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Highlights

Highlights

® Load-displacement curves of f single crystal show reasonable agreement between nanoindentation tests and

dislocation mechanism-based crystal plasticity modeling.

® Intergranular f lath within the rogue grain combination reduces the dwell fatigue sensitivity of titanium alloys with

globular structure.

®  Geometrical compatibility of the a/f interface significantly affects the stress redistribution phenomenon.

® Increased peak stress in the intergranular f lath may cause competing dwell fatigue failure modes at the high stress

state.
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1. Introduction

Near-a and a/f titanium alloys have been extensively used to manufacture rotor components in the cold section of

high-bypass turbofan engines, such as fan and compressor discs, owing to their advantages such as high specific strength,

fracture toughness and excellent corrosion resistance. In these specific applications, premature fatigue failure, termed

“dwell fatigue life debit”, occurs in titanium alloy components subjected to dwell fatigue loading with a static high mean

stress hold in each cycle at ambient temperatures [1]. The fatigue life reduction presumably results from the formation of

near basal facets within subsurface fatigue crack initiation sites [2], [3]. Facet nucleation is closely associated with the

micromechanical deformation behaviors at the grain scale. A rogue grain combination comprising soft (well oriented for

slip) and hard (poorly oriented for slip) a grains has been predicted to be the most detrimental site for dwell facet

generation according to the stress redistribution model, that is, the soft grain sheds stress onto the hard grain due to the cold

creep deformation during the dwell period [1].

The cold creep (T < 0.3Tw), which causes stress redistribution and concentration in dwell fatigue, occurs principally

through dislocation slip. For dual-phase titanium alloys, the slip activities are strongly dependent on the a/f phase

morphology. Ashton et al. [4] noted that soft a + f colonies in the bimodal microstructure could release the stress

concentration in adjacent hard primary a grains since the presence of f laths shortened the slip length and reduced the

dislocation pile-ups at hard-soft grain boundaries after stress dwell. Soft basketweave structure has also been reported to

inhibit slip accumulation during dwell time because of the distinct soft a laths formed inside the  matrix [5]. These

assumptions are consistent with the experimental results that titanium alloys with lamellar or basketweave structures are

less susceptible to dwell fatigue life reduction [6]. In addition to the aforementioned microstructures, « laths in lamellar

colonies can be spheroidized through dynamic recrystallization to achieve a globular structure with f at a grain

boundaries. The resulting morphologies of the a phase within the globular structure are equiaxed a grains or elongated

a platelets depending on the hot deformation and heat treatment processing parameters. Dwell fatigue tests have also been
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conducted for a/f titanium alloys with this practical microstructure. A comparison of the dwell fatigue life debit of Ti-

6Al-2Sn-4Zr-xMo (Ti-624x, x = 2-6) alloys with equiaxed a grains suggested that the dwell sensitivity of Ti-624x faded

out as the addition of Mo could refine the size of primary « grains and reduce slip band spacing [7]. This study highlighted

the role of the a phase, the concurrent growth of the intergranular [ phase volume fraction was not taken into account.

The deviation from the Burgers orientation relationship (BOR) between the a and [ phase after the dynamic

recrystallization process could block the slip transfer at the a/f interface, as well as dislocation interactions [8]. On the

other hand, B laths decorating two geometrically incompatible equiaxed a grains were capable of coordinating regional

deformation by continuous slip transmission under certain crystallographic orientation relationships [9]. However, most of

the previous studies on the intergranular 8 phase have focused on deformation mechanisms under monotonic loading, the

effect of intergranular § phase on the creep resistance and dwell fatigue sensitivity remains elusive in near-a and a/f

titanium alloys with globular structure.

Elucidating the effect of the  phase necessitates the calibration of its elastoplastic properties such as elastic stiffness

constants and critical resolved shear stress (CRSS). The small volume fraction of the [ phase in near-a and a/f

titanium alloys makes it difficult to extract these datasets from bulk materials. Consequently, micro-scale mechanical tests

were developed for accurate measurements in a single phase. The nanoindentation technique was used to probe the

nanohardness in a dual-phase Ti-15Mo-Fe alloy and  phase was determined to be harder than a phase [10]. In addition

to performing the strength assessment, Jun et al. [11] compared the local strain-rate sensitivity (SRS) in Ti-6242 and Ti-

6246 alloys by nanoindentation using the constant stiffness measurement (CSM) method, and assumed that the difference

in SRS was attributed to increased thickness of  ligaments as a result of Mo addition. Furthermore, Zhang et al. [12]

combined micropillar compression tests and crystal plasticity modeling to determine the slip property of the § phase in

Ti-6242 alloy with lamellar structure. Nevertheless, due to the addition of various f-stabilizing alloying elements (e.g.,

Mo, V, Nb, Cr, Fe, and Ta), the intrinsic properties of  phase exhibit notable composition dependence [13]. For instance,



208

281
29
30
312
32
33
343
35
3
534
38
395
40
41

426
43

44
487
46
4
pet
49
549
51
52
530
54
55
581
57
5
082
60
61
62
63

64
65

the elastic modulus of the 8 phase varies widely from 60 to 110 GPa, and the CRSS of slip systems ranges from 201 to

387 MPa [13], [14]. Therefore, it is imperative to examine the micro-elastoplasticity of the f phase in Ti-Fe-O alloy.

This study aims to evaluate the effect of the  phase on the local deformation behaviors in mill-annealed Ti-Fe-O alloy

under dwell fatigue loading. First, constant stiffness measurement nanoindentation tests and dislocation mechanism-based

crystal plasticity finite element (CPFE) simulations are performed to identify the elastoplastic parameters of the f phase.

The data of the a phase are also calibrated via a series of macroscopic mechanical tests. Then, based on the examination

of the dwell fatigue failure modes, a polycrystalline aggregate model is established using Voronoi tessellation to investigate

the stress redistribution procedure in the rogue grain combination containing the intergranular [ lath. A geometrical

compatibility factor is employed to link the dislocation pile-ups at the a/f interfaces and stress redistribution in terms of

the resistance against slip transfer. On the basis of the proposed relationship and analysis of crystallographic orientation in

Ti-Fe-O alloy, the influence of £ lath thickness on the dwell fatigue sensitivity and two load-dependent competing crack

initiation modes are discussed.

2. Experimental procedure

2.1 Material

The main chemical compositions of the tested near- @ Ti-Fe-O alloy (Nippon Steel Corporation) are as follows: 0.994

Fe, 0.386 O, 0.003 N, 0.003C, 0.0005 H, and balance of Ti in mass% [15]. In this alloy, O and Fe are respectively used as

a and B stabilizers for cost reduction. The Ti-Fe-O alloy was double-melted in vacuum arc remelting, forged (1273 K

heating), and hot rolled (1123 K heating) along the rolling direction (RD) to an 80-mm-thick plate. The 80-mm-thick plate

was cross-rolled (1123 K heating) along the transverse direction (TD) to a 33-mm-thick plate. Thereafter, the plate was

annealed at 1023 K for 1 h, and subsequently air cooled. This thermomechanical processing route resulted in a typical mill-

annealed microstructure containing primary a grains (light region) with a certain elongation along RD and transformed

B phase (dark region) at the a grain boundaries, as shown in Fig. 1(a) and (b). The average size of the primary a grain
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shrinks to 35 pum in diameter as the addition of Fe accelerates heterogeneous grain nucleation. According to Fig. 1(b), the

thickness of [ lath approximately ranges from 0.5 pm to 2 pm. A sample with dimensions of 10 mm x 5 mm x 1 mm was

prepared for nanoindentation tests. In addition, flat dog-bone specimens with gauge sections of 30 mm long, 5 mm wide,

and 2 mm thick were machined parallel to RD for quasi-static tensile, stress relaxation and dwell fatigue tests.

(a) (b)
Fig. 1 (a) Optical microstructure of Ti-Fe-O alloy on the ND plane, (b) intergranular f phase at primary a (a,) grain

boundaries.

Prior to mechanical tests, the specimens were first polished using SiC papers (<#2400) and electropolished at -40 °C

for 35 s in a solution of methanol (440 mL), butanol (264 mL), and HCIO4 (44 mL). Electron back-scattered diffraction

(EBSD) measurements were then conducted using a JEOL JSM-7100F scanning electron microscope (SEM) operating at

an accelerating voltage of 15 kV equipped with a TSL™ EBSD detector. The step size of EBSD scan was 0.5 pm, and raw

data were analyzed using the TSL OIM analysis 7 software and MTEX toolbox in MATLAB [16].

2.2 Mechanical tests

To perform micromechanical characterization of the [ phase, nanoindentation tests were conducted using Hysitron Ti-

750 TriboIlndenter equipped with a Berkovich diamond indenter. The loading/unloading procedures comprised three stages:

displacement-controlled loading to a maximum depth of 250 nm using the CSM method, 10 s holding, and 20 s unloading.

The indentation strain rate & in the CSM method is expressed as follows [17]



208

281
29
30
312
32
33
343
35
3
o
38
395
40
41

426
43

44
487
46
4
prs
49
549
51
52
530
54
55
581
57
5
522
60
61
62
63

64
65

(1

N

<L
2

%
> .

where 4 and & are the displacement and corresponding rate, P and P are the indentation load and loading rate,

respectively. The experimental indentation strain rates were set to 0.05 s and 0.1 5! to investigate the SRS of the 8 phase,
which is linked to the creep deformation during dwell fatigue.

The macroscopic responses of near-a and a/f titanium alloys are barely influenced by the minor f phase during
deformation, therefore, macroscopic mechanical tests were performed to calibrate the crystal plasticity parameters of the
a phase [13]. Quasi-tensile tests were performed on a motor-driven tester (SHIMAZU AG-IS 20kNT) under three strain
rates (8.3x10™ s7', 8.3x107 s7', 8.3x107 s~') to obtain stress-strain curves at 298 K. Slip trace analysis was implemented
on one specimen tested at the strain rate of 8.3x10* s™' to identify the operating slip systems in the a phase and
determine the CRSS relationships. In this procedure, the active slip trace was designated as the slip system with the highest
global Schmid factor (SF). In addition, stress relaxation test, which interrupted the tensile tests at 540 MPa by a 300 s stress
relaxation period followed by unloading, was also carried out to further calibrate the SRS parameters of the a phase.

Load-controlled dwell fatigue tests were carried out at room temperature (298K). The dwell fatigue load was applied in
a trapezoidal waveform with a loading/unloading time of 1 s and a dwell time of 120 s at the peak stress. The peak stresses
were 602 MPa (0.95 g, at 8.3 X 107*s") and 538 MPa (0.85 ¢,, at 8.3 x 10~*s™1) to investigate the effect of stress
level on the fatigue crack initiation behavior. The stress ratio R was set to 0.01.

3. Crystal plasticity finite simulation framework
3.1 Crystal plasticity constitutive model

The rate-dependent crystal plasticity framework used in this study was originally developed by Huang based on the finite

strain theory [18]. The deformation gradient F is given by
F=F°F” 2)

where F ¢ refers to the lattice stretching and rigid body rotation, and F” denotes the deformation caused by the plastic
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shear of the material.

Eq. (2) can be used to develop the following equation, which is based on the additive decomposition of the velocity
gradient L into elastic and plastic parts,

L=F-F'=F"(F)'"+F"F’-(F)" -(F)'=L+F- L (F)" 3)
Assuming that the plastic deformation results from all active slip systems,

L,=>" 7(m®s) 4)
where 7 is the total number of slip systems, 7' is the shearing rate of the ith slip system, m’ and s’ are the slip plane
normal and slip direction, respectively.

Forthe @ phase with hexagonal close-packed (HCP) lattice, five active slip system families, including 3 (0001)(1120)
basal,3 (1010)(1120) prismatic, 6 (1011)(1120) pyramidal, 12 (1011)(1123) 1% pyramidal, and 6 (1122)(1123) 2nd
pyramidal slip systems, are taken into account. Since the plastic deformation carried by deformation twinning is
considerably suppressed by high oxygen content (mass% O > 0.11), the twinning activity in a phase is ignored [19]. The
body-centered cubic (BCC) f phase consists of 12 {110}¢111) and 12 {112}(111) slip systems. Since the activation
of the {1233111) slip is difficult, this family is not considered without affecting results significantly [8], [20]. The
shearing rate 7' on slip system i follows a thermally activated model considering forward and backward dislocation

activation events [21]:

7 =0 if |o'| <!

i )
M) if|z-i| >z
kT

7 = p,(B,) v, exp(——)sinh(

kT
where p,, is the mobile dislocation density, 5, is the Burgers vector, v, is the Debye frequency, & is the Boltzmann
constant, and T is the temperature. AF and AV are the activation energy and activation volume, respectively, which

significantly influence the SRS of slip systems. ! is the resolved shear stress and Té is the effective CRSS.

Based on the strain-gradient crystal plasticity framework developed by Han et al. [22], the effective CRSS 7, é of slip
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system i takes the contribution of statistically stored dislocations (SSDs) and geometrically necessary dislocations (GNDs)
into consideration [23]:

7 =\(Te)’ + (7o) (6)
where 7{, and 7, are the slip strengths caused by the SSDs and GNDs, respectively. The Voce-type hardening model
is applied to describe the evolution of 7y, [24]:

top = Do |7 (7)
where 4 is the hardening moduli, which stands for the interaction among slip systems. The self-hardening moduli /;; and
latent hardening moduli 4;; are expressed as follows:

=)= (- exp(—’;?{), =3 e by = anr) ®)
where ho, z,_, and ¢, are the initial hardening modulus, saturated CRSS and initial CRSS, respectively.  is the
cumulative shear strain on all slip systems, and ¢ is the latent hardening constant.

The intrinsic length scale of the material, /, is introduced to account for the GND-induced hardening:

_a;G?b

= 9
(go)z ©)

where ¢, isanempirical coefficient, G is the shear modulus, and g, is the reference slip resistance, which is expressed
as g, =G/100. The slip strength due to the accumulation of GNDs is then computed based on the Taylor dislocation
model [25],

Té?ND zgo\jlpé?ND =G bipéND (10)

where p.,, is the effective density of GNDs, which has the following form at small deformations:

i —

Penp ™~

ol 1 e
%‘:‘m <3 (s ~sf)v;ﬂxmf]‘ (11)

The calculation of the effective density of GNDs requires the evaluation of the shear strain gradient at each element
integration point, which is summarized in Ref. [26]. Using Egs. (6) and (10), the effective CRSS of slip system i can be

rewritten as:
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6

7l = (Thp)? +(, G b, Pl (12)
The code of the crystal plasticity model is scripted in the UMAT and URDFIL subroutines incorporated within ABAQUS.
3.2 Finite element simulation
The grain size distribution, grain boundary misorientation angle distribution, and crystallographic orientations for the «
phase of Ti-Fe-O alloy, as given in Fig. 2(a)-(c), are obtained from EBSD measurement and imported into an open-source
software Dream.3D to generate a cuboidal representative volume element (RVE) comprising 147 globular a grains, as
shown in Fig. 2(d) [27]. Considering the effect of the  phase on the macroscopic responses can be neglected due to the
limited volume fraction (~8%), the pure a phase RVE model is used to produce numerical stress-strain and stress
relaxation curves. [28]. The RVE is meshed by 32768 C3D8 fully integrated solid elements. The x, y and z directions

represent the TD, RD and normal direction (ND), respectively. Uniform displacement is imposed along the RD.

0.25 0.5
2y oy
5_0.20 50.4 F
Lo0.15 Lo.3;
3 3
N0.10 NO0.2H
£ £
50.05¢ 50.1
= z
0'001 10 100 O'00 20 40 60 80 100
Grain size (um) Misorientation angle (°)
(a) (b)
(1010)
RD N
4
Y=0
Load
2
Z (ND)
° oy
X (TD)" “Y (RD) : o
(c) (d)

Fig. 2 (a) Grain size distribution, (b) grain boundary misorientation distribution, (c) pole figure of the a phase in Ti-Fe-

O alloy and (d) resulting representative volume element.

A three-dimensional model, which consisted of a single crystal with dimensions of 5 pm x 5 um x 3 pum and a rigid



11 Berkovich indenter with a sharp tip, is constructed for nanoindentation simulation, as shown in Fig. 3. The single crystal
32 and indenter are meshed by 26944 C3D8 elements and 180 R3D4 discrete rigid elements, respectively. All freedoms of the
63 bottom surface are fixed, and the contact surface is assumed to be frictionless [29]. It has to be mentioned that the crystal

94 orientation is assigned as the average value of original orientations in a grain.

11 ) Berkovich indenter

Fig. 3 Nanoindentation finite element model.

277 A quasi-3D polycrystalline aggregate model is extruded from 2D Voronoi tessellation to study the stress redistribution
308 between hard and soft grains during dwell fatigue, as shown in Fig. 4. The basic model is meshed by 15740 C3D8 elements,
and the element size is refined within a rogue grain combination in the central area. Soft grains with prismatic SF of 0.5
3%0 (6=15") can result in the most severe condition for facet nucleation [30]. The crystalline orientations of the surrounding

341 grains are randomly generated. The normal displacements of the left, bottom and back surfaces are fixed to eliminate rigid

39

4

432 body movements. A dwell fatigue cycle is applied on the top surface with a maximum stress of 602 MPa and hold time of
42

213 120 s. Based on this pure a polycrystalline model, [ laths with two thicknesses are explicitly inserted into the hard-soft
45

464 grain boundary to investigate the effect of the  phase on the stress redistribution during the stress-dwell period, as shown
47

48

495  in Fig. 5. The thickness of the B lath in Fig. 5(a) is 1.8 pum, which is near the upper limit of the thickness range in Fig.
50

5
5%6 1(b), while the thin B lath with thickness of 0.75 pm in Fig. 5(b) is close to the lower limit.
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Hard a Soft a2

b= 1205 1

Dimension:
150 um x 150 pm x 9 ym Time (s)

Fig. 4 Polycrystalline aggregate model with a rogue grain combination at the center region, and corresponding loading

condition.

B lath B lath

Thickness = 1.8 um Thickness = 0.75 ym
(@) (b)

Fig. 5 Intergranular B lath between soft and hard a grains with thicknesses of (a) 1.8 pm and (b) 0.75 um.
4. Results and discussion
4.1 Parameter identification
To numerically reproduce the experimental results, the crystal plasticity parameters of the @ and £ phases should be
calibrated. The anisotropic elastic stiffness matrix of the @ phase is referred to Ref. [31]. Since the elastic anisotropy of
B phase varies dramatically due to different compositions, the isotropic elastic f phase is assumed in this study. The

Young’s modulus of S phase is measured by nanoindentation tests [29], Poisson’s ratio is set to be 0.34.

With respect to the parameters related to the SRS property, the mobile dislocation density p, , Burgers vector 4., and
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Debye frequency o, in Eq. (5) are referred to Ref. [4], whereas the activation energy AF and activation volume AV
are determined via calibration. For the @ phase in Ti-Fe-O alloy, the CRSS relationships in the Ti-O system are applied
since no Fe is observed within the a phase according to our previous energy-dispersive X-ray spectroscopy (EDS)

chemical microanalysis [32]. For the Ti-O system, prismatic slip is generally recognized as the most active slip system. By

contrast, the CRSS value of basal slip is the highest [33]. CRSS / CRSS

pyramidal<a>

decreases with increasing oxygen

prismatic

/ CRSS

content in light of the slip trace analysis conducted by Morita et al. [34]. Thus, CRSS,,,u<a- prismaie 10 T1-Fe-O
alloy can be extrapolated from this relationship. Similarly, pyramidal <c+a> slip can also be promoted with the addition of
oxygen to achieve homogeneous deformation along c-axis as substitutions of deformation twinning [35]. Based on previous
studies, the CRSS rank of the a phase in ascending order is prismatic, pyramidal <a>, pyramidal <c+a> and basal slip. In
addition, given the fact that atomic size difference between Fe and Ti enables substantial solution strengthening, the slip
strength of [ phase in Ti-Fe-O alloy is assumed to be higher than that of prismatic slip in the a phase [14], [36]. The
slip-dependent strain-hardening parameters are calibrated using the curve-fitting method.

The crystal plasticity parameters for the @ and f phases are summarized in Tables 1-2. The activation energy AF
and activation volume AV for the B phase are smaller than those of the a phase. This trend is similar to the results of
Zhang et al. and implies that the  phase is more rate sensitive than the a phase [12]. The CRSS ratio of the a phase is
1: 1.67: 2.5: 2.5: 3 for the prismatic: pyramidal <a>: 1% pyramidal <c+a>: 2" pyramidal <c+a>: basal slip systems. The
CRSS ratio of (111) slip to prismatic slip is 1.4. Besides, the latent hardening constant in Eq. (8) is assumed to be ¢ = 1

for all slip systems, and the empirical coefficient a; in Eq. (9) is set to 0.7 [37].

Table 1  Elastic constants for @ and S phases.

a phase £ phase
Ci1 (GPa) Cx (GPa) Ci2 (GPa) Ci3 (GPa) Cus (GPa) E (GPa) v
162.4 180.7 92.0 69.0 46.7 98 0.34




—

Table 2  Rate-sensitive and strain gradient parameters for the Ti-Fe-O alloy.

Parameters a phase B phase

Rate sensitivity pm (um™2) 5

vy (Hz) 1x 101!

OCoO~NOUAWNE

k(J/K) 1.38x 10723
b (um) 0.295 (<a> slip)
0.332
0.468 (<c+a> slip)
AF (eV) 0.5194 0.4758
AV 14.97b3 3.56b3

Strain gradient ar 0.7

G (MPa) 44230

242 Table 3  CRSS and strain-hardening parameters for slip systems, in MPa.

a phase £ phase

29 Basal Prism Pyramidal It Pyramidal ~ 2" Pyramidal (111)
30 <qg> <a> <a> <cta> <cta>

32 ho 500 150 150 450 450 300
34 Too 850 328 570 718 718 455

36 To 636 212 354 530 530 297

4.2 Macroscopic and microscopic responses

445 The results of quasi-static tensile, stress relaxation tests and accompanying crystal plasticity simulations are plotted in
476 Fig. 6(a) and (b). The responses of the RVE model closely matches the experimental results. The macroscopic yield
507 strength and ultimate tensile strength of the tested Ti-Fe-O alloy is lower than those of Ti-6Al-4V and Ti-6242 at room
temperature. Thus, the prismatic CRSS value of the a phase in Ti-Fe-O alloy is relatively small. Furthermore, the
559 quantitative analysis of slip trace in @ phase is given in Fig. 7. The results indicates that plastic deformation is dominated

540 by prismatic slip, followed by pyramidal <a> slip, pyramidal <cta> slips and negligible {1012} tension twinning,
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whereas basal slip is not observed. Hence, the identification of the CRSS relationship is validated to be reasonable. In

addition, although the <a>-basal dislocation pile-ups in soft grains is reported to generate more stress redistribution than

<g>-prismatic dislocation in Ti-6242, the current work only focuses on the latter since the nucleation of <a>-basal

dislocation in Ti-Fe-O alloy is difficult, as shown in Fig. 4 [38].

1000 560
w© 800+t
% — E 8.3x10*s™
= ~ xp. :8.3x10" s

600+ ¢
§ ------- Sim. :8.3x10* g™
£ 400! Exp. :8.3x10% s
g8 | e Sim. :8.3x103 s
= 200 Exp. :8.3x102 5™

------- Sim. :8.3x102 s 480
8_00 0.02 0.04 0.06 0.08 0.10 0.12 0 50 100 150 200 250 300
True strain Time (s)
(a) (b)

Fig. 6 Macroscopic responses obtained from (a) tensile, (b) stress relaxation tests.

B Prismatic

25 I Pyramidal <a>
| 1+ pyramidal <c+a>
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Fig. 7 Histogram of the Schmid factor distribution of different deformation modes in a phase at 3% strain.

The SEM images and relevant inverse pole figure (IPF) maps for two  (f1 and (2) and neighboring a grains

after nanoindentation tests, together with corresponding experimental and numerical load-displacement curves, are

plotted in Fig. 8. Two 8 grains with relatively coarse sizes are selected to ensure the experimental results can precisely

reflect the intrinsic properties of the f phase without the influence of surrounding «a/f grain boundaries. Grain 1

is used to calibrate the parameters of the  phase and validation is carried out on grain 2. Six indentations are
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numbered from 1 to 6. Among those, indentations 1 (3) and 2 (4) are tested on the two [ grains at indentation strain

rates of 0.05 s and 0.1 s™!, respectively. Indentations 5 and 6 are tested on the soft a grain. The load-displacement

curves of the f phase obtained from the nanoindentation tests are faithfully reproduced by numerical computations,

as shown in Fig. 8(a) and (b). Although the single crystal finite element model cannot precisely reflect the local grain

morphology, the distances from indentations to grain boundary are sufficiently large such that the influence of grain

boundary on load-displacement curves is trivial [39]. The mean Young’s modulus of the f phase is measured to be

98 GPa since interaction of Fe with interstitial O, referred to Snoek effect, can pronouncedly increase the elastic

stiffness [14]. It should be noted that the effect of size on intrinsic properties of the [ phase is insignificant within a

few microns, the calibrated parameters are therefore considered to be adequate for thin intergranular f phase, as the

B laths modeled in the polycrystalline aggregate model (Fig. 5) [12], [40]. Moreover, the load-displacement curves

obtained by nanoindentation tests on the soft a grain (Fig. 8(a)) are also predicted by simulations with a sound

accuracy, as shown in Fig. 9, which demonstrates that the material parameters of the a phase calibrated by

macroscopic responses are reasonable.
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Fig. 8 SEM micrographs with indentations, related IPF maps of ND, and load-displacement curves for nanoindentations
of (a) grain f1, (b) grain (2.
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Fig. 9 Load-displacement curves for nanoindentation of the soft a grain shown in Fig. 8(a).

4.3 Fatigue life and crack initiation mode

The comparison of the results between dwell fatigue tests and normal cyclic fatigue tests are summarized in Fig.
10 [41]. Conspicuous reduced lives can be seen under dwell fatigue loading. The dwell fatigue life debit (ratio of the
normal cyclic fatigue life to dwell fatigue life) increases from 13.8 at g,,,, = 538 MPa to around 30 at 0,4, =
602 MPa. This trend is identical to previous experimental results that dwell fatigue life debit increases with
increasing stress level [1]. The fracture surface of the failed sample at o,,,,, = 538 MPa is illustrated in Fig. 11(a)
and (b). The subsurface crack initiation site is about 40 um from the surface and demonstrates planar facet. Moreover, a
large number of subsurface cavities are observed to form in the intergranular g laths of the failed sample at g4, =
602 MPa, as shown in Fig. 12(a)-(d). It should be mentioned that although the two hard « grains are respectively tilted
53" (Fig. 12(b)) and 24" (Fig. 12(d)) from loading direction and result in high basal SF, the onset of plastic slip is still
difficult concerning the high CRSS of basal slip and low prismatic SF. According to Fig. 12(a) and (c), both quasi-crack
cavities (C1 and C5) are within the rogue grain combination and nearly perpendicular to the loading direction. In particular,
only the cavities (C1, C5) initiated in the intergranular £ laths of rogue grain combination can propagate into neighboring

a grains, while the nucleated cavities (C3, C4, C6, and C7) in intergranular S laths sandwiched between two soft a



11 grains cannot break the a/f interface. Therefore, the intergranular S phase is likely to play an important role on dwell

32 fatigue behavior at high stress state and the influence will be discussed in the following sections.
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224 Fig. 10 Fatigue experimental results of dwell fatigue tests and normal cyclic fatigue tests. The normal cyclic fatigue life
225  data can be found in Ref. [41].
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357  Fig. 11 Fracture surface of the failed sample at 0,4, = 538 MPa: (a) low magnification (encircled region indicates

378 the fatigue crack initiation site) (b) high magnification of crack initiation site with facet.

38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



OCoO~NOUAWNE

460

491
50
5
5%2
53
5
odd
56
574
58
59
60
61
62
63

64
65

[iluu] [110]

D

Fig.12 Subsurface cavity nucleation in the intergranular f phase (light region) near two rogue grain combinations. (a)

and (c¢) SEM images, encircled regions indicate the cavities, (b) and (d) corresponding IPF maps of RD.

4.4 Influence of intergranular B phase on dwell fatigue

Experimental studies in the literature generally adopt a dislocation pile-up model proposed by Stroh to explicate the
basal facet nucleation under dwell fatigue loading [42]. This analytical model has been verified by crystal plasticity
modeling [43], in which the cold creep of soft grains induces stress concentration at the hard-soft grain boundaries during
the dwell time span, as shown in the simulated stress o, and strain €, contours in Fig. 13(a) and (b). The increased
grain boundary stress oy, at the dwell end in turn causes early quasi-cleavage fracture on the basal plane of the hard grain
with normal parallel to the loading direction, as shown in Fig. 13(c). However, the intergranular  phase tends to alter the
time-dependent dislocation pile-ups at soft-hard grain boundaries in consideration of the slip transfer at the a/f interface
(Fig. 14(a)), especially for the globular a microstructure that demonstrates no exact orientation relationship between the
a and S phases, as illustrated in Fig. 14(b). Thus, the effect of the intergranular S phase on the dwell fatigue behaviors

of Ti-Fe-O alloy is characterized in the following sections.
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Fig. 13 Simulated (a) stress and (b) strain contours within the rogue grain combination at the beginning and end of the

dwell time for the pure a model in Fig. 4, and (c) stress redistribution along the path A — A’.

(a) (b)
(0001), /{11 O)ﬁ

™
///1. A-“V\ ~
.

// \\
/ \\
RD+ /J
a Bunge angles \ .
(175.4°, 89.4°, 43.4°) /
k\‘\\Hr/'/
<1120>,/<111>,
1 S
B Bunge angles I !
(34240, 60.7°, 772°) a Bunge angles // \
S (127.7°,40.0°, 67.7°) | | \‘
RD| ]
\ /
TD 1100 [110] \\\. ‘e ///

ND RD (Load) [0001] qum' [001] [lJl‘l()j

Fig. 14 (a) IPF map of the RD related to a rogue grain combination with the intergranular £ lath in Ti-Fe-O alloy, (b)
(0001),/{110}4 and (1120),/(111) g bole figures of the rogue grain combination. Red, blue and yellow dots represent

the orientations for the hard a, soft @ and intergranular S lath, respectively.

4.4.1  Slip transfer at the a/B interface
In previous research, various parameters have been proposed to assess the ease of slip transfer at grain boundaries. A
geometrical compatibility factor m: , developed by Luster and Morris [44], is repeatedly employed:
M =Cos@-CcosK (13)

where @ is the angle between the normal factors of the incoming slip plane and the outgoing slip plane, x is the angle
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between incoming and outgoing Burgers vectors. The m factor ranges from 0 to 1, and the larger the value of ' is,
the easier slip can traverse grain boundaries. Besides, the slip transfer also requires a high resolved shear stress on the
outgoing slip system. On the basis of aforementioned discussions, five cases are embedded in the soft a-f-hard a grain
combination with a thick 8 lath (Fig. 5(a)), as presented in Fig. 15. For all cases, the orientations of the soft and hard a
grains remain constant, whereas different Bunge Euler angles are given to the sandwiched B lath. As a result, the m
factor, which represents the geometrical compatibility between the prismatic slip (SF=0.5) in soft a grain and the (111)
slip with the highest value of SF in the S lath, lies from 0.11 to 1. The maximum SF of the (I11) slip is set to 0.5 to
ensure the occurrence of plastic shear inthe £ lath and the dominant position of the given slip system on creep deformation
in the £ lath. The influence of lattice rotation on the SF during creep deformation is ignored because the strain level is
low. Concerning the narrow slip length in the S lath and high CRSS for the (I111) slip, the dislocations transmitted from
soft a grain presumably dominate the dislocation pile-ups at hard a-f boundary rather than those nucleate in S lath.
Therefore, this study mainly focuses on the impact of slip transfer at the a/f interface (i.e., m factor) on stress
redistribution mechanisms. The simulated results of stress redistribution along the path B— B are plotted in Fig. 16. The
green dash-dotted line depicts the value of the peak stress after the stress dwell for the pure a structure. Compared to the
results of the pure a structure, the stress distributions at the dwell beginning exhibit subtle differences for the five cases,
however, the peak stress o, inthe hard a grain decreases at the dwell end since the insertion of the § lath can interrupt
continuous slip, thereby reducing the dislocation pile-ups at the hard a-f boundary. By contrast, the stress rise at the soft
a-B boundary is notably greater at the dwell end than that at the dwell beginning. Zhang et al. have reported similar stress
difference in stress relaxation tests for Ti-6242 since the [ phase is more rate sensitive than the @ phase [12]. However,
the effect of CRSS difference between the (@) slip and (111) slip on stress redistribution is ignored. Considering the
CRSS of the (111) slip inthe B phase is higher than that of the prismatic slip in Ti-Fe-O alloy, the stress concentration

inthe S lath may also be attributed to dislocation pile-ups at grain boundaries when the slip transfers from low-CRSS slip
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systems to high-CRSS slip systems [45], [46]. Given that this CRSS relationship also exists in commercial titanium alloys

such as Ti-6242, Ti-6Al-4V and IM834, the stress redistribution between soft a grains and f laths is likely to emerge in

a wide range of a/f titanium alloys with equiaxed microstructure [13]. In addition, the g, at the soft a-f boundary

reduces by 9.4% (from 731 MPa to 662 MPa) with greater m' factor, whereas the peak stress at the hard a-f boundary

increases by 4.7% (from 782 MPa to 819 MPa), as shown in Fig. 17. As the m’ factor increases, the resistance of slip

transfer at the soft a-f boundary diminishes and the stress concentration in the [ lath is inhibited due to lower

dislocation pile-ups in adjacent soft @ grain. Meanwhile, smoother slip transmission accelerates the dislocation pile-ups

at the hard a-f boundary and promotes the stress change during the stress-hold period. It is also interesting to note that

the change in peak stress o, at the soft a-f boundary is more sensitive to the m’ factor than that at the hard a-f

boundary.
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Fig. 16 (a-e) Stress redistribution along the path B — B’ for five cases with m' factor ranging from 0.11 to 1. The green

dash-dotted line indicates the value of the peak stress after the stress dwell for the pure a structure.
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Fig. 17 Relationship between the peak stress and m’ factor at dwell end.

The abovementioned numerical results keep consistent with previous CPFE predictions reported by Hamid et al [47]

that slip transmission across grain boundaries is easier when misorientation angle between adjacent grains is small.

Additionally, the geometrical compatibility between the [ lath and abutting soft a grain is confirmed to significantly

affect the stress redistribution process during the dwell time. Therefore, the orientation relationship between the f lath
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and the two a neighbors in Ti-Fe-O alloy should be characterized. To this end, the angles between the slip plane normal
(@) and slip direction ( K ) of most active slip systems within 28 contiguous «/f grain pairs (i.e., 56 a/f grain
boundaries) are counted in Fig. 18(a)-(c) via EBSD angular calculation. These statistics suggest that over 50% of the
{1010}/{110} and {1010}/{112} planar misorientation angles exceed 60°. Likewise, 53% of the (1120)/(111)
direction misorientation angles are greater than 60°. Due to that the prismatic and (111) slip are respectively primary
deformation modes in the a and [ phase, these misorientation distributions are prone to resultin a/f grain boundaries
with low geometrical compatibility (low m’' factor). These conditions resemble the description in case 1 (Fig. 15(a)),

which promotes dislocation pile-ups at the «/f interfaces under dwell fatigue loading.
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0.25 0.25 0.25
g g g
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Fig. 18 Misorientation angle distribution between (a) {1010},and {110}5 planes, (b) {1010},and {112}, planes, (c)
(1120),and (111)4 directions at a/f interfaces.

4.4.2 B lath thickness

The stress redistribution between hard primary a grains and soft basketweaves with different S lath thicknesses has
been evaluated by Zhang et al. and their results reveal that the § lath thickness plays a less important role in inhibiting
mobile dislocations than multiple « variants [S]. Motivated by the investigation with respect to the morphological features,
the influence of the intergranular S lath thickness on the stress redistribution is examined in this section utilizing models
illustrated in Fig. 5.

In line with the EBSD measurement, the orientation relationship in case 1 (Fig. 15(a)) is adopted for following

simulations because it represents the most universal condition in Ti-Fe-O alloy. The stress redistribution process along the
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path B—B is plotted in Fig. 19(a) for the thin § lath. The magnitude of the stress change, Aay,, is compared with
counterparts of the thick f lath and pure a cases, as depicted in Fig. 19(b). The comparison reveals that the redistribution
of stress from soft to hard a grain is more inhibited by the thick £ lath since sliding dislocations can be halted by more
pinning points and the dislocation pile-ups at the hard a-f boundary is reduced. The peak stress at the soft a-f boundary
is higher in the thin £ lath than in the thick one, which may be attributed to the strong restriction of hard a grain upon
the overall creep deformation of the thin [ lath. The strain incompatibility between the soft a grain and £ lath
consequently generates higher grain boundary stress [48]. Additionally, the size-dependent effect with respect to GND
accumulation is also involved in local hardening behaviors at small scale (< 10um) [21]. Thus, the effective density of
GNDs along the path B—B after the dwell period is plotted in Fig. 20. The simulated results demonstrate the
concentration of GNDs in the f lath, which is consistent with the predictions of Ashton et al. [4]. The decrease in the f
lath thickness results in steeper strain gradient and higher effective density of GNDs. Since GNDs can act as obstacles that
impede the motion of SSDs and cause work hardening at the grain boundaries, the stresses in the thin § lath and adjacent
hard a grain increase from 731 MPa (781 MPa) to 758 MPa (816 MPa) compared to those in the thick one. It should be
mentioned that lengthscale-dependent slip transfer mechanisms at the a/f interface have been reported in recent
experimental study [46]. According to related observations, the slip from the @ phase is inclined to transmit to the slip
plane ofthe B phase that is almost parallel to the incoming plane when the [ lath is relatively thin, whereas the slip tends
to transfer to the slip system of the B phase with the highest SF when the [ lath thickens. To describe the effect of this
slip system selection mechanism on the dwell fatigue in a/f titanium alloys, a more integrated crystal plasticity modeling
is required.

In summary, thick intergranular £ laths can reduce the dwell fatigue sensitivity of a/f titanium alloys with globular
structure. Therefore, the reduction of dwell fatigue life debit from Ti-6242 to Ti-6246 with equiaxed structure is not just

connected with the disappearance of macrozones and smaller « grain size, the larger volume fraction of the f phase also



585

plays a crucial role although a high Mo content in the a phase is insufficient to prevent vacancy diffusion induced by the

cold creep of soft a grains [49].
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443 Maximum stress

In general, early nucleation of basal facets is widely accepted to cause a visible reduction in the time to fracture of

titanium alloys under dwell fatigue loading. However, the dwell fatigue fracture mechanism has been reported to convert

from facet nucleation to cavity nucleation and coalescence within a +  colonies in Ti-6242 when the maximum stress is

comparatively high (o, >0.920 ) [50]. Cavity nucleation is induced by dislocation pile-ups at a/f interfaces even

though the BOR relationship is satisfied in the a 4+ [ colonies. Similarly, the quasi-crack cavities within the £ laths
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aligned in the loading direction have been identified in Ti-Fe-O alloy (Fig. 12) because of the low geometrical compatibility

atthe a/f interface, and more dislocation pile-ups induced by high CRSS,,,, / CRSS

prismaic Tt10 [51]. Inspired by prior
works, the influence of the maximum stress on the micromechanical response of the intergranular  phase within a rogue
grain combination is further studied.

As the previous section, case 1 with a thick B lath is applied for the crystal plasticity simulation, whilst the maximum
stress declines to 538 MPa (0.850, at the strain rate of 8.3x10™ s7'). Fig. 21 shows the stress redistribution along the
path B—B . Compared to the high stress condition, the stress change at the soft a-f boundary decreases from 178 MPa
to 89 MPa. The stress increase at the hard a-f boundary drops from 127 MPa to 72 MPa. The peak stress at the soft a-f
boundary is 89% of that in the hard a grain, which is smaller than the value (95%) at high stress level. The simulated
result indicates that higher stress level can induce more dislocation pile-ups and stress increase at the soft a-f boundary.

The increased stress 0,,,, contributes to the opening stress, which is required for cavity nucleation in the intergranular f

lath parallel to the principal load.
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Fig. 21 Stress redistribution along the path B — B’ at a maximum stress level of 538 MPa.

Based on the aforementioned numerical predictions at high stress level, the competing mode for crack initiation from
basal planes and cavities in the [ lath should be considered to comprehensively predict the dwell fatigue life of not only

near- @ Ti-Fe-O alloy but a/f titanium alloy with globular structure. For crack initiation from basal facets, the
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relationship between a proposed effective traction on the basal plane and dislocation density evolution at the soft-hard grain

boundary has been constructed to predict the facet nucleation life in equiaxed-structure Ti-6242 alloy [52]. As for the

initiation of cracks from cavities inthe [ lath, the number of dislocations has been adopted as a fatigue indicator parameter

(FIP) to predict the cavity nucleation in Ti-6242 alloy with lamellar structure using discrete dislocation dynamics, but the

opening stress is not taken into consideration [50]. In accordance with our predicted stress distribution at the dwell end, the

opening stress for cavity nucleation in f lath is closer to the peak stress in hard a grain at high stress level. To precisely

predict the dwell fatigue crack initiation life for Ti-Fe-O alloy, deduction of a unified FIP available for predicting

facet/cavity nucleation and further experimental validation should be carried out to characterize the competing failure

modes in the future.

5. Conclusions

The effect of the f phase on the local deformation in the globular @ grain structure of Ti-Fe-O alloy is thoroughly

investigated under dwell fatigue loading in present paper. The conclusions are summarized as follows:

1. The crystal plasticity parameters of  phase in Ti-Fe-O alloy are determined using nanoindentation tests and

crystal plasticity modeling. The slip strength of the  phase is higher than that of the prismatic slip in @ phase

due to the significant solid solution strengthening of Fe. Reasonable agreements are achieved in predicting the

experimental load-displacement, stress-strain and stress relaxation curves.

2. The presence of intergranular f lath within the rogue grain combination inhibits the stress redistribution from the

soft to hard a grain. A soft @-f boundary with low geometrical compatibility promotes increased stress in the f

lath and further releases the stress concentration in the hard grain during the dwell period.

3. The increase of intergranular f lath thickness is beneficial for reducing the dwell fatigue sensitivity of the a/f

titanium alloys with globular structure. Thus, the diminishment of dwell fatigue life debit in Ti-6246 is partly

attributed to the high volume fraction of the f phase.
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4. A relatively high opening stress for cavity nucleation is developed in the intergranular f lath within the rogue

grain combination at high stress state, which may result in two competing premature fracture modes, i.e., basal facet

nucleation in the hard a grain and cavity nucleation in the 8 lath.

The current crystal plasticity predictions with respect to stress redistribution can be extended to a diversity of a/f

titanium alloys with globular structure.
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