A nanoindentation investigation of local strain rate sensitivity in dual-phase Ti alloys
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Abstract

Using nanoindentation we have investigated the local strain rate sensitivity in dual-phase Ti
alloys, Ti-6Al1-2Sn-4Zr-xMo (x=2 and 6), as strain rate sensitivity could be a potential factor
causing cold dwell fatigue. Electron backscatter diffraction (EBSD) was used to select hard
and soft grain orientations within each of the alloys. Nanoindentation based tests using the
continuous stiffness measurement (CSM) method were performed with variable strain rates,
on the order of 10" to 107s™". Local strain rate sensitivity is determined using a power law
linking equivalent flow stress and equivalent plastic strain rate. Analysis of residual
impressions using both a scanning electron microscope (SEM) and a focused ion beam (FIB)
reveals local deformation around the indents and shows that nanoindentation tested structures
containing both o and  phases within individual colonies. This indicates that the indentation
results are derived from averaged o/f properties. The results show that a trend of local rate
sensitivity in Ti6242 and Ti6246 is strikingly different; as similar rate sensitivities are found
in T16246 regardless of grain orientation, whilst a grain orientation dependence is observed in
Ti6242. These findings are important for understanding dwell fatigue deformation modes,
and the methodology demonstrated can be used for screening new alloy designs and

microstructures.
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1. Introduction

Titanium alloys are used extensively in aerospace applications where fatigue is one of the
most significant issues to contend with and manage. In particular, the nature of modern flying
now includes some significant holding at high load for extended periods, for instance
between take-off and cruise [1], in order to maximise fuel efficiency and reduce noise
pollution. Further load-holds occur during thrust reversal to land on short run ways. These
regimes are cyclic (once or twice per flight) and have a time sensitive load hold, leading to

concern regarding rate sensitive deformation modes involved in dwell fatigue.

Cold dwell fatigue has been a critical issue in aero-engine industry for the last few decades [1,
2]. Cold dwell susceptible alloys are those which suffer from a significant reduction in
fatigue life due to the inclusion of a short load-hold (~120s) at low to moderate temperatures
(up to ~200°C). This can reduce the number of cycles to failure by a decade or more and this
is called the “dwell debit”. In dual-phase Ti alloys (Ti-6Al-2Sn-4Zr-xMo), Mo content
significantly affects dwell sensitivity, where Ti6242 is dwell sensitive and Ti6246 is not [3].
A chemical, structural or morphological effect has been thought of as a cause of dwell fatigue

due to differences in B volume fraction and local chemistry between these alloys.

In practice, dwell fatigue failure is mitigated by use of dwell insensitive alloys and careful
maintenance schedules, but management of this phenomena costs the aerospace industry
significantly (~£100m / year). It is therefore important to understand microstructural
contributions towards the dwell process to enable more cost effective component

management strategies and ultimately engineering new materials that are dwell insensitive.

Recently it has been demonstrated that dwell fatigue failure is dominated by local
microstructure in many dual-phase Ti alloys, including the presence of a rogue grain

combination [4]; where, during the load-hold, stress is shed (i.e. redistributed) from a ‘soft’



grain to a neighbour ‘hard’ grain in the Stroh model [2, 5]. Therefore local regions of very
high stress form across the interface [6, 7]. Hard and soft grains here represent those grains
that are poorly oriented for an applied deformation mode and appropriately oriented for easy
slip (i.e. {a) type basal or prism slip) respectively. For titanium this is often described
considering the angle between the (c) axis of the unit cell and principal loading axis, where
applying a normal stress parallel to the (c) axis is a hard orientation and deforming

perpendicular to the {c) axis is a soft orientation.

In dwell fatigue, time dependent stress amplification during this load shedding process at
local microstructural regions near the interface is thought to play a predominant role in failure
through facet formation [8]. Prior research indicates that the function of basal plane
orientation is important in dwell fatigue for dual-phase Ti alloys [9-13]; yet fundamental
deformation mechanisms within each hard and soft grain (i.e. contributions of individual slip

systems) are still unknown.

One hypothesis on time sensitive dwell fatigue is that strain rate sensitivity (SRS) is a crucial
factor governing the load shedding phenomenon. As titanium alloys are typically more
elastically and plastically anisotropic at the grain scale [14-16], there are likely to be
differences in the SRS of different grain orientations due to variable rate sensitivities of the
different slip systems [17]. These slip systems are {(a) dislocations on prismatic planes; (a)
dislocations on basal planes; and {(c + a) slip systems on pyramidal slip planes. Each slip
system has a different critical resolved shear stresses, where their ratio is likely to be ~3:4:9
[18, 19]. Even though the {c + a) deformation mode has a significantly higher CRSS value it
is still likely to activate, as slip with (a) type dislocations only does not provide 5
independent deformation modes which are required to accommodate an arbitrary shape

change.



Nanoindentation has been previously used to study the mechanical response of single grains
in titanium alloys. Quasistatic nanoindentation, combined with TEM of Ti-7Al, reveals that
indentation into different grain orientations activates different slip systems [20]. In particular
indentation into the basal plane activated both {(c + a) type dislocations and (a) type
dislocations. The {a) type dislocations were of opposite sign to the (a) component of the
(c + a) dislocations to enable local deformation and support the local curvature around the
indent. This supports a prior demonstration [21] that indentation into grains of Ti-6Al-4V
revealed clearly that these mechanisms also happen in dual-phase microstructures and in
particular that (c + a) type dislocations are geometrically required if twinning does not
activate. This change in plastic deformation mechanism, when indenting into grains of
different crystallographic orientation, results in significant anisotropic hardness
measurements. Additionally indentation, combined with EBSD, has been used to
systematically study grains of different orientations and confirmed that the anisotropic
mechanical performance is consistently observed across a range of Ti alloys [14, 16, 22, 23].
Furthermore, experimental data has been fitted with crystal plasticity models has enabled

extraction of the critical resolved shear stress for different dislocation types [14, 16].

The nanoindentation approach is insightful and relatively inexpensive to undertake, but
precise mechanistic analysis is fraught with complications, as the stress state around the
indention is complex and there are likely to be significant lengthscale contributions due to the
indentation size effect for small indentation depths. Often these effects are considered for
relatively isotropic materials, yet in HCP alloys ignoring the effect of orientation is likely to
be problematic. This does not diminish from the potential use of nanoindentation to elucidate

mechanisms and highlight opportunities for further study.



Moving beyond hardness (i.e. strength) and considering strain rate sensitivity is now possible
with indentation, as new experimental approaches have been developed. Typically
nanoindentation is used for exploring a deformation resistance (i.e. hardness and modulus of
elasticity) on a local scale [24], and use of the continuous stiffness measurement (CSM)
approach [25] enables continuous measurement of hardness with depth during indentation,
through measurement of the phase change of an applied oscillation of the tip displacement
and the measured response of the material. Recent work has highlighted that this CSM
approach can be very valuable in performing variable strain rate testing and therefore
accessing the strain rate sensitivity at a local scale, such as exploring the SRS of

nanocrystalline and ultrafine-grained metals [26-30].

In practice, a power law constitutive equation is typically used to define the indentation-based

SRS exponent (i.e. m value) as follows [28, 31-36]:

d(InH)

nanoindentation d(n éndentation) ( )

with further following relations, €;,gentation = 1/h and H = P /A, where h is the indentation
depth, h the penetration rate, P the applied load, A the project area for indent (e.g. 24.5h? for

perfect Berkovich tip) and H hardness.

The SRS at the nanoscale [36, 37] and macroscale [38-41] of Ti alloys have been determined
using either uniaxial tensile/compression or nanoindentation-based test with different
methods (e.g. constant strain rate and strain rate jump test). Observed m values were within a
range of 0.007~0.04 for CP-Ti [36-39, 41], 0.0185 for Ti-6Al and 0.01 for Ti6242 [40],
where the m value of metallic materials is in general lower than 0.1 at room temperature [42].
Direct comparison across alloys from these studies is not possible as microstructural features,

such as grain size, and testing method were not similar.



Within this work, we use the CSM technique due to its fairly-straightforward experimental
setup and data analysis. We note that there are some significant limitations that must be
considered with this approach [28, 43], such as: (i) indentation data are sensitive to
microstructure; (ii) thermal drift may play a prominent role at lower strain rates (i.e. longer
testing time); and (iii) significant experimental error can be occurred in soft metallic
materials (e.g. single crystal) with a large E/H ratio. Recently several authors have reported
[28, 44-46] using a modified CSM method to study SRS effects on hardness by utilising step
changes in load rate in a single indentation. This has the advantage that a single indentation
can be utilized to study the effect of rate sensitivity on hardness and this can also overcome
issues with environmental instabilities leading to thermal drift artefacts in very slow strain
rate indentations. However, while the modified CSM method has been shown to work well on
monocrystalline metals there are issues with interpretation of the data on coarser grained
materials. This is especially important when there are significant indentation size effects [47]
that lead to an increased hardness as a function of indentation depth, superimposed on-top of
any change in hardness due to strain rate changes. Secondly the hardness change measured is
by definition taken at points where differing volumes of plastic deformation have occurred. In
nanocrystalline materials this is not of concern as the ‘length scale effects’ are linked to the
nano-grain sizes, rather than the indentation volume. However in other microstructures this
can lead to comparing hardness changes which are controlled by both sampling differing
microstructures, e.g. due to heterogeneity or length-scale effects under the indenter

impression, as well as strain rate changes.

While nanoindentation approaches can clearly measure different rate sensitivities during
deformation, care must be taken in interpretation, as comparison with more conventional
engineering measures of strain rate sensitivities is difficult because the local strain field

around the indenter during each test is rather complex [14, 48]. Here, we describe rate



sensitivity (i.e. equivalent to SRS obtained from uniaxial tensile or compression test) as the
material response to the variable indentation rate. We use nanoindentation to provide a
relatively simple and inexpensive method of testing multiple individual microstructural units

in complex alloys at an appropriate lengthscale.

In this work, we investigate local rate sensitivity in dual-phase Ti alloys with a
nanoindentation CSM method using multiple indentations at differing strain rates. This aims
to provide a mechanistic insight on how the rate sensitivity varies with respect to crystal
orientations (i.e. hard and soft grain). We focus on this as dwell fatigue has a time-sensitive
load-hold and different orientations are important for the rogue grain combination within the

Stroh model.

2. Experimental procedures

The Ti6242 (Ti-6Al-2Sn-4Zr-2Mo) and Ti6246 (Ti-6Al-2Sn-4Zr-6Mo) samples studied were
supplied by IMR (Institute of Metal Research, China) as forged bars (details of the chemical
composition are seen in Table 1). The bars had been produced by a triple VAR melt, followed
by B forging and o-f forging. These samples were subsequently heat treated to create two
similar samples with large a colonies. Samples sectioned perpendicular to the bar axis were
heat-treated (Figure 1) at the temperature of B transus + 50°C (i.e. 1040°C for Ti6242 and
990°C for Ti6246) and cooled down with a sufficiently slow rate of 1°C/min, resulting in

fully lamellar microstructure and minimal internal strain gradients.



Table 1. Chemical composition of Ti6242 and Ti6246

Samples Al | Sn | Zr | Mo C Fe Si H 0] N

Ti6242 (wt. %) | 6.08 | 2.00 | 3.95 | 2.00 | 0.012 | 0.031 | 0.021 | 0.0002 | 0.072 | 0.0069

Ti6246 (wt. %) | 6.12 ] 2.02 | 4.03 | 6.00 | 0.011 | 0.035 | 0.049 | 0.0005 | 0.068 | 0.0044

Temp. A
1040°C (Ti6242) Hold
990°C (Ti6246)
Cool down (1°C/min
sh (1°C/min)
Time

Figure 1. Schematic diagram of heat treatment (HT) processing route by holding at f transus
+ 50°C (i.e. 1040°C for Ti6242 and 990°C for Ti6246) for ~8h and cooling down with a rate
of 1°C/min for ~17h.

The samples were ground with a series of SiC papers (up to 4000 grit) and subsequently
polished with OP-S (Oxide Polishing Suspensions) diluted with H,O (by a ratio 1:5 of OP-
S:H,0). Light surface etching was conducted with Kroll’s reagent, a mixture of 2% HF, 10%
HNO; and 88% H»O. This chemically removes surface damage and provides very slight
contrast for correlative optical microscopy, SEM, EBSD, FIB and nanoindentation

experiments [49].

EBSD measurements were carried out in a Carl Zeiss Auriga CrossBeam FIB-SEM with
Bruker eSprit v1.9 software, using a probe current of 10.5nA, an aperture size of 120um and
an accelerating voltage of 20kV. Large area maps were taken with step sizes of 4um for
Ti6242 and 2.2um for Ti6246 (the step size was varied due to different phase volume
fractions). Hard and soft colony regions were identified within each sample. Further small

area maps were taken after the indentation experiments, with finer step sizes of 0.2um, in



order to regularly reveal both a and P phase orientations and verify misorientation between

the two phases within each colony.

Indentation experiments were carried out using the continuous stiffness measurement (CSM)
technique [34, 43] using a NanoindenterXP (MTS, now Keysight). The CSM technique
enables the contact stiffness to be continuously obtained as a function of depth by
superimposing a small sinusoidal oscillation on the force signal and measuring the
displacement response at the same frequency [43, 50]. The area function for this tip was

calibrated using indentation into a fused quartz standard sample.

The strain rate sensitivity of each colony region was evaluated using a total of sixteen well-
spaced indents. Arrays of 2000nm deep indents were created by a diamond Berkovich
indenter, and CSM measurements were made with a 2nm amplitude and 45Hz oscillation.
Indents were made for four target indentation strain rates of 2x107, 5x1072, 5x10~ and 1x10°
’s!. For each region and strain rate, four repeat indents were made. Indents made at each
strain rate were compared and showed similar results, indicating that these indents were
representative of the indentation response of each microstructural region, and therefore data

for each strain rate was averaged within TestWorks (the individual indentation data is

provided in the data associated with this paper).

After indentation, imaging of the indentation arrays was performed with SEM, as well as
imaging and FIB-cross sectioning, using a Zeiss Auriga CrossBeam instrument. FIB trenches
normal to the sample surface were cut to reveal the subsurface microstructure in order to
understand the nature of slip transfer as the indentation volume expands. Imaging was

performed with the SEM to reveal subsurface lath morphology within the colony structure.



3. Results

We focussed on grain hard and soft grain orientations from both Ti6242 and Ti6246, as the
local load shedding process near the interface of a rogue grain combination is thought to play
a principal role in facet formation [8]. Figure 2(a) and (b) show the crystal orientation maps
of heat-treated Ti6242 and Ti6246, respectively, with inserts of the crystal orientations and
the associated Euler angle (¢, ¢, ¢2) of a phases. These maps were searched for colonies
which are hard (labelled H) and soft (labelled S), based upon evaluation of the ¢ angle that
describes the angle between the (c) axis and the sample surface normal in Bunge convention.
This indicates that each grain from both alloys is highly comparative in terms of the ¢ angle

with 85° vs. 86° for soft grains and 17° vs. 17° for hard grains.

[ o Eulerangle
(217,86,152)

a Euler angle
(253,17,97)

o Eulerangle |
(56,17,320)

o

Ti6242

Figure 2. EBSD derived inverse pole figure (IPF) maps of (a)Ti6242 and (b)Ti6246, with
inserts showing the crystal orientation of a phase and the associated Euler angle: The maps
were taken with respect to the sample surface normal. H and S symbols marked within the
regions indicate hard and soft grain, respectively.

Figure 3 shows the secondary electron (SE) micrographs captured after indentation tests. All

sixteen indents were successfully made within the target colonies and were well separated.

The volume fractions of a and P phases in each of the alloys were determined through

analysis of SE micrographs with ImageJ software (segmenting based upon image intensity)



[51]. In Ti6242, the two grains have similar volume fractions of about 0.90 for o and 0.10 for
B phase, but different morphologies with long straight  ligaments for the hard grain and
more wavy and divergent 3 ligaments in the soft grain. In Ti6246, the two grains have quite
similar surface morphology and the volume fractions of about 0.55 and 0.45 for o and

phase, respectively.

Ti6242-H Ti6242-H

Ti6246-H Ti6246-H

Ti6242-S \ Ti6242-S

Ti6246-S ‘ Ti6246-S

Figure 3. Secondary electron micrographs showing a(i)~d(i) indentation arrays, with o/
morphology and cross sectioned indentations highlighted and a(ii)~d(ii) high resolution
images of each grain. The o phase is the dark phase and f is brighter; Contrast analysis
reveals volume fractions of a and p (a:f5) are 0.90:0.10 for Ti6242 and 0.55:0.45 for Ti6246.



Indents for each of the four target indentation strain rates showed good reproducibility within
each colony. In Figure 4, one set of (depth dependant, CSM based) hardness measurement
from each strain rate is presented for the different grain orientations and different materials.
There is a limited apparent indentation size effect after ~750nm. It is seen that the hardness

decreases mostly with decreasing strain rate, as expected, though there is a discrepancy at a

rate of 5x107s™ in Figure 4(c).
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Figure 4. Individual hardness vs. displacement curves for both hard grains in (a) Ti6242, (b)
Ti6246 and soft grains in (c) Ti6242, (d) Ti6246, showing an increase of hardness with
increasing strain rate in general.

The average hardness values, for depths between 750 and 1750mm, were used to evaluate the
rate sensitivity exponent (i.e. m value), in accordance with the Equation (1). Figure 5 shows
plots of hardness against strain rate for the m value evaluation, on log-log plots. In Ti6246 the
strain rate sensitivity is ~independent of grain orientation, with similar m values for hard and

soft grains (0.022 and 0.028 respectively). In Ti6242 the strain rate sensitivity is strongly



dependant on grain orientation, with different m values for hard and soft grains in Ti6242

(0.039 and 0.0053 respectively).
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Figure 5. Hardness vs. strain rate (log-log form) in (a) hard and (b) soft grains of Ti6242
and Ti6246: a slope of each fitted line indicates the rate sensitivity exponent, m value.

The nanoindentation response for hard and soft orientations in Ti6242 and Ti6246 is
markedly different. This motivated the SEM and FIB-SEM characterisation of the indented

microstructure to aid understanding of these rate sensitivity results.

The local crystal orientations within each colony were examined in the hard grains of both
samples (Figure 6(a)) with pole figures of a- and B-Ti. It reveals that Burgers orientation
relationship (BOR) [52] is obeyed, where common poles were observed by overlapping poles
in {0001}, & {110} and (1120), & (111)4 [53, 54]. Identification of the common planes
and directions enables determination of c-, a;-/b;- (closely aligned) and a,-/b,- (next most
closely aligned) directions (shown in blue, green and yellow, respectively) based on the

misorientations between Burgers vectors (i.e. aj, ay, a3 and by, by) [7, 55].

The residual impressions of the indents show that the plastic zone surrounding each indent
includes significant numbers of both o lamella and  ligaments in a composite structure

(Figure 6(b)). Using the linear intercept method, o lamella and B ligament average widths



resulting of ~2.3um and ~0.3um for Ti6242 and ~1.0pum and ~0.7um for Ti6246 were

measured in this surface section.

Slip traces observed in these surface micrographs (round-dotted lines shown in Figure 6(b))
are analysed using superposition of the slip plane normal for basal, prismatic and pyramidal
planes. Unfortunately it is rather difficult to confirm which slip systems were activated in this
orientation, since the poles from each of those planes are interrogated only considering
surface slip traces. The slip traces span from one o lamella to another, across a B ligament, for
all three lobes around the indentation impression. The slip traces are clearly interrupted at the
interface, indicating that slip transfer mechanisms at this interface are likely to play a role.
Typically, the surface slip traces within both colonies are broadly similar in morphology,

indicating that similar slip mechanisms are active in both materials.

From each array, the sub-surface structure of the colony was revealed with a FIB trench (see
Figure 3), and the associated subsurface are seen in Figure 6(c). The colony structure for
Ti6242 and Ti6426 are very similar in inclination with respect to the surface normal,

allowing comparisons of the relative deformation of these two colony regions to be made.

Analysis of the soft orientation for each alloy is repeated in Figure 7. Again, the
crystallography of each of the two phases obeys the BOR. In this colony, the o lamella and
ligament average widths were ~3.4um and ~0.4um for Ti6242 (rather different to the hard
grain orientation) and ~1.0pm and ~0.8um for Ti6246 (comparable to the hard) in the surface
projection. Unlike slip traces in the hard grain orientations, surface slip traces obviously show
activity of (a) slip on the prismatic plane. Here the slip traces tend to extend more
continuously between a lamella and 3 ligaments, with clear surface steps in both phases. The
subsurface microstructure between both alloys again has a similar inclination with respect to

the indentation axis.
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Figure 6. In hard grains of Ti6242 and Ti6246, (a) Pole figures of o- and p-Ti, indicating an
obedience of Burgers orientation relationship (BOR): The purple cross represents the
loading direction. For the crystal direction figures, the green and yellow crosses indicate a;-
/bi- and aj-/by- directions respectively. For the crystal plane figures the blue crosses
represent the shared (0001)//(110) plane, (b) residual impression with inserts of crystal
orientations of a and f phases (showing slip bands activated during indentation) and pole
figures with overlapping solid lines of slip traces normal: The round-dot lines in green,
yellow and dark red are parallel to the corresponding {(a) directions (shown in the crystal
orientations), (c) secondary electron micrographs taken at indented and its sub-surface areas
in each region, showing o/ colony structure on the surface and underneath of the regions
and slip bands: a trench was made by focused ion beam (FIB). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this
article).
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Figure 7. In soft grains of Ti6242 and Ti6246, (a) Pole figures of a- and p-Ti, indicating an
obedience of Burgers orientation relationship (BOR): The purple cross represents the
loading direction. For the crystal direction figures, the green and yellow crosses indicate a;-
/bi- and aj-/by- directions respectively. For the crystal plane figures the blue crosses
represent the shared (0001)//(110) plane, (b) residual impression with inserts of crystal
orientations of a and f phases (showing slip bands activated during indentation) and pole
figures with overlapping solid line of slip traces normal: The white arrows indicate a
direction perpendicular to the c-axis lined in blue, (c) secondary electron micrographs taken
at indented and its sub-surface areas in each region, showing o/ colony structure on the
surface and underneath of the regions and slip bands: a trench was made by focused ion
beam (FIB). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).



4. Discussion

In this study we have exploited new nanoindentation testing strategies to isolate the
performance of individual microstructural units (colonies) and comparatively explored the
orientation dependant rate sensitive response of two o+ titanium alloys. Correlating
indentation with EBSD, SEM and FIB-SEM sectioning enables us to be confident that we
have targeted a comparative microstructural region in two different engineering alloys with
variable dwell sensitivities. This provides a comparative investigation of relative dwell
sensitivity, through indentation m value determination, and enables down-selecting of alloys

for further testing.

The most striking finding within this study is that, Ti6242 has higher rate sensitivity
(m=0.039) for the hard orientation as compared to the soft orientation (m=0.005), whereas
Ti6246 has comparable rate sensitivities for the hard and soft orientations (m=0.025). An
important remark at this point is that interpreting those numbers and correlating directly to
the load shedding phenomenon is not possible yet, as the numbers is likely to vary according
to the testing methodology (i.e. tools, method) [28, 56-59]. However, we can argue with this
comparative rate sensitivity study that dwell sensitive Ti6242 is orientation dependent rate
sensitive and dwell insensitive Ti6246 is orientation independent rate sensitive. This has
significant consequences when interpreting the behaviour of hard and soft microstructural
regions (macrozones [60], microtextural regions [61] or effective structural units [62]) in the
understanding of dwell fatigue for titanium alloys. This necessitates a revisit to the
constitutive laws used to describe slip, where the slip rate sensitivity as well as the critical

resolved shear stress may vary between slip systems within such models.



The nature of exploring real alloys, all-be-it with simplified microstructures, means that there
remain some significant remaining hypotheses that need to be understood through further

investigation in light of our findings:

(1) Does the volume fraction of B phase affect rate sensitivity?

As shown in Figure 3, the Ti6246 in this microstructural condition has a larger B volume
fraction (~45%) than Ti6242 (~10%). This generates different volume fraction of interface
between o and P phase, and the influence of the interfaces is likely to be important. The
crucial aspect here is that the volume fraction variation is consistent (i.e. no or little interface
effect) for both the hard and soft colonies in each alloy. The rate sensitivity of each colonies
were directly compared and showed quite different trend. While this could be significant, it is
not likely to be the only controlling microstructural feature and is likely to be a second order

contribution to differences in rate sensitivity.

(2) Does the B ligament thickness affect rate sensitivity when slip transfer is ‘easy’?

The soft colonies in both alloys will enable slip to progress relatively easily through the 3
ligaments, as the (a) type slip can progress through the  phase relatively easily due to the
BOR. This can be elucidated by the slip trace analysis in Figure 7(b), such that indentation
into soft colonies would activate (a) type slip in the o phase. The presence of the BOR means
that some (a) type slip can be well aligned with slip systems in the  phase. This results in
three alignments of the (a) type slip systems [17], where briefly the best aligned {(a) slip
system can be accommodated directly across into the B phase, which is called {(a,) slip; the
next is misaligned by ~10° between the (a) slip system in the o phase and the (111){110} in
the B phase and called {a,) slip; and the third is misaligned and is called {a3). (a,) and (a,)
can result in direct slip transmission across the interface as they are reasonably well aligned

with slip systems within the B phase. (a;) requires slip transfer to be accommodated by



collaborative sources and slip systems in the two phases and likely results in more dislocation
locking, debris accumulation and time dependant mechanisms. For the hard colonies (see
Figure 6(b)), principally the axial indentation strain must be accommodated by (c + a) slip or
twinning. Neither of these two mechanisms are well accommodated through the § phase and
are likely to result in significant hardening/slip interruption by the a/f interfaces, this makes

transfer significantly more difficult.

For this soft colony orientation the Ti6246 contains significantly wider B ligaments (than the
Ti6242), and the rate sensitivity of the Ti6246 is ~five times the rate sensitivity of the Ti6242.
This hints strongly that either the P morphology or local chemical effects could be

contributing to rate sensitive behaviour.

(3) Does the composite nature of the stacked o/f lath structure result in significant
differences in strain accommodation, and therefore rate sensitivity, or is it instead
related to the local crystallographic misorientation (and thereby effective slip length

and dislocation transmission mechanisms)?

Compared to the Ti6246 showing comparable surface morphology (i.e. lath structures)
between the targeted regions and P ligament thickness of 0.7~0.8um, the Ti6242 revealed
different lath structures (i.e. long straight ligaments for the hard grain and more wavy and
divergent ligaments in the soft grain) and much thinner f (0.3~0.4um). We note that these
structures are two dimensional slices through complex 3D composite microstructures and a
complicated deformation field surrounds each indentation. However the major deformation
axis that controls the performance of these alloys is likely to be the indentation axis and
therefore presentation of the colony widths with respect to this axis is probably a principal
microstructure — deformation correlation. The difference in lath structures is therefore likely

to be important. This is especially true when there is no easy slip transfer mechanism, such as



(a3) slip, through the interface, and instead elastic equilibrium and compatibility drives the

progress of local deformation.

Studies have shown that (a) slip systems adjacent to [ laths have significant anisotropic
behaviour in dislocation pile-ups and transmission mechanisms at the o/p interface [17, 63,
64]. Relative slip transfer difficulties could be used to explain how two phases in a packet
structure would result in very significant differences in the strain rate sensitivity for hard and
soft grains. However, relative isotropy of the strain rate sensitivity of Ti6246 compared with
Ti6242 (which both have a similar ‘number’ density of interfaces) renders this argument

insufficient to describe the marked difference in rate sensitivity.

Consideration of our findings in light of these three mechanisms means that there must be a
combined effect, whereby influence of the volume of the B packets together with activation of
particular slip systems is likely to control the strain rate sensitivity of slip in these alloys. In
practice, the presence of a rate sensitive mechanism may potentially change the structural unit
size and therefore the grain size when considering dwell fatigue strength and component life.
Mechanistically this will alter the effective slip length and the number of dislocations in a
pile-up, required for the Stroh model of load shedding and stress amplification during dwell

leading to facet formation and ultimately component failure [65, 66].

Our study outlines an initial first screen of the microstructural response and indicates that the
next steps could either be: (1) local microstructural testing using a more confined stress state,
e.g. with micropillar compression [49] or microcantilever deflection [67]; (2)
thermomechanical processing to generate similar morphology microstructures for the Ti6246
alloy to make a Ti6242 like microstructure and verify if the strain rate sensitivity is controlled
explicitly by morphology, rather than chemical effects of the Mo which is likely partitioned

to the  phase.



This work complements previous work using nanoindentation to measure strain rate
sensitivity focused on simple single phase metals such as nickel, or tungsten typically with
nano-scale grains [28, 45, 46]. The technique we have used can be extended to measuring
local rate sensitivity in industrially important multi-phase titanium alloys, provided that
suitable assessment of the testing region is undertaken to ensure that tests are appropriately
comparative and fair. This data is key as a first step in developing appropriate hypotheses
towards a full understanding on how local microstructure controls dwell fatigue and failure of

in-service components.

5. Conclusions

In this work we have demonstrated that the orientation and structure of colony titanium
microstructures influences the strain rate sensitivity through careful use of nanoindentation
testing. This testing strategy is relatively inexpensive and provides qualitative insight into the
performance of complex microstructures, when combined with microstructural

characterisation at an appropriate lengthscale (SEM, EBSD and FIB-SEM sectioning).

Indentation was performed at different strain rates in particular colonies to test the rate
sensitivity of hard and soft colonies for these alloys. The two titanium alloys were heat
treated to generate similar microstructures, with large colonies of similarly orientated a-laths
connected by B-ligaments, contained within prior B grains. The tested volumes of a and 3

phases were from prior 3 grains, as they obeyed the BOR in all four cases.

Ti6242 has:

* a higher rate sensitivity (m=0.039) for the hard orientation when compared with the

soft orientation (=0.005)



¢ thin (0.3~0.4um) B-ligaments connecting long straight a-laths (2.3~3.4um wide)

* af volume fraction of ~10%

Ti6246 has:

e comparable rate sensitivities for the hard and soft orientations (m=0.025)
* thin (0.7~0.8pum) B-ligaments connecting long straight a-laths (~1.0pm wide)

* af volume fraction of ~45%

The nature of the difference in structural rate sensitivities for different alloys and different
orientations was discussed. It is suggested that this is due to a combination of the thickness of
the P lathes combined with the ability for slip to easily transfer across these complex
microstructures. This is likely to have an impact when considering the effective structural
unit when testing under complex loading regimes when rate sensitive effects are likely to play

a significant role.

Supplementary online information

The individual indentation data associated with this article can be found in the online version

at http://dx.doi.org/10.5281/zenodo.32145.
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