JOURMAL OF RESEARCH of the Natipnal Byreoy of Standords— A, Physkes and Chemisiry
Yol. 514, Mos, 2 ond 3, Spril-June 1977

Thermophysical Measurements on 90Ti-6Al-4V Alloy Above
1450 K Using a Transient (Subsecond) Technigue*

A. Cezoirliyan, J. L. McClurs, and R. Taylor**

Inetitvte for Materials Ressorch, Nationnl Bureau of Standards, Washlngton, D.C. 20234

March 3, 1977)
Simultancm mesurrments are dearribed of specific hea capacity, electrica] zesistivily wod hemiapherical

1akal emittanes of dha Lamary alloy 90T-AL-4Y in the temparaiure range 1450 to 1900 K, and

meliing peoini and

and the redianca temperature ot tha mllugpulllnflheaﬂw by a subsecond duratson Lranaient technique, The re-

golts are anpresacd by 1he

ep = L3E3R — 9043 x 10T + 3745 ¥ 10°7TE

g = 152,65 4 19504 »

1071F = 29548 ¥ 10~

where cg inin g " K72, p b in gl} oo, mnd T inin K, The value of the hemisphericsl udn) emiltance is 0039 in

thee paege 1700 ko 1900 K. The meliing poind and the radiance temperaiure ai the melting poinl are

are 1943 and 179G

sotal cmuttence of the tamary alloy P0TI-0A 1-4¥ in the wmpersture ranpe 1450 10 1900 K, aod the melting ppint

0395 Eslinsted wancurseies of

meamared propertiss are; § parcenl for specific hest capacity, | percent for elec

trical resistivity, 5 percent for hemispherical intal emittence and 8 K lor mehting poinl mod rdiance temperitumr al

the meKimg point-
wonds; Electricsl residivity; hemt ity: high-speal measmsements; bigh lenpemiue; mehting homal
:Jilral enillanca; radma“;;:pmu;mﬁc Iﬁmt capacity; lhermal ndi:ll:ou pr;onl:: 1 [
litaninm afloy,
1. Introduction wrre perfarmed on four specimens in the form of tubes, The
tubes were fabricared from rods by removing the center
In this paper, application of a transicnt technique to the pomiion using an electro-ercsion technique. The nominal

mcasuremenl of sclected Lhermophysical properties (specific
heat capacity, elecirical resistivity, hemispherical 1otal emit-
tance, melting peint,' radiance temperature® at the melting
point) of the alloy WTi-6AL-4Y above 1450 K is descobed.

The method is based on rapid resistive seli-heating of the
gpecimen from room lempetalyre o its melting point in Less
than onc sccond by the passage of an electrical current pulse
through it; and on meesuring, with millisecond resolution,
such experimental quantifies as cuerent theough the speci-
men, polenbial drop seross the specitven, amd specimen
temperature, Delatles regarding the construction and opera-
tion of the measurement syetem, the formulation of relations
for properiies, the methods of messuning experimental quan-
tities, and other pertinent informalion are given in earlier
publications [1, 2]

2. Measurements
2.1, Spesimens

The measurements of specific heat capacity, elecirical
resistivity, bemispherical total emittance, and melling point
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* Figures 1w b at ter owed of Wris paper.

dimenaions of the specinens were: length: 76.2 mm; outside
dismeter, 6.3 mm; and wall thickoess, 0.5 mm. A small
reclangulae hole (0.5 X 1 mm) fabricated in the wall al the
middle of ihe specimen approximated bisckbody conditions
for optical temperature measurementa. The outer aurfaces of
the specimens were polished to reduce hest loss due to
thermal radiation.

The radiance temperature measurements al the melting
point were performed on specimens in the form of sbips
fahricated from a plate. The nominal dimengions of the alrips
were: length, 31 mm; width, 4.7 mm, and thickness, 0.25
mm. Before the experiments, the surface of the specimens
was treated vsing abragive; three different grades of abrasive
were used yielding three different sudace roughnesses (rang-
in.g from appcmx.in:ml:l}r 04 w09 pm BMS) for different
ApECiMmens.

The specimen material in rod and plate form was furnished
by the U. 5. Air Force Materiale tory, Wrigh Patter-
son Air Force Base, Ohio, and compriged two different lots of
matensl. Chemical analyses of the material which are Listed
in table 1, show alight differences in composition. The rod
material, from which the whbe-shape specimens were [abri-
cated, was hot swaged and the siructore was composed of
primary alpha titanium logether with some seicular alpha +
relained beta. The plate material, from which strip-shepe
epecimens were fabricaled, showed evidence of an elongated
grain siructure comprising primary alpha and beta. Fholomi-
crographs of the bwo sledctomes are shown io figure 1.
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Tama 1. Compositiomn of the titiniunn alloy"
Malerinl i . e . il e i
Famm T | A v B e |G [ tu| Fe Mg Mo | Mo [Ni | Nb | P | Si|Sn|Ta|W |d&r| C|H|N (7]
Fasl S G| Az ) a0 15 | M0 | LA |50 |30 I:‘ﬂ 13 ) § 300 | 300 | 100 | 50 | A0 | 220 | 800 120 | 1T00
Plae | 89.2 | 6.1 42| 30 | 50 | 30 [ &0 | 1500 | 30 | 60 a0 | 100 [ 16 | 80 | 80 | 10015 [ 30 | 390 | 50| 90 | 1500

* Difoemation wis leiabed by Deo 5, K. Lvon of the 1, S, Jur Em'rr' h'lulr'nul-h J..lh-urnl:n

Frisume 1, Photomicragraphs of tionium olloy specimena: tube-shipe (e
phettgraphii, sl sgeahape @l phaoogooght, oftmmed before the exper’
dipernda .

2.2, Procedure

All the experiments wire pedormed] with the specimen in
an argon environment ol atmeaphiere pressaee. To optimize
the pperation of the high-specsd pyrometer, the tempemture
interval (L4500 193 K was divided into three ranges, This
vielded o total of twelyve experivwnts o fooar obe-shiope
specimens, hirtion of the ourrent pulses in experiments on
pnbe-shipee specimens ranged from 300 w0 500 ms, with
hoesting rutes ranging Trom 2600 o 3800 Koo' Duration of
the curment pulses in experiments on strip-shape specimens
ranegesd from MK o B0 s, with heating rales ranging from
L300 o 22000 Ko7, Radinrive heat loss from the nube-ghoape
specimens was, in all cases, less than 2 pement ot 15000 K
aiid Jesa than 5 prerociil ual 10 K of the trnfaiil [T,

2

-
]

At low tempernlures and ol vamadivm conlents grealer than
3 pereent, the equilibrivm stmcture of this alloy comprises a
mixture of the alpha and beta phases, although the actual
strocture will depend upon the heat treatment conditions.
Above about 1300 K. the exact temperature depending wpon
composition, the alloy trnsforms 1o wholly beta, To ensure
that the trapsformation was completed below 1450 K an
additional experiment was performed in which the elecirical
resistaner of o libe-shape specimen was messured during its
heating from room temperature fo the melting point (in HH0
ma). The mesults, ns ghown in figure 2 indicate tha the
translormation occurred over o wide tempersture range and
that it was completed at about 1400 K, which is below the
range of the resulls on themmophysical properties obita nexd in
thi present investigation,
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3. Results

The Hmnnnphynirul "Il‘l1|bl."l'|it‘.h- rrprrtﬂl in his jrapeer are
based on the Internotional Practical Tempemture Soale of
1968 | 4], B all computations, the geometrical quantities ane
based on their room tempemmture (290 K| dimensions. The
experimental results on specific beat capacity. and elecircal
resistivity are representerd by polynomial functions in iomper-
atuee obtained by least squares approximation of the imdivid-
ual points. The final values on these properties, o 50 degree
temperature imlervals, computed using the lunctions e pre-
senfed i table 2. The results oblained From individual
pxperiments are given in the Appendix.

Specifie Mot Capaeiey: Specific heat capacity wis com-
Fullud Trom data taken duﬁu“ th hi:uJ.I'JIE |.H:-!‘1'lld. A s tion
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TABLE 2. Specthic heat capacidty and elecirical resisinily of the Llanizm

afioy
T £y
(K} (g™ K™ {lcm)
1450 .72 172.3
1500 LT 1727
1330 L~ 173.1
1600 .73l 173.4
las0 CTeE 17y
1700 i} 174.0
LTS LT 174.3
1800 B 1746
1850 B2G 1T4.8
1900 | B | |

for powsr loss due to therma! radistion was made using the
results on hemispherical tolal emittznce. The function for
gpecific heat capacily [standard devistion = 0.79} that
represents the resultz in the temperature range 1450 10 1900
K is:

cp = 13833 — 9.943 X 107'T+ 3.745 X 1077T* (1)
where T is in K, and #gis in J- g7+ K7L
Electrical Resistivity: The electticnl resislivily wos deler-
mined lrom Lhe same cxponments that were wsed to calculate
specilic heat capacity, The function for electrical resistivity
{standard deviatdon = 0.2%) that represents the resulis in the
temperature yange 1450 o 1000 K is:

p = 152,65 + 1.9304 X 1072 — 5.9548 X 107°T* (2}

where 7 s in K and p is jin pf) - e, In the computations of
the apecimen's cross-sectianal area, which is needed for the
computations of electrical resistivily, the density of the speci-
men was taken az 4,422 g-em . J:l'hnf.l measuremeri, before
the pulse experiments, of the electrical resiativity of the four
lul:m-a.hnpe !ipnl:im:n.u al 203 K wilh s Kelvin bridg: }'il:lclcd
an average value of 166.2 pflem with an avemge absolute
deviatien of 0.1 percent and & maximum absolute deviatien of
0.2 percenl.

Hemispherical Total Eminance: Hemizpherical total emit-
tanee was computed using dala laken dupng both: hegting and
initial free radiative cooling periods. The results of measure-
mentz in the temperature range 1700 w0 1900 K did not show
any significant variation in emiflance, A value of 0.39 was
;h;ml.;.m&d by avermging all Lhe resulin (standatd devialion =
Meliing Poini: Temperature of the tube-shape specimens was
meeasured near and during the inilial melling petiod until the
specitmen collapsed. A platesu in temperaluce indicaled the
transition from eolid o liquid phase. Typical results for the
variation of the specimen temperature during meliing are
shown in fipure 3. The melting point for each specimen was
obtained by averaging the temperalure poinlz on the plateau.
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FizuRe 3. Vararion of the eemperatare of the titanium sllay {specimen-3) o5
a findian of time opar attd o e meliing peind £ time wri = BT mal.

The resulis ave presented in table 3. The average melting
point of the fouy specimens iz 1MM2.6 K wilh an average
absolute devigtion from the mesn of 0.4 K and a maximum
absolute deviation of (.8 K. It may be concluded that the
melting peint of the titanium alloy messured in this work is
1942 K.

TJBI.EE 5 -_quM--- lnfﬂlcm.nfhngpumd-lﬁcuhmm
alloy
Specimen her:nmzrm?:a Meliing poim m
Hiwaber b ik}

&t platesrn (K}
1 in 12 7 o4
2 3 1943, 5 R
3 25 L9420y 3
4 L3 124 2

Radiance Temperaiure at the Melling Peind: Radiance tem-
perature measurements were performed on the strip-shape
specimens gl 853 nm which corresponds 10 the effective
wavelengih of the pyrometers interferenee Nlier. The band-
width of the filter was 10t nm. The circulat srea viewed by the
pyrometer waz 0.2 mm in diameter. Typical results foc the
variation of the specimen radiance temperature during melt-
ing are shown in figure 4. A single value for Lhe radiance
temperature at the platean was cblained by averaging the
temperatures al the platean. The resulls are presented in
table 4. The average radiance temperature at the melting
point for he specimens iz 17956 K with an average absolwe
deviation of 0.2 K and a maximum aheolute deviation of 0.4
K. It may be concluded thal the radiance lempetslure of Lhe
titanium alloy measured in this work ia 1796 K.

Normal Speatre! Emittance: The normal spectral emittance at
the melting point was delermined vsing the yesults of the
radiance temperature {ohtained from the measuremenls on
strip-shape specimens) and the melting poinl {oblaived from
the measurements on tube-shape specimens). The results
yield a value of 0.395 for the normal apeciral emittance {at
653 nm) at the melting point of the alloy.
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Tapig 4. 5 m-}‘gm asurerer aﬁy&:ﬂ:nﬂiﬁl:;mm fur 653
Specimen Tmriﬂ;naw_ NM';“" Radiarsce tern- iﬂ"ﬁ“ﬂ
oumber Hmuimeua platean peraturs (K} k)
1 04 27 1765.4 0.2
2 . o 1795.6 N
3 ) 5 1752 3
4 ! 36 1795 8 4
3 ] 43 11359 3

Estimate of Errors: The details ol estlmntmg SITOTE in Nea-
sured and compuied quantities using the presenl messure-
ment systerm are given in an eatlier publication [2]. In thia
paper. the specific ilems were recompured whensvar the
present condilione differed Irom those in the earlier publica-
tion. The results are summarized in wable 5.

TARLE &. Estimate of errors

4. Discuision

Considering the wealth of Literature data on S90Ti-641-4V
there is remarkably linle indformation on the physical proper-
Lies of this alloy and dala &1 lemperatures above 1000 K does
not appear te have been obtained. In figures 5 and 6 the
smoothed wvalucs for sprcific heat capacily and eleclrical
resistivity listed in table 2 are plotted together with Lhe
limited amount of low temperature dats svailable in the
Litcralute. From fignze 5, il can be acen that the specific heat
capecity dala of Ziegler and Mullins [4] may be reasonably
extrapolated to jein up with the present dais.
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The ailoy Deem & al. {5] conaine 6 percens Al and 3 percenz ¥,

wasd by
while it ured by Ermoloss (6] contained 5 percent Al and 4 pereent ¥,

The electrical resisiivily dala on NITi-6A1-4Y reported hy
Deem et al. [5] covers the temperaiure range 310 10 810 K
and ghows evidence of o maximurm avound 00 K. Ermolaer
[6] has wieasured Lhe eleelrical resistavily of 2 Llitanium alloy
conlaining 3 percent Al and 4 peccent ¥V up lo 2000 K and his
results are some 4 to 12 percemt Jower than the data of Deem
et al. However, a definite maximum iz observed around 800
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K. These resulis, together wilh those of the present work, are
presented in figure 6. The mom tempecature value obtained
in the present work {= about 2.5 percent below the value of
Deem et al., but such a difference can be accounted for by
vartations in epecitmen structure. [f figure © is inepected
logether with figure 2 then il is spparent thal low temperature
resistivity values follow the trend indicated by [eem el al.
amd Ermolaev, namely 1hat resistivity increases to a maximum
aid then decreases. The dala of the present work indicate
that elechncal renistivity decreases ymtil 1250 K where the
curve shows a kink but siill decresses until 1400 K sbhove
which resistivity beging to increase steadily up to 1900 K.
Above 1300 K, the resislivity results pertain 1o the beta
phase. Below 1400 K however, a number of solid stalc
reactions may be oecurzing, chief of which are the teactions
whereby alpha prime decomposzes io alpha + betg and, =i
high tempetatures, alpha will decompese 10 beta. Addidon-
ally, bela in metaniable at low lempemtures avad will iteelf
decompose to alphe. Since these are kinetic processes af-
fected by the heating rate, i1 is difficult to predict the
behavior of this alloy unless further work is done involving
the heating of alloys carefully heal weated 1w produee differ-
ent structures.

Mo dawa have been [ound in the liletslute on the hemi-
spherical lotal emiltance of the alloy 90Ti-6A14V that corre-
spord to the specimen conditions and the temperaiure range
of the measurements of the presem work. The value of the
hemiapherical total emittance for & similar alloy ar the highest
repotied tempemture (about 1200 K in the livemsiure [7] is
.47 which corresponds to a spacimen with a rough surface.
This high value compared o .39 {the value of the present

work) may be adtcibuted primarily to the differences in the
specimen surface conditiohs,

Measuremente of the normal speciral emitlance al #35 nm
on several tilanium alloy specimens under different candi-
tions were rted in the Literature [8] for temperatures up to
about 1700 K. The reported resultz for the apecimen and
conditiona that cloaely match those of the prisent work
indicate & nearly lirear variation of eminance with tempera-
ture in the range 1200 to 1700 K. Exirapolalion of these
resulta o the melting point of the alloy (1943 K) yields a
value of 0.362 for the notmal speciml emittance, which is
ubout T piaccenl lower than the value of 0.395 obained in the
present work. This difference may not be very aignificant due
to the fact that specimens were different and the lilerature
reaulls were exbapotaled o the melting potnl.

According to s compiletion on melting points [9], the
reeulis, reported by different investigators, of the nelting
poinl of pure Htanium are in the range 1933 to 1953 K. The
value 1943 K obrained in the present work for the alloy is
compatible with the above.

In the present expariments related 1o melling {iue temper-
ature cbiained using tube-shape specimens and mdiance
temperature obtained using smp-shape specimens), it was
not poasible 1o follow the entire melling process because the
specimen collapsed and opened Lhe main «lectrical cireuit
prior to the completion of melting. However, good quality
horizonial plateaus were cbrained during the initial meling
period which are moere of a charactenizlic of pure metals,

The authora expresa their gratilude to M. 5. Morse for his
help with the electronic insumentation.

5. Appendix

TaprE A-1. Frperimentn! results o specific keat copactiy of the Klenitem affsy
Specimen-1 Specimen-2 Specimen-3 Specimen-4
Tempermiurs
R!m [K} £n ﬂr-‘ Cn -ﬂti‘ fl:: ﬂfr. Ly ﬂfri
™K | % | dgtET | e | 0gKT | % | deKTY | (%

1450 0247 =058 0723 =081 072013 =105 0. 7345 +0,75

1500 .T33az —i. 16 _T32T —0.23 L7305 —i.53 .T3ED +0 4%

1 15350 S1431 +0.18 AT +{, 26 .Tale =005 Sl +0.51
1600 J1550 +0.52 .ThSa iR} STh +0dd _T540 +0.39

1630 . T593 +0.92 JTETD +0.74 00 +L.01 TR +0,90

1630 (7595 =i} 30 L TE20 =003 el =0.04 i1k =09

1100 Tl —Lh5 _TT33 —025 ITAT =007 _TTGT +o 1%

1 1750 - iBeZ —.30 . TRED =027 i s +0.01 TR +0.534
1800 D03 =i} 32 M =05 -l +i 24 B0 +ik 30

1850 A +0.68 BG5S +038 B33 +0 T8 _BZ86 +0.38

1700 G775 +0.2% 7Tl +0.24 TR0 +0.87 7812 +0.77

1750 iy =i L TBSE —{L.55 -THIG —0.82 LT8G0 —.52

LL 18500 L T52 —1.47 T —0.87 e —1.52 .Tya3 —107
1830 JAlez —0.uy B206 =(LED BlT5 =93 B197 =71

1900 8534 +0.02 Bdg2 +0 44 _B5&7 +1.13 _B32% + 81

* The quandity Acg is peneeitige detidtiun of the individual realis fon the oot fusetion repredenied by echustion (1),
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TaBLE A.D. E.r_pclwn&d rr_rd.l.r INT ckn!.rl-d:a:.l! rml.unly qfﬂlﬂ' Iofarnen nﬂv_'r

Specimen-1 Specimen-2 Specimen-3 Specimen-4
Rangs Temperaar

(K} & aAp ‘_f Apt ‘_f “ ff apt

{pidem} (%) ik =m) (%) (j4+82-cm}) %) {jp8k-zm) 1%6)
1454 17219 — {08 172,80 +0.27 1724 —0.17 17231 —.01
LS00 17T 56 -9 17321 +L20 172,37 -0, 172,59 =047
| 1554 i7e% =08 173.57 +0.29 172,74 ={.149 17302 —=G.03
L&l 173,32 —{h04 173,00 +0.28 173.13 =1k 16 173.47 +Cr03
630 176 .M 11422 +0.28 193,50 —.14 1777 +0.02
LES0 173,75 +00L 174,22 +{, 25 L7841 =19 173.08 =005
1704 17400 +0.03 174.54 +(.29 17272 —0.18 174 D —0.2
11 175 17441 +0.05 L74.83 +0.30 L7404 =11 174258 =002
L&D 174,70 + {05 173,12 +.H 17432 —15 174,54 —N.02
1850 17500 +0 140 175 45 +0.35 174 5O =15 LT4.83 +0.01
1700 17418 +0.08 L7418 +0.08 173.51 —0.30 173.72 =018
1750 174,52 +L11 174.51 +11 173.7% —N.31 174,02 —i1.17
11 1500 174.80 +12 174.81 *13 17413 —025 174.2% —17
1850 173.00 +0h 15 17307 +r11 174.45 =022 17434 =17
T 175,36 +ik17 17530 +i.14 17462 —0_25 17477 —.16

* The quamntity & is peroentage deviation af e ipdivedual rexults Trao the anuath Function rzpl'mrﬁad! by exquativn 2],

TAbLe A-Y.  Experimental resulis on hemisphericnl tobod emittanee of fee |2] Cezmidiym, A, Mome, M. 5., Berman, H. A sl Becken, €W,

ilgninm afloy High-Speed (Subsevood) Measuremesnd of Hewl € » Elecirical
Resastivity, and Thermal Redistion Poopertica of ﬁl m in the
Srecimen r . Range 1900 to 2800 K, I Res., Nat BurSundjl.l’S.:l, Tk,
pee 1k} (Fhye. and Chem.), Mo, 1, 65=92 (lap.=Feb, 1970),
1714 0.3 [3] Intermationeal Practical Termperaiurs Scale of 1068, Metrodogia 5, 35
1 18% 388 [ 1969].

1705 0.380 [4] Zicgler, W. T.. wod Mullins, 1. C.. ific Heat of Titanium Alloys,

b 1BES aTs in lnest. Tﬂhu Final R.EM. i Mo, ASD 11961
1706 0362 [5] Deem, H. W., Wad, W. D, and Lacks, C. F., The Relmionship
3 1850 40z Berweens Electrical and Thermal Conductivitien of Tilanioam Alloye,
4 16T 380 16] Ermolac, B. L, Thetal Conduetiving and Eleoivical Candueniviny of
hiuwnnlnBaudanTmumud[tah]lmafmmﬂ)—Bﬂml K.

Matad Sclénee and Heud Tremtmend, D6, 1040 [ 10T4).
7] de L'Estgile, H., and Rosenthal, L., Advieory Group for Aeronauical
Rencarch and Dovelopment, Paria, France, AGARD-211 NGS-
2154%, {1938},
[#] Betz, H. T., Meon, 0. H., Schurn, B. I, and Momis, 1. £.. WADC-
&. References TH-56-222 (Pat1 D), {1957] {AD202493).
[9] Charleawonh, ). H., Malking Points of Matallic Elements and Selacted

1 Ccaﬂdﬁ[‘yan,h . Design and Opemational Characteriatics of & Hi -5|J-npd H;“?E?"“*h Air’ Foroe Materials Laborwtory Repon, TR-T0-137
{

socond) Syaten lor the Moot of Themnsphyal
tien at High Temperatures, ). Bes. Nai. Bur. Siand. (U5, I.. TEE
{Eng wod Inwr), No, 1, 718 (lan.—Mar, 1971). (Paper B1AZ&3-927)
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