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Residual elastic stress—strain field and geometrically necessary dislocation
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Abstract: Nanoindentation and high resolution electron backscatter diffraction (EBSD) were combined to examine the elastic
modulus and hardness of a and f phases, anisotropy in residual elastic stress—strain fields and distributions of geometrically
necessary dislocation (GND) density around the indentations within TA15 titanium alloy. The nano-indention tests were conducted
on a and f phases, respectively. The residual stress—strain fields surrounding the indentation were calculated through cross-
correlation method from recorded patterns. The GND density distribution around the indentation was calculated based on the strain
gradient theories to reveal the micro-mechanism of plastic deformation. The results indicate that the elastic modulus and hardness for
o, phase are 129.05 GPas and 6.44 GPa, while for f phase, their values are 109.80 GPa and 4.29 GPa, respectively. The residual
Mises stress distribution around the indentation is relatively heterogeneous and significantly influenced by neighboring soft § phase.
The region with low residual stress around the indentation is accompanied with markedly high (@) type and prismatic-GND density.

Key words: nano-hardness; stress—strain fields; geometrically necessary dislocation; nanoindentation; electron backscatter
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1 Introduction

TA15, whose nominal chemical component is
Ti—6Al1-2Zr—1Mo—1V, was developed as BT20 alloy by
Russia in 1964 [1]. As a typical near a titanium, it is a
classic high-temperature alloy since it combines the
excellent creep behavior of a titanium alloys with the
high strength of a+f titanium alloys [2]. Therefore,
TA1S5 is preferentially used in aerospace, such as the
compressor blades, compressor disks of gas turbine
engine and large front fan of modern jet engines [3—5].

Generally, the microstructure of TA15 titanium
consists of dominant coarse o phase (hexagonal close-
packed, HCP) lamellae and a few retained f phase
(body-centered cubic, BCC) layers (less than 10% in
volume fraction) [1,5]. Because a is the dominant
component of phase, its mechanical and plastic
deformation proprieties play a decisive role in the
in-service properties of TALS titanium alloy parts.
However, the plastic deformation of a and near a
titanium alloys is usually poor because of relative high
critical resolved stress (CRSS), low numbers of slip
systems and poor symmetry for hep lattice structure [6].

On the other hand, because of the poor symmetry of the
HCP crystal structure, the crystal orientation also has a
significant influence on the elastic-plastic deformation
response of a phase [7]. Furthermore, although the
content of f phase is relatively low, it has a significant
influence on the dislocation transmission and strain—
stress compatibility during the plastic deformation or
forming process [8]. Therefore, it is very important to
conduct deep and full mechanical response study on the
o and f phases in titanium alloys.

Nanoindentation is an instrumented hardness testing
technique, with precise indent location, high resolution
load control and displacement measurement [9]. It is
widely used to evaluate the elastic modulus, hardness,
local mechanical properties, elastic-plastic responses and
micro-heterogeneity properties in materials science
[10,11]. Over the last two decades, -electron
backscattered diffraction (EBSD) has been developed to
be a worldwide available and relatively easy-to-use
technique to characterize the microstructure property.
Actually, EBSD method not only offers the
microstructure and crystal orientation information, but
also can be used to study the plastic equivalent strain,
Mises stress distribution at grain scale [12] and even the
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dislocation content which can be calculated from the
detected lattice rotations [13]. Many similar researches
have been conducted to deeply understand the local
deformation mechanism [14,15]. However, the
orientation gradients and Nye’s framework from
traditional patterns indication (based on Hough transform
analysis) are relatively lowly sensitive to determine the
GND densities [16]. Most recently, WILKINSON et al
[17] have developed the cross-correlation-based analysis
of EBSD patterns which can improve the sensitivity by
approximately two orders of magnitude [17].

In the present work, the nanoindention tests were
performed on a and S phases of TA1S titanium alloy,
respectively. The high resolution EBSD measurements
were conducted on the area around the indentations and
the diffraction patterns at very scanning point were
recorded simultancously. The residual elastic
stress—strain fields and GND density around the
indentations were calculated using the cross-correlation
method and strain gradient theories. Finally, the
neighboring soft f phase influence on the anisotropic
distributions of residual stress—strain fields and the
relationships between the residual elastic stress—strain
fields and GNDs distributions were investigated and
analyzed.

2 Experimental procedure and calculation
method

2.1 Materials and preparation

The experimental material was commercial TA15
alloy containing 6.47% Al, 1.59% Zr, 1.45% Mo, 1.91%
V, 0.038% Fe and Ti balance in mass fraction. The
f-transus temperature of used TA1S5 titanium was around
993 °C. The microstructure consisted of coarse o (HCP)
lamellae (~5 um in thickness and 20—50 pm in length)
and a few retained S (BCC) layers (~8%), as shown in
Fig. 1.

A 20 mmx10 mmx8 mm cubic sample was
machined from the TA1S5 titanium alloy bar stock. One
flat surface (20 mmx10 mm) of the cubic sample was
prepared for EBSD measurements and nanoindentation
by standard grounding and polishing technology. A
solution consisting of 90% colloidal silica (OP-S) and
10% H,O, was adopted during the final polishing
process.

2.2 EBSD measurements and nanoindentation tests

In the current study, pre-EBSD and post-EBSD
measurement, were performed before and after
nanoindentation test, respectively. The pre-EBSD
measurement was conducted with 0.2 pum scanning step
size to get the crystal orientation and morphology maps
which were used to determine the indentation location.
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Fig. 1 Orientation map of TA1S5 titanium alloy in z direction
with scanning step size of 0.5 pm: (a) a phase orientation map;

(b) p phase orientation map

However, the post-EBSD measurement was conducted
with a very fine step size (0.02 um) to examine the
crystal lattice curvatures around the indentaions.
Especially, the diffraction patterns at very scanning point
must be recorded simultaneously during the post-EBSD
measurement for the subsequent stress—strain fields and
GND density calculation. All EBSD measurements were
carried out on a JEOL 6500F scanning electron
microscope equipped with an EBSD system developed
by EDAX/TSL".

The nanoindentation tests were carried out in a
NanoindenterXP (MTS Instruments) equipped with a
diamond cono-spherica tip (1 pm tip radius, 90° cone
angle). The tests were performed by the following steps.
A constant displacement rate of 10 nm/s was applied
until a designed indentation depth of 70 nm was reached.
At the peak depth, the indenter was held at the maximum
resultant load for 10 s to allow for any creep. Then, the
indenter was unloaded at a constant displacement rate of
10 nm/s to 10% of the peak load. The indenter was held
at this load prior to the complete uploading for further 40
s to correct thermal drift. Finally, the unloading hardness
(H) and reduced elastic modulus (E,) were calculated
from the resultant unloading curves using Testworks
4.11 software. The elastic modulus of the test materials,
E,, is calculated from E; as follows [18]:
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where v, and v; are the Poisson ratio of the test material
and indenter, respectively; E; is the reduced elastic
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modulus of the diamond indenter. Here, for a diamond
indentation tip, v=0.07 and E£;=1140 GPa were adopted
[19].

2.3 Cross correlation method and GND density

calculation

The cross-correlation analysis is based on the
detection of the small shifts in the positions of zone axes
in the EBSD patterns. The details of calculation process
and further discussion can be found in Refs. [16,17,20].
Here, the commercial software CrossCourt V3 is adopted
to calculate the displacement gradient tensor and residual
elastic stress—strain fields around the indentation regions.

The GND density calculation and result
visualization are undertaken using routines ourselves
developed within Matlab. The full description of GND
theory can be found in Nye, Ashby and Kroner’s work
[13,21,22]. The application examples and detailed
calculation steps can refer to these presentations
[7,14,15,23]. For a phase in titanium alloys, there are 24
known possible independent slip systems [24]. Here, all
of 33 types of potential dislocations are considered in
GND density calculation, as listed in Table 1. It should
be noted that different dislocation types have different
line energies and contributions to lattice curvature. The
different weight factors for different dislocation types
used in our GND density calculation are also listed in
Table 1 [7].

Table 1 Potential dislocation types in o titanium

Burgers Edge Screw

Slip system - -
vector Number Weight Number Weight
(ay-basal ~ (1120) 3 0.124 3 0.087
(a)-prismatic  (1120) 3 0.124 0
(a)-pyramidal (1120) 6  0.124 0 -
(c+a)-pyramidal (1123) 12 0.437 6 0.306

3 Results and discussion

3.1 Hardness and elastic modulus

Six and three groups of nanoindentation tests were
carried out on a and S phases, respectively. The
indentation number and location are shown in Fig. 2.
From the orientation map (Fig. 2(a)) and atomic force
microscopy map (Fig. 2(b)), it is obvious that
indentations 1—6 were carried out on a phase and 7-9 on
p phase. The crystal orientations at positions 1—6 were
very close and the load axis of the indenter was almost
parallel to the [13 -3 —10 —2] crystallographic
orientation on the (—1 —1 2 1) surface, as shown in
Fig. 2(a). Similarly, the load axes of indentations 7—9
were approximately parallel to the [-3 10 4]
crystallographic orientation on the (2 —5 14) surface, the
BCC crystal frame shown in Fig. 2(a).
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Fig. 2 Orientation map around nanoindentations with scanning
step size of 0.1 pum in z direction (a) and atomic force
microscopy map of nanoindentation test area (b)

The elastic modulus and hardness values of a and S
phases in the TAl5 titanium measured by the
nanoindentation technique are presented in Figs. 3(a) and
(b), respectively. The ranges of elastic modulus and
hardness of a phase are 120—136 GPa and 6.0—6.87 GPa,
respectively, while for f phase, the ranges are 103—115
GPa and 4.18—4.42 GPa, respectively. The elastic
modulus shows obvious deviation compared with
hardness distribution. The most possible reason is that
the elastic modulus shows some degree of anisotropy at
different crystallographic orientations [25].

The mean values and relative strand errors of elastic
modulus and hardness for @ and f phases are listed in
Table 2. It shows that the elastic modulus and hardness
of a phase are higher compared with S phase by 15% and
33%, respectively. This result means that a phase is the
hard phase and bears a large fraction of total deformation
during the plastic deformation process.
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Fig. 3 Elastic modulus for a and f phases in TA15 titanium
measured by nanoindentation technique (a) and corresponding
hardness of o and f phases in TA15 titanium alloy (b)

Table 2 Mean values and relative standard errors of £ and H
for a and f phases in TA1S titanium alloy

Phase Elastic modulus Hardness
Mean/GPa  RSE*/% Mean/GPa  RSE*/%
o 129.05 1.82% 6.44 2.11
s 109.80 2.95% 4.29 1.63

*RSE is the relative standard error (SE), calculated by SE/Meanx100%.

3.2 Residual elastic strain—stress fields around
indentation

One of the indentations (No.2, as shown in Fig. 2)
close to f phase was examined by SEM/EBSD with a
scanning step size of 0.02 pum. The EBSD data including
simultaneously recorded patterns were processed by
CrossCourt  software V3. The residual elastic
stress—strain fields surrounding the indentation 2 were
calculated based on the cross-correlation method and
shown in Fig. 4.

The Mises stress distribution is relatively
heterogeneous: the Mises stress value in the top-left
region is significantly higher than that in the
bottom-right region (separated by the black dotted line,
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Fig. 4 Elastic stress—strain fields around indentation with
region separated into two parts by black dotted line according
to Mises stress: (a) Mises stress distribution; (b) El11
distribution; (c) E22 distribution

as shown in Fig. 4(a)). This resulted from the soft §
phase located on the right side of indentation and
inclined to vertical direction (direction 2) at an angle
about of 15°. According to our experimental results in
section 3.1, the f phase is softer (relatively low elastic
modulus and hardness) than a phase. Therefore, some
stress components, which are almost perpendicular to the
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length axis of § layer, can be reduced.

The distribution of E11 (along direction 1) is much
homogeneous compared with E22, as shown in Figs. 4(b)
and (c). This result further validates our explanation on
the Mises stress heterogeneous distribution. Because the
p layer inclined to the vertical direction at ~15°, which
means that it is almost perpendicular to direction 1 and
paralleled to direction 2, the El1 was significantly
influenced by the soft a phase and it presented relatively
low value and obviously homogeneous distribution
compared with E22.

3.3 GND components and density

Figure 5 shows the maps of the GND density
distribution around the indentation (No. 2) region. For
each map there were some points without good strain and
rotation data because either the points corresponded to S
phase (i.e., the top right corner), or the material was too
highly deformed (i.e., indentation location in the map
center).

The total GND density distribution also shows
obvious heterogeneity: it is approximately 3.16x10"m>
within the top left region, and 3.16x10" to 3.16x10"
within the bottom right zone. To facilitate the analysis of
different type GND’s contributions, the total GND
density is separated into (@) and {(c+a) types. The {a) type
GND density and the ratio of {(a) to (cta) GND density
map are presented in Figs. 5(b) and (c), respectively. It is
easy to find that the (a) type GND density contributes a
large factor to the total by comparing Figs. 5(a) with (b).
There are two possible reasons to account for this result.
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Firstly, the line energies of the GNDs are greater for
(cta) than for {a) by a factor of ~3.5 due to different
magnitudes of the Burgers vectors [7]. Secondly, critical
resolved shear stress values for (c+a) slip are much
higher than those values for (¢) GNDs [26]. However, it
is also worth to pay attention that the (a) type GND
density within the bottom right corner is much higher
than the other regions, as shown in Fig. 5(c). This area
corresponds well with the low Mises stress distribution
region, as shown in Fig. 4(a). This result indicates
that the (@) type slip activation has a significant influence
on reducing the residual elastic stress.

Similarly, the total GND can also be separated by
different crystal planes where the dislocations stay in.
The distributions of basal-GND, prismatic-GND and
pyramidal-GND density are presented in Figs. 5(d), (e)
and (f), respectively. The results indicate that the
basal-GND density is much higher than others; indeed,
the average density of basal-GND is 9.8x10"°m™,
constituting about 60% of the total. However, although
the prismatic-GND density is relatively low on average
(approximately 8.2x10"°m?), there are regions where
the prismatic-GND density is markedly higher
(~4.0><10'4m72) than the other regions, as shown in the
bottom right region in Fig. 5(e). Obviously, those regions
(with markedly high prismatic-GND density) also
correspond well with the low residual stress—strain
locations, as shown in Fig. 4. These results demonstrate
that a large number of prismatic slip system activations
also promote the reduction of residual stress—strain in
titanium alloys during deformation process.
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Fig. 5 HCP deconstructions of GND density around indentation (No. 2) (The color-scale is lg(p/m™2): (a) Total GND density; (b) (@)
type GND density; (c) Ratio of (¢) GND density to {c+a) GND density (lg color-scale); (d) Basal-GND density; (¢) Prismatic-GND

density; (f) Pyramidal-GND density
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4 Conclusions

1) The elastic modulus and hardness for o phase are
129.05 GPa and 6.44 GPa, while for f phase, their values
are 109.80 GPa and 4.29 GPa, respectively. The elastic
modulus and hardness of a phase are higher compared
with f phase by 15% and 33%, respectively.

2) The distributions of the residual elastic
stress—strain  fields around the indentation are
heterogeneous and significantly influenced by the
neighboring soft S phase.

3) There is a close relationship between the residual
elastic stress—strain fields and the GNDs distributions:
the total GND density is remarkably high within the high
residual stress regions(~3.16x10'® m™?) compared with
the other zones(3.16x10'"-3.16x10"> m™?); the low
residual stress regions are accompanied with
dramatically high prismatic-GNDs density.

4) (a) type and basal-GND are the dominant
components of GNDs for the a phase in the TA15
titanium alloy during the deformation process at room
temperature. The average densities of (a) type and
basal-GNDs are 1.02x10'"® m?2 and 9.8x10"° m?
respectively, which constitute approximately 60% of the
total.
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