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-STRUCTURE AND ELEVATED TEMPERATURE PROPERTIES OF
CARBON—FREE FERRITIC ALLOYS STRENGTHENED BY A LAVES PHASE

M. Dilip Bhandarkar, M. Shanthidas Bhat, Victor F. Zackay.and Earl R. Parker

ABSTRACT

A Lavesphaée, FézTa,was utilized to obtain.gdqd elevated’tempéréture
properties in a carbon-free iron alloy cohtgining 1 at. pct»TaTand 7 at.
pct Cr. Room temperature embrittlement resultinngfom theﬂpréCipitatién
éf the Laves fﬁasevat‘grain boundaries was overcome by'spheroidTZing:the .
pfe¢ipitate. This was accomplished by therﬁally cyciing the allo&s thrOugh-
the o % Y transformation. The short-time yield strength Qf the alléys'v
'decreased very slowly with,increase in test temperétpre up to 600°C, but:-'
above ;his_temperatu;é;';hé stfength degfeased rapidly. ”Resﬁlts of |
coﬁstaﬁt 1o§dcheep gnd strgss ruﬁtUrg tests conductéd gt se&eralktéﬁper-
afures and streéses indicated that the rupture andicreep,strengths of
spheroidized 1Ta—7Cr alloy were higher than those Sf several commerciél~.
steels containiﬁg chrémium and/or molybdenum cafbides but lower than -
those of}steels‘containing substantial aﬁounts-of tungStgn and vanadium.’
When molybdenum Qas added to tﬁe‘base Fe-Ta-Cr alioy;.the tupture and |

'creép stfengths were considerably increased.
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INTRODUCTIGN
Most.;bmmercially available creep resistant méﬁerials.deriVe their

strength from a uniform dispefsién of a éecond’phasé'which hindefé the
movement of dislocations. In creep resistant féfritic'stégls, the dis-
persion almqst inﬁafiably consists of one or ﬁoré types of carbidés;
whereas in high hickel_content superalhnm,vavlarge'yoiume fraction of
'ﬁhe intermetallic.cdmpouhd Ni3(A1,Ii) is involved. |

: Thé composition, morphology, and crystal strugtﬁre of carbides tend
 to change slowly at elevated temperatures, and this often resulfé in an -
‘increase in cfeep rate. One example of this is found in the case of |
0.1C-1Cr-0;5M6'steel; The commonly used heat treatment for this'stéei”
results. in a}dispersion of'M3C type carbide. On 1ong,time éprsure ap

_an.elevated temperature, the carbides M7C3 ané MbZC graddally form, and
 eventua11y M6C appearé. These changes are accompénied-by decrease in .
creep resistance(l).'  |
Another problemithat is_frequéntly encbuntered;in elevatedvtempera-
- ture steels arises from their need for oxidation reéistance;
-Chromium additions are usuaily employed for this putpoéé. Ih steels, .
increasing chfomium‘additioﬁs'favor'the formation of ﬁ7C3 and'Mé3C6.tyP§
carbides(2). Neither of these carbides impérts appfeciable strengthening
- at elevated tempgraturés(Z-é). Colbeck and Rait(Z)'fpﬁnd a continubusv:
- decrease in the creep strength of chromium-vanadium Steéls as the chrom-
ium.content was increased from 1 to 8 pct. On the.other hand,'worthwﬁile

improvements in oxidation resistance at 600°C are not obtained in ferritic

" steels until about 7 pct chromium is present(3,4).  Sﬁch alloys,
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therefore, haue inherently low creep strength due tojthe presence of the
carbide M7C3 | It seems desirable to eliminate carbides as the strength-
ening agent in creep resistant steels and to devise alternative means of
: enhancing'elevated temperature creep strength. The use of stable inter-
metallic compounds is an obvious possibility. Several are knonn to
provide significant'strengthening when dispersed’in.iron(S).

Using intermetallic compounds rather than carbides for enhancing
elevated temperature strength is a concept thatbis-decades old, but -
progress towards its realization has been slow. A major deterrent has
been the tendency of such compounds to precipitate at grain boundaries
which leads to severe room temperature embrittlement. .The effects of
Vintermetallic compounds such as the sigma phase have been reported by
Decker and Floreen(S), Decker(6), and Mihalisin et al(7) : There is
_general agreement that the presence of the sigma phase lowers hotthupture
strength and'room‘temperature ductility. Decker(é) alSo summarized the.
status of knowledge about the effects of the Laves phase in superalloysl
He concluded that in general, when the Laves phase.is present in
significant amounts it ".....can degrade room temperature ductility
with little effect on creep properties A similar conclu31on_has beenv
reached about the effect of the Laves phase in ferritic alloys(8).

One objective of the present investigation wasito obtain good'roomv
temperature'ductility and elevated temperature creep strength in iron—

.- base alloys strengthened by a Laves phase. fe-Ta-Cr andvFe—Ta—Cr—Mo

alloys were used in the present investigation. The o -+ Yy and y > §

|
i
1
i
i
{
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transformations.andvmicrostructures'were étudied; _Short—fime tensile as
well as cfeep and-stress fupture testSIQere conduéted’on the alloys. The
microstructures were varied by-contrblling'the héat treating procedure.
Theuwchanical_propértiés were compared with published_vaIUes of‘severai

commercially available steels.’

EXPERIMENTAL PROCEDURE
" High purity materialé were used for making the:alloys. Heats»bf'_

approximately 20 1bs~(9‘Kg) were induétion meltéd:ihfan argon a£mosphere;
cast "in heavy copper molds, and'subsequenply ahnealed in vacuum for thfeé 
days at 1100f¢.‘-The nominal compositioné of the alioyé and designatioﬁs
are listed in fable I.  The ingots were forged af 1100°C'into 9/16 in.
 &14'mm)'thiék_plétesvfor creép spééimen blanks."Eor,tensiie speCimeﬁ'
'blaﬁks, the pla;es were further reduced'by:roiling'at 1000°C to a thickness
of 7/32 in. (5.6 mm). The heat treatments used and thei:'designatipns

ére listediin.Table IT.

_ Tensile tests were performed in.argon at temﬁeiatures‘ranging from
22° to 700°C'using pin loaded sheet specimens. of ; in. (25.4 @ﬁ) gage .
‘length and a thiékness of 0.2 in.‘(S.lvmm){'yThe s;fain rate was 0.04 per

: min. Yield strengthé wefe obtaihed by thg'O.éppt dffset'method. 1Consféht
load creep and.stféss futhre ;ests were carried out on Cyliﬂdrical"
spgciﬁen$ with';/2 in. (12;7 mm) diémé;er threaded ends and a gagé section‘
diameter of 0}é5 in. (6.4 mm). A éonventional exteﬁSométer fitted &ithu.
diél gages’was u$éd for measuremeﬁt of extension. | |

Metallographié and x-ray specimens were prepared by conventional



means. Thin foils and carbon replicas extracted from meta110graphieally

polished and etched specimens were used for transmission electron microscopy. -

Fracture surfaces were examined in a scanning electron microscope.

ALLOY SELECTION AND TREATMEN?S( |
The Fe—Ta,Systeﬁ |
An examihation of the iron-rich portion of the FeeTa bihary.phaeer
diagram (9) indicates that three solid solutionsfef tantalum in iron exist
in different temperature ranges,  the ‘low temperaturethC o phase; the”
intermediate temperature fcc Y phase, and the‘high temperature bcc )
phase. The maximum solid solubility of tantalum in iron occurs in the &
phase field and is 2.8 at. pct at 1440(+2)°C. The §-phase decompoeee :
eutect01dally at 1239(*+3)°C by the reaction, | _ |
6(1 1 at. pct: Ta) > v(0.5 at. pct Ta) + Fe_Ta

2

.The Y phase;reacts peritectoidally with Fe, Ta at 972(#3)°C by the reaction,

2
v(0.3 at. pct Ta) +'FeéTa +'oKO;6.at} pct Ta)

The soiubility of tantalum in ¢ iron decreases with a decrease in
temperature‘fram 972°C bht the shape of the solvhs curve has not heeh |
established. 'The‘compound FeZTa is a LaVes_phase hithla melting point of

1775°C(10,11). It has been suggested that the'Fe—Ta:Laves phase may be

stable over a range of compositions somewhat similar to the Laves phase’

in the Fe-Nb system(12-15). - - . - . L CoT

Precipitation of the Laves Phase
The results of extensive investigations of the precipitation’of the
‘Laves phase in Fe-Tavalloys with tantalum contents ranging from 0.5 to

2.5 at. pct were reported by Jones and associates(l&,lS). Their alloys




were solution'tfeated at 1400°C for one hour and wétéf quenched prior to
aging at 600°C;;700°C and 860°C.' An almost continuousvgrain boundafy
network of précipitate ﬁas'present in the solution treated‘céndition;
Précipitationioccurred in the grains during ég1ng; -The aged allo&s were
extremely brittle because of the‘largé grain size and the grain.bduﬁdary .
precipitateinetﬁork(lS, 16) .
Enhancemént of Ductility

It was found in an ¢arlier investigation(16) thét,the Laves phase
could be spheréidized by.heat treating the alloys iﬁ'£he (y +’Fe2Ta)
phase field (this heat treatment is referred to as the‘spherpidizing treat-
ment) . When'thé alloys were cooled to 'room tgmperaﬁure,.the resultiﬁg »
micrdstructuré cansisggd of a;uniform di#pefs;onvof:almost spherica1.
particiés'of FeZTq in_a m§trix of the o solid solu;iop.':The rpom.temperaef
_ture elongaﬁiOn'of Fe-Ta alloys increased from négr zero in the aged |
condiﬁio;'to‘22—30 pct.aftér spheroidiging. :A rooﬁ témperéture yéiid
strength of 40;800 psi (281 MN/mz) was observed for_tﬁe Fé—l at. pct Ta/v
alloy spheroidiéed‘for 10 min at 1100°C following.éging for one hour at
700°C. Elevaﬁed temperature tensile tests indicated that a largevfractioﬂ
of the room temperafure‘&eild sﬁrength &as rétained u§ tb.a festuteméeraturé'

~of about 60060; _Above this temperature, the yield strength dropped rapidiy(lé).

Fe-Ta-Cf and Fe-Ta-Cr-Mo Alloys
Two major limitations of Fe-Ta alloys were: 1) »the.high phése'
transformation temperatures that necessitated high temperature'heat.

treatments, and 2) inadequate oxidation resistance at. creep temperature



(at 700°C in air, the weight gain of the Fe~1Ta élloy was about 30 pct
of that of pure iron(17)). The effect of chrominum additiqns was explored
next. Chroﬁigm additions ;o»iron (below 7 pct)’lo&er'Both the &>y and Y+a
phase transformations(18). The oxidatien of Fe-Crvalloye at 1000°C
decreases sigﬁificantly with chromium additioﬁs of.up to abouﬁvf'pct and
thenvremaiﬁs approximately constant up‘fov12_pc; Cr(19).

The factors discussed above led to the develoﬁmen; of ternary
Fe-Ta-Cr alloys Ta5Cr (Fe, 1 at. pct Ta, 5 at. pee'Cr) and Ta7Crr(Fe,
1 at. pct Ta, 7 at. pct Cr). In both a;loys, the.tantalﬁm content was
limifed to 1 et. pct because higher and lower tenteium conﬁents would
raise the temperatures needed to a;taiﬁ.single_phaee;Sduriné.the solu;ion
heat treatment. The chromium aﬁditiéﬁs served»tﬁe intended bufposesf To‘
obtaih furtherﬁhmprovements in creep properties, tﬁe Feffa-Cr alloys were.
modified by the eddition of 0.5 et. pct molybdenum‘whichbis well known to

be an effective high temperatufe strengthener.

RESULTS AND DISCUSSION

Phase Transformations and.Micrestruetures
' of Fe-Ta-Cr Alloys

The tempefature to attain single phase § was leﬁered by 60°C with .
additien of 5 at. pct Cr to the Fe-1 at. éct’Ta alloy,:and.by.§0°c with
.addition of 7-at; pct Cr. A more detailed study ofvtﬁe‘effec; of chfoﬁium
additions is discussed elsewhere(20). One hour solution treatments at
1320°C were employed for both Ta5Cr and Ta7Cr alioys. " The speeimens were
quenched in 70°C'water. The microstructures were characterized by large'

“ grains (approximately 1 mm in average diameter) and»an almost continuous




grain boundary film of prééipitaté. When the allbys were aged at an elevated
temperature (e.g. 700°C), precipitation ocCﬁrred within the grains, but there
was no noticeéble change in the grain bOuﬂdary network. The alloys ekhib&ted
hardness variations with aging time similér to thosé feported for fe—Ta(14);
The time at 700°C to attain peak hardness was 40 min for bdth.alloys Ta5Cr
‘and Ta7Cr. The mictostructure of the Ta7Cr alloy in the peak hardness.
condition is shown in Fig. 1. .

In Fig. 2 is shownvthe transmission electron micfograph of a éarbon’
extfactibn replica ffom a peak aged specimen of aildy'Ta7Cf._ The precip- -
itate particles were mostly angular and rod.shaped{” Transmission éléctron
miCroscopy'bf thin foils of alloy Ta7CrMo showed fhat the precipitate fir$t
formed coherently, then lost its'coherencf By the_fdrmAtiqn of <{100) type
dislocatignﬂlqops, whiéh'in turﬁ acted as sités for pféferred nucleation :
and growth of_précipitates during subsequent'aging(Zl). An additional
result was thg observation of a relatively low density of mobile diélocations
in'aged'alloyé; |

In diséussions that follow, the precipitate in the élioys of thg
current investigétion ié referred tb as the Laveé éhaSe, FézTa, although',
x—fay diffractometer studies made on specimens of alléy Ta7Cr, aged for
40 h at 700°C, indicated that the interplanaf spacings of the
precipifate were very pearly'those repofted for FejTaé.

When thgvéged alloys were heated‘lo min at 1190°¢, the matrix .
transformed to‘the fcq solid solution Y , and both the gfain boundary
precipitate and the precipifate within the grains spheroidized. Opticél
micrographs of alloy Ta7Cr cooled from thebsphefoidiéing treatment revealed

irregular grain boundaries.



Transmission electron microscopy of thinvfoilé ﬁf'the spheroidized .
alloy, indiéatéd a lath-like structure within the grains(22). Both the
irregular grain structure and the lath-like structure wefe similar to those
observed in several low carbon and non—carbon-confaining iron-base alloys
which undergo é massive transformation from éusténité'to'férrite(23,24){

The substructdre within the laths was characterized gy a high déﬁsity.sf
dislocation tangies and sﬁbgrains. Akuniforﬁ distribution df'LaQés_pﬁase_
particles of diameters 0.03-0.3 um was observed in the spheroidizedrallqy,,
as illustrated in Fig. 3 by thektransmission eleCt?on ﬁicrog;éph of a carbon
replica. | :

Shoft—Time'Tenéile Properties of Fe-Ta-Cr Alloys

The short-time yeild strength of alloy Ta7Cr is plotted in Figﬁ 4 és
a function«of’téét fempérature for both the aged (Héat Tréétmept.T—O) énd\'
?he spheroidizédv(Heat Treatment T-1) conditions. ‘Theiyield sfrength
decreased as the test temperature increased. Decrease in strength wés
vgrédual up to a test temperétﬁre of about 600?C;'at fhis-température'the
yield strengthkof.the aged alloy was about 70.pct'of the rodm.teﬁperaturei
Vvalue.‘ When_thertest temperéture was raised fqrthéf, ;he-yield'strength
decreased‘more.fapidly.. The higher strength levelslﬁf;thefspherbidized
ailoy werevatpributed mainly tovits highef dislocation deﬁsity. A réfiné—
ment of the grain size (from about 1. mm in the aged cbndition fovabout 200 um
in fhe spheroidized condition) due to the oy-+a phase-éhange cycle that
accompanied the spheréidizing treatment was also a possible factor cbnﬁributing
to the higher strength.

vscanning“electron fractographs of tensile speciméns of tﬁeballqy‘

Ta7Cr, aged at 700°C for 40 min, tested at various températures are




shown in Fig. 5. The fracture surface of thé speCimén tested at 22°C
(Fig..S(a)) was characterized by flat areas,vstep$; éﬁd river markings.

. which are typigalicléavage features. Ffactufe Qés a§parént1y initiated

at the grain bdundary precipitate enVelope and ptépagatéd in‘a'transgranular
© manner. Fracture surfaces of specimens testéd at‘200°C (Fig.vS(b)),

400°C (Fig; 5(c)), andv606°C (Fig: 5(d)) indidatedfincreasinély dﬁctile
.behavior, and fréctufe was chafacteriéed by cleaQagé%_duasi—cleavage, v

- and.ductilé téaring at ZOOAC;'quasi—cleavage, ddétile.tearing, and dimpled
‘rupture at 400°C, and predoﬁinantly dimpléd rupture‘ét 600°C. A 1arge
pbrtion of the dimpled rupture observed at 600°C Qaé initiated.ﬁy void
formation ét_précipitéte-mafrix interfaces (Fig. S(d)j. Figufevs(d)

‘also shows dimples formed by extensive dpctile teafing. VOid’fofmatioﬁ
 and dﬁctile'tearing resulted.iﬁ'é fracture éﬁpearanéé charécterizédvby
wide range'of dimp1e sizes.'

TheSSCanning éléctréh.ffactograph 6f'the tensile'spedimen of alloy
Ta7Cr spheroidized at 1100°C for 10 min (Heat Treafméﬁt'T—l),iaﬁd.téstedv
at 22°C exhibited dimpled rupture,‘Fig,’6. Dimple formatiﬁn was almost.
entireiy initiaﬁed By void formation at precipitate—métrix interfaces.
Typically there;were.largekdimples of sizes rangiﬁg:from 10 to'25'uﬁ’
separatea by .areas with smaller dimples of sizes 1 Um or less. Precipi- .
tate particles és lﬁrge as 4 ym were oﬁserVed in fhé lérger dimples. |
_Similar large ?articles Qere also obserﬁed-on'fracture;surfaces of créep'
specimens. Voiﬂ formation.was initiated apparently‘at these large
precipitateipatticles, éndvplastic flow resulted in»fhe growth of .the voids

to a stage when final fracture resulted by failure of the areas bet&een
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the large voids. The room temperature fractnre elongatibn increased fron
13 pet to 20 pct as a result of the spheroidizing treatment. ‘The increase
in room temperature fracture elongation and the'change in fracture morphology
from brittle-in the aged alloy to ductile in the spheroidized alloy.were
attributed to.the change in precipitate norphology:and-distrihution |
- resulting from the spherOidizingitreatment. |
Variations in spheroidizing treatment, involving eoid working and

repeated thermal'cycling,"resﬁlted'in microstructural ehanges, but did
not significantly affect elevated temperature.yieldrstrength of alloy
Ta7Cr. 1In Fig. 7 the short-time yield strength is pietted>VS test
temperature for the heat treatments T-1, T—2 ‘T-3, T—4 and T-5 descrlbed
in Table II. - The y1eld strength data for T-1, - 2, T-3 and T—4 were within
a narrow band which decreased in width for increasing test temperature |
above 500° C. Cold working the spheroidized alloy.at room temperature to
an20 pct reduction in thickness (Heat Treatment T—5)i1ed»tp'a 4Q;pct_e
increase in rpomrtemperature yield Strength, but,the’high-dislocatienh
density resulting from the cold werk was less effettive in enhaneing
elevated temperature yield strength. At 700°C the_aged alloyiand the
allny with spherpidizing treatments.T—l, T-2, T-3, T—Q:and T-5 exhibited
the sane yield'strength although their microstructures were considerably
different. As indicated later and discussed elsewhere(Zl),_creep and

stress rupture properties were strongly influenced by_microstructure.

Stress Rupture Properties of Alloys Ta7Cr -and Ta7CrMo
Constant load stress rupture tests were conducted at temperatures

from 900°F (483°C) to 1200°F (649°C) on'spheroidized.alloys Ta7Cr (Heat
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Treatment T—l) and Ta7CrMo (heat Treatments T-2A and T?6); Plots of
stress vs ruoture time at 1000°F (538°C) are shown invFig; 8 for alloy
Ta7Cr and several‘commeroial ferritic'steels(ZS) f It was observed that
at 1000°F (538°C) the rupture strength of alloy Ta7Cr was lower than those
of 0. 3C—10r—lMo—O 25V steel, type 422 stainless steel and Greek Ascoloy,
but was higher than those of 0.15C- 9Cr-1Mo steel 0 lSC 7Cr-0.5Mo. steel,
and types 403 and 410 stainless steels. Comparison with results reported
in'the literature for several ferritic'alloys‘revealed.that'in general; .
the rupture strength of alloy Ta7Cr was higher'than those of steels
with chromium contents between 5 and 12 pct and containing.dispersions
of chromium and molybdenum carbides. Rupture strength of.steels containing
significant volume fraCtions of carbides of elements such asvvanadium
and tnngsten was much higher'than that of alloy Ta7Cr. |

Examination of structural features of speéimens of alloy Ta7Cr
‘before and after creep testing‘indicated that partial,reoovery of dislocation
substruoture occurred in'the alloy. It was of interestito examine if
further alloying'by solid solution strengthening wouldeenhance creepb
strength by retarding.recovery. Molybdenum was chosen as the alloying
element for this purpose,VSince it is well known(2643dl'that.molybdenum .
is-a very effective elevated temperature strengthener in ferrite

The addition of 0.5 at. pct Mo alloy Ta7Cr,‘1eading to the alloy
Ta7érMo, did not alter the_aging behav1or but did, however, cause a con-
siderable change.in the kinetics of the oy transformation. The.. oy
transformation ekhibited a unique time-temperature dependence‘which is'

- discussed in detail elsewhere(21). At the spheroidizing temperature of
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1100°C, a 10 min hold time was not sufficient fof completion‘of theia¥y
transformation. Two spheroidizing treatments, one involving a2h
hold at 1100°C and the.other; three repeated cyclésvbetween room tempera-
ture and 1100?C (with a 15 min hold at 1100°C during each cyéle), resultéd
in the completion of the o*Y phase transformation.' Xfray AiffraCtometer
'studiés revealed that the interplanar spacings df:the Laves phase pfécip—
itate that formed in alloy Ta7CrMo were approximate1y the'same_as those
of the Laves éhase in alloy Ta7Cr.
The elévafed temperature short-time yield stféngfhsvof alloy TéfCrMo;

for the spheroidizing heat treatmenté of 2 h at llOOfC;‘and three 15
miq cycles Betweén 1100°C and room.temperature (Hgat.Treétmenté T-6 and
T-2A respectiveiy in Taﬁle IIj wére only slightly highef thaﬁ'that'of
alioy Ta7Cr.. Howeﬁer, the creep and rupture stfengths of alléy Ta7CrMo
were considerably greater than those of alloy Ta7Cr. |

' The plots-of stress vs rupture time at 110b°F (5§3°C) are shown in
Fig. 9 for ailoy Ta7CrMo heat treated according to.pfocédures T-QAvand
T-6. Also shown in the figure are the results for élloy Ta?Cr (Heat
Treatment T-1) and the properties reported in theJliteréture(ZS) for
sevéral comméréial steels. The rﬁpture strength bf'aiioy Ta7CrMo_wés _‘-'
strongly influenced by the heat treating‘procedure,-as was evident from a
comparison of the plots of stress vs rupture tiﬁe for tHe Heat Treatments’
T-2A and T—6F Heat Treatment T-6 resulted in rupture Strengthsrvery
nearly equal to, and in fact slightly higher than,'the rupture strengths':

of Greek Ascoloy.
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Creep Rates of Alloys Ta7Cr‘and Ta7CrMo

Steadv'state creep rates were determined at several stresses and
temperature‘for alloys Ta7Cr (Heat Treatmenth—l)fand Ta7CrMo (Heat
Treatments T—ZA and T-6). The Ta7Cr alloy results at 1000°F (538°C) and
1100°F (593 C) are plotted agalnst stress on a log-log plot in Fig 10.
A stress sensitivity of steady state creep rate of 6. 5 was estimated from
the figure. A similar value has been reported by Amin and Dorn(3l)-for,al
- dispersion strengthened steel. | |
A measure'of creep strength is provided by thezstress required for a
' - creep rate of‘l X 10—4 pct/n. For alloy Ta7Cr (Heat:lreatment,Tfl), the.
values of the stress for a creep rate of 1 x 10—4?pct/h at‘lOOO°F.(53SQC)'
and 1100°F (593°C)-were determined from Fig..lO by extrapolation. " The
1000 F (538 C) value is compared in Table III with the values reported in
vthe literature for several commerc1ally available ferrltic steels(25 32).
It can be observed from Table III that the creep strength of allovaa7cr
| was higher tnan theicreep strength of O(30—1Cr—lﬁ640{25v,>0;15C-7Cr—0.5Mo;
and 0;15C—9Cr—lMo steels, and type57403 and 410 stainless steels, but
» lower than that of type 422 stainless steel. o |

The creep’strength of alloy Ta7CrMo was superior’to'that'of alloy
Ta7Cr. At llOO?F (593°C), a stress of 15,000 psi (103.4 MN/nz) was
needed to cause a creep rate of 1 x 10—4 pct/h in alloy Ta7cho heat
treatedvaccording to T-2A prior to testing. Thelresult is compared in
Table IV with the stress for 1 x 10—4 pet/h creep rate for'alloy Ta7Cr
:(Heat Treatment T-1) and several commercial ferritio.steels(25,32). It

was evident thatvamong the steels listed, only AISI type 422 stainless
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steel has a ﬁigher creep strength than alloy Ta7CrMo. - The‘Stress for a

creep rate'of 1 X 10"4 pct/h at 1100°F (593°C) for ;lloy Ta7CfMo was raised ;
to 26,000 psi k179.2 MN/mz) when the alloy was heat tfeated accérding to ) %
procedure T-6. A gomparison of this value with those in Table'IV‘sHows.-. o

that the value was higher than that reported for AISI type 422 staiﬁless

steel.

SUMMARY AND CONCLUSTONS - , ‘ ]
A Laves phase FezTa'was utilized to developkcarbon—free pregp |
_ resistént bec iron alloys containing 1 at. pct Ta ahd;7 at. pct Cr.
Precipitation of the Laves phase led to considerablelhardéning of'Fe-T;—
Cr and Fe—Ta—Cr;Mo alloys. The room temperature embrittlement resulting
from grain boﬁhdary precipitation was overcome by QSingvah allotropic
o>y phase transformation which resulted in spheroi&izatiqn of the precip-
itate. The étructure of a.spheroidized alloy Ta7Cr,_éontainiﬁg.l af. péf
Ta and 7 at. pct Cr, was characterized By a uniform distribution of almost - ’

spherical particles of the Fe-Ta Laves phase in a bce matrix with irregular

grain boundaries. Particle diameters of the precipitate ranged from 0.03 ‘ !
to 4um. Examiﬁation by transﬁission electrén micréscopy reyealed a
lath-like substructure consisting of subgrains ahd tangledvdislocation
networks. A high density.of unpinned dislocations was present. ,
Both the éged, and aged and spheroidized Fe—TaQCr éllo&s maintained _ ?
considerable fractions of their room temperature stfengths up to a test
 temperature of about 600°C. At temperatures higher‘than about 600°Cr
the strength decreased sharply. Variations in heat treating:prdcedure,

inyolving cold workihg before aging, and repeated cycling between room' |

.temperature and the spheroidizing temperature, did not cause signifibant
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changes ihﬁéhOtt-timeﬂtensile properties .of alloy Ta7Cr, particularly at
test temperatureé in the neighborhbod of 700°C. A substructure developed
by cold workiﬁé the spheroidized Ta7Er alloy‘waslhot effective in enhanc-
ing short—tiﬁeVYield'strength at tempérafures higher than about 700°C.

The rééults‘of constant load Créep and streSs-ruﬁfﬁre'tests;'con-
ducfed at several stresses-and'temperétures 6n sphefdidized ﬁlloy Ta7Cr,
indicated that, in general, the rupture strengthvof the alioy was highér
than that of ferritic steels containing 51to 12 pcﬁ'Cf and strengthened
‘by dispersions;of chromium and molybdenum carbides,'But lower thah“that
of ferritic stéé18~containing significant amounts of.vanadium and tung-
sten as solid solution strengtheners and carbide'fprmers._‘The steel-;>
b.3C-1Cr-1Mo-O;25V~had higher rupture strength 'bﬁtllower creep Strength
than alloy Té7Ct.“ - . |

Solid sqlﬁ;ion»alloying by addi;ion of 0.5 at.‘pét molybdenum to
alloy Ta7Cr resu1ted in-significaht éhanges in thg'd+7 transformafion
characte;istiés and considerable improyément in creep‘and rupture
strengths. fThé creep propertiés of alloera7CrMo;‘c¢ntaining 1 at. pct
Ta, 7 at. pct Cr, and-Q§5 at. pct Mo, were strongly infernced by micro-"'
structural changes caused by QafiatiOns in heat treating procedure.
Rupture strengths Higher than those of Greek Ascoloy and creep éﬁfengths
superior to thosé of type 422 stainless steeliﬁere 6btained at 1100°F

(593°C) for alloy‘Ta7CrMo.



-16-

ACKNOWLEDGMENT
This wo;k was performed under the auspices of the United States
Atomic Eﬁergy Commission through the Inorganic Materials Research. |
Division of the Lawrence Berkeley Laborétory étvthe Univeréiﬁy of }

California.




- 10.

11.

17—

REFERENCES

L. H. Toft and R. A. Marsden: Structural Pchesses in Creep, Iron
Steel Inst. Spec. Rep. No. 70, p. 276, The Iron and Steel Institute,

London, 1961.

E. W. Colbeck and J. R. Rait: Symposium on High Temperature Steels

and'Allgys for Gas Turbines,‘Iron Steel Inst. Rep. No. 43, p. 107,1952.

G. A, Mellor and S. M. Barker: J. Iron Steel Insﬁ.,'l960,'vol. 194

p. 464.° -

J. H. Woodhead and A. G. Quarrell: J. Iron Steel Inst., 1965, vol. .
203, p. 605.

R. F; Décker and S. Floreen: Precipitation ffdm Iron-Base Allbys,_

G. R}'Speich and J. B. Clark, eds., AIME Met._Socl Conf. vol. 28, .

p. 69, Gordon and Breach Séience Publishers, New York, 1965._

- R. F. Decker: Steel Strengthening Mechanisms, p. 147, Climax Molyb-

denum Co., Greenwich, Connecticut, 1969.

J.'R. Mihalisin, C. G. Bieber, and R. T. Grant: Trans. TMS-AIME,

1968, vol. 242, p. 2399.
M. G. Gemmill, H. Hughes, J. D. Murry, F. B. Pickering, and K. W.

Andrews: J. Iron Steel Inst., 1956, vol. 184;:p;'122.

A. K. Sinha and W. Hume-Rothery: J. Iron Steel Inst., 1967, vol.

205, p. 671.

H. J. Wallbaum: Z. Krist., 1941, vol. 103, p. 391.

‘M. Hansen: Constitution of Binarz,Alloxs,'an_ed}, p. 720, McGraw-Hill

Book Co., Ihc., New York, 1958.



12,

13.

14.

15.

16.

17.

18.

19.
20.
21.

22.

~18-

" R. P. Elliott: Constitution of Binary Alloye; First Supplement,_p;

255, McGraw-Hill Book Co., Inc., New York, 1965.

L. Brewer: High Strength Materials, V. F. Zackay, ed., p.'iz,;_.
John Wiley and Sons, Inc., New York, 1965. | | | |

R. H. ‘Jonesf Ph. D. Thesis, LBL- 179 University of Callfornia,
Berkeley, California; October '1971.

R. H. Jones, v. F. Zackay,and E. R. Parker:‘:ﬁer. Trans., 1972,

vol. 3, p. 2835

R. H. Jones, E. R. Parker, and V. F. Zackay:"EIeCtrdn Microscopy and

Structure of Materials, G. Thomas and R. M. Fulrath, eds., p. 829,

University of California, Berkeley, Californié, 1972.
A. Baghdasarian: University of”California,-Berkeley, Celifornia,
unpublished research, 1971.

M..Hénsen: Constitution of Binary All;ys, 2nd. ed., pP. 525

McGraw—Hill Book Co., Inc.,_New York, 1958.

Welding Handbook Section 4, p. 643, A. L. Phillips ed., 5th ed.

American Welding Soc1ety, New York, New York 1966

S. Jin: M. S. The51s, LBLf443, Univer51ty of California; Berkeley,

California, December 1971.

M. S. Bha;: ‘M. S. Thesis, LBL-2277, University of California,

Berkeley, California, April 1974.

M. D. Bhandarkar: D. Eng. Thesis, LBL-1858, University of California,

Berkeley, California, September 1973.




23.

24,

25.
26.
.2?.
28.

29.

30.

31,

32,

o =19- - \ o

- J. B. Massalski' Phase Transformations, pP. 433 Amerlcan Soc1ety for

Metals, Metals Park, Ohio, 1970.

V. K. Lindroos and K. 0. Vilpponen: fElectron Microscopy and Structure

of Materials, G. Thomas and R. M. Fulrath eds., p. 732,.University

of California, Berkeley, California, 1972

MetaIS"Handbook, vol. 1, American Soeiety for Metals, Metals Park,

Ohio, 1968.

- C. R.‘Anstin, C;*R.'St;'John,and R. W. Lindsayﬁ' Trans. AIME, 1945,

vol. 162, p. 84.

S. F. Reiter and W. R. Hibbard, Jr.: Trams. AIME, 1955, vol. 203,

P. 655.

A.‘E.,Powegs: Trans. AIME, 1956, vol. 206, p.?l373;

E. R. Parker: .Proc. ASTM, 1960, vol. 60, p. 1.

B._B._Argent,‘M.vN. van Niekerk,and G. A. Redfern: J. Iron Steel

Inst. B l970 vol. 208, p. 830.

K. E. Amin and J. E. Dorn: Acta Met., 1969 _vol 17, p. 1429.

~ F. J. Clauss: Engineers Guide to High Temperature»Materlals,

Addison and_Wesley Publishinngo,, Inc., Reading,'Massaohusetts, l97l.




-20-

Table I. Compositions and Designations of Alloys

Alloy Composifions, At, pct‘
Designation T
Ta Cr | Mo " Fe
Ta5Cr 1 5 - | Bal
Ta?Cr l.v 7 o Bal
Ta7CrMo 1 7 0.5 | ‘Bal
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TABLE II. Heat Treatments and Desighations’

| Heathreatment' Designation
Solution treated at.1320°C for 1 h, and aged at T;O
700°C for 40 min. o
Solution’ treated at 1320°C for 1 h, aged at 700°C for -1
40 min, and spheroidized at 1100°C for 10 min. -
Solution treated at 1320°C for 1 h, aged at 700°C for
40 min, and cycled 3 times between 1100°C and 22°C. T-2
Holding time at. 1100°C was 10 min each time. . = :
Solution treated at 1320°C for 1 h,'cold rolled to a :
50 pct reduction in thickness at 22°C, aged at 700°C T-3
for 40 min, and spheroidized at 1100°C for 10 min.
Solution treated at 1320°C for 1h, aged at 700 C for T—4
2 h, and spheroidized at 1100°C for 10 min.
Heat treated as for T-1, and cold rolled at 22 C to T-5
a 20 pct reduction in thickness S .
Solution treated at 1350°C for 1 h, aged at 700°C
for 1 h, and cycled 3 times between 1100°C and 22 C. T-2A
Holding time at 1100°C was 15 min each time. '
Solution treated at 1350°C for 1 h, aged at 700°C

for 1 h, and spheroidized at 1100° C for 2 h.

T-6

Specimens,were quenched inJhpt water (70°C) following solution
treatment and air cooled following aging and sphero;dizing._
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TABLE. III, Stress for a Creep Rate of 1 x 10“-4 pct/hf

at 1000°F (538°C) for Alloy.Ta7Cr and
Commercial Steels. S

Stress for Creep Rate of

1 x 104 pet/h -
Alloy
psi . MN/m2
Ta7Cr (Heat Treatment T-1) 22,400 ">154.4 1
0.3C-1Cr-1Mo-0.25V Steel 16,700 115.1
0.15C-9Cr-1Mo Steel 12,500 86.2
-0.15C-7Cr-0.5Mo Steel - 8,800 . 60.6
403 ‘and 410 Stainless 10,000 .. ' 68.9
422 Stainless 39,000 '

269.0
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TABLE 1IV. Stressjfor a Creep Rate of l‘x»10"4 pct/h.a£<1100°F (593°C)
for Alloy Ta7Cr, Ta7CrMo and Commercial Steels, .

Stress fbf Creep Rate of
© .1 x 1074 pet/h

B psi | MN/m4
Ta7Cr (Heat Treétment T-1) 9,400 7  ) 64.8
Ta7CrMo (Heat Treatment T-2A) © 15,000 . |- 103.4
0.3C-1Cr-1Mo-0.25V Steel - B
0.15C~-9Cr-1Mo Steel . : - 6,300 43,4
0.15C-7Cr-0.5Mo Steel | 4,000 | 27.6
403 and 410 Stainless : 4,000 .| @ 27.6
422 Stainless = 19,000 | 131.0

*Creep strength cdnsiderably changes with time at temperature.
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FIGURE CAPTIONS

‘Optical micrograph shbwing the microstructqfe of alloy Ta7Cr.

solution treated at 1320°C for 1h and aged at 700°C for 40 min.
Transmission electron midrograph'bf a carbon replica showing the

Laves'phase partiéles extracted from alloy Ta/Cr. The‘alloy,was

solution treated at 1320°C for 1 h, and éged at‘700fC'for 40 min

’pfior to extraction of precipitate.

Tranémissidn electron micrograph of a carbon replica showing the
Lavés phasg éar;icles éxtracted from alidy‘T37Cr spheréidiied'at
1100°C for 10 min (Heat Treatment T—l);‘

Effect of test temperaturelén the short—time_yield.étrength of
alloY.Ta7Cr (Heat Treatments T-0 and T—lé;f. | |
Scénning’électron fractographs of Alloy Té?br (Heathreatmenf'
T—O) tested in short-~time tensile'tests At_(é) 22°C, (B) 200°C, 
(c) 400°C, and (d) 600°C. | | “
Scanning electfon fractograph of alloy Ta7Cf ﬁested in short-
time tensile tests at 22°C following Heat Treatment I—l;

Yield strength Vs test temperature for alloy_Ta7Cr-h¢at trea:ed
by processes T-1, T-2, T-3, T-4 and,T-S. L.

Stress.vs rupture time at 1000°F (538°C)‘for.alloy_T37Cr (Heat
Treatment T-1). Also showg_?re'the'reéults.;eported in the
litefétufe(ZS) for 0.3C—1Cr-1Mo—O.25V steei, 0.150—9Cr—lMo
steel, AISI types 403; 410 and 422 stainless steels, énd Greek

Ascoloy.




Fig. 9

Fig. 10
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Stress vs rupture time at 1100°F (593°C) for alloys Ta7Cr (Heat
Treatment T-1) and Ta7CrMo (Heat Treatments T-2A and T-6). Also
shown are the results reported in the literature(25) for
0.3C-1Cr-1Mo-0.25V steel, 0.15C-9Cr-1Mo steel, AISI types 403,
410 and 422 stainless steels, and Greek Ascoloy.

Stress vs steady state creep rate of alloy Ta7Cr (Heat Treatment

T-1), at test temperatures indicated.
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