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1.0 SUMMARY

The tem~ alloy, Ti -49 at% Al -2 at% W, was produced using Rotating

Electrode Powder (REP) compacted by hot extrusion. The tensile properties

of this alloy (strength, ductility and fmcture mode) were studied fmm room

temperitturc 10 900DC. Constant load creep properties were measured from

700 [o ~9tX)°C and imitlyzed using conventional power liIw equations IO

calculate the stress exponent and itctivation energy. These parameters were

upproximatel y 4 and 400 KJ/mole respective] y. T131 examination show 4

Ihat the W was held in solid solution during Ihe ;cnsile and creep

ddmrnittion when the material was [csted in the ‘tis-extruded’ crmciilion,

‘Ilese results are interpreted as evidence for solid solution strengthening of

the TiAl matrix by [hc W solute,

2,(I lNTRODUCIloN

Adv:mced ~c~spil~c systems tire putting incremcd cmphusis (m Iightcr
weight SMUC[UrCSiii the siimc lime that they [Im requiring higher (Jpcnltirlg

mmpcrnlurcs from Ihe matcriitls c(mlpn’sing those slfuctures, ( )rdcred

imetmeudlic iillovs hnvc hccn Ihc suhjctx ol”inumsc intcrcsl due in Iilrgc p:IF

IO their rclcmi(w (J il[[ra~tivc properties ii[ CICV:IUX.Itcmpcramrcs. As is well

(Iocumcnlccl ill Ihc Iilcmu.trc. ii Inck (II low [cmpcrature (Iuctilily illl(l
wughncss is their malor dcficicncv. The :Illoys hme(l on IIIC ordered

, 2; .!:*II, ‘Ilis (X)lllpOllll(l hil!+i,lI(]W (Icrl:;ily,l’(mqxmnd TiAl :Irc no cxccp[i(m II‘



oxidation resistance to 850”C and an elastic moddus significantly greater
~han either of its elemental constituents [5].

Ternary elements a,ii known co have dramatic effects on the physical and

mechanictd properties of intemtcr.aliic compounds. Whi]c some ptqress has

been made in understanding the alloying effects on low temperature ductil!ty
in TiA1 [6], less information is available in the literature concerning ternary

effects on high temperature deformation behavior. Since the material under

study was made by powder metallurgy techniques, specifically the REP

process using a tungsten electrode to maintain an am on the spinning ingot,
it seemed appropriate to delineate the potential effects of W ternary

additions on TIAI. Although W has not been found in large quantities in
previous alloys in bulk chemistry [3; 4], unintentional inclusions of W could
cm.Isethe local chemistry to approach SCvcrd atomic percent. Some data on

[he mechanical propmies of TiAl+W, in a microstructural condition

approaching equilibrium. have already been discussed [7; 8]. This paper will

present data on the same alloy, nominally Ti- 49 at% Al- 2 at% W, except

that the majority of the ternary W addition has been held in solid solution
instead of heterogeneously precipitated on intcrna.1 SUrfaCcs. 9oth uniaxial

tensile data and tensile creep properties have been determined from room

temperature to 900°C.

3.0 EXPERIMENTAL PROCEDUFLE

“1’heprcalloyed ingots were cast into iron pi~ to become iI suitable form

for crmversion m powder by Nuclear Metals, Inc. using the REP process.

The chemical composition of the resulting powder is listed in Table I.

Following a sieve 10 -35 mesh, lhc powders were ssaled in Ti-(fAl-4V

extrusion cans. cvacumed and exwuded. Extrusion crmdi~icns were varied in
order [o explore the limits of formability and [heir effects on the dynamically

Table 1. Chemical composition of the TiA1 + W alloy (wt%).

~~~ 1A Q ~ Q& ~~

bill 32,3 V,77 (),12 ().()4!) ().049 ().()f# ().()] 2 ().002 ().()14

rcc~s~idlizd griiin size :md rcsuhing proptxtics :)f the product. “171chilhx
prchc:it icmpcraturc v;lricd from 14(X)”C to 1260”C willl the cxrmsion rmio

king cilhcr M: 1 or 40:1. IIIC cxmdcd r(xl Wiis rmchincd into kmsilc
sptmmcns [(1 Ihc configurulion dcwritxd CISCWtlCrC[4] llsing low sms$

grinding Nxhniqucs. “IIIcsilmc sl~ccinwn geometry ‘~{ls used for tmlh WrISIIC
d mwp [csling.



All testing was conductrd in air in a three zone clamshell furnace wh~

[temperature gradients were limited to *1 ‘C over the gage length. Tempera-

ture stability (*1 ‘C of setpoint) was attained in the fumacc for at least 30

minutes prior to beginning the test in order to ensure temperature uniformity.

Tensile testing was conducted on a screw-driven Instron at an initial strain

rate of 3X 10A see-i. Specimen extension was measured by an LVDT

(outside of the fiunace hot zone during elevated temperature tests) calibrated
so that small plastic extensions (e 1% plastic elongation) could be measured

accurately. The elongations reprmd are the uniform plastic elongation
measured either to the ultimate stress or to the fracture stress whichever

occurred fret. The yield stress reported uses the 0.2% plastic offset criteria
while the lhcture stress reported is a true stress using the final diameter

measured after fmcture. Creep testing was conducted on a constant load

type frame employing automatic load arm ;eveling and continuous

monitoring of strain with a single LVDT’ outside the furnace.

4.0 RESULTS

4.1 ~

The small diameter product {S1.25 cm diameter) was air cooled following

[he high tem~rmure extrusion. This processing schedule resulted in a fine

recryslallizexl grain size. Figure 1 shows the optical and transmission

clecuon microscopy (TEM) of the ternary TiAl containing W following

extmsion at 1400°C and 26:1 reduction. The primary elements of the
microstmcture are the equiaxed TiAl (y) grains coexisting with the colonies

of Iamellae comprised of Ti3Al (~), y, and twin relaied y [3; 4]. Energy

dispemive x-ray analysis in the TEM idemified W rich precipimtes which
were located primarily in the equiaxed y grains. Comparison of this

microstructure with the near equilibrium heat treated condition previously
discussed [7: 81clearly illustrates that they phase, in the ‘as-extruded’ condi-

[ion, is supersaturated in W,

Altering [he extrusion conditions resulted in refinement of [he

dynamically recrysmllized grain size without chanJ;ing [he fundamental!

constitucms of the microstructure. observation at hi~lhw magnifications did
not show my differences, i.e. [he W was primti]y in solid solution
f~)llowing aIl extiisi[m conditions.

Table II summarizes the nmsilc Icst results ni mmcrinl cxtndcd fmm

I I(N)CC with a rcdution ratio of 26:1. AI Icust IW(Jspecimcrrs wmc tested ilf
ctich ~cmpertuure. While [hc ductilities measured were nlwuys m~xl~st. [he

lcrnilry illloy ilVCrillJCd().7% unllkxrn plilslic clongilliorr ill rmml Icmpcrtilurc.
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Figure 1. Optical and TEM bright field microstructure:
extrusion at 14W°C -26: i reduction.

Tuble II. Tensile c.hmfor TiAl+W; extruded tit 1400°C with a reduction
of 26: I; mwd ‘as-extruded’; average of mu!tiple tests.
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reduction) may result in a lower ductility, at both room temperature and
700”C, at ieast compared to the extrusion prwessed at 1340”C with 40:1 re-
duction in area.

Table lIL Tensile data for TIAI+W as a function of extrusion m.rameters:
tested ‘as-extruded”; itveraee of multiple tests. “

Extrusion
o

1340-40:1

1315-40:1

1260-40:1

1260-26:1

Temp.

Ccl
25

700
25

700

700

25

700

Yield

718

564

740

583

680
.

649

Fracture

864

902

813

866

868

856

821

827

RA

m
1.6

7.7

0.7

7.6

1.1

6.5

0.2

4.2

Elong,

m
1.0

4.2

0.s

5.3

0.1

3.8

3.0

#of Tests

2

2

2

2

2

3

2

Table IV summarizes the constant load creep results. The specimens
were tested following air cooling from the extrusion conditions. Only two
of the exuusion conditions discussed above were tested in creep. A limited
number of specimens were available for the fhter grained (lower extrusion
temperature) materiitl, Inspection of the similar creep conditions shows that
the fine grain sized material had identical creep properties at 700”C [o the
material extruded a[ higher tcmpermure but became progressively inferior iI;
increasing tcmpcmfures, Compuison shm.dd be made between the
H50’C/173 MPit creep test results where the time to 1% strain is shorter for
the fine grain size material (29.5 versus 96 hours) although it exhibited o
lower minimum strain rate (3X104 versus liX104 hr-l). Since the
continuously rnemurcd strain-time cumes fcr this alloy showed conventi,onai
primary and sccondnry creep stages, this anomaly can be explained by
noting that the strain which occurred in the primary stuge of creep for the
fine gmined mwend was greater than [hat observed in the coarser gmincd
extrusion.

Convcntimml power law iinitlysis d’ the second s[a~c creep rate of this
:dloy in the large ~’,rainedcondition is pf)ssiblc even with the Iimitcd d:lta in
Table 1V [~)].III dlis iippro~~h, IhC minimum struin r;ltc is used to dc[crminc
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Table IV.

Creep data for TiAl+W as a function of extrusion parameters; tested in
the ‘as-extruded’ condi[ion.

F,xuusion Temp.
fOQ

1400-26:1 700

700

750

760

850

900

750

800

850

1340-40:1 700

850

900

Cftiud

(MPd

345

414

173

276

173

104

345
61

La

414

173

104

11%

.

273

.

~~

96

145
**

**

**

287

29.5

38

Emti
~-l)

1.5X1O-5

2.5X1O-5

2.6X10-6

2.8X10-5

7.9X104

4.7XI0-5

9.OX1O-5

4.7XI04

2.5X10-3

2.7X10-5

2.9X 10A

2.4X104

Life*

(loo)

(311)

(527)

(288)

( 149)
**

**

**

(330)

154

(42)

Elong.*

m

(0.16)

(1.1)

(0.6)

(1.1)

9.4

(1.0)
**

**

**

(1.2)

13.7

(1.1)

* Most lCSLSwere WCR imcruptcd prior to failure. The UITIC md slmin w
intcruption are shown in pmam.hcscs.

** Onc spccinicn held al consmm sums with lhc lcmpmlum succssivcly
incrcmcd in r)rdcr10dcLcrrnincthe acLivalionenergy.

the stress expokient, n, and ~hcactivation energy, Q, using lhc relation;

&= A d CXp (-Q/RT) (1)

Assuming that the step-wise increase in temperature at constant stress

resulted in [he [rue value of the minimum strain rite, the activation energy
con be determined us shown in Figure 2. The vulue found. 400 KJ/mol~. is
slightly grcmcr than Ihe activation crrergy Ior the same ulloy in the heat

Lremed condition [HI. [)cterrnir]aLion ol- the stress exponent is hurnpercd by

the limited data ill Ihot only puirs 01 Icsts were conducted ;II crmst:lnt
tcmpcrtiturc and diffcrcn[ stresses. Irl the tc~lpCril[urc r:mge studied, 700 [f)
H500C.[he es~immcd V:IIUCof the stress exponent is in the rnrrge o!”4 I(}5, as
nmcd t’or this ;Illoy in the equilitmiurn condition [H],
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Figure 2. Creep activation energy for TiAl + ~’ ‘as-extruded’.

5.0 DISCUSSION

Comparison of the yield and fracture stmtgths of the TiAl+W with Ihe
single phase y repcmed earlier [3;4], indicates that the W modified alloy has a
higher yield strength. This may be due to either the modest microsrructural
refinement associated wi~h W additions or the efrkcts of solid solution W in
the TiAl marnx. Microsm!ctural refinement is unlikely to be the sole source
of this strengthening. lle impact of solid solution strengthening on flow
su-ess at elevated temperatures ISnot usually considered [o be large [10]. The
major factor in [he current case is the ordered nature of the marnx which
may alter the importance of both microstructural scale and solid solution ef-
fects; limited fundamental work has been done on the itdditivity of these
strengthening mechanisms in interrnetallic compounds [10; II].

Tile ductility of [he TiAl+W alloy does not show the marked ductile-
brittle transition obsemed in the binary TiAl studied previously 1~1. his
again may be due to [he effect of the marnx being smumted in W which
could be inhibiting eleva:ed temperature dislocation motion, This observa-

tion is consistent with [he implication of solid solution strengthening by W
in the TiAl lattice being signitictint, even m relatively high tempermures.

3,2 OeeD Defommtion

The activation energy for this alloy, in the crmdi[ion where the y is supcr-

s:uuralcd in W, is only slighlly higher than that noled for the heat treated

condition where the W hiis prccipimted on intemid surfaces IX]. In addition.
[he stress exponent (as determined by the minimum of only two Mti poin:s)



. . .

is in the same range as noted in the previous study [8]. Since the min~mum
strain rates and t~%values were significantly lower for the supersaturated
condition, analysis using equation (1) to determine ‘n’ and ‘Q’ and therefore
explain the increased creep resismnce is unsatisfactory. The only parameter
that is left in equation ( 1) to explain the difference in the conditions is the
pre-exponential factor ‘A’. It is possible that solid solution strengthening
could have a linear impact on the strain rate without affecting the stress or
temperature sensitivity. Ex:ensive TEM examination of specimens follow-
ing creep failed to show precipitation of W rich particles on dislocations.
Precipitation on dislocations is usually evident in the dislocation strain field
M a ‘wavy’ line [I?; 13]. Figure 3 shows a typical y grain having both ordi-
nary and superdislocations following creep deformation and such contrast is
not observed. Therefore, dynamic strain aging cannot be used to explain the
strengthening observed in this alloy leaving solid solution strengthening m
the only remaining mechanism to rationalize the creep resistance.

Figure 3. TEM bright field micrograph following creep at

700°C -345 MPiI.

6.() CONCLUSlONS

From ~hcseresults, wc can conclude

1. Microstructural rcfincmcnt through

the following:

thm-rnal-mcchtinical process mmlipu-

I:ltion can incrcnse (!lc tensile slrcngths up m 700”C.”

2. ‘1’hcaddition of W to TiAl can ICM! 10 solid solution strcng Iling, m cv -

i(lcnccd by both mnsilc and creep pmpcrtics m !)(N)nC, ~[)mpilr~(l U) ii siln-

ililr binaty :Ilhy.
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3. The precipitation kinetics for formation of the W-rich precipitates is slow
enou rghthat long time exposure during creep deformation does not cause
nucleation and growth of the equilibrium pha~, even on heterogeneous

sites such as dislocations.
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