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ABSTRACT

-JA new alloy series, Fe-9%Ni-9%Co with 0 to 5% Ti, has been designed to
investigate the formation and hardening of Laves phases in Fe-base alloys. The
general microstructural features and hardness properties were investigated after
different heat treatments. In addition, the age hardening process was studied.
Laves precipitates were formed in the forged, normalized, and annealed condi-
tions. The age hardening was due to the precipitation of Laves phases from the
solution-treated matrix. Maximum hardening was developed by aging the solution-
treated 5%-Ti alloy at 500C for 10 hr. No hardening response was observed in
the Ti-free alloy. Both optical and scanning electron microscopy were used to
follow the aging process and the morphological changes of the precipitate phases.
Analysis of precipitation kinetics and morphology indicates that the nucleation
of Laves phases is controlled by the martensitic substructure, particularly the
martensitic lath boundaries. The level of hardening obtained is significantly
greater than that reported for similar ferritic and austenitic steels. Identi-
fication of the Laves phases chemistry by microprobe analysis showed t60 precip-
itates in the matrix proper to be the Fe2Ti type compound while the precipitates
long grain boundaries are the TijFe2O and/or Ti2Ni type compounds; all p ecip-

itates were in the complex forms with possible substitutions among the Fe, Ni,
and Co atoms, (Fe, Ni, Co)2 Ti and 'i2 (Fe, Ni, Co).
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INTRODUCTION

In Fe-base alloys, precipitation hardening by intermetallic phases plays a key
role in the development of new materials with optimum mechanical properties.

1'2

Among the various types of intermetallic compounds that can be used as the strength-
ening agents, the Laves phases have been the least studied. Laves phases are inter-
metallic compounds of the general formula AB 2. Since the original work by Laves and

*. White3 in Mg binary and ternary systems, the formation of Laves phases among transi-

tion elements has also been extensively studied. 4' 5 All investigations were limited
to the determination of lattice parameters and physical properties of various binary
Laves phases. Little has been done on how to incorporate these phases into new
alloy systems to produce materials with high strength and hardness. The objective

*- of this investigation is to develop optimum hardness properties from the formation
- of Laves phases in a martensitic Fe-9Ni-9Co base alloy with Ti as the additional

element for Laves phase formation. The purpose of utilizing Fe-9N-9lCo as the base
*alloy was to produce a martensitic ferrite matrix (from Co) solid solution strength-

ened (from Ni) in which precipitation of Laves phases (Fe2Ti and/or Co2Ti) can pro-
duce the best hardening properties.

MATERIALS AND PROCEDURES

Four initial heats (25 lb each) were made in a vacuum induction furnace. The
melt was poured under an atmosphere of 200-mm Ar at a temperature of approximately
15400 C. A tapered cast iron mold was used for casting in order to avoid the forma-

" tion of center line shrinkage. All the ingots were hot pressed into 5/8 in. square
bars with an intermediate reheat at 1150 0C for 30 min. The actual chemical analysis
and hardness values of the forged specimens are listed in Table 1. The first ingot
(H858), the matrix alloy, contains no Ti. The other three ingots (H893, H894, H895)
contain nominally 1, 2.5, and 5% Ti. The contents of interstitial elements are low
and uniform for all the alloys.

The central tasks of this investigation were to verify that Laves phases could
be formed by the presence of Ti in the Fe-9Ni-9Co base alloy with different heat
treatments and that the precipitation of Laves compounds would produce a significant

. age hardening reaction. Since the alloy series represents a new system, no data of

phase relations and T-T-T (time-temperature-transformation) diagrams are available
in the literature. This lack of information was remedied by making two preliminary
determinations:

1. LENA, A. J. Precipitation Reactions in Iron-Base Alloys, in Precipitation From Solid Solution, ASM, Cleveland, Ohio, 1959.
p. 244.

2. DECKER. R.F., and FLOREEN. S. Precipitation From Substitutional Iron-Base Austenite and Martensita Solid Solution, in
Precipitation in Iron-Base Alloys, Gordon and Breach Science Publishers, 1963, p. Be.

3. LAVES, F., and WHITE, H. Die Kristallstruktm der W12 and seine Bejiehunger Zu don Typon des MgCu2 and MgZn2.
Metallwirstschaft, v. 14, 1935, p. 645.

4. KUO, K. Ternary Los and Sigme-Phoses of Transition Metals, Acta Met., v. 1, 1953, p. 270.
5 5. ELLIOT, R. P., and ROSTOKER, W. The Occurrence of Las-Type Pha Among Transition Elements, Trans. ASM, v. 50, 1957,

p. 617.
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Table 1. CHEMICAL COMPOSITION AND HARDNESS OF FORGED Fe-9Ni-9Co-Ti ALLOYS

(WT%) Hard ness

Composition (WT%) DPH

Heat No. Ni Co Ti C 0 N (30-kg load)

H858 9.11 9.16 -- 0.015 0.012 0.002 199.4

H893 8.88 9.33 0.94 0.015 0.022 0.002 293.0

H894 8.92 9.19 2.32 0.015 0.038 0.001 358.5

H895 8.95 9.73 4.80 0.020 0,011 0.002 428.3

1. the solid solubility of Ti in the Fe-9Ni-9Co base alloy and,

2. the A s and M s temperatures in the austenite -* martensite transformation of

this new alloy system.

From these determinations, the necessary information for understanding Laves phase

hardening can be achieved in terms of formation of martensite, effects of Ti, iden-

tification of Laves phases, and the kinetics of precipitation hardening. The exper-

imental procedures of this investigation consisted of the following steps:

1. Investigation of the general microstructural features and hardness of the

forged, normalized, annealed, and solution-treated conditions,

2. Determination of solid solubility of Ti in the base alloy by lattice param-

eter and electrical resistance measurements,

3. Study of the austenite martensite transformation during the heating-

cooling cycle with electrical resistance vs temperature plots,

4. Characterization of age hardening behavior by microstructural examination

and hardness measurements,

5. Identification of Laves phases by electroprobe analysis.

Based on these results, alloy compositions, microstructures, and thermal treat-

ments can be developed for maximum hardening by Laves phase precipitation. Harden-

ing mechanisms can be correlated with Laves phase formation, growth, and morphology.

EXPERIMENTAL RESULTS

Microstructure and Hardness of the Forged, Normalized, Annealed, and Solution-V Treated Conditions

A normal experimental procedure of precipitation hardening was established by

studying the metallographic features and hardness properties of the four alloys in[I- the forged, normalized (air-cooled), annealed (furnace-cooled), and solution-treated
(quenched) conditions. Twelve specimens were prepared from each forged alloy for

each heat treatment at three different temperatures for four different time intervals.

K 2



The microstructures of the forged alloys are shown in Figure 1. The base alloy
[Figure 1(a)] generally shows polygonal grains without precipitates and the Ti-
containing alloys [Figure 1(b)-1(d)] exhibit the fine precipitates uniformly dis-
tributed throughout the matrix. Each alloy was then given a normalizing heat
treatment at three temperatures; 1000, 1150, and 11000 C for time intervals from
1 to 4 hr. It was found that the microstructure and hardness are mainly related
to the Ti content and normalizing temperature. Figure 2 shows the microstructure
of the alloys normalized at 13000C. It can be seen that both the matrix- and Ti-
containing alloys display mixed microstructures of ferrite and martensite and that

the 5%-Ti alloy [Figure 2(d)] shows grain-boundary melting at 13000 C. Figure 3
shows the hardness response to the normalizing heat treatment. Based on these
results, one appropriate normalizing treatment was chosen at 12500 C for 2 hr. to
bring all the precipitates of the forged alloys into solution.

Similar studies of annealing heat treatment were also carried out for each
alloy composition in the temperature range from 1000 to 13000 C. Higher hardness
values were produced from higher annealing temperatures for time intervals up to
2 hr. With longer holding times up to 4 hr., the hardness decreases slightly. The
transformation products and their microstructures produced on annealing are quite
different from those on normalizing as shown in Figure 4. Fine precipitates exist
in the Ti-containing alloys, and the presence of retained austenite becomes quite
significant in the 2.5 and 5% Ti compositions.

The evaluation of solution treatment has also been done for each alloy at
three temperatures; 1000, 1150, and 13000C. For each solution temperature three
different quenching media were applied, e.g., ice brine, water, and oil. It was
found that the hardness values and martensite morphology of solution-treated alloys
are determined by the Ti content and solution temperatures, but they are not
sensitive to the quenching rates obtained from the different quenching media.

Therefore, water quenching was used throughout this investigation. The plot of
hardness vs solution temperature for different Ti contents is shown in Figure 5(a).
Figure 5(b) shows the plot of hardness vs Ti content for different solution temper-
atures. Based on these preliminary studies and the following determination of solid
solubilities, it is considered that 12500 C is the most suitable temperature for
bringing the substitutional element Ti into solution. This is verified by the
microstructures shown in Figure 6. This figure clearly depicts that the microstruc-
tures of solution-treated alloys are all massive or lath martensite, but the details
of the martensite morphology of the matrix alloy [Figure 6(a)] are quite different
from those of the Ti-containing alloys [Figure 6(b)-6(d)]; the former consists of
martensite blocks much finer and thinner than the latter.

In summary, hardness is plotted in Figure 7 as a function of Ti content for all
heat treatments under similar solution-treatment conditions (1250 0 C for 2 hr). It
is interesting to note that the order of hardening in the base alloy is just the re-
verse of that in the Ti-containing alloys. For the Ti-containing alloys the

*a quenched condition yields the lowest hardness due to the absence of precipitates
found in the forged, normalized, and annealed conditions. However, for the base
alloy the solution-treated condition actually yields, among the different heat-

treatments, the highest hardness due to the difference in martensite morphology.

3
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Figure 3. Hardness properties of Fe-WN-9C0o-Ti alloys normalized at dif-
ferent temperatures.

4 Solid Solubility of Ti in Fe-9N-9Co Matrix

It is veil known that Ni and Co exhibit an extended range of solid solution in
fcc or bcc iron, but Ti has only limited solid solubility, which decreases with
decreasing temperature.6 For this work, it is necessary to know the change of
lattice parameter of Fe due to the presence of 9% Ni and 9% Co in the matrix and

& HANSEN, .KCobnatiros, of Bliwy Alloys, McGraw-Hill Book Co., New York, 1958.
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(a.)O0% Ti (b.) 1% Ti

(0)2.5% Ti (d.)5% T i

Figure 4. Microstructures of annealed Fe-9Ni-9Go-Ti alloys. Mag. 500X. (13000C/2 hr and furnace-cooled.)
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Figure 5. Hardness properties of Fe-9Ni-9CO-Ti alloys solution-treated
from different temperatures.

the additions of I to 5% Ti. Also, it is necessary to know the solid solubility of
Ti in the base alloy at different solution temperatures. The former question uti-
lized the alloy series in the quenched condition; the latter used the 5% Ti alloy

* quenched from different solution temperatures. Both determinations were done by
two parametric methods: lattice paramcter and electrical resistance. Both methods
yielded the same results that are given in Figure 8. Solubility limiLs are indi-

cated by the compositions at which the lattice parameter and resistance values
flatten.

The solid solubility of Ti in the basic alloy was determined in the temperature
range from 1000 to 13000 C in order to select suitable temperatures for solution
treatment. Since the precipitation-hardening behavior is related to the solute

8
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content, it is essential to bring the highest Ti content, 5.55% at (4.80% wt) into
solution by heat treatment. The present results show that this is accomplished by

* 12500C.

450 _

SAnnealed _V

400

350

200

150 1 I I" 0 1 2 3 4 5

Titanium Content, wt %

Figure 7. Hardness properties of Fe-9Ni-8Co-Ti alloys after different
heat-treatments.

The Martensite + Austenite Transformation

' .In order to understand the hardening behavior of Fe-base alloys, one of the
* most indispensable considerations is the investigation of the martensite (a)

austenite (y) transformation from which the A. and H temperatures can be deter-
mined. The a 4 y transformation of the Fe-9Ni-9Co-Ti system was followed by elec-

0 trical resistance measurements at temperatures up to 10000C with a heating and
* cooling rate of about 1 to 20C per minute. From the resulting resistance vs

temperature curves, the As and M. temperatures are identified by abrupt changes in
resistance on heating and cooling, respectively. The numerical values of As and Ms

i-. ,  thus determined for the alloy series are listed in Table 2.

10
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Titanium Content, wt. %

2.88500 1 2 34 5 6.0

12500C

2.8825 - .... x 00Wc- 5.5

...... 11000C

2.8800 - 5.0

2.8775 -- 4.5

L: X /Z

Lattice Parameter 15 0

S2.8750 - 20C J.0

C------aI v1000C

2.8725 X -3.5

2. 8700 lectrical Resistance -3.0

2. 8675 -2.5

2.8650 ___ _ 1____ __ 1__ 1__ _ 1 2.0

0 1 2 3 4 5 6

Titanium Content, Atomic %

Figure 8. Determination of solid solubility of Ti in Fe-9N-9lCo matrix.

Table 2. A AND MTEMPERATURES OF Fe-WN-9Co-Ti ALLOYS
S

Alloy AOC M ,0C
S S

CFe-9Ni-9Co 759 659

Fe-WN-9Co-lTi 763 638

Fe-WN-9Co-2.5T 793 544

Fe-9Ni-9Co-5Ti 797 544



Prior work on Fe-9%Ni alloy has indicated the As at 7000C and Ms at 500
0C.7'8

The present data indicates that the presence of 9%Co in the Fe-9%Ni alloy raises As
from 700 to 759 0C and Ms from 500 to 659

0 C. This verifies that Co functions as a
stabilizer of a-ferrite in the 3resent alloy system. This effect was also observed
in alloys of higher Ni-content. -1 1 The present study shows that the Ti additions
cause a slight increase of As and a large uniform decrease of Ms with respect to
the base alloy (Table 2). A similar phenomenon was also observed in Yeo's work 1 2

on the addition of Ti to the Fe-22.5%Ni alloys.' In that work, the rate of M
decrease is about 220C per 1% Ti as compared to the 320C per 1% Ti in this study.
Since Ti generally functions as a stabilizer of a-ferrite, it is unclear what
effect aging will have on the matrix. From the data presented in Table 2, it seems
certain that the present alloy compositions under study would produce a martensitic
ferrite matrix with little formation of austenite during aging below 7000 C. With
Ti as the key element for Laves phase formation, a unique precipitation hardening
would be expected on aging.

Characteristics of Age Hardening

The aging behavior of the Fe-9Ni-9Co-Ti system was studied with samples
vacuum-annealed at 1250 0C for 2 hr, water-quenched and aged in salt baths. The
changes in hardness as a function of aging time (from 1 min to 88 hr) during
isothermal aging at 500, 600, 700, and 8000C are shown in Figure 9. Peak hardness
occurs for all alloy compositions at an aging temperature of 5000C [Figure 9(a)].
Some scattered data at 4000 C showed hardness peaks slightly lower than those at
5000C. Maximum hardness decreases with increasing aging temperature [600°C-Figure
9(b), 700°C-Figure 9(c)]. At 8000C, over-aging, not hardening, occurs [Figure
9(d)]. The maximum hardness peaks are generally shifted to shorter times with

* higher temperatures and increased Ti content [Figures 9(b) and 9(c)]. The base
alloy exhibits little change in hardness over the temperature range 500 to 7000C
and decreases slightly at 8000 C. This is beneficial as it implies that a stable

* matrix is preserved while high strength is developed by precipitation of the Laves
compounds. The initial age-hardening response, i.e., the initial rate of hardness
increase, became faster and steeper with either increasing temperature from 500 to

. 7000C at constant Ti content or increasing Ti content from I to 5% at constant
" -. temperature [Figures 9(a)-9(c)]. No incubation period appears, as shown by the

acceleration of the precipitation reaction at the first minute of aging at 7000 C.
- The over-aging process is slow at 5000 C and only becomes predominant as the temper-

ature is increased to 8000 C.

7. RUDMAN, P. S. The Atomc Volumes of the Metallic Elements, Trans. Met. Soc. AIME, v. 233, 1985, p. 864.
8. TOFANTI, W., and BUTTINGHANS, A. Arch Eisenhuetenw, v. 12, 1938-1939, p. 33.
9. COLLING, D. A. Martenaite-to-Austenite Reverse Transformation in Fe-Ni-Co Alloys. Mat. Trans., v. 1, 1970, p. 1677.

10. JONES, F. W., and PUMPHREY, W. I. Free Energy and Metastable State in the Fe-Ni and Fe-Mn Systems, JISI, October 1949.
p. 121.

11. KAUFMAN, L., and COHEN, M. The Mabrensitic Transformation in the Fe-Ni System, Trans. AIME, October 1956, p. 1393.
12. YEO, R. B. G. The Effect of Some Alloying Elements on the Transformation of Fe-22.5 Per Ni Alloys, Trans. AIME, v. 227,

*1963, p. 884.
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The microstructures of the alloys aged at 5000 C are given in Figure 10. For
the base alloy, Fe-9Ni-9Co, [Figures 10(a)-10(d)] no precipitation occurs during
the entire period. The essential change in microstructure is the change in morphol-
ogy of the martensite ferrite. Since no precipitates formed in the base alloy,
this indicates that Ti is the key element in forming Laves compounds. For the Ti-
containing alloys, precipitation increases with time and Ti-content [Figures 10(e)-
10(1)]. All precipitates are finely dispersed. No apparent over-aging appears,
even at 88 hr at T = 5000 C. Thus, maximum hardness peaks developed at 5000 C. As
temperatures were increased from 500 to 8000 C, over-aging reactions develop. This

process is illustrated by the microstructures of the 5%-Ti alloy in Figure 11.

The maximum hardness (670 DPH) for the series was achieved by holding the 5%-
Ti alloy at 5000 C for 10 hr. The mechanism for this hardening is the dense pre-
cipitation of irregularly shaped plates in a closely interlocking arrangement, as
illustrated by the scanning electronmicrographs [Figures 12(b)-12(d) and 13(a)].
The over-aging phenomenon appears as the separation of these plates at higher
temperatures [Figures 13(b) and 13(c)]. Finally, the increase of the volume frac-
tion of the Laves precipitates with increasing Ti content is shown in the carbon
replica photographs in Figure 14.

Identification of Laves Phases

The identification of the Laves phases was done by the electron-probe analysis
of the metallographic specimens. Figure 15 shows the second phase precipitates
produced by annealing the forged 5%-Ti alloy at 13000 C for 2 hr followed by very
slow cooling. The result of electron-probe analysis of the particles in this spec-
imen is summarized in Table 3. These results indicate that the majority of the
precipitated phases contain a chemistry similar to the Laves compound Fe 2Ti (30.01
weight% Ti) with some substitution of Fe by Ni and Co. However, the particles
precipitated along the grain boundaries appear tan-colored under the polarized
microscope, which indicates the presence of oxygen; their chemistry shows a dif-

ferent type of Laves compound Ti4 Fe2 0, also with possible substitution of Fe by
Ni and Co. This compound is reported to be similar to the FeTi2 (63.17 weight% Ti)
type Laves phases. The formation of these two types of Laves phases will be
explained in the discussion.

Table 3. MICROPROBE CHEMISTRIES OF SECOND PHASES IN Fe-9Ni-9Co-5Ti
ALLOY (WEIGHT%)

Area Ti Fe Co Ni Remarks

Large Particles 34.6 53.5 6.9 5.3 (Fe-Co-Ni)2Ti

[. Small Particles* 24.5 62.7 7.2 5.0 (Fe-Co-Ni) 2Ti*

Grain Boundary 63.0 28.4 2.7 2.8 Ti4 Fe20 and/or

Tan Particles Ti2(Fe,Co,Ni)

Includes unavoidable matrix excitation.

14
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Figure 10. Microstructures of Fe-9N-9Co-Ti alloys after aging at 500'C for different time intervals. Mag. 500X.
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Figure 12. Electron scanning microscopic cross-sections of Fe-9N-9lCo-Ti alloys aged at 5000 C for 25 hr.
Mag. 4000X.
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*(a.) 5OO9C, 10 hr (0.6000C, 1 hr

~c.)8O0 C, I hr

Figure 13. Electron scanning microscopic sections of Fe-9Ni-9Co-5Ti alloy aged at three different temperatures.
4 Mag. 4000X.
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(a.) 1% Ti (b.)2.5% Ti

(c.)5% Ti

Figure 14. Electron replica photography showing increasing amounts of precipitates with Ti contents in
*e9i9oT losae at 8000 C for 17 hr. Mag. 1O.OOOX.
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lowed by very slow cooling of the forged Fe-9Ni-9Co-5iTi alloy. Mag.

500X.

. DISCUSSION

The Formation of Laves Phases in Fe-s-neo-Ti Alloys

One aim of this investigation was to demonstrate that Laves phases could be
formed with the addition of the key element Ti to the Fe-9Ni-9Co base alloy with
various thermal treatments. The present results show that such Laves phases did
occur in Ti-containing alloys in all heat-treated conditions. The most interesting

* discovery was that two types of Laves phases exist: a Fe 2Ti type compound precip-
itating in the matrix-proper and Ti4Fe2O and/or Ti2Ni type compound along the grain
boundaries. All these types are complex forms with possible substitutions among
Fe, Ni, and Co. In studies of formation of intermetallic compounds in the Ti-Fe,
Ti-Ni, and Ti-Co systems, there were controversies regarding the existance of
Ti2Fe.

1 3-16 Recent investigationsl 7'18 confirmed that Ti2Fe is not an equilibrium
phase. The presence of a very small amount of oxygen can shift the alloy composition
into a ternary phase involving the formation of Ti4Fe20 whose structure resembles

13. LAVES, F., and WALLBAUM, H. J. NeturWinenchafteu, v. 27, 1939, p. 674.
14. OUWEY, P., and TAYLOR, J. L. The Structure of Intermetallic Phases in Alloys of Ti with Fe, Co and Ni, Trans. AIME, v. 188.

1950, p. 1173.
15. BAN THYNE, R. J. The System of Iron-Chromium and Iron-Titanium, Tram. ASM, v. 44, 1952, p. 974.
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that of Ti Fe. As to the other two isomorphous compounds, Ti Ni and Ti Co, both
their similarities in the formation and structure have been well established.19 '2 0

It is thus concluded that the Laves precipitates along the grain boundaries are
Ti4Fe20 and Ti2Ni type compounds (with the possible substitutions among Fe, Ni, and

- Co).

The formation of several types of Laves phases in this material creates an
-unusual case. This dual precipitation creates peculiar structures along grain

boundaries. The interfacial structures that result exert an influence on the harden-
ing properties. Since the crystallographic configuration along the interfacial
areas was not determined, no prediction can be made here on the influence of dual
formation of Laves precipitation upon the hardening properties of the experimental
alloys. Since it is generally believed that a cubic structure (Ti2Ni) miy be more
ductile than the hexagonal structure (Fe Ti), the formation of cubic "4 eP type
compound in the grain boundary are, could be a beneficial phenomenon for the devel-
opment of optimum mechanical properties.

The Kinetics and Morphology of Laves Phase Precipitation in Martensitic Fe-9Ni-9Co-Ti
Alloys

The study of aging characteristics of the present alloy series (Figure 9) has
"- shown that significant hardening can be achieved with Laves phase precipitation.

The kinetics of aging, using the general equations of Lement and Cohen, can be
expressed as

H -H = Ktn
t 0

where Ht is the hardness at aging time t, Ho the initial hardness, K a constant, and
* n the time or growth exponent. Figure 16 illustrates this relationship for the Ti-

containing alloys at two temperatures, 5000C (Figure 16) and 6000C [Figure 16(b)].
-. The values of the time exponent n, the slopes of these plots, varies with the aging
*temperature, time, and Ti content. In this study, the magnitude of n in the initial

stages generally decreases with increasing aging temperature and Ti-content. The
value of n ranges from 0.48 to 0.10. Several theoretical studies of the mechanisms

*of solute precipitations in iron-base alloys exist. Zener2 2 showed that the lowest
possible value of n would be 0.5 if volume diffusion of solute atoms is the basic

-mechanism of the growth of spherical precipitates from solid solution. Lament and
Cohen21 studied the first stage of tempering of carbon steels using a dislocation
attraction model, and demonstrated that lower n values in the range observed here

19. YURKO, G. A. The Crystal Structure of Ti2 Ji, Acte. Cryst., v. 12, 1959, p. 909.
S20. ORRELL, F. L., and FONTANA, M. G. The Titanium-CDbalt System, Trans. ASM. v. 47, 1955, p. 554.

21. LAMENT, B. S., and COHEN, M. A Dislocation Attraction Model for the First Stage of Tempering, Acta Met., v. 4, 1956.
P. 469,

22. ZENER, C. Theory of Growth of Spherical Precipitates from Solid Solution, J. App. Phys., v. 20, 1949, p. 950.
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can be associated with the defect-assisted diffusional growth of heterogeneously
nucleated precipitates.

Heterogeneous precipitation on the lath martensitic substructure is strongly
suggested by the highly-oriented morphology of precipitation evident in Figures 11
through 14. The precipitate plates appear aligned with the lath packet structure
in a manner highly suggestive of precipitation on martensitic lath boundaries (e.g.,
Figures 12 and 13). If the precipitation kinetics are dominated by the martensitic

* substructure, a possible benefit of Co in these alloys may be the inhibition of
recovery of this substructure as observed in a study of the tempering behavior of
1ONi-8Co steels.2 3

Further support for the importance of the role of martensitic substructure
comes from comparison of the level of hardening obtained in this study with those
of previous studies of Ti Laves phase hardening in other steels, Table 4. The
hardening observed in the current martensitic steels is substantially greater than
that obtained in similar ferritic and austenitic steels.

j x 0.44 (a.) .5000C Aging

1 10 100 100

Aging Time, Minutes

300
20 5% Ti

0n -00 2.5% Ti

a 1 n 0.13

,_,i"" --- x 1% Ti
50 - x x

n 0. 44 (b.) 6000C Aging

10 . . . .. 1 J -, , I. .. .. I I . . . . ..

S1 10 100 1000

Aging Time, Minutes

; Figure 16. Change in hardness vs aging time at (a) 50000 and30(b) 600C for Fe-9Ni-9Co-Ti alloys.

23. SPEICH, G. R., DABKCOWSKI, 0. S., and PORTER, L. F., Met. Trans., v. 4, 1973, pp. 303-315.
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Table 4. LAVES PHASE HARDENING IN Fe-BASE ALLOYS

Alloy System Matrix Weight% Ti Aging Treatment Max Hardness Reference
Type (DPH)

Fe-Ti Ferritic 5.8 7000C, 1 hr 310 G. R. Speich 24

8.8 6000C, 10 hr 485

Fe-9Mi-9Co-Ti Martensitic 2.3 5000C, 10 hr 610 this work

4.8 5000C, 10 hr 665

Fe-15Cr-2ONi-Ti Austenitic 2.7 7000C, 40 hr 340 R. Blower 25

3.8 7000C, 25 hr 400

Thus, it appears very promising to develop optimum mechanical properties from the
present Fe-9Ni-9Co-Ti alloy system due to its much higher hardening properties.

SUMMARY

1. A new alloy series Fe-9%Ni-9%Co (1 to 5% Ti) has been investigated in order
to develop optimum hardening properties by the formation of Laves phases.

2. The general features of the microstructures and hardness properties of the
alloys were investigated in the forged, normalized, annealed, and solution-treated

conditions.

3. The solid solubility of Ti in the Fe-9Ni-9Co matrix was determined as 5.5
at. pct. (4.7 %weight) Ti at 1250 0 C by lattice parameter and electric resistance
measurements.

4. The martensite austenite transformations of the whole series were studied
with resistance vs temperature plots, from which the A. and M s temperatures of each
alloy composition were determined. Ti additions lower Ms and slightly raise A s .

5. No aging response was observed in the matrix alloy. The maximum hardness
of 670 DPH was developed by solution treating the 4.8 %-Ti alloy at 12500 C for 2 hr,
followed by aging at 5000 C for 10 hr.

6. The kinetics and morphology of precipitation indicate control by the marten-
- sitic substructure. The resulting level of precipitation hardening is significantly

greater than that reported for similar ferritic and austenitic steels.

7. The identification of the Laves phase chemistry by microprobe analysis
showed that the precipitate in the matrix proper is the type Fe2 Ti compound and the
precipitate along grain boundaries is the Ti 2Ni and/or Ti4 Fe2O type compound, both
in the complex forms with possible substitutions among the Fe, Ni, and Co, (Fe, Ni,
Co) 2Ti and Ti2 (Fe, Ni, Co).

24. SPEICH, G.R. P it n of Loves Phases from Fe.Nb and Fe-Ti Solid Solution, Trans. AIME, v. 224, 1962, p. 850.
25. BEETTIC, H. J., JR., and HAGAL, W.C. Intmell Compoun i Titanium-Hardened Alloys, Trans. AIME, J. of Metals.

July, 1957, p. 911.

23



ACKNOWLEDGEMENT

The author wishes to thank Drs. Gregory Olson and Judy Kohatsu for their

enthusiastic discussions and comments.

RE FERENCES

1. LENA, A. J. Precipitation Reactions in Iron-Base Alloys, in Precipitation From Solid Solution, ASM, Cleveland, Ohio, 1956,
p. 244.

2. DECKER, R.F., and FLOREEN, S. Precipitation From Substitutional Iron-Base Austenite and Martansita Solid Solution, in
Precipitation in Iron-Base Alloys, Gordon and Breach Science Pulishers, 1963, p. 69.

3. LAV ES, F., and WHITE, H. Die Kristallstruktm der MgNi2 and seine Beiehunger Zu don Typen des MgCu2 and MUWn2,
Matallwirstschaft, v. 14, 1935, p. 645.

4. KUO, K. Ternary Laves and Signu-Phases of Transition Metals, Acta Met., v. 1, 1963, p. 270.
5. ELLIOT, R. P., and ROSTOKER, W. T1he Occurrence of Lame-Type Phase Among Transition Elements Trans. ASM, v. 50, 1967,

p. 617.
&HANSEN, M. Constitution of Binary Alloys, McGraw-Hill Book Co., New York, 1958.

7. RUDMAN, P. S. The Atomic Volumes of the Metallic Elements, Trans. Met. Soc. AIME, v. 233, 1965, p. 864.
B. TOFANTI, W., and BUTTINGHANS, A. Arch Eisenhuattanw, V. 12. 1938-1939, p. 33.
9. COLLING, D. A. Mertensite-to-Austenite Reverse Transformation in Fe-Ni-Clo Alloys, Met. Trans., v: 1, 1970, p. 1677.

10. JONES. F. W., and PUMPHREY, W. 1. Free Energy and Metastable State in the Fe-Ni and Fe-Mn Systems, JISI, October 1949,
p. 121.

11. KAUFMAN, L. and COHEN, M. The Allertensitic Transformation in the Fe-Ni System, Trans. AIME, October 1956, p. 1393.
12. YEO, R. B. G. The Effect of Some Alloying Elements on the Trans formetion of Fe-22.5 Pct Ni Alloys, Trans. AIME, v. 227,

1963, p. 884.
13. LAVES, F., and WALLBAUM, H. J. NaturWissenschafteu, v. 27, 1939, p. 674.
14. DUWVEY, P., and TAYLOR, J. L. The Structure of Intarmaellic Phases in Alloys of Ti with Fe, Co end Ni, Trans. AIME, v. 188,

1950, p. 1173.
15. BAN THYNTE, R. J. The System of Iron-Chromium and Iron-Titanium, Trans. ASM, v. 44, 1952, p. 974.
16. WARNER, H. W. The Constitution of Ti-Rich Alloys of Fe-Ti, J. Inst. Metals, v. 79, 1951, p. 173.
17. ROSTOKER, W. Observation on the Occurrence of Ti2X Phases, Trans. AIME, v. 194, 1952, p. 209.
1s. ENCE, E., and MARGOLIN, H. Re-Examination of TI-Fe-O Phase Relations, Trans. AIME, v. 206, 1966, p. 572.
19. VUR KO, (G. A. The Crystal Structure of T121Ni, Acta. Cryst., v. 12, 1959, p. 909.
20. ORRELL, F. L, and FONTANA, M. G. The Titanium-Cobalt System, Trans. ASM, v. 47, 1955, p. 554.
21. LAMENT, B. S., and COHEN, M. A Dislocation Attraction Modal for the First Stage of Tempering, Acts Met.. v. 4, 1966,

p. 469.
22. ZENER, C. Theory of Growth of Spherical Precipitates from Solid Solution, J. App. Phys., v. 20, 1949, p. 950.
23. SPEICH, G. R., DABKOWSKI. D. S., and PORTER, L. F. Met. Trans., v. 4, 1973. pp. 303-315.
24. SPEICH, G. R. Precipitation of Laves Phases from Fe-Nb and Fe-Ti Solid Solution, Trans. AIME, v. 224, 1962, p. 850.
25. BEETTIC, H. J., JR., and HAGAL, W. C. Intarmetallic Compounds in Titanium-Hardened Alloys, Trans. AIME, J. of Metals,

July, 1967, p. 911.

42



DISTRIBUTION LIST

No. of No. of
Copies To Copies To

I Office of the Under Secretary of Defense for Commander, U.S. Army Aviation Research and
Research and Engineering, The Pentagon, Development Command, 4300 Goodfellow Boulevard,
Washington, DC 20301 St. Louis, MO 63120

1 ATTN: DRDAV-EGX
12 Commander, Defense Technical Information Center, 1 DRDAV-EX, Mr. R. Lewis

Cameron Station, Building 5, 5010 Duke Street, 1 DRDAV-EQ, Mr. Crawford
Alexandria, VA 22314 1 DRCPM-AAH-TM, Mr. R. Hubbard

1 DRDAV-DS, Mr. W. McClane
Metals and Ceramics Information Center, Battelle
Columbus Laboratories, 505 King Avenue, Columbus, Naval Research Laboratory, Washington, DC 20375
OH 43201 1 ATTN: Dr. J. M. Krafft - Code 5830

1 ATTN: J. H. Brown, Jr. 1 Code 2627

Deputy Chief of Staff, Research, Development, and Chief of Naval Research, Arlington, VA 22217
Acquisition, Headquarters, Department of the 1 ATTN: Code 471
Army, Washington, DC 20310

1 ATTN: DAMA-ARZ Director, Structural Mechanics Research, Office
of Naval Research, 200 North Quincy Street,

Commander, Army Research Office, P.O. Box 12211, Arlington, VA 22203
Research Triangle Park, NC 27709 1 ATTN: Dr. N. Perrone

1 ATTN: Information Processing Office
Commander, U.S. Air Force Wright Aeronautical
Laboratories, Wright-Patterson Air Force Base,

] Commander, U.S. Army Materiel Development and OH 45433
Readiness Command, 5001 Eisenhower Avenue, 2 ATTN: AFWAL/MLSE, E. Morrissey
Alexandria, VA 22333 1 AFWAL/MLC

1 ATTN: DRCLDC 1 AFWAL/MLLP, D. M. Forney, Jr.
Sysem Anlsi1 AFWAL/MLBC, Mr. Stanley Schulman

Commander, U.S. Army Materiel Systems Analysis 1 AFWAL/MLXE, A. Olevitch
Activity, Aberdeen Proving Ground, MD 21005

1 ATTN: DRXSY-MP, Director National Aeronautics and Space Administration,

Washington, DC 20546
Commander, U.S. Army Missile Command, Redstone I ATTN: Mr. B. G. Achhammer
Arsenal, AL 35809 1 Mr. G. C. Deutsch - Code RW

1 ATTN: Technical Library
I DRSMI-CS, R. B. Clem National Aeronautics and Space Administration,

Marshall Space Flight Center, Huntsville, AL
Commander, U.S. Army Armament Research and 35812
Development Command, Dover, NJ 07801 1 ATTN: R. J. Schwinghammer, EHOI, Dir, M&P Lab

2 ATTN: Technical Library 1 Mr. W. A. Wilson, EH41, Bldg. 4612
1 DRDAR-SCM, J. D. Corrie
1 Dr. J. Waldman Chief of Naval Operations, Washington, DC 20350

1 ATTN: 0P-987, Director
Comnander, U.S. Army Tank-Automotive Research
and Development Command, Warren, MI 48090 Aeronautical Systems Division (AFSC), Wright-

1 ATTN: DRSTA-RKA.N DRSTA-UL TechnicalLibrPatterson Air Force Base, OH 45433
2 DRSTA-UL, Technical Library 1 ATTN: ASD/ENFEF, D. C. Wight
1 DRSTARCK 1 ASD/ENFTV, D. J. Wallick

Commander, U.S. Army Foreign Science and 1 ASD/XRHD, G. B. Bennett

Technology Center, 220 7th Street, N.E., Air Force Armament Laboratory, Eglin Air Force
Charlottesville, VA 22901

1 ATTN: Military Tech, Mr. Marley 1 Base, FL 32542
ATTN: AFATL/DLYA, V. D. Thornton

Director, Eustis Directorate, U.S. Army Air Air Force Flight Dynamics Laboratory, Wright-
Mobility Research and Development Laboratory, Patterson Air Force Base, OH 45433
Fort Eustis, VA 23604 1 ATTN: AFFOL/FES, G. W. Ducker

1 ATTN: DAVDL-E-MOS 1 AFFDL/FES, J. Hodges
1 DAVDL-EU-TAP 1 AFFDL/TST, Library

U.S. Army Aviation Training Library, Fort Rucker, Air Force Test and Evaluation Center, Kirtland
AL 36360 Air Force Base, NM 87115

1 ATTN: Building 5906--5907 1 ATTN: AFTEC-JT

.4.



-.-.. 7 •--

No. of No. of
Copies To Copies To

Armament Development and Test Center, Eglin Air Cessna Aircraft Company, Wallace Division, P.O.
Force Base, FL 32542 Box 1977, Wichita, KS 67201

1 ATTN: ADTC/TS 1 ATTN: B. B. Overfield

NASA - Ames Research Center, Mail Stop 223-6, Fairchild Industries, Inc., Fairchild Republic
* Moffett Field, CA 94035 Company, Conklin Street, Farmingdale, Long

1 ATTN: SC, J. Parker Island, NY 11735
1 ATTN: Engineering Library, G. A. Mauter

NASA - Ames Research Center, Army Air Mobility
Research and Development Laboratory, Mail Stop Falcon Research and Development Company, 601 San
207-5, Moffett Field, CA 94035 Pedro, N.E., Suite 205, Albuquerque, NM 87108

1 ATTN: SAVDL-AS-X, F. H. Immen 1 ATTN: W. L. Baker

NASA - Johnson Spacecraft Center, Houston, TX General Dynamics Corporation, Convair Division,

77058 P.O. Box 80877, San Diego, CA 92138
1 A081 ATTN: Research Library, U. J. SweeneyI ATTN: JM6

I ES-5 General Research Corporation, Science and

Naval Air Development Center, Warminster, PA Technology Division, 5383 Hollister Avenue, P.O.

18974 Box 3587, Santa Barbara, CA 93105

1 ATTN: Code 063 1 ATTN: R. Rodman

Naval Air System Command, Department of the Navy, Gruman Aerospace Corporation, South Oyster Bay

Washington, DC 20360 Road, Bethpage, NY 11714

1 ATTN: AIR-03PAF I ATTN: Technical Information Center, J. Davis" 1 AIR-5203
1 AIR-5204J Hughes Helicopters, A Division of Sunma

AIR-530313 Corporation, Centinela & Teale Street, Culver
City, CA 90230I"I ATTN: Library, 2/T2124, D. K. Goss

Naval Material Conmmand, Washington, DC 20360 1 AT:Lbay /22,D .Gs
1 ATTN: MAT-0331 1 Mr. A. Hirko

1 Mr. L. Soffa

Naval Post Graduate School, Monterey, CA 93948 1 Mr. A. Edwards
1 ATTN: Code 57BP, R. E. Ball ZIT Research Institute, 10 West 35th Street,

Chicago, IL 60616
Naval Surface Weapons Center, Dahlgren Laboratory, 1 ATTN: K. McKee
Dahlgren, VA 22448

1 ATTN: Code G-54, Mr. J. Hall Kaman Aerospace Corporation, Old Winsor Road,
I Code G-54, Mr. E. Rowe Bloomfield, CT 06002

1 ATTN: H. E. Showalter
Naval Weapons Center, China Lake, CA 93555

1 ATTN: Code 40701 Lockheed-California Company, A Division of
I Code 408 Lockheed Aircraft Corporation, Burbank, CA

91503
Commander, Rock Island Arsenal, Rock Island, IL 1 ATTN: Technological Information Center, 84-40,
61299 U-35, A-1:"I ATTN: DRSAR-PPV

IVought Corporation, P.O. Box 5907, Dallas, TX
Armament Systems, Inc., 712-F North Valley, 75232
Anaheim, CA 92801 1 ATTN: D. M. Reedy, 2-30110

"1 ATTN: J. Musch I M. P. Poullos, Jr.

" Beech Aircraft Corporation, 9709 E. Central Martin Marietta Corporation, Orlando Division,

Avenue, Wichita, KS 67206 P.O. Box 5837, Orlando, FL 32805
1 ATTN: Engineering Library 1 ATTN: Library, M. C. Griffith

0 Bell Helicopter Company, A Textron Company, McDonnell Douglas Corporation, 3855 Lakewood
P.O. Box 482, Fort Worth, TX 76101 Boulevard, Long Beach, CA 90846

1 ATTN: J. R. Johnson 1 ATTN: Technical Library, Cl 290/36-84
Boeing Vertol Company, A Division of the Boeing Northrop Corporation, Aircraft Division, 3901 W.
Company, P.O. Box 16858, Philadelphia, PA 19142 Broadway, Hawthorne, CA 90250

1 ATTN: J. E. Gonsalves, M/S P32-19 1 ATTN: Mgr. Library Services, H. W. Jones

Parker Hannifin Corporation, Bertea Control
Calspan Corporation, P.O. Box 235, Buffalo, NY Systems Division, 18001 Von Karman Avenue,
14221 Irvine, CA 92715

1 ATTN: Library 1 ATTN: C. Beneker



No. of No. of
Copies To Copies To

Rockwell International Corporation, Los Angeles Boeing Commercial Airplane Company, P.O. Box
Aircraft Division, B-i Division, International 3707, M573-43, Seattle, WA 98124
Airport, Los Angeles, CA 90009 1 ATTN: Dr. K. White

1 ATTN: W. L. Jackson

Sikorsky Aircraft, A Division of United Aircraft United States Steel Corporation, Research
Corporation, Main Street, Stratford, CT 06602 Laboratory, Monroeville, PA 15146

I ATTN: J. B. Faulk 1 ATTN: Dr. Hsun Hu
I W. G. Degnan

Teledyne CAE, 1330 Laskey Road, Toledo, OH 43697 METTEC, 1805 E. Carnegie Avenue, Santa Ana, CA
I ATTN: Librarian, M. Dowdell 92705

1 ATTN: Dr. L. Raymond
Simonds Steel Division, Guterl Special SteelCorporation, Lockport, NY 14094opo ATTN: Mr. R. Farrington Ingersoll Rand Oilfield, Products Division, P.O.

Box 1101, Pampa, TX 79065
Atlas Testing Laboratories, Inc., 6929 E. Slauson 1 ATTN: Mr. W. L. Hallerberg

Avenue, Los Angeles, CA 90040
. I ATTN: Mr. P. S. Horvath

1M. orBrown University, Division of Engineering,Providence, RI 02912
Georgia Institute of Technology, School of Poinc rI 02912
Mechanical Engineering, Atlanta, GA 30332

1 ATTN: Dr. J. T. Berry
n SSRI International, 333 Ravenswood Avenue, Menlo

Lukens Steel Company, Coatesville, PA 19320 Park, CA 94025
1 ATTN: Dr. R. S. Swift 1 ATTN: Dr. D. Shockey

Republic Steel Corporation, 410 Oberlin Avenue
SW, Massillon, OH 44646 Director, Army Materials and Mechanics Research

1 1 ATTN: Mr. R. Sweeney Center, Watertown, MA 02172
I Mr. W. H. Brechtel 2 ATTN: DRXMR-PL
I Mr. B. G. Hughes 4 Author(s)

.
a . * * -. - . . . . . . . .

. . . . . . ..'



-~~ 1 - - - - I - - --- i

W 0

44~~~~~ z 0t2Uin % ~i~tr t

0 W W c 0ioaav

C- c -.-- '. IC n t-- ci ~ ~ fW4' i C- C

0', D- ctql

4 L- . -, Ci -- 'C'e 1. 0 .d~

> R.~ ; ; Ic ;l,; T" C'O 0 4 C

Ciniti .. Ii.-tn - cc

C.CC=.-' l
0 ~

E 0 ,x -~ . - -.I.. a 4,V40-.'-t~na~*'s~ 4~ itt

oo.-c, ~ ~ ~ ~ . a u 0 .' ~ t~ a 3,

.II t nn bI o waI:~~i-i::> CCi 2:~~ .~ . Li 0
.. 'incc ~ ~ M 1 4i .i- daL44t, -W-uiL-

.0 v di C VC.iLLL -m *m.Ciid-ne--sac-SC in -d1-u n c .- 1. Sal 0 1td w
cat-.-'. CC c - L 41 M. ciAC-i CCC C.L3

a ~ 3 0UC dic.'c

C.'iis C~ C >, - . iC- C c - .,S a-O
w- -o 0,0 Wz i-iunZi W4~ -

.Ow t,- :- I -.. -C a E-L44inE-icJl tini -ZC L .'tl Lxc 0iitt o u e ii

c a ow cc div a L- I W!a ow -di dC2

it: ~ ~ ~ ~ ~ C O'n - 0- ;.
0u ' 0p ' W4 C.11.u ICinti~~~~~in0 L0 M. 4-'- >00 zdZct C * - L - L C C

C51 1 - MMt
tic Wi C z t.' 4 3 !' o LC--C -. e

'a 1d- 4 i t . 0 E3L9, . a 'i n c ~ i 4 n 4 4 ' 0 1 -

I ~ ~ ~ W E~ti--. n - 4 ' a.- O C *- i a o
CO C ~ a~ c CC 1-0l lL.U~ C . .C C n0C~~~~-"-, W u W~ ' - C C ~ u U C C - - SU ~

,,,O, W@tta U-.4 0 04 'D E a u44
CS Sw- L ~ C u a ci ~~c 4

v 'm Cc -CC4.1nCi Ou Cu a e -
LMCO CIC. aC' -wc 0 

0 -  
-E > C L44

0~~t tLI. ~ "0 W 39 * W.i - t . C . i 4 .. ' a .J-i-1>3-C-

m u:
*c 1 3 0e n a,~ Z9.l c -5" 1

Cs C. -

di WOO~ C a..-aCdiL t , ~ E

Vdi00 C4)04 1 it 1 -4 mw*. 4-'C5 t O0 4- *4E
-ST m e ,-v E 4.C C -c- .- i C,..i..C C -C-

0'3 di- I 0I d"- ua-t.,, -es 4''z u i 0' ct~ :: : : ! C 2
* ~ 3 EL COW- 0'4- C C0 t . 4 E t-t0 0 'C 4 C C

CC - C! .i -t.0 & ~~'~- x

0L c' L_0t> ina-C. nEa.--- 'a

ODC L CC-UC u . C -.- EQ W i c UO-U-c-

Cci0 Mitd m~~~ LC Z4 4 C! - >.d-0IS 1

C ~ ~ ~ ~ k )%t C ti C, a02 u G.-C Ca u
e-43 --- ON43 Qi -

alw7 t.-C :t0' cC- L '
a diC4JO.C I tt . O.0)nCl4 -t 0

1 L ao a 0UC 1C 3
-m 11 1 c-uc X 4

An44n C WCC EC4t~d

wo:;& t ' uv E--)
WZZi zi~ a,.4~ 00 O E O -- ggC0gu

o~v 44-. C, K' di u-4 t1 4'. -C

C' t. cc c. C- m- - u Lua
:::~~~~ 

1C0 sO7 EdC -k i~~~tZC8 *.a E.~ B b ~ C cc I ' ~ 1 - t f l ~ ; I 1 2 W, c- v- . . .

*cc5-Zf C0gu .' -F - .!e 2a 2--4

9- 26 A

1 ezI:£3j~~~~t~~ctLMa ~ ~jdr.c - rn .li



A~d

g 17

tip.Af I


