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PROPERTIES OF W E  HEA TS OF FeqA1 -BASW ALLOYS' 

V. K. Sikka, C. G. McKamey, C. R. Howell, and R. H. Baldwin 

ABSTRACT 

The scaleup of three Fefl-based alloys at several commercial vendors is 
described. The scaleup processes examined the effect of crucible material (MgO 
versus Al2O3), melting practice, vacuum-induction melting, vacuum-arc remelting, 
electroslag remelting, and processing under commercial conditions. Each alloy is 
designed for a specific use: sulfidation resistance, room-temperature ductility, and 
high-temperature strength. One of the alloys was also scaled up through powder 
production by nitrogen-gas atomization. The scaled-up heats varied in size from 
50 to 250 kg (100 to 500 lb). The ingot sizes varied from 38- to 203-mm (1 1/2- 
to $-in.) diam. The scaleup processes occurred at Arnetek Specialty Metal 
Products Division; Haynes International, Inc.; Carpenter Technology Corporation; 
Special Metals Corporation; and Precision Rolled Products, Lnc. The processing 
of 102-mm-dim (4-in.) ingots at the Oak Ridge National Labratory into plate and 
sheet is described in detail. Tensile and creep data on a large powdermetallurgy 
and cast-and-worked alloys are presented. Recommendations are made for future 
work on the heats scaled up in this study. 

INTRODUCTION 

The success1 in increasing the room-temperature ductility of iron aluminides (Fe3Al) has 

significantly increased the potential for their use in many applications. These applications 

include steam turbine parts, heating elements; automotive exhaust systems; components in 

sulfidizing environments; and components in highly oxidizing environments such as con- 

tainment for molten salts, furnace furniture, and gas cleanup filters. To use iron aluminides 

in these applications, it is necessary to scale them up and to have property data on large heats. 

It is also necessary to prepare data packages to include these materials in ASTM standards, 

the ASME boiler and pressure vessel codes and piping codes. The purpose of this report is 

to present infonnation on the scaleup of Fe3Al-based alloys, processing of the scaled-up 

heats, property data, and interaction with industry. 

*Research sponsored by the U.S. Department of Energy, Fossil Energy AR&TD 
Materials Program under contract DE-AC05-84OR2 1400 with Martin Marietta Energy 
Systems, Inc. 
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ALLOY NOMENCLATURE 

Three categories of (Fe3Al) alloys are under investigation. The first composition has been 

maximized for sulfidation resistance and is designated as FAS. The second has been designed 

for maximum room-temperature tensile ductility and is designated as FAL. The third is being 

designed for maximum high-temperature strength and is designated as FA-129. The final 

designation of this alloy will be FAH. Nominal compositions of the three alloys are given in 

Table 1. 

Table 1. Nominal composition of 
tested FQAI alloys 

Alloy (wt %) 
Element 

FAS FAL FA- 129 

AI 15.9 15.9 15.9 
Cr 2.20 5.5 5.5 
B 0.0 1 0.0 1 
E 0.15 
Nb 1 .o 
C 0.05 
Fe Balance Balance Balance 

SCALEUP OF ALLOYS 

FAS ALLOY 

The sulfidation-resistant alloy FAS has been produced by both casting and powder 

metallurgy. The scaleup in the cast form consisted of melting a nominal 50-kg (100-lb) heat of 

this composition at Haynes International. The alloy was processed by vacuum-induction 

rnelhng (VIM) and cast into 38-mm-dim (1 1/2-in.) bar stock. The noninal and vendor 

analysis of the heat is shown in Table 2. The entire bar stock from this heat was supplied to 

Professor Donald E. Mikkola at Michigan Technological University for casting studies. The 

remelting and casting trials at Michigan Technological University indicated that the alloy had 

adequate fluidity for casting into shapes. A few test coupons fr0m this material were cast by 
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Table 2. Target and vendor analysis of vacuum- 
induction-melted heat of FAS alloy at 

Haynes International, Inc. 

Composition (wt %) 

Element Heat 0020-0-0676 

Target Vendor 

Al 
cr 
B 
Fe 

15.90 
2.20 
0.01 

Balance 

15.77 
2.20 
0.015 

Balance 

remelting the material in air and supplied to a company* for testing in sulfidizing environments. 

If the initial results are favorable, more complex parts will be cast at Michigan Technological 

University and supplied to the same company for component testing under actual operating 

conditions. 

The scaleup of FAS alloy also took place through the production of powder. Each scaled- 

up heat, weighing 250 kg (500 lb), was air-induction melted (AIM), and atomized by nitrogen 

gas. All atomization took place at Ametek Specialty Metal products Division. Since the time of 

the f i t  scaleup, Ametek has obtained an exclusive license from the Oak Ridge National 

Laboratory ( O N )  to produce iron-aluminide powders. The iron-aluminide powders are 
currently available for purchase from Ametek. 

tested at ORNL. Chemical analysis and powder characteristics for this heat are given in 

Table 3. The processing details follow Table 3. 

A 76-mm-diam (3-in) mild steel can was filled with iron-aluminide powder. The can was 

then evacuated, sealed, and heated for 1 1/2 h at 1ooo"C and extruded through a 25-mm (1-in.) 

die to obtain an area reduction of 9: 1. Optical microstructure of the as-extruded bar2 showed 

full consolidation from the surface to the center of the bar. The grain size was 20 pm and 

uniform across the bar. 

The FAS powder from the first scaled-up powder heat2 was consolidated, processed, and 

%e name of the company is not given because its agreement with ORNL is proprietary at 
present. 
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Table 3. Powder chemical composition. and selected physical properties 
Apparent density = 3.75 g/cm3; flow = 18 s/50 g 

...__________ ...... _I - 
Composition R . M  (wt %)(I 

I_ .... __ ........ 
Aluniium Chromium Boron Oxygen Nitrogen Carbon Sulfur Iron 
15.93 2.2 0.0 1 0.0 13 0.003 0.018 0.007 Bal. 

Size Distribution R.Mh (%) 
_______ 

+80 (0) -80+100 (0.6) -100/+120 (20.8) -120/+140 (29.6) -140/+170 (12.4) -170/+200 (32.5) -200 (4.1) 

QPatent pending. 
b . S .  standard mean size. 

The steel can was removed from the extruded bar by a 10% HNO3 solution. Two 76-mm- 

long (3-in.) sections of the bar were forged 50% at lOOO"C, rolled 50% at 85O"C, and finish 

rolled 50% at 650°C to 0.76-mm-thick (0.030-in.) sheet. These sheets were used to determine 

mechanical properties. A similar processing sequence was used to prepare sheet from a 

76-mm-diam (3-in.) cast ingot of the same composition. 

Tensile properties of powder-metallurgy-pressed heats are compared with an AIM- 

processed and cast heat in Figs. 1 through 4. A similar comparison for creep data is presented 

in Figs. 5 and 6. These figures show that the scaled-up powder heat has tensile and creep 

properties similar to the laboratory-size cast and processed heat. Processing of a second 

scaled-up powder-metallurgy heat is currently under way. Data on this heat will be compared 

with the first heat to deternine the heat-to-heat variability in properties. Tensile data on the 

nitrogen-atomized-powder heat was also compared with an argon-atomized powder heat in a 

previous publication.2 In general, the heat produced from the nitrogen-atomized powder was 

found to be somewhat stronger in both tensile and creep properties than heats produced from 

argon-atomized powder. No nitrides were observed in the sheet fabricated from the nitrogen- 

atomized powder. 

coatings to enhance the sulfidation resistance of other structural materials. Development of 

both applications is currently under way. 

The powder is being considered for use in fabricating porous metal gas filters and for spray 

FAL ALLOY 

The FAL alloy was scaled up at Haynes International, Inc., and Carpenter Technology 

Corporation. Three heats at Haynes weighed 50 kg (100 lb) each and were prepared by the 



ORNL-DWG 90-17146 ORNL-DWG 90-17145 

500 I 
_t_ CAST INGOT (WROUGHT) 

PlM (WROUGHT) 
400 

300 

200 

100 

0 
0 200 400 600 800 1000 

TEMPERATURE ("C) 

800 
c3 z 
W 
U 
i- 
Cn 600 
W 

Cn z 
=! 

400 

W 
I- u 
I 

200 

1000 1 

STRAIN RATE: Q.2lmin 

- 

- 
_+_ CAST INGOT (WROUGHT) 

PIM(WR0UGHT) 

01 I 
I I I 1 

0 200 400 600 800 1000 

TEMPERATURE ("C) 

Fig. 1. Comparison of yield strength of Fe3A1 sheet 
produced from powder metallurgy (P/M) product and cast ingot. 

Fig. 2. Comparison of ultimate tensile strength of sheet 
produced from powder metallurgy (P/M) product and cast ingot. 
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vacuum-induction-melting (VIM) process. These heats were cast into 38-mm-diam (1 1/2-in.) 

bars, 76-mm-diam (3-in.) ingots, and 76-mm-diam (3-in.) electrodes. The 38-mm-diam 

(1 lL2-in.) bars were to be processed by VAR at ORNL. The 76-mm-diam (3-in.) electrodes 

were processed by electroslag remelting (ESR) in 102-mm-diam (4-in.) ingots at Haynes. All 

of the heats from Haynes are shown in Fig. 7. The chemical compositions of these heats are 

given in Table 4. 

from a 5oo-lb (250-kg) heat by the VIM process. The ingot was melted in a MgO crucible. 

The VIM electrode was processed by ESR into a 203-mm-dim (8-in.) ingot. This ingot is 

shown in Fig. 8. The chemical analyses of the ingot produced by VIM and ESR are presented 

in Table 5. The magnesium content of the ESR ingot increased to 30 ppm or more from a level 

of 10 ppm in the VIM electrode. 

The scaleup at Carpenter Technology consisted of processing a 152-mm-diam (Gin.) ingot 

YP9508 

Fig. 7. Photograph of vacuum-induction-dted and electroslag-remelted ingots of iron- 
aluminide FAL alloy processed at H a p s  International. The ingots are 51-, 76, and 
102-mm-diam (2-, 3-, and 4-in.), respectively. 



Table 4. Target, vendor, and check analyses of vacuum-induction-melted and electrostag-remelted heats of 
FAL alloy at Haynes International, Inc. 

~- ~~ ~ 

Element Heat 6-0-0627a Heat 6-0-0629b Heat 6-0-063W 

Vendor Check Vendor Vendor Check 
Target analysis analysis Target analysis Target analysis analysis 

AI 
cr 
B 
Zr 
Fe 
c 
Mxl 
P 
S 
Si 
Ni 
Mo 
Cb 
cu 
N2d 
Ozd 

16.13 
5.51 
0.009 
0.25 
Bal. 
0.006 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

16.60 
5.35 
0.008 
0.27 

0.0 15 
0.02 
0.001 
0.001 
0.04 
0.09 
0.01 

<0.01 
0.0 1 
0.007 
0.0 15 

16.40 
5.5 1 
0.0 1 
0.25 
Bal. 
0.006 

- 
- 
- 
- 
- 
- 
- 
- 
- 

16.27 
5.52 
0.01 
0.25 
Bal. 
0.024 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

16.5 
5.37 
0.009 
0.29 
Bal. 
0.01 1 
0.02 
0.002 
0.002 

c0.01 
0.05 
0.0 1 

<0.01 
0.01 
0.013 
0.020 

aElectroslag-remelted 102-mm-dim (4-in.) ingots. 
hacuum-induction-melted 76-mm-dim (3-in.) ingots. 
Wacuurn-induction-melted 38-mm-diam (1.5-in.) ingots. 
dNote that the nitrogen and oxygen contents of two of the three heats checked was much higher than typical values observed 

at the Oak Ridge National Laboratory and other vendors. 
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Table 5. Chemical analysis of alloy FAL prepared by vacuum-induction melting and electroslag 
remelting at Carpenter Technology Corporation 

Weight percent 

Element ESRa E S R ~  
Target VIMa 

TOP Bottom TOP Bottom 

Al 
Cr 
zr 
Nb 
MO 
C 
B 
S 
Si 
Ni 
Sn 
Mg 
As 
Mil 
P 
N 
0 
Fe 

15.9 16.2 
5.5 5.44 
0.15 0.17 

co.0 1 
<0.01 

0.021 
0.0 1 0.008 

0.002 
0.03 
0.01 

0.00 10 

0.030 
0.002 

co.001 
<0.001 

Balance Balance 

16.2 
5.44 
0.17 

<0.01 
<o.o 1 
0.026 
0.009 
0.002 
0.04 
0.0 1 

0.002 

0.030 
0.004 

<o.oo 1 
<0.001 
Balance 

15.9 
5.46 
0.16 

<a01 
co.01 

0.028 
0.008 
0.002 
0.08 
0.0 1 

0.004 

0.030 
0.004 

<o.oo 1 
co.00 1 
Balance 

15.96 
5.62 
0.17 

0.020 
0.01 1 
0.0006 
0.03 

<o.o 1 
0.001 
0.006 

<0.001 
0.01 

<0.005 
0.001 

~0.0005 
Balance 

15.97 
5.65 
0.16 

0.03 1 
0.012 
0.0007 
0.08 

c0.01 
<0.001 
0.01 1 

co.00 1 
0.01 
~0.005 
0.001 

<0.0005 
Balance 

c 
r 

Whemical analysis performed for ORNL at Combustion Engineering, Chattanooga, Tennessee. 
khemical analysis performed at Carpenter Technology Corporation, Reading, Pennsylvania. 
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The 203-mm-dim (8-in.) ESR ingot was hot forged at IOOO'C at Carpenter Technology to 

a 127-mm-diam (5-in.) bar. The forging was conducted on a 4.55 x lv-kg (500-ton) forging 

press in Carpenter Technology's research laboratory. Some surface cracks were observed 

during hot forging. The forged bar was slow cooled and cut in half. One-half was machined 

to finish as 102-m-diam (4-in.) bar. The second half of the forged bar was forged into a 

5 1-mm-thick (2-in.) flat ingot The forged and machined pieces from the Carpenter 

Technology heat are shown in Fig. 9. 

Attempts were made to hot roll sections of the flat forged bar. However, sections 

alligatored during the first few rolling passes. Chemical analysis of chips taken from the 

alligatored section showed magnesium concentrations as high as 6 wt %. The pickup of 

magnesium during the ESR process was considered to be responsible for its segregation and 

observed alligatoring. Further processing of the 51-mm (2-in.) forged slab was halted at this 

point. A 152-mm-long (Gin.) section of the machined bar was cut for hot-extrusion trials. A 

mild steel nose was welded to this bar section, and the billet was hot extruded at 1ooo"C 

through a rectangular die with an opening size of 25 x 76 mm (1 x 3 in.). The extruded bar 

showed several surface cracks. These kinds of cracks have never been observed in any of the 

previous billets extruded at O N .  Microstructural analyses are under way to determine the 

cause for surface cracking in the extrusion from Carpenter Technology's forged bar. No 

mechanical property data have yet been generated on Carpenter Technology's heat. 

FA-129 ALLOY 

Scaleup of the FA- 129 alloy was performed at Special Metals Corporation. Two 165-kg 

(33041) heats each were prepared by the VIM process. One heat was melted in a MgO crucible 

and the other heat in an A1203 crucible. Two crucibles were used to determine the extent of 

magnesium pickup, if any, from the use of the MgO crucible. Each heat was cast into four 

102-mm-diam (4-in.) ingots. One ingot from each heat was saved in the VIM condition. Two 

additional VIM ingots from each heat were processed by ESR into 152-mm-dim (6-in.) 

ingots. One VIM ingot each from the MgO and AI203 crucibles was also prepared by the VAR 

process into a 152-mm-diam (6-in.) ingot. The VIM and VAR ingots are shown in Fig. 10. 

The ESR ingots from the MgO-VIM ingots and the A1203-VIM ingots are shown in Fig. 11. 

Metals Corporation. All of the ingots worked satisfactorily into bar stock under commercial 

bar-rolling conditions. The quality of the bars is shown in Fig. 12. Chemical analyses of the 

VIM ingots in MgO and A1203 crucibles are summarized in Table 6. The target composition of 

The VIM, VAR, and ESR ingots were processed into bar stock by hot-bar rolling at Special 
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corporation. 



60S6dA 



YP11531 

Fig. 11. Photograph of vacuum-indwtion-rnltcd and 
electroslag-remeltcd iron-alumide FA-129 allay ingots pcessed 
at Special Metals Caporation. c)ne electrode was prepad using 
an MgO crucible and the other using an A l f i  crueWe. Both 
ingots ~IZ 152-mrn (din.) diam. 
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YP113737 

Fig. 12. Photograph showing bars fabricated 
from 102- and 152-mm-dim (4- and Gin.) ingots of 
iron-alumhide FA-129 alloy at Special Metals 
Corporation The bars were produced by hot-bar 
rolling 102- and 152-mm-dim (4- and 6-id.) 
vacuum-induction-melted and electroslag-remelted 
ingots produced at Special Metals Corporation. 



17 

Table 6. Target and vendor check analysis of vacuum-induction-melted 
ingots at Special Metals Corporation 

__ . _ _ ~  

Ingot analysis (wt %) 

Element Target Hat? Heatb 

D53965 D53966 D53968 D53969 

Al 
Cr 
Nb 
C 
Fe 
Mn 
Si 
Ni 
c o  
Mo 
W 
V 
Ti 
B 
Zr 
S 
C U  
Ta 
Hf 
Ag 
Pb 
Bi 
0 
N 
Mg 
Sn 
cd 
Zn 
Sb 
ca 

15.9 16.33 
5.5 5.28 
1 .o 0.98 
0.05 0.049 

Balance Balance 
0.01 

€0.01 
0.0 1 

<o.o 1 
€0.01 
co.01 
co.01 
co.01 
€0.001 
<0.01 
0.0010 
0.01 

KO.0 1 
€0.01 
~0.0005 
~0.0005 
cO.ooOo5 
0.0016 
0.0002 
0.0020 

<0.0020 
~0.0050 
<0.0020 
<0.0020 
<o.o I00 

16.30 
5.3 1 
1 .00 
0.054 

Balance 
<0.01 
€0.0 1 
<0.01 
co.01 
<0.01 
co.01 
€0.01 
co.01 
<0.001 
<0.01 

O.oO08 
0.01 
0.01 

<0.01 
<0.0005 
~0.0005 
<0.00005 

0.0007 
o.Ooo1 
0.0020 

<0.0020 
d.0050 
<0.0020 
c0.0020 
co.0100 

16.29 
5.3 1 
0.99 
0.047 

Balance 
~ 0 . 0 1  
€0.0 1 
<o.o 1 
co.0 1 
<o.o 1 
€0.01 
€0.01 
CO.01 
co.001 
CO.01 

<o.o 1 
co.0 1 
co.0 1 
<0.0005 
<0.0005 
<O.ooOo5 
0.0015 
0.0001 
0.0010 

<0.0020 
<0.0020 
4.0020 
<0.0020 
<0.0100 

0.00 16 

16.42 
5.34 
1 .oo 
0.055 

Balance 
<o.o 1 
c0.01 
€0.01 
c0.01 
c0.01 
4 . 0 1  
c0.01 
c0.0 1 
<0.001 
4.01 

<0.01 
k0.01 
4 . 0 1  
<O.O005 
<o.ooos 
4. QOOO 5 

8.0008 
0.0001 
8.0010 

<0.0020 
<0.0050 
co.0020 
€0.0020 
c0.0 100 

0.010 

- ~~ ~- 

aVacuum-induction-melted ingots prepared using an MgO crucible. The MgO- 
crucible-melted ingots contain twice as much magnesium as the A1$3pcrucible-melted 
ingots as a result of chemical reaction with the MgO crucible. 

hacuum-induction-melted ingots prepared using an A1203 crucible. 
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the FA-129 alloy is also included for compWison. The chemical analyses of the ESR ingots are 

not completed at the present time. Some general observations can be made about the VIM 

process in MgO and AI203 crucibles : (1) major elements of the alloy were met well, 

(2) magnesium content of the heat melted in the MgO crucible was twice that of the ingot 

melted in the A1203 crucible, (3) oxygen content was extremely low in both heats, (4) nitrogen 

content was even lower than the oxygen content, and (5) overall residual-element content was 
extremely low. The main point to note is that the magnesium content of the ingot melted in the 

MgO crucible is twice that of the ingot melted in the A1203 crucible although the stating 

material was the same. The magnesium content of the heat melted in the MgQ crucible at 

FAL alloy prepared at Carpenter Technology. 

1s Corporation is between the amount observed for thc VIM and ESK ingots of 

The following detailed procedure was used at O N ,  to process and section the 102-mm- 

d i m  (4-in.) MgB-melted FA-129 ingot from Special Metals Corporation. 

1.  Source: 

2. Melt Type: 

3. Meat Size: 

4. Ingot Type and Size: 

5.  Cutting Plan: 

6. Cutting Method: 

7. Homogenization Treatment: 

8. Reexmsion Preparalisn: 

9. Extrusion: 

Vacuum i-nduction 

165 kg (330 Ib) 

Round ingot 102-mm diam x 203-mm long (4-in. x 34-in.) with 
sindl hot-top 

Cut hot-top, 13-mm-thick (1/2-in.) slice, 203-mm-long (8-in.) billet, 
203-mm-long (8-in.) billet, 13-mm-thick (1/2-in.) slice, 203-mm-long 
(%in.) billet, and 203-mm-long ($-in.) billet 

Bandsaw without lubricant 

Billets 1 and 2 from top of the ingot were heated in air at 1150'C for 
64 h. The billets were emsferred to an air furnace at 700°C for 1 h 
followed by air cooling. The 700'C step was used to minimize the 
cooling stresses from 1150'C. One 13-mm-thick (1/2-in.) slice from 
each billet was sectioned with a bmdsaw for metallography. 

Carbon steel noses were TIG welded to each billet using IN82 
filler wire. This was done by an O W L  shop welder. 

Billets were heated in air at 1OOO'C for 2 h and extruded through a 
rectangular die of 25 nrn x 76 mm (1 in. x 3 in.) to a reduction ratio 
of 4.3:1. The IC-factor for these extrusions were 32 and 31 tons, 
respectively. Each erttnision had a slight twist but an excellent surface 
quality. 
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10. Cutting of Extrusions: 

11. Rolling: 

After cutting the mild steel nose section, each extrusion was bandsaw 
cut into nearly 203-mm-long (8-in.) pieces. The pieces were marked 1, 
2, and 3, respectively. 

Each piece was hot rolled at 800°C from a thickness of 25 mm to 13 
mrn (1 in. to 1/2 in.). The rolling passes were 15% each with 
reheating Limes of 10 rnin each. Each piece was cut into two pieces for 
subsequent rolling at 650°C. The 650°C rolling reduced the thickness 
from 13 mm to 6.35 mm (1/2 in. to 1/4 in.). The 6.35-mm-thick 
(V4-h.) pieces ended up with some curvature. Each piece was cut into 
two and rolled at 650’C with zero reductions. This flattened the pieces. 
One piece was cut in order to get chemistry and metallography 
specimens. One of the 6.35-mm-thick (1/4-h.) pieces was rolled at 
650°C to a thickness of 0.76 mm (0.030 in.). No cracking was 
observed during any of the rolling steps. 

12. Chemical Analysis: One specimen has been sent to MQS Inspection, Inc. in Cincinnati, 
Ohio, for chemical analysis. 

Optical micrographs of the 102-mm-dim (4-in.) VIM ingot are shown in Figs. 13 through 

16 in the as-cast and after homogenization at 1150°C for 64 h. These figures represent the 

specimen locations of ingot center, half radius, and ingot edge. The cast microstructure 

contained precipitates, which remained unchanged in size and distribution by the 

homogenization heat treatment. The 1150°C treatment for 64 h seems to have produced some 

increase in grain size. Photomicrographs of a 6.35-mm-thick (0.25-in.) as-rolled plate 

fabricated fiom a 102-mm-diam (4-in.) ingot of FA-129 prepared by the VIM process at 

Special Metals Corporation are presented in Fig. 17. The micrographs were taken from near 

the edge and the center of the plate thickness in both longitudinal and transverse directions. 

Both orientations showed a higher density of precipitates near the plate edge than the plate 

center. Reasons for such a difference may be the dissolution and renucleation of precipitates at 

many sites near the billet edge because of faster cooling at the edge from the homogenization 

temperature of 1 150’C. The slower cooling of the billet center may have caused less nucleation 

and, thus, less precipitate coarsening at the plate center. Very poor thennal conductivity of 

Fe3Al-based alloys may have exaggerated the precipitate size difference between the plate edge 

and center. 

One 203-rmn-long (8-in.) section of the 102-mm-dim (4-in.) VIM hgot was sent to 

Precision Rolled Products for bar roiling in their production mill. The bar was heated to 

1ooo”C and bar rolled to 10-mm (0.4-in.) dim with intermediate grinding to remove surface 

defects. The bars are finished at a size of 102-mm-diam (4-in.). No problems were 

encountered in bar rolling the 102-rnm-dim (441.) ingots in the commercial mill at Precision 

Rolled Products. However, the finished bars were too brittle to straighten at room temperature 
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YP11863 

YP11862 YP11861 

Fig. 15. Comparison of optical microstructure of ast and homogenized sections of 
102-mm-diam (4-in.) vacuum-induction-melted ingot melted in an MgO crucible at Special 
Metals Corporation. (a) As-cast, (b) and (c) homogenized for 64 h at 1150'C at ingot edge 
location. Magnification: 5Ox. 
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YP11860 YP11858 

3 
YP11859 YP11857 

Fig. 17. Optical micrographs of 6.35-mm-thick (0.25-in.) as-rolled plate fabricated from 
102-mm-dim (4-in.) ingot of FA-129 alloy prepared by vacuum-induction melting at Special 
Metals Corporation. (a) and (b) an longitudinal and transverse sections near the plate edge, 
and (c) and (d) m longitudinal and transverse sections near the plate center. Note that the 
precipitate density is significantly higher near the edge than at the center of the plate. 

I .  
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without cracking. The bars would have been more ductile if intermediate processing was 

carried out at 800 and 650°C rather than 1ooo"C. However, these steps were left out, thereby 

yielding a coarse-grained, low-ductility structure. PreGision Rolled products has agreed to 

process another ingot through their bar mill to improve the room-temperature ductility. The 

0.76-mm-thick (0.030-in.) sheet produced from the VIM ingot melted in the MgO crucible was 
punched into specimens for tensile and creep testing. The sheet was stress relieved at 700°C 
for 1 h, followed by oil quenching. One set of punched specimens were given a 1-h anneal at 

7WC, followed by oil quenching. The other batch was given a 1-h anneal, followed by air 

cooling. Tensile tests from room temperature to 800°C on oil-quenched and air-cooled 

specimens are plotted in Figs. 18 through 21. Most of the tensile tests were conducted in air. 

The air-cooled specimens and a few oil-quenched specimens were also tested in vacuum. All 

of the tensile tests were conducted at a strain rate of 3.3 x 10-3 s. Results of the vacuum testing 

are also included in Figs. 18 through 21. These figures confirm the results1 on laboratory and 

scaled-up AIM heats. For air testing, oil quenching produced higher ductility than air-cooled 

specimens for temperatures up to 100°C. Above lWC,  tensile properties were independent of 

the find quenching media. It is believed that oil quenching provides a barrier between the 

specimens and the humidity in air and produces minimum effect associated with hydrogen 

embrittlement from the reaction of aluminum with moisture. At temperatures > lWC,  either 

hydrogen diffuses away from the surface or diffuses too fast through the specimen for any 

difference to be caused by the cooling medium. Furthermore, the oil on the surface of the oil- 

cooled specimen burns off at >lOO"C and, thus, the surfaces from the two cooling mediums 

are expected to behave identically. This result is confirmed by the same behavior of air- and 
oil-cooled specimens during creep testing between 450 to 650°C (Figs. 22 and 23). The 

testing in vacuum of air- and oil-quenched specimens shows a significant improvement in 

ductility in the test temperature region where oil was effective. The higher improvement in 

ductility for oil-quenched specimens, as compared to air-cooling specimens, is possibly the 

result of a difference in fraction of the B2 phase retained by oil quenching versus air cooling. 

Transmission electron microscopy and X-ray analysis will be conducted to verify this 

possibility. 

The overall status of creep testing on experimental and commercial heats of iron-aluminide 

alloys FAS, FAL, and FA-129 is presented in Figs. 24 and 25. The creep test temperature 

ranges from 450 to 7WC, and test times have exceeded 5000 h. The average behavior of 304 
and 403 stainless steels are included for comparison. The iron-aluminide alloys currently in the 
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Fig. 18. Effect of cooling medium on 0.2% yield strength as 
a function of test temperature for specimens from 0.76-m-thick 
(0.030-in.) skeet fabricated from 102-mm-dim (4-in.) vacuum- 
induction melted ingot melted in a MgQ crucible at Special Metals 
Corporation. Yield strength is not affected by either oil quenching 
(OQ) or air cooling (AC). 
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Fig. 19. Effect of cooling medium on 0.2% yield strength as a 

€unction of test temperature for specimens from 0.76-m-thick 
(0.030-in.) sheet fabricated from 102-mm-diam (4-in.) vacuum- 
induction-melted ingot melted in a Mg8 crucible at Special Metals 
Corporation. Full values of ultimate tensile strength were not 
achieved for specimens either 02 quenched (SQ or air cooled 
(AC). However, the air-cooled specimens values were even 
lower because of environmental effects. 
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Fig. 20. Effect of cooling medium on total elongation as a 
function of test temperature for specimens from 0.76-mm-thick 
(0.030-in.) sheet fabricated from 102-mm-diam (441.) vacuum- 
induction-melted ingot melted in a MgO crucible at Special Metals 
Corporation. To& elongation values are higher for oil-quenched 
(OQ specimens than for air-cooled (AC) specimens for test 
temperatures ~200°C. 
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Fig. 21. Effect of cooling medium on reduction of area as a 
function of test temperatue for specimens from 0.76-mm-thick 
(0.030-in.) sheet fabricated from 102-mm-diam (4-in.) vacuum- 
induction-melted ingot melted in a MgO crucible at Special Metals 
Corporation. Reduction of area values are higher for oil-quenched 
(OQ) specimens than for air-cooled (AC) specimens for test 
temperatures <200"C. 
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Fig. 22. Effect of cooling medium on creep behavior for 
specimens from 0.76-mm-thick (0.030-in.) sheet fabricated 
from 102-mm-dim (4-in.) vacuum-induction-melted ingot 
melted in a MgO crucible at Special Metals Corporation. Oil 
quenching (OQ) is compared with air cooling (AC). Creep 
tests were conducted at 450°C and 379 MPa. 

Fig. 23. Effect of cooling medium on creep behavior for 
specimens from 0.76-mm-thick (0.030-in.) sheet fabricated 
fi-om 102-mm-dim (4-in.) vacum-induction-melted ingot 
melted in a MgO crucible at Special MetaIs Corporation. Oil 
quenching (OQ) is compared with air cooling (AC). Creep 
tests were conducted at 650°C and 34.5 MPa. 
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Fig. 24. Larson-Miller plot showing the status of creep 
testing of FAS and FAL alloys. Data on 403 and 304 stainless 
steels are included for comparison. Creep tests are for 
temperatures of 450 to 704°C. All tests are on cast and 
processed material except the Ametek material, which was 
produced from powder. 
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Fig 25. Larson-Miller plot showing the status of creep 
testing of FA-129 alloy. Creep tests are on one experimental 
heat and two commercial heats. Test temperatures ranged 
from 450 to 704'C. 
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scaleup process meet the strength of 403 stainless steel (Fig. 24). There is a small difference in 

the creep behavior of experimental scaled-up heats of FA-129 (Fig. 25). The work in progress 

in strengthening the iron aluminides is aimed at increasing the in creep strength to that of 

304 stainless steel. 

INTERACTION WITH INDUSTRY 

There is a great deal of interest in properties of iron aluminides, and it is reflected in strong 

interaction with industry. Each industry is listed below with a brief description of the 

interaction. 

1 .  

2. 

3. 

4. 

5 .  

6. 

Ametek Specialty Metal Products Division has signed an exclusive licensing agreement 

with O N  for powder production. Ametek is now a commercial source of iron 

aluminide powder and is developing techniques for powder consolidation and spraying. 

PALL Corporation, a porous, metal filter producer, has been working on the 

development and production of iron-aluminide gas-metal cleanup fdters. 

Haynes International, Inc., has produced several VIM and ESR ingots of iron 

aluminide. However, Waynes has not yet decided to commercially scale up these 

alloys. 

Carpenter Technology Corporation has melted by the VIM and ESR processes an 

203-mm-diam (8-in.) ingot of iron aluminide. Carpenter has processed the ingot into 

round, machined round, and slab configurations. However, Carpenter Technology has 

not yet decided to commercialize these materials. 

Special Metals Corporation has produced several heats of iron-aluminide alloys using 

VIM, VAR, and ESR processes, and has processed 102- and 152-mm-diam (4- and 

6-in.) ingots into bar stock on irs commercial bar mill. Special Metals Corporation has 

not yet decided to cammercialize these alloys. 

Wisconsin Centrifugal is interested in centrifugal casting of tubes and pipes of these 

alloys and has recently melted a 40-kg (80-lb) heat of FA-129, which has been 

centrifugally cast into a 254-mm-OD x 152-mm-ID (10- x Gin.) tube. Pieces from this 

heat have been received at O W  for chemical analysis. At present, Wisconsin 

Centrifugal plans to centrifugally cast pipes of these alloys; a joint test program between 

Wisconsin Centrifugal and ORNL is under way. 
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7. The Tirnken CompanyLatrobe Steel Company has an interest in producing seamless 

pierced pipe and bar product of iron aluminide. This company has melted several 50 kg 

(100 lb) heats and has performed nondestructive examination and hot-workability tests 

on these alloys. At present, however, it is not sure of future commercialization efforts. 

8 .  Precision Rolled Products, Inc., is very interested in bar and slab rolling of these alloys 

and has already taken one 102-m-dim (4-in.) billet of one of the Fedl-based alloys 

and bar-rolled it in their commercial mill into 102-mm-dim (441.) bar. 

Dresser-Rand is evaluating the use of F e d 1  €or steam turbine applications. It has 

conducted initial tests and is satisfied with the corrosion concerns. 

Ford Motor Company is evaluating the material for exhaust system applications. Initial 

results look encouraging. 

9. 

10. 

SUMMARY AND CONCLUSIONS 

Scaleup was carried out for three alloys based on Fe3A1. The FAS alloy was scaled up by 

both powder metallurgy and casting. The FAL alloy was scaled up by the VIM and ESR 
processes; the largest ingot size was 203-mm-dim (8-in). The FA-129 alloy was scaled up by 

the VIM, VAR, and ESR processes to 102- and 152-mm-&am (4- and 6-in.) ingots. The 

effect of melting in MgO and A1203 crucibles on the final composition was studied for FA-129. 

The 203-mm-diam (8-in.) ingot of FAL and the 102- and 152-mm (4- and Gin.) ingots of 

FA- I29 were commercially processed into bar stock. The FA- 129 alloy processed 

satisfactorily under commercial processing conditions. The FA-129 ingot melted in a MgO 

crucible was processed at O W L  into sheet and plate stock. Limited of tensile and creep tests 

were completed on the MgO-melted VIM ingot of FA-129 at Special Metals Corporation. 

Some material was also supplied for welding, toughness, fatigue, and environmental-effect 

studies. The following eight conclusions are possible from these studies. 

1. No unusual problems have been encountered in scaling up the FAS alloy through 

nitrogen-gas powder production of AIM material. Arnetek Special Metal Products 

Division has obtained an exclusive license from ORNL, and powder production is 

underway. 
The tensile and creep proplerties of matmid from nitrogen-atomized Fe3Al powder were 

found to be similar to that of cast and processed material. 

2. 
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3.  

4. 

5 .  

6 .  

7. 

8. 

The MgO in the slag used in the ESR process at Carpenter Technology Corporation 

introduced magnesium into the ingot. The ingot could be commercially forged at 

Carpenter Technology Corporation, but it was generally crack-sensitive on the surface 

and in the forged slab center. 

The FA-129 alloy was scaled up by the VIM, VAR, and ESR processes. The VIM ingot 

melted in the MgO crucible contained twice as much magnesium as the ingot melted in 

the A1203 crucible. However, the 20 ppm of magnesium in the MgO-melted crucible is 

not detrimental to processing. 

The MgO-melted VIM ingot was successfully processed into plate and sheet at O W .  

The VIM, VAR, and ESR ingots were successfully bar rolled at both Special Metals 

Corporation and Precision Rolled Products. 

Tensile properties of the MgO-melted ingots were similar to properties of experimental 

heats observd previously. The oil-quenched specimens showed higher ductility than 

air-cooled specimens at room temperature. At >lOo"C, the tensile properties were 

similar for oil-quenched and air-cooled specimens. 

Creep properties of the oil-quenched and air-cooled specimens at 450 and 650°C were 

identical for the MgO-melted VIM ingot of FA-129. 

Test data are not yet complete to make any definite conclusions regarding the melting 

method among the VIM, VAR, and ESR processes to produce the best combination of 

strength, ductility, and toughness. 

FUTURE WORK 

A significant amount of additional work is required on scaled-up heats to fully characterize 

them. This work includes understanding the reasons for higher crack sensitivity of the FAL 

ingot prepared at Carpenter Technology Corporation; additional processing at OF@& of the 

VAR and ESR ingots into sheets and slabs; tensile and creep property data on sheets, slabs, 

and bars produced at Special Metals Corporation; determination of cast properties of ingots 

prepared by the VIM, VAR, and ESR processes; and detailed metallography to characterize the 

cast and wrought structure of various ingots and product forms. 
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