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Abstract

There is a long-standing technological problem in which a stress dwell dur-
ing cyclic loading at room temperature in Ti causes a significant fatigue life
reduction. It is thought that localised time dependent plasticity in ‘soft’
grains favourably oriented for easy plastic slip leads to load shedding and an
increase in stress within a neighbouring ‘hard’ grain poorly oriented for easy
slip. Quantifying this time dependent plasticity process is key to understand
the complex cold dwell fatigue problem. Knowing the effect of operating
temperature and oxygen content on cold dwell fatigue will be beneficial for
future alloy design to address this problem. In this work, synchrotron X-
ray diffraction during stress relaxation experiments was used to characterise
the time dependent plastic behaviour of two commercially pure titanium
samples (grade 1 and grade 4) with different oxygen content at 4 different
temperatures (room temperature, 75 °C, 145 °C and 250 °C). Lattice strains
were measured by tracking the diffraction peak shift from multiple crystallo-
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graphic plane families (21 diffraction rings) as a function of their orientation
with respect to the loading direction. Critical resolved shear stress, activa-
tion energy and activation volume were established for both prismatic and
basal slip as a function of temperature and oxygen content by fitting a crys-
tal plasticity finite element model to the lattice strain relaxation responses
measured along the loading axis for five strong reflections. Higher strain rate
sensitivity was found to lead to higher plasticity during cold dwell.

Keywords: Dwell fatigue, Titanium, Synchrotron X-ray diffraction, Stress
relaxation, Crystal plasticity

1. Introduction

Titanium alloys are widely used for components within the cooler front
section of aeroengines such as fan blades and compressor discs due to their low
density and high strength at low temperature [I 2]. Although the operational
temperature of the Ti alloy parts in such application is low (typically below
200 °C), they can be rate-sensitive under strain and stress-controlled loading
(stress relaxation and creep), an effect which is strong in some (but not
all) Ti alloys [3, [4]. This phenomenon must be considered during in-service
conditions in aero engines as there is an extended stress dwell during the
cruise phase of a flight cycle. The successive accumulation of plastic damage
is commonly referred to as ‘cold dwell fatigue’ and results in the drastic
reduction in the lifetime of Ti and Ti-alloy components [5], [6]. This problem
has been studied for several decades, however, there still exist several aspects
of the micromechanical behaviour that remain unknown.

Cold dwell fatigue is mainly manifested in the o phase (HCP) Ti [7, [8|,
9, 10], and is highly sensitive to the crystallographic orientation of grains.
Post-mortem fatigue crack analysis indicates that dwell fatigue is enhanced
by loading along the {0002} crystal plane normal direction, where the crack
surface was found to be associated with the formation of near the {0002}
facet and lies nearly perpendicular to the loading direction [11} 12| 13]. This
is supported by a classical Stroh model for crack nucleation [14] and a qualita-
tive model introduced by Evans & Bache [I5, [16]. A more recent mechanistic
study by Dunne et al [I7, [I8] suggested that cold dwell effect is controlled
by load shedding between ‘soft” and ‘hard’ grain pairs, where the ‘soft” grain
has its crystallographic c-axis approximately perpendicular to the loading
direction (well orientated for slip) while a ‘hard’ grain has its c-axis approxi-



mately parallel to the loading direction (badly orientated for slip). During a
stress dwell, localised time dependent plasticity of easily activated slip sys-
tems (basal and prismatic slip) in ‘soft’” grains leads to load shedding which
in turn causes a large increase in stress within the neighbouring ‘hard’ grain,
where the facets are observed to initiate. These hard-soft grain neighbour
configurations are termed ‘rouge grain pairs’. The magnitude of stress that
builds along their shared grain boundary during a stress dwell is known to
vary with the ‘soft’ grain crystal orientation [6]. To have a thorough under-
standing of dwell fatigue, it is necessary to understand the different deforma-
tion behaviour for grains with different crystal orientations (i.e. ‘hard’ and
‘soft” grain orientations) and especially the plastic deformation during the
stress dwell period. To achieve this, it is important to quantify the plastic-
ity processes as a function of time. Specifically, the dislocation processes on
prismatic and basal slip systems with respect to their critical resolved shear
stresses must be described.

The majority of studies that have investigated cold dwell fatigue have
been performed at ambient temperature. However, there is clear evidence
showing that the cold dwell effect is also sensitive to temperature, noting that
the effect is not observed at high temperature [19]. Zhang et al [20] utilised a
crystal plasticity model to show that the worst-case scenario temperature in
Ti6Al alloy is around 120 °C and is diminished when the temperature exceeds
230 °C. To understand this effect in greater detail, the effect of temperature
on dislocation activity of different slip systems needs to be understood and
quantified in the context of cold dwell fatigue. In addition, oxygen is a
common interstitial in titanium alloys. Typically, in high strength grade
Ti alloys, oxygen is intentionally added in order to improve the strength,
corrosion and wear resistance of the alloy |21, 22]. However, in most of Ti
alloys, oxygen is unintentionally introduced during its raw metal processing
or due to service conditions [23]. Although oxygen is present in almost all Ti
alloys, the role of oxygen on time dependent plasticity and cold dwell fatigue
is not clear; a better understanding is highly attractive as it may guide future
alloy design strategies and impurity control to suppress the cold dwell effect.

Strain rate sensitivity (SRS) is a crucial factor that governs the load shed-
ding phenomenon [24]. As titanium alloys are highly anisotropic at the grain
scale, both elastically and plastically [25], SRS is likely to vary depending
on the grain orientation, which is due to the difference in SRS for different
slip systems [26]. This was confirmed by Jun et al [24] using nanoinden-
tation, showing grain orientation dependent rate sensitivity in Ti6242. Jun



et al [27] continued this study using in-situ compression testing of micro-
pillars manufactured from the o phase of Ti6242, which successfully isolated
the behaviour of each slip system. Significant slip system dependent rate
sensitivity was observed where prism slip has a significantly higher strain
rate sensitivity exponent, m, over basal slip. Although abundant research
on strain rate sensitivity have been performed and the hypothesis has been
verified, interpreting the m value and correlating it to physical phenomena
is still an open question [27].

More recently, there have been several studies on the deformation of «
titanium using synchrotron diffraction [28, 29 B30, B1, B2, B3, B4]. Such
experiments enable direct assessment of lattice strains from grain families
with common grain orientations from a polycrystal sample. By measuring
the lattice strain response, it is possible to infer the behaviour of different
slip systems.

In the current study, time dependent plasticity (stress relaxation) be-
haviour at different temperatures up to 250 °C of two commercially pure
titanium (CP-T1) with different oxygen content was observed by synchrotron
X-ray diffraction. Measured lattice strains from multiple lattice plane fam-
ilies were compared with and calibrated to simulated lattice strains from
crystal plasticity finite element (CPFE) simulations using methods estab-
lished in prior work [35]. The objective of this work was to quantify the key
parameters (activation volume, activation energy and critical resolved shear
stress) controlling the time dependent plasticity of two grades of CP-Ti alloys
to reveal the effect of temperature and oxygen on the cold dwell fatigue phe-
nomenon. The strain rate sensitivity exponent, m, is often used to describe
rate effects though m itself can vary significantly with strain rate. Here, we
determine values of m (over a defined strain rate range) for individual lattice
plane families and for an individual slip system, which aims to correlate the
m value with physical phenomena, in context of cold dwell fatigue.

2. Materials and method

2.1. Materials

Two types of commercially pure titanium (grade 1 and grade 4) with
different oxygen content were selected in this experiment, where the grade 1
material was supplied in the form of a rolled sheet while the grade 4 mate-
rial was supplied in the form of a rolled bar. The composition of these two
materials are shown in Table [T} Microstructural analyses were conducted on
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these samples. The specimens were metallographically prepared with abra-
sive media, using SiC papers (up to 4000 grit), and a final polish with ~
50 nm colloidal silica. Electron backscatter diffraction (EBSD) maps were
obtained using a Zeiss Merlin scanning electron microscope (SEM) equipped
with a Bruker e-flash detector, operating at an accelerating voltage of 20 kV
and a probe current of 20 nA. The microstructure of the materials are shown
in Fig. [[a) and Fig. [[{b), with both grade 1 and grade 4 having equiaxed
grains with an average grain size of 30 ym and 17 pm respectively. The tex-
ture of the materials are shown in the pole figures in Fig.[I|(c) and Fig. [[(d),
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Figure 1: (a) EBSD map of CP-Ti grade 1 (IPF colour map along the rolling direction
of the raw material); (b) EBSD map of CP-Ti grade 4 (IPF colour map along the rolling
direction of the raw material) showing the grain morphology and grain size; (c¢) Pole figures
of the CP-Ti grade 1 (X along the rolling direction, which was the loading direction); (d)
Pole figures of the CP-Ti grade 4 (X along the rolling direction, which is the loading
direction) with 10 degree of width used for contours calculation; (e) Scatter pole figure
plots of the polycrystal finite element model for CP-Ti grade 1; (f) Scatter pole figure
plots of the polycrystal finite element model for CP-Ti grade 4.

which were obtained from a larger area containing over 3500 grains. There
is a preference for the c-axis to be nearly perpendicular to the rolling direc-
tion, which is common in hot-rolled titanium alloys [36]. In order to ensure
the activation of the easy slip system (prismatic) during stress relaxation
experiments, Electro-Thermal-Mechanical Tester (ETMT) samples were cut
with the loading axis along the rolling direction of the rod and the sheet,
the X direction in these pole figures. With the predominant basal {0002}
plane aligned approximately perpendicular to the tensile axis (X in the pole
figures) in these specimens, the calculated Schmid factor for basal slip was
calculated to be low, encouraging prismatic slip as the dominant slip sys-
tem in the experiment. The tensile sample was 52 mm in length, 1 mm in
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thickness with a 16 mm gauge length and a 2 mm gauge width.

Table 1: Composition of the two CP-Ti raw materials.

Ti  Fe (wt. %) O (wt. %) N (wt. %) Others total (wt. %)
Grade 1 Balance <0.05 0.08 0.02 0.2
Grade 4 Balance 0.05-0.055 0.32 0.006 0.4

2.2. Ezxperiment

A set of stress relaxation experiments were carried out on beamline 112 [37]
at the Diamond Light Source. An illustration of the experiment setup is
shown in Fig. 2] The beamline was configured for diffraction, operating with

Pixium area detector

Gauge dimensions: Beam stop

16 X2 x 1 mm

Incident X-ray beam

Ti imen Debye-Scherrer
specime i diffraction cones

o

Figure 2: Sketch of the synchrotron diffraction experiment setup, the loading direction
is along the rolling direction of the two CP-Ti alloys. Finite element mesh of the RVE
used with the CPFE model, with arrows indicate the uniaxial boundary conditions and
an example of a grain with its prismatic plane satisfied the diffraction condition in vertical
(load axis) sector.

a monochromatic beam at 79.79 keV, calibrated with a CeO, standard, and
an incident beam size of 1 x 1 mm?2. Dogbone shaped Ti specimens were
placed in the path of the incident beam, enabling Debye Scherrer diffraction
rings to be collected in transmission, imaged with a 2D Pixium area detector.
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The exposure time for each frame was 1 second and therefore the acquisition
rate for the diffraction rings was 1 frame per second. The sample to detector
distance was set and measured to be 1097 mm from the standard sample.

The samples were deformed and heated on an Instron ETMT. Here, sam-
ples were heated through a DC current that were fixed between water cooling
grips, that gives a parabolic temperature distribution [38] 39, 40]. Temper-
ature measurement and control was achieved from an R-type thermocouple
spot welded to the centre of each sample gauge. To ensure the temperature of
the sample volume probed by the X-rays was known, the samples were cen-
tred on the incident beam path and positioned using radiographic imaging
such that the sample volume was in close proximity to the thermocouples.
Tests were carried out at four different temperatures: room temperature,
75 °C, 145 °C and 250 °C. The 250 °C test of CP-Ti grade 1 was abandoned
due to excessive sample softening at this temperature. At each designated
temperature, samples were heated and held idle for 30 seconds to allow for
temperature stabilisation, followed by deformation whilst collecting Debye
Scherrer diffraction data. Each diffraction pattern was recorded as a 16-bit
image and synchronised with the mechanical data of the ETMT for offline
analyses.

The Ti samples were subjected to pre-determined load-hold cycles. Prior
to in-situ testing, target loads were obtained from trial tests. The target
loads corresponded to a stroke displacement at which the yield stress had just
been exceeded. For in-situ testing, the samples were loaded at a constant
load rate until the macroscopic yield point had been exceeded by a small
plastic strain, achieved in the range of 120 s and 150 s. To within slight
differences between samples, these corresponded to macroscopic strain rates
of approximately 3 x 107> s™! (as measured from the ETMT stroke rate)
within the initial elastic part of the loading phase. Once the target load had
been reached, the sample displacement (and thus the total strain) was then
held constant for a period of 5 minutes, during which the macroscopic stress
was found to relax. After a 5 minutes strain-hold, the load was incremented
to a level that was slightly below the peak load used at the start of the
previous stress relaxation cycle. This load increment procedure follows that
of Wang et al [41] and corresponds to an elastic deformation of the sample
that permits comparison of stress relaxation at two stress levels, but critically,
any change in dislocation substructure is negligible. The sample was again
held at a constant displacement for a further period of stress relaxation. This
load and hold cycle was repeated for a total of 5 stress relaxation periods
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with diffraction patterns collected throughout (shown in Fig.[6{(a) and [6|(b)).
The four elastic reload were introduced to verify that change in dislocation
density, p, remains relatively small during these relaxation periods.
Diffraction pattern data reduction was achieved using Data Analysis
WorkbeNch (DAWN) [42]. As shown in Fig. [3] the 2D diffraction rings were
fitted with ellipses, with minor radii aligned near parallel to the vertical axis
(tensile direction) of the diffraction pattern, and major radii was aligned near
parallel to the horizonal axis (transverse direction) of the diffraction pattern.
The radius and thus the scattering vector, ¢, at any azimuthal angle around

= {0110} Ring
ms {0002} Ring
=== (0111} Ring

{0112} Ring
m— {1120} Ring

Figure 3: Debye Scherrer diffraction patterns of CP-Ti grade 1 at room temperature (the
vertical direction of the diffraction patterns is the rolling direction and the horizontal di-
rection is the transverse direction of the sheet CP-Ti grade 1), first 21 rings with ascending
ring radius were fitted with ellipses (first 5 rings were used here as examples).

a diffraction ring could then be found from the size and alignment of the
major and minor axes. Ellipse fitting was applied to the first 21 rings with
ascending ring radius. For further details of the data reduction process, the
reader is referred to Filik et al [43].

Time-dependant lattice spacings, d"**, were obtained through: 4" =
27 /q. Lattice strain, ¢"* keeps changing as sample was deformed and was
subsequently calculated as: €™ = (@h*il — ghkily /qh*i for each second, where
di¥il s the initial lattice spacing for plane hkil. Fig. [4{a) shows the lattice
strain evolution during heating, loading and first relaxation cycle of CP-Ti
grade 4 at 145 °C. It is found that the lattice d-spacing only increases by
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Figure 4: (a) Determination of dy and d; using the two periods of idle for each plane
family ({0110} plane in CP-Ti grade 4 at 145 °C as example); (b) Non-linear regression
fit the crystal geometry equation of HCP (CP-Ti grade 4 sample at room temperature as
example).

less than 0.01 A relative to zero load during the whole test, highlighting the
importance in determining the initial lattice spacing d3*" in order to calculate
lattice strain. To do this, a consistent set of stress free lattice parameters a
and ¢ needs to be determined, and for each diffraction ring, a dy value was
obtained by averaging the d-spacing values during the first idle period at zero
load and room temperature (as shown in Fig. [ffa)). These dy values from
each diffraction ring (hence each diffraction plane) were then averaged for
both vertical and horizontal directions (assuming at zero load the diffraction
ring is perfect circle), which yield d"*" at zero load. These d"* values for

21 different plane families were fitted into the crystal geometry equation for
HCP:

1 3(h% + hk + k? [2
Jhkil : da2 : T (1)
where a and c are the lattice parameters of HCP crystal, h, £ and [ are
the Miller Indices of a crystal plane. Therefore, the non-deformed lattice
parameters, ao and co of the CP-Ti samples can be found (see Fig. [4(b)).
The initial stress free lattice spacing, di* for each plane family was then
obtained by substituting values of ag and c¢q into the formula.

2.3. Crystal plasticity model

The CP-Ti materials were modelled as a single phase, o, with a HCP
crystal structure. The elastic parameters at four different temperatures are
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indicated in Table. 2] The thermal expansion coefficients used in the crystal
plasticity model are stated in Table. 8] All of these parameters were taken
from literature values.

Table 2: Parameters for polycrystalline Ti crystal plasticity model under uniaxial loading
at 4 different temperatures [1'7, [20]

En(GPa) Egg(GP&) G12(GP&) Glg(GPa) V19 V13

RT 84.7 118.4 28.6 39.5 0.46 0.22
75 °C 80.5 113.8 27.5 37.9 0.47 0.22
145 °C 75.1 106.1 25.5 35.2 0.47 0.23
250 °C 66.9 94.6 22.6 31.2 0.48 0.23

Table 3: Single crystal thermal expansion tensor coefficients for Ti [, [].

Coefficient 11 22 33
a(K-T) 1.8 x 1077 1.8x 100 1.1x 1077

Dislocation slip occurs predominantly with a type Burgers vector on
the basal and prismatic slip planes in Ti alloys [4, 10, 44]. This is due to
the critical resolved shear stress (CRSS) magnitude required to activate @
or ¢ +d type Burgers vector dislocations on a 1% or 2"¢ order pyramidal
plane being approximately three time higher than the CRSS for basal slip
at room temperature [6, 9]. As the macroscopic yield stress of each sample
was only just exceeded, only limited pyramidal type slip was expected due
to its difficult activation. In order to simulate the lattice strain evolution
during the stress relaxation cycles, a crystal plasticity finite element model
was built [45]. The deformation gradient is decomposed multiplicatively into
elastic and plastic parts:

F =F.F, (2)

The shear strain rate on each individual slip system is determined through
a constitutive law which is physically developed by Dunne et al [17], in which
the slip rate, 4%, on a slip system & is given by:

. AF<\ |TF — TE|AVE
Kk __ 2 - lr e lr= K
A® = pb" v exp ( kBT) sinh ( il >sgn(7’ ) (3)
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where: p is the density of gliding dislocations; v is the jump frequency (i.e.
attempts of dislocations to jump energy barriers); kg is the Boltzmann con-
stant. All parameters above remain constant in the slip law and the mag-
nitudes are summarised in Table. [dl T is the absolute temperature and b"
is the magnitude of the Burgers vector of the slip system x (calculated from
the a and ¢ values measured above).

The remaining three terms are material specific parameters that govern
dislocation motion and are the targeted unknowns we seek to determine:
AF* is the thermal activation energy for s slip system, AV* is the activation
volume, which refers to the volume that a dislocation is swept when it passes
obstacles [17] (AV* is typically in the range 1-1006%), and 7 is the critical
resolved shear stress (CRSS) for slip system k. Summing up these shear
strain rates over the possible crystallographic slip systems allows the plastic
velocity gradient to be determined [17]:

L= i on” (@)

where s* is the unit slip direction and n* is the unit normal to the slip plane
of the k' slip system.

Table 4: Values of the fixed parameters in the slip law [17, [46]

p 5 pm™2
v 10! Hz
kg 1.38 x 10723 JK!

Polycrystal simulations with 512 (8 x 8 X 8) cubic grains were carried
out using the commercial finite element (FE) software Abaqus 2016. Each
grain consists of 64 (4 x 4 x 4) quadratic elements (C3D20R). The sam-
ple grain orientations (Euler angles), as measured by EBSD (Fig. [[[b) and
Fig.[|(c)), were converted into rotation matrices, R, then selected randomly
and assigned to each orientation grain by grain in the model. Therefore,
the overall texture of the model was approximately equal to that of the real
sample, so that the effect of texture on lattice strains was minimised [47].
The boundary conditions are illustrated in Fig. 2] Three stages were im-
plemented to simulate the stress relaxation experiment. In all three stages,
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the X=0, Y=0 and Z=0 surfaces were constrained in the X, Y and Z di-
rections respectively. During the heating stage, temperatures were raised to
each target temperature in 30 s whilst the other three surfaces were free to
expand. During the loading stage, a uniaxial displacement was applied to
the X=1 surface over the same period of time as the experiments (with a
corresponding strain rate of ca. 3 x 107° s7!). During the relaxation stage,
the displacement of the right surface was held fixed along the load axis (X
axis) for 300 s.

In order to compare the simulation result with the lattice strain measured
by diffraction, the Green-Lagrange elastic strain tensor, E., is rotated to the
lattice orientation frame (X, Y, and Z1) through the rotation matrix R to
give the lattice strain E? as follows [48]:

1
E’=RT'E.R = §RT(F3F6 — R (5)

As illustrated in Fig. [2] the {0110} planes diffract along the vertical axis
with diffraction vectors, ¢, approximately parallel (with 10° tolerance) to the
load axis. For grains that satisfy this condition, strain along the scattering
vector, ¢, was extracted from the elastic strain E? matrix and then averaged
from all the elements within these grains and directly compared with the
experimental lattice strains. The five crystal plane families with the highest
diffraction intensities along the loading direction were selected for compar-
ison, their high intensity implying that a large number of grains satisfied
the diffraction condition, ensuring more reliable results. These five crys-
tal plane families were the prismatic plane {0110}, first ordered pyramidal
plane {0111}, second ordered pyramidal planes; {1122}, {0221} and {1231}
for grade 1. For grade 4, these were the prismatic plane {0110}, first ordered
pyramidal plane {0111}, second ordered pyramidal planes, {1122}, {0221}
and {0112}. Another important crystal plane {0002}, the basal plane, was
not deemed to be available in either grade 1 or grade 4 due to the sample
texture and the experimental setup with the incident beam along ND (recall

Fig. [Ifa) and [[{b)).
3. Results and discussion

3.1. Thermal expansion and elastic deformation

The lattice parameters at elevated temperatures, a; and ¢;, can be calcu-
lated using the method for calculating ay and ¢q values as discussed in section
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2.2, but instead using the d-spacing values in the second idle period. A series
of a; and ¢; values are therefore determined at each target temperature. The
increase in lattice spacing between ag, ¢g and a;, ¢; are purely from thermal
expansion as the ETMT load was set to zero in a feedback loop, therefore no
force is applied to the samples. Within each sample, the lattice strain caused
by thermal expansion can then be calculated as follows:

€11 = (CLt — CL())/CI,O (6)

€33 = (Ct - Co)/Co (7)

Fig. (a) shows the strain in lattice parameters against changing tempera-
tures of CP-Ti grade 4 samples, the gradients of the linear fitted lines rep-
resent the thermal expansion coefficient in the a and c¢ directions of the Ti
HCP crystal structure. It was found that the thermal expansion coefficients
in the a direction is higher than that of the ¢ direction, which agrees with
values reported on a single crystal of Ti (see Table. . This is due to the
anisotropic elasticity, where the ¢ direction is stiffer than the a direction.
Therefore, as temperature increases, strain caused by thermal expansion in
the ¢ direction is expected to be less than that of the a direction. Hence,
lower thermal expansion coefficient is expected. In comparison with liter-
ature values of single crystal Ti, thermal expansion coefficient along the ¢
direction, a3 agrees well while along the a direction, «y; was found to be
lower. This difference is likely from the elastic constraint of a single grain
within a polycrystalline aggregate, compared to a single crystal which may
expand without restriction. With the constraint in a polycrystal, a;; is found
to be lower compared to the value of a single crystal.

As the grain-grain interactions can be successfully captured in the crystal
plasticity model, the thermal properties implemented in the model are the
values of a single crystal of Ti shown in Table [3] This can be verified by
lattice strains that developed along the loading direction by increasing the
temperature as shown in Fig. [f[(b) and [5|(c), where the model was able to re-
produce thermal strains for the five selected plane families. These are shown
to be consistent with the experimental expansion strains at all temperatures
and for both grade 1 and grade 4 samples.

Fig. [f|(d) shows the change in stiffness as temperature increases, the stiff-
ness values were obtained from the gradients of stress-lattice strain curves
during elastic loading. Six plane families with lower noise level in stiffness
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Figure 5: (a) Thermal expansion strain in the a and ¢ directions, the gradient of the linear
fitted lines enables a measurement of the thermal expansion coefficient (CP-Ti grade 4
samples); (b) Comparison of the thermal expansion strain of the experiment and simulation
of CP-Ti grade 1 along the loading direction; (c¢) Comparison of thermal expansion strain
of the experiment and the simulation of CP-Ti grade 4 along the loading direction; (d)
Variation of the stiffness of 6 plane families vs. temperature in CP-Ti grade 4.

were plotted. A linear trend is seen; as temperature increases the stiffness
decreases.

3.2. Macroscopic stress relazation

The macroscopic stress relaxation responses, calculated from the mea-
sured force from the ETMT load cell are shown in Fig. [6|(a) and [6b). They
were processed using the same method as described in the previous work [47].
Briefly, a constitutive law that links the plastic normal strain rate, é,, to the
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macroscopic normal stress, o, was used:

AF —0.)A
¢, = pb’vexp (_kB_T> sinh (%) (8)

Ae. = —Ae, = —6,At - Ao = EAe. — 0,41 = 0, + Ao (9)

The initial stress, o;, obtained from the experimental stress at the begin-
ning of the first stress relaxation cycle, was substituted in to the Equation.
and yield a macroscopic plastic strain rate, ¢,. The change in macroscopic
plastic strain, Ae,, was calculated over a small time step At = 0.2 s. This
change in macroscopic plastic strain matches with the change in macroscopic
elastic strain, Ae., as the total strain was held constant. Therefore, the
change of macroscopic stress (used for update the stress of the next time
step), Ao, was obtained by the product of the Young’s modulus E for Ti at
each temperatures |20} 21] and Ae.. This process was repeated to reconstruct
the stress relaxation curves. With the aid of fitting tools in Matlab, the best-
fit relaxation curve (dashed lines in Fig.[6|(a) and [f[(b)) was found with fitting
error less than 1% and the optimal fitting parameters AF™° AV ™0 and
o™ can be obtained, which are shown in Fig. [6](c), [6{d) and [f](e).

Both activation energy and activation volume were found to increase with
temperature; the activation energy has a linear response with temperature,
which replicates observations in BCC steel [49]. Grade 1 has a higher acti-
vation energy than that of grade 4, indicating higher thermal energy barrier
for grade 1 over grade 4. The activation volume was also found to be higher
in grade 1 over grade 4, because grade 1 has lower oxygen content than
grade 4. Oxygen is known to be an interstitial in o-Ti and has a profound
strengthening effect by acting as obstacles for dislocation motion [6] [7]. As
the activation volume is proportional to the pinning distance, which is in-
verse proportional to obstacle density [I7], a higher activation volume is
expected in a lower obstacle density material, therefore was observed for
grade 1 CP-Ti. The normal critical stress, known as the stress for the onset
of plasticity, decreases with temperature and for grade 4, was found to be
significantly higher than that of grade 1, due to the strengthening effect of
oxygen [7, 26, (0, 51].

During the five-minute stress relaxation period, the total strain was held
constant and due to the time dependent plasticity, there was an increment
of plastic strain and a relaxation of elastic strain and stress. Therefore,
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the amount of stress relaxed during the strain hold reveals the amount of
plasticity and thus the activity of dislocations. As each sample was loaded to
different macroscopic stresses, direct comparison of the absolute magnitude
of the relaxed stress is not possible. However, ratios of relaxed stress to the
initial stress at the beginning of the first stress relaxation cycles (percentage
of relaxation) were calculated for a better comparison. Fig. [6|f) shows the
variation of percentage relaxation versus temperatures, where in both grade 1
and grade 4, the percentage relaxation first increases when the temperature
increases to 75°C and then decreases as temperature further increases. A
peak value is expected around 75°C. At room temperature, dislocations in
grade 1 are more active than in grade 4, but at higher temperatures (75°C
and higher) the activity of dislocation in grade 4 exceeds grade 1 results from
a sharper increase in percentage of relaxation in grade 4.

3.3. Lattice strain simulation results

The change in mobile dislocation density is small during each stress re-
laxation period [41l, 47|, which is verified by fitting the macroscopic stress
relaxation cycles with a function informed by a slip law (as discussed in sec-
tion 3.2), where one set of parameters can be fitted to all five relaxation
cycles. Therefore, the lattice strains developed during the first 5-minute
strain hold from the five selected planes families were used to calibrate the
crystal plasticity model. Because the loading strain rate is relatively slow (ca.
3x107° s7!) in this work, at this strain rate the lattice strains are less sensi-
tive to the change in the activation volume, AV. The activation volume used
in the simulation are the same as those obtained from the macroscopic stress
relaxation fit. Considering the activity of the pyramidal slip is low, param-
eters for this slip type was not calibrated. The macroscopic AF and CRSS
were instead set to be three times the value of basal slip [47]. Efforts were
focused on the identification of the parameters: activation energy and CRSS
for (1) basal and (2) prism slip to enable simulation of the lattice strains from
relaxation cycles, which could then be fitted to the experimentally measured
lattice strains.

Among the five selected plane families, three important planes in the HCP
crystal structure (prismatic planes {0110}, first ordered pyramidal planes
{0111} and second ordered pyramidal planes {1122}) have a higher prior-
ity in the optimisation process. Fig.[7] shows a comparison of the simulated
and experimental lattice strain relaxation curves, all of them show a good fit.
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Meanwhile, as the macroscopic stress relaxation curves also show good agree-
ment with the simulated and experimental results (as shown in Fig. , the
confidence in the measurement of the parameters is high. Fig. [9(a) and [9|(b)
show the variation of CRSS and activation energy for the basal and prism
slip as a function of temperature. Error bars were shown to give the range
of these parameters i.e. changing parameters within these ranges results in
a change in simulated lattice strain that is smaller than the experimental
results error (fluctuation), and simulated lattice strain remains good fit with
experiment lattice strain.

CRSS values decrease as temperature increases. At room temperature,
the CRSS for basal slip is significantly higher than that of prism slip in both
grade 1 and grade 4. As the temperature increases, the CRSS for basal slip
drops much faster than that of prism slip in grade 4. This results in CRSS
value for basal slip to be lower than that of prism slip in CP-Ti grade 4 at
250 °C. However, this trend was not found in grade 1, where the difference
between values of basal and prism slip remains almost the same for all three
temperatures. Due to the strengthening effect of oxygen, grade 4, with higher
oxygen content, has a higher CRSS for prism slip at all temperatures and
basal slip at room temperature over grade 1. However, the CRSS for basal
slip at 75 °C and 145 °C were found to be similar for these two CP-Ti grades.

As a result, the ratio of 729%% and 7P"™ was found to be higher in grade 1

C
over grade 4 at room temperature, as temperature increases, the CRSS ratio
was found to decrease in grade 4 while it increases in grade 1.

This phenomenon can be explained by the difference in the strengthening
effect of oxygen on these two slip systems. Yu et al [23] suggested that there
is a very strong repulsive interaction between a screw dislocation core and
oxygen on octahedral site on the same prismatic plane. On the contrary,
the repulsion of a dislocation core and oxygen on an interstitial site on basal
plane is an order of magnitude smaller. It was also found that once interacting
with dislocation, the original oxygen octahedral site will gradually disappear.
The oxygen would migrate to either a basal plane interstitial site (with lower
energy) or a tetrahedral site and a new octahedral site on a prism plane
(with higher energy). As the temperature increases, the thermal expansion
in the a direction is larger than that of the ¢ direction (as discussed in section
3.1), which results in a decrease in the ¢/a ratio. Therefore, the area of the
basal plane becomes larger (a; and ay vectors increase, as ¢ decreases) and
the octahedral site becomes nearer to the basal plane, which results in a
higher possibility for oxygen to move to a basal-plane interstitial sites. For a
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lower oxygen content Ti (grade 1); this results in a strengthening effect loss
for the prism type slip. For a higher oxygen content Ti (grade 4), although
some of the oxygen may migrate to a different interstitial site, the remaining
oxygen still provides a much more significant strengthening effect for prism
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slip. To summarise the temperature effect and oxygen level effect, we can
correlate the observation of the changing in CRSS ratio vs. temperatures
have opposite trend in two grades of CP-Ti with different oxygen content.

The thermal activation energy shows an opposite trend to CRSS, which
increases with temperature (as shown in Fig. [9|(b)), which is a trend com-
monly observed in coarse-grained materials [49]. It is found that the thermal
activation energy for both basal and prism slip in grade 1 is higher than that
in grade 4, indicating higher thermal energy barrier reduces with increasing
oxygen content. Basal slip generally has a higher thermal energy barrier over
prism slip except for grade 4 at 250 °C.
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The total activation free energy barrier has two contributing factors: (1)
the thermal activation energy barrier, AF and (2) the critical mechanical
work done by an externally applied stress, 7.AV. Therefore, the total free
energy barrier for dislocation activation is given by [17]:

AG = AF — 1, AV (10)

where AG is the Gibbs free energy. This expression was then normalised
by absolute temperature, T" and Boltzmann constant, kg giving: AG/kgT.
Fig. @(d) shows the variation of the energy barrier for dislocation activation
against temperature; it is found that as the temperature increases, AG/kgT
for both slips systems in grade 1 and grade 4 decreases, indicating that
slip becomes easier to activate as temperature increases. Meanwhile, due to
the reverse response of AF' and 7, as the temperature is increased, the slip
activation mechanism changes, where at low temperature slip activation is
mainly driven by mechanical work while at high temperature slip activation
is more driven by thermal energy.

3.4. Strain rate sensitivity

The strain rate sensitivity exponent, m, can be calculated follow the
equation [27]:
m = d(log(0)) /d(log(¢)) (11)

In this stress relaxation experiment, the m values are obtained by the gradi-
ents of stress-strain rate plots at log scale. To do this, lattice strain during
the first relaxation cycles was multiplied by the stiffness obtained in section
3.1 (Fig. [5(d)), yielding stress relaxation curves for all 21 plane families (as
shown in Fig.[10}(a)). The strain rate (gradient of the lattice strain relaxation
curve) at each second were calculated for this 300 s period of time, so that
the stress vs. strain rate can be plotted at log scale (as shown in Fig. [L0|(b)).
The strain rate sensitivity therefore can be calculated for the 21 plane fam-
ilies in the two CP-Ti alloys. As shown in Fig. [I1a) and [LIje), the SRS
values are highly anisotropic at room temperature, as the grain orientation
changes from ‘hard’ (c-axis parallel to loading direction, declination angle is
0°) to ‘soft’ (c-axis perpendicular to loading direction, declination angle is
90°), SRS increases from 0 to 0.04 in CP-Ti grade 4 and to 0.035 in CP-Ti
grade 1, which strongly agrees with other works on CP-Ti [24], 52} 53, 54], [55].
However, in the Ti6242 alloy, this trend was observed to be opposite by other
researchers [27]. A higher SRS (m=0.039) was found for ‘hard’ grains over
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sensitivity.(Using {0111} plane of CP-Ti grade 1 at 75 °C as an example)

SRS (m=0.025) for ‘soft’ grains in @ phase. For higher temperature samples,
as shown in Fig. [LT|(b){11}(d), [11|f) and [L1}(g), the variation of SRS with ori-

entations still exists but the SRS values are different at these temperatures.
Fig. [11[h) shows the averaged SRS values for the 21 plane families at differ-
ent temperatures. It was found that for both grade 1 and grade 4, averaged
SRS value increases as temperature increase to 75 °C and then decreases
as the temperature further increases. These follow the same temperature
dependence as the relaxed stress (recall Fig. [6[f)), indicating that a higher
SRS leads to more plastic strain accumulation during the same time period
of creep, and thus more dislocations activities.

Similarly, the SRS can be calculated for each different slip system us-
ing the slip law (recall Eq. [f] in section 2.3). Inserting the slip parameters
obtained from the simulation (section 3.3), we can plot the stress vs shear
strain rate over a strain rate range of 107 to 10° s™* (see Fig. [12(a)). As
the stress vs. shear strain rate curves are not linear and the gradient is not
constant at different shear strain rate range, showing the SRS is different
for a different strain rate range. Therefore, a narrower strain range (10~ to
1072 s71) was selected for reflecting the Ti aeroengine components in service
and enables a better comparison to other values reported [24], 27, 56]. Grade
4 has a higher SRS over grade 1 for both prism and basal slips. Prism slip
has a higher SRS than that of basal slip in both two CP-Ti alloys, which
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agrees with the work done by Jun et al [27], where micropillars were made
from the a phase in Ti6242 alloy and the SRS values were determined using
two different methods: a constant strain rate method (CRSM) and a conven-
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tional stress relaxation method (SRM). For both methods, SRS for prism slip
is more than two times the values of basal slip. Correlating to the variation
of SRS against c-axis declination angle, it is believed that the difference of
SRS in different slip systems is the origin of this orientation-sensitive SRS.
The temperature dependence of SRS in basal and prism slips follow the
similar trend as the averaged SRS and relaxed stress, where a peak value can
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be predicted between 75 °C and 145 °C. The peak temperature agrees with
the worst-case temperature (90 °C to 120 °C) for dwell debit |20, 57]. There-
fore, combining the evidence collected in this work, the physical phenomenon
correlating to strain rate sensitivity can be interpreted in the context of cold
creep. During the same period of creep, higher strain rate sensitivity leads
to greater accumulation of plastic strain. Strain rate sensitivity of each slip
system is positively correlated to the activity of the slip system during stress
dwell. For the lower oxygen content the CRSS of prism slip always remains
significantly smaller than that for basal slip, while at higher oxygen content
the slip strengths become more comparable. Prism slip still remains the more
likely contributor to load shedding and cold dwell fatigue issues due to its
greater strain rate sensitivity compared to basal slip.

4. Summary

An in-situ X-ray diffraction method was used to measure the lattice strain
evolution in two commercially pure Ti alloys (grade 1 and grade 4) with
different oxygen contents at four temperatures (room temperature, 75 °C,
145 °C and 250 °C). The samples were deformed in tension to a small plastic
strain, followed by a five-minute strain hold to allow stress relaxation. The
results were interpreted using a crystal plasticity finite element model. The
lattice strain evolution for 21 crystal plane families during macroscopic stress
relaxation was captured. Combining with the crystal plasticity finite element
analysis, key parameters in the slip rule for basal and prismatic slip systems
were isolated and determined. The study has the following conclusions:

1. At the macroscopic level, both the activation volume (AV) and the
thermal activation energy (AF) were found to be higher in low oxygen
content CP-Ti (grade 1) and were both observed to increases in re-
sponse to the increasing temperature. However, the strength decreased
significantly with increasing temperature. The magnitude of stress re-
laxation was found to be largest at 75 °C for both grade 1 and grade
4.

2. The CRSS and thermal activation energy were found to be higher for
basal slip over prism slip except at 250 °C where the trend is reversed.
Due to the greater strengthening effect of oxygen on prism slip the ratio
of CRSS values for grade 4 decreases significantly with temperature,
while it does not for grade 1 (it may even increase slightly).
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3. With increasing temperature, the activation energy barrier (AF') in-
creases, but as the mechanical energy required for slip reduces as the
CRSS values decrease so that thermal energy becomes a greater con-
tributor to dislocation glide processes.

4. Strain rate sensitivity was determined from lattice strain relaxation
in 21 plane families. It shows strong orientation dependence, where
grains in ‘soft’ orientation have a higher SRS than that of grains in
‘hard’ orientation. The highest average SRS among 21 plane families
was found at 75 °C for both two CP-Ti alloys and grade 4 has higher
SRS over grade 1.

5. The SRS for prism slip was found to be higher than that of basal slip.
The temperature dependence of SRS for both slip systems follow similar
trends as the average SRS and macroscopic relaxed stress, indicating
that a higher SRS results in more plastic strain accumulation during
creep.
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