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Abstract

The microstructure, mechanical properties and Rioriee Chatelier (PLC) effect in TiMo
alloys =10, 12, 15 and 18 wt%), in the temperature rarfi@56-350 °C with strain rates from 1@*
to 10* s*, are systematically investigated in tension byngs$ransmission electron microscopy and
Gleeble 3500 testing machine combined with a digit@ge correlation technique. Results show that
Young modulus decreases with increasing Mo contemiéch is related to a more stalfiephase
matrix and a decrease af phase fraction. Moreover, the values of Young nhegland 0.2% offset
yield strength at elevated temperature are highemn the ones at room temperature in all theMd
alloys, except the Ti-18Mo alloy which shows an agife result. These macroscopic features are
consistent with the phase precipitation in deformed Ao alloys, due to the combined effectswof
phase strengthening and temperature softeninghéranbre, the serration type transforms from A to
A+B, then to B and eventually to C as increasinggerature and decreasing strain rate as well as Mo
contents, which mainly depends on the spatial gohesf PLC bands influenced by the intensityaof
precipitate-dislocation interactions. Finally, fheak value of maximum stress drop magnitude appears
in Ti-12Mo alloy and increases with decreasing $tiin rate, which is attributed to a stronger

intensity of o precipitate-dislocation interactions caused byuogty dislocations movement and
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providing a longer ageing time for the precipitatiof ® phase particles. Besides, the average stress

drop magnitude increases in Ti-18Mo alloy and deses in the other compositions as increasing

engineering strain, which is related to the vaniaof o phase fraction.

Keywords. B titanium alloys, Mo content, Thermo-mechanical dabr, Portevin-Le Chatelier

effect, Digital image correlation, Transmissionaglen microscopy

1. Introduction

Titanium alloys are extensively used in many agiens from biomedical devices to aeronautics,

owing to their good strength-to-weight ratio, higbrrosion resistance, enhanced hardenability and

excellent biocompatibility [1-4]. Focusing on méitabiomaterials, much effort has been devoted to

investigating thep titanium alloysmade of nontoxic elements [5-8], especially empigyMo alloying

element [9-11]. This is mainly attributed to thetfthat molybdenum, as an effect@stabilizer, is less

toxic than other alloying elements, and it can beduto develop titanium alloys with a high strength

and low elastic modulus suitable for implant apgtiiens [12]. However, Portevin-Le Chatelier (PLC)

effect, as a type of plastic instability, is foumd Ti-15Mo alloys under thermo-mechanical loading

conditions [13]. Hence, for a practical use of thasaterials, the investigation of PLC effect iKMo

alloys becomes an urgent demand, as such an effeetrely influences the plastic behavior and

mechanical properties.

Until now, some fundamental studies related tontlgrostructure have been performed on binary

Ti-xMo alloys. After a solution heat treatment followleg water quenching, three different metastable

phases can be observed in fhphase matrix, which are hexagonal martensitgl4], orthorhombic



martensiten” [15] and athermab. [16]. Based on different Mo contents, these phasesespectively
formed byp — o’ (0 <x < 6 wt%), — o (6 <x < 8 wt%), andp — wan (X > 8 wt%) phase
transformations [17]. Moreover, several studiesortgul that the amount ab.y phase formed in
Ti-xMo alloys (10 < x < 20 wt%) is the highest for Mo contents lying betwel0 and 12 wt% and
decreases as increasing Mo content [18-20]. Furthier, Zhou et al. [21] investigated the effect of
deformation on the microstructural evolution inIiMo alloy, and results showed thétphase is also
formed after cold rolling process due to the stiedsicedp — o transformation. Sun et al. [22]
investigated the microstructural evolution of TiM@ alloy during uniaxial tensile tests at room
temperature and found stress-induaégphase at early deformation stage by using insgitchrotron
X-ray diffraction (SXRD) and transmission electronicroscopy (TEM). Apart from observations at
room temperature, Cardoso et al. [23] investigatedmicrostructural evolution of Mo alloys (3<
x < 15 wt%) during isothermal ageing heat treatmemnt discovered that isothermal phasg is
formed byp — w5, transformation as Mo content exceeds 7.5 wt%. Hewevery few information on
this precipitation kinetics is reported, except sostudies using electrical resistivity and dilattnmye
measurements [24-26]. They mainly show that thdemtion of w;s, is almost instantaneous and the
kinetics of growth increases with the temperatBug, to the authors’ knowledge, there is no report
the effect of composition on precipitation kinetics

For the mechanical properties of o alloys, a better understanding of the relatigm&ietween
microstructure and mechanical properties is esse@hang et al. [27] studied the elastic modulds (
of different phases in binary kMo alloys and observed that,B E, > E,» > E;. Consequently, E
values are found to be the highest for 1@ < 13 wt% [28] because the,, volume fraction is the

highest in this range of compositions. Converdelyalue decreases a% 13 wt% due to the reduction



of wan phase, and as< 10 wt%, which is attributed to the precipitatiohad' phase instead ab,y,

phase [20]. Moreover, Lee et al. [29] investigateel microhardness (H) of different phases in Tielolas

alloys, and results indicated that Bl H,, > H,» > Hg. The evolution of H values in Mo alloys (7.5<

x < 20 wt%) show that the largest value appears ih2I5Mo alloy, stemming from a relatively large

fraction ofw phase particles [20]. Furthermore, it is well bBthed that the precipitation af phase in

B phase matrix can significantly enhance the meclasirength of TkMo alloys, though it also leads

to embrittlement and subsequent loss of ductil&9-82]. It is worth noting that, although the above

studies have been performed to investigate mechlgmioperties at room temperature, none of them is

directly related neither to the thermo-mechaniedidvior nor to PLC effect.

PLC effect, also referred as serrated yieldingeokyj flow, is caused by the repetitive arresting

and releasing of mobile dislocations during defdroma[33]. Up to now, a large number of studies

have been carried out on the mechanism of PLC tefifegarious alloy systems. Zhong et al. [34]

reported that the solute element Mg is respondiniéhe generation of PLC effect in Al-Mg alloys,

while Cai et al. [35] considered precipitates as obstacles to account for thisceffeNi-based alloys.

Moreover, Zhou et al. [36] suggested that PLC ¢ffac steels results from the diffusing

atom-dislocation interactions. Furthermore, eili alloys, Prasad et al. [37] discovered that PLC

effect is attributed to the interactions betwednristitial elements and mobile dislocations. Unbkei

alloys, Banerjee et al. [13] proposed that the yjeflow is caused byw precipitate-dislocation

interactions in Ti-15Mo alloys. It can be notedtttiee mechanism for the generation of PLC effect in

various alloy systems is non-unique.

Moreover, significant attention has been paid #® sphatiotemporal characteristics of PLC effect.

Focusing on the temporal aspect, researchers fadaisttie serrated flow into three types (A, B and C



depending on the characteristics of serration nalgges [38-40]. Amokhtar et al. [41] investigated

serration type and stress drop magnitude in Al-dhaatoys, and found that stress drop magnitude

increases and serration type transforms from type 8 with increasing Mg contents. The number of

stress drops per unit time in Al-Mg alloys is algeersely proportional with Mg contents [42], while

the critical strain for the generation of PLC effescproportional to Mg contents [43]. Furthermaxi

et al. [44] studied the effects of temperature amdin rate on serration type inACoCrFeNi high

entropy alloy, and results showed that serratipe tyansforms from A to A+B and then to B+C when

increasing temperature and decreasing strain @dacerning the spatial aspect, bands of localized

deformation (PLC bands), associated to the jeréw,flare generally classified as type A-continuous

propagation [45], type B-hopping propagation [4@daype C-random nucleation [47]. The band

propagation is usually observed by four methodkiding digital image correlation (DIC) [48], digita

speckle pattern interferometry [49], infrared thegmaphy [50] and shadowgraph [51]. Casarotto et al.

found that the required strain rate for type Agktively higher in Al-3Mg (wt%) alloy than the erfor

type B [52]. Chihab et al. [53] studied three typé$LC bands, and results indicated that the requi

strain rate for the generation of type C PLC baadke lowest in Al-5Mg (wt%) alloy. Yuzbekova dt a

[54] found that the variation of propagation typesAl-3Mg alloy is also influenced by the lattice

dislocation density and grain size. AdditionalljyaBadi et al. [55] found that the width of PLC band

increases and then tends to stabilize as increasiag in AA7020 alloy. Callahan et al. [56] refeat

that the propagation speed of PLC bands decreasesly with strain in medium Mn steels.

Although a large number of studies on PLC effect been carried out on steels [57-59], Al-Mg

alloys [60-62], Ni-based superalloys [63-65] aneb@sed alloys [66-68], to date, it is less repoited

metastablef Ti alloys. Hereinto, Banerjee et al. [13] only Gtadively investigated the plastic



instability in Ti-15Mo alloy within a range of terapatures and strain rates which ignored the infleen
of Mo contents on PLC effect. Luo et al. [69] qutmtively studied the effect of temperature on the
number of stress drops per unit time and stresp drnagnitude in Ti-12Mo and Ti-15Mo alloys.
However, none of the above studies is directly tethe comprehensive analysis of the effects of Mo
contents and process parameters on microstruagneehanical properties and PLC effect inxWe
alloys under thermo-mechanical environment. Theegfmm this paper, a series of Ao alloys (x =
10, 12, 15 and 18 wt%) are synthesized, and thstaden tension coupled with a DIC technique. These
tensile tests are carried out in the temperatungeaf 250-350 °C with strain rates from>18" to
10* s’ Subsequently, the tensile behavior of the syirhds TixMo alloys is systematically
investigated and the microstructure of deformedkM®o alloys is observed by TEM. Finally, the
influence of Mo contents and process parametenn@chanical properties and PLC effect inxMe
alloys is investigated qualitatively and quantitaly.
2. Materialsand experimental procedures

Four TixMo alloys =10, 12, 15 and 18 wt%) are synthesized by usind caucible levitation
melting with pure molybdenum (99.99 wt%) and titami(99.95 wt%) in a water-cooled Cu crucible
under Ar atmosphere. Then, the synthesized ingotengo a homogenization heat treatment at the
temperature of 950 °C for 20 hours followed by wajaenching, and the surface oxide layers are
removed in a mixed acidic (50 vol% HNO3 and 50 véi%) bath. Thereafter, the ingots are rolled into
1 mm thickness sheets (about 90% reduction in tigisk) and tensile samples are machined along the
rolling direction using a 15 x 3 x 1 nmirgauge size, as presented in Fig. 1(a). Finaley,stimples are
subjected to a recrystallization heat treatmerthattemperature of 870 °C for 0.5 hour followed by

water quenching. The actual chemical compositidnsater-quenched TiMo alloys are measured by



EDS-SEM (Energy Dispersive X-Ray Spectrometry iar8ting Electron Microscope). Average values

in weight percent for 5 different areas per allog given in Table 1. Besides, the microstructure of

water-quenched tensile samples is analyzed byapticrographs (OM) and X ray diffraction (XRD)

with Cu Kol radiation § = 0.154060 nm) using a Philips PW3710 diffractaneltiote that the details

of OM sample preparation processes are describedubyet al. [69]. Figs. 1(b) and (c) show the

diffractograms and optical micrographs, respeciivél is observed that retainel phase is the

dominant phase and recrystallized equiaxial grairesformed after the whole elaboration process.

Table 1

Average chemical compositions of thexMo alloys and mean square deviations (wt%)

Alloy Ti Mo Mean square deviation
Ti-10Mo 89.93 10.07 +0.16
Ti-12Mo 87.85 12.15 +0.17
Ti-15Mo 85.19 14.81 +0.22
Ti-18Mo 82.13 17.87 +0.26
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Fig. 1. Sample size (a), XRD (b) and OM (c) observatidngi-oMo alloys.



Subsequently, tensile tests are conducted on @e&h00 testing machine coupled with DIC
(Aramis) in the temperature range of 250 °C-35@M@ strain rates ranging from3i6*to 10* s?, as
shown in Fig. 2(a). Moreover, the partial enlarghail of tensile sample sprayed with a random
pattern of black dots over a white background @nshas inset in the lower left corner. Prior tosiémn
tests, using a heating rate of 10 °€ samples are heated to 250 °C or 350otBwed by holding
under isothermal conditions during 10 s. The stfahl is measured continuously on the specimen
surface by two digital cameras with a rate of Hirfes per second, and the fluctuations of temperatur
are maintained within 2 °C until rupture. Furthermyawo half contact AISI 304 stainless steel grips
are employed to hold tensile samples instead offilecontact copper grips used in [69], thereby
leading to a much smaller temperature gradientgatba tensile direction during the whole test. Thus
a relatively larger area at the specimen centdr avitength of 10 mm is chosen to observe PLC effect
where the temperature heterogeneity is less th&¥d,las shown in Fig. 1(b). It should be pointetl ou
that repeated tests (at least twice) are perforomter all of designated experimental conditions to
ensure the reproducibility of the results. Aftee ttests, through coupling the data from the tensile
testing machine and Aramis software by a lineaerpulation method, the load-time curves and
strain-time curves are turned to engineering sts&ssn curves. Note that a 10 mm gauge length is
used to calculate the engineering strain. In agigitYoung modulus and 0.2% offset yield strengtB)Y
reported in this paper are the average valuestaxetests. For each test, Young modulus is caledlat
as the slope of the engineering stress-strain cirvilie stress range [100-400 MPa]. Finally, the
microstructure of deformed &Mo alloys is observed by TEM with a Jeol 2100 maehbperating at
200 kV. Samples are cut as 3 mm diameter diskgaltished to a thickness of about 100 um with SiC

abrasive papers. Final thinning is made from twinglectropolishing using a 4 vol% perchloric acid



solution in methanol at -20 °C.
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Fig. 2. Gleeble 3500 testing machine coupled with DICTiekMo alloys tensile tests at elevated

temperatures (a) and temperature distribution agpegimen axis (b).

3. Reaults

3.1 Engineering stress-strain curves

Fig. 3 presents the engineering stress-strain swf&i-xMo alloys. For a better view, the partial

enlarged details of the curves are added in thedaight corner. Globally, the strain distributicn

rather heterogeneous due to PLC effect, and thedst localize in one or two necking areas where

the logarithmic strain reaches maximum values itwben 0.32 and 0.72. Moreover, it can be seen

from Fig. 3 that the serrated flow appears foretdlvated temperatures and the serration morphology

obviously changes with temperature, strain rateMadcontent. Furthermore, the stress level generall

increases with decreasing the strain rate at time $amperature.
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Fig. 3. Engineering stress-strain curves ofkMo alloys at the temperature range of 250-350 °tB wi
strain rates from the order of 1@" to 10* s*.
3.2 Propagation characteristics of PLC bands
Fig. 4 presents several typical propagation charestics of PLC bands described by strain rate

maps, corresponding to different serration morpgiel® shown in Fig. 3. For a maximum contrast, an
independent color scale is employed for each frantthe corresponding time and maximum strain
rate are shown under and over each frame, respBctilt is observed from Fig. 4 that localized
deformation bands characterized by high strain egtpear at elevated temperatures in alkMé
alloys (x =10, 12, 15 and 18 wt%), which is quitéferent from the homogeneous deformation pattern
of Ti-15Mo alloy at room temperature reported earby Luo et al. [69]. Figs. 4(a) shows a contirgiou
propagation characteristic of type A PLC bandstia®e increases from 91.5 s to 100.5 s for the
experimental condition (250 °C & Fos%). Unlike Fig. 4(a), it is observed from Fig. 4¢bjt type B

PLC bands propagate along the gauge length intemniittent manner, with roughly equal intervals,
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for the experimental condition (350 °C & “1&™). Moreover, a mixed propagation of type A+B,
consisting of continuous and hopping propagati@mepserved in Ti-12Mo alloy for the experimental
condition (250 °C & 18 s%), as shown in Fig. 4(c). Besides, compared witly. Bi(b), it can be
observed from Fig. 4(d) that type C bands appeaamtdiom intervals along the gauge length in
Ti-10Mo alloy for the experimental condition (356 & 10“ s%). In general, the type of PLC bands is
related to the spatial coupling force [69].

(a) Ti-18Mo alloy (250 °C & 107 s™) (b) Ti-15Mo alloy (350 °C & |0'4 s")

102103 9. 98 1001 106 99 103 105 10 e 5 0 . 21 62 22 19 . e
x107s" = x107s"

Time (s)

w

Y (mm)
Y (mm)

915 925 935 945 955 965 975 985 995 1005 Time (s)

(c) Ti-12Mo alloy (250 °C & 107 s™) _ (d)

x107s"

Y (mm)
Y (mm)

Fig. 4. Several typical propagation characteristics of Pla@ds.
3.3 Microstructures
Figs. 5(a)-(d) show the [113%elected area electron diffraction (SAED) patterh$i-xMo alloys

(x=10, 12, 15 and 18 wt%), respectively, after rsstie deformation under the experimental condition
(350 °C & 10* sh). It can be observed that a certain amounbgf phase particles is formed in all
Ti-xMo alloys after tension at elevated temperatureredeer, as the reflection intensity is related to
the phase volume fraction, it can be seen thafrtation of ws, phase particles in Ti-18Mo alloy (Fig.
5(d)) is the lowest among all the Mo alloys, by comparing the reflection intensity of each SAED

pattern. Furthermore, Figs. 5(e) and (f) show thekdield TEM images ofw phase particles in
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Ti-12Mo and Ti-18Mo alloys, respectively. It can $®en that the phase particle fraction of Ti-12Mo
alloy is much higher than the one of Ti-18Mo all@hich confirms the SAED pattern information.
Besides, it can be found that the sizeogfhase particles is very small (about 4-8 nm), Wwichighly
consistent to the observation reported by Gyslaal.ef70], who found that the diameter @fphase

particles in Ti-11Mo alloy is about 4-10 nm aftgeang at 350 °C for various times.

Bl

Fig. 5. SAED patterns of Ti-10Mo (a), Ti-12Mo (b), Ti-15Mo) and Ti-18Mo (d) alloys as well as the
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dark field TEM images taken with spots@phase of Ti-12Mo (e) and Ti-18Mo (f) alloys aftensile

deformation under the experimental condition (3608°10* s%). The zone axis is parallel to [133]
4. Discussion
4.1 Effects of Mo content and process parameters on mechanical properties

Fig. 6 shows the Young modulus and 0.2% offsedysttength (YS) of TkMo alloys, calculated

from the curves presented in Fig. 3. It is obserfretn Fig. 6(a) that Young modulus obviously
decreases with increasing Mo contents under alke#tperimental conditions. As the Young modulus
value ofp phase is the lowest among all the phases aMG-alloys [27], the above phenomenon can
be explained by a relatively higher Mo content,tthenders the3 phase matrix more stable and
decreases thprecipitation ability ofw;s, phase. Moreover, for a fixed Mo content, it canobserved
from Fig. 6(a) that the difference between Younglalos values measured at elevated temperature and
the ones obtained at room temperature in the presmk or in literature [19, 23, 71] changes froh® -
GPa to 18 GPa as changing temperature and str@n This phenomenon can be attributed to the
combined influence of interatomic bonding energg anphase particles. Specifically, for Ti-10Mo
alloy, Young modulus (about 102 GPa) under the exptal condition (250 °C & Ids?) is slightly
higher than the one at room temperature. Inde&ijratemperature contributes to the precipitatibn o
o phase patrticles, and Young modulus valuengfhase is the highest of present phases xMBG-
alloys [27]. Then, compared with the condition (Z&0& 10° sY), it can be found that Young modulus
value for the experimental condition (250 °C &“$") is further increased. The main reason for this
trend, contrary to a classical viscoelastic deproégis that during the tensile tests, the duratibn
elastic stage increases from 82 s to 812 s wheredsiag the strain rate from the order of &3 to

10* s*, leading to a longer ageing time, thereby leading higher fraction ofy precipitate particles.
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In contrast, it can be observed that Young moduwhisie (about 95 GPa) under the experimental
condition (350 °C & 13 s?) is lower than the one at room temperature. Indeectlatively higher
temperature enlarges the interatomic distancetneguh a lower interatomic bonding energy, thereby
leading to a reduction of Young modulus, which @& compensated by a high enough fractiomgf
phase. Furthermore, it can be found that Young usdealue (about 108 GPa) under the experimental
condition (350 °C & 10 s?) is the highest among all the results of Ti-10Mi@ya This is mainly
because the combination of high temperature angl dgeing time leads to the highest amounb;gf
phase particles. The same trend is observed fé2WVie and Ti-15Mo alloys. Compared with Ti-10Mo
alloy, the variation ranges for Ti-12Mo and Ti-15Mltoys are wider, which indicates that their Young
modulus values are more sensitive to the chandengperature and strain rate. In addition, it can be
observed that Young modulus values of Ti-18Mo aliball the elevated temperatures are lower than
the one at room temperature. The main reason tishbdraction ofo;s, phase particles is lower due to
the higher stability of th@ phase, and thereby the effect of decreasing tot@ia bonding energy is
insufficiently compensated by the effectwgd, phase particles in Ti-18Mo alloy.

Unlike Young modulus, it can be observed from FEh) that after a decrease, the YS sharply
increases from the level of 439 MPa, when Mo cadnitggreases to 15 wt% at room temperature. This
is attributed to the combined influence wfphase particles and deformation mode. IxMe alloys
(10 < x < 15 wt%), the ability to formwo,, phase is weakened by a relatively higher Mo cdnten
thereby leading to a decrease of YS value. Whidyla content excesses 15 wt%, the dramatic rise of
YS value is mainly attributed to the change of defmtion modes from twinning to slip, as evidenced
for Ti-xMo alloys (10< x < 25 wt%) [72]. Moreover, the YS value also showsignificant variation

with temperature and strain rate at a fixed Mo eoptand the difference between the value at edevat
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temperature and the one at room temperature chdrges308 MPa to 176 MPa (Fig. 6(b)). This is

attributed to a combination of the phase strengthening effect and temperature sofeeffect.

Furthermore, it can be observed from Ti-18Mo alltnat the highest value of YS at elevated

temperature is lower than the one at room tempexatuhich is opposite to the results for the other

three compositions, even though the average giainag Ti-18Mo alloy is smaller than the ones of

Ti-10Mo and Ti-12Mo alloys, as shown in Fig. 1(@he above phenomenon is consistent with the

observation of Young modulus, which also dependstlm competition ofw,, phase particle

strengthening effect and temperature softeningceffeontrary to the other three alloys, the sofigni

effect of temperature overcomes the strengtherfiiegteof w;s, phase in Ti-18Mo alloy due to a lower

ability to precipitatav;s, phases in th@ phase as shown in Fig. 5. Besides, the streskpessented in

Fig. 3 increases with decreasing the strain ratheasame temperature and Mo content. This feature

can be explained by the reason that a relativatgtcstrain rate can reduce dislocations movemetht an

enhance the precipitation efphase particles, resulting in a stronger capghiit pinning dislocations,

thereby leading to the increase of the averagesstexel at the initial stage of deformation.

Fig. 6. Young modulus (a) and 0.2% offset yield streni(tB)((b) of TixMo alloys at the temperature
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4.2 Mechanism of serration morphology evolution

To qualitatively and quantitatively reveal the @idns of serration morphology with temperature,
strain rate and Mo content presented in Fig. 3stimary of serration type and maximum stress drop
magnitude fc) under all the experimental conditions are presgim Fig. 7. It can be found from
Fig. 7(a) that the serrated flow appears at alldlevated temperatures, which has been explained by
the interactions between mobile dislocations anghase particles [13]. Specifically, phase particles
formed during tensile process firstly pin mobilsldcations. Then, a stress drop occurs suddenlywhe
the pinningo precipitates are sheared by dislocations. Subsélguéhe dynamian phase restoration
occurs ino-free soft channels created by dislocation avalepftirther resulting in a pinning of mobile
dislocations, thereby leading to the increase refsst Moreover, according to the classificationhoet
of serrated flow described by Pink [39], it can dieserved from Fig. 7(a) that the serration type
switches from A to A+B, then to B and eventually@an Ti-xMo alloys as changing temperature and
strain rate, which indicates that the intensitywfprecipitate-dislocation interactions varies under
different experimental conditions. For Ti-10Mo allothe serration type remains type A when
decreasing strain rate from 1@ to 10* s* at 250 °C. Indeed, although the ageing time irszsa
about tenfold, the precipitation ability of phase particles is still limited during the teasirocess,
thereby leading to a weak precipitate-dislocation interactions at 250 °C.rbtaver, it can be found
that the serration type transforms from type A teBAwvhen the temperature increases from 250 °C to
350 °C and with a strain rate of order®1¥', which is due to the higher fraction efphase particles
caused by the temperature increase. This is swgmbbst the investigation of Banerjee et al. [13]jckh
also found that at a given strain rate, increasargperature can result in a stronger intensity of

precipitate-dislocation interactions. Then, keeptimg temperature at 350 °C and decreasing thenstrai
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down to 10" s*, it can be observed that the serration type fursindtches from type (A+B) to C in
Ti-10Mo alloy. This is mainly because a relatividyver strain rate reduces dislocations movement and
extends ageing time for the precipitation @fphase particles, further enhancimgphase-mobile
dislocation interactions. Unlike Ti-10Mo alloy, ®A+B) is observed in Ti-12Mo alloy under the
experimental condition (250 °C & F0s%). This finding suggests that the ability to formphase
particles in Ti-12Mo alloy is stronger than the ome Ti-10Mo alloy. Furthermore, such a
transformation of the band type in Ti-12Mo alloyndae explained by the same reason as for Ti-10Mo
alloy. However, the serration type of Ti-15Mo allfay the experimental conditions (250 °C &316*

and 350 °C & 10 s?) are types A and B, respectively. This is mairttyilauted to a weaker intensity of

o precipitate-dislocation interactions in Ti-15Mdogl caused by a relatively higher Mo content. This
view is fully supported by Banerjee et al. [13],aMound that there is no jerky flow in Ti-25Mo allo

In addition, it can be seen from Ti-18Mo alloy tltta serration type changes from type A to B wiith t
decrease of strain rate at both 250 °C and 350TH& finding suggests that the transformation of
serration type is more sensitive to strain rateaathan temperature in Ti-18Mo alloy.

Moreover, it can be observed from Fig. 7(b) that., values show good agreement with serration
types presented in Fig. 7(a), and they decreasdugllg after a sharp increase when Mo content
increases from 10 wt% to 12 wt%. Furthermake, ., value increases as decreasing the strain rate
from 10° s* to 10* s* for the same temperature, which is attributed tstranger intensity ofo
precipitate-dislocation interactions caused by regéw ageing time and lower speed of dislocations.
Finally, it can be observed that the highast., value (52.5 MPa) appears under the experimental
condition (350 °C & 13 s%) in Ti-12Mo alloy. This finding indicates that theombination of a

temperature equals to 350 °C, a strain rate ar@0fid™ and Mo content close to 12 wt% results in the
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highest intensity of PLC effect among all the tdstenditions.
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Fig. 7. Summary of serration types (a) and maximum stlegs magnitudéc, (b) in the

temperature range of 250-350with strain rates from 10s* down to 1¢* s™.

4.3 Overall evaluation of average stress drop magnitude

Fig. 8(a) shows the 3D surface plot with projectimap of average stress drop magnitude
(Acaverage) for various Mo contents and engineering straimden the experimental condition (350 °C &
10* s1), with Acaerage=2(Ac)/n, as defined by Wang et al. [74], whereneans the stress drop number
andAc denotes the stress drop magnitude. kg, it can be seen thabeage also increases sharply
followed by a gradual decrease as Mo content iseefrom 10 wt% to 18 wt% at various engineering
strains. Moreover, for the other experimental cbads, similar trends are found though the resaiés
not given here. Furthermore, Fig. 8(b) shows a aamtplot with some fundamental evolution

characteristics 0Acaerage Value. It can be found that the maximia.esge Value (about 47 MPa) at
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the engineering strain of 0.03 is approximatelytintes larger than the one at the engineeringrstifai
0.09, which is opposite to the result in Al-Mg allceported by Amokhtar et al. [41]. This is mainly
because the reconstruction ratesgbhase particles is lower than the destruction dateng the tensile
process. In additionAcaeage €VOlUtion characteristics for different Mo conterdtre compared, as
shown in Fig. 8(b). It is clearly evident thAt.eag values of Mo contents (10, 12 and 15 wt%)
decrease almost linearly with increasing engingesinain. However\caeage €volution of Mo content
(18 wt%) shows an opposite trend, and its overlkl is much lower compared to the other Mo
contents. This is mainly because a relatively lowgihase fraction caused by high Mo content leads to
a smaller stress drop magnitude at the initial stafydeformation process in Ti-18Mo alloy. As the
experiment continues, the fraction ef phase particles becomes larger because the l@wn stte
provides a long ageing time for their precipitatidiis will enhanceys precipitate-mobile dislocation
interactions, further leading to a slight increa$@ca.eage Value during the isothermal tensile process
in Ti-18Mo alloy. This explanation is directly sumped by thew reflection intensity of SAED patterns
as presented in Fig. 5, which is much lower thadhes for the other compositions and the same
experimental condition (350 °C & T0s%). In other words, contrarily to the other thretoys, the
reconstruction rate ab phase is higher compared with the destructionirafE-18Mo alloy, even if

the final fraction ofw phase is the lowest one of all investigatedNIb alloys.
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characteristics of average stress drop magnitudat (llarious Mo contents and engineering strains
under the experimental condition (350 °C &“14).

5. Conclusions

In the present paper, the thermo-mechanical priegesnd PLC effect of TiMo alloys =10, 12,

15 and 18 wt%), in the temperature range of 250<¥5@&nd strain rates from £G* to 10* s*, are

investigated in details and compared, along wiéhaharacterization of the microstructure afteritems

by TEM. The following conclusions are achieved:

(1) The value of Young modulus decreases with incrgablo contents under all the experimental
conditions, which is attributed to a more staplphase matrix. Moreover, the highest values of
Young modulus and 0.2% offset yield strength avatied temperature are lower than the ones at
room temperature in Ti-18Mo alloy, which are opp®sto the results for the other three
compositions. Their values also increase with desing strain rate. These trends are explained by
the combined effects of temperature softening@mdase strengthening. Precipitatioruophase

after tensile process is evidenced by TEM andrastion is the lowest for the Ti-18Mo alloy

among all the TkMo alloys.
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(@)

©)

Four kinds of serrated flow including types A, A+HB,and C are found at different temperatures
and strain rates, corresponding to different pragiag characteristics of PLC bands inxXNto
alloys. Moreover, increasing temperature and deangastrain rate as well as Mo content result in
the switch of the serration type from A to A+B, thio B and eventually to C, leading to the
appearance of type C in Ti-10Mo and Ti-12Mo alloysler the experimental condition (350 °C &
10* s%). The above findings indicate that the spatialpting force of PLC bands is weakened
with the increase of temperature and the decrefistrain rate at a relatively lower Mo content,
which is related to thstrengthening intensity @f precipitate-dislocation interactions.

PLC effect occurs at elevated temperatures ixMi@-alloys, and the peak of maximum stress drop
magnitude appears in Ti-12Mo alloy which is relatedhe volume fraction ob phase particles.
Moreover, the maximum stress drop magnitude ineeagth decreasing strain rate, because a
relatively lower strain rate can reduce dislocatiomovement and provide a longer ageing time for
the precipitation ofo phase particles, thereby leading to strongeiprecipitate-dislocation
interactions. Furthermore, the average stress dmagnitude increases in Ti-18Mo alloy and
decreases for the other three compositions asasitig engineering strain, depending on the
fraction ofw phase particles.
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