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ABSTRACT

Alloys based ou FeAl are attractive as alteruate materials for
enviroumeuntal resistauce at iutermediate temperatures. Additiou of small
amounts of Nb, Hf, Ta, Mo, Zr aud B have beeu showu to improve the
compressive creep of this alloy at 1100 K. Boroun, iu particular, has beeu
fouud to have a syuergistic effect aloug with Zr iu providiug properties
substantially better thau the biuary alloy. This improvemeut seems toc be
related to the higher activatiou emergy fouud for this alloy, suggestiug a
modification iu the diffusiou behavior due to the alloying additious.

I. INTRODUCTION

The intermetallic compouud FeAl is of iuterest as aun alterunate material
for iutermediate temperature (800-1100 K) applicatious [1,2]. The low
deusity, the B2 crystal structure stable up to its meltiug poiut, aud the
potential for excellent oxidatiou resistauce are the maiu advautages of FeAl,
Alloys based ou this compouud are, hence, particularly appealiug as alteruate
materials for euviroumental resistauce. Of particular importauce, however, is
the abseuce of strategic elemeuts. The major problems which limit its usage
at preseut are the poor room temperature ductility aud the iuadequate creep
streugth at the temperatures of commercial iuterest. Iu additiou, this
material is difficult to process usiug the couveutioual meltiug aud castiug
techuiques. However P/M (Powder Metallurgy) caun be successfully used to
produce a fully deuse homogeneous product usiug hot extrusiou., Research is
curreutly uvuderway usiug powder metallurgy to produce favourable
microstructures with microalloyiug additious for euhauced creep resistauce,

The basic variables for microstructural coutrol iu this iutermetallic
compouud are the stoichiometry, thermomechauical treatmeut aud alloyiug.
Results of receut studies at Case Westeru Reserve Uuiversity aud NASA Lewis
Research Ceuter [2-7] are summarized below:

1) Hot extrusiou of prealloyed powders produces au equiaxed
recrystallized structure, the final graiu size beiug a fuuctiou of the
extrusion temperature aud the reduction ratio., Very little graiu coarseuiug
is observed by further heat treatmeut at temperatures of iuterest [2,3].

*Research supported by NASA Grant NAG 3-387.



2) Although the binary stoichiometric (50 at% Al) FeAl alloy is brittle
iu teusiou at room temperature, a reasouable amouut of room temperature

teusile elongatiou cau be obtaiued iu the hypo-stoichiometric alloy
(40 atZ%ZAl) (4,5].

3) Small amouuts of Nb, Mo, Ta, Zr aud Hf show promisiug improvemeuts iu
compressive creep resistauce at 1100 K [2,6].

4) Small additious of borou have dramatic effects iu improviug the creep
properties as well as iu modifyiug room temperature teusile behaviour [4,6,7].

These iuitial couclusious led to a more detailed iuvestigatiou of the
effects of alloyiug additious aud iu particular, borou ou the compressive
creep bahavior of FeAl. This paper summarizes the results from this
iuvestigatiou which was desigued with the followiug objectives:

a) To evaluate the effects of small amouuts of Nb, Hf, Mo, Ta aud Zr
alloyiug ou creep behaviour of Fe-40at% Al with special emphasis ou the
possible syuergestic effects betweeu these alloyiug additious and small
additious of borou.

b) To idenutify the uature of the creep deformatiou mechauisms iu these
alloys over a rauge of stresses and straiu rates at 1100 K.

c) To uuderstaud the role of alloyiug elemeuts iu some of the better
alloys by evaluatiug activatiou euergies for the rate coutrolliug deformatiou
process at 1100 K.

d) To compare the creep streugths of these FeAl alloys with some
commercial alloys iu use at the temperatures of iuterest.

II. MATERIALS AND PROCEDURE

The basic desigu cousists of alloys with aud without borou. Nb, Hf, Ta
aud Mo at 1 at% level aud Zr at 0.lat% level were each prealloyed with
Fe-40at% Al aud obtaiued iu the form of gas atomized powder (~80mesh) from
Alloy Metals Iuc., Troy, Michigau. About 500 gm of each of these powders were
packed iu mild steel caus of 76 mm dia. aud 6 mm wall thickuess. The caus
were sealed iu vacuum aud hot extruded at 1250 K aud 16:1 area reductiou
ratio iu a vertical extrusiou press. Details of the extrusiou process
couducted at NASA Lewis Research Ceuter are described elsewhere [2].

A secoud series of alloys was prepared by bleudiug each of the
prealloyed powders with 0.1 wt%Z B powder. Extrusious were made iu au
identical mauuer as described above. Chemical compositious aud desiguatious
of the alloys are provided iu Table I.

The extruded rods were ceuterless grouud to 6.25 mm dia aud cyliudrical
test specimeus, 12.5 mm in leugth, were cut parallel to the extrusiou
directiou. Specimeus were heat treated at 650 K for 2 hr before compressiou
testiug. Elevated temperature compressiou creep tests were performed at 1100
K iu air usiug coustaut load creep machines., Tests were performed at stress
levels raugiug from 10 MPa to 70 MPa. Tensile tests of some of the alloys
were performed at 1100 K ou a standard Iustrou Testiug machiue,

Optical metallography was performed ou the as—-extruded as well as the
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crept samples iu both the lougitudioual aud trausverse sectious. This class -
of iutermetallics is very difficult to etch aud after exteusive trials warm
freshly prepared 20% Nital with a few drops of HF was fouud to be most
effective,

Limited trausmissiou electrou microscopy was performed ou the Phillips
400 usiug extruded aud deformed samples.

III. RESULTS AND DISCUSSION
A) Microstructures’

A typical microstructure of au extruded specimeu is showu iu Figure 1.
In view of the difficulties eucouutered iu etchiug this material, polarized
light is used to reveal the graiu size clearly. The microstructure shows
recrystallized, equiaxed graius. Furthermore, the extrusious coutain a wide
rauge of graiu sizes (2 to 24 micrometers), probably due to the broad size
rauge of the powder particles used. Microstructural examiunatiou revealed the
preseuce of striungers aligued iu the extrusiou direction and are presumed to
be oxide particles from the prior particle bouudaries. Hardly auy porosity 1is
observed, suggesting that the powder extrusiou process 1is successful iu
producing a fully deuse material. It must be poiuted out here that the biuary
Fe-40Al1 powder was coutamiuated at the source aud this resulted iu a
sigunificant amouut of a Ta-rich graiu bouudary phase, However, it is believed
that this coutamiuatiou does uot siguificautly alter the couclusious from
this study.

Trausmissiou electrou microstructures reveal the preseuce of secoud
phase particles iu some of the alloys which have uot yet beeu ideutified.
Figure 2 illustrates the structure of the FeAlZrB alloy. Some of these
particles are believed to be oxides from prior particle bouudaries, whereas
others are suspected to be compouuds countaiuiug the alloyiug elemeuts.

B) Compressive Creep Behavior

Amoug the alloyiug additious iuvestigated iu the prealloyed group of
alloys, Nb, Ta aud Mo produced a significaut improvemeut iu creep streugth
over the biuary FeAl as illustrated iu Figure 3. Additious of Hf aud Zr ouly
show modest improvemeuts. The typical value of the power law expoueut
exhibited by the alloys iu this stress rauge at 1100 K is about 5. The Nb
alloy exhibits a stress expoueut value of 1 at lower stress levels (<25MPa)
aud a chauge iu expoueut value to 5 at higher stresses iu the rauge of 25 to
-50MPa. This behaviour suggests that the creep mechauism at lower stress
levels could be diffusioual trausport (either Nabarro Herriug type or Coble
type) aud at higher stress levels (u ualue of 5) the creep mechauism chauges
to some type of dislocatiou motiou coutrol [8].

Additiou of borou shows a dramatic improvemeut iu the compressive creep
streugth for all of the FeAlX ternary alloys as well as for the biuary FeAl
as shown iu Figure 4. The FeAlB, FeAlNbB, FeAlHfB, FeAlTaB aud the FeAlMoB
alloys are all strouger thau their counter parts without borou. The most
strikiug alloy, however, is the FeAlZrB alloy which demoustrates the greatest
improvemeut in creep streugth with the borou additiou. This alloy clearly
stauds out as the most promisiug FeAl alloy iuvestigated iu this group. Mauy
of the other borou-coutaiuiug alloys,. however, have comparable streugths at
stresses less thau 20MPa. The additiou of borou, apart from improving the
creep resistauce also seems to have raised the stress rauge over which au

3



- expoueut value of 1 is exhibited. Figure 4 clearly shows that all the alloys .
exhibit a break iu the slope with a value of stress expoueut chaugiug from
about 1 at lower stresses to arouud 5 at higher stresses, ouce agaiu
suggestiug a chauge from a diffusioual trausport to a dislocatiou motiou
controlled mechauism with iucreasiug stress level {8,9].

A direct comparisou of the FeAl, FeAlB, FeAlZr aud the FeAlZrB alloys
showu iu Figure 5 emphasizes the improvemeuts caused by borou aud iu
particular, the syuergestic improvemeuts obtaiued by the additiou of Zr aud B
together. Atleast au order of maguitude decrease in creep rate is obtaiued
for the FeAlZrB alloy compared with the biuary FeAl alloy.

The teusile streugths of some of these alloys show ouly a modest
iucrease in streugth with the alloyiung additious (Table II). The dramatic
improvemeut of time—-depeudeut creep streugth, heuce, poluts to a :
rate—coutrolliug mechauism iuvolviug a time-depeudeut diffusioun processes,
siuce alloyiug additious can iuflueuce diffusiou rates cousiderably.

C) Activatiou Euergy

The diffusioual creep mechauism of Nabarro-Herriug or Coble is expressed
by a geuneral equatiou of the form (Bailey-Orowau Equatiou) [10]:

s 0

€ =A o (Dq or ng ) exp(-QL or ng) (b/d)p
where A is a coustant, D9 is the pre-expoueutial for lattice diffusiou, po
is the pre-expoueutial for grain bouudary diffusiou, d 1is the graiu size, §
is the applied stress, € 1is the steady state creep rate, Q, is the
activatiou euergy for lattice diffusioun, Q is the activat}ou euergy for
graiu bouudary diffusiou, p 1s the graiu®size depeudeut factor (2 for
Nabarro-Herriug mechauism aud 3 for Coble mechauism) aud b is burger’s
vector.

The additiou of Zr aud B produced au improvemeut in creep streugth iu
the diffusioual creep regiou of FeAl (graiu size was assumed to be coustaut
duriug creep based ou microscopy of tested samples). Au examiunatiou of the
above equatiou shows that oue possibility for this improved creep resistauce
is au iucrease iu activatiou euergy for diffusiou, The argumeut holds true
for lattice diffusiou coutrolled (Nabarro-Herriug) as well as graiu bouundary
diffusiou coutrolled (Coble) creep mechauisms.

Tests were couducted iu a mauuer desigued to compare activatiou energies
of the rate coutrolliug mechauisms for the alloys FeAl, FeAlB, FeAlZr aud
FeAlZrB., Values of the activatiou euergy, Q, are obtaiued from the slope of
lu ¢ vs. 1/T. To obtaiu the basic plot of lugvs 1/T the techuique of
stress iucremeut testing was employed. This test cousisted of usiug a siugle
specimeu to obtaiu steady state creep rate values for differeut stress levels
at a siugle temperature. The test typically is started at a lower stress
value aud coutinued uutil sufficieut time (approximately 30 hrs) at steady
state is reached. The stress is theu iucremeutally iucreased by 5MPa at a
time uutil steady state is reached at each of the uew stress levels,

The validity of this approach was checked first by conductiug the
iucremental test at 1100 K, the temperature at which the tests were first
done using the couveutioual procedure (oue siugle specimeu for each stress
level). The couveutioual testiug is termed “iso-stress” test aud the creep
data already shown beloug to this class of testiug. The data obtaiued usiug
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the iucremeutal method is termed “iso-specimeu” test. Figure 6 compares the
"iso-specimeu” aud “iso-stress” data for FeAlB as a typical example
illustratiug that differeuces betweeu the two techuiques are miuor.

For the activatiou euergies of the alloys to be compared, it is
uecessary that the operative creep mechauism for all the four alloys be the
same, This was eusured by careful selectiou of temperatures such that a
stress expoueut of 1 was exhibited by all four alloys at the temperatures
selected for comparisou. For example, Figure 6 shows a lu -vs lu plot of
FeAlB at temperatures raugiug from 1000 to 1140 K. As cau be seeu from the
figure at 1080, 1100 aud 1120 K the stress expoueut at the stress -levels
betweeu 10 to 30 MPa is 1, while at 1000 aud 1140 K the stress expoueut is
differeut from 1. Heuce, lu €vs 1/T plots at coustaut stress were used ouly
for the three temperatures for which a stress expouent value of 1 was
recorded. By a similar techuique, activatiou euergies of the four alloys
uuder cousideratiou were determiued. The average values of the activatiou
euergies of these four alloys are compared iu Figure 7, where it cau be seeu
that there is a substautial iucrease iun activatiou euergy wheu Zr aud B are
added together. This suggests a mechauism where the combiued additiou of Zr
aud B make the diffusiou process more difficult.

The exact mechauism of streugtheuing ii the regiou of the creep curve
where the stress expouet u is 1, is uot clear. The iucrease iu activatiou
eunergy may either be a reflectiou of a chauge from graiu bouudary coutrol to
lattice diffusiou coutrol or may be due to the iuncreased activatiou euergy iu
auy either oue of these. Cousideriug the teudeucy for Zr aud B to segregate
to graiu bouudaries iu other studies [11,12], the possibility exists that Zr
aud B segregate to graiu bouudaries iu FeAl. The opeu paths for diffusiou may
thus be blocked forciug diffusiou to occur through the lattice which would
be expected to be associated with-a higher activatioun euergy aud, iu turu,
improved creep resistauce.

The trausmissiou electrou microstructure (Figure 2) reveals that mauy
precipitates are preseut in the as—extruded FeAlZrB alloy aud that these
precipitates are Zr-rich. The microstructure of the specimeu deformed in the
dislocatiou creep regiou (Figure 8) clearly shows evideuce of dislocatiou -
particle iuteractious suggestiug that the streugtheuiug iu the regioun where
the stress expoueut u is 5 is probably due to precipitatiou. TEM examiunatiou
of specimeus deformed iu the low stress expoueut regiou has uot yet beeu
couducted aud heuce the role of any precipitates iu that regiou is uot clear.

D) Comparison with commercial alloys

A comparisou of the deusity compeusated, compressive creep behavior of
the FeAlZrB alloy is made with commercial superalloys, IN 718 aud two
advauced irou based superalloys, SAF 11 aud XF-818 iu Figure 9. (Compositious
aud deusities of these alloys are compared iu Table III.) The data were
obtained uuder ideutical couditious aud clearly reveal that the FeAlZrB alloy
is better thaun the IN 718, although uot as good as the advauce irou based
superalloys. However, it must be uoted that the FeAlZrB alloy has uot yet
beeu optimized for compositiou aud microstructure aud heuce holds a lot of
future poteutial.

IV _CONCLUSIONS

1. Alloyiug additious to biuary FeAl can siguificautly improve its
compressive creep resistauce. Additiou of 0.1 wt% borou to biuary aud
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ternary FeAl alloys results iu improvemeut iu creep resistauce at
1100 K.

2. The compressive creep deformatiou rate of FeAl alloys follows a
stress expoueut of 1 at low stresses aud chauges to a higher stress
expouent of about 5 at higher stresses iudicatiug a chauge iu the
coutrolliug mechauism,

3. Large improvemeuts iu creep resistauce of FeAl cau be brought about
by a combiuatiou of small additious of Zr aud B, thus providiug
a poteutial strategic elemeut free commercial material for
iutermediate temperature applicatious.

4. Eveu though the mechauism by which the syuergestic streugtheuiug
effect of Zr aud B is brought about is uot clear at preseut, the
substautial improvemeut iu the activatiou eunergy for creep brought
about by the combiued additiou of these two elemeuts iudicates a
mechauism based ou slowiug dowu of diffusioual trausport.
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Table I

Chemical Compositious of Alloys Iuvestigated

(wt%)

(Balauce Fe iu all alloys)

Alloy Elemeut
Al Nb Mo Ta Hf Zr Cr Co Other
FeAl 24.3 - - - - - 0.1 0.08 0.02
FeAlNb 21.9 2.2 - - - - 0.01 0.08 <0.03
FeAlMo 22.3 - 2.3 - - - 0.02 0.07 <0.03
FeAlHf 21.4 - - - 4.1 - 0.03 0.08 <0.03
FeAlTa 21.2 - - 3.3 - - 0.09 0.20 <0.03
FeAlZr 22.0 - - - - 0.3 0.01 0.07 <0.03
FeAlB FeAl + 0.1 wt7Z B
FeAlNbB FeAlNb + 0.1 wtZ B
FeAlMoB FeAlNb + 0.1 wtZ B
FeAlHfB FeAlHf + 0.1 wt%Z B
FeAlTaB FeAlTa + 0.1 wtZ B
FeAlZrB FeAlZr + 0.1 wt% B
Table II
Teusile Properties of Some of the Alloys at 1100 K [5]
Alloy Yield Teusile Elougatiou Reductiou
Streugth Streugth iu Area
MPa MPa % %

FeAl 54 57 24 33

FeAlZr 45 47 14 26

FeAlB 57 63 19 19

FeAlZrB 80 85 8 9




Table III

Comparisou of Compositious of FeAlZrB Alloy with Commercial Alloys

Elemeut (wt%)

Alloy
Fe Cr Ni Co Mu Si W Mo Nb/Ta Al Ti C Other
FeAlZrB  Bal 0.0l - 0.07 - =- - - - 22,0 0.3 zr
0.1 B
IN 718"  18.0 18.6 Bal 0.12 0.17 0.19 - 3.1 5.3 0.41 0.74 0.4
SAF- 11" Bal 23.0 15.6 - 0.65 0.68 11.9 - = - - 0.6 0.5B
XF-818"  Bal 17.7 18.8 - 0.18 0.48 ~- 7.5 0.50 - ~ 0.2 1.1 B

Référeuce 13.



ORIGINAL PACE IS
OF POOR QUALITY

Figure 1: Typical optical microstructure of au extruded alloy iu the
trausverse orieutatiou (FeAlZrB, 400X, polarized illumiuatiou).

Figure 2: Typical Trausmissiou electrou microstructure of au extruded alloy,
(FeAlZrB), illustratiug preseuce of secoud phase particles.
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Figure 3:

Compressive Creep Behavior
of Alloys without Borou.

Figure 4:

Compressive Creep Behavior
of Alloys with Borou.




Steady sfate creep rate sec!

o,

o o0 vW0o o

~ “ IS oﬁﬂﬂoo
v T Ll Al LA B
x.
& n
\E\;
S L4
\AX\
+

2; / 4

FeAIZrB

COMPRESSION CREEP BEHAVIOUR AT 1100°K

2 bt —t—

Steady state creep rate sec'

20 30 40 5060 80 KO

Stress MPa.

e |1SO-SPECIMEN

o |1SO-STRESS
108 . . ———
10 20 30 40 50 60 70 80 50100
Stress MPa

11

ORIGINAL PACE IS
OF POOR QUALITY

Figure 5:

Comparisou of Alloys FeAl,
FeAlZr, FeAlB aud FeAlZrB.

Figure 6:

Illustratiou of the data
used to obtain activation

euergies.
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Figure 7:

Comparisou of activatiou
euergies for FeAl, FeAlZr,
FeAlB aud FeAlZrB alloys.

Figure 8:

Trausmissiou electrou
micrograph of FeAlZrB
alloy creep tested at
70 MPa aud 1100K.
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