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RECEIVED 

The iron-aluminide alloy FA-1 80, an Fedl-based alloy with a composition of Fe-28AI-5Cr- 
0.5Nb-0.8Mo-0.025Zr-O.05C-0.005B (at.%), is of interest because of its improved creep-rupture 
resistance when compared to other Fed1 and FeAl-based alloys. Creep-rupture testing at 593°C 
and 207 MPa shows that FA-1 80 has a rupture life of approximately 100 h in the warm-rolled and 
stress relieved (1 h at 700-750°C) condition as compared to about 20 h for the FA-1 29 base alloy 
(Fe-28AI-5Cr-0.5Nb-0.2C). This report summarizes studies conducted in the last several years 
to determine the creep-rupture resistance of FA-1 80 as a function of the microstructures produced 
by varying the heat treatment temperature and cooling procedures. Solution-annealing for 1 h at 
1 150°C (air cooled) dramatically improved the creep-rupture life of FA-1 80 to about 2000 h. 
Transmission electron'microscopy analysis showed that this strengthening was due to the 
precipitation of fine ZrC in the matrix and along grain boundaries. A further improvement in creep- 
rupture life to over 6000 h resulted from increasing the cooling rate (by quenching in oil or water) 
after solution annealing at 11 50°C. The microstructure of the quenched specimen contained many 
fine dislocation loops instead of precipitates. During creep testing, these small loops evolved into 
a structure of larger dislocation loops and networks, resulting in significant strengthening at 
temperatures of 593-700°C. 

INTRODUCTION 

Past studies have shown that binary Fe,AI 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.l12 The combination of poor creep resistance and low 
room-temperature tensile ductility due to a susceptibility to environmentally-induced dynamic 
hydrogen embrittlement3-5 have limited use of these alloys for structural applications despite their 
generally excellent corrosion behavior.6 With regard to the ductility problem, alloy development 
efforts have produced significant improvements, with ductilities of 10-20% and tensile yield 
strengths as high as 500 MPa being rep0rted.7~8 Initial improvements in creep resistance have 
been realized through small additions of B, C, Mo, Nb, and Zr.1,9-13 Control of the amounts of 
these additions was also found to be important for producing improved weldability in these 
alloys.12 

In recent years, further creep strengthening has been produced by using heat treatments 
to control the microstructure.14.15 This paper summarizes work performed during the last three 
years to determine the effect of annealing temperature and the post-anneal cooling rate on creep- 
rupture properties and microstructural behavior. 
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EXPERIMENTAL PROCEDURES 

The alloy composition used in this study was Fe-28AI-5Cr (at.%) with 0.5% Nb, 0.8% 
Mo, 0.025% Zr, 0.05% C, and 0.005% B (Oak Ridge National Laboratory designation FA-180). 
A 7-kg ingot was prepared by arc-melting and drop-casting into a chilled copper mold. Fabrication 
to an 0.8-mm-thick sheet was accomplished by hot-rolling, beginning at 1000°C and finishing at 
600-650°C. After a stress relief heat treatment of 1 h at 7OO0C, flat tensile specimens (0.8 x 3.1 8 
x 12.7 mm) were mechanically punched from the rolled sheet. Before creep-rupture testing, 
specimens were annealed in air for 1 h at 1 150°C and then were either air cooled to room 
temperature (slower cooling rate) or were quenched in oil or water (faster cooling rate). 

Creep-rupture tests were performed in air at temperatures between 593 and 750°C under 
stresses of 138 to 31 0 MPa (20-45 ksi). In order to obtain creep exponents and activation 
energies, minimum creep rates (MCR) were measured as the slope of the linear portion of the test 
curve and the data were plotted to a power-law equation. Tensile tests were also conducted at 
room temperature in air at a strain rate of 3.3 x 103/s. 

Scanning electron microscopy (SEM) using a Hitachi S-4100 (field emission gun) and 
optical metallography were used to study the microstructures and fracture modes. Analytical 
electron microscopy (AEM) using either a Philips CM30 (300 kV) or a CM12 [120 kV, with 
ultra-thin-window x-ray energy dispersive spectrometry (XEDS) detector] electron microscope 
was performed on samples cut from the gage portion of selected test specimens. 

, 

RESULTS AND DISCUSSION 

As shown in Fig. 1 , a l - h  heat treatment at 1150°C followed by air cooling to room 
temperature produced creep lives of over 2000 h for tests conducted at 593°C and 207 MPa. 
This is a significant improvement over the 100-h life observed for specimens of FA-180 heat 
treated at 750°C (signified by the horizontal line in Fig. 1). Especially interesting in Fig. 1 is the 
sharp dependence of creep strength on heat treating temperature. Transmission electron 
microscropy (TEM) of as-heat-treated specimens revealed the presence of a very fine DO3 
ordered structure within coarser 62 ordered domains (see Fig. 2). Also present in the matrix of 
specimens annealed at 1150°C was a fine dispersion of Zr-based precipitates (Fig. 2). These 
precipitates appeared to pin dislocations during creep, as shown in Fig. 3 for a specimen creep 
tested at 593OC.14 This, together with an activation energy for creep of approximately 150 
kcaVmole (a value which is about twice that obtained earlier1 for the binary alloy heat treated 
at 750°C) and high creep exponents of 7-12 (ref. 15), indicated that the observed strengthening 
was being produced by a precipitation mechanism. The general conclusion was that the 1 150°C 
heat treatment resulted in the dissolution of some of the coarse particles remaining from the melting 
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Fig. 1. Creep-rupture life as a function of heat treatment temperature for tests conducted on alloy 
FA-180 at 593°C and a stress of 207 MPa. The horizontal line at a life of 100 h represents the 
test of a FA-180 specimen heat treated for 1 h at 750°C. 

and casting process. The finer Zr-based precipitates then formed during cooling or during the 
early stages of creep. 

Creep-rupture tests were conducted on specimens cooled by different methods from the 
1 150°C heat treatment temperature and the data are presented in Table 1. The more rapidly 
cooled specimens (oil or water quenched) exhibited the best resistance to creep. Even though 
the air-cooled specimen exhibited a very good rupture life of approximately 1959 h when tested 
at 593T and 207 MPa, a specimen that had been quenched in oil showed no signs of rupturing 
(no increase in the very low, steady-state creep rate) after 6480 h, at which time the test was 
stopped. At more severe test conditions (650°C and 241 MPa), the ability of air-cooled 
specimens to resist creep was lost and failure occurred after an average of only 3 h, while an oil 
quenched specimen retained its resistance to rupture for over 240 h. Additionally, a water 
quenched specimen lasted 1637 h at 650°C and 241 MPa before rupture. In each case the 
fracture mode was observed to be ductile-dimpled rupture. This data suggest that there are 
fundamental differences in the strengthening mechanism for the quenched versus air cooled 
specimens. 
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Fig. 2. Electron micrographs showing microstructural features of FA-180 as-heat-treated at 
1 150°C: (a) clean grain boundaries and low density of matrix dislocations, (b) fine matrix 
precipitates, and (c) the ordered structures produced by air cooling from 1150°C; fine DO3 
structure within coarse B2 structure. 

Fig. 3. Transmission electron micrographs showing (a) dislocation tangles and (b) fine matrix 
precipitates in alloy FA-180 air cooled from a heat treatment at 1150°C and creep tested at 593°C. 



Table 1. Creep-Rupture Data for Alloy FA-180 as a Function of the Method Used 
for Cooling from the 1 150°C Heat Treatment 

Test Temp. ("C) Air Cooled 
(MPa) Life (h) Elong. (Yo) MCR (/s) 

593,207 1959 10 8.3 x 10-7 
650,207 1059 11 5.5 x 10-7 
675,207 2 32 1.8 x 10-3 
700,207 1 29 3 . 9 ~  10-3 
650,241 3 42 2.2 x 109 
650,241 
650,241 

Oil Quenched 
Life (h) Elong. (%) MCR (/s) 
>648Oa >5 2.7 x 10-8 

2.8 x 10-7 
467 12 6.9 x 10-7 

1637b 9b . 2.2 x 10-7 

io4  11 5.5 x 10-6 
242 15 1.9x 10-6 : 

86c 13c 2.6 x 10-6 

Heat Cooling Yield Strength 
Treatment Medium ( M W  

Ultimate Tensile Elongation 
Strength (MPa) (Yo) 

255 
48 1 

1 h/l15OoC 
1 h/1150°C 

1 h/l 1 50°C+ 
1 h/750"C 293 

air 
Oil 

oiVair 

347 
538 

384 

2.7 
1 .o 

2.4 

The strengthening effect produced by quenching from 1150°C was also evident in room 
temperature tensile data, shown in Table II. The data in this table shows that quenching in oil 
resulted in hardening with an increase in yield strength from 255 to 481 MPa, even though the 
grain size was approximately 150 pm for both conditions. The hardening was also evident in the 
elongation to fracture. For all annealing conditions listed in Table II, the fracture mode was 
predominantly transgranular cleavage. These results are consistent with strengthening produced 
by quenched in defects, as has already been well established.16-18 The reduced creep-rupture 
resistance and tensile yield strength of specimens which were oil quenched from 11 50°C and then 
reannealed at 750°C and air cooled (see data in Tables I and II) support this assumption. 

fitted to a power-law creep equation of the form t = A@(ewT) (ref. 19) in order to determine 
if the appparent activation energies for creep (Q) and the creep exponents (n) were the same in 
both the air-cooled and oilquenched conditions. The results are shown in Figs. 4 and 5, 
respectively. At a stress of 207 MPa (30 ksi), the apparent Q for creep in the oil-quenched 

Creep tests were conducted as a function of temperature and stress, and the data were 
' 
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Fig. 4. Determination of creep activation energies for air cooled or oil quenched FA-1 80 heat 
treated at 11 50°C. 
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Fig. 5. Determination of creep exponents at a test temperature of 675°C for air cooled or oil 
quenched FA-180 heat treated at 1150°C. 

\ 



s .. 
a specimens was determined to be 84 kcaVmol, compared to a Q of 141 kcaVmol for air-cooled 

specimens. (The values of Q reported here are slightly different from those reported earlier1520 
because more recent data have been included.) The large creep exponents shown in Fig. 5 for 
both the air-cooled and oil-quenched specimens are indicative of alloys which have been 
strengthened through some kind of dislocation-pinning mechanism,2~-24 although the much larger 
slope for the oil-quenched specimens indicate a significant difference compared to the air-cooled 
specimens. For the oil-quenched specimens, a distinct change was observed in the slope of the 
minimum creep rate versus stress curve in Fig. 5. The break occurred at approximately 200-250 
MPa, with the creep exponent decreasing from nearly 20 at the higher stresses to less than 1 at 
the lower stresses. Data for the air-cooled specimens also suggest the possibility of a change in 
slope at stresses below 100 MPa. At this point in the research, the reason for this change in 
slope is unknown, but it could relate to a change in the creep mechanism with stress level. 

In order to better determine the stability of the microstructures produced by quenching from 
1 1 50°C, creep tests of oil-quenched specimens were conducted as a function of temperature at a 
constant stress of 207 MPa (30 ksi), and the data are included in Table I. The data indicate that a 
more efficient and stable strengthening mechanism is operative in the oil-quenched specimens. 
The air-cooled specimens showed good creep strengths at temperatures as high as 650°C. 
Above this temperature, however, the specimens quickly became severely weakened, resulting 
in dramatically reduced creep lives and large elongations to failure at 675°C and above. The oil- 
quenched specimens, on the other hand, exhibited excellent creep strength at temperatures up to 
and including 650°C and a creep life of over 100 h at 700°C. This data supports the idea that the 
dislocation pinning mechanism operating in the oil-quenched specimens is more stable than that in 
the air-cooled specimens, in that it provides strengthening to higher temperatures and loses its 
effectiveness more gradually as the temperature is increased. This could mean that either more 
and/or finer precipitates (identified previously as the strengthening mechanism in the air-cooled 
specimenst4) are present in the oil-quenched specimens, or a more stable kind of pinning 
mechanism is active. 

coarse 82 domains (Fig. 6) enclosing much smaller DO3 domains, similar to the structure for the air 
cooled specimen shown in Fig. 2. In this as-heat-treated condition, the specimen also contained 
only a sparse distribution of dislocations. However, instead of a dispersion of precipitates, the 
oil-quenched specimen contained ultrafine (e1 0 nm) defects that were visible as black-white lobed 
images using g=011[82] (see Fig. 6). These tiny defects exhibited a sharp line separating the 
black and white lobes that did not rotate with changes in g, consistent with the established 
contrast behavior of small edge Ioops.25 Similar image analysis performed on the air-cooled 
specimen showed that those black-white strain contrast images did rotate with changes in g, 
consistent with their defect nature as 3-dimensional precipitates instead of 2-dimensional edge 

TEM examination of a control specimen oil quenched from 1 150°C showed the presence of 

\ 
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1 loops. Although loop nature (vacancy/interstitiaI) remains to be determined, many investigators 
observe higher vacancy concentrations in quenched FeAl type all0ys,16~l7 and the likelihood of 
self-interstitial defects without irradiation is remote; therefore, it is reasonable to assume these are 
vacancy-type loops. 

A TEM micrograph of the creep-induced microstructure in the gage of an oil-quenched 
specimen creep-tested at 593°C and 207 MPa for 6480 h without rupture is shown in Fig. 7. This 
microstructure clearly shows many large (>0.2 pm) loops uniformly dispersed throughout the 
matrix, accompanied by long pairs of 2-fold superdislocations. The growth of loops during creep 
from the “black dots” observed in the oil-quenched control specimen in Fig. 6 to the large loops 
observed in the creep-tested specimen is consistent with a vacancy nature. The loops 
observed in Fig. 7 have a basic square or rectangular shape, but with many kinks and jogs that 
would indicate intersections with network dislocations during creep. They appear to be 
distributed on orthogonal habit planes [either (1 10) or (1 00) types], and their contrast behavior 
(completely visible or invisible with g=O1 1) is consistent with the behavior of edge loops. 

is that vacancy loops, rather than fine precipitates, are the obstacles to dislocation motion in the 
oil-quenched material. The very low creep-rates and extended secondary creep regimes at 
593°C and 650°C relative to the air-cooled material indicate that the vacancy loops are more 
effective barriers to dislocation climb despite their coarseness relative to the ultrafine precipitates 
observed in the air-cooled material. Their growth by vacancy absorption from the matrix and their 
direct interaction with intersecting network dislocations are likely factors making dislocation climb 
and glide through this loop structure more difficult than the ultrafine precipitate structure, consistent 
with the data in Table I. Although the general description of a mechanism which could produce 
creep-rupture strengthening through the pinning of dislocations on point defects would be similar 
for both precipitates and vacancies, fundamental differences (such as size of the defect, interfacial 
strength, coherency, stability as a function of temperature, etc.) could be responsible for the 
differences in Q and n shown in Figs. 4 and 5. The analysis of this data using a model for 
dispersion-strengthened materials26 would probably be helpful in understanding the differences in 
the strengthening mechanisms involved. 

The conclusion from TEM and the Q and n analyses shown in Figs. 4 and 5, respectively, 

CONCLUSIONS 

The improved creep-rupture strength of an Fedl-based alloy, FA-180 (Fe-28AI-5Cr- 
0.5Nb-0.8Mo-0.025Zr-0.05C-O.O05B, at.%), was shown to be dependent on processing-induced 
microstructure. The creep-rupture resistance of this alloy was significantly improved by a 
solution-annealing heat treatment of 1 h at 11 50°C. In specimens air-cooled from 11 5OoC, 
microstructural analysis revealed that strengthening was due to a fine dispersion of ZrC 
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precipitates in the matrix and along grain boundaries. These precipitates were not observed in 
specimens heat treatmented at higher fir lower temperatures. Their presence was attributed to the 
dissolution of coarser ZrC particles (formed during casting) during solution annealing, followed by 
reprecipitation during cooling or creep testing. Specimens solution-annealed at 1 150°C and 
quenched to suppress the ZrC precipitation were found to be hardened by a dispersion of small 
quenched-in loops. These loops grew and evolved during creep testing at temperatures of 593- 
750°C and significantly delayed the onset of tertiary creep. Microstructural and creep 
activationlexponent analyses suggested that these were vacancy loops that acted as barriers to 
dislocation climb, resulting in the observed improvement in creep strength and rupture resistance. 
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