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ABSTRACT 

This paper deals with the melting, processing, properties, and microstructure of 
three commercially melted heats of Fe-16 at. % AI alloy FAPY. All of the heats were air- 
induction melted (AIM), two at Hoskins Manufacturing Company (Hamburg, Michigan) 
and one at United Defense (Anniston, Alabama). One ingot from each of the heats was 
used for testing at the Oak Ridge National Laboraotry. A 127-mm.-long section from each 
ingot was used for determining properties and microstructure in the as-cast, cast and hot- 
processed, and cold-rolled conditions. The fine-grained sheet showed 20% elongation at 
room temperature. 

INTRODUCTION 

The FAPY is an Fe-16 at. % AI alloy of nominal composition given in  Table I .  The aluminum 
content of the alloy is such that it remains single phase (a) without the formation of an ordered phase 003). 

The alloy has good oxidation resistance at temperatures up to IOOO'C and has shown significantly superior 

performance as heating elements when compared to the commonly used nickel-based alloy, MCHROME@ 

(Driver-Harris Company, Harrison, New Jersey). Although wire for the heating elements has been fabricated 

from small (6.8-kg) laboratory heats, for its commercial applications, the wire needs to be producible from 

large (545- to 680-kg) air-melted heats. The purpose of this study was to produce commercial-size heats and 

investigate their mechanical properties and microstmcture in the as-cast, hot-worked. and cold-worked 

conditions. The results of this study are expected to provide: (1) insight into processing steps for large heats 

into wire under commercial conditions, and (2) the mechanical properties data on commercial-size heats in 

various product forms. 

ALLOY PREPARATION AND PROCESSING 

A total of three commercial-size heats were used in this study. Two heats of 545 kg each were 
air-induction melted (AIM) at Hoskins Manufacturing Company (Hamburg, Michigan) and cast into standard 

203-rnm tapered ingots. The third heat was processed by AIM at United Defense (Anniston, Alabama). This 

heat was primarily cast into various sand molds but was also cast into two ingot molds provided by Hoskins. 

One ingot each from the heats melted at Hoskins and United Defense were sent to the Oak Ridge National 

Laboratory ( O N )  for processing, property, and microstructural evaluation. The chemical analysis of each 



Table 1. Comparkon of chemical analysis of two FAPY alloy heats made at 
Hoskins Manufacturing Company and one heat made at United Defense 

with the target composition 

Weight prcent 

Element Target Hoskins Manufacturing Company 
United Defense 
Heat 899-40299 

Heat 899-2 1689 H a t  899-2 1690 

AI 
Cr 
zr 
C 
Mo 
Y 
Mn 
S 
Nb 
B 
N2 
0 2  
Fe 

~~ 

8.46 
5.50 
0.20 
0.03 
2.00 
0.10 - - 
- - 
- 
C 

8.69 
5.46 
0.20 
0.054 
2.06 
0.13a 
0.34 
0.006 
0.012 

<o.oo 1 
0.003 
0.003 

c 

8.45 
5.49 
0.2 1 
0.044 
2.10 
0.16O 
0.34 
0.007 
0.0 1 

<o.oo 1 
0.002 
0.003 

C 

9.19 
5.3 1 
0.21 
0.022 
2.03 
0.04= 
0.19 
0.01 1 

<o.o 1 
b 

0.003 
0.002 
C 

aEstimated. 
bNot analyzed. 
CBalanCe. 

A 127-mm-Iong section of each ingot was cut from the ingot bottom. The macrostructure of the cut 

sections of each ingot is shown in Fig. 1. The ingots cast at Hoskins were sound but showed a slightly 
different microstructure. The ingots cast at United Defense showed a crack in the cross section. 

A Il-in.-thjck slice was cut from the middle section of each of the 127-mm-long ingot sections. The 

remaining part of the ingot section was used for machining specimens in the as-cast condition. The 51-mm- 

thick slice was hot-forged 50% at 1150'C. The 25-mm-thick forged plate was hot-rolled at 1OOO'C to 

13-mm-thick plate. This plate was used for machining longitudinal specimens for properties in the hot- 

rolled condition. A part of the 13-mm-hick plate was hot-rolled at 1ooo'C to 2.54-mm-thick sheet. This 

sheet was rolled to I .3 mm thickness at W C ,  subsequently annealed for 1 h at 8WC, and cold-rolled to 

0.76 mm thickness. The cold-rolled sheet was used to punch specimens for testing in the wrought condition. 

A square bar of 61- by 61-mms cross section hot-rolled from an ingot at Hoskins was also included 

for testing. 
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Test bars machined from ingots, hot-rolled plate, hot-rolled bar, and punched from the sheet were all 

given a 1-h anneal at 800'C in air followed by air cooling prior to testing. In only one case, the sheet 

specimens were tested in the as-rolled condition, which contained 40% cold-work from the rolling process. 

TENSILE TESTING AND PROPERTIES 

Tensile tests (one per temperature) were carried out in air at temperatures varying from room 
temperature to 800°C. The strain rate for bar specimens was 2.7 x 10-3/s-1 and 3.3 x 10-3/s-1 for sh 

specimens, The 0.2% yield strength, ultimate tensile strength, total elongation, and reduction of area for each 

heat are plotted as a function of test temperature in Figs. 2 and 3. The following observations are made from 

these figures: 

1. The 0.2% yield strength of the as-cast ingot is the lowest from room temperature to 600°C and the 

highest for the sheet with the hot-rolled plate falling between the two. The castlforged (bar-rolled) bar 

from Hoskins showed essentially the same yield strength as the sheet. The yield strength of the as-rolled 

sheet is significantly higher than the annealed sheet up to 400'C. At 600'C, the difference in yield 

strength between the cold-worked and annealed conditions is significantly reduced. 

2. The ultimate tensile strength showed a clear distinction between the cast, hot-rolled, and cold-rolled 

sheet. At room temperature, ultimate tensile strength of the cast ingot was the lowest followed by the 

hot-rolled material and sheet. The castlforged (bar-rolled) bar was lower in ultimate strength than the 

sheet. The as-rolled sheet showed substantially higher strength than the annealed sheet. Except for the 

- 
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Fig. 2. Plots of tensile properties as a function of test temperature for FAPY heat 899-21690: 
(a) 0.2% yield strength, (6) ultimate tensile strength, (c) total elongation, and (d) reduction of area. 

cast ingot, data for other products were well behaved for the entire test temperature range. The cast ingot 

data showed an unusual trend with temperature in the range from room temperature to < 200C where 

the cast ingot was tested in the brittle range [see the ductility data in Fig. 2(c-d)]. Some scatter in the 

data for the cast ingot may also be due to the variability in grain size from specimen to specimen. 

3. The total elongation plots show that the cast ingot has the least ductility at room temperature and 

remains very low up to 150'C. It only increases to a reasonable level of 10% at 200'C. For the hot- 

rolled plate, ductility was very low at room temperature but increased to 10% at 100'C, and matched the 
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Fig. 3. Plots of tensile properties as a function of test temperature for FAPY heat 899-21689: 

(a) 0.2% yield strength, (b) ultimate tensile strength, (c) total elongation, and (6) reduction of area. 

sheet ductility at 200'C. The cadforged (bar-rolled) bar processed at Hoskins showed low ductility at 

room temperature, but it reached 20% at lOO'C, which is nearly double the value for the plate hot rolled 
at ORNL. The annealed sheet showed approximately 20% value at room temperature, with no trends of 
brittle- (ductility of 51%) to-ductile (ductile defined as 2 10% elongation) transition. The as-rolled sheet 

with 40% cold-work showed values of 5% up to 600"C, where most of the cold-work appears to have 

recovered. It should be noted that the reduction in ductility of the as-rolled sheet is a consequence of cold- 

work (ductility exhaustion) and is different than the brittle-to-ductile trend observed for the cast and 



MICROSTRUCTURE 

hot-worked conditions. At 800'C, the FAPY alloy is very ductile in cast, hot-worked, and cold-rolled 

sheet. At IOOO'C, the sheet approached the ductility values in the superplastic range (2 200%). 

4. The reduction of area plots in Figs. 2 and 3(4 show trends very similar to those described above for total 

elongation with the exception that the brittle-to-ductile trends are clearer in these plots. 

Optical microstructures of as-cast, cast and hot-rolled, and cold-rolled sheet are compared for heat 

899-21690 of FAPY in Figs. 4 and 5. The microstructures in Fig. 5 are at low magnification, and those in 

Fig. 5 are at high magnification. These photomicrographs show that processing refines the grain size. The 

grain size (measured by line intersection method) of the cast ingot of 305 pm was reduced to 254 pm by hot- 

forging and hot-rolling to OS-in.-thick plate. However, hot-rolling to 2.5 mm thickness followed by warm- 

rolling at 600°C to 1.3 mm thickness and annealing at 800'C for I h followed by cold-rolling 40% to 
0.76-mm thickness reduced the grain size to 13 pm (23 times finer than that of the cast ingot). The grain 

refinement is due to recrystallization of warm- and cold-rolled sheet. The astast  microstructure in the 

photomicrographs also showed decoration of grain boundaries with precipitates and some particles in the 

matrix, and hot-forging and hot-rolling removed most of the particles from the grain boundaries, with some 

precipitates still present in the matrix. 
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Fig. 4. Comparison of low-magnification optical micrographs of: (a) as-cast, (b) cast and hot- 
worked, and (c) cold-rolled FAPY samples of heat 899-21690. The grain sizes in three conditions are 305, 
254, and 13 pm, respectively. 



O W  Photo 2164-96 

m l l s  
(u) 96-0509-006 (b) 96-0508-006 (c) 96-0507-006 

Fig. 5. Comparison of high-magnification optical micrographs of: (a) as-cast, (6) cast and hot- 
worked, and (c) cold-rolled FAPY samples of heat 899-21690. 
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Fig. 6. Backscattered electron images of FAPY alloy in: (c) as-cast, (b) cast and hot-worked, and 
(c) cold-rolled conditions. 



Scanning electron microscope (SEM) analysis was canied out to determine the composition of the 

precipitates. The back-scattered electron images for the cast. hot-worked, and cold-rolled sheet are compared in 

Fig. 6. Two types of inclusions {bright [higher atomic number (Z)] and gray in color [intermediate atomic 

number (Z)]) were observed. Detailed compositional analyses at ten locations in the matrix and the particles 

are shown in Table 2. Based on these semiquantitive analyses, the bright particles are primarily ZrC with a 

very small amount of Fe and Y. The darker particles are highly enriched with Y and contain substantial 

amounts of Fe, Al, Cr, and C. The atomic percentages of various elements suggest that the Y-containing 
particles may be (FeCrC)3(AlY). The back-scattered electron images in Fig. 6 show that the ZrC- and 

Y-containing particle sizes become smaller with hot- and cold-processing, but their total estimated amount by 

area appears to remain nearly the same. 

Table 2. Chemical analyses of matrix and precipitatee in the as-cast 
sample of FAPY heat 899-21689 , 

Fe AI Cr MO Y C Total 

75Ab 
84.6c 
0.5d 

3.8 
4.6 
2.7 

59.4 
67.9 
0.4 

15.0 
8.1 
0.1 

0.3 
0.2 
0.2 

16.5 
9.1 
0.1 

5.5 
5.7 
0.1 

0.4 
0.4 
0.2 

3.7 
4.0 
0.2 

Matrix 

1.1 
2.0 
0.1 

0.0 
0.0 

High-2 Precipifates 

0.4 
0.8 
0.2 

42.5 
83.6 
3.6 

Intermediate-Z Precipitates 

0.0 
0.0 

0.4 
0.9 
0.7 

0.8 
1.5 
0.1 

0. I 
0.2 
0.1 

9.0 
16.3 
0.2 

2.6 
0.6 
0.2 

52.1 
13.5 
0.2 

10.5 
2.6 
0.1 

101.1 

104.1 

101.6 

aThe same precipitates were observed in the hot- and cold-worked specimens. 
bMean composition in normalized atomic percent. 
Wean composition in weight percent. 
dSD = one standard deviation based on ten analyses and expressed in weigh. percent. 

The fracture surface analysis by SEM (see Figs. 7 through 9) of specimens tested at room 

temperature yielded the following observations: 
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Fig. 7. Fracture surface of FAPY heat specimen 899-21690 in as-cast and hot-worked conditions 
tested at room temperature: (a) low and (b) high magnifications. 

(Q) 522 (6) 520 

Fig. 8. Fracture surface of FAPY heat specimen 899-21690 in as-cast and hot-worked conditions 
tested at room temperature: (Q) low and (b) high magnifications. 

1. As cast: a mixed mode fracture consisting of intergranular separation with some cleavage occurring at 

the grain faces. 

2. Cast and hot-worked: a mixed mode fracture consisting of intergranular separation with possibly more 

cleavage than the as-cast specimen. 
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Fig. 9. Fracture surface of FAPY heat specimen 899-21690 in cold-worked condition tested at room 
temperature: (a) and (6) end location, and (c) and (6) midsection location. 

3. Cold-rolled sheet: a mixed mode fracture consisting of brittle regions (cleavage) and a ductile region in 

the midsection of the tensile specimen. 
The energy-dispersive X-ray spectra of the fracture surfaces showed little difference in composition 

for the three specimens. 

SUMMARY AND CONCLUSIONS 

Two commercial-size heats of the FAPY alloy were processed by AIM at Hoskins and one at 

United Defense. One ingot from each of the heats was sent to ORNL for processing, properties, and 

microstructural characterization. A 127-mm-long section was cut from each of the ingots. A 51-mm-thick 

slab section was cut from each of the 127-mm-long ingot sections for processing. The remaining ingot 



section was used to machine specimens in the as-cast condition. The slab was forged and rolled to obtain a 

plate in the cast and hot-worked condition. Part of the hot-rolled plate was cold rolled into 0.76-mi-thick 

sheet to obtain a fine-grained wrought microstructure. Tensile tests were conducted from room temperature to 

800'C on material in three different conditions. Tests were also conducted on a cast and hot-rolled bar 

processed at Hoskins. All of the materials were tested after annealing at 8 W C  for 1 h. One sheet was also 

tested in the 40% cold-worked condition. The as-cast, cast and hot-worked, and cold-rolled materials were 

characterized by optical and SEM. The following conclusions are drawn from this work: 

1. 

2. 

3. 

4. 

5 .  

The fine-grained sheet showed 20% elongation at room temperature. For cast and hot-worked conditions, 

20% elongation as reached at 100'C. For the cast condition, the fine-grained sheet reached a value of 

only 10% at 200'C.. 

While the cast and cast and hot-worked conditions showed a transition from brittle-to-ductile behavior in 

tensile ductility, the cold-worked material showed only a reduction in ductility. 

The cast grain size of 305 p n  was refined to only 254 pm by hot-working. However, the cold-working 

refined the microstructure to 13 pm. The grain refinement occurs through recrystallization of warm- and 

cold-rolled sheet. 

All three conditions showed the particles believed to be ZrC and FeCrAlY precipitates. Both particles 

were primarily at the grain boundaries in the as-cast condition. Processing by hot- and cold-working 

relocated the precipitates from the grain boundaries to matrix and refined their size. However, the total 

area fraction of the particles appears to remain the same in all three conditions. 

Based on the ductility data, the fine-grained material can be cold-worked while the hot-worked material 

can be worked by warming up the work piece to 2 1WC. 
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