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METHOD: OF MANUFACTURING METALLIC PRODUCTS SUCH
AS SHEET BY COLD WORKING AND FLASH ANNEALING

ot

The United States government has rights in this invention pursuant to
contract No. DE-AC05-840R21400 between the United States Department of
Energy and Lockheed Martin Energy Research Corporation, Inc.

The invention relates generally to manufacture of metallic products such as
sheet, strip, rod, wire or band, especially of difficult-to-work intermetallic alloys

like aluminides of iron, nickel and titanium.

Backeround of the I i

Fe,Al intermetallic iron aluminides having a body centered cubic ordered
crystal structure are disclosed in U.S. Patent Nos. 5,320,802; 5,158,744;
5,024,109; and 4,961,903. An iron aluminide alloy hailing a disordered body
centered crystal structure is disclosed ih U.S. Patent No. 5,238,645 wherein the
alloy includes, in weight %, 8-9.5 Al, < 7 Cr, <4 Mo, < 0.05C, < 0.5 Zr and <
0.1 Y, preferably 4.5-5.5 Cr, 1.8-2.2 Mo, 0.02-0.032 C and 0.15-0.25 Zr.

Tron-base alloys containing 3-18 wt % Al, 0.05-0.5 wt % Zr, 0.01-0.1 wt %
B and optional Cr, Ti and Mo are disclosed in U.S. Patent No. 3,026,197 and
Canadian Patent No. 648,140. U.S. Patenf No. 3,676,109 discloses an iron-base
alloy containing 3-10 wt % Al, 4-8 wt % Cr, about 0.5 wt % Cu, less than
0.05 wt % C, 0.5-2 wt % Ti and optional Mn and B.

Iron-base aluminum contaiﬁing alloys for use as electrical resistance heating
elements are disclosed in U.S. Patent Nos. 1,550,508; 1,990,650; and 2,768,915
and in Canadian Patent No. 648,141. The alloys disclosed in the ‘508 patent
include 20 wt % Al, 10 wt % Mn; 12-15 wt % Al, 6-8 wt % Mn; or 12-16 Wt %
Al, 2-10 wt % Cr. All of the specific examples disclosed in the ‘508 patent include
at least 6 wt % Cr and at least 10 wt % Al The alloys disclosed in the ‘650 patent
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~ include 16-20 wt % Al, 5-10 wt % Cr, < 0.05 wt % C, < 0.25 wt % Si,

0.1-0.5 wt % Ti, < 1.5 wt % Mo and 0.4-1.5 wt % Mn and the only specific
example includes 17.5 wt % Al, 8.5 wt % Cr, 0.44 wt % Mn, 0.36 wt % Ti,

- 0.02wt % Cand 0.13 wt % Si. The alloys disclosed in the ‘915 patent include

10-18 wt % Al, 1-5 wt % Mo, Ti, Ta, V, Cb, Cr, N1, BandWandtheonly
specific example mcludes 16 wt % Al and 3 wt % Mo. The alloys disclosed in the
Canadian patent include 6-11 wt % Al 3-10wt % Cr, <4wt % Mn, <1wt%
Si,<04wt%Ti<05wt%C, 0205wt % Zrand 0.05-0.1 wt % B and the
only specific examples include at least 5 wt % Cr.

Reslstance heaters of various matenals are dlsclosed in U.S. Patent No.

: 5,249, 586 and in U.S. Patent Apphcatmn Nos. 07/943 504 08/118 665,

08/105,346 and 08/224,848.
U.S. Patent No. 4,334,923 discloses a cold-rollable oxidation resistant iron-
base alloy useful for catalytic converters containing < 0.05% C, 0.1-2% Si, 2-8% -

AL 0.02-1% Y, < 0.009% P, < 0.006% S and < 0.009% O.

U.S. Patent No. 4 ,684,505 discloses 2 heat reéistanf iron-base alloy

: contammg 10-22% Al 2-12% Ti, 2—12% Mo, 0.1-1. 2% Hf, <1.5% Si, <0.3% C,

sOZ%B le%Ta,sOS%W <0.5%V, sOS%Mn <0.3% Co, < 0.3% -

. Nb, and < 0.2% La,

Japanese Lald-open Patent Apphcatlon No. §3- 119721 dlscloses a wear

resistant, hlgh magnetic permeablhty alloy havmg good workability and containing

- 1.5-17% Al, 0.2-15% Cr and 0.01-8% total of optional additions of < 4% Si, <
8% Mo, < 8% W, < 8% Ti, < 8% Ge, < 8% Cu, < 8% V, < 8% Mn, < 8 %
' Nb, < 8% Ta, < 8% Ni, < 8% Co, < 3% Sn, < 3% Sb, < 3% Be, < 3% H,

< 3% Zr, < 0.5% Pb, and < 3% rare earth metal.
A 1990 publication i in Advances in Powder Metallurgy, Vol. 2, by J.R.

. Kmbloe et al., entitled “Mlcrostrucmre And Mechamcal Properties of P/M Fe,Al

Alloys", pp. 219-231, discloses a powder metallurgical process for preparing Fe;Al
containing 2 and 5% Cr by' using an inert gas atomizer. To make sheet, the
pdwders were canned in mild steel, evacuated and hot extruded at 1000°C to an area

* reduction ratio of 9:1. After removing from the steel can, the alloy extrusion was
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hot forged at 1000°C to 0.340 inch thick, rolled at 800°C to sheet approximately
0.10 inch thick and finish rolled at 650°C to 0.030 inch.

A 1991 publication in Mat. Res. Soc. Symp. Proc., Vol. 213, by V.K. Sikka
entitled "Powder Processing of Fe,Al-Based Iron-Aluminide Alloys," pp. 901-906,
discloses a process of preparing 2 and 5% Cr containing Fe,Al-based iron-aluminide
powders fabricated into sheet. To make sheet, the powders were canned in mild -
steel and hot extruded at 1000°C to an area reduction ratio of 9:1. The steel can
was removed and the bars were forged 50% at 1000°C, rolled 50% at 850°C and

. finish rolled 50% at 650°C to 0.76 mm sheet.

A paper by VK. Sikka et al., entitled "Powder Production, Processing, and
Properties of Fe,Al", pp. 1-11, presented at the 1990 Powder Metallurgy
Conference Exhibition in Pittsburgh, PA, discloses a process of preparing Fe,Al
powder by melting constituent metals under a protective atmosphere, passing the

- metal through a metering nozzle and disintegrating the melt by impingement of the.

melt stream with nitrogen atomizing gas. An extruded bar was produced by filling a "
76 mm mild steel can with the powder, evacuating the can, heating 1 %2 hour at '
1000°C and extruding the can through a 25 mm die for a 9:1 reduction. A sheet’
0.76 mm thick was produced by removing the can, forging 50% at 1000°C, ro]lmg
50% at 850°C and finish rolling 50% at 650°C.

Oxide dispersion strengthened iron-base alloy powders are disclosed in U.S.

- Patent Nos. 4,391,634 and 5,032,190. The '634 patent discloses Ti-free alloys

containing 10-40% Cr, 1-10% Al and < 10% oxide dispersoid. The '190 patent : -
discloses a method of forming sheet from alloy MA 956 having 75% Fe, 20% Cr,
4.5% Al, 0.5% Ti and 0.5% Y,0,.

A publication by A. LeFort et al., entitled "Mechanical Behavior of FeAl,
Intermetallic Alloys" presented at the Proceedings of International Symposium on
Intermetallic Compounds - Structure and Mechanical Properties (JIMIS-6), pp. 579-
583, held in Sendai, Japan on June 17-20, 1991, discloses various properties of
FeAl alloys (25 wt % Al) with additions of boron, zirconium, chromium and
cerium. The alloys were prepared by vacuum casting and extruding at 1100°C or
formed by compression at 1000°C and 1100°C.
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A publication by D. Pocci et al., entitled "Production and Properties of CSM
FeAl Intermetallic Alloys" presented at the Minerals, Me_fals and Materials Society

. Conference (1994 TMS Cenference) on "Processing, Properties arid Applications of

' Iron Aluminides”, pp. 19-30, held in San Francisco, California on February 27 -

. ‘March 3', 1994, discloses various properties of FeyAl intermetallic compounds
processe_el by different techniques such as castmg and extrusion, gas atomization of

* powder and extrusion and mechanical alloying of powder and extrusion and that

- mechanical alloying has been employed to reinforce the material with a fine oxide
"dispersion. The article states that FeAl alloys were-prepared having a B2 ordered

10 .

" alloying additions of Zr, Cr, Ce, C, B and Y,0;.

crystal structnre, an At content ranging from 23 to- 25 wt % (about 40 at %) and

_ A publication by J.H. Schneibel entitled "Selected Properties of Iron
Alumini_c_les ", pp. 329-341, presented at the 1994 TMS Conference discloses

~ properties of iron aluminides. This article reports properties. such as melting -
. temperatures, electrical reswttvxty, thermal conductivity, thermal expansxon and
e mechamcal properties of various FeAl compositions. -

A publication by J. Baker entitled "Flow and Fracture of FeAl", pp. 101-

y 115 presented at the 1994 TMS Conference dlscloses an overview of the ﬂow and
B fracture of the B2 compound FeAl This article smtes that prior heat treatments
E ’_’.st:ongly_ affect the mechanical properties of FeAl and that higher cooling rates after
. elevated temperature annealing provide higher room temperature yield strength and
“hardness but lower ductility due to excess vacancies.

A publication by D.J. Alexander entitled "Impact Bebavior of FeAl Alloy
FA-350", pp. 193-202, presented at the 1994 TMS Conference discloses impact and

~ tensile properties of iron aluminide alloy FA-350. The FA-350 alloy includes, in
~ atomic %, 35.8% Al, 0.2% Mo, 0.05% Zr and 0.13% C.

A publication by C.H. Kong entitled "The Effect of Ternary Additions on

| the Vacancy Hardening and Defect Structure of FeAl", pp. 231-239, presented at

the 1994 TMS Conference discloses the effect of ternary alloying additions on FeAl

. alloys. This article discusses the effects of various ternary alloying additions such
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as Cu, Ni, Co, Mn, Cr, V and Ti as well as high temperature annealing and
subsequent low temperature vacancy-rclieving heat treatment.

A publication by D.J. Gaydosh et al., entitled "Microstructure and Tensile
Properties of Fe-40 At.Pct. Al Alloys with C, Zr, Hf and B Additions" in the
September 1989 Met. Trans A, Vol. 20A, pp. 1701-1714, discloses hot extrusion of

gas-atomized powder wherein the powder either includes C, Zr and Hf as prealloyed

additions or B is added to a previously prepared iron-aluminum powder.

A publication by C.G. McKamey et al., entitled "A review of recent
developments in Fe,Al-based Alloys" in the August 1991 J. of Mater. Res., Vol. 6,
No. 8, pp. 1779-1805, discloses techniques for obtaining iron-aluminide powders by *
inert gas atomization and preparing ternary alloy powders based on Fe,Al by mixing -

. alloy powders to produce the desired alloy composition and consolidating by hot

extrusion, i.e., preparation of Fe,Al-based powders by nitrogen- or argon-gas
atomization and consolidation to full density by extruding at 1000°C to an area

" reduction of < 9:1..

U.S. Patent Nos. 4,917,858; 5,269,830; and 5,455,001 disclose powder

- metallurgical techniques for preparation of intermetallic compositions by (1) rolling

blended powder into green foil, sintering and pressing the foil to full density, (2) = -

reactive sintering of Fe and Al powders to form iron aluminide or by preparing Ni- - -
: B-Al and Ni-B-Ni composite powders by electroless plating, canning the powder in

a tube, heat treating the canned powder, cold rolling the tube-canned powder and
heat treating the cold rolled powder to obtain an intermetallic compound. U.S.

- Patent No. 5,484,568 discloses a powder metallurgical technique for preparing
~ heating elements by micropyretic synthesis wherein a combustion wave converts
" reactants to a desired product. U.S. Patent No. 5,489,411 discloses a powder

metallurgical technique for preparing titanium aluminide foil by plasma spraying a
coilable strip, heat treating the strip to relieve residual stresses, placing the rough
sides of two such strips together and squeezing the strips together between pressure

- ‘bonding rolls, followed by solution annealing, cold rolling and intermediate anneals.

U.S. Patent No. 3,144,330 discloses a powder metallurgical technique for
makiﬂg electrical resistance iron-aluminum alloys by hot roiling and cold rolling
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elemental powder, prealloyed powders or mixtures thereof into strip. U.S. Patent
No. 2,88_9,224 discloses a technique for preparing sheet from carbony! nickel
powder or carbonyl iron powder by cold rolling and annealmg the powder.

Titanium alloys are the subject of numerous pateuts and publications. -
including U.S. Patent Nos. 4,842,819; 4,917,858; 5,232,661; 5,348,702;
5,350,466; 5,370,839; 5,429,796; 5,503,794, 5,634,992; and 5,746,846, Japanese
Patent Publication Nos. 63-171862; 1-259139; and 1-42539'; European Patent
Publication No. 365174 and articles by V.R. Ryabov et al entitled “Properties of the
Intermetallic Compounds of the System Iron-Aluminum” published in Metal
Metalloved, 27, No.4, 668-673, 1969; S.M. Barinov et al entitled “Deformation and

Failure in Titanium Aluminide” published in Izvestiya Akademii Nauk SSSR
Metally, No. 3, 164-168, 1984; W. Wunderlich et al entitled “Enhanced Plasticity

by Deformation Twinning of Ti-Al-Ba_se Alloys with Cr and Si” published in Z.
Metallkunde, 802-808, 11/1990; T. Tsujimoto entitled “Research, Development,
and Prospecm of TiAl Intermetalllc Compound Alloys published in Titanium and

Zirconium, \ Vol. 33, No 3, 19 pages 7/1985; N. Macda entitled “High
| Temperature Plastlclty of Intermetalllc Compound TlAI” presented at Material of
-53“’ Meeting of Supcrplastlclty, 13 pages, 1/30/ 1990 N. Maeda et al entitled -

Improvement in Ductility of Intennetalhc Compound through Grain Super- -
refinement” .present_ed at Autumn Symposium of the Japan Institute of Metals,. 14
pages, 1989; S. Noda et al entiitled * Mechanical Properties of TiAl Intermetallic
Compound" presented at Autumn Symposium of the Japan Institute of Metals, 3
pages, 1988; H.A. Lipsitt entitled “Titanium Aluminides - An Overview” published
in Mat. Res. Soc. Symp. Proc. Vol. 39, 351-364, 1985; P.L. Martin et al entitled
“The Effects of Alloying on the Microstructure and Properties of Ti, Al and TiAl”

published by ASM in Titanium 80, Vol. 2, 1245-1254, 1980; S.H. Whang et al

entitled “Effect of Rapid Solidification in L1, TiA_l Compound Alloys” ASM
Symposium Proceedings on Enhanced Properties in Structural Metals Via Rapid
Solidification, Materials Week, 7 pages, 1986; and D. Vujic et al entitled “Effect of
Rapid Solidification and Alloying Addition on Lattice D_iStortion and Atomic
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‘Ordering in L1, TiAl Alloys and Their Ternary Alloys” published in Metallurgical '

Transactions A, Vol. 19A, 2445-2455, 10/1988.

Methods by which TiAl aluminides can be processed to achieve desirable
properties are disclosed in numerous patents and publications such as those
mentioned above. In addition, U.S. Patent No. 5,489,411 discloses a powder
metallurgical technique for preparing titanium aluminide foil by plasma spraying a

~ coilable strip, heat treating the strip to relieve residual stresses, placing the rough

sides of two such strips together and squeezing the strips together between pressure
bonding rolls, followed by solution annealing, cold rolling and intermediate anneals.
U.S. Patent No. 4,917,858 discloses a powder metallurgical technique for making
titanium aluminide foil using elemental titanium, aluminum and other alloying
elements. U.S. Patent No. 5,634,992 discloses a method of processing a gamma

titanium aluminide by consolidating a casting and heat treating the consolidated
~ casting above the eutectoid to form. gamma grains plus lamellar colonies of alpha

‘and gamma phase, heat treating below the eutectoid to grow gamma grains within

the colony structure and heat treating below the alpha transus to reform any
remaining colony structure a structure having o, laths within gamma grains.

" Based on the foregoing, there is a need in the art for an economical
technique for preparing metal products which undergo work hardening such as iron,
nickel and titanium aluminides. It would be desirable if aluminide compositions
could be prepared by an economical technique in order to form an aluminide
product.

Summary of the Invention

The invention provides a method of manufacturing a cold worked product
from a metallic alloy composition; comprising steps of (a) preparing a work
hardened product by cold working a metallic alloy composition to a degree sufficient
to provide a surface hardened zone thereon; (b) preparing a heat treated product by
passing the work hardened product through a furnace such that the work hardened
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‘product is flash annealed for less than one minute;. and optionally (c) repeating steps

(a) and (b) until a cold worked product of desired size is obtained. The metallic
alloy can comprise an iron base alloy such as steel, copper or copper base alloy,
aluminum or aluminum base alloy, titanium or titaniym base alloy, zirconium or

zirconium base alloy, nickel or nicke] base alloy or intgr;_netallic alloy composition.

'The metallic alloy is preferably an iron aluminide alloy, a nickel aluminide alloy or

a titanium aluminide alloy. The flash annealing is preferably carried 6ut by infrared

~ heating and the cold working preferably comprises cold rolling the alloy into sheet,

strip, rod, wire or band. Alternatively, the cold workingi can comprise cold
stamping or cold pressing the metallic alloy into a shaped product. - -

- The method can include casting the alloy and hot working the casting prior
to step (a). Alternatively, the alloy can be prepared by a powder metallurgical

. technique such as by tape casting or roll compaction. For instance, the alloy canbe - -

prepared by tape casting a powder mixture .qf the alloy and é-binder soasto forma -

. . non-densified metal sheet with a porosity of at least 30%, heating the tape casting to -
- drive off volatile components and working the non-densified metal sheet into the
- .work hardened product. In the case of roll compaction, a p_owd_gr mixture of the
- alloy and a binder is rolled into a non-densified metal sheet with a porosity of at-

least 30%, the rolled sheet is heat treated to drive off volatile components and the
non-densified metal sheet is cold worked into the work hardened product. Still yet,
the method can include plasma spraying a powder of the alloy onto a substrate so as
to form a non-densified metal sheet with a porosity of less than 10% and cold |
working the non-densified metal sheet into the work hardened product.

According to a préferred embodiment, the cold worked product is formed
into an electrical resistance heating element capable of heating to 900°C in less than

-1 second when a voltage up to 10 volts and up to 6 amps is passed through the

heating element. The resistance heating element can be used for various heating
applications such as part of a heating fixture of a cigarette smoking device. The
electrical resistance heating element preferably has an electrical resistivity of 80 to

400, preferably 140 to 200 .L-cm.
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The intermetallic alloy can comprise Fe,Al, Fe,Al;, FeAl,, FeAl, FeAlC,

Fe,AIC or mixtures thereof. The intermetallic alloy can comprise an iron aluminide
having, inweight %, <32% Al, <2% Mo, <1% Zr, <2 % Si, < 30% Ni, < 10%
Cr,<03%C,505%Y,<01%B,<1% Nb, <3 % Wand < 1% Ta. For
instance, the alloy can include, in weight %, 20-32% Al, 0.3-0.5% Mo, 0.05-0.3%
Zr, 0.01-0.5% C, < 0.1% B, < 1% oxide particles, balance Fe. A preferred iron
aluminide alloy includes, in weight %, 20-32% Al, 0.3-0.5% Mo, 0.05-0.3% Zr,
0.01-0.5% C, < 1% Al 0O, particles, < 1% Y,0, particles, balance Fe.

.- Figure 1 shows the hardness profiles of a roller leveled FeAl strip;
Figure 2a shows the effect of heating on hardness of 8-mil FeAl sheet;
Figure 2b shows the effect of heating time on hardness for FeAl 8-mil sheet -
heated at 400°C; - | |
-+ - Figure 2¢ shows the effect of heating time on hardness for FeAl 8-mil sheet
heated at 500°C; '
" - Figure 3 shows the effect of heating time on temperatures at different
locations on FeAl 8-mil sheet passed thrbugh an infrared heating furnace; and
- Figure 4 'shows a comparison of rolling processes for tape cast FeAl sheets.

The invention provides a new and economic process for manufacturing cold
worked products of metallic materials which undergo work hardening during cold
working thereof. The process of the invention is especially useful in the
manufacture of rolled, stamped or press formed metallic alloys of iron base alloys
such as steel, copper or copper base alloys, aluminum or aluminum base alloys,
titanium or titanium base alloys, zirconium or zirconium base alloys, nickel or
nickel base alloys, or intermetallic alloy compositions such as aluminide materials.
The metallic materials can be prepared by any technique which directly or indirectly
provides the materials in a form ready for working to a desired shape. For

example, the materials can be prepared by casting, powder metallurgical or plasma
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~ spraying techniques. In the case of easﬁng, a suitable alloy can be melted, cast into

a shape, and worked into a final or nmermedlate shape. In the case of powder
metallurgy, elemental powders can be subjected to reaction synthesis to form a
desired alloy composition or a suitable alloy c'Qmpositiorr can be atomized to form a
prealloyed powder, after which the powder in either case ean be sintered and
worked into a final or intermediate shape In the case of plasma spraying, a suitable
alloy composition can be melted and sprayed onto a substrate to form an
intermediate shape. Aoeordmg to the mvegtron, the intermediate shape can be -
formed into a final sized shape in e manner ‘which allows the number of working
steps such as rolling passes to be reduced e

- In general, difficult-to-work metal compositions such as aluminides,
especially in the form of thin strips, _ha_ve a tendency to work harden during the

~ forming process.. It was found durmg development of the process of the invention

that work hardening is first induced in a thin surface layer and gradually builds up

throughout the thickness of the matérial g_n_dergoing cold working such as reduction
- in thickness. ‘According to the invention 1_:he-i_riitial thin work hardened layer is -

subjected to a heat treatment which !ovrer_s the hardness of the surface layer. A"
particularly advantageous he,at=trmtrneht aceording to the invention is a flash
annealing treatment wherein the surface'of the sfrip is heated rapidly to a
temperature-sufficient to relieve buiit—ﬁp stresses in the surface layer. The flash
annealing treatment can be earried eut by any suitable technique such as by using
infrared, laser, induction, etc. heatmg equipment. An especrally preferred heating

~ technique in the case of making sheet matenal is a furnace equipped with infrared

heating lamps which are arranged to heat the surface of a strip passing through the
furnace. The effectiveness of flash annealing in reducing surface hardness is .

.explained below with reference to an exemplary process of making iron aluminide

Figure 1 shows the hardness profiles of a roller leveled FeAl strip before and

after stress relief annealing of the strip. As shown by the ¢ marks representing

before stress relief anneal, the strip has a surface hardened zone in that the Vickers

‘hardness is significantly higher at its surfaces than in the center thereof. However,
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as shown by the ® marks, the hardness is made subsl_;anti@y uniform throughout the
strip thickness after stress relief annealing by flash annealing in accordance with the
invention. '

Figure 2a shows the effect of heating times and temperatures on -
microhardness of 8-mil punched FeAl sheet. As shown by the ¢ marks representing
heating for 2 seconds, the hardness is reduced to the lowest level at around 400°C.
Likewise, as shown by the O marks representing heating for 5 seconds, the hardness.
is reduced to the lowest level at around 400 to 500°C. The ® marks representing
heating for 10 seconds indicate that the hardness is reduced to the lowest level at
around 500°C. As shown by the © marks representing heating for 20 seconds; the
hardness is reduced to the lowest level at around 500°C. The + marks representing
heating for 30 seconds show that the hardness is reduced to the lowest level at
around 500°C. Accordingly, flash annealing at around 400 to 500°C for 2 to 30

- seconds is sufficient to reduce the hardness of the surface layer of a cold rolled FeAl
‘strip. ' ' o ' '

Figure 2b shows the effect of heating time on micr.ohardness for FeAl 8-mil
sheet heated at 400°C. As shown by the graph, after about: 10 seconds of heating
the hardness is reduced to a level which remains substantially constant for longer
heating times. : | '

- Figure 2c shows the effect of heating tirﬁe on microhardness for FeAl 8-mil

sheet heated at 500°C. As shown by the graph, after about 10 seconds of heating

the hardness is reduced by the greatest amount and longer heating times do not
farther reduce the hardness of the strip.

Figure 3 shows the effect of heating time on temperatures at different
locations on FeAl 8-mil sheet passed through an infrared heating furnace. In this
graph, the ® marks represent the top center of the strip, the © marks represent the
top edge of the strip and the ® marks represent the bottom center of the strip. The
infrared furnace included a infrared lamps operated at 37% power and the strip was

- passed through the furnace at 2 ft/min. The temperature of the strip reached around

400°C after about 35 seconds. As the strip passed through the furnace, the three
locations on the strip were initially heated to essentially the same temperature for the
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- first 35 seconds. Then, as the temperature of the strip dropped, the top and bottom
centers of the strip remained close 'il_;,temperamre and the top edge was about 50°C
cooler than the centers of the strip. |

Figure 4 shows a comparison of rolling processes for 26-mil tape cast FeAl
sheets wherein the ® marks represent a éqmparative process involving 40 cold
- rolling passes and the ® marks-represenf the process according to the invention.
~ The comparative process required t.v)p intémediatc vacuum anneals (one hour at
1150°C and one hour at 1260°C) and a final anneal (one hour at 1100°C) whereas
the process according to the invention required only one intermediate vacuum anneal
(one'hour at 1260°C) and a final vacuum anneal (one hour 1100°C).. However,

. whereas the comparative process required 40 cold rolling passes to obtain 8-mil
strip, the process according to the _invention; wherein flash annealing is carried out
subsequent to each rolling step, required o_nijr 17-18 ro!lingpasées to obtain 8-mil

- strip. ‘Thus, because the process according to.the invention can reduce the number

. of cold rolling steps required'to-prodil_ce_' strip of a.desired thickness, the process can
significantly increase production efficiency. R
~ Incold rolling iron aluminide to thm strip-it is advantageous to conduct the
intermediate annealing steps in a vacuum to ‘minimize oxidation of the strip. : Use of

. such protective atmospheres necessarily entails use of expensive furnace equipment
and slows down the manufacturing process In accordance with the invention, it is
possible to increase the rate of pro.d_uctjdﬁ of sheet material by reducing the number
of mamfacturing steps and lower costs by avoiding the need for protective
atmospheres during the flash annealing step.

" The method according to the invention can be used to prepare various iron
aluminide alloys containing at least 4% by weight (Wt %) of aluminum and having
_various structures depending_ on the Al content, e.g., a Fe,Al phase with a DO,
structure or an FeAl phase with a B2 structure. The alloys preferably are ferritic
with an austenite-free miérostmctm_‘e and may contain one or more alioy elements

. selected from molybdenum, titanium, carbon, rare earth metal such as yttrium or

cerium, boron, chromium, oxide such as ALO, or Y,0;, and a carbide former (such

as zirconium, niobjum and/or tantalum) which is useable in conjunction with the
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carbon for forming éz{rbide phases within the solid solutidh matrix for the purpose
of controlling grain size and/or precipitation strengthening. |

The aluminum concentration in the FeAl phase alloys can range from 14 to
32% by weight (nominal) and the Fe-Al alloys when wrought or powder
metalturgically processed can be tailored to provide selected room temperature
ductilities at a desirable level by annealing the alloys in a suitable atmosphere at a
selected temperature greater than about 700°C (e.g., 700-1100°C) and then furnace
cooling, air cooling or oil quenching the alloys while retaining yield and ultimate
tensile strengths, resistance to oxidation and aqueous corrosion properties.

The concentration of the alloying constituents used in forming the Fe-Al
alloys is expressed herein in nominal weight percent. However, the nominal weight
of the aluminum in these alloys essentially corresponds to at least about 97% of the
actual weight of the aluminum in the alloys. For example, a nominal 18.46 wt %

may provide an actual 18.27 wt % of aluminum, which is about 99% of the nominal =

concentration.

The Fe-Al alloys can be processed or alioyed‘ with one or more selected
alloying elements for improving properties such as strength, room-temperature
ductility, oxidation resistance, aqueous corrosion resistance, pitting resistance,
thermal fatigue resistance, electrical resistivity, high temperature sag or creep
resistance and resistance to weight gain. :

The aluminum containing iron based alloys can be manufactured into

electrical resistance heating elements. However, the alloy compositions disclosed

herein can be used for other purposes such as in thermal spray applications wherein
the alloys conld be used as coatings having oxidation and corrosion resistance.
Also, the alloys could be used as oxidation and corrosion resistant electrodes,
furnace components, cheémical reactors, sulfidization resistant materials, corrosion
resistant materials for use in the chemical mdustry, pipe for conveying coal slurry or
coal tar, substrate materials for catalytic con\}erters, exhaust pipes for automotive
engines, porous filters, etc. | - o

According to one aspect of the invention, the geometry of the alloy can be
varied to optimize heater resistance according to the formula: R = p /W x T)
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wherein R = resistance of the heate_x;; p = resistivity of the heater material, L. =
length of heater, W = width of heater and T = thickness of heater. The resistivity
of the heater material can be varied by adjusting the alumimum content of the alloy,
processing of the alloy or incorporating alloying additions in the alloy.

.. 'The heater material can be made in vanous ways. For instance, the heater

_matenal can be made by a casting or powder metallurg:cal route In the powder

metallurgical route, the alloy can be made from a prealloyed powder, by -
mechanically alloying the alloy constituents or by reacting powders of iron and
aluminum after a powder-mixtu_re thereofhas been shaped into an article such as a
sho_et of _oold rolled powder. The mechamcally alloyed powder can be processed by
conventional powder metallurgical techniques such as by canning and extruding, slip
casting, centrifugal casting, hot pressmg a_nd hot isostatic pressing. Another -
technique is to use pure elemental powdors of Fe, Al and optional alloying elements.
If desired, .electrically insulating and/or electrically conductive particles can be
incorporated in the powder mixture to milor physical properties and high .

~ temperature creep resistance of the heater material.

~ The heater material can be produced from a mixture of powder having
different fractions but a preferred powder mu_;m_re comprises particles having a size

-smaller than 100 mesh.  The powder can be produced by gas atomization in which

case the powder may have a spherical morphology. Alternatively, the powder can
be made by water or polymer. atomization m which case the powder may have an
uregular morphology. Polymer atomized powder has higher carbon content and
lower surface oxide than water atomized powder. The powder produced by water
atomization can include an _aluminum'.o,xidé coating on the powder particles and such
aluminum oxide can be broken up and incorporated in the heater material during
therr_oomccha_nicai processing of the powder to form shapes such as sheet, bar, etc.
The alumina particles, depending on size, distribution and amount thereof, can be
effective in increasing 'rgsifsﬁvity of fhe iron'_alumi_n_um alloy. Moreover, the
alumina particles can be used to increase stfe’ngth and creep resistance with or
without reduction in ductility.
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In order to lmprove properties of the alloy such as thermal conductivity
and/or resistivity, metallic elements and/or particles of electrically conductive
and/or electrically insulating metal compounds can be incorporated in the alloy.
Such elements and/or metal compounds include oxides, nitrides, silicides, borides
and carbides of elements selected from groups IVb, Vb and VIb of the periodic
table. The carbides can include carbides of Zr, Ta, Ti, Si, B, etc., the borides can
include borides of Zr, Ta, Ti, Mo, etc., the silicides can include silicides of Mg,

:Ca, Ti, V, Cr, Mn, Zr, Nb, Mo, Ta, W, etc., the nitrides can include nitrides of

Al, Si, Ti, Zr, etc., and the oxides can include oxides of Y, Al, Si, Ti, Zr, etc. In
the case where the FeAl alloy is oxide dispersion strengthened, the oxides can be
added to the powder mixture or formed in situ by adding pure metal such as Y to a
molten metal bath whereby the Y can be oxidized in the molten bath, during

. atomization of the molten metal into powder and/or by subsequent treatment of the

powder. For instance, a heater material can include particles of electrically

‘conductive material such as nitrides of transition metals (Zr, Ti, Hf), carbides of

transition metals, borides of transition of metals and MoSi, for purposes of
providing good high temperature créep resistance up to 1200°C and also excellent
oxidation resistance. A heater material may also incorporate particles of electrically
insulating material such as ALO,, Y,0,, SiN,, ZrO, for purposes of making the

- heater material creep resistant at high temperature and also enhancing thermal
- conductivity and/or reducing the thermal coefficient of expansion of the heater

material.

- In preparing an iron aluminide alloy by casting, the casting can be cut, if
needed, into an appropriate size and then reduced in thickness by forging or hot
working at a temperature in the range of about 900 to 1100°C, hot rolling at a
temperature in the range of about 750 to 1100°C, warm rolling at a temperature in
the range of about 600 to 700°C, and/or cold rolling at room temperature. Each
pass through the cold rolls can provide a 20 to 30% reduction in thickness and is
followed by flash annealing at 400 to 500 °C. 'The cold rolled product can also be
heat treated in air, inert gas or vacuum at a temperature in the range of about 700 to
about 1050 °C, e.g., about 800°C for one hour. For instance, the alloy can be cut
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into 0.5 inch thick pieces, forged at 1000°C to reduce the thickness of the alloy
specimeps to 0.25 inch (50%. reduction), then hot rolled at 800°C to further reduce
the thickness of the alloy specimens t0 0.1 inch (60% red_ﬁction), and then warm

_ rolled at 650°C to provide a final thickness of 0.030 inch (70% reduction) sheet.

The 0.030 inch sheet can then be cold rolled and flash annealed in accordance with
the invention. |

- According to the invention, an intermetallic alloy composition can be formed
into sheet by consolidating prea]ldyéd po_w_def,_ cold working and heat treating the
cold rolled sheet. For example, a prealloyed powdér can be consolidated into a
sheet which can be cold worked (i.e., wo_rke_d without applying external heat during
working) to a desired final thickness.- - S '

According to this embodimept, a sheet having an intermetallic alloy

" composition is prepared by a powder métallui'giéal'- technique wherein a non-
* densified metal sheet is formed by consolidating a-prealloyed powder having an SR

intermetallic alloy composition, a'co.ld_, rolled sheet is formed by cold rolling the

' non—denSiﬁedimetal sheet so as'-to-de,nsify-'and.reducé the thickness thereof, and the
- cold rolled sheet is heat treated to sinter, anneal, stress relieve and/or degas the cold
. ‘rolled sheet. The consolidating stép can be carried out in various ways such as by

-roll compaction, tape casting or plas_md spraying. In the consolidatihg- step, a sheet

or narrow sheet in the form of a strip can be formed having any suitable thickness

such as less than 0.1 inch. This Strip is then cold rolled in one or more passes to a

final desired thickness with at least one heat trdating’ step such as a sintering,

annealing or stress relief heat treatment. According to the invention, at least one of

the annealing steps comprises a flash annealing heat treatment. This process

provides a simple and economic mamfacturing technique for preparing intermetallic

alloy materials such as iron aluminides which are known to have poor ductility and

high work hardening potential at room temperature. |
- In the roll compaction process, a pi‘ealloyed powder is processed as follows.

Pure elements and trace alloys are pfeferably water atomized or polymer atomized

to form a prealloyed irregular shaped powder of an intermetallic composition such

as an aluminide (e.g. iron aluminide, nickel aluminide, or titanium aluminide) or
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other intermetallic ébhii’)osition-. Water or polymer atoﬁﬁicd powder is preferred
over gas atomized powder for subsequent roll compaction since the irregularly
shaped surfaces of the water atomized powder provide better mechanical
interlocking than the spherical powder obtained: from gas atomization. Polymer

-atomized powder is preferred over water atomized powder since the polymer:

atomized powder provides less surface oxide on the powder.
The prealloyed powder is sieved to a desired particle size range, blended
with an organic binder, mixed: with an optional solvent and blended together to form

-a blended powder. In the case of iron aluminide powder, the sieving step preferably

provides a powder having a particle size within the range of -100 to +325 mesh
which corresponds to a particle size of 43 to 150 nm. In order to improve the flow
properties of the powder, less than 5%, preferably 3-5% of the powder has a
particte size of less than 43 um.

Green strips are prepared by roll compaction wherein the blended powder is .

fed from a hopper through a slot into a space between two compaction rolls. In a
preferred embodiment, the roll compaction produces a green strip of iron aluminide
having a thickness of about 0.026 inch and the green strip can be cut into strips -

having dimensions such as 36 inches by 4 inches. The green strips are subjected to

a heat treatment step to remove. volatile components such as the binder and any

organic solvents. The binder burn out can be carried out in a furnace at atmospheric .
or reduced pressure in a continuous or batch manner. For instance, a batch of iron
aluminide strips can be furnace set at a suitable temperature such as 700-900°F
(371-482°) for a suitable amount of time such as 6-8 hours at a higher temperature
such as 950°F (510° C). During this step, the furnace can be at 1 atmosphere
pressure with nitrogen gas flowing therethrough so as to remove most of the binder,
e.g., at least 99% binder removal. This binder removal step results in very fragile
green strips which are then subjected to primary sintering in a vacuum furnace.

-In the primary sintering step, the porous brittle de-bindened strips are
preferably heated under conditions suitable for effecting partial sintering with or

‘without densification of the powder. This sintering step can be carried out in a

furnace at reduced pressure in a contimuous or batch manner. For instance, a batch
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of the de-bindened iron aluminide strips can be heated in a vacuum furnace at a
suitable temperature such as 2300°F (1260_9C) for a suitable time such as one hour.
The vacuum furnace can be maintained at any suitable vacuum pressure such as 10
to 10° Torr. In.order to prevent loss of aluminum from the strips during sintering,
it is preferable to maintain the sintering temperature low enough to avoid vaporizing
aluminum yet provide enough metallurg_ié@l-bonding to .-allo‘v& subsequent rolling.
Further, vacuum sintering is preferred to avoid oxidation of the non-densified strips.
However, protective atmospheres such as hydrogen. argon and/or nifrogen with
proper. dew points such as -50°F or l§s$ -ihercof could be used in place of the

. vacuum.

‘In the next step, the presintered strips are preferably subjected to cold rolling
in air to a final or intermediate thiclm_@ss_f In this step, the'porosity of the green
strip can be substantially reduced, e.g., from around 50%to less than 10% porosity.

.-Due to the hardness of the intermetallic alloy, it is advantageous to use a 4-high
~ rolling mill wherein the rollers in coﬁ_t_act with the intermetallic alloy strip preferably

have carbide rolling surfaces. -Howeirelj,} any suitable rollé'r_ construction can be used

- such as stainless steel rolls. . Further, by using the ﬂash-anhealing in accordance

with the invention it is not necessary;t_o us_e carbide rollers for the cold rolling. If
steel rollers ére used, the amount of Iedﬂ_ctibn is preferably limited such that the
rolled material does not deform the rbl_lers as a result of work hardening of the
intermetallic alloy. The cold rolling step is preferably carned out to reduce the strip
thickness by at least 30%, preferably at least about 50%. For instance, the 0.026
inch thick presintered iron aluminide strips can be cold rolled to 0.013 inch
thickness in a single cold rolling step with single or multiple passes.

After each cold rolling step, the cold rolled strips are subjected to heat -
treating to anneal the strips. The annealing can comprise primary annealing in a
vacuum furnace in a batch manner or in a furnace with gases like H,, N, and/or Ar
in a continnous manner and at a suitable temperature to ;elievc stress and/or effect
further densification of the powder. In the case of iron aluminide, the primary
annealing can be carried at any suitable temperature such as 1652-2372°F (900 to

~ 1300°C), preferably 1742-2102°F (950 to 1150°C) for one or more hours in a
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vacuum farnace. For iéxample, the cold rolled iron aluminide strip can be annealed
for one hour at 2012°F (1100°C) but surface quality of the sheet can be improved in
the same or different heating step by annealing at higher temperatures such as
2300°F (1260°C) for one hour. The primary annealing can accompany or be
replaced by a flash annealing step as described earlier.

After the annealing step, the strips can be optionally trimmed to desirable
sizes. For instance, the strip can be cut in half and subjected to further cold rolling
and heat treating steps. '

In the next step, the primary rolled strips are cold rolied to reduce the
thickness thereof. For instance, the iron aluminide strips can be rolled in a 4-high
rolling mill so as to reduce the thiclmess"thereof from 0.013 inch to 0.010 inch.
This step achieves a reduction of at least 15%, preferably about 25%. Each rolling
step is preferably followed by a flash annealing step as previously described.

- However, if desired, one or more annealing steps can be eliminated, e.g., a 0.024

.. inch strip can be primary cold rolled directly to 0.010 inch. Subsequently, the

secondary cold rolled strips are optionally subjected to secondary sintering and

- annealing. In the secondary sintering and annealing step, the strips can be heated in

a vacuum furnace in a batch manner or in a furnace with gases like H,, N, and/or Ar
in a continuous manner to achieve full density. For example, a batch of the iron
aluminide strips can be heated in a vacaum furnace to a temperature of 2300°F .
(1260°C) for one hour.

After the secondary sintering and annealing step, the strips can optionaily be
subjected to secondary trimming to shear off ends and edges as needed such as in
the case of edge cracking. Then, the strips can be subjected to a third and final cold
rolling step with intermediate flash annealing. The cold rolling can reduce the
thickness of the strips by 15% or more. Preferably, the strips are cold rolled to a
final desired thickness such as from 0.010 inch to 0.008 inch. After the third or

final cold rolling step, the strips can be subjected to a final annealing step in a

continuous or batch manner at a temperature above the recrystallization temperature.
For instance, in the final annealing step, a batch of the iron aluminide strips can be
heated in a vacuum furnace to a suitable temperature such as 2012°F (1100°C) for
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about one hour. During the final annealing the cold rolled sheet is preferably

recrystallized to a desired average grain size such as about 10 to 30 m, preferably
around 20 um. Then, the strips can optionally be sub_]ected to a final trimming step
wherein the ends and edges are tnmmed and the strip is sht into narrow strips
having the desired dimensions for further processmg into tubular heating elements.
The trimmed strips can be subjected to a stress relieving heat treatment to

- remove thermal vacancies created dur_mg_ the previous processing steps. The stress
- relief treatment increases ductility of the strip ma_terial (e.g., the room temperature
* ductility can be raised from around 1% to around 3-4%). In the stress relief heat

treatment, a batch of the strips can be heated in a furnace at atmospheric pressure or

- in a vacuum furnace. For instance, the iron aluminide strips can be heated to

around 1292°F (700°C) for two hours and cooled by slow eooling in the furnace

- (e.g., at < 2-5°F/min) to a suitable temperature such as around 662 °F.(350°C).

followed by quenching. Duting stress relief annealing it is preferable to maintain
the iron aluminide strip material in a temperature range wherein the iron aluminide -
is in the B2 ordered phase. . _ _

. The stress relieved strips can be_ prqeeSsed into tubular heating elements by
any suitable technique: For instance, the .St:ips can be laser cut, mechanically -
stamped or chemical photoetched toprov1de a-desired pattern of individual heating
blades.  For instance, the cut pattern can provide a series of hairpin shaped blades
extending from a rectangular base portion which when rolled into a tubular shape

~ and joined provides a tubular heating element with a cylindrical base and a series of

axially extending and circumferentially spaced apart heating blades. Alternatively,
an uncut strip could be formed into a tubular shape and the desired pattern cut into
the tubular shape to provide a heating element having the desired configuration.

. To avoid variation in properties of the cold rolled sheet, it is desirable to

_control porosity, distribution of oxide particles, grain size and flatness. The oxide

particles result from oxide coatings on the water atomized powder which break up
and are distributed in the sheet during cold rolling of the sheet. Nonuniform
distribution of oxide content could cause property variations within a specimen or

result in specimen-to-specimen variations. Flatness can be adjusted by tension
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control during rolling; -In general, cold rolled material can exhibit room

temperature yield strength of 55-70 ksi, ultimate tensile strength of 65-75 ksi, total
elongation of 1-6%, reduction of area of 7-12% and electrical resistivity of about
150-160 pQ-cm whereas the elevated temperature strength properties at 750°C
include yield strength of 36-43 ksi, ultimate tensile strength of 42-49 ksi, total
elongation of 22-48% and reduction of area of 26-41%.

According to the tape casting technique, a prealloyed powder is formed into
a sheet by tape casting. However, whereas water or polymer atomized powder is
preferred for the roll compaction process, gas atomized powder is preferred for tape
casting due to its spherical shape and low oxide contents. The gas atomized powder
is sieved as in the roll compaction process and the sieved powder is blended with
organic binder and solvent so as to produce a slip, the slip is tape cast into a thin
sheet and the tape cast sheet is cold rolled and heat treated as set forth in the roll
compaction embodiment. '

" According to the plasma spraying technique, a prealloyed powder is formed
into a non-densified metallic sheet by plasma spraying powders of an intermetallic
alloy onto a substrate. The sprayed droplets are collected and solidified on the
substrate in the form of a flat sheet which is cooled by a coolant on the opposite
thereof. The spraying can be carried out in vacuum, an inert atmosphere or in air.
‘The sprayed sheets can be provided in various thicknesses and because the

~ thicknesses can be closer to the final desired thickness of the sheet, the therma]

spraying technique offers advantages over the roll compaction and tape casting
techniques in that the final sheet can be produced with fewer cold rolling and
annealing steps.

In a preferred plasma spraying technique according to the invention, a strip
having a width such as 4 or 8 inches is prepared by depositing gas, water or
polymer atomized prealloyed powder on a substrate by moving a plasma térch back
and forth across a substrate as the substrate moves in a given direction. The strip
can be provided in any desired thickness such as up to 0.1 inch. In plasma
spraying, the powder is atomized such that the particles are molten when they hit the
substrate. The result is a highly dense (e.g., over 95% dense) film having a smooth
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surface. In order to minimize oxidation of the molten particles, a shroud can be

‘used to contain a protec:ti,v'e-atmosphere: sueh-as-_ argon Or nitrogen surrounding the

plasma jet. HoWever,_ if the plasma spray process is carried out in air, oxide films
can form on the molten droplets and thus l_e'adéte incorporation of oxides in the
deposited film. The substrate is pre_fereb.ly;_a:: étdinle_ss stee_l_ grit blasted surface
which provides enough mechanical bonding to hold the strip while it is deposited but
allows the strip to be removed for further proeeesing. According to a preferred
embodiment, an iron aluminide strip is sprayed toa thiekrless .of 0.020 inch, a

. thickness which can be cold rolled in a series ef' .passes-to 0.010 inch with

intermediate flash annealing, cold rolled to 0 008 inch and. subjeeted to final

- annealing and stress relief heat treating.

In general, the thermal spraying techmque provides a denser sheet than is
obtained by tape casting or roll compactlon Of the thermal spray technigues, the
plasma spraying technique allows use of water gas or polymer ‘atomized powder -

~ whereas the spherical powder obtained by gas.. a_tqmlzathrr does not compact as well
- as the water atomized powder in the roll 'c_p_mpact_ion process. -:Compared to tape

casting, the thermal-spraying process:__prorides less residual carbon since it is not

necessary to use a binder or solvent in the thermal spraying process. On the other . -

hand, the thermal spray process is- suseept_-i_bleito eontamipa_tion by oxides.
Likewise, the roll compaction process is suscept_ible to oxide contamination when
using water atomized powder, i.e., the surt_‘ace of the Water quenched powder may
have surface oxides whereas the gas atdmized?p'ewder can be produced with little or -
no surface oxides. | . |

The foregoing has described the prmcrples preferred embodiments and
modes of operation of the present invention, _prever,.th_e invention should not be
construed as being limited to the particular embodiments discussed. Thus, the
above-described embodiments should be regarded as illusirative rather than
restrictive, and it should be appreciated that variations may be made in those
embodiments by workers skilled in the art without _deparﬁng from the scope of the

present invention as defined by the following elairns.
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WHAT IS CLAIMED IS:

1. A method of manufacturing a cold worked product from a metallic alloy
composition, comprising steps of:

(a) preparing a work hardened product by cold working a metallic alloy
composition to a degree sufficient to provide a surface hardened zone thereon;

(b) preparing a heat treated product by passing the work hardened product
through a furnace such that the work hardened product is flash annealed for less
than one minute; and

optionally (c) repeating steps (a) and (b) until a cold worked product of
desired size is obtained. )

2. The method of Claim 1, wherein the metallic alloy is an iron aluminide

alloy, a nickel aluminide alloy or a titanium aluminide alloy.

3. The method of Claim 1, further comprising tape casting a powder
mixture of the alloy and a binder so as to form a non-densified metal sheet with.a
porosity of at least 30%, the non-densified metal sheet being cold worked into. the
work hardened product.

4. The method of Claim 1, further comprising roll compacting a powder
mixture of the alloy and a binder so as to form a non-densified metal sheet with a
porosity of at least 30%, the non-densified metal sheet being cold worked into the
work hardened product.

5. The method of Claim 1, further comprising plasma spraying a powder
of the alloy onto a substrate so as to form a non-densified metal sheet witha
porosity of less than 10%, the non-densified metal sheet being cold worked into the
work hardened product. ' '

6. The method of Claim 3, further comprising a step of heating the non-
densified metal sheet at a temperature sufficient to remove volatile components from
the non-densified metal sheet.
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7. The method of Claim 4, further comprising a step of heating the non-
densified metal sheet at a temperature sufﬁcient to remové_ volatile components from
the non-densified metal sheet. | :

8. The method of Claim 1, whé;ein the _metalli_q_i -élloy- comprises an iron
aluminide having, in weight %, 4.0 to 32'.0% Aland < '1_%. Cr.

9, The method of Claim 8, wherein the mtermetalhc alloy comprises a
titanium aluminide. -

10. The method of Claim 1, wherein the flash annealmg is performed by
infrared heatmg of the work hardened product '

'11. The method of Claim 1, fu'nher-cqmprising_é step of forming the cold
WOIked'prodﬁct into an electrical resistance heatmg elemé,n’t capable of heating to
900°C in less than 1 second when a voltage up to 10 vo_lffs and up to 6 amps is

~ passed through the heating element. e . '

12. The method of Claim 1, Whereiﬁ the cold working comprises cold
rolling and the cold worked product compriSes' a sheet, sﬁjip, rod, wire or band or
press forming or stamping the cold workqd product into aﬁnal or intermediate
shape. '

13. The method of Claim 1, wherein the metallic alloy comprises Fe,Al,
Fe,Al;, FeAl, FeAl, FeAlC, Fe;AlC or nnxtures thereof

14_. The me_thod of Claim 1, wherein the cold wqu__ing comprises cold
rolling and the work hardened product comprises a cold rolled sheet, the cold.
rolling reducing porosity in the cold rolled sheet from ow'(:er 50% to less than 10%.
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15. The mietiod of Claim 1, wherein the flash érinealing step comprises
heating the work hardened product to a temperature of at least 400°C for Iess than
45 seconds.

16. The method of Claim 1, wherein the flash annealing is carried out in an
air atmosphere.

17. The method of Claim 1, further comprising preparing a casting of the
metallic alloy and preparing a hot worked product by hot working the casting, the
hot worked product being cold worked into the work hardened product.

18. The method of Claim 1, further comprising annealing the cold worked
product at a temperature of 1100 to 1300°C in a vacuum or inert atmosphere.

19. The method of Claim 1, further comprising a final cold working step
followed by a recrysallization annealing heat treatment.

20. The method of Claim 1, wherein the metallic alloy comprises an iron
aluminide having, in weight %, < 32% Al, <2% Mo, < 1% Zr, <2 % Si, <
30% Ni, < 10% Cr, <03% C,<05%Y,<0.1%B,<1% Nb, <3 % W and <
1% Ta.

21. The method of Claim 1, wherein the metallic alloy comprises an iron
aluminide consisting essentially of, in weight %, 20-32% Al, 0.3-0.5% Mo, 0.05-
0.3% Zr, 0.01-0.5% C, < 0.1% B, < 1%oxide particles, balance Fe.

22. The method of Claim 1, wherein the metallic alloy comprises an iron

aluminide and the flash annealing step reduces hardness of the surface hardened
zone by at least 10%.

—_—
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23. The method of Claim 1, wherein the cold working is carried out with
rollers having carbide or non-carbide rolling surfaces in direct contact with the cold
worked product. |

- 24. The method of Claim 1, wherein the cold worked product is a sheet
which is produced without hot working the metallic alloy.

25. The method of Claim 1, further comprising forming the cold worked
product into an electrical resistance heatmg element having an electrical resistivity
of 80 to 400 »Q-cm. ' '

26. The method of Claim 1, wherein the metallic alloy comprises an iron
base alloy, copper or a copper base alloy, aluminum or an aluminum base alloy,
titanium or a titanium base alloy, zirconium or a zirconium base alloy, nickel or a

.- nickel base alloy.
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