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Fully reversed bending fatigue tests were performed on polished hour-glass specimens of commercially pure titanium grade 1 with
three different grain sizes, that were produced by severe plastic deformation (rotary swaging) and subheat treatments, in order to
examine the effect of grain size on fatigue. An improvement in fatigue strength was observed, as the polycrystal grain size was
refined. The endurance limit stress was shown to depend on the inverse square root of the grain size as described empirically by a
type of Hall-Petch relation. The effect of refining grain size on fatigue crack growth is to increase the number of microstructural
barriers to the advancing crack and to reduce the slip length ahead of the crack tip, and thereby lower the crack growth rate. It
was found that postdeformation annealing above recrystallization temperature could additionally enhance the work-hardening
capability and the ductility of the swaged material, which led to a marked reduction in the fatigue notch sensitivity. At the same
time, this reduction was accompanied with a pronounced loss in strength. The high cycle fatigue performance was discussed in
detail based on microstructure and mechanical properties.

1. Introduction

In conventional fatigue design, the fatigue limit obtained at
a number of stress cycles of 107 has been used to determine
the allowable stress level for design against high cycle fatigue
(HCF). However, Fatigue fracture can, still, take place at a
number of stress cycles beyond 107 cycles even when the
stress level is below the conventional fatigue limit, due to
stress concentration and other various modifying factors. In
recent years, fatigue data obtained for high strength steels
have shown anomalous two-stepwise or duplex S-N curves
[1-8]. In the HCF regime with life less than 107 cycles,
fatigue fracture starts from the surface. The fatigue limit of
most metallic materials is determined by the propagation
condition of nucleated small cracks on the surface. The crack
closure and microstructural barriers are two mechanisms for
blocking small cracks propagation at the fatigue limit [9].
Fatigue properties are often of primary importance when
considering the potential use of bulk ultrafine grained (UFG)
materials in structural applications. Some of the earliest

investigations of the cyclic behavior of UFG metals were of
copper, for example, the experiments by Agnew et al. [10]
and their continuation by Mughrabi et al. [11-13]. Various
experimental results on the fatigue behavior of UFG metals
and alloys are summarized in numerous previous works [14-
18]. It is established that strength of metals is related inversely
to the size of the grain structure as described by the well-
known Hall-Petch (H-P) relationship [19-22]. In the same
sense, improved fatigue strength with grain size reduction
obtained via equal channel angular pressing of commercial
purity aluminium alloy was previously demonstrated [23].
Lukas et al. [24] have demonstrated the H-P effect for the high
cycle fatigue behavior of copper for two grain sizes of 0.3 and
70 pm.

The H-P relation depends on two constants; one of
them represents the friction stress that reflects the overall
resistance of the crystal lattice to dislocation movement
which is strongly dependent on temperature, strain, and
alloy content, and the other represents the relative hardening
contribution of the grain boundaries. The H-P equation also



has been found to apply not only to grain boundaries but
to other kinds of boundaries such as ferrite and cementite
in pearlite, mechanical twins, and martensite. The original
dislocation model for H-P equation was based on the concept
that grain boundaries act as barriers to dislocation motion
[25]. The dislocation pile-up model of Eshelby et al. [26]
for the stress concentration produced at the tip of a blocked
slip band was employed also by both Hall and Petch to
explain the H-P equation. The inverse square root of grain
size dependence reported in pioneering researches by Hall
and Petch for the yield and cleavage fracture stresses of iron
and steel materials demonstrated extension of this grain size
dependent relationship to other material properties such as
the complete stress strain behavior of diverse metals and
alloys, assessments of the ductile-brittle transition, hardness,
fatigue, fracture mechanics, shear banding, and strain rate
sensitivity properties. The higher Taylor orientation factor
(m) of about 6.5 proposed for hcp crystal structure due
to the limited orientation dependence of the primary basal
slip system until deformation twinning intervenes and, also,
the much higher value of the critical resolved shear stress
required for the activation of the secondary prismatic or
pyramidal slip systems needed to effect accommodation of
plastic strains at grain boundaries, compared with the lower
value of m of 3.1 for fcc crystal structure, which applies for
the multiple available slip systems and the need for cross-slip
to occur at grain boundaries for transmission of plastic flow,
which are both available to fcc crystal structure; elucidate
the higher effect of grain size on strength and consequently
strain hardening rate in hcp structures over fcc structures
[27]. Besides, Mises [28] has demonstrated the need of five
independent operating slip systems, in order to accommodate
homogeneous slip, which is generally satisfied in cubic metals
and to a much lesser extent in hcp and low symmetry metals
[25].

It is relevant to have information also on the fatigue
notch sensitivity, because the fatigue performance of notched
bodies might be very poor even if the fatigue performance of
smooth bodies is good. The stress concentration at a notch
is usually described by the geometrical notch factor k, =
Omax/Onom Which mainly depends on the notch root radius,
the notch depth, and the mode of loading. Experiments
have shown that the HCF strength of a notched specimen
depends not only on k,, but also on materials properties
such as microstructure and mechanical properties. Therefore,
a fatigue notch factor K was introduced which relates the

smooth HCF strength for a given number of cycles (e.g., 10”)
to the notched one (k; = 0,y smooth/o,,7 notched). K,
can be considered as a reduced value of K, and was mainly
introduced to take into account the different responses to
notches for different materials and different microstructure
features. Accordingly, the fatigue notch sensitivity q was
developed and expressed as follows [29]:

k,—
_(f 1) )

(kt_ 1).

Two limiting cases can occur: g equal to 0 (no notch
sensitivity) and g equal to 1.0 (full notch sensitive). The first
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case exists if 0, smooth is equal to o, notched and
the latter if k, reaches its upper limiting value, which is
k,. Taking the difference between tensile strength and yield
strength (UTS-YS) as a coarse measure for work-hardening
capability, it was reported [30] that this difference affects
the fatigue notch sensitivity significantly. The higher the
difference between tensile strength and yield strength (work-
hardening capability), the lower the fatigue notch sensitivity
and vice versa. It was found that AISI steel 304 was low notch
sensitive (g = 0.32), while Beta C Titanium was almost fully
notch sensitive (g = 0.9). The work-hardening capability
(UTS-YS) of AISI 304 and Ti-Beta C was 390 and 10 MPa,
whereas the tensile elongation was 80% and 20%, respectively.

Rotary swaging is a hammer forming process for the
reduction of cross-section of solids, tubes, and wires. The
main application is the progressive deformation of circular,
concentric reduction. However, the process can also be used
in producing other regular forms, for example, hexagonal,
octagonal, and square sections. Some of the advantages
of rotary swaging include short cycle times, good surface
finishes, and tight size tolerances. Swaging is a metal-forming
technique in which the metal is plastically deformed to
its final shape using high pressure, either by pressing or
hammering or by forcing through a die. A schematic sketch of
a typical swaging unit is shown in Figure 1 [31]. The main part
of the unit consists of a “spindle,” with guiding slots which
contain the dies (D) and hammer blocks (C). There is a cage
containing rollers (B), which itself is contained within the
machine retaining chamber (A). When the hammer blocks
are between any of the rollers, there is an opening in the
dies (Figure 1(a)). As the hammer blocks strike the rollers,
the dies close in and exert a blow onto the material. During
rotation cycle of the spindle the dies close and open several
times depending upon the number of roller cages (B) and
the number of dies used (D); for example, in the case of
Figure 1, the dies close 12 times in one cycle. The spindle
rotates normally at 300-500 rpm, and during each cycle the
hammer blocks repeatedly strike the rollers (B). The frequent
opening and closing of the dies allow the component to be fed
into the swaging machine with little effort from the operator
or automatic feeder [32].

In this work, rotating bending fatigue of three-grain-
sized commercially pure (cp) Ti grade 1 processed by rotary
swaging (RS) was conducted on smooth and notched sam-
ples. Thermomechanical treatments were applied after rotary
swaging to result in a coarse and fine grained material. The
evolution of microstructure was investigated via orientation
imaging microscopy using electron backscattered diffraction
(EBSD). Fatigue performance of various grain sizes is com-
pared and contrasted.

2. Experimental Procedure

Commercially pure (CP) Ti grade 1 was received as hot
extruded bar with chemical composition illustrated in
Table 1. Round bars were severely plastically deformed (SPD)
by rotary swaging (RS) at ambient temperature from ©
(diameter) = 32mm down to @ = 9mm in multiple
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FIGURE 2: Geometry of the fatigue specimens.

TaBLE 1: Chemical composition of CP-Ti grade 1, wt%.

TABLE 2: Details of thermomechanical treatments of CP-Ti grade 1.

Element N H C Fe ¢} Ti Condition Thermomechanical treatment
CP-Ti 0.015  0.0018  0.009  0.04 0.0613  Rest Ultrafine grain (UFG) Swaged (SW)
Fine grain (FG) SW +450°C for 1h
Coarse grain (CG) SW + 850°C for 24 h

steps, which corresponded to a true strain of 2.5 (true strain
calculated from cross-section area reduction). The severely
plastically deformed material was then either recrystalliza-
tion annealed at 850°C for 24 hours to result in a coarse
grained microstructure and annealed at only 450°C for 1 hour
to produce a fine grained counterpart. Tensile tests (initial
strain rates 6.7 x 10™*s™") were performed using threaded
cylindrical specimens having gage lengths and gage diameters
of 25 and 5 mm, respectively. In addition, hardness tests were
performed on the swaged material after annealing at various
temperatures for 1 h.

HCEF tests were conducted in rotating beam bending (R =
—1) on hour-glass shaped smooth (k, = 1.0) specimens
and notched (k, = 2.0) specimens. Both specimen types
were ground and electrolytically polished to eliminate the
existence of surface cracks. The hour-glass shaped specimens
had a minimum diameter of 4 mm. The notched specimens
with a minimum diameter of 6.2 mm had a notch depth of
0.9 mm, a notch angle of 60°, and a notch root radius of
0.43 mm, which corresponded to a value of k, 0of 2.0, as shown
in (Figure 2).

Worth mentioning is that the range of k, values, in
general, is related to the difference in the samples minimum

diameter and notch depths obtained after machining. These
differences become more significant after electropolishing of
the samples, as the removed surface layers are not almost
constant in all samples. Test frequency was about 50 Hz. Three
conditions were investigated in this study, related to three
different grain sizes obtained through thermomechanical
treatments summarized in Table 2. The microstructure of the
three conditions was characterized normal to the extrusion
direction by electron backscattered diffraction (EBSD) using
Oxford HKL system incorporated on a field emission scan-
ning electron microscope (FESEM) 7600 JEOL. Sectioned
samples were ground up to 4000 grit, polished by alumina,
and further polished on a vibratory polisher for 2 hours using
0.06 pm colloidal silica.

3. Results and Discussion

3.1. Microstructure of CP-Ti Alloy. The microstructure of the
material in the three processed conditions was characterized
by EBSD and revealed the grain structure details given in
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FIGURE 3: Color coded grain map in (a), grain size distribution in (b), and histogram for the variation of misorientation angle in (c) for the

RS condition.

Figures 3-5. It was concluded from preliminary scans that
the grain size is too fine for the swaged and swaged +
annealed at 450°C conditions; for that reason a scan step of
0.02 ym and 0.05 ym was implemented in these two samples,
respectively. Figure 3 is for the as-swaged condition giving
the euler coded map in (a), distribution and variation of
grain size with critical misorientation angle of 10° in (b), and
histogram for the variation of misorientation angle plotted
with a bin of 2° in (c). It is seen that the average grain size,
based on the 10° critical misorientation, is about 0.1 ym, the
average misorientation angle is about 50°, and the fraction
of low angle grain boundaries (LAGBs) is about 6%. These
values point towards the fact that the majority of grains
are bounded by true high angle boundaries. Annealing the
swaged sample at 450°C for 1h has not changed the grain
structure significantly as shown in Figure 4. The average
grain size has relatively increased to 0.36 ym; the average
misorientation angle has marginally increased to 55 with
almost the same fraction of LAGBs of 6%. However, on

the other hand, the 24 h annealing at 850°C has changed the
microstructure significantly. The grain size has increased to
about 90 ym, with average misorientation angle of 49° with
relatively higher fraction of LAGBs of 12%, as illustrated in
Figure 5.

The microstructure details show the similarity exhibited
by SW and SW + annealed at 450°C for 1h, which indicate
the thermal stability of the processed microstructure for this
annealing condition; however this stability is rather lost for
the other annealing condition. The microstructures of fine
and coarse grains are generated by annealing the swaged
materials above the recrystallization temperature to generate
different grain sizes.

It is concluded from the equiaxed structure, observed
in all EBSD maps, that the structure is completely recrys-
tallized. It is believed that the severe plastic deformation
via cold swaging has induced full dynamic recrystallization.
The other two grain sizes were achieved by isothermal
annealing which involves static recrystallization. In all cases,
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FIGURE 4: Color coded grain map in (a), grain size distribution in (b), and histogram for the variation of misorientation angle in (c) for the

RS and annealing at 450°C for 1h condition.

the grain boundaries seem to be well developed into true
high angle grain boundaries by absorbing the large number
of dislocations developed by cold deformation. Comparable
severe plastic deformation techniques such as ECAP [33],
friction stir processing [34], and high pressure torsion [35] of
aluminum alloys have demonstrated a microstructure with a
fraction of high angle boundaries of more than 75%. Swaging
of commercially pure aluminum at room temperature, to a
reasonably similar true strain to the one currently experi-
enced on titanium, yielded a grain size of about 0.7 ym [36].
Similarly, swaging was conducted at 850°C on Ti54 M to a
similar strain level and yielded a grain size of about 1.5 um,
which after isothermal annealing for 1 hr at 450°C followed by
air cooling and at 850°C followed by furnace cooling, yielded
a grain size of 1.5 yum and 5 ym, respectively. With annealing,
the fraction of HAGBs approached almost 80% [37].

3.2. Tensile Strength and Hardness. Figure 6 shows the engi-
neering stress strain response of the investigated materials,

for the three grain sizes, under tensile loading. It is obvious
that UFG material has superior strength in comparison to
the fine grained (FG) and coarse grained (CG) materials.
At the same time, the ductility (tensile elongation percent
to fracture) and uniform strain of UFG are much less. The
mechanical properties inferred from the tensile tests along
with the Vickers hardness are summarized in Table 3. As
seen, the work-hardening capability (UTS-YS) of FG and CG
materials is markedly higher than that of UFG material. It
is clearly seen that UFG has superior mechanical strength
values over FG and CG conditions and much less elongation
percent. The relative losses in yield strength, tensile strength,
and hardness values between the UFG and FG conditions are
33%, 19%, and 24%, respectively. The relative loss, in the same
properties, between UFG and CG is much more significant
and the values are 74%, 50%, and 33%, respectively.

3.3. Isothermal Annealing. The effect of the annealing tem-
perature for 1h on YS, UTS, and elongation to failure (&)
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FIGURE 5: Color coded grain map in (a), grain size distribution in (b), and histogram for the variation of misorientation angle in (c) for the

RS and annealing at 850°C for 24 h condition.

TaBLE 3: Tensile and hardness properties of CP-Ti grade 1 in various conditions.

Condition YS (MPa) UTS (MPa) UTS-YS (MPa) EI (%) HV10
Ultrafine grain (UFG) 875 920 45 11 236
Fine grain (FG) 585 745 160 18 178
Coarse grain (CG) 155 370 215 57 118

on the rotary swaged material is illustrated in Figure 7.
YS as well as UTS gradually decreases with an increase
in annealing temperature. As the strength values decrease,
the tensile ductility markedly increases. With an increase
in annealing temperature, the difference between UTS and
YS clearly increases amounting to 215MPa at the highest
annealing temperature of 850°C (Figure 7). However, the
difference between UTS and YS was only 44 MPa at ambient
temperature (SW condition).

Figure 8 represents the variation of hardness of the
swaged material after being subjected to 1h annealing at
different temperatures. It can be seen that the as-swaged

condition exhibits a marked loss in hardness after annealing
at temperatures greater than 600°C.

3.4. High Cycle Fatigue (HCF). The S-N curves of UFG, FG,
and CG materials in both smooth and notched conditions
are depicted in Figures 9 and 10. Figure 9 shows the fatigue
performance of the smooth samples of UFG, FG, and CG
materials. It is clear that the fatigue strength at 107 cycles
decreases in the sequence of UFG to FG to CG material. The
fatigue strength of UFG and FG is significantly higher than
that of the CG material. The fatigue limit of UFG and FG
material is about 525 and 425 MPa, respectively, which are
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much higher than that of CG material that exhibits a value
of 120 MPa. This may be attributed to the much smaller grain
size exhibited for the UFG and FG materials [38]. Figures
10(a)-10(c) represent the fatigue performance of UFG, FG,
and CG materials, respectively, in both smooth and notched
conditions. In each plot, the fatigue performance of the
notched sample after being magnified with the value of k,
(2.0) was also plotted for comparison. It should be noted
that this is done with the assumption that k; has reached
its upper limiting value (k,), where the state of full notch
sensitivity is reached. The fatigue results of all tested materials
together with the calculated k; and g values are listed in
Table 4. For the UFG material the calculated value of ¢,y
smooth/o,, 7 notched, which corresponds to the value of k¢,
is 2.0. This calculated value of k; is the same as k, which
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FIGURE 8: Hardness as a function of temperature for swaged condi-
tions.
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FIGURE 9: S-N curves of smooth samples in rotating beam loading
(R=-1).

confirms a state of full notch sensitivity (g = 100%). However,
the HCF performance of FG and CG materials is only slightly
deteriorated by the notch (g = 86 and 41%, resp.). UFG
materials processed by SPD usually have higher fatigue notch
sensitivity than their coarse grained counterparts; this was
reported for UFG copper [39] and UFG Ti [40]. Pervious
study on the fatigue and fatigue notch sensitivity of UFG Ti
[41] showed that postdeformation annealing could enhance
the materials ductility and lower fatigue notch sensitivity.
Figure 11 shows that the higher work-hardening capabil-
ity and ductility, the lower fatigue notch sensitivity. Pervi-
ous study on pure titanium [41] showed that the ductility
can considerably influence the fatigue notch sensitivity of
ultrafine grained material. The increase of the static strength
can enhance the material resistance to crack nucleation,
but at the same time, the fatigue life of samples is defined
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sample multiplied by k,).

TABLE 4: Fatigue performance of the various conditions.

Condition Taro” Taro? (00107/Y8) K, K, q (%)
Smooth (MPa) Notch (MPa) Smooth Notch

UFG 525 262 0.60 0.30 2.0 2.0 100

FG 425 228 0.73 0.39 2.0 1.86 86

CG 120 85 0.77 0.55 2.0 1.41 41

by their crack propagation resistance and can depend on
the material ductility [42]. For CG and FG materials, the
ratio of the fatigue strength to the yield strength (o,,,7/YS)
is the highest for both smooth and notched conditions
(Table 4), while for UFG materials it approximately equals
0.60 and 0.30 for smooth and notched samples, respectively.
This low ratio of UFG material is attributed to its limited

ductility in cyclic deformation, which promotes early crack
initiation. The fatigue life in HCF regime is controlled by
crack nucleation in a smooth body, where crack propagation
is often dominating in the LCF regime [43, 44]. Moreover, in
HCF regime, the cyclicloading of UFG materials yields coarse
grains at lower stresses, thereby providing a natural pathway
for early strain localisation and premature failure either due
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to cracking at the interfaces between the coarse grains and the
surrounding fine grain matrix or due to transgranular surface
crack initiation in a coarse shear band [45]. The occurrence
of large scale shear bands associated with UFG processing is a
crucial factor in the fatigue life. Previous work on cold rolling
of a group of face center cubic (FCC) alloys revealed that the
existence of macroscale shear bands was promoted by finer
initial grain sizes [46]. Fatigue cracks most often initiate at
and propagate along these shear bands, which can extend over
a large number of ultrafine grains or even propagate across a
whole specimen [44]. It was reported that the crack growth
rate in the near-threshold region is higher in the UFG state
than in the ordinary CG materials; however, the picture might
be opposite for relatively high stress intensities. Compared
to CG material, stable fatigue cracks in the UFG specimens
propagate with much less out-of-plane deflections, providing
faster fatigue crack growth rates at low stress intensities [47].
Surface intrusions/extrusions associated with cyclic stresses
produce dislocation dipoles. The closer stress dependence on
distance of such dipoles has been associated with a greater
number of dislocations being squeezed into a persistent slip
band whose intrusion/extrusion behavior leads to cracking
[48]. Fatigue cracking in the ultrafine grain size material was
observed just underneath the observation of highly localized
surface extrusions/intrusions. A mechanism was proposed of
dislocation interactions producing atomic vacancies which
then migrate along grain boundaries to form cracks [27].

In the present study; it is shown that enhancement of UFG
work-hardening capability and ductility by annealing can
considerably reduce the fatigue notch sensitivity. However,
this reduction is accompanied by loss in fatigue strength.
The necessity arises for other SPD methods that ensure
suitable ductility for the material besides high strength,

especially under stress concentrator condition. Therefore,
work-hardening capability and ductility are essential factors
for designing components, where notches are encountered in
service.

Figures 12(a)-12(c) present the stereo-images for the
CG, FG, and UFG conditions, respectively, for low stress
amplitude (~2. (10)° cycles). The common finding for all
conditions is that the fracture surface is dominated with
flat cleavage transgranular facets and microcracks, indicating
brittle fracture. For the CG sample, signs of limited dimple
areas attributed to limited microplasticity can be observed,
which can give rise to a mixed mode of ductile-brittle
fracture, though more inclined towards the brittle mode. The
size of the cleavage facets is related to the predeformed grain
size, where fine facets associated with small grain size can be
noticed in Figures 12(b) and 12(c). Recent TEM studies on
UFG copper [42] under high and low stress amplitudes in
HCEF region have suggested that limited dislocation activities
were observed at low stress amplitude and almost no plas-
ticity is induced leading to cleavage-brittle fracture. On the
other hand, at high stress amplitude, motion of dislocations
becomes large enough that enhances microplasticity and
leads to formation of dislocation walls, cells, and large scale
shear bands. This enhanced microplasticity leads to ductile-
brittle fracture mode at high stress amplitudes.

3.5. Hall-Petch Relation. The effect of polycrystal grain size
on the yield strength and endurance stress corresponding
to N = 107 load cycles is shown in Figure 13. Figure 13
shows that the endurance stress is dependent on the inverse
square root of grain size, d""/?, and can be described by a
type of Hall-Petch type relation [49, 50]. Similar grain size
dependence describes yielding under both monotonic and
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FIGURE 12: Stereo-images for the CG, FG, and UFG condition, respectively, for low stress amplitude.

cyclic loading [27]. It is noticed, as mentioned earlier in
Table 4, that the ratio of endurance stress to yield strength
decreases as the grain size is reduced.

4. Conclusions

The effects of RS as a SPD process and postdeformation heat
treatments on the microstructure, mechanical properties, and
fatigue performance of CP-Ti grade (1) are investigated and
the following conclusions can be drawn out.

(1) UFG material can be produced by RS with average
grain size of about 0.1 um; FG and CG with average
grain size of 0.36 and 90 yum, respectively, are pro-
duced by postdeformation annealing.

(2) Annealing the swaged sample at 450°C for 1 h has not
changed the grain structure significantly.

(3) UFG material shows enhanced tensile and fatigue
strength; on other hand, it has low tensile ductility and
work-hardening capability. Work-hardening capabil-
ity and ductility are achieved by postdeformation
annealing, namely, in FG and CG materials. However,
the annealing heat treatment resulted in a drop in
static and fatigue strength of UFG material.

(4) The UFG material was highly fatigue notch sensitive
(g = 100%), while the notch sensitivity for both FG
and CG materials was 86% and 41%, respectively.
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FIGURE 13: The grain size dependence of the endurance stress
corresponding to N = 107 load. Cycles and tensile yield stress for
commercially pure titanium.

(5) Fatigue notch sensitivity in pure CP-Ti grade 1 can
be closely correlated to the work-hardening capability
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and ductility; the higher work-hardening capability
and ductility the lower fatigue notch sensitivity. This
suggests that work-hardening capability and ductility
have beneficial effects on suppressing the fatigue
crack growth rate.

(6) The ratio of endurance strength to yield strength
decreases as the grain size is reduced.
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