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Effect of dislocation channeling and kink band formation on enhanced tensile properties of
anew betaTi alloy
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Abstract

Tensile properties and deformation mechanisms révaly developed Ti alloy, Ti-3Al-8Mo-
7V-3Cr (wt.%), were investigated at room tempemtdrhe alloy was found to exhibit a yield
point at high strength level of 920 MPa and excelletal elongation of 31%. The yield point
was presumably caused by the oxygen in the alltlypagh the nano-sized omega precipitates
were present, too. The examinations of deformedrasimuctures at different strains using
transmission electron microscope and electron lcatles diffraction showed that during
straining dislocation glide occurred in narrow chels and kink bands were formed leading to a
high ductility. The competing effect of strain hardening by intetieg of channels and twins
and softening by kink band formation results inlat plateau-type engineering stress-strain

curve.

Keywords: Beta Ti alloy, yield strength, ductilitgislocation channels, kink band, strain
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1. Introduction
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Beta Ti alloys are being used in several applicatimcluding aerospace and medical industries.
However, some drawbacks limit the extension ofrtlusiage in new applications. One of the
most important drawbacks is the low ductility abmotemperature preventing the production of
the B Ti alloys in sheet form. In order to improve thectllity, Ti-Nb-Ta-Zr-O alloys, Gum
metals, and some binary Ti-Mo alloys were develoged they may be considered as an initial
suggestion for applications where the high cold kability was desired. Gum metals have
attracted large attention during the past decade tduunconventional plasticity mechanism
suggested for them [1]. The early studies clainied these alloys deform by the formation of
giant faults, which is a dislocation free mechan[&m2]. These observations were attributed to
the low ideal shear strength of Gum metals [1Hwever, in recent years several researchers
have reported conventional deformation mechanisnGum metals such as dislocation slip [4,

5], twinning [6, 7] and stress-induced martengitamsformation (SIMT) [8-10].

According to current knowledge, during deformatioh B Ti alloys, several deformation
mechanisms such as SIMT, mechanical twinning aslbchtion slip or a combination of these
may occur depending on tiephase stability [11]. Due to the importance ofesefasticity and
shape memory effects, SIMT has widely been invastd) [12-14]. Two different twinning
systems have been identified pnTi alloys [15-17]. Contrary to this, there are feeports
regarding dislocation slip and mobility fhTi alloys. Only Castany et al. [4, 5, 18] havedstal

the slip behavior in TNTZO and TNTZSi alloys. Thalyserved slip of screw dislocations during
in situ tensile testing of a Gum metal in a trarssign electron microscope and suggested the
conventional dislocation slip as dominant deforovatmechanism. It has been shown fhati
alloys deforming predominantly by the twinning maatsm exhibit a high ductility [19, 20],

whereas the alloys deforming by dislocation slignibit a high yield strength but very low



ductility [19]. This contradiction between the obhssl dislocation slip and the high ductility of

Gum metals or other beta Ti alloys has rarely lsskiressed.

The present authors have recently introduced a pielw alloy (Ti-3873) with the nominal
chemical composition Ti-3Al-8Mo-7V-3Cr (wt.%) shavg a very high ductility during
compressive deformation at room temperature [21is Thigh plasticity is similar to that
observed in Gum metals [22]. The present study &nevaluate the tensile behavior of this new

alloy and to understand the underlying deformatr@thanism(s).
2. Materialsand experimental methods

The alloy Ti-3873 with the chemical compositionTaf2.9AI-7.9Mo-7V-3Cr-0.180 (wt.
%) was produced by double melting in a vacuum ancdce. After homogenizing for 4 h at
1100 °C and subsequent hot deformation, pieces therplates were solution-treated at 1000 °C
for 30 min followed by water quenching. The solaticeated pieces were cold rolled at room
temperature to reduce the thickness by 70%, renggtie high plasticity, and then annealed at
880 °C for 5 min and quenched in water. The anngalias carried out ifi phase region, as the
B transus temperature was determined by metallograpéthods to be around 800 °C. The
tensile test specimens were cut parallel to tHengptlirection. Uniaxial tensile tests were
conducted at room temperature using an Instron &thine on sub-sized specimens with the

gage dimensions of 15 x 6 x 1 mm at an initialistrate of 7 x 10# s *.

Microstructural examinations were performed on @®OUEIEM-2200FS transmission
electron microscope (TEM) operated at 200 kV arfigld emission gun Zeiss Sigma scanning
electron microscope equipped with an electron b=tk diffraction (EBSD) device.

Specimens for TEM were first ground to a thicknes$00um and then prepared using twin-jet



electropolishing at -15 °C in an electrolyte cotisgs by volume of 6% perchloric acid, 35%
butanol and 59% water. Samples for EBSD scans \iese mechanically polished using
diamond suspension with an average size down i Jand then chemically polished with a
solution of HO, and OP-S (oxide polishing suspension from Struarscolloidal silica

suspension with a pH of 9.8 and a grain size of {if)). The EBSD scans were performed with

a step size of 0.0pm.

3. Resultsand discussion

Figure la reveals that the microstructure of thedpced alloy consists of equiax@dphase
grains with the average size of ~30 um. Nevertiseld® spots related to phase are evident in
the selected area electron diffraction (SAED) patté the sample shown in Fig. 1b. This means
that athermab phase is formed in the alloy upon quenching. Tdreesponding dark field image
(Fig. 1c), derived from the spot marked by a circle in Fig. 1b, indicates thano-sized (less

than 10 nmjo precipitates are homogeneously dispersed througheumatrix.

Figure 2a shows the tensile stress-strain curtbeotilloy. As seen, the alloy exhibits very high
yield strength (YS) of 920 MPa and an excellenaltelongation (EL) of 31%. Such a YS-EL
combination is not common in conventional Ti alleygl has only been reported in Gum metals.
According to Fig. 2a, the engineering stress-stcairve shows a small flow stress peak in the
beginning of plastic deformation, which is followeg a long plateau-type flat plastic region.
After the initial drop and following increase, te&ain hardening rate is low and constant over
the true strain range until about 18%, as showmhbyinsert in Fig. 2a. A yield point and low
strain hardening along long elongation are theufeatsimilar to those typical in Gum metals [1,
23, 24]. Figure 2b shows EL versus YS for the presdloy in comparison to those of other

published3 Ti alloys [20, 23, 25-29]. All the alloys illusted in Fig. 2b were solution treated
4



before testing at room temperature and had sirgéaige dimensions. As seen for most of the
alloys, the higher YS, the lower EL, while the meisTi-3873 alloy is an exception exhibiting
high strength and elongation. Several strengthemeghanisms including solid solution, grain
size and nano-sized precipitates may contribute to the high YS of #tley. By assuming a
same volume fraction and size of th@hase in the present alloy and Gum metals, tHeehigS

of Ti-3873 is determined by its finer grain siz® {8n) compared to Gum metal (60-1pth [23,
27]) and solid solution effect (i.e. chemical corsition). According to the estimate of solid
solution strengthening of alloying elements regestiggested by present authors [30], the YS of
Ti-3873 is expected to be 790-990 MPa which is greament with the experimental
observation.

The drop in the stress from the upper yield parthe lower yield strength level, from 920 MPa
to ~900 MPa, is the similar yield point phenomeimrthe beginning of plastic deformation as
observed in several alloys, such as carbon st8g]s Cu-Zn [32], Al-Mg [33] and Ti alloys [1,
19, 20, 22]. Conventionally the yield point phenoime is explained as a result from initial
pinning of dislocations by solute atoms and rapicease in the number of mobile dislocations
after the release [34]. The yield point followed digcontinuous yielding (Luders-strain without
strain hardening) has also been detected in an ghxl-Malloy in connection with precipitates
[35] and in an ultrafine-grained Fe-C alloy withrlmide particles [36]. Regarding Ti alloys, the
coherenty phase particles could prevent dislocation moveruaetit the stress is capable to shear
them [23]. However, some Ti alloys with a high frao of thew phase does not exhibit any
yield point [23] and the yield point has also besvserved in some Ti alloys without
precipitates [37]. Therefore, it seems that theyenot distinct connection between the

precipitates and the existence of yield point. Viedd point has also been reported in a Gum



metal with the chemical composition of Ti-12Ta-9B¥-6Zr-1.50 (at.%) [1]. Lai et al. [23]
have observed similar results in Ti-23Nb-0.7Ta-24dt.%) alloy with 1.2 and 1.5 at.% of
oxygen. They concluded that the occurrence of ypeloht is caused by oxygen atoms forming
Cottrell-clouds on dislocations and thereby depesdshe oxygen content. The yield point was
present when the concentration of oxygen is highan 1.2 at.%. However, the fact is that the
yield point has also been observed in some Ti alleigh a low amount of oxygen [19, 20] and
the faint yield point is visible in the stress-straurve of the present alloy with the oxygen
content of about 0.56 at.%. This indicates thatyileéd point can appear with low contents of
oxygen depending on alloying system. Hence, theoredor the formation of the yield point

remains unclear.

The true stress-strain curve of the present alidybits the low strain hardening rate at a high
flow stress level and large elongation. To identifye active deformation mechanism(s), the
deformed microstructure of tensile tested specim@as examined using TEM. Numerous
dislocations were observed in 10% strained sanmgdeshown in Fig. 3a. In agreement with
previous studies if Ti alloys reporting glissile dislocations with thé& <111> Burgers vector
[4, 5, 18], the Burgers vector of long straight gkl dislocations, shown by arrows, was
determined to be a/2 <111> based on the g.b=8ibily criterion. Although the slip planes of
a/2 <111> dislocations can be {112} or {110} plan#&se characterization of slip traces left by
dislocations in some beta Ti alloys have indicdted these dislocations move preferentially on
{112} type slip planes [23]. Some cross slip segteenf dislocations were also observed as
pointed out with arrows in Fig. 3b. This confirnietpossibility of dislocation cross slip in the
present alloy. Several straight dislocations ass@nt inside a grain also in Fig. 3c. The straight

dislocations were characterized to be mainly sdygye-dislocations. It has been shown that the



velocity of screw segments of dislocations is lotyam their non-screw segments leading to the
presence of high density of straight screw disiooat[4]. Furthermore, Fig. 3c reveals intense
dislocation multiplication during straining. Dislattons are initially pinned, and as a result of
gliding they leave loops on behind (shown with esson Fig. 3c). The dislocation multiplication
mechanism in Ti alloys based on the core pinnirsgregorted in previous studies [5, 18] is
attributed to cross slip and its frequent occureeleads to appearance of distinct slip bands. As
seen in Fig. 3a, most of dislocations tend to renoai distinct narrow slip bands for dislocation
glide. Figure 3d shows a dark field image of théodwed specimen recorded using the
diffraction spot marked with a circle in the SAERtrn shown in the inset. Though that the
SAED is similar to that of the annealed sample .(Elg), these dark field images show a striking
difference, for several bands are clearly visiblehe deformed microstructure. These bands are
essentially channels devoid af precipitates. This indicates that thephase has transformed
back into thef phase as a result of deformation. Similar preaipifree channels have been
observed in other deformad-containing Ti alloys [23, 38] as well as irradidtenetals and
alloys [39, 40]. Recently, Lai et al. [23] demoastd that due to the coherence existing in a
certain slip system the particles can be sheared and the repeated paskaggel 2}<1 1 1>
dislocations on {112} planes promotes the transformationwahto p and formso-free channels

by the dislocation dissociation mechanism. Thisiade also justifies our observations of {112}

planes as preferred dislocations slip planes is Bayand 3d.

The upper yield point value of 920 MPa obtainedhia present alloy is much higher than the
yield strength of the Gum metal [1, 23]. Accordiogthe true stress-strain curve shown in Fig.
2a, the true tensile strength is about 1100 MPahwis also much higher than that in Gum

metals. In addition to the strength, the alloy sham excellent total elongation of 31% (true



strain 27%). Recently, the present authors shotlat Ti-3873 exhibits a high compressive
ductility and good workability [21]. The inset ing- 2a shows the variation of strain hardening
rate as a function of true strain. As seen, theyadixhibits a low strain hardening rate (about
1000 MPa) which stays almost constant until a Isigain level. As mentioned before, this low
strain hardening range is similar to that in Guntatse[1, 23]. Lai et al. [23] suggested that the
limited but positive SHR is responsible for thegkarelongation to fracture in the Ti—23Nb-—
0.7Ta-22Zr-1.520 alloy. Generally, the lack of straardening would lead to plastic instability
and localization of plastic strain. To identify tfectors affecting the strain hardening, more
TEM micrographs were taken from the 10% tensilaiséd specimen. Two types of dislocation
configuration were observed: I) dislocation chaaneé. a high density of dislocations confined
along narrow slip bands and II) intersecting stitetof dislocation channels with each other or
twins. According to Fig. 3e, the channels may tre@eeach other. In addition, very limited
number of twins were observed in the microstructfreeformed samples. Figure 3f shows a
twin with a high dislocation density. Twins, thoughsmall numbers, were also observed after
compressive deformation of this alloy [21]. DisMion slip and channels may intersect with
twin boundaries. Therefore, these interactions betwthe channels with each other, with twin
boundaries and also dislocation loops within thenckels can lead to strain hardening, although

in a low amount.

It seems that at higher strains some further nmesh¥s) are activated affecting the strain
hardening behavior. To understand the underlyingnpmenon, the microstructure of samples
was investigated at the strain close to the sfaiwaal necking. Figures 4(a) and 4(b) show the
EBSD maps of the tensile tested specimens aftelyiagp20% nominal strain. The image

quality and inverse pole figure maps reveal thaaddition to the elongated grains, some thick



deformation bands are formed inside the grains kvlitibit different orientations respect to the
matrix. The variation of misorientation across on¢he bands is plotted in Fig. 4c. As seen, the
misorientation angle is below 30° indicating tHa¢de bands cannot be mechanical twins since
the misorientation angle between the twin and mastiabout 50.7° ir§ Ti alloys [22]. In
addition, some crystal rotations are observed et bands, as shown with arrows in Fig. 4c.
Similar band structures have been observed duongpoessive deformation of the Ti-22.4Nb-
0.73Ta-2Zr-1.340 (at.%) alloy [22]. Furuta et @1] also reported similar structures in a same
alloy after 40% cold swaging. They showed that ithisorientation angle between the band
structures and matrix is in the range of 10-30agreement with our results. They argued that
the bands are formed with a dislocation free mesmanHowever since that these bands exhibit
some crystallographic characteristics similar te kink bands, Yang et al. [22] suggested that
they are most probably kink bands. Referring tdlagtivity of dislocations during straining, the
latter theory is more acceptable for the presdoyalt has been shown that the formation of
kink bands results in an enhanced ductility andkability [22]. The formation of kink bands
locally accommodating deformation also leads taistisoftening. To investigate large areas
corresponding to the deformation bands, severalogiaphs were taken from the gauge length
at different strains. Figure 5 shows the resultdiie tensile tested specimens after applying 5%,
10%, 15% and 20% nominal strain. A large numbebarid structures (shown with circles in
Fig. 5) is observed in the microstructure of tensdsted samples and with increasing strain, the
incidence of bands increases. Similar results l@en reported by authors for Ti-4Al-7Mo-3V-
3Cr [42]. It has been shown that the misorientatitside the grains increases with increasing
strain and a considerable amount of deformatioacsommodated by crystal rotation in the

bands [42]. Therefore, it can be suggested thatfah@mation of kink bands with a strain



softening mechanism occurs simultaneously withitieraction of dislocation channels with a

strain hardening mechanism and result in low stnamiening but high ductility.

4. Conclusions

Deformation behavior of the beta Ti-2.9Al-7.9Mo-B&+-0.180 (wt. %) (Ti-3873) alloy during

uniaxial tensile straining at room temperature wagstigated. The alloy exhibits a high yield
strength of 920 MPa with an excellent elongatiofiaiture of 31%. Some specific deformation
features such as yield point phenomenon and verystmin hardening were observed. The yield
point may be attributed to the presence of oxyget the omega precipitates in the alloy.
Dislocations were found to confine to narrow omég&- slip bands during deformation. Two

types of deformation mechanisms governing strainddr@ng and strain softening were
identified. Dislocation loops within the channelsdaintersecting of slip bands and twins was
supposed to lead to strain hardening. On the dthed, the formation of kink bands at higher
strains with crystal rotation inside the grainssmdistrain softening, almost balancing the flow

stress.

Data availability
The raw/processed data required to reproduce fimeBegs cannot be shared at this time as the
data also forms part of an ongoing study.
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Figure Captions:

Fig. 1. (a) EBSD inverse pole figure map of the anneale88V 3 alloy overlaid by grain
boundaries indicated by black (>15°) lines. (b) ®Afattern along [11Q]zone axis
corresponding to (b). (c) Dark-field TEM microgragatken from the diffraction spot indicated
by a circle in (b) showing athermalprecipitates.

Fig. 2. (a) Tensile stress-strain curves of the Ti-38T@yallThe inset shows the corresponding
strain hardening rate (SHR) as a function of ttuars. (b) Yield strength (YS) vs. total
elongation (EL) scatter plot of the studied alloycomparison to literature data for some beta Ti
alloys [20, 23, 25-29].

Fig. 3. STEM micrographs of the 10% strained specimen sigpya) formation of dislocation
channels, (b) higher magnification of the area redry rectangle in (a) showing dislocation
cross slip, (c) straight screw dislocations antbdetion loop formation and expansion. (d) Dark
field TEM micrograph taken from diffraction spots marked in the [13BAED pattern shown
in the inset, (e) Cross-hatched dislocation chanrt§lSeveral dislocation channels intersecting
each other and twin boundaries.

Fig. 4. EBSD maps of Ti-3873 after 20% of tensile stré).Image quality and (b) Inverse pole
figure maps. (c) Misorientation along the AB arrskown in (b).

Fig. 5. Scanning electron micrographs of Ti-3873 aftef@)b)10%, c) 15% and d)20% of
tensile strain.
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Fig. 1. (a) EBSD inverse pole figure map of the anneale@8¥3 alloy overlaid by grain boundaries
indicated by black (>15°) lines. (IBAED pattern along [11Pkone axis corresponding to (b). (c) Dark-
field TEM micrograph taken from the diffraction sdadicated by a circle in (b) showing athernaal
precipitates.
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Fig. 2. (a) Tensile stress-strain curves of the Ti-38718yalThe inset shows the corresponding strain
hardening rate (SHR) as a function of true strédhEngineeringyield strength (YS) vs. total elongation
(EL) scatter plot of the studied alloy in companigo literature data for some beta Ti alloys [28, 25-

29].
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Fig. 3. STEM micrographs of the 10% strained specimen stgya) formation of dislocation channels,
(b) higher magnification of the area marked byaagte in (a) showing dislocation cross slip, (chight
screw dislocations and dislocation loop formationl &xpansion. (d) Dark field TEM micrograph taken
from o diffraction spots marked in the [1}0FAED pattern shown in the inset, (e) Cross-hatched
dislocation channels, (f) Several dislocation cl@sinmtersecting each other and twin boundaries.



~
°

-
°

Misorientation (*)
&
-

Fig. 4. EBSD maps of Ti-3873 after 20% of tensile stré&).Image quality and (b) Inverse pole
figure maps. (c) Misorientation along the AB arrsimown in (b).
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Fig. 5. Scanning electron micrographs of Ti-3873 aftef@)5)10%, c) 15% and d)20% of
tensile strain.



Highlights
» Theadloy of Ti-3873 exhibitsahigh YS of 920 MPawith an excellent EL of 31%.

* Two types of mechanisms governing strain hardening and softening were identified.
» Didlocation channeling and kink band formation lead to a high ductility.

» Thejoint strain hardening and softening results in a plateau stress-strain curve.



