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ARTICLE INFO ABSTRACT

Owing to their complex microstructures, the strain hardening of titanium alloys remains poorly understood.
Therefore, the plastic deformation processes of the a and B phases in dual-phase TC6
(Ti-6Al-2.5Mo-1.5Cr-0.5Fe—0.3Si) titanium alloy were investigated via high-energy X-ray diffraction with in
situ tensile loading. Dislocation density evolution in both the a and  phases was quantified via X-ray diffraction
line profile analysis complemented by transmission electron microscopy measurements. The strain hardening
rate calculated based on this evolution matched the strain hardening behaviors shown in the stress-strain curves.
Furthermore, the effect of interactions between subgrain boundaries and slip systems were elucidated through
transmission electron microscopy (TEM) observations. The evolution of strain hardening rate, as well as the
dislocation density, was correlated with and well explained by the typical microstructures formed in different
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deformation regimes.

1. Introduction

Titanium alloys have been widely used in many industrial applica-
tions (ranging from biomedical applications to aerospace devices),
owing to their attractive combination of mechanical properties [1-4].
The optimization of these improved mechanical properties in titanium-
based alloys depends on the volume fraction, size, morphology, and
distribution of the different phases that compose the microstructure. Shi
et al. [5,6] have investigated the elastic-plastic deformation behavior of
each constituent phase in a+f type dual-phase TC6 (Ti-6Al-2.5-
Mo-1.5Cr-0.5Fe-0.3Si) titanium alloy. However, the strain hardening
behavior in the plastic deformation regime remains unexplored.

During deformation, the storage of dislocations in metals plays an
important role in metallurgical phenomena, such as strain hardening,
damage, creep, fatigue, recrystallization, athermal phase transforma-
tions, and strain-induced grain boundary migration [7]. The dislocation
density, which is typically considered an internal-state-variable in
models [8,9], has a significant effect on the plastic properties of alloys,
especially the yield stress, hardness, strain hardening coefficient, and
toughness [10]. The dislocation density is usually determined via di-
rect-observation methods such as transmission electron microscopy
(TEM) [11-13] and indirect methods, such as X-ray diffraction (XRD)
[14-17]. The former method is rather complex and time consuming,
owing to the demanding sample-preparation technique involved. The

latter method, which quantifies strain-induced changes in the disloca-
tion density via XRD line profiles, has been significantly improved by
using high-energy synchrotron XRD. In addition, the Williamson-Hall
(W-H) plot analysis [18] provides a simplified integral breadth method,
which considers the size-induced and strain-induced broadening of the
peak width. These direct and indirect methods yield comparable dis-
location density values.

The main objective of the present study is to quantify the dislocation
density evolution of a and f§ phases in TC6 titanium alloy during tensile
loading. The phase dislocation densities are determined via in-situ
synchrotron-based XRD line profile analysis using the W-H method,
complemented by TEM measurements. Furthermore, the strain hard-
ening effect is investigated by calculating the hardening rate using
Taylor law. The evolution of the strain hardening rate reflects an im-
portant deformation mechanism in materials subjected to tensile
loading, as verified by TEM observations of the microstructural evolu-
tion.

2. Material and experimental procedures

A TC6 titanium alloy (Baoji Nonferrous Metal Works forged pro-
duct, Baoji, China) was investigated in this work (see Table 1 for the
chemical composition of the alloy). The as-received material was an-
nealed at 800 °C for 2h and then air-cooled. The room-temperature
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Table 1
Chemical composition of TC6 experimental alloy (wt%).

Element Al Mo Cr Fe Si C N H

wt% 6 25 15 05 03 < 0.07 < 0.03 <0.01 Bal
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Fig. 1. Engineering stress-strain curve of TC6 titanium alloy loaded at a strain rate of 1 X
107*s7"

macroscopic engineering stress (S)-strain (e) curve of the alloy loaded at
a strain rate of 1 x 10~ *s~! is shown in Fig. 1.

In-situ high-energy synchrotron XRD experiments were performed
at the 11-ID-C beamline at the Advanced Photon Source, Argonne
National Laboratory. A monochromatic X-ray beam (energy: 111 keV,
wavelength: 0.11165 A) was used to map the lattice strain distributions
of the specimen under uniaxial tensile loading. A detailed description of
the preparation method and processing parameters has been provided
in a previous paper [5]. The lattice strain distribution and evolution of
different phases in the titanium alloy sheet were investigated by tracing
the change in the lattice spacing with increasing load. The two-di-
mensional diffraction data were transformed to a one-dimensional line
profile (intensity vs. 2°) by integrating over a = 10° azimuthal range
around the axial/tensile direction of the specimen. The Bragg angle Oy
of the peak central position corresponding to each diffracting crystal
plane was determined via Gaussian fitting. In this case, one or two
Gaussian functions with different peak widths were fitted to an in-
dividual peak or overlapped peaks in the diffraction spectra. Further-
more, the evolution of the dislocation density as a function of the tensile
strain was evaluated via peak broadening quantified by the full width at
half maximum (FWHM) of the reflection.

Interrupted strain-controlled uniaxial tensile tests were then con-
ducted with strain amplitudes (e) of 1%, 1.5%, 2%, 5%, and 7% (see
Fig. 1). Dog-bone sheet specimens with an overall length of 34. 29 mm
and nominal gage dimensions of length: 10.16 mm, width: 3.175 mm,
and thickness: 0.9 mm, were tested. Thin foil specimens (diameter:
3 mm) were first wire cut from the central part of the tensile specimens,
mechanically thinned to ~ 100 um, and then electropolished (at 30 V
and — 40 °C) to perforation using a Tenupol twin-jet polishing unit. The
electropolishing solution consisted of perchloric acid, methanol, and
butanol at a volume ratio of 1:6:10. Images of the microstructure and
the corresponding diffraction patterns were obtained on a Tencai G20
FEI (The Netherlands) microscope operated at 200 kV.

3. Results and discussion
3.1. Peak broadening analysis

The dislocation density can be indirectly determined from the XRD
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Fig. 2. One-dimensional line profiles (intensity vs. d-spacing) corresponding to the X-ray
spectra of the undeformed (e = 0%) and deformed (e = 7%) samples. These profiles are
obtained by integrating the Debye rings over a + 10° azimuthal range around the tensile
direction.

profile [19]. The two-dimensional diffraction spectra are transformed
to one-dimensional line profiles (intensity vs. d-spacing) by integrating
the Debye rings over a + 10° azimuthal range around the tensile di-
rection of the specimen (see Fig. 2). Evolution of the dislocation density
of different phases is quantified via diffraction peak broadening (B) of
the FWHM. In addition, using the W-H method, the crystal diameter (D)
and microstrain (&m;cro) of the bulk samples are calculated from B. This
method is a simplified integral breadth method where both size-in-
duced and strain-induced broadening are deconvoluted by considering
the peak width as a function of 26y, [17]. Furthermore, this approach
assumes that B consists of two broadening components namely, grain
refinement broadening and strain broadening, which is given as:

Bcosbp = % + EmicroSiNOnki )
where A is the wavelength of radiation and vy 1. After plotting
BcosOpy Vs. sinfp and performing a linear regression analysis for each
strain amplitude (Fig. 3), the values of D and &;c, are obtained from
the slope and intercept of the fitted lines.

The dislocation density (p) may be determined from [20,21]:

o= 2\/§ Emicro

Db )

Where, b is the Burgers vector. b = a/3 <11-20>- and b = a/
2 < 111 > -type dislocations in the a and f phases, respectively, are
taken into account. The p values obtained from Eq. (2) are plotted as a
function of the true strain (¢) (see Fig. 4). During plastic deformation of
a material, the dislocation density increases leading to strain hardening
of the material. Owing to pre-processing and, hence, pre-existing dis-
locations, the a and 8 phases both have non-zero p values (in this case,
1.17 x10"m~2 and 2.45 x10"“m~2, respectively). The dislocation den-
sity of the a phase (p,) increases significantly from 1.88 x10m=2 at
point A (¢ = 0.73%) to 3.36 X10“m~2 at point B (¢ = 1.02%) and then
plateaus until point C (e 1.30%). The B phase starts to plastically
deform later than the a phase. Therefore, the dislocation density of the
B phase (pg) increases slightly (from 3.36 x10™m™2 to 3.79 x10"*m~2) at
first and then increases sharply (to 4.87 x10**m~2). The interactions of
the stress and strain behavior of the a and 8 phases during this elastic-
plastic transition process were reported in our previous paper [5].
Therefore, in the present study, we focus on the evolution in the plastic
regime. When both phases begin to deform plastically, p, increases
continuously, whereas pg starts to fluctuate at ¢ = 4%, and decreases
thereafter. This results from the fact that the body-centered cubic (BCC)



R. Shi et al.

3.4
(a) = o phase (e=0%)
324 o o phase (e=7%)
304 ~—--LinearFitof o phase (e=0%) .
- —— Linear Fit of o phase (e=7%)
g 2.8
< y=35.977x+1.355
o 264 R?=0.928
=
.3
> 2.4
I}
S 224 o
@ 5.388x+1.674
2.0 ity
{0002} R '0‘?2_7 _______ R |
"9 (o) ‘(-14;.11_}— T oy w120y (103 G020
1'6 T T T T T
0.020 0.025 0.030 0.035 0.040 0.045
sin®

6.0
(b) - = [ phase (e=0%)
71 e p phase(e=7%)
5.0 ----Linear Fitof 8 phase (e=0%)
- 45_' —— Linear Fit of g phase (e=7%)
T g °
©
= 4.04 y=78.559x+0.9547
s R?=0.939
E 3.5+
% 3.0
8 z y=15.373x+1.491
2.5+ R?=0.827
“ 1 -y "
2,04 I ('2;0; @11y {220y {310}
1.5+ {110}
1.0 +——y—a—-"-"§ —-"T"——-cT"-T—"—T——T
0.020 0.025 0.030 0.035 0.040 0.045 0.050 0.055 0.060

Materials Science & Engineering A 715 (2018) 101-107

sin®

Fig. 3. BcosOp Vs. sinbpy for the (a) a phase and (b) B phase. Dashed line: linear regression fit for e = 0%; Solid line: linear regression fit for e = 7%.
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Fig. 4. Dislocation density of the a and 8 phases as a function of the applied true strain.

B phase has more slip systems and a higher stacking-fault energy than
the hexagonal close-packed (HCP) a phase. Therefore, dislocation climb
and cross-slip occur more easily and, hence, dislocation accumulation
and the corresponding increase in the dislocation density are more
difficult in the § phase than in the a phase [22].

The Taylor equation is used to describe work hardening, which di-
rectly relates the flow stress and the dislocation density of a material
[23,24]. The flow stress = of a material may be expressed as follows:

=1+ nGbp 3)

where, 7,: flow stress of the material in the absence of dislocation in-
teractions (strain hardening), » (usually denoted as a in the literature,
here 7 is used to avoid confusion with the @ phase): dimensionless
parameter ranging from 0.05 to 2.6 for different materials [25], G:
shear modulus, and b: Burgers vector. The Taylor factor, M, which re-
lates the shear flow stress 7 of a single crystal to the uniaxial flow stress
o of a polycrystalline, is usually taken as 3.0 [26-28]. The Taylor
equation can be reformulated for the uniaxial loading of a poly-
crystalline,

o =0+ MnGb({p — /py) @

where, 0p: yield stress and py: corresponding dislocation density. Using
Taylor law, the strain-hardening rate, 6, of a polycrystalline metal may
be expressed as:
2 do _ nGMb dp
"Tdep 207 dop

where, ¢p is the plastic strain, e = ¢ — o/E.

(5)
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The experiment was performed in strain-control mode and, there-
fore we assumed that the strain of the a phase (¢,) and the 8 phase (ep)
is equal to the applied true strain (¢). However, due to the difference in
the Young's moduli of the phases, the stress states in these phases differ
from the applied stress. We determine the stress state in each phase by
substituting the measured p (see Fig. 4) and the initial yield stresses (o§'
877.8 MPa; of: 969 MPa) into Taylor law (a phase: n = 0.31; § phase: n
= 0.33) [6]. The average (overall) stress () depends on the stress in
each phase and the volume fraction of the given phase, i.e.,
o = f*c% + fBof (the phase volume fractions of the a and the 8 phases
(f«, f#) are 81.8% and 18.2%, respectively). Therefore, the stress of the
a and f phases can be separated by using the dislocation-dependent
Taylor law. As Fig. 5(a) shows, the experimentally determined phase
volume fraction mixed true stress-strain curves and their calculated
counterparts exhibit similar trends.

Fig. 5(a) also shows the macroscopic strain hardening rate (do/de)
obtained from the experimental true stress-strain curve. In our previous
work [6], initial yield stresses of 110.3 GPa and 104.5 GPa were de-
termined for the a and f3 phases, respectively, by using the elastic-
plastic self-consistent (EPSC) framework. The ¢p of each phase con-
sidered in the present study is calculated and the derivative of the
corresponding strain hardening rates 65 is then plotted (see Fig. 5(b)).
Initially, the macroscopic strain hardening rate decreases sharply with
increasing strain. This decrease is followed by a declination with fluc-
tuation after the sample enters the stage of fully plastic flow. The trend
changes abruptly at ~5% strain. In fact, the macroscopic strain hard-
ening decreases at strain values higher than 6.5%. A similar trend is
observed for the phase strain hardening rate 6p. The trend observed for
the 0p of the a phase, during the initial stage (¢ < 1.30%), differs from
that observed for the 65 of the § phase. The sharp decrease in 0p of the a
phase and the subsequent rapid increase, is attributed to the transition
from the elastic to the elasto-plastic regime. The 6p of both phases
change abruptly at ¢ values of 5.03 = 0.79%. A similar increase in the
macroscopic strain hardening rate has been observed in Ti-9Mo-6W, Ti-
12Mo, and Ti-8.5Cr-1.5Sn [29,30] titanium alloys and twinning in-
duced plasticity steels (Fe-20Mn-0.6C) [31] subjected to tensile
testing. The same trend was also observed for AZ31B magnesium alloy
[32] and commercially pure titanium [33] subjected to compression
tests. This increase has been attributed to deformation twinning.
However, the Mo content of the TC6 titanium alloy (2.5 wt%) is lower
than that required to induce deformation twinning. This indicates that
deformation in the present samples proceeds via some other me-
chanism. To identify this mechanism, we investigate the micro-
structural evolution of the material. In the final stage of deformation,
the 6p of both phases converges to a constant, which is positive for the a
phase and negative for the  phase. This suggests that the drop in the
macroscopic strain hardening rate curve results mainly from the soft-
ening of the 8 phase.

<
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Fig. 5. (a) Calculated phase volume fraction mixed stress (dots), experimentally measured stress (solid line), and strain hardening rate (do/de), obtained from the experimental true
stress-strain curve (dashed line), as a function of the applied true strain. (b) Strain hardening rate (6p) of the a and 8 phases as a function of the applied true strain.

3.2. TEM analysis

The microstructural evolution in five samples subjected to strain
amplitudes (e) of 1%, 1.5%, 2%, 5%, and 7% (see Fig. 1) is investigated
via TEM. Fig. 6 shows the dislocation microstructure at 1% strain,
which lies within the elastic-plastic transition stage. The elastic de-
formation is recovered after unloading. Furthermore, only a few plastic-
deformation features are retained in the nano-level dislocation config-
urations (Fig. 6(a)) at grain boundaries and simple dislocation lines
(Fig. 6(b)).
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Fig. 7 shows the dislocation microstructure at 1.5% strain. In this
stage, irreversible plastic deformation is stored in the form of disloca-
tion tangles (indicated by the arrows in Fig. 7(a)). Moreover, the strain-
induced a-to- phase transformation, described by the {11 2 0},//
{200} orientation relation (see Fig. 7(b)), occurs at this strain level.
Plane A in the figure corresponds to {11 2 0},. From the reciprocal
diffraction spot, values of 2.083 A and 1.466 A are calculated for the
{110} and {002} planes, respectively. These vaolues are botholower
than the corresponding standard values (2.348 A and 1.660 A), in-
dicating that the  phase is in the compressive state.

Fig. 6. TEM bright-field micrographs of the sample
subjected to 1% strain, (a) nano-level dislocation
configurations, (b) dislocation lines.



R. Shi et al.

(1100)

. (0170)

(0111)

Materials Science & Engineering A 715 (2018) 101-107

Fig. 7. TEM bright-field micrographs of the sample
subjected to 1.5% strain, (a) dislocation tangles, (b)
strain-induced phase transformation from the a
phase to the 8 phase.
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Fig. 8. TEM bright-field micrographs of samples subjected to: (a) 2% strain, showing numerous subgrain boundaries formed by dislocations, (b) 5% strain, showing curved and tangled

dislocation lines, (¢) 7% strain, showing a criss-crossing dislocation pattern.

With loading, interactions between dislocations increase leading to
a mass of dislocation arrays and cells. The cell wall has high dislocation
density, and the cell interior is a low-density dislocation region. An
image of a typical dislocation microstructure at 2% strain is shown in
Fig. 8(a). As the figure shows, the dislocations of slip systems associated
with a particular direction in the a phase form numerous subgrain
boundaries. At 5% strain, slip systems associated with another direction
are activated, and the subgrain boundaries (formed by dislocations of
the first direction) act as obstacles, as shown in nanopillar compression
tests [34]. The interaction between slip systems associated with dif-
ferent directions leads to curved dislocation lines and dislocation tan-
gles (see Fig. 8(b)) and, in turn, strain hardening (see Fig. 5). When the
strain increases to 7%, the dislocation tangles are broken and shear
banding begins (as indicated by the engineering strain-stress curve in
Fig. 1, after 7% strain, significant softening occurs and the stress de-
creases). Dislocations on planes A {11 2 0}, and B {1 21 0}, form a
criss-crossing dislocation pattern, as shown in Fig. 8(c).

4. Discussion

The results of our in situ X-ray measurements are correlated with
TEM observations of dislocations within subgrains. Here, we focus only
on dislocation measurements in the major phase a, owing to its high
volume fraction. The intragranular dislocation density is determined by
manually measuring the projected length of the dislocation lines (I,) in
the TEM images, using the open-source image analysis program Image J
[35]. These measurements consisted of the following image processing
steps (see Fig. 9 for a schematic of the process).

(1) Process — Enhance Contrast: to enhance the contrast between dark
dislocation lines and the light background;

(2) Process — Math — Multiply: with value of 1.5 to further enhance the
contrast;

(3) Process — Binary — Make Binary: to convert the image into a binary
image;

(4) Analyze — Skeleton — Analyze Skeleton (2D/3D): to repeatedly re-
duce the objects in a binary image to single-pixel-wide shapes and
measure their length.

The sum of the length of the dislocation lines is [,. By assuming that
the (i) testing region of a TEM foil thickness (t) is ~ 100 nm and (ii)
dislocations are randomly oriented, I, can be correlated with the length
of the dislocation lines. The dislocation density of the region of interest,
A, is then determined from:

_lp_lp

P=y = (6)

The TEM-determined average p values of the a phase are lower than
the XRD-determined values, especially at low strain levels (Fig. 10).
Factors such as the systematic error within the random line method, the
invisibility of certain dislocations, and inaccurate measurement of the
foil thickness may influence the values determined from TEM mea-
surements. Additionally, TEM measurements only represent a small
sample area, while XRD measurements reveal details of the bulk de-
formed material. Other uncertainties associated with TEM measure-
ments and XRD line profile analysis have been discussed extensively in
the literature [36-39]. However, as the dislocation density increases,
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Fig. 9. Image processing steps for extraction of the projected length of dislocation lines in TEM images.
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Fig. 10. Dislocation density p, measured via the indirect XRD method and direct TEM
observations, as a function of the applied true strain.

the TEM-measured p (average *+ standard deviation) approaches the
XRD-determined value and the values converge eventually. Therefore,
in the case of clearly distinguishable dislocations, these measurements
yield comparable results. According to Gutierrez-Urrutia and Raabe [7],
TEM measurements yield highly accurate results for dislocation den-
sities ranging from 5 x10“m=2 to 10 x10"m~2.

5. Conclusions

The dislocation density and strain hardening rate of the a and f8
phases in a dual-phase TC6 titanium alloy were investigated via high-
energy XRD, with in situ tensile loading, complemented by TEM ob-
servations. The conclusions of this study are summarized as follows:

e After the material enters the stage of fully plastic flow, the dis-
location density of the a phase increases continuously. However, the
dislocation density of the 8 phase increases until the strain reaches
4% and decreases thereafter.

e The dislocation-density-based strain hardening rate of the a and
phases changed abruptly at a strain of ~ 5%. In addition, TEM
observations revealed that the subgrain boundaries act as obstacles
when slip systems associated with differing directions intersect. The
interaction between these slip systems resulted in curved dislocation
lines and tangled dislocation lines, leading to an increase in the
strain hardening rate.

e In the ending stage of deformation, the drop in the macroscopic
strain hardening rate curve resulted mainly from the softening of the
B phase, as evidenced by the phase strain hardening rate converging
to a negative constant.

o The agreement between the XRD- and TEM-measured dislocation
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density values of the a phase improved with increasing value of this
density.

Therefore, the relationship between dislocation-density-based strain
hardening and microstructural evolution has been elucidated.
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