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ArsTRACT

Fed0Al intermetallic compounds have been investigated in order to assess
their potential applications. These alloys show excellent corrosion resistance and
good mechanical properties at high temperature. The firt phase of the research
carned out at CSM was focused on fabrication of such alloys by both conven-
tional and innovative echnelogics. This paper gives an overview of the wark
performed at CSM: several processing and charscterization results are described
and compared with other well known commercial alloys.

Some

sutomotive and mechanical components demenstrators, manufacturced
by differear processes, are also showed

INTRODUCTION.

The reseacch effonts in the intermetallic compositions field have risen in the
last ten years, with particular emphasis on the Ni, Ti and Fe based aluminides

The Centro Sviluppo Materiali (CSM) interests were mainly concemed with
Fe-Al alloys. B2 FeAl ordered alloys were investigated for their porential mode-
rate-high temperature applications combined with a relarive low density, (d = 5.6
wem'), and low raw materials costs [1]. Two factors limit the applicasion of
these alloy: poor room temperature ductility and inadequate high tempenure
croep resistance. For this reason a special powder technology, Mechanical
Alloying, was employed 1o reinforce the marerial with 4 finc oxide dispersion
The aim of this work is 10 give an overview of the outstanding results obtained
at CSM and the details of fabrication technology are discussed. The process
investigated include conventional mekting and casting technalogy and powder
processing. Mechanical and corrosion properties [2-7), on products made by
various processes will be slso presenied and compared. Fed0Al mechanical
alloyed displays room temperature clongation A% up w 13.5%. The high wm
perture sulphidation resistance of FeAl is more than 4 time the resistance of
MA956 commercial alloy. Determination of brintle to ductile transitions versus
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strain rates and temperatures permits ot forging of FeAl: some components are
shown.
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Mamns axm Processing TECHROLOGEES

FeAl alloys were prepared by wo main prepation totes: comentiona
melting and casting technologics and powder processing. The processing tech
nology cffor has been focused on four FeAl alloys, reporsed in Tab. L

- Tab. l Cﬁmwf analysis (%wwt) of four of the FeAl allays mmrnfm:umd' and st
CSM. (G.A. = Gas Atomization; M.A. = Mechanical Alloyed!

[Ah,mz.c.c:c B_|Fe|Y0, Process
[ A
B
e
D

240 o1 [ — | — [oo2s | 000 — | Ingot + Extrusion

Bal
250 — |20 01| — [00050|Bal| — [ Togor+Fximsion
250045 | — | 04 | 00078 | 00015 [ Bl | — | GA +Esarusion
240 | 010 | — | — | 00100 | 00010 | Bal

05 | MA + Extrusion

All the alloys huve B2 oedered crysial struchure, with Al conient mnging
25 10 23%ut, (sbout 40%at). The composition of the FeAl alloys resulted
the optimization of the warkability and the mechanical propertics, [8].
D) was mechanicaly alloyed with Y,0 1o evaluate the potential for oxide
strengthening of FeAl alloy.

Tugors o Processing TechwoLocies

 Trouoluminides ingots have been produiced by  vacoum induction melting

VLM fumnace. They showed o coarse grained structure, Fig. 1, with a pipe

that reached abour one third of the total length and was sucrounded by sprea-

. ded porosities. The ingo: bresk-down was not possible from these starting con-

i ditions An improved microstructuire could be obuined by controlling the coo-

ling rate after casting or by re-melting the VLM ingots by  vacuum arc remel-
ting furnace, (VAR) (Fig. 21, [8].

Several tenths of FeAl ingots were cast in dies with diameters of about 80-

120 mm and length from 300 to 400 mm, Specimens taken from these ingots

were hot-compressed by an industrial hydraulic press. (400 tons), taking care of




- Misrostructure of & vacoum are temelied FeAl ingot.

Two typical m

coostiuctures were obtainer L ﬂlu\!fl(rd n

Fig, Ju m.i 3b respectively: an equiaxed structure with large grains (150 ro
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and 4 bimodl structure vith unrecrystallized grains. surrounded by small
grains, (less than 20 ), (21

Some ingots were canned in & mild steel containers and then hot-extruded
bars and tubes. The extrusion were performed between 950°C and 1100°C
extrusion ratio ranging between irom :1 to 18:1, by controlling the extru-
am speed and lubrication conditions. In spite of the extrusion parameters
bars micr Fig. 4 were full recristallized, | and fine
sized, (20 - 25 um).

Tensile and creep tests specimens were cut from these extruded bars for
testing and other samples wese wken for the corrasion/oxidation
jons. The resuls are summarized in the property sections.

The ingor bresk down tests by borralling performed on lborstory scale
ere not fully sarisfactory. As-cast matesial samples. (thickness 33mm, Jength
(i, width 40men), were cut from VIM sad VAR ingots.

These samples were canned in stainless sceel containers in order 1o avoid
thermal shocks that could cause micro cracking on the outer surtaccs.
The rolling process is not simplc: the rolling temperanure ranges from 900°C
wak necessary to warm up the sam-

b 200 wm

o

200 ye

¥ig. 3 - pical microstraciuce FeAl conpeessed samples aken from vacuum indction mched
gess. 1) structuse, bl bimodal serucrre
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Fig. 4 - Typical micromrocrare of & FeAl extruded bar

INVESTMENT CASTING

Some FeAl ingots were machined for subsequent investment casting, Com
ponents of simple geometry and shape were produced, (creep and tensile test
specimens), after having solved some reaction problems berween the molten
metal and the ceramic shell. Tn a second siep the iwvestment custing process was
also used 1o produce some mechanical componcnt as: automotive valves and
rockers, (Fig. 5.

Hor FosGme

The materials used for hot-torging tests carried out with an induserial plant
were cut from extruded bars. The lsboratory tests permitted to determine brit-
tle 1o ductile tnsition in temperature and strain rate (2], but these data muse
be adjusted because of a lot of other parameters play impostant tale in the sea-
ling up. The process procedure and todling were as elose as possible to that
common for stundard materials: stainless steels and nimonic alloys.

Cracking problems duc to thermal shocks and grain boundary weakness
were overcome by deformation mie control and by heating up tooling Some
hols and some nuts manufactured are sbowed in fig. 6. Scveral process were
used to manufacture automotive valves, i.e.: direct extrusion, investment casting
and eleciro-upsening followed by forging.
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The clectro-upsctiing is an optimum deformarion process for britle or dif-
icult to form matesial like FeAL Tn fact the deformation rate i well controlled,
he thermil shocks are avercome 5o this proces is alincst "isothermal”. A pro-
totype. of FeAl sutomarive valve: obtained by clettro-upsetting plus torging. i
shown in Fig. 7.

Powner Routs

Powdets of icon-aluminides were prepared by wo different techniques: Gas
Atomization and Mechasical Alloving.

The gas swomized powders were used for coating experiments or consoll
dated by cxtrusion.

b)

2cm

Fig. 5 - FeAl compunents: a} ausometive inlet walves; bl a rocket

e
LR REEEL A=




2em

Fig. 7 - TeAl lnket vabie chaained by: extrusion + electroupserting and forging

The mechanical alloed powders, starting from elemental powders, were
processed in an industrial high encigy dry ball mill under vacuum o controlled
atmesphere with temperature cooling devices

The mechanical alloying process has permitted also to add oxide particles
(Y,0, and ALO,), for the stengthening of the matrix. These ODS (Oxide
Dispersion Strenpthened) powders were cold and hot consolidated in medium
steel cans by bot-compresion nd high remperature extrusion with. reduction
ratio up to 36:1.

‘The extrusion ram speed must be controlled in order to obisin sound bars
with very fine micsostructure. Both G.A, powders and M.A. powder were extru-
ded in the form of bars and whes with resulting grain size ranging from 2 um
(FeAl + ODS) 1o 7 pm (FeAl without ODS).

ALLovs ProsrsmEs

The outstanding results on FeAl alloys obtained in the characterization tests
carried out at CSM for with its collahoration) will be described in this section,

MeawacaL Provesres

Machinabulty Tests

Various machinability tests have been performed on FeAl extruded bars
obuined from both ingots and powders. The machinability strongly depends on
surface finich. In machining tests it was also determined that the surface quality
improved with decreasing grain size and it is reluted 1o the tendency 1o the
intergrunular fracwure. The optimized FeAl alloys reperted in tab 1 arc fully
machinable by conventional techniques, (Fig. 6.




Tensile ens were machined froi FeAl compressed samples, (alloys A
d B, Tab 1), or extruded bars, (alloy C and D Tab. I).
AMA-MBtamkmsmumedwllldrffnunmmmmlh
nge: 0.05 5 10 5 57, ar two remperature 950°C and 1100°C, (2], Fig. 8 are
s the graphs. of elongation. (A%). vermus strain ratc, (e 57!}, the transition
n rate is the maximum rate in which fracture occurs in plastic conditions.
The trunsitions from brirtle to ductile behaviour for boths alloy and both
p are evident: at 950°C for alloy A happens at strain rate berween
31 and 08 s, at 1100°C the transition is shifted to higher strain rave,
46 5t and 53 5. For allov B the transition is between 02 5 and
950°C and it maved ot higher strain rates at 1100°C but it was aot
The existence of A transition strain rate, depending upon tempera-
ture and alloy composition, was an input to define the secondary process con-
ditions.

Tensile tests specimens were cut from extruded bars of alloy C and strai-

to fallure &t temperature. ranging from 25°C o 1100°C, (5], The critical

tempezature, [maximum temperamure for britle behaviour in temsile tests),

%fu-i.n,m.wn rate is about 400°C for the highest & (0.03 ') and 500°C
the lowsst & (0.0003

fig

| The yield streagth (ﬂ}%n&mmlhnﬂl reached  maximum close to the
crivical remperatures then keeps than 300 MPa up 16 750°C. For
peratures higher than 750°C the vield surength, (YS), drops and high loa.
(up to 130%), are reached with low stable loads, indicating grain boun-

dary sliding phenomens.
Mondumle:id.mmunnfﬂtaer&lbllnpunedmlj] These data are

to e considered from the technological processing po 5

ture higher then 730°C with a strain rate of 0,03 -‘dmnld

‘FeAl. The very finc grain sizc obtained by M.A. together the dispersion
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Teansition curves bevtle 1o ducile behaviour for FeAl at 930°C and 1OIC: on the
Hunn.\.uvhndn-nuys




Fig. 9. Eloogetion (A%} versus veusperatare ('C) for FeAl alloy €,

mic purticles is 4 effective way to achieve marerials with relative high ductilicy
at room temperature (up to 13,5%), and a very high mechanical strength, (UTS
up to 1250 MPa and YS up to 785 MPa), [12. 13 nd 14]. FeAl room tempe-
rature tensile dm m (alloy D) and withous (alloy A} ceramic particles arc
compared in Tab. II.

Tab.Il: Comparizon betzween FeAl alloy A, (withows ceramic dispersoids) wnd FeAl
alloy D (with cenamic dispersoids) in BT sensile tesis.

Alloy YS (MPa) UTS (MPa) A (%)
A 585 620 28
D 785 1250 135

Tovcness TesTs

The alloy A and B were characterized by Charpy Vonotch toughness tests,
The specimens were machined from compressed sample, (the potch” axis was
coincident with the compression axis), the results are shown in tab. I [6).

The samples with bimodal structure Fig. 3 exhibited a charpy energy higher
than that with equiaxed large grains. It had to be undelined that the toughness
appesrs extremely sensitive to the microstructure (dramatic drop from 35 10 6
Jem?) and that the microstructu F is -consrolled by very nasvow deforma-
tion temperatures and strain rates windows.
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Tl - Charpy Vimotch tests an FeAl, the hammier bas a maxtmum impact
of 150 | mean encrgy on four teits,

Strattare Grain S () Mean Energy
Large Small Jan?
iy Bimodal 240 <1 3323
A Equiaxed i) - 3924
B Bimodal 20 1 53%5
B Equiaxed 162 — 621
Tests

The FeAl alloys have been investigated also in terms of creep resistance. In
IV same comparative results of tests carried out at 600 °C and 200MPa
fe shown. The grain size and oxide dispersion affect the time to rupture.

IV - Creep tests for three FeAl ailoys. Tests condition: Temperature T = 600°C,

=200 MPa
Alloy | Grain Size (ym) | Bupture Tine (he) Process
[ 20 925 exiruded Ingot
i c T n G.A powdet
o 2 408 MA.+ ODS

Eaviranmental Tests FeAl exhibit good resistance to the oxidstion and
 sulphidation due to the formation of slowly growing ALO, scales [9, 121,

- Agucoss Corrasion Tests

The clectrochemical behaviour of FeAl in the range of pH=03.13 in
sulphate solution by mean of anodic polarization curves has been investigated:
 FeAl displays better performances than the clemental metals in alkalinc and neu-
tral solutions, being wider the pH application ficld, (pH > 8 for Fe, pH 4-10 for
AD, [1€] and [17].

Ostdation/Sulphidation Testx
In order to evaluate the behaviour of FeAl in corrosive environments, spe-
cimens were subjected o exposure in oxidizing and sulphidizing stmosphere at
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temperatures'of 600°C up o 2500 hours and exposure in oxidizing amosphere
a1 800°C up 10 1500 hours. Tests specimens were weighed at 300 h intervals in
arder to cvaluate the weight gainfloss per unit of arca resulting from environ,
menral attack. In addition, the depth of oxidation/corrosion layer was deterri.
ned by optical micrescopy and lectron microscopy (SEM).

Reference maerials for these experiments were AISI 316L and 800H sesin.
less steels [18]. Results afier 300 hours testing are presented in tab. V.

Tab, V - Test secutts after 300 b or testing, (sulphuridizing condition; PO, =
107 bar, PS=3x 107 a,= 03, Prot =70 bar, T= 600°C).

Oxidation 800°C Sulphidation 600°C
Wieight change Autack depth | degradation

316L Steel 0,72 mg/em? 25 pm 100%
(18Cr-10Ni-2Mo)

Material

S00H. 030 mg/emt | 15 um
20Cr-30Ni sl

FeAl alloy A 0.11 mg/cm? 5 um

These sesulis demonstrate the rypical trends in the relative ranking of the
different macerials, being the FeAl superior to all other reference allogs tested.

The very promisiniy behaviour of FeAl alloy in a sulphidizing stmosphese is
<onfirmed in laboratory coal gasificstion envirenment tests.

FeAl behaviour is compared with MA956 alloy, one of the best performing
materials for the coal gasificution plants. In Fig, 10 are described some tesis
resulis (700°C, H, - 2%H,S - 7%C0,).

The sulphidation resistance of FeAl is higher than that of MA956 also In
the preaxidated condition. More derails shout this tests will be discussed in a
forthcoming conference (1],

Hot Corrosion in Molten Saits

Some FeAl specimens. alloy C, were coted with Na,SO,~ NaCl and V,0,
and exposed in combustion gases at 600°C, Afer a first phise the corrosion in
NaySO, ~NaCl slows dawn significantly 15 shown in Fig 11, while the corrosion
in Na,S0,~ V,0, mixture s longer lasting.




Fig. 10 - Commparative tests I sulphidizing stososphiee bevwecn Fedl and MA936 s 700°C.
H,=2%HS - C0y)

Fige 11 - Hot corrosian st 600°C in molien sabs of FeAl
CoscLusions

FeAl alloys displav good mechanical strength and corresion resistance com-
‘bined with a low density. (Fe40Al = 6 g/em?). B2 alumunides are currently being
investigated for potential application as competitors of several stainless steels.

This paper shows that it is posible the production of hot worksble FeAl
alloys on a sembindusirial scale (100Kg per batch), The competitive advantage
of these alloys results from their lower density and raw materials cost, In addi-
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tion, exide dispersion strengthened FeAl presents. sufficient ductility ad room
temperature and creep resistance o intermediate temperature, (600.750°C),
These are candidate o structural materials in corrosive environmenis
at high temperature. Such alloys will find industrial applications in thermal en

nes, compressors stage of jet engines, coal gasification plants and pﬂm-(hﬂmcnl
industry.

Acmonaledgments. The authors would like to thank Dr. U. Franzoni for the
helpful discussion and suggestions. Part of this work was sponsorized by EEC
BRITE Project n. 2038/87.

REFERENCES

121 Uppwns. Passass, Bocrae RA, Joses , Sevan H. ISI) fnc. vol. 31 (1990), . 10,
11131126,

12] Tassa O, Testana €., Lt Com | Laromr A, Proc. of JIMIS 6, Sendi, 1991

1 Lerors A, Prisoes U. Tosa G, L € J. Covia O, Macras A, Poc of JIS

6, Scnda, 1
lilMMu(A r.m-m Fuaacna U Thath O, Lt Cozx ], Cavia O, Proc. of JIMIS
4, Sendai

15] Tassa O, Tmmr Bocmn P Lurom A, Proc. of Mae. Devel. in Ral, Tire, Wing
Grenva, 1952, pp. 2101,
Lorowr A. Proc. of Advanced M. for Lightueigth Structuse
EC, Noordwig, 1992

17] Tassa O, Testos C, ooy B R Scripta Met. es Mas,, vel. 36, 1992

(5] Lusowr A.. Macser A Lz Co 1, Dursian R, Cana G, T O, Final report FEC
Profect 203887, 1992

(9] Muwnon PR, Baxen I, )OM 4 llml m 4246, 4252,

110] Lesor A, Prasczom al., Progress Report n. 90013, August 1990
Fobeaoy 191, EEC Pojet Aoy,

111) Wearmsesces D, Mas. Sc. and Eng 77 (1986), 103

1121 Lowowr A, Wi G, Le Coze |, Trevenor F, Wousa K., Fraaos U, Tass O, Prex.
Maz-Tee. 92, Grenoble.

[13] Scrmumn. LH., Grawi P, Roaum )., submitied 1o Mat. Sc. and Eng. Joarn, 1991

[14] Smiommss 5, Voo K., Progress in Powder Met., vol 43 (1987]

[15] Tounsawns P, Waiswoax G R, Rev an High Tamp, Mat. 4, 76, (19781

[18) Geamnoo F, N ¥, Viwa Lt LC. Tassa O. Proc. of Mat. Devel. in Rail. Tire,
Wing, Hull Transpottation, Genoa, 1992, pp. 291

1171 Fruna S., De Castoraso N., Lascnacn )., Miosose A., Tar. Gon. on Corsosion. and
Prutocsion. Manchester, June 1997

181 Du (‘.imumm N, Frascea 8. Maowoss: A., Tassa O., AIM lialian National Meeting cn

Milan, Qctobes 1992

119] Tesman €., Tassh O, Pocct D, Grssanion F, Vusa , 0 be presenred 10 ot Coaf.

High Teaup, Mat. for Advanced Power Engincering, Licgi Octeber 1994,




