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UPHRROIDIZATION OF THE GRAIN BOUNDARY PRECIPI'WALES
IN Fe-Ta~Cr ALLOYC

Sungho Jin
Inorganic Materials Research Division, Lawrence Berkeley Laboratory
and Department of Materials Science and Engineering,
College of Engineering; University of California,
verkeley, California 94720
ABSTRACT
The partly continuous grain boundary precipitates were fully
spheroidized by cycling through the -y phase transformation. both the
ductility and strength were increased by the spheroidization treatment.

The effect of chromium cn the Fe~Ta binary system was founa to enhance

spheroidization as well as improve oxidation resistance.
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I. INTRODUCTIOW

Recently several uinary systems of Fe-Ta, Fe-Nb, Pe-Ti, KFe-ir, and
Fe-Hf have been studied with the objective of developing carbou-free age
hardeneble iron base alloys. ©Such alloys contain a fine dispersion of
Laves phase precipitates (Fe,Ta, Fe,Nb, FepTi, Fe,ir, and FeaHf) but
also have grain boundary films of the second phase. The highest strength
Laves phase alloys were found to be those coutalning FezNb and FezTa.l
In Russel H. Jones' recent work,2 the brittle fractwre characteristic of
Fe-Ta alloy was eliminated by the use of simple wu?y transformation which
spheroidized the continuous grain boundary network. However, the rela—
tively high solution treating temperature required caused oxidation of
the alloy, and co;rsening of precipitate particles during the spheroidi-
zation treatment occurred.

Previous studies on Laves pliase alloys have been confined to binary
alloys. ‘The ternary phase diggram of Fe-Ta-Cr system, which would have
been helpful in the present work, has not been reported in the litera-
ture. The binery phase diagrems ere shown in Figs. 1, 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 tne
determination of the approximate phase diagram, study on the aging
charascteristics, measurement of mechenicel properties and the determina-—
tion of the heat treatment required for graiu 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. EXPERIMENTAI PROCLDUKE
A. Alloy Preparation

Six Fe-Ta-Cr alloys of different composition were prejared from
99.95% purity electrolytic iron, 99.9% three puss zope refined tantalum
rod of 0.3" diemeter end 99.9% chromium. A vacuum inducti .n furnace was
used for the melting; the melt was held at 17%0°C for 30 rinutes in an
Mg0O crucible under an argon atmosphere.

One and one~quarter inch diameter ingots were cast ala hot rolled
at 1000°C into 1/2" square rods. The compositions of the six alloys
are shown in Table L.

B. Dilatometer Analysis

To determine the a-y and y-6 phase transformation tenjperatures or
each alloy, a differential dilatometer was usea. Bars of (1.25" diemeter
and 2.5" length were used. The method employed is shown scnemstically
in Fig. b. Differential expansion of the bar during heating was con-
verted into electrical signal which was emplified and recorued. 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
1200°C, the $i0, bar started to bend and the accuracy was therefore
limited at the nigher temperatures. The results of this dilatometer
analysis are shown in Table II.

C. Heat Treatments

All specimens were encapsulated in guartz tubes (0.3 atmospheric
pressure of argon gas at room temperature) and solution treated at
1320°C for 1 hour. The specimens were guenched into iced 10% sult water

(Fig. 5-Fig. 9). Specimens for a-Y phase transformation temperaiure
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TABLE I. COMPOSITIONS AND HEAYT TREATMENTS
OF THE DESIGNED ALLCYS

Ta Cr Fe Soliution Treatment Aging
Ta 3Cr 1% 3% Balanced 1320°C, 1 hour 700°C, 4u minutes
Ta 5Cr 1% 5%  Balanced 1320°C, 1 hour T700°C, L0 minutes
Ta 7Cr 1% 7% Balanced 1320°C, 1 hour T700°C, 40 minutes
Te 3Cr 2% 3% Balanced 1370°C, 1 hour 700°C, 40 minutes
Ta 5Cr 2% 5% Belanced 1370°C, 1 hour 700°C, 40 minutes

Ta TCr 2% 7%  Balanced 1370°C, 1 hour 700°C, 40 minutes
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PHASE TRANSFORMATION TEMPERATURES
DETERMINED BY DILATOMOMETRY AND METALLOGRAPHY

y+ 8 =+3§
o+ Y y > 68 Fe,Ta + § + 6
D M D M M

3 Ccr BB0-900°C 1230°Cv  A1210°C ~1300°¢C

T Ta 9 Cr 870-890°C  890-905°C  1210°Chu  41200°C 1280°¢C
7 €+ B60-880°C 1160°Cv  A1180°C v1250°C
3 Cr 880-900°C 1200°Cv 1200°C~ 13k0°Cv
2 Ta 5 Cr 860-880°C 1200°Cv 1200°Cv 1360°Cv
7 cr  B60-8T0°C 1160°¢n  a1180°C 1370°Cv

Binary 97LoC 1238°¢C 13k0°C

D: Dilatometer work

M: Metallographic work
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determination by the metallographic method were held at 860°C for 12
hours, and then heated up to 890°C and 905°C respectively, at a heating
rate of 1°C/minute, followed by quenching into selt water. (Fig. 10.)

Tensile specimens were quenched from 1320°C after 1 hour solution
treatment into 45°C water. Three 1 a/o Ta alloys had no cracks while
three 2 a/c Ta alloys had large transgranuler cracks after this hot
water quench.

Aging of solution treated specimens was performed in o molten salt
bath at 700°C for U5 minutes. After mging, these specimens were air
cooled.

Spheroidization trealm:nt 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.

k. Tensile Tests

The mechanical properties of heat treated alloys were determined
for flat cpecimens (1" gage length, 1/8" widtn and 1/10" thickness) and
round specimens (1" gage length and 1/L" nominal diameter). An Instron
tensile testing rachine was used at a sirain rate of hxlo—j/minute. The
0.2% offsel yield strength and the ultimate tensile strength were
determined from the chart record, and the elongation was measured with a
microscope. The frecture surface was examined by the Scanning Electron

Microscope &t 29 KV.
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F. X-ray Analysis of the Second Phase Particlus

A Fe-1Ta-TCr alloy specimen from the hot rolled rod wus heated at
1100°C for Y hours to get spherical particles of sbout twu micron size.
These particles were extracted by solution using Ha02 25 purts, Heu 15
parts and HF ¢ parts.

X-ray jowder diffraction patterns of these extracted jurticles were
obtained st YU KV by Debye Scherva Camera end with a chromium target.

The exposure time was 21 hours. A correction was made for tilm shrinkage.
The X-ray diffraction results are shown in Table III.

G. Upticasl Microscopy

Specimens were ground on emergy papers and polished with 1.0 micron
diamond paste and finally polished with 0.9 micron Ala0; powder.

For tne low chremium alloys, 5% Nital etcring solution was used and
for the higher chromium alloys, Kalling's reagent was empleyed.

H. Scanning Electron Microscopy

JSM-U3 Scanning Electron Mici>scope was uviilized to study the grain
boundary and matrix precipitation morphology. Specimens were polished
and overetcned. The surface was tilted 30 degrees toward the incident

beam. The fracture surface after the tensile test was also exemined.
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X-RAY POWDER DIFFRACTION PATULEidi

OF THE SECOND FHASH

Line number d (X) I,’Il
1 L.141 36
< 3.905 30
3 3.665 39
L 2.843 3u
5 2.h01 80
6 2.207 100
K¢ 2.07k 24
8 2.0k2 90
9 2.009 €0

10 1.465 40
11 1.386 5G
12 1.3L6 100
13 1.307 70
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III. RESULTS AND DISCUSSIONS

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

The equilibrium phase diagrams of Fe-Ta system? Fe~Cr systeg and
Cr-Ta systea are shown in Figs. 1, 2, and 3. However, little work has
been done for the Fe-T«-Cr ternary system ana thie phase rlationships are
not very well known.

Dilatometer analysis (Table II) showed that the y-§ phase trans-
formation temperature had been lowered about 60°C and the u-y phase
transformaetion temperature had been lowered about 100°C by the addition
of T 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 tnere are two possible
Laves phases, FepTa which is a MgZny type hexagonal Laves phase, and
CroTe which is a MgCu, type cubic Laves phase. The two kinds of Laves
phases will compete to form in the ternary alloys.

According to thermodynamic date, the heat of formation of Fe,Ta
phase6 and Cra't'a phase7 are as follows:

AH ., Fe,Ta = -6,07T cal/g-atom

£

AHf, CrpTa = -2,047 cal/g-atom

Thus the formation of Fe,Te is much more preferable to that of
Cr,Te from the 8H values of the two. The high Fe:Cr ratic also favors
the formation of the Fe:Ta over Cr:Ta.

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

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

replaced by A(C,D). where C is located to the left of B in the periodic
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table and D to the right of B. That is, Fe:Ta cculd be replaced by
(Cr,Ni)2Ta or {Cr,Co)zla but not by (Fe,Cr)zla. Therefore, the conclu-
sion is that FezTa is the only stable Laves phase in this ternary system.
The X-ray diffraction pattern (Table III) of the second phase particles
agreed closely with the ASTM powder diffraetion pattern file of FesTas
phase. The X-ray diffraction pattern in Fe-Ta binary Systcme was also
that of FesTas. “he stoichiometric compositions not being Fe,Ta in
binary and ternary alloys might be due to the possible sclubility range
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 § phase decomposes entectoid=-
ally during cooling at 1200°C,

8 (BcC) = y (FCC) + FesTa
and o phase decomposes peritectoidally during heating at 900°C,
w (BCC) = v (FCC) + FezTa

The iron rich portion of the Fe-Cr binary system indicates that
chromium up to 7 atomiec percent has the effect of lowering both the a-y
and y~6 transformation temperatures. This was proved by dilalometry and
metallographic work. When ordinary ferrite stabilizing elements are
added to iron, they close the y loop, decreasing the stability region of
Y iron, expanding the ferrite region and reising the o~y transi.rmation
temperature. The y loop formed by chromium has an unusual shape up to
T percent chromium and the Yy region is extended to lower temperature.
Further increase in chromium content will lower the Y-8 transformation

temperature but will raise the a-~y transformetion temperature.



~20-

Figure 5 shows the reteined ¢ structure obtained by iced salt water
quenching from the § phase field. However, it was found that even on
fastest quench into iced brine from the temperature range where Yy was
steble, Y iron alwaeys transformed into messive o iron (Fig. 6a and Fig. 7).
Even during air cooling from the & range, BCC iron was retained and did
not transform into y. (Fig. 9). Thus the alloy of hypoeutectoid com-
position yuenched from {8+y) region shows microstructure like Fig. 6a,
while the hypereutectoid composition in 8+Fe:Ta region has the micro-
structure of Fig. 6b.

Experimentel results show that for hypoeutectoid alloys (Fe-1Ta-3Cr,
and Fe-1Ta-5Cr), the temperature range of the solid solutions, & and
§+y, is lowered with increasing chromium content. For hypereutectoid
alloys {Fe-1TA-7Cr, Fe~2Ta-3Cr, Fe-2Ta~5Cr and Fe-2Ta-7Cr), the $-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-Ts binary phase diagrem are summarized in

Fig. 11.

B, Morphology and Kinetics of Laves Phase Precipitsation

{1) Second Phase Identification

As mentioned above, it was found that Fe:Ta was the only stable
phase in the ternary system.
(2) Aging Characteristics

The age hardening characteristics of four ternary alloys are shown
in Fig. 12. The pesk hardness on aging at T700°C occurred at L0 minutes,
vhich was quite similar to that of binary alloys.2 This indicates that

chromium does not affect the aging characteristics of Fe-Ta binary
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system. The only difference was the small increase in hardness, which
could be atiributed to the solid solution hardening effect by chromium.lo

R. H. Jones2 found that the precipitatiun process in Fe-a binary
alloy was continuous, with heterogeneous nucleation occurring. The
nucleation sequence was grain boundaries, dislocations, and matrix. The
precipitates were rather plate shaped and not spherical. Figure 13 shows
the microstructure of binery alloy zged to its peak hardness at T00°C,
The grain boundary precipitation was nearly continuous which was respon-
sible for the brittle character of the aged binary alloys.

In the ternary alloys, however, particles were plate and spherical
shaped, as shown in Fig. 1i. Some grain boundaries in the mged alloys
showed discontinuous films. (Fig. 15). The chromium seemed to have
changed the surface energy, thus causing some spheroidization of grain
boundery and matrix perticles during the aging treatment.

C. Spheroidizetion of Grain Boundary and Matrix Precipitates

Spheroidizatinn in the binary alloy was accomplished by cycling
through the a-y allotrophic phase transformation.2

In the ternary alloys, scme grain boundary (ilms were already
broken up sud some particles were rather spherical before the spheroidi-
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 for these
materials.

Spheroidization treatment at 1100°C for 5 minutes, 10 minutes,
30 minutes and 60 minutes, were used, and at 950°C for 10 miaiutes, 25

minutes, 1 hour, 5 hours, and 10 hours. Multicycling treatments
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consisting of 1 cycle, 2 cycles, 5 cycles and LU cycles were ulso used.
(The total duration of spheroidization time in Y+Fea2Ta regiou was 2 hours
for all multicycling treatments.) Figures 16 through 20 show the scanning
electron microscope pictures of the spheroidized structures.

For the binary slloys, it took 10 minutes to break up the continuous
boundaries at 1100°C, but in the ternary alloys, an equivalent spheroidi-
zation occurred ir less than 10 minutes. 1In the later, much shurter
time could be used to obtein enough spheroidication at 110u°C and 950°C.

D. Mechanical Properties

(1) Effect ot Spheroidization Temperature on Mechanical Proverties

Pigures <1, 22, and 23 show how the sphercidization temperature in
the y+Fe,Ta region affects the hardness of Fe-1Ta-5Cr alloy. I Figure
21, the linear dependence of hardness on temperature can be scen. Thus
the mechanicul pruperties for any spheroidization temperature within the
Y+FeaTa range (Y00°C-1200°C) can be czalculated as follows:

Hv = Lhu + 0.315 X (Ts-900°C)
where Hv is the Micro Vickers hardness number and Ts is the spheroidizing
temperature in °C.

The prewk aged Micro Vickers herdness for Fe~1Ta-5Cr alloy after
aging was lu9; tne spheroidization treetments above 975°C rroduced an
added increment of hardness.

(2) Effect of Spheroidization Time on Mechanical Properties

The tlicre Vicrkers nardness and other mechanical properties for
different cpheroidization tire are shown in Figs. 22 and 3. The
cpheroidizat ion time did not alfect the mechmrnicz! properitics rmuch, even

though the particles coarsened during spheroidizatlion.
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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 sphercidized specimens is shown
in Fig. 20, A significant difference can be secn beétween the binary and
ternary alloys. For the aged condition, the binary alloy showed almost
zero elongation while the ternary alloys h-d elongation values up to 25%
{(for T 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 sp-cimens, the strength increased with in-
creaging chromium content and the ductility decreased with increasing
chromium content, as can be seen in Fig. 26.

(S) 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 little 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 specimen of Fe-1Ta-5Cr alloy respectively. Figure 20a shows the
particle shape in & single cycled specimen and Fig. 20b shows that in

& multicycled specimen.
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(6) Effect of Chromium Content on the Oxidation Resistance

Spheroidization treatments without protective steel bags at 1100°C
for 10 minutes showed that for 3Cr and 5Cr alloys, oxide and scales were
observed on the surfece of the specimens but for 7Cr alloys, no scales
were observed after spheroidization treatments.

{7) Fracture Cheracieristics

For the aged specimen, the scannirg electron microscope pictures of
the fracture surface consisted of & 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 th

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

(1; "he a-y phase transformation temperature vwes lowered about
100°C by adding 7 a/o chromium, and the y-d8 transformetion temperature
was lowered about 60°C, relative to the binary phase diegram.

(2) The eutectoid composition was shifted by the addition of Cr
to the lower concentration of Ta.

(3) 'The second phase in the ternmary system was established as the
Laves phsse, FeaTa.

(L) The age hardening charecteristics were similar to those of
the binary alloys.

(5) The grein boundaries of the aged specimens of the ternary
alloys were not completely continuous. Spheroidization in ternary
alloys occurred in less then 10 minutes.

(6) The strength of the ternary alloy incressed with increasing
spheroidizing temperature. The spheroidizetion treatment could be used
as the hardening treatment. In ternary slloys, 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 alloy. after spheroidization
increased with chromium content and the ductility after spheroidization
decreased with chromium content. For the aged specimens, the duetility
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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FIGURE CAPTIONS
Equilibrium phase diagram: Fe-Ta system,
kquilibrium phese diegram: Fe-~Cr system.
Equilibrium phase diagram: Cr-Ta system,
Schematic diagram of the diletometer analysis.
Micrograph: Solid solution (¢ region) of the Fe-1Ta-5Cr
alloy, quenched from 1320°C, X200.
Micrograph: (& + y) region of the Fe-1Te-5Cr alloy, quenched
From 1260°C, Xk00.
Micrograph: (& + FepTa) region of the Fe-1Ta-7Cr allioy,
quenched from 1200°C, X400.
Micrograph: (y + Fe2Ta) region of the Fe-2Ta~S5Cr alloy,
guenched from 1100°C, XL0O.
Micrograph: (o + Fe,Ta) region of the Fe-1Te-5Cr alloy,
furnace cooled from 950°C, X200.
Miecrograph: Air cooled from 1370°C, Fe-2Ta-5Cr alloy, XLOG.
Micrograph: Fe-1Ta-5Cr alloy, solution treated and quenched,
held =t 860°C for 12 hours and B890°C for 2 bours, X190.
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, X100.
The effect of 7% chromium on Fe-Ta binary phase diagram.
Age hardening curves for four alloys.
Scanning electron micrcgraph: Fe-1Ta b “ary alloy aged at

700°C for 60 minutes, X10,000.
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Scanning electron micrograph:

Metrix precipitation of

Fe-1Ta-7Cr alloy on aging, X10,000.

Scanning electron micrograph:
of Fe-1Ta-TCr alloy on aging,
Scanning electron microgreph:
particles of Fe-1Ta=-5Cr alloy
10 minutes, X3,000.

Scanning electron micrograph:
particles of Fe-1Ta-5Cr alloy
10 minutes, X10,000.

Scenning electron micrograph:

Grain boundary precipitation
X3,000.
Grain boundary and matrix

spheroidized at 1100°C for

Gr=in boundary end matrix

spheroidized at 1100°C for

Grein boundary end matrix

precipitates of Fe-1Ta-S5Cr alloy spheroidized at 950°C for

4 minutes, X1G,000.

Scanning electron micrograph:

Grein boundary and matrix

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

4 minutes, X30,000.

Scanning electr.n micrograph:

Fe-1Ta-5Cr allcy sphercidized

at 950°C for 25 minutes, X10,000.

Scanning electron micrograph:
Fe-1Ta-5Cr slloy spheroidized
Scanning electron micrograph:
Fe-1Ta-5Cr alloy 5-cycled at

Dependence of the hardnese of

spheroidization temperature.

Particle morphology in
at 950°C for 10 hours, X30,000.
Particle morphology in
95C°C (30 minutes X5), %30,000,

the Fe-1Ta-5Cr alloy on the

Plot of Micro Vickers Hardmess vs spheroidization time.
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Mechanical properties of Fe-1Te-5Cr alloy after spheroidizing
at 1100°C and 950°C plotted as strength ve spheroidization
time, and percent elongation and reduction in area vs
spheroidization time.

Effect of cooling rate on the hardness of Fe-1Ta-5Cr alloy.
Mechienical properties of the ternary alloys (1% Ta) as =
function of chromium content. Aged at 700°C for 40 minutes
(vefore spheroidization).

Mechanical properties of the ternary alloys (1% Ta) as a
function of chromium content. Aged at TO0°C for 40 minutes
and spheroidized at 1100°C for 10 minutes.

Micrograph: Fe-1Ta-5Cr alloy, sclution treeted and aged at
700°C for 40 minutes, X200.

Micrograph: Fu-1Ta-5Cr alloy, solution trestel, aged at
700°C for 4O minutes and spheroidized at 1100°C for 10 minutes,
X200.

Micrograph: Fe-1Ta-5Cr alloy, solution treated, aged and
multicycled at 1100°C {30 minutes X5), X200.

Scanning electron micrograph: Fracture surface of the aged
Fe-1Ta-7Cr alloy, X300.

Scenning electron micrograph: Fracture suriace of the aged

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



