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RECENT PROGRESS ON Co-BASE ALLOYS - PHASE DIAGRAMS AND APPLICATION

AKTUALNY POSTEP W BADANIACH STOPOW NA OSNOWIE KOBALTU. WYKRESY FAZOWE I ZASTOSOWANIE

Cobalt-base alloys are widely used in various ap-

This paper presents recent progress on the phase diagrams and design for Co-base alloys, focusing on magnetic recording
media, ferromagnetic Co-Ni-Al-base shape memory alloys, half-metallic Heusler alloys and Co-base superalloys. The calcu-
lated miscibility gap between ferromagnetic and paramagnetic states in the Co-X(X: Cr, Mo, W) systems has been found to
agree well with the experimental results, strongly implying that the magnetic induced phase separation is responsible for the
compositional heterogeneity in Co-base magnetic recording media. New ferromagnetic Co-Ni-Al shape memory alloys have
also been developed based on phase diagrams, where the introduction of (Al structure) to the B(B2) matrix was found to
drastically improve the ductility. The phase stability of half-metal Heusler Co-Cr base alloys is discussed in relation to the
order-disorder transition, Curie temperature and the spin polarization ratio. Finally, the possibility of potent strengthening of
Co-base superalloys by precipitation of the y’(L1,) phase is presented.
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Praca przedstawia przeglad aktualnych badai nad wykresami fazowymi i projektowaniem stopéw na osnowie kobal-
tu z ukierunkowaniem na $rodki magnetycznego przekazu, ferromagnetyczne stopy Co-Ni-Al-osnowie z pami¢cig ksztattu,
pot-metaliczne stopy typu Heusler’a i superstopy na osnowie kobaltu. Wykazano, Ze obliczone zakresy rozwarstwienia po-
miedzy stanam i ferromagnetycznymi i paramagnetycznymi w ukladach Co-X (X = Cr, Mo, W) zgadzaja si¢ z wynikami
do$wiadczalnymi, wyraZnie wskazujac na to, ze wzbudzone magnetycznie rozdzielenie fazowe jest odpowiedzialne za zlozong
niejednorodno$é w stopach na osnowie kobaltu z ukierunkowaniem na $rodki magnetycznego przekazu. Nowe ferromagnetyczne
stopy Co-Ni-Al. z pamigcia ksztaltu zostaly opracowane w oparciu o wykresy fazowe, takze w przypadkach kiedy wprowadzenie
(Al struktury) do B(B2) osnowy powodowato drastyczny wzrost plastycznosci. Stabilno$¢ fazowa p6t-metalicznych stopéw
Heusler’a na osnowie Co-Cr jest dyskutowana w aspekcie przejécia porzadek-nieporzadek, temperatury Curie i jezeli chodzi
o stosunek spinowej polaryzacji. W efekcie koficowym, przedstawiona jest mozliwo$¢ potencjalnego umocnienia superstopéw
na osnowie kobaltu droga wydzielania fazy y *(L1,).

1. Introduction (2) Phase diagram and microstructural evolution of
Co-Ni-Al ferromagnetic shape memory alloy.
(3) Phase stability of half-metal-type Co-Cr base

Heusler alloys.

plications such as magnetic materials, corrosion and
heat-resistant alloys, wear-resistant alloys, prosthetic al-
loys in medical parts etc., where the phase diagrams play
a key role in material development.

In this paper, our recent research activities with re-
gard to phase diagrams and applications of Co-base al-
loys are presented, focusing on the following alloy sys-
tems.

(1) Experimental and thermodynamic calculations on
phase diagrams of Co-(Cr, Mo, W) base alloys for
magnetic recording media.

*

(4) Co-base superalloys with y + y’ structure.

2. Co-base magnetic recording media

Since the advent of Co-Cr alloy thin film as the first
group of alloy materials to be used as “perpendicular
magnetic recording” media,[1] it has been shown that
Co-Cr-based film is made up of Co-rich ferromagnet-
ic hexagonal-closed-packed (hcp) nanosized grains sur-
rounded by a Co-poor paramagnetic hcp phase. This
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unique compositional modulation weakens the interpar-
ticle exchange interaction between the ferromagnetic
grains, resulting in improvements of recording resolu-
tion as well as significant recording noise reduction.[2]
Numerous investigations have been carried out to clari-
fy the origin of the modulated microstructure and it has
been suggested that the observed compositional inhomo-
geneity can be attributed to the “magnetically-induced
miscibility gap” in the hcp phase[3]. This phase separa-
tion formed along the Curie temperature has been con-
firmed experimentally by the diffusion couple method[4].
Figure 1 shows the calculated phase diagram of the
Co-Cr binary system, including the experimental data
on the magnetically-induced miscibility gap and Gibbs
energy-composition curve of the hcp phase at 400°C.
Such a compositional modulation due to the magneti-
cally induced phase separation in a hcp phase is easily
developed during the thin-film growth process on heat-
ed substrates at around 500-700 K. It is well known that
the addition of platinum and/or tantalum to Co-Cr-based
high-density magnetic recording media modifies the
recording characteristics, resulting in a drastic change in
the distribution of chromium[5,6]. The thermodynamic
calculation of the magnetically induced phase separation
in the hcp phase of the Co-Cr-Pt and Co-Cr-Ta ternary
systems has been conducted to explain the effect of the
addition of platinum and tantalum on the chromium dis-
tribution in the Co-Cr-based alloys[7,8]. The calculated
miscibility gap in the hcp phase of the Co-Cr-Pt system
at 200°C is shown in Fig. 2(a). The miscibility gap is
formed along the Curie temperature, and the width of the
gap of the Co-Cr-binary becomes narrower with increas-
ing platinum content. Kitakami et al. [9] have investigat-
ed the effect of platinum on the magnetic properties of
Co-Cr thin films and concluded that the addition of plat-
inum enhances the magnetic anisotropy energy (MAE)
with a large coercivity because such addition reduces
the chromium content in the cobalt-rich ferromagnet-
ic phase. The calculated results reveal that the chromi-
um content in the ferromagnetic hcp phase decreases

with increasing platinum content, as shown in Fig. 2(a),
which agrees well with the experimental data[5,10]. The
isothermal section of the Co-Cr-Ta system at 400°C is
shown in Fig. 2(b). The two-phase region is extended
with increasing tantalum content and the chromium seg-
regation is enhanced, whereas the chromium content in
the ferromagnetic phase is not drastically reduced. This
tendency qualitatively agrees with the results of the ex-
perimental data of Co-Cr-based thin films[5,11].
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Fig. 1. (a) Calculated phase diagram of the Co-Cr binary system and
(b) Gibbs energy-composition curve of hcp phase at 400°C
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Fig. 2. Phase equilibria of (a) a Co-Cr-Pt system at 200°C and (b) a Co-Cr-Ta system at 400°C

From the thermodynamic calculation of the Co-Cr-X
ternary system, the shape of the magnetically induced
phase separation in the cobalt-rich portion can be clas-
sified into four types, as shown in Fig. 3[12]. In Type
I, the chromium contents in both the ferromagnetic and
paramagnetic phases decrease with an increasing amount
of X. In Type II, the chromium content decreases in the
ferromagnetic phase and increases in the paramagnetic
phase with an increasing amount of X. In Type III, the
chromium content of the paramagnetic phase is increased
by the addition of X, whereas that in the ferromagnet-
ic phase is not effectively reduced. Finally, in Type IV,
the three-phase equilibrium of one ferromagnetic and
two paramagnetic phases is formed. Figure 4 shows the

classification of the effect of the alloying elements on
the phase equilibria of the Co-Cr system in the periodic
table based on the calculated results. Pd, Rh, and Ir show
a type of miscibility gap similar to that of the Co-Cr-Pt
phase diagram. The magnetic properties of the Co-Cr-Pd
thin-film alloy would be expected to be similar to those
of the Co-Cr-Pt system. On the other hand, the addition
of iridium to cobalt strongly decreases the MAE, which
in turn would cancel out the beneficial effect of decreas-
ing chromium content in the ferromagnetic phase by the
alloying of iridium[13]. This means that the MAE of
each binary system, as well as the phase diagram, should
be considered for the material design of Co-Cr-based
high-density magnetic recording media.
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Fig. 3. Classification of phase separation in the hcp phase of the Co-Cr-X ternary system
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Fig. 4. Effect of alloying elements on the phase separation of the Co-Cr binary system

The magnetically-induced phase separation has also
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(a) TEM bright-field image,

(b) corresponding SAD pattern,

(c) indexed-electron-diffraction pattern,
(d) STEM bright-field image, and

(e) local composition at the numbered positions
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Fig. 7. Magnetization curves of Co-11.9 at% W films deposited at
room temperature and at 573 K

3. Co-Ni-Al ferromagnetic shape memory alloys

Ferromagnetic shape-memory alloys (FSMAs) have
received much attention as high-performance magneti-
cally controlled actuator materials because they show a
large magnetically induced strain by the rearrangement
of twin variants in the martensite[18]. Several FSMA
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candidates have been reported, including Ni;MnGa[18],
Fe-Pd[19], and Fe;Pt[20] alloys. Recently, the author’s
group has found a new group of FSMAs in Co-Ni-Al {8
(B2 structure)-based alloys[21-23].

In Fig. 8, the Curie temperature (7'c), the marten-
sitic transformation starting temperature (Ms), and the
reverse-transformation finishing temperature (Af) are
plotted as a function of the Co content in the 30 at.%
aluminum section[21]. The alloys show thermoelastic
martensitic transformation from the B to the {3° phase
(L1g structure) accompanied by the shape-memory ef-
fect. M increases and Tc decreases with increasing Ni
content. The phase transformation behavior of the alloys
on cooling can be grouped into three types based on the
characteristic features of the magnetic and martensitic
transformations. In Type 1, the paramagnetic  phase is
magnetically transformed into the ferromagnetic § phase,
and then martensitically transformed into the ferromag-
netic B’ phase (i.e., Tg > Ms). In Type II, the paramag-
netic §° phase is directly transformed into the ferromag-
netic martensite 3’ phase (i.e., TE <Ms<T g’). In Type
III, the paramagnetic 3 phase is martensitically trans-
formed into the paramagnetic f° phase and eventually
ferromagnetic transition occurs in the {3’ phase (i.e., T
g < Ms). In the case of Type I alloys, the magnetization
drastically increases and decreases at As and Ms tem-
peratures[22], respectively. A large magnetocrystalline
anisotropy energy of Ku=3.9*10° erg/cm? was confirmed
in the martensite phase of the Co-Ni-Al § single crys-
tal[23], being the same order of that of Ni;MnGa. In
the case of Type II alloys, the magnetization drastical-
ly decreases and increases at As and Ms temperatures,
respectively. This is due to the difference in the Curie
temperature between the f and f’ phases.
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Fig. 8. Compositional dependence of the Curie temperature (Tc),
the martensitic transformation temperature (Ms), and the austenite
finishing temperature (Af) in CoxNi_4Als alloys
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The presence of the fcc-y solid solution as a second
phase in the NiAl-- based alloy system rendered the
alloy ductile[24] and developed B + y two-phase shape-
memory alloys in the NiAl-f-based system, including Fe,
Co and Mn[25-27]. The contours of iso-Ms and iso-T'¢
lines drawn on the basis of the experimental data are
shown in Fig. 9 together with the phase boundaries of
B+v at 1100°C and 1300°C of the Co-Ni-Al ternary sys-
tem[22,27]. The composition range of the f-phase alloy
exhibiting the FSME is located near the +y two-phase
boundary. 3+y two-phase FSMAs can be produced by a
suitable choice of alloy composition and annealing tem-
perature. The CosNis3Aly; alloy was investigated as a

typical f+y two-phase FSMA[22]. The ductility of the
alloy can be significantly improved by the introduction
of a y phase of about 7 vol%, as reported for other
NiAl-p-based alloys[24-27], although the 3 single—phase
polycrystalline alloys, as well as Ni;MnGa show poor
ductility. The shape-memory effect in the ferromagnetic
state of the B+y two-phase FSMA was examined by a
simple bending test. A 150-um thick specimen of the
two-phase alloy was annealed at 1350°C for 2 min. and
at 1300°C for 15 min. The thin plates were bent to real-
ize a surface strain of 2% at Ms (-13°C). Upon heating
above Af to 26°C, shape recovery of about 83% was
obtained.
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Fig. 9. Tc and Ms temperatures related to the phase diagram of the Co-Ni-Al ternary system

The superelastic and shape recovery properties de-
pend on the grain size[28], the large grain size yielding
to improve these properties. To obtain a large grain size
of the parent phase, CosNizAlyg alloy including a y
phase of about 8% was annealed at 1350°C for 1 day and
at 1260°C for 1 hour, resulting in growth of the average
grain size of the 8 phase to about 3 mm. Figure 10 shows
the tensile stress-strain curve of this sample with Ms=-13
and Af=-10°C at (Af+12) °C. Complete superelasticity
cannot be obtained in the first cycle; however, complete

SE can be obtained from the second cycle. In addition,
the critical transition stress o, and stress hysteresis (indi-
cated by the vertical arrows) obviously decrease from the
first cycle to the second cycle. These SE behaviors are
in accord with the SE behaviors obtained from the B+y
two-phase alloy in compression and would be caused
by the residual stress induced around the y phase[29].
Consequently, a maximum value of tensile SE strain of
about 6.3% was obtained in this large  grain sample.
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Fig. 10. Tensile cyclic stress-strain curves in CosNis;Alyg alloy with a large average f grain size of about 3 mm

4. Phase stability and half-metallic properties of
Co-Cr-base heusler alloys

Half-metallic ferromagnets (HMFs) are currently of
great interest in the field of spintronics in order to real-
ize spin-dependent devices with high performance, and
many L2; (full-Heusler)-type HMFs have been exten-
sively studied from both theoretical and experimental
viewpoints. Recent band calculations have shown clear
evidence for the HMFs from the electronic structures
of L2 and B2-type Co,CrAl alloys[30,31,32]. However,
experimental values of the saturation magnetic moment,
Ms, and the spin polarization of the L2; and B2-type
Co,CrAl alloys are much lower than the theoretical val-
ues[33,34]. Recently, we have demonstrated that an in-
evitable A2 + B2 spinodal decomposition which appears
in the Cr-rich portion of Co,Cr;_xFe, Al alloys signif-
icantly reduces the half-metallic magnetic properties.
Since half-metallic properties including spin polarization
strongly depend on the crystal structure and the degree
of order, detailed information on the phase stability is
useful for realizing HMF characteristics[35,36].

The phase stability of Co-Cr-Ga and Co-Cr-Fe-Ga
Heusler alloys have been investigated[37—40] Figure 11
shows the vertical section diagram of 50 at%Co in
the Co-Cr-Ga ternary system. The 7. and TPZ/LZI tem-
peratures increase with the Ga content, and the maxi-
ma of T and Tth/L21 converge with the stoichiometric
content of Co,CrGa. It is also shown that the mea-
sured TtB 2 curve is in good agreement with the
Bragg-Williams-Gorsky (BWG) approximation, where

the calculated TtBZ/I‘21 is described by a parabolic curve

as a function of atomic content, and the maximum
TtB 2121 is at the stoichiometric (Co,CrGa) composition.
Consequently, the L2,_type single-phase alloys in the
Co-Cr-Ga system can be easily obtained by quenching,
in contrast to the Co-Cr-Al alloy system which exhibits
an inevitable A2 +B2 spinodal decomposition.
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Fig. 11. Vertical section diagram of 50 at% Co in the Co-Cr-Ga
ternary system

Figure 12 shows a metastable phase diagram of
the CoyCr_<Fe,Ga alloy system,[36] together with da-
ta on the Co,Cr,_Fe Al alloy system[35]. The bold
hatched and dotted lines represent the transition tem-
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perature from the L2, to the B2-type phase Ttmﬂ‘21 and
the Curie temperature T, respectively, determined by
DSC measurements. The transition temperature from the
L2, to the B2-type phase TP¥"*! is 1082 +13 K, about
150 K higher than that of the Co,Cr)_xFexAl system,
and the Curie temperature 7, monotonically increases
with increasing x. It is also revealed that the L2,_type
single-phase can be easily obtained in the entire range
of x for the Co,Cr;_4Fe,Ga system, in contrast to the
Co,Cr_xFe,Al system in the Cr-rich portion which ex-
hibits a spinodal decomposition from the B2 to the
A2 + B2 phase and from the L2, to the A2 + L2; phase
in the higher and lower temperature range, respectively.

Co,(Cr,_,Fe,)Ga Coy(CryFe Al

practical applications, half-metallic ferromagnets having
a high spin polarization ratio P with a high Curie tem-
perature T, are highly desired. Accordingly, high values
of the spin polarization ratio and the Curie temperature
are obtainable by adjusting the amount of Fe for Cr in
the Coy(Cr_«Fe,)Ga alloy system.
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Fig. 12. Metastable phase diagram of the Co,Cr,_,Fe,Ga alloy system
compared with that of the Co,Cr;_.Fe,Al system

Based on these results, the concentration depen-
dence of the spin polarization ratio P (%) for the L2,
and B2-type Co,(Cr;_xFex)Ga alloy systems is shown
in Fig.13[38]. The value of P becomes smaller with in-
creasing x, and the value of the B2-type phase is lower
than that of the L2,-type phase in the entire concen-
tration range of x. Especially, at higher concentrations
of x, the difference between P in both the phases be-
comes significant. For x = 1.00 (=Co,FeGa), the ra-
tio of P for the L2,-type phase is 37%, resulting in a
remarkable reduction of the half-metallic property. For
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Fig. 13. Concentration dependence of the spin polarization ratio of
the L2, and B2-type phases of the Co,(Cr;_sFe,)Ga alloy system

Bcc  metastable  phase  diagrams of  the
Co2Cr(Gaj_yAly), CorFe(Gaj_yAly) and Co,(Cry_xFex)Al
alloy systems are shown in Fig. 14[37,40]. The bold
hatched and dotted lines represent the 707! and T,
respectively, determined by DSC measurements and
TEM observations. In the case of the Co,Cr(Ga;_yAly)
section shown in Fig. 14(a), while the T, is almost
constant at about 480 K, the Ttm/'“21 linearly decreases
with increasing y from about 1050 K. Although the
A2 + B2 two-phase region appears in the Al-rich side,
the TtBZ/ L2l and the T, of the metastable Co,CrAl alloy
can be estimated as being 800 and 470 K, respectively,
by extrapolation from the Ga-rich side. These values
are in good agreement with the those extrapolated from
the Co,(Cri_xFey)Al section as shown in Fig. 14(b). On
the other hand, the T, is always located at temperatures
above the Ttm/l‘21 and there is no A2 + B2 two-phase
region in the Co,Fe(Ga;_yAly) section as shown in Fig.
14(c). In this system, while the Ttm/L21 decreases with
increasing y, as does that in the Co,Cr(Ga,_yAly) system,
the T, slightly increases from about 1100 K to about
1170 K.
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Fig. 14. Metastable phase diagrams of the bce phase in the Co,Cr(Ga,—yAly) and CoFe(Ga,_,Aly) alloy systems together with data on the
Co,(Cr,<Fey)Al system. The bold hatched and dotted lines represent the transition temperature ng/LZI from the B2 to L2,-type phase and
the Curie temperature T'c, respectively, determined by DSC measurement and TEM observation

The polarization P of the L2, and B2-type phases
has been theoretically evaluated in the Co,(Cr;_xFe,)Al
and Co,(Cr,_4Fe,)Ga sections[*3*!], which shows that
the L2, Heusler phase in the Crrich region of both
the sections has a high value of polarization. Fig-
ure 15 shows the iso-polarization lines in the Co,
(Cr1_xFeyx) (Ga;_yAly) alloy system[4°]. If it is assumed
that the polarization P of Coy(Cr;_cFe,)(Ga;_yAly) al-
loys can be expressed by linear interpolation from
the Co,(Cr;_xFe,)Al and Co,(Cr;_4Fe,)Ga sections, the
gray area in Fig. 15 is expected to be a suitable concen-
tration area for obtaining excellent half-metallic proper-
ties (P 2 80%), high Tc (2 573 K), and high stability
of L2,-type single-phase (Tt}3 21 > 973 K).
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loy system by linear interpolation from the theoretical results for
C02(Cr_«rex)Al and Co,(Cr_,Fe,)Ga alloys with the L2,-type struc-
ture

5. Co-base superalloys

The most fascinating heat-resistant alloys are the
Ni-base superalloys, which are used, for example, in air-
craft engines, industrial gas turbines, reactors, and the
chemical industry[42]. The main reason why Co-base
alloys have not found widespread usage is their lower
strength compared with that of Ni-base alloys, but they
have been studied for a long time[43]. With the devel-
opment of Ni-base superalloys strengthened by the or-
dered vy’ Nis(Al, Ti) phase, the possibilities of precipita-
tion hardening using geometrically close-packed phases
that have the form of A3;B have been extensively inves-
tigated. Two types of geometrically close-packed phases
have been reported in Co-base alloys: CosTi with the
L1, structure[44,45] and ordered fcc Co3Ta[46,47]. Al-
though the effect of various alloying elements on the
stability and morphology of the y’ CosTi phase has been
investigated, the usefulness of the y’ phase is restricted
to temperatures below 1023 K. In the case of CosTa, the
ordered fcc phase is metastable and readily converts to
the stable hexagonal close-packed (hcp) structure CosTa.
Furthermore, the lattice parameter mismatches of these
phases in Co-base alloys are usually more than 1.0%,
which is not as useful for strengthening as the geometri-
cally close-packed phases in Ni-base superalloys, where
mismatches typically vary from —0.1 to + 0.5%. Geo-
metrically close-packed phase strengthening has thus not
been used in commercial Co-base superalloys.

In determining the phase diagram of the Co-Al-W
ternary system, we found a stable ternary compound with
the L1, structure, which has the form Cosz(Al, W), des-
ignated as y’.[48] Figure 16A shows a transmission elec-
tron micrograph of Co-9Al-7.5W (at%) annealed at 1173
K for 72 hours after solution treatment at 1573 K for 2
hours. The cuboidal phase homogeneously precipitates
in the y(A1l) matrix, which is very similar to the mor-
phology observed in Ni-base superalloys. The selected
area electron diffraction pattern of the same sample is
also shown in Fig. 16B, where the crystal structure of the
v’ phase is confirmed as being the L1, ordered structure
and the cuboidal y’ precipitates align in the < 001 >
directions. The composition of the matrix and that of
the precipitate were determined using a field emission
electron probe micro-analyzer (FE-EPMA). The compo-
sition of cuboidal precipitates observed in Fig. 16A is
the ternary compound Cos(Al, W), where the compo-
sition of Al and W has an almost equiatomic ratio. In

the geometrically close-packed A3;B compound, the sta-
ble CosW phase with the DO,g structure appears in the
Co-W binary system. Although no stable compound of
CosAl is formed in the Co-Al binary system, the forma-
tion of an ordered CosAl phase has been reported[49].
Recently, the metastable Cos Al phase with the L1, struc-
ture, which is formed in the Co-14at%Al alloy annealed
at 873K for 24 hours, has been observed[50]. It can
therefore be said that metastable Co3Al y’ is stabilized
by alloying with W.

1

1173 K for 72 hours. (A) Dark field image. (B) Selected area diffrac-
tion pattern. (C and D) Field emission scanning electron micrographs
of Co-8.8A1-9.8W-2Ta (C) and Co-8.8A1-9.8W- 2Mo (D) annealed
at 1273 K for 1 week

Figures 17A and B, show isothermal section dia-
grams determined experimentally in the present study,
as well as recent data on the Co-W binary system at
1173 and 1273 K, respectively. The vy’ phase is stable at
1173 K but metastable at 1273 K. The thermal stability
of the v’ phase and the effect of alloying were investi-
gated by differential scanning calorimetry (DSC). Figure
18A shows the DSC curves on heating, where the solvus
temperature was determined from the endothermic peak,
as indicated by arrows. The DSC curve of Waspaloy
[Ni-21Cr-2.5Mo-13Co0-2.9A1-3.5Ti-0.3C (at%)], a wide-
ly used commercial Ni-base superalloy, is also shown.
The solvus temperatures of the y’ phase in the Co-Al-W
ternary system is ~1263 K, which corresponds well with
the phase diagram, as shown in Fig.17. The addition of
Ta stabilizes the ¥y’ phase such that the solvus tempera-
ture is ~1373 K, a value higher than that of Waspaloy.
The addition of Nb or Ti shows a similar effect. Recent
work has also shown that the addition of Ni increas-



es the vy’ solvus[51]. It can also be seen from Fig.18A
that the melting temperatures of Co-Al-W-base alloys
are ~1673 K, which is 50 to 100 K higher than those
of Ni-base superalloys. Figure 18B shows the temper-
ature variation of Vickers hardness of the y+y’ struc-
ture for Co-9.2A1-9W and Co-8.8A1-9.8W-2Ta aged at
1073 K for 24 hours after solution treatment at 1573
K for 2 hours. Aging treatment of Waspaloy was car-
ried out at 1118 K for 24 hours and 1033 K for 16
hours after solution treatment at 1353 K for 4 hours.
The hardness of the y+y’ structure of the Co-9.2A1-9W
alloy is very similar to that of Waspaloy. The addition
of Ta increases the hardness, which might be due to
the stabilization of the vy’ phase up to 1373K. Figure 19
shows the temperature dependence of 0.2% flow stress

A T-17AK 4
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at high temperature in Co-base alloys compared with
the conventional Ni-base superalloys[52-54]. It should
be noted that the flow stress shows a strong positive
dependence on temperature above 600°C and that the
strength of Co-9Al-10W-2Ta is comparable to or higher
than that of nickel-based superalloys above 900°C. The
flow stress anomalies are attributed to the activation of
multiple slip modes within the y’ phase, which include
the slip of < 110 > dislocations below the peak and the
thermally activated slip of < 112 > dislocations above
the peak[52]. Finally, we also identified a ternary com-
pound, Y’ Ir3(Al,W), with the L1, structure[48], which
suggests that the Co-Ir-Al-W-base systems with y+y’
(Co,Ir); (ALLW) structures offer great promise as can-
didates for next-generation high-temperature materials.

o - a el vork
o Sato i sl (1)

S

Pelolensbedale ylipas
hardary v ¥t
jrleoana 0 tab oul
hp FEFPA

Fig. 17. Isothermal section diagrams of the Co-Al-W ternary system in the Co-rich portion at (A) 1173 K and (B) 1273 K
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6. Summary

The phase diagrams and the related microstructural
control of Co-base alloys were presented focusing on
magnetic recording media, ferromagnetic shape memory,
and half-metallic ferromagnets and heat-resistant super-
alloys. The magnetically- induced miscibility gap is the
origin of the compositional modulation of Co-Cr base
magnetic recording media. A similar phase separation
was confirmed in the Co-W and Co-Mo thin films. New
ductile ferromagnetic Co-Ni-Al shape memory alloys
have been developed, the introduction of y (Al) phase
to the B (B2) matrix resulting in drastic improvement
of ductility. The B+y Co-Ni-Al alloy with large grain
size shows about 6% tensile superelasticity. The phase
stability of half-metal Heusler Co-Cr base alloys, partic-
ularly the order-disorder phase transition from 12, to B2
phase is strongly related to the spin polarization ratio.
Finally, a newtype of Co-base superalloys strengthened
by the precipitation of the Cos (Al, W) phase with the
L1, structure in the y matrix was shown. The Co-base
superalloys show the positive temperature dependence of
flow stress above 600°C and their strength is comparable
or higher to that of Ni-base conventional superalloys.
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