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ABSTRACT 

The effects of composition and heat treatment at 1150OC on the creep-rupture 
properties of Fe3Al-based alloys were studied. Tests of alloy FA- 180 (Fe-28A1-5Cr-0.5Nb- 
0.8Mo-0.025Zr-0.05C-O.O05B, at.%) with this heat treatment were performed in air using 
various test temperatures and stresses in order to obtain creep activation energies and 
constants. An activation energy for creep of approximately 150 kcaVmole was determined, a 
value which is approximately twice that obtained earlier for the binary alloy heat treated at 
750°C. Tests were also conducted on alloys containing various combinations of Cr, Mo, Nb, 
Zr, C, and B in order to better understand the effect of composition on the improved creep 
resistance with heat treating at 1150°C. The results suggest an interaction of Mo with Zr and 
Nb to produce increased creep life. 

INTRODUCTION 

Past studies have shown that binary Fe3A1 possesses low creep-rupture strength 
compared to many other alloys, with creep-rupture lives of less than 5 h being reported for 
tests conducted at 593°C and 207 MPa (ref. 1). The combination of poor creep resistance 
and low room-temperature tensile ductility due to a susceptibility to environmentally-induced 
dynamic hydrogen embrittlement2J has limited use of these alloys for structural applications, 
despite their excellent corrosion properties.4 Improvements in room temperature tensile 
ductility have been realized mainly through alloying effects, changes in thermomechanical 
processing to control microstructure, and by control of the specimen’s surface condition.3.5 
Ductilities of 10-20% and tensile yield strengths as high as 500 MPa have been reported.6.7 In 
terms of creep-rupture strength, small additions of Mo, Nb, and Zr have produced significant 
improvements, but at the expense of weldability and room-temperature tensile ductiIity.1.8-11 
Recently an alloy containing these additions, designated FA-180, was shown to exhibit a 
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creep-rupture life of over 2000 h at 593°C and 207 MPa after a heat treatment of 1 h at 
1 150°C.12913 The increased strength was attributed to the dissolution of coarse particles and 
reprecipitation of finer Nb-, Mo-, and Zr-based precipitates which strengthened grain 
boundaries and pinned dislocations.l2-l~ This study presents the results of creep-rupture tests 
at various test temperatures and stresses and discusses the results as part of our effort to 
understand the strengthening mechanisms involved with heat treatment at 1 1 50°C. Creep- 
rupture tests of several different compositions of Fe3Al-based alloys were also conducted in 
order to better understand the composition dependence of the 1150°C heat treatment. 

EXPERIMENTAL PROCEDURES 

Alloys used in this study were prepared by arc-melting and drop-casting into a chilled 
copper mold. Fabrication to 0.8-mm-thick sheet was accomplished by hot-rolling, beginning 
at 1000°C and finishing at 600-650°C. After a stress relief anneal of 1 h at 700"C, flat tensile 
specimens (0.8 x 3.18 x 12.7 mm) were mechanically punched from the rolled sheet. Before 
testing, the specimens were further annealed in air for 1 h at 1150°C and air cooled. 
Creep-rupture tests were performed in air at temperatures between 500 and 775°C and at 
stresses of 69-434 MPa (10-63 ksi). Minimum creep rates (MCR) were measured as the slope 
of the linear portion of the test curve. The data were plotted to a power-law equation in 
order to obtain creep exponents and activation energies. Optical metallography and scanning 
electron microscopy (SEM) were used to study the microstructures and fracture modes. 

RESULTS AND DISCUSSION 

Effect of Heat Treatment at 1150°C on Creep of Allov FA-1 80 

Tables I and I1 list the results of creep-rupture tests conducted as a function of test 
temperature and stress, respectively. The results of tests at temperatures between 593 and 
700°C showed that, under a stress of 207 MPa, this alloy had good creep resistance to a 
temperature of 650"C, but the creep-rupture life decreased dramatically at 675°C. Other data 
in Tables I and I1 indicate that with a lower applied stress this alloy could be used at 
temperatures higher than 650°C. For example, using a stress of 69 MPa, a creep-rupture life 
of over 500 h was attained at 675°C and almost 200 h at 700°C (Table I). All of the 
fractured specimens showed a ductile failure mode in which creep voids were observed to have 
coalesced at grain boundaries and triple points. 



Table I. Creep-rupture test results for tests conducted at constant stress 

Stress Tempera- Rupture Life Elongation MCRa 
Test # (MPa) ture (h) (%I) (%/h) 

("C) 

4 0414 0 5 
407143 1 

410 
41 1 

4 181420 
4 17/4 19 
42 1 I422 
4 1 514 1 6 

412 

207 

69 

700 
675 
650 
593 
775 
750 
725 
700 
675 

0.6 
0.8 

1059.0 
1959.2 

5.1 
12.5 
54.5 

192.1 
59 1 .O 

~~ ~~~~ 

26.2 
27.0 
11.0 
9.7 

72.6 
72.2 
52.2 
60.4 
45.0 

13.6 
20.8 

0.002 
0.003 
4.0 
1.6 
0.4 
0.03 
0.002 

aMCR = minimum creep rate measured in the linear portion of the creep curve. 

Table 11. Creep-rupture test results for tests conducted at constant temperature 
~ ~ ~~ 

Temperature Stress Rupture Life Elongation MCRa 
Test # ("C) ( M W  (h) (%I (%h) 

407143 1 675 207 0.8 27.0 20.8 
4251430 172 14.2 27.0 1.4 

40 814 1 314 14 138 52.2 29.0 0.1 
427 103 252.4 24.8 0.01 
412 69 591.0 45.0 0.002 

484 
483 
429 
476 
426 
484 
42 8 

500 43 4 8.4 
414 14.8 
3 79 28.2 
3 65 
345 54.0 
328 
310 27.9 

29.6 
30.8 

25.1 

2.0 
1.9 
0.2 
0.2 
0.3 
0.02 
0.05 

aMCR = minimum creep rate measured in the linear portion of the creep curve. 

If one assumes that the mechanisms of dislocation creep in intermetallic alloys do not 
differ from those in conventional alI0ys~16-19 then the creep data can be fitted to a power-law 
creep equation of the form 

where 
exponent, Q is the activation energy for creep, T is the temperature in Kelvin (K) and R is 

is the minimum creep rate (MCR) , A is a constant, (3 is the test stress, n is the creep 



the universal gas constant with a value of 1.987 caVmol/"C. By rearranging this equation and 
inserting the data for constant stress or constant temperature tests, the activation energy for 
creep (Q) and the creep exponent (n) were obtained (see Figs. 1 and 2). The average 
activation energy was determined to be approximately 150 kcaVmole which indicates a much 
stronger temperature dependence of the creep rate for this alloy compared to binary Fe-28A1 
or the ternary alloys containing additions of only Mo or Nb/Zr (-80 kcal/mol).L20 The 

binary alloy has been shown to have very poor creep resistance under the test conditions used 
in the current study1 and a heat treatment at 1150°C produced absolutely no improvemenf21 
as was expected for a binary alloy with no precipitate formers. A creep exponent of 7-12 was 

determined from constant-temperature tests at 500 and 675"C, numbers which suggest that 
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Fig. 1. Minimum creep rate versus temperature for FA-I 80. The 

slope represents the activation energy for creep. 



the increased creep strength with the 1150°C heat treatment probably involves particle 
strengthening.16-18 This was substantiated by the analytical electron microscopy (AEM) 
results reported earlier.Ql3 In this study, no dependence of the creep exponent on the test 
stress, as was reported earlier for binary and ternary alloys,' was observed. 

Creep-Rupture of Various FelAl ComDositions Heat Treated at I I 5OoC 

In order to gain an understanding of the relationship between composition and the 
improvement in creep-rupture life with a 1-h heat treatment at 11 50°C, several alloys 
containing various amounts and combinations of Cr, Nb, Mo, Zr, B, and C were included in 
this study. Some of those compositions and the results of creep tests conducted at 593°C with 
a stress of 207 MPa are listed in Table 111. The general conclusion from these results is that, 
while the addition of Nb, Zr, or Mo, alone or in combination with Cr, B, or C, do not provide 
significant strengthening, the proper combination of Nb, Zr, and Mo does result in creep- 
rupture lives of over 2000 h. Figures 3 and 4 show that the best creep properties were 
attained in alloys containing at least 0.5 at. % Nb and 0.8 at.% Mo, with a small amount of 
zirconium. The particular level of zirconium needed is difficult to ascertain from these 
results, but appears to be low (on the order of 0.1 at.% or less). Other studies have shown that 
approximately 0.1% Zr will be required to promote scale adhesion for protection against 
corrosion in harsh environments.4 But the more zirconium added, the more embrittle will be 
the alloy.14 Therefore, the level of zirconium will have to be carefully controlled. 
Indications are that the zirconium interacts with molybdenum to produce its contribution to 
the strengthening. These results support previous analytical electron microscopy results 
which indicated that Zr, Mo, and Nb-based precipitates, formed during cooling from 1 150°C, 
are the strengthening agents in these aIloys.12JJ1 These are also the same additives which 
were shown to produce some improvement in creep life after a heat treatment at 75OoC.9J4 

The results shown in Table I11 for alloys FA-92, FA-88, FA-128, and FA-129 indicate 
that the presence of large amounts of carbon should be avoided if creep resistance is 
important for the intended application. The effect of boron on creep strength is less obvious, 
but suggestions are that large amounts of boron (on the order of 0.2 at.%; see results for FA- 
122 versus FA-126 in Table 111) can result in reduced creep life. The amount of reduction 
may actually depend on which other elements are present. 

CONCLUSIONS 

In an earlier study, the creep-rupture strength of Fe3Al-based alloy FA- 180 (Fe-28A1- 
5Cr-0.5Nb-0.8Mo-0.025Zr-0.05C-O.O05B, at.%) was shown to be improved significantly by 
heat treating for 1 h at 1150°C. This strengthening was attributed to the formation of fine 



Table 111. Creep-rupture test results versus composition after heat treatment for 1 h at 
1150°C (all tests were conducted at 593°C and 207 MPa) 

Alloy Composition (at.%) Life (h) Elongation (%) MCR (%AI) - - 
FA-61C Fe-28A1 0.2 6 45 
FA- 124 -5Cr-.05B 3 24 4.2 
FA-128B -5Cr-.5Nb-.05B 35 47 0.6 
FA- 129 -5Cr-.5Nb-.2C 8 45 1.2 
FA-122B -5Cr-. lZr-.OSB 149 17 0.0045 
FA-126 -5Cr-. 1Zr-2B 4 54 5.8 
FA-62B -2Mo 91 19 0.1 
FA-73 -2M0-.05B 19 25 0.5 
FA-74 -2Mo-.lB 24 16 0.4 
FA-75 -2Mo-.2B 77 26 0.1 
FA-1 14 -2Mo-.05Zr-.05B 254 1 9.5 0.0005 
FA-92 -2Mo-. 1Zr-.2B 1022 25 0.0015 
FA-88 -2Mo-. 1Zr-.2C 194 52 0.05 

FA- 166 -5Cr- 1 Mo-.SNb-.02Zr 696 12 0.002 
FA-I30 -5Cr-.5Mo-.5Nb-. 1Zr-.O5B 2203 16 0.0009 
FA-133L -5Cr-.5Mo-.5Nb-. 1Zr-.2B 1534 28 0.002 
FA- 169 -5Cr-.25Mo-SNb-.025Zr-.OSC 34 49 0.6 
FA- 174 -5Cr-.4Mo-.2Nb-.025Zr-.05C 8 28 1.8 
FA- 175 -5Cr-.4Mo-.025Zr-.05C 15 27 1.3 
FA-178 -5Cr-.4Mo-.025Zr-.05C-.OO5B 17 34 0.9 
FA- 176 -~C~-.~MO-.O~~Z~-.~N-.O~C-.OO~B 56 26 0.1 
FA- 170 -5Cr-.4Mo-.025Zr-.5Nb-.O5C 51 41 0.5 

~ ~~~ 

FA- 177 -~C~-.~MO-.O~~Z~-.~N-.O~C-.OO~B 21 41 1 .o 
FA- 179 -~C~-.~MO-.O~~Z~-.~N-.O~C-.OO~B 48 31 0.3 

FA-180 , -~C~-.~MO-.O~~Z~-.~N-.O~C-.OO~B 1924 11 0.0006 
FA- 183 -~C~-.~MO-.O~~Z~-.~N-.O~C-.OO~B 2 22 5.9 
FA- 184 -5Cr-.SMo-.025Zr-. lNb-.05C-.005B 24 30 0.7 

matrix and grain boundary precipitates. In this study, the activation energy for creep in alloy 
FA-I 80 was determined to be approximately 150 kcal/mole which is twice that determined 
earlier for binary Fe3AI. Creep exponents of 7-12 were determined, consistent with a 

precipitation-strengthening mechanism. 

4 



Creep-rupture tests of many alloys containing different compositions of Mo, Zr, Nb, 
Cr, By and C support the earlier results of analytical electron microscopy that indicated that 
the strengthening in these alloys is produced by the presence of fine Zr(Nb,Mo)-based 
precipitates. The role of boron is still unclear, but the presence of carbon in amounts of 0.1 
at.% or more was found to decrease creep strength significantly. 
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