K

1
1

f

t (4)

where ≤ ≤q0 1.
The full notch sensitivity is given by q = 1 ( =K Kf t) and complete

notch insensitivity is given by q = 0 ( =K 1f ).
The fatigue notch factor was determined based on the measured and

calculated stress amplitudes at 1e9 loading cycles with the values of Kf,

= 1.74 (experimental stress amplitude ratio of 110/63) and Kf, = 1.74
(calculated stress amplitude (VAS) ratio of 186/107) presented in
Fig. 10a. Considering the value of Kt = 1.83 for the double edge not-
ched samples after Peterson formula and the obtained experimental Kf

value of ~ 1.7 of this study the notch sensitivity factor is determined to

Fig. 9. Calibration curves for determination of strain in the miniaturized samples.

Table 3
Summary of strain calibration measurements.

Sample shape and width Ktn RE × Ktn Kt-Dyn RFA

Hour-glass, 0.6 mm 1.18 2.36 3.44 2.80
Hour-glass, 0.35 mm 1.05 2.10 3.91 3.42
Double-edge notched, 0.35 mm 1.83 3.66 7.53 3.32

RE: experimentally determined strain ratio (εsample/εholder = 2).
RFA: volume averaged strain ratio calculated by FEM (εyy sample/εyy holder).
Kt: analytical net stress concentration factor.
Kt-Dyn: stress concentration factor calculated by FEM (max.v. Mises strain).
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be q = 0.89. Consequently, the Ti-45Nb alloy with the given geometry
and grain size of about 20 µm can be considered as notch sensitive [33].

Recently the authors investigated the effect of notch geometry on
the high cycle fatigue response of β-Ti-45Nb bulk alloy by using an
ultrasonic fatigue testing system [34]. The fatigue resistance of hour-
glass shaped samples was determined to be 260 MPa at 1e9 cycles and
the cycles to failure was highly dependent on the location of the defects.
Presence of notches resulted in a strong drop of the lifetime curve and
the fatigue notch sensitivity factor (q) was found to be 0.95–0.76 de-
pending on the notch geometry. The lower fatigue resistance of the
smooth miniaturized samples of the present study with a rectangular
cross section (186 MPa) in comparison with the bulk Ti-45Nb samples

with circular cross section [34] can be mainly explained by the influ-
ence of sample geometry. According to the cross-sectional stress dis-
tribution plots of Fig. 10e and f the stress at the edges of the rectangular
shaped samples is considerably raised. Thus, for the notch sensitive
material, the presence of these stress concentrators can lead to an
earlier failure as also confirmed by the fracture surface analysis of the
fatigued miniaturized samples.

The influence of grain refinement on the fatigue life of Ti-45Nb is
presented in Fig. 12a with the stress amplitude being calculated based
on the averaged v. Mises stress for the CG and UFG Ti-45Nb hourglass
shaped samples. The endurance limit of UFG and CG material at 1e9
cycles are 200 MPa and 186 MPa respectively resulting a slight

Fig. 10. Plots of strain distribution for (a, c) hourglass sample related to 845 µstrain on holder. Max. Strain: 0.33%. (Kt = 3.90) (b, d) notched sample related to 321 µstrain on holder.
Max. Strain: 0.33%; (e and f) strain distribution in the gauge section of (e) hourglass and (f) notched samples in the plane normal to the loading direction.
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improvement of fatigue resistance due to HPT processing. Typical fa-
tigue crack paths of the samples are displayed in the plane views of
failed CG (Fig. 12b) and UFG sample (Fig. 12c). The zigzag type and the
straight crack path of the CG and the UFG samples respectively are in
conformity with the commonly observed grain size dependent fatigue
crack path morphologies in metallic materials (Fig. 12b, c).

The effect of severe plastic deformation on the improvement of fa-
tigue resistance of metals has been subject of a large number of in-
vestigations [35–37]. It has been reported that the expected fatigue
response is dependent on several factors including the purity and
composition of the used material, processing conditions, fatigue testing
conditions and also the anticipated fatigue regime [37–40].

In most cases, it is reported that grain refinement by SPD processing
of alloys and low purity metals results in a significant enhancement of
fatigue resistance under stress controlled testing conditions in the high
cycle regime [41–44]. In our study, as already presented, grain re-
finement by HPT processing resulted in a considerable increase in the
yield strength and tensile stress of the Ti-45Nb alloy (Table 1, Fig. 7).
The fatigue limit at 1e9 cycles is in the range of 185–200 MPa for the
CG and UFG samples which correspond to σ

σ
s
f
(ratio of UTS to fatigue

limit) of about 2.5 and 4.5 for the former and latter materials. Thus,
considering that the maximum stress amplitude of the obtained S-N
curve in the very high cycle regime (about 210 MPa) is far below the
elastic limit of the UFG material (σy = 860 MPa), the high cycle fatigue
response of the UFG Ti-45Nb of this study is rather unexpected.

Generally, the moderate fatigue performance nanostructured or ul-
trafine grained materials processed by SPD has been related to the oc-
currence of cyclic softening due to the thermal and mechanical in-
stability of the material. A further issue is the decreased ductility and
the high crack growth rate in the materials with extremely fine mi-
crostructure [45–48]. For a better understanding and interpretation of
the fatigue response of CG and UFG Ti-45Nb alloy of the present study,
fatigue fracture surfaces of the CG and UFG samples are analyzed and
the evolution of microstructure, hardness and dislocation density of the
UFG samples with increasing the loading cycles are investigated in the
following.

4.2. Fracture surface analysis

Due to the flat trend of the obtained fatigue curves, the impact of the
number of loading cycles to failure on the fracture behavior of the
samples was studied. The fracture surfaces of CG samples which failed
at almost the same stress amplitude and different loading cycles in the
range of ~ 1e5–1e8 are presented in Fig. 13a, c, e. The corresponding
details are shown in Fig. 13b, d and f. It can be observed that in-
dependent from the loading cycles all samples failed in a crystal-
lographic appearance with crack initiation site being at the surface or
close to the surface. Surface or internal defects were scarcely identified
as sources of fatigue cracks. Fatigue crack in the specimens which failed
earlier initiated mostly from their corners with cracks originating from

Fig. 11. Fatigue life curves of miniaturized notched and hourglass shaped CG Ti-45Nb samples a) experimental data without Kt, and volume average stress curves b) plotted based on the
maximum stress (FEM).

Fig. 12. a) S-N curves of miniaturized hourglass initial (CG) and
HPT samples (UFG) which notch factor (Kt) was calculated by FEM
simulation (Kt = 3.90). Plane view of failed (b) CG and (c) UFG Ti-
45Nb fatigue samples.
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cleavage of one or few grains at these sites and expanding radially
across the surface (Fig. 13b, d). These plane faceted features were rarely
observed on the samples which failed at higher loading cycles (Fig. 13e,
f). The overall fracture morphology was a dominant quasi-cleavage
type, which maintained its rough appearance throughout the sample.

Apparently, a transition of crack propagation mode I to mode II did not
occur, however several grains contained fatigue striations as marked in
Fig. 13b, d, f. The fracture appearance could be related to the small size
of the samples, suppressing the fatigue crack growth phase resulting in
a short time to failure after initiation of the fatigue crack.

Fig. 13. Fatigue fracture surfaces of coarse grained Ti-45Nb samples failed at about 234 MPa and different loading cycles, (a, c, e) overview and (b, d, f) detail SEM images.
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Fig. 14a shows the overview of the fracture surface of long life UFG
Ti-45Nb fatigue sample with the detail being displayed in higher
magnification in Fig. 14b. Fatigue crack originates from the corners and
propagates through the gauge section of the sample resulting in a flat

Fig. 14. Overview (a) and detail (b) of fatigue fracture surface of ultra-fine grained Ti-45Nb.

Fig. 15. Low (a) and high (b) magnification bright field TEM images of the microstructure of a run out UFG Ti-45Nb material (200 MPa, N = 1e9 loading cycles).

Fig. 16. Measured intensity profiles of HPT Ti-45Nb samples in three different states.

Fig. 17. Nanohardness and dislocation density of UFG material as a function of loading
cycles.
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fracture surface morphology typical for UFG materials. Several fine
lines expand across the cross section parallel to the surface of the
sample in the shear plane of the HPT disc resulting in a step like ap-
pearance of fracture surface. The extremely fine parallel fatigue lines
which run throughout the long life sample are shown at higher mag-
nification in Fig. 14b. This image corresponds perfectly to the straight
crack path observed on the plane surface of the UFG sample and in-
dicates a rapid crack growth rate which might have resulted in a
moderate fatigue resistance of UFG material. The low fatigue perfor-
mance of the UFG samples can also be related to the fatigue notch
sensitivity (q) of the material and the chosen sample geometry. The
rectangular cross section of the samples with edges acting as stress
raisers which may promote early crack initiation in both CG and UFG
Ti-45Nb samples (as also shown in the FEM plots). Considering the high
value of q = 0.89 obtained for the CG alloy of this study, and the
commonly accepted trend of increased notched sensitivity with de-
creasing the grain size, a higher impact of the sample geometry on the
fatigue response of the UFG Ti-45Nb may be expected [49,50].

4.3. Analysis of the fatigue response of UFG Ti-45Nb

The microstructural stability of the HPT Ti-45Nb material during
the dynamic loading was examined by means of TEM and X-ray dif-
fraction analysis. TEM images of a run out UFG Ti-45Nb sample (Stress
amplitude = 200 MPa and N = 1e9) are presented in Fig. 15a and b.
Careful microstructural examinations did not show evidence of no-
ticeable changes in the grain size of material after long-term fatigue
loading. Fig. 16 confirms that the measured intensity profiles of the
UFG Ti-45Nb samples prior to and subsequent to fatigue loading remain
unchanged. Measurement of the crystallite size of the HPT processed
samples in dependency with loading cycles to failure as performed by
using Convolutional Multiple Whole Profile (CMWP) [51,52] indicated
a sub-grain size of about 20 nm for all specimens. These data also
confirm absence of grain coarsening as a result of dynamic re-
crystallization of the UFG Ti-45Nb during the high cycle fatigue.

The influence of cyclic loading on the evolution of nanohardness
and dislocation density (ρ) of the UFG samples is displayed in Fig. 17 in
which a gradual decrease of the both values with increasing the loading
cycles is observed. The relatively high dislocation density of the Ti-
45Nb sample after HPT processing (ρ = 2.1 × 1015 m−2) decreases
about 10% after 3.45e7 loading cycles at 203 MPa and falls to about
60% of the original value (1.9 × 1015 m−2) after loading at 200 MPa
and 1e9 loading cycles. The nanohardness values obtained for the same
samples showed a slight reduction of about 4% in the intermediate
regime and 12% at very high loading cycles.

Previous studies have shown that the decrease in hardness of UFG
Cu after fatigue does not necessarily scale with the cell size according to
a well-known relationship between the saturation stress and cell size
[53]. It has been suggested that cyclic softening in UFG metals is not
directly related to the grain coarsening and the mechanism of softening
is related to the decrease of defect density and changes of boundary
misorientation rather than to the grain size [54]. This might also be
considered as a possible explanation of the moderate fatigue response of
the UFG Ti-45Nb material of this study requiring future investigations.

5. Conclusion

The mechanical properties and high cycle fatigue performance of ß-
type Ti-45Nb alloy with conventional (CG) and ultrafine grained (UFG)
microstructure were investigated by using small scaled samples with
different geometries. The Ti-45Nb samples processed by HPT showed a
considerable increase of hardness and strength due to the significant
grain refinement while maintaining a low Young's modulus of about
65 GPa. Ultrasonic fatigue tests were conducted to obtain lifetime
curves for the CG and UFG miniaturized samples which were plotted by
using the calculated volume averaged stress against loading cycles to

failure. Based on the fatigue experiments on smooth and notched CG
samples, Ti-45Nb alloy was found to be a notch sensitive material.
Furthermore, only a slight improvement of the fatigue resistance of the
UFG material with superior tensile properties was achieved. In order to
explain this unexpected behavior, careful microstructural and texture
analysis were performed which confirmed the microstructural stability
of the UFG Ti-45Nb alloy and absence of grain coarsening up to the very
high cycle regime. Cyclic softening effects were found in terms of a
gradual reduction of hardness and dislocation density with increasing
the loading cycles from 1e6 to 1e9. According to our findings, the
moderate fatigue performance of the UFG Ti-45Nb is more likely re-
lated to the early crack initiation due to the geometrical effects in the
notch sensitive alloy and the rapid crack growth which is known as a
common feature in nano- and ultrafine grained materials.
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