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SPHEROIDIZATION OF THE GRAIN BOUNDARY PRECIPI'l'A'I'ES 
IN Fe-Ta-Cr ALLOYS 

Sungho Jin 

Inorganic Materiafs Research Division, Lawrence Berkeley Laboratory 
and Department of Materials Science and Engineering, 

College of Engineering; University of California, 
Berkeley, California 94720 

ABSTRACT 

The partly continuous grain boundary precipitates were fully 

spheroidized by cycling through the a-y phase transformation. Both the 

ductility and strength were increased by the spheroidization treatment. 

The effect of chromium on the Fe-'l'a binary system was found to enhance 

spheroTdization as well as improve oxidation resistance. 
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I. INTRODUCTION 

Recently several binary systems of Fe-Ta, Fe-Nb, Fe-Ti, Fe-Zr, and 

Fe-Hf have been studied with the objective of developing carbon-free age 

hardenab1e iron base alloys. Such alloys contain a fine dispersion of 

also have grain boundary films of the second phase. The highest strength 

l Laves phase alloys were found to be those containing FezNb and FezTa. 

2 
In Russel H. Jones' recent work, the brittle fracture characteristic of 

Fe-Ta alloy was eliminated by the use of simple a~y transformation which 

spheroidized the continuous grain boundary network. However, the rela-

tively high solution treating temperature required caused oxidation of 

the alloy, and coarsening of precipitate particles during the spheroidi-

zation treatment occurred. 

Previous studies on Laves phase alloys have been confined to binary 

alloys. The ternary phase diagram of Fe-Ta-Cr system, which would have 

been helpful in the present work, has not been reported in the litera-

ture. The binary phase diagrams are shown in Figs. l, 2, and 3. 

The objective of this investigation was to determine the effect of 

chromium addition on the properties of Fe-Ta alloy. This involved the 

determination of the approximate phase diagram, study on the aging 

characteristics, measurement of mechanical properties and the determina-

tion of the heat treatment required for grain boundary spheroidization. 

From the practical point of view, one objective of this study was 

to provide a basis for developing improved high temperature creep 

resisting alloys. 
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II. EXPERIMENTAL PROCEDURE 

A. Alloy Preparation 

Six Fe-Ta-Cr alloys of different composition were prepared from 

99.95% purity electrolytic iron, 99.9% three pass zone refined tantalum. 

rod of 0.3" diameter and 99.9% chromium. A vacuum induction furnace was 

used for the melting; the melt was held at 1750°C for 30 minutes in an 

MgO crucible under an argon atmosphere. 

One and one-quarter inch diameter ingots were cast and hot rolled 

at l000°C into 1/2" square rods. The compositions of the six alloys 

are shown in Table I. 

B. Dilatometer Analysis 

To determine the a-y and y-o phase transformation temperatures of 

each alloy, a differential dilatometer was used. Bars of 0.25" diameter 

and 2.5" length were used. The method employed is shown schematically 

in Fig. 4. Differential expansion of the bar during heating was con­

verted into electrical signal which was amplified and recorded. The 

specimens were heated at a rate of 10°C/minute and argon gas was passed 

continuously over the specimen to reduce oxidation and scaling. Above 

l200°C, the Si02 bar started to bend and the accuracy was therefore 

limited at the higher temperatures. The results of this dilatometer 

analysis are shown in Table II. 

C. Heat Treatments 

All specimens were encapsulated in quartz tubes (0.3 atmospheric 

pressure of argon gas at room temperature) and solution treated at 

1320°C for 1 hour. The specimens were quenched into iced 10% salt water 

(Fig. 5-Fig. 9). Specimens fora-y phase transformation temperature 
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TABLE I. COMPOSITIONS AND HEAT TREATMENTS 
OF THE DESIGNED ALLOYS 

" 
Ta Cr Fe Solution Treatment Aging 

Fe l Ta 3Cr 1% 3% Balanced l320°C, l hour 700°C, 40 minutes 

Fe l Ta 5Cr 1% 5% Balanced l320°C, l hour 700°C, 40 minutes 

Fe l Ta 7Cr 1% 7% Balanced l320°C, l hour 700°C, 40 minutes 

Fe 2 Ta 3Cr 2% 3% Balanced l370°C, l hour 700°C, 40 minutes 

Fe 2 Ta 5Cr 2% 5% Balanced l370°C, l hour 700°C, 40 minutes 

Fe 2 Ta 7Cr 2% 7% Balanced l370°C, l hour 700°C, 40 minutes 
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TABLE II. PHASE TRANSFORMATION TEMPERATURES 
DETERMINED BY DILATOMOMETRY AND METALLOGRAPHY 

a -+ y 

D 

880-900°C 

870-890°C 

86o-880°C 

880-900°C 

86o-880°C 

M 

890-905°C 

y -+ 8 

D M. 

1230°Ctv tvl210<?C 

1210°Ctv 'Vl200°C 

1160°C'V 'Vll80°C 

D: Dilatometer work 

M: Metallographic work 

y + 0 -+ 0 
Fe 2 Ta + 8 -+ 8 

'< 

M 

tvl300°C 

'Vl280°C 

'Vl250°C 
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Fig. 5 
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Fig. 8 
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determination by the metallographic method were held at 860°C for 1 2 

hours, and then heated up to 890°C and 905°C respectively, at a heating 

rate of l°C/minute, followed by quenching into salt water. (Fig. 10.) 

Tens ile specimens were quenched from 1320°C after l hour solution 

treatment into 45°C water. Three 1 a/o Ta alloys had no c racks while 

three 2 a/o Ta alloys had large transgranular cracks after this hot 

water quench. 

Aging of solution treated specimens was performed in a molten salt 

bath at 700°C for 45 minutes. After aging, these specimens were air 

cooled. 

Spheroidization treatment was carried out in protective steel bags. 

D. Hardness Tests 

Micro Vickers hardness tests were made by Seitz' Miniload Hardness 

Tester with the load of 2 Kg. For each hardness measurement, at least 

six indentations were made. 

E . Tensile Tests 

The mechanical properties of heat treated alloys were determined 

for flat specimens (1" gage length, 1/8" width and 1/10" th icknes s) and 

round specimens ( 1 11 gage length and 1/4" nominal diameter). An Instron 

tensile testing machine was used at a strain rate o f 4xl0-3/minute . The 

0.2% offset yield strength and the ultimate tensile strength were 

determined from the chart record, and the elongation was measured with a 

microscope. The fracture surface was examined by the Seanning Electron 

Microscope at 25 KV. 



Fi g. 10 
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F. X-ray Analysis of the Second Phase Particle s 

A Fe-1Ta-7Cr alloy specimen from the hot rolled rod was heated at 

ll00°C for 5 hours to get spherical particle s of about two micron s i ze. 

These particles were extracted by solution using H202 25 parts , H20 15 

parts and HF 2 parts. 

X-ray powder diffraction patterns of these extracted particles were 

obtained at 50 KV by Debye Scherra Camera and with a chromium target. 

The exposure time was 21 hours. A correction was made for film shrinkage. 

The X-ray diffraction results are shown in Table III. 

G. Optical Microscopy 

Specimens were ground on emergy pape rs and polished with 1.0 micron 

diamond paste and finally polished with 0.5 micron Al203 powder. 

For the low chromium alloys, 5% Nital etching solution was used and 

for the higher chromium alloys, Kalling's r eagent was employed. 

H. Scanning Electron Mi croscopy 

JSM-U3 Scanning Electron Microscope was utilized to study the grain 

boundary and matrix precipitation morphology. Specimens were polished 

and overetched. The surface was tilted 30 degrees toward the incident 

beam. The fracture surface after the tensile test was also examined. 

I I 

I 
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TABLE III. X-RAY POWDER DIFFRACTIO~ PATTERN 
OF THE SECOND PHASE 

0 

Line number d (A) I/I1 

1 4 .141 30 

2 3.905 30 

3 3.665 30 

4 2 .84 3 30 

5 2 . 401 80 

6 2 . 207 100 

7 2 .074 20 

8 2 .042 90 

9 2 .009 60 

10 1.465 40 

11 1.386 50 

12 1.346 100 

13 l. 307 70 
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III. RESULTS AND DISCUSSIONS 

A. Phase Relations in the Fe-Ta-Cr Ternary System 

3 4 
The equilibrium phase diagrams of Fe-Ta system, Fe-Cr system and 

Cr-Ta syste~ are shown in Figs. 1, 2, and 3. However, little work has 

been done f o r the Fe- Ta-Cr ternary system and the phase r el ationships are 

not very well known. 

Dilatometer analysis (Table II) showed that the y-o phase trans-

formation temperature had been lowered about 60°C and the a-y phase 

transformation temperature had been lowered about 100°C by the addition 

of 7 atomic percent of chromium to Fe-Ta binary alloys. The results of 

the metallographic examination agreed reasonably with the dilatometer 

analysis. 

The binary phase diagrams indicate that there are two possible 

Laves phases, Fe2Ta which is a MgZn2 type hexagonal Laves phase, and 

Cr2Ta which is a MgCu2 type cubic Laves phas e . The two kinds of Lave s 

phases will compete to form in the ternary alloys. 

According to thermodynamic data, the heat of formati on of Fe2Ta 

6 7 
phase and Cr2Ta phase are as follows: 

~Hf, Fe2Ta -6,077 cal/g-atom 

6Hf, Cr2Ta = -2,047 cal/g-atom 

Thus the forrnation of Fe 2Ta is much more preferable to that of 

Cr2Ta from the ~H values of the two. The high Fe:Cr rati o also favors 

the formation of the Fe2Ta over Cr2Ta. 

8 
According to Kehsin Kuo's paper, the formation of complex Laves 

phase like (Fe,Cr)2Ta etc. will not happen. Laves phase of P~2 could be 

replaced by A(C,D)2 where C is l ocated t o the left of B in the peri odic 
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table and D to the right of B. That is, Fe2Ta could be r eplaced by 

(Cr,Ni)2Ta or (Cr,Co)2 Ta but not by (Fe,Crh 'I'a. Therefore , the conclu-

sian is that Fe2Ta is the only stable Laves phase in thi s ternary system. 

The X-ray diffraction pattern (Table III) of the second phase part icles 

agreed closely with the ASTM powder diffracti on pattern file of Fe 7Ta3 

2 
The X-ray diffraction pattern in Fe-Ta binary system was also phase. 

that of Fe 7Ta3. The stoichiometric compos iti ons not being Fe 2Ta in 

binary and ternary alloys might be due to the possible s olubility range 

9 of Laves phase according to Leo Brewer's theory. 

Results of the dilatometer work and the metallographic work (Table 

II) show that for a Fe-1Ta-5Cr alloy, the o phase decomposes eut ecto id-

ally during cooling at l200°C, 

o (BCC) = y (FCC ) + Fe2Ta 

and a phase decomposes peritectoidally during heating at 900°C , 

a (BC C) = y (FCC) + Fe2Ta 

The iron rich portion of the Fe-Cr binary system indicate s that 

chromium up to 7 atomic percent has the effect of lowering both the a-y 

and y-o transforr1ation temperatures. This was proved by dilatome try and 

metallographic work. When ordinary ferrite stabilizing e l ements are 

added to iron, they close the y loop, decreas ing the stability r egi on of 

y iron, expanding the ferrite region and rai sing the a- y transformation 

temperature . The y loop formed by chromium has an unusual shape up to 

7 percent chromium and the y regi on is extended to lower temperature . 

Further increas e in chromium content will lower the y-o transformation 

temperature but will raise the a-y transformation temperature . 
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Figure 5 shows the retained o structure obtained by iced salt water 

quenching fr om the o phase field. However, it was found that even on 

fastest quench into iced brine from the temperature range where y was 

stable, y iron always transformed into massive a iron (Fi g . 6a and Fig. 7). 

Even during air cooling from the o range, BCC iron was retained and did 

not transform into y. (Fig. 9). Thus the alloy of hypoeutectoid com­

position quenched from (o+y) region shows mi cr ostructure like Fig . 6a , 

while the hypereutectoid composition in o+Fe2Ta region has the micro­

structure of Fig. 6b. 

Experimental results show that for hypoeut ectoid al loy s (Fe-1Ta-3Cr, 

and Fe-1Ta-5Cr ), the temperature range of t he solid solutions, o and 

o+y, is lowered with increasing chromium content . For hypereutectoid 

alloys (Fe-1TA-7Cr, Fe-2Ta-3Cr, Fe-2Ta-5Cr and Fe-2Ta-7Cr), the a-Laves 

phase solubility line is shifted to the lower concentrations of Ta. The 

eutectoid composition was also shifted to lower tantalum concentrations. 

The effects of chromium on Fe-Ta binary phase diagram are surr@arized in 

Fig. 11. 

B. Morphology and Kinetics of Laves Phase Precipitation 

(1) Second Phase Identification 

As mentioned above, it was found that Fe2Ta was the only stable 

phase in the ternary system. 

(2) Aging Characteristics 

The age hardening characteris tics of four ternary alloys are shown 

in Fig. 12. The peak hardness on aging at 700°C occurred at 40 minutes, 

which was quite similar to that of binary alloys.
2 

This indicates that 

chromium does not affect the aging characteris tic s of Fe-Ta binary 
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system. The only difference was the small increase in hardness , which 

uld b tt "b d t th l "d l t• h d . ff t b h . 10 
co e a rl ute o e so l so u lon ar enlng e ec y c r omlum. 

2 
R. H. Jones found that the precipitation process in Fe - Ta binary 

alloy was continuous, with heterogeneous nucleation occurring . The 

nucleation sequence was grain boundaries, dislocations, and matrix. The 

precipit at es were rather plate shape d and not spherical. Figure 13 shows 

the microstructure of b inary alloy aged to its peak hardness at 700°C. 

The grain b oundary precipitation was nearly continuous which was respon-

sible f or t he brittle character of the aged binary alloys. 

In the ternary alloys, however, particle s were plate and spherical 

shaped, as shown in Fig. 14 . Some grain boundaries in t he aged alloys 

showed discontinuous films. (Fi g. 15). The chromium seerr~d to have 

changed the surface energy, thus causing some spheroidization of grain 

boundary and matrix particles during the aging treatment. 

C. Spheroidization of Grain Boundary and Matrix Precipitates 

Spheroidi zation in the binary alloy was accomplished by cycling 

through the a-y allotrophic phase transforruation.
2 

In the ternary alloys, some grain boundary films were already 

broken up and some particles were rather spherical before the spher oidi-

zation treatment. However, the degree of spheroidization was not 

sufficient to eliminate the brittleness of the lower chromium alloys ; 

thus, it was necessary to use the a-y transformation treatment f or these 

materials. 

Spheroidization treatment at ll00°C for 5 minutes, 10 minutes, 

30 minutes and 60 minutes, were used, and at 950°C for 10 minutes , 25 

minutes, l hour, 5 hours, and 10 hours. Multicycling treatments 
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Fig . 13 
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consisting of l cycle, 2 cycles, 5 cycles and 10 cycles were al s o used. 

(The total durati on of spheroidization time in y+Fe2Ta region was 2 hours 

for all multicycling treatments.) Figures 16 through 20 s how the scanning 

electron microscope pictures of the spheroidi zed structures . 

For the binary alloys, it took 10 minutes to break up th e continuous 

boundaries at ll00°C, but in the ternary alloys , aJJ equivalent spheroidi­

zat ion occurred in less than 10 minutes. In the later , muc h shorter 

time could be used to obtain enough spheroidi zation at ll00°C ar1d 950°C . 

D. Mechanical Properties 

(l) Effect of Spheroidization Temperature on Mechanical Properties 

Figures 21, 22 , ru1d 23 show how th e sphe roidization t emperature in 

the y+Fe2Ta region affects the hardness of Fe-1Ta-5Cr alloy . In Figure 

21 , the linear dependence of hardne ss on temperature can be seen . Thus 

the mechanical properti es for any spheroidization temperature within the 

y+Fe2Ta range (900°C-l200°C) can be calculated as follows: 

Hv = 146 + 0. 315 X (Ts-900°C) 

where Hv is the Micro Vickers hardness number and 'rs is the spheroidizing 

temperature in °C. 

The peak aged Micro Vickers hardness for Fe-1Ta-5Cr alloy after 

aging was 169 ; the spheroidi zation treatment s above 975° C produced an 

added increment of hardness. 

(2 ) Effect of Spheroidization Time on Mechanical Properties 

The Micro Vickers hardness and other mechanical properties f or 

different spheroidization time are shown in Figs. 22 and 23 . The 

spheroidi zation time did not affect the mechanical properties much, even 

though the particles coarsened during spheroidization. 
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Fig . 16 



- 29-

XBB 7112-5981 

Fig. 17 
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Fi g. 1 9 
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Fig. 20 
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(3) Effect of Cooling Rate on Mechanical Properties 

Different cooling rates gave different hardness and these are shown 

in Fig. 24. Cooling rate affects the microstructure and substructure, 

and hence might be expected to produce the observed results. 

(4) Effect of Chromium Content on Mechanical Properties 

The effect of chromium content on the mechanical properties of aged 

specimens is shown in Fig . 25 and that of spheroidized specimens is shown 

in Fig . 26 . A significant difference can be see n between the binary and 

ternary alloys. For the aged condition, the binary alloy showed almost 

zero elongation while the ternary alloys had elongation values up to 25% 

(for 7 a/o chromium alloy). The ductility increased with chromium 

content . The partly spheroidized grain boundary precipitates after 

aging were responsible for the higher ductility. 

For the spheroidized specimens, the strength increased with in­

creasing chromium content and the ductility decreased with increasing 

chromium content, as can be seen in Fig. 26. 

(5) Effect of Multicycling 

After multicycling at 950°C (5 cycles, each cycle 30 minutes holding 

at 950°C and cooling to room temperature), the strength was a l i ttle bit 

lower than that of the single cycled specimen. However, the elongation 

was much larger (33% elongation). An interesting effect of multicycling 

was that it altered the grain size markedly. Figures 27, 28a, and 28b 

show the grain sizes of aged, spheroidized (single cycled) and multi­

cycled spe cimen of Fe-1Ta-5Cr alloy respectively. Figure 20a shows the 

particle shape in a single cycled specimen and Fig . 20b shows that in 

a multicycled specimen. 



-37-

260~------~----------------r-------~------~ 

FC: FURNACE COOLING 

• A C: AIR COOLING 

WQ: WATER QUENCHING 

-> 
I 200 -
a:: 
w 180 
m 
~ 
::> 

160 z 
en 
en 
w 140 z 
0 HARDNESS OF SOLID SOLUTION 
a:: 
<l 120 I 

en 
a:: 100 w 
~ 
(.) 

> 80 
0 
a:: 
(.) 60 -
:::E 

1 
40 

20 

0 
FC AC WQ 

COOLING RATE 

XBL - 7112- 7699 

Fig. 24 



-38-

100 100 -I ~ I 0; RUSSEL H. JONES WORK 0 • ! -FOR Fe - 1 T
0 

BINARY ALLOY 90 ' 
<{ ' 
UJ 
0::: . ! 

80 60 <{ i 
! 
I 

z - 70 
CJ) z 
:::.::: 0 - ..... 
:I: 60 

FRACTURE 
60 (.) 

R.4 ::::::> ..... 
STRENGTH Cl 

(!) +---· , ' UJ z / '+. 50 0::: LLJ / ' a: I Cl ..... I 't. s. z CJ) 

40 / 40 <{ 

1 

l z 
0 

30 ..... 
EL.ON<!,:_ -+- <{ 

(!) +--- z 
20 -- 20 0 ,...,.. 

.;+-"" ...J 
LtJ 

10 

1 / ELO NG. AND R.A. 

0 
3 5 7 

ATOMIC PERCENT CHROMIUM 

XBL -7112-2201 

Fig. 25 



-39-

100 100 -
0; RUSSEL H. JONES' WORK 

~ 0 -FOR Fe - t T
0 

BINARY ALLOY 90 
<{ 
L4J 
a:: 

80 <{ 

z .......... - :.r .... _ 
70 .... z CJ) -~ ~ ....... .............. 0 - f?~ + t-

{< 60 (.) 

:I: 0 => 
t- .,. 0 
(.!) tt, w 
z o· 50 a:: 
w \. a:: f?. 0 
t- ~· z 
CJ) 

40 <{ 

t 
z 

-+-- 0 
............ 30 ~ + ...... e'(o 

......, 1\tG (.!) ........ z ..... 20 0 '+ ...J ..... L4J 

10 

1 0 
0 3 5 7 

ATOMIC PERCENT CHROMIMUM 

XBL 7112-2202 

Fig. 26 



- 40-

XBB 7112-5982 

Fig . 27 



• 

XBB 7112-5973 

Fig. 28 



-42-

(6) Effect of Chromium Content on the Oxi dation Resistance 

Spheroidization treatment s without protective steel bags at ll00°C 

for 10 minutes showed that for 3Cr and 5Cr alloys, oxide and scales were 

observed on the surface of the specimens but for 7Cr alloys , no scales 

were observed after spheroidization treatments. 

(7) Fracture Characteristics 

For the aged specimen, the scanning electron microscope pictures of 

the fracture surface consisted of a combination of river and cup-and-cone 

patterns. (Fig. 29). This dual character seemed to be due to the 

partly broken grain boundary precipitates. The fracture surface of the 

binary alloys after aging was that of a completely brittle fracture, 

showing only the river pattern. 

For the spheroidized specimen, the fracture characteristics was that 

of completely ductile material, as shown in Fig. 30. 

• 

• 
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IV. CONCLUSIONS 

(1) The a-y phase transformation temperature was lowered about 

100°C by adding 7 a/o chromium,, and the y-o transformation temperature 

was lowered about 60°C, relative to the binary phase diagram. 

(2) The .eutectoid composition was shifted by the addition of Cr 

to the lower concentration of Ta. 

(3) The second phase in the ternary system was established as the 

Laves phase, FezTa. 

(4) The age hardening characteristics were similar to those of 

the binary alloys. 

(5) The grain boundaries of the aged specimens of the ternary 

alloys were not c9mpletely continuous. Spheroidization in ternary 

alloys occurred in less than 10 minutes. 

(6) The strength of the ternary alloy increased with increasing 

spheroidizing temperature. The spheroidization treatment could be used 

as the hardening treatment. In ternary alloys, almost the same strength 

could be obtained by 950°C spheroidization; this was 150° lower than 

the spheroidization temperature for binary alloys. 

(7) The strength of the ternary alloys after spheroidization 

increased with chromium content and the ductility after spheroidization 

decreased with chromium content. For the aged specimens, the ductility 

increased with increasing chromium content . 

(8) By multicycling, the ductility could be increased and a fine 

grain size could be obtained. 

(9) The oxidation resistance of the ternary alloys increased with 

increasing chromium content. 
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Fig. 5. 

Fig. 6a. 

Fig. 6b. 

Fig. 7. 

Fig. 8. 

-48-

FIGURE CAPTIONS 

Equilibrium phase diagram: Fe-Ta system. 

Equilibrium phase diagram: Fe-Cr system. 

Equilibrium phase diagram: Cr-Ta system. 

Schematic diagram of the dilatometer analysis. 

Micrograph: Solid solution (cS region) of the Fe-1Ta-5Cr 

alloy, quenched from l320°C, X200. 

Micrograph: (cS + y) region of the Fe-1Ta-5Cr alloy, quenched 

from l260°C, x4oo. 

Micrograph: (cS + Fe2Ta) region of the Fe-1Ta-7Cr alloy, 

quenched from l200°C, x4oo. 

Micrograph: (y + Fe2Ta) region of the Fe-2Ta-5Cr alloy, 

quenched from ll00°C, X400. 

Micrograph: (a + Fe2Ta) region of the Fe-1Ta-5Cr alloy, 

furnace cooled from.950°C, X200. 

Fig. 9. Micrograph: Air cooled from l370°C, Fe-2Ta-5Cr alloy, x4oo. 

Fig. lOa. Micrograph: Fe-1Ta-5Cr alloy, solution treated and quenched, 

held at 860°C for 12 hours and 890°C for 2 hours, XlOO. 

Fig. lOb. Micrograph: Fe-1Ta-5Cr alloy, solution treated and quenched, 

held at 860°C for 12 hours and slowly heated up, held at 905°C 

for 2 hours, XlOO. 

Fig. ll. 

Fig. 12. 

Fig. 13. 

The effect of 7% chromium on Fe-Ta binary phase diagram. 

Age hardening curves for four alloys. 

Scanning electron micrograph: Fe-lTa binary alloy aged at 

700°C for 60 minutes, XlO,OOO. 
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Fig. 14. 

Fig. 15. 

Fig. 16. 

Fig. 17. 
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Scanning electron micrograph: Matrix precipitation of 

Fe-1Ta-7Cr alloy on aging~ XlO~OOO. 

Scanning electron micrograph: Grain boundary precipitation 

of Fe-1Ta-7Cr alloy on aging, X3~000. 

Scanning electron micrograph: Grain boundary and matrix 

particles of Fe-1Ta-5Cr alloy spheroidized at ll00°C for 

10 minutes, X3,000. 

Scanning electron micrograph: Grain boundary and matrix 

particles of Fe-1Ta-5Cr alloy spheroidized at ll00°C for 

10 minutes, XlO~OOO. 

Fig. 18a. Scanning electron micrograph: Grain boundary and matrix 

precipitates of Fe-1Ta-5Cr alloy spheroidized at 950°C for 

4 minutes~ XlO~OOO. 

Fig. 18b. Scanning electron midrograph: Grain boundary and matrix 

precipitates of Fe-1Ta-5Cr alloy spheroidized at 950°C for 

4 minutes~ X30~000. 

Fig. 19. Scanning electron micrograph: Fe-1Ta-5Cr alloy spheroidized 

at 950°C for 25 minutes, XlO,OOO. 

Fig. 20a. Scanning electron micrograph: Particle morphology in 

Fe-1Ta-5Cr alloy.spheroidized at 950°C for 10 hours, X30,000 . 

Fig. 20b. Scanning electrqn micrograph: Particle· morphology in 

Fe-1Ta-5Cr alloy 5-cycledat 950°C (30 minutes X5), X30,000. 

Fig. 21. 

Fig. 22. 

Dependence of the hardness of the Fe-1Ta-5Cr alloy on the 

spheroidization temperature. 

Plot of Micro Vickers Hardness vs spheroidization time. 
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Fig. 23. Mechanical properties of Fe-1Ta-5Cr alloy after spheroid:i![zing 
. .. 

at ll00°C and 950°C plotted as strength vs spheroidization 

time, and percent elongation and reduction in area vs 

spheroidizati9n time. 

Fig. 24.· Effect of cooling rate on the hardness of Fe-1Ta-5Cr alloy. 

Fig. 25. Mechanical properties of the ternary alloys (1% Ta) as a 

fUnction of chromium content. Aged at 700°C for 40 minutes 

(before spheroidization). 

Fig. 26. Mechanical properties of the ternary alloys (1% Ta) as a 

function .of chromium content. Aged at 700°C for 40 minutes 

and spheroidized at ll00°C for 10 minutes. 

Fig. 27. Micrograph: Fe-1Ta-5Cr alloy, solution treated and aged at 

700°C for 40 minutes, X200. 

Fig. 28a. Micrograph: Fe-1Ta-5Cr alloy, solution treated, aged at 

700°C for 40 ln.inutes and spheroidized at ll00°C for 10 minutes, 

X200. 

Fig. 28b. Micrograph: Fe-1Ta-5Cr alloy, solution treated, aged and 

multicycled at ll00°C (30 minutes X5), X200. 

Fig. 29. Scanning electron micrograph: Fracture surface of the aged 

Fe-1Ta-7Cr alloy, X300. 

Fig. 30. Scanning electron ~crograph: Fracture surface of the aged 

and spheroidized Fe-1Ta-5Cr alloy, X300. 
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