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A.tMm!a

While the influence of strain rate and ternperahwe on response of many titanium alloys has
ken extensively studied, the dkci of strain rate on the rnwhanical and dcformatio]l response
of titanium aluminizes has received limited attention. In this paper, a preliminary study of the
effect of strain rate and temperature on the substructure evolution and mechanical response of a
(Ti-24,5Al-10.5Nb-l .5Mo) Tifil alloy is presented. The compressive true stress-true strain
response of TL24.5AI- ld.5Nb- 1.5M0 was foumd to depend on both the applied strain rote,
varied between P 001 and 6000 s-l, am! the test temperature, varied between 2WC and 700W.
The strain-rate ~. ~.h.ivity of the flow r!rcss of ‘11-24.5A1-1O.5IW-1.5M0 at 2% strain is 0.008.
The rate of stm u hardening in Ti-24.5Al-10.5Nb-l ,5M0 is seen to increase slightly with
increasing strain ‘ate. The calculated strain-hardening rate for the quasi-static (0,001 s-l) data
at 250 C is 3300 .klPa/ unit strain. The hardening rate at 6000 s-l at 2!WC is 4200 MR./unit
strain, Calculation of shear modulus normalized hardening rates yields p / 165 for the quasi-
stmic rate data and p / 130 for the high-rate data assuming a shear modulus of 57 GPa for ‘1’i@l
at room temperature, Increasing temperature at high strain rates (-2000 s-l) is observed to
decrease the flow stress at 2% strain from 1110 MPa at 250C to 1000 M?a at 2(WJC and to 8(XI
MPa at 700W Increasing temperature is seen to have no effect on the rate of stmin haniening;
the calculated hardening rate at 7000 C nt 4000 s-l is 4178 units/ vnit strain. l% substructure
evolution of Ti-24,5Al- 10.5Nb- 1.5M0 was observed to depend on the a plied strain rate and
lcmperatuw of deformation. Prdiminary dislocation g*b anal sis rcvwd

{
J that following room

temperatu~s dcfornmion at low strain rate the majority of t c ~lslocations are a-dislocations
lying on brim..phmcs, 2nd order pyramidal (a/2+ c) slip on (1211), and 1st order pyramidal
a-slip on ( 1011 j. Increasing the rate of dcformntion tit rootn tctnpmture to 6000 s-l is seen
to result in increnscd a-slip on prism planes and rIdccrerised amount of bnstd sli}). At hi h-

!lstrnin-rates ml clcvriuxi tcmpcriitures the substructure WMseen to he Tcncmlly smilnr to t nt
Iobscrd following high- rntc dcforrmt ion nt room tcmpcmture cxccpt or ml incrctwxl mount

of b[lstll slip ilnd rt somcwhnl higher incidence oi 2ncl order pyrnlnidnl slip. The LICfcct
gcncrntion ml [k r;~te sensitivity of ‘1’i-24,5Al I(I,5NIw 1.5M0 nrc (Iiscussmt ;Is n function of
strxin rntc nml lCllllX’fillUf C illl(l (X)l)lr’nslc(! 10 111[11 ohscrvcd in corlvcrllit~llill Iitilllilllll illloy!i 011(1
‘l’iAl,



Intmk lion

The alpha-2 titanium aluminizes are receiving increasing attention as potential high temperature
structural materials to provide propulsion enhancement in aerospace applications, principally
gas turbine engiries.[ 1,2] Although the influence of strain rate on the microstructure/
property relationships of pure titanium and a variety of titanium alloys has been extensively
studied[4], the effect of strain rate on the stress-strain and deformation response of titanium ~
aluminizes has received limited attention[3-6]. Dynamic constitutive behavior is however
crucial to understanding the high-speed deformation and impact performance of titanium
aluminizes under high-rate loading histories such as might be encountered during foreign
object damage, high-speed forging, or machining. To date, only two studies have invesiigatc.d
the mechanical response of ctz-based alloys to high-rate deformation[3,5]. Results of strain-
rate change tests on TG25A1-9Nb and Ti-24Al- 11Nb revealed that the strain hardening and
strain-rate hardening responses of the two alloys were very similar[3]. The strain-rate
hardening exponents were measured to be 0.008 and 0.010 at 27W for the Ti-25Al-9Nb and
Ti-24Al-l lNb, respectively. The rate sensitivity of the Ti-24Al-l lNb alloy was found to be
reasonable constant with increasing temperature; an “m” value of 0.007 was measured at
65CPC[3].

Tests on the f)-phase alloy Ti-1 lA1-23Nb found a rate sensitivity of 0.020 at room temperature,
strain htudening in the @-phaseto be significantly lower than in az,and a strong dependence of
the yield strength on temperature[3]. Based on these az and ~-phase results, Gittis and
Koss[3] concluded that the macroscopic deformation behavior of Ti-24A1-l lNb is controlled
by the az phase when the alloy is in a basketweave microstructural condition. High-rate
compression tests conducted on TL24A1-11Nb studied witi an quiaxed cxzplus discontinuous
&phase microstructure exhibited somewhat different resuh.s[5]. While the rate sensitivity in
the equiaxed Ti-24Al- 11Nb alloy was also relatively low (m @.O 1), the quasi-static work-
hardening of the cquiaxed alloy was approximately a factor of two higher than when the alloy
was heat-treated to a basketweave structure[5]. Under dynamic-loading conditions, strain rate
= 102 s-l, the equiaxed Ti-24Al- 11Nb alloy was also seen to show a pronounced decrease in
strain hardening compared to quasi-static loading and the occurrence of localized plastic
flow[5], The purpose of this paper is to report the results of a preliminary study of the effuct
of strain rate and temperature on the subsmuxure evolution and mechanical response of ~Ti@
based alloy; Ti-24i5 Al-10.5 Nb-1.5 Mo.

“1’hetmterial used for this investigation was Ti-24,5Al-10.5Nb 1.5M0 produced by TINIET
(composition in m,% of 23.8 Al, 10,6 Nb, 1.43 Mo, 0,190,0,05 Fe and bsl. Ti). The Ti-
24.5AI -10.5Nb- 1,5M0 nlloy(rcfmred to hereafter in atomic%) studied was produced by triple
vacuum-arc-remelting u 410 kg, 3S,5 cmditi, ingot. Ile processing WM started with upsetting
and drawing opertitions which were conducted above the f)-transus tcmperuturc Processing
below the ~trtmsus was initintcd at a dittmeter of ttppmximntcly 23 cm d continued unt.ii the
diameter of the bar hnd been reduced to 10 cm, “1’hcalloy wits hctit-trcnted [u l(M50C for 1
Imut and then in ii snlt bath Nt 81 SW for 30 minutes followed by i~ging tit 7(WC for 8 hours,
Cornprcssmn stmq)lcs were clcctro-dischwgc nmchincd (M ‘M) from the forged Imr section.
‘1’hcit~-plii~lc rnicrostruuturc of the hcut-trcnted “1’i-24,5Al- i0.5 Nb- 1,5Mo nlloy, M shown in
i:igum IIi iltld1b, is !wcn tf) cxmsist of cquiuxc(i priln:lry (12 d firlc S(!C(MM~ilry (XZ phltCS Old

ordered 1)2( \\())f[mning n t~i~sk~tw~t~ve structure. ‘1IWmcch(!nicul rcspfmsc of ‘l’i-24,5Al-
lo,SNh- 1.5hlo wits mciisurcd it) compression usin}{ solid cylimiriciil sm][~lcs 7,5 Inm in din.
hy 4,() Il)!n lon~!, (Jil:lsi !it:ltiC’ tvmymssi(m tcsls were t-[~ll(lllclt’tl ill str:lill rtltcs of (),()()1 1111(1
(),1s ! I )yn;~tl]ic t~~!s, st~iiit~ ~ilt~% (~t’ I (NNI 60(H) s 1, w(:rr V(MNIIIL’IC(I its it Illtlcti(m of strnin
r~i[c ,111(1trlnprt;~tlltc tltilil,it]~[ N Sl)lit ll~~l~kins(m l’rrsslirr II; II, ‘1’lit* il]lwtrtll (}w’~ll;ltitms in the
t{yt~,ltl~i(. stress slr;~iu (“IIIVCS :IINl IIIC Inck {)1 stress mll]ililwi~ltl] it) IIIV slwt’il]]~’lls ii[ I[)w sttxins
lili~kr tll(. (lr~rtt]~ill;~tit~lt 01 yI~sl\l it];i(’{’~ltitt(’ ilt l~ij!l) it!i~it~ IIIICS, Sl~(*tittwt\s ({w (}ptil’ul
[ll(st~illt~~’,lill)l]v iIII{l ‘I’l:. hl WVI~ sw’tituw(l ltoIl] III(* l)tI;II 11(*:11~”11;IIKI (I(IIOIIIK .(1 S: III I[\lCS, ‘I’I;, M



foils were prepared using convcntionid jet polishing and observed using a Phillips CM-30.

Figure 1 -a) optical microgmph, and b) TEM bsightfkld of the microstructure
of T1-24,5 A1-10.5 Nb 1.5 Mo showin equiaxed primary az in a
marnx of fine secondary a2plates and L phase (basketweavc ).

The compressive true stress-txue strain response of Ti-24.5Al-10.5Nb 1.5M9 was found to
depend cn both the applied strain rate, which ranged from 0.001 to 6000 s-l, and the test
temperature, which was varied between 25 and 7(XNC (Figures 2 ~d 3). The flow stress of
Ti-24.5Al- 10.SNb- 1,5M0 is seen to increase with increasing strain rate. The strain-rate
sensitivity, “m” ( = binc / 81n&), of Ti-24,5Al- lU,5Nbl ,5M0 at 2% strain is 0.008, This
rntc sensitivity is less than one third that msttsured in TL48A1-1V[6] but higher than Ni@l[7]
which displays no stmin-rate scnsitiwty of the yield stress tit25W

The quasi-static mechanical behavior of Ti-24.5Al- 10.5Nb 1.5M0 (to true strains of 0.20 in
comprcssim) exhibits strets-strain curves with falling work-hardcrling rates approaching
saturation at npproximntely 17(MIMPc (~l(lo) similar to Ni~Al[7] which saturates at a stress
level of -p/10S but contrary to the almost Iincar stress-strain sustained hardening response of
“1’i-48Al-1VI6] to similar stress levels (assutning n polycrystalline shear modulus). Based on
this tissumption. Ti-24,5Al- lo,5Nb. 1,5M0 , ‘1’i-48Al.1V, and Ni~Al all hnrden to stress
Icvels roughly II fmor of three higher than pure metals such M copper and tantalum which
Stit[iriitcnt stress Icvcls of +.L333 iind p/450 tit low strain mtcs. ~ivcn the known anisot.ropy
in Ihc intcrmetil!lics mentioned it is Iikcly ht. n lxmtitm of the -3x ftictor in the suturaticm stress
Ievcls is due 10 ~tnisolropy c(>l~siticr~lti(>t]s, such us N higher ‘1’nyh)r fnctor in these low
symfnctry syslctns, ‘1’hc nuljority d the sust;~incdhtmkning, h(lwcvcr, is hclicvcd to result
Ir(m] II I:lck (J dynutnic ret’t~vcry, ‘1’hcsust:~imx{plnsliuily cxhihitcd by this ulloy in
ctm]pmssiorl is siinil:lr I(J the cr;lck. fwc dc(ortllilliot]” ill ‘1’i4HAl. I V tested in c(mprcssion to
lo% stritIfll (I], ‘1’hm* rrsl)lls (lc:~rly sug~cst Ihc Iinlitw! Ictisilc duclility exhibited in s(mc ‘l-i-
illlllllillitlch is (Illr t{)Itlc intervrnlitm of (.’l(9ilViif[(*f}rIlllt’l}:rill)il l:ll fl msture ill Wcsscs h)wcr t!lllll
tllil( Ix’q(litctl 1[~;ll’livj\l{* slil~ I’illll{”r Illtlll st}lcly 111~illh~’t’{’111I;lt’h ~)f si:t t i(’ic 111slip SySk*llN,



stress levels are unusually high, i.e., - #/loo” compared with -p/3(N), suggesting that: 1)
dynamic recovery mechanisms in intermetallics are physically different than those in disordered
metals, and 2) it is possible that other mechanisms are limiting (saturating) the flow stress such
as mutual annihilation by mechanical recombination of dislocations. These results point
demonstrate that contrary to disordered metals Stage 11work-hardening in some ordered
systems continues to very high stress levels. The details of this process in ordered
interrnetallics will most probably depend on the local dislocation configuration. Independent
of the controlling mechanisms these results clearly suggest that radically different dynamic
recovery processes appear to be operative between (X2artd ybased titanium alumindes.

~~
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Figure 2- Compressive Stress-Strain response of Ti-24.5Al- 1O.5NI3-1,5,M0 as
a fun~tion of the applied strain ~te at 250 C.
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The rate of strain himicning ill l’i-24.5Al- 10.5Nb-l .5M0 is seen to increase slightly with
increasing strain rate. ‘1’he calculated average strain-hardening rote, El , for the quasi-static
(0.001 s-l) data at 25~ C is 3300 MPa / unit strain. TIE hardening rate at 6000 s-l at 250 C is
4200 MF% / unit strain. Normalizing the work hardening rates with the ~:ylor Factor for a
random polycrystal, [8 / (3.07)2 ], yields work hardening rates of w i 165 for the quasi-static
rate data and p / 130 for the high-rate data assuming a shear modulus of 57 GPa for TisAl at
room terqwature[8]. In comparison to a strain hardening rate of ~175 for Ti-48Al- lV at
4500 s-l at 250C[6], the shear modulus normalized strain hardening rate of Ti-24.5Al-10.5Nb- .
1.5M0 is seen to exhibit sustained work-hardening a*high-strain-rate similar to Ti-48Al-lV
mther than that exhibited by conventional Ti-ailoys such as Ti-6A!-4V as discussed below.
While the observation of stable work hardening in Ti-24.5Al- 10.5Nb- 1.5M0 is in contrast to
previous high. rate data on Ti-24Al-l lNb[5], the present results are consistent with the finc-
scaied crack-free basketweave microstructure and absence of orthorhombic phase in this study.

The rate sensitivity and strain hardening rates in Ti-24.5Al-10.5Nb- 1.5M0 exhibit somewhat
different trends when compared to those seen in l148Ai-lY [6] or a conventional disordered
Ti-ailoy like Ti-6Al-4V as a function of strain rate. While the mte sensitivities of the yield and
flow stresses of Ti-6AL4V in both tension and compression are also high, the rate sensitivity
“m” is 0.015[4]. This value is roughly twice that of Ti-24.5Al- 10.5W1 .5M0 while the
yield stress levels are all in the range of 1000 MPtt quasi-statically for Ti-6Al-4V compared to
approximately 950 MPa for Ti-24.5Al- 1O.5NI3-1.5M0 in this study. The strain hardening of
Ti-6Al-4V as a function of strain rate, using a shear modulus of 44.5 GPa at 2WC[8] is p /
146 at a strain rate of 0.0001 s-l and p/436 at a strain rate of 3CN)0s-l. The normalized qtw:i-
static strain-hardening rate for Ti-6Al-4V is similar to the high and low-rate normalized
hardening rates for Ti-24.5Al- 10.5Nb- 1.5M0. Both of the normalized rates, i.e. - p/120 to
@lO, are consistent with Stage II-type hardening behavior such as that seen in disordered
FCC polycrysmis, The dmstic decrease in the strain hmiening in Ti-6Ai-4V at high strain rate
reflects a significant influence of adiabatic heating[4]. In contrast the Ti-24.5Al- 10.5Nb-
1.5M0 alloy displays no tempemture-induced decrement in the strain hardening but rather an
increased hardening rate at high strain mtes. Increasing temperature at high strain rates is
observed to decrease the flow stress of Ti-24.5Al- 10.5Nb- 1.5M0 ~Figure 3). Increasing
temperature M seen to have only a small effect on the strain hardemng rate; the calculated
hardening rate at 7000 C at 4000 s-l is 4178 nrtits / unit strain. This observation is similar to
the lack of a temperature-sensitivity on strain hardening seen in Ti-24Ai-l lNb[3] up to 6500C.
The overall decrease in flow stress with increasing temperature, although at high-strain-rate, is
also corsistem with sevcmi previous studies[2,3,9] on the temperature dependence of the yield
strew for ‘i’i@l.

I%t-

Thc fine scale of the ns-heat-treated basketwetwe microstructure in the current study is
consistent with the previous observation that Mc)or V additions appear to prwnote finer-scale
microstructure through their influence on retarding the ~ -a2 transformation[9], The
substructure evolution of Ti-24,5Al- 10,5Nb- 1.5M0 was observed to depend on the applied
strtlin rate and temperature of dcfornmtion, Ile substructure of ●~i-24.5Al-10.5Nb- l.5Mo
deformed to c-+.10 nt ().(M)1 s-l at 25W was seen to consist of more long straight screw
(iislwllticJ!ls,(I;igllrc 4) The okcnmtion of struight screws is consistent with dislocation
storage obscwations in MT mct;ds, such as tantalum, and suggests u greater dcgrcc of edge
mobility rclntivc to screw disltwi~ti(m motion itn[i reduce.d cross-slip of screw dislocations.
I’rclirniuilry dish~:ati{m gob ill181ySiS rCVCillCd ttlilt foilowing mom tcmpcriiturc deformation at
low strain rate the miijority of tt~cdiskxxt itms ilrCa-dislocations lying on bad phmcs and 1St
(m!cr i;yrilllli(lill slip on ( i (!I I ], illl(! ?n(l order pyramidltl (0/2 + c) slip 011 ( I111 ),
lncrtasing thC _8/Cof (lCforlTliltii)tl iil ~(M)lll tVlll\)CriltUIV 10 (ANN S 1 is WL!II It) ICSU!t in ill(’ll?il!d

M-slip 011 prism i)lilllCS, iill(l I St ~mlcr l)~l”illllj(liil illilllCS, iill(l {1 lcss4)rNll)otllil 01 IMS;II$Iii). Ill
Ii[:urr 40, disl~xillit)t}s ilr~ S$CII 1(} Iic ~)11( I 101 ) illl(l ((X)01) trilWS iit IOW S1l’ilill li1t{*!4 Wtl(;lWilS

Ilwv Iir tm (1010)” :11](1( 1 101) l)lum Ilwcs ft~llt)winj: hi}f,h strilin r;llc (lcf~mlmlitm (1+’it:urc 41J),



Figure 4 - Substructure of Ti-24.5A.l-10.5Nb- 1.5M0 followiag deformation at
250 C to E = O. 10L a) 0.001 S-l showing basal slip and 1st order
pyramidal slip, (1~10] zone axis, and b)_6000 s-l ‘showing prism slip
and 1st order pyrarmdal shp, [1116] zone axis.

Fiflurc 5- Brichtficld microurunh showin~ the prc.scncc of a/2 + c t!iskxxions:



(0001), however the sharpness of the siip traces suggest that they are (0001) planes since the
basal planes are parallel to the electron &am direc-t~on. The groups of dislocations labeled “C”
are shown to lie along the traces of ( 1121) or (112 1) planes. At elevated temperatures at high
rate, particularly above 4000 C, evidence of an increased amount of shearing of the PO laths
was also seen, suggesting decreasai strength of the ~ phase at elevata.i temperatures. This
observation is consistent with previous olxervations[3] that above 650W. the yield strength of
~ decreases rapidly. Finally, regardless of the temperature or strain rate of deformation, no
deformation twins were seen in Ti-24.5Al-10.5Nb- l.5Mo contrary to previous observations ef .
microtwinning at elevated temperatures[, 1,2]. This observation is in total contrast to the
pronounced propensity for deformation twinning in Ti-48Al -1V[6] which is increases with
increasing temperature and/or strain rate. Detailed dislocation analysis of the substructure
evolution in Ti-24.5Al- 10.5Nb- 1.5M0 will be presented elsewhere.

Figure 6 -Brightfield micrograph of dislocation debris in Ti-24.5Al-l!).5Nb-
1,5M0 following deformation to c=O. 10 at 3000 s-l at 7000C
showing: a) pyramidal and basal slip, [1210] zone axis and b)
increased incidence of shearing of ~ lath at high te~mperature.

Based on a study of the infhcnce of struin rate and temperature on the mechanical mpon.sc and
substructure evolution of Ti-24.5Al- 10.5 Nb-1.5M0, the following conclusions can be drawn:

1. ‘Ile compressive true stress-true strain rcspcmse of Ti-24.5Al- lo.5Nb- 1.5M0 was found to
depend on both the npplied strxin rate and the test temperature. The strtiin .rittc sensitivity, m,
of “ri-24,5Al - lo.5Nb- 1,5Mo nt 2% strain was calculated to be ().()W,

2. The rate of strain himicnini! in Ti-24,5Al- lo.5Nb-l ,5M0 is wcn to incrcasc slightly with
increasing Strili!] riit(?. Stngc 11 work -hi~rdcning bchuvior in this ordered :L~loyis shown to
continue to very high slrcss Icvcis, -p/loO, contrtiry to disordered lllCtill S. Incrciising
tcmpemturc Is wcn to h[lvc no cl’lkct (m the riltC of smlin hurdcning; th~ ~[ll~UliltCdhilr(iCning

ril[C (It 70(P(! at 4000 s 1is 4 i’)~ unils / Ilnit str:lin.

1, ‘III(*sul~str~lctilrr vvt)lutit)t} ~}!’ ‘Ii ?.4,5AI I(),5NIJ 1,5M() W;IS ol~sctvt’[1 I{} {ivlwt}(i {~t] the
Alr:iin r:lt(! ;Il)(i l(’ll)l)rr’; lllll’(’ ()! (1(’fl)lllli!lil)ll, i+)liowitl~ 1’!)0111tl”llll)(’~:tllll’(’ (i(’lolllliltioll” :It ioW
slr:lin r;ltc the ll:;l~twity id III(’ (ii.~l(m.;lli~)l]’: iirr it (iisi(w;lti(ms iyin!: tyl l~iis:iil)l;iIl(s\ ;\II(i Ist ot(l[*,r

~)yi”;lll)i( iill l)l;~ll(’~, iIII’(I ?II(I (u(I(sI l~yi:ttl~it!;li(:1/2 ,+c) siip tm {i’2i 1], illll~’;l~if)l’,IIIVI:ltc t~f



deformation at room temperature to 6000 s 1 is seen to result in increased a-slip on prism
planes and a lessor amount of basal slip. At high-strain-rates and elevated temperatures the
substructure was seen to be similar to that following high-rate deformiition at room temperature
except for an increased amount of basal slip and a somewhat higher incidence of 2nd order
pyramidal slip. At elevated temperatures at high rate evidence of art increased amount of
shearing of the &I laths was also seen, suggesting decreased strength of the &I phase.

The authors acknowledge the assistance of M.F. Lopez for conducting the quasi-static
compassion tests and W. Wright for conducting the Hopkinson-Bar tests. The authors would
like to acknowledge stimulating discussions with J.D. Ernbury, A.D. Rollett, and M.F.
Ashby. This work was performed under the auspices of the U.S. Department of Energy.
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