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[ Abstract] The microstructural changes of both solution heat treated (ST) and cold worked (CW) MP159 alloy during
aging were investigated by optical microscopy and transmission electron microscopy (TEM). The results indicate that both

solution heat treated (ST) and cold worked (CW) MP159 alloy could be hardened by aging. This aging induced harden-

ing is attributable to the precipitation of a very finely dispersed ordered cubic e phase particles with only several nanome

tres in diameter. The hexagonal close packed (HCP) € martensite precipitated during aging of both CW MP159 and CW
MP35N, and the hexagonal ordered CosMo phase of the DOyg structure type precipitated during aging of CW MP35N,

have not been found in the present investigation.
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1 INTRODUCTION

MP159 alloy (MP, i. e. Multiphase is a trade
mark of SPS Technology Inc., Newton, PA) is a
new kind of cobalt base wrought superalloy, and is a
later member of the family of multiphase cobalt based
alloys (i.e. MP alloys). MP alloys were initially de-
signed on the basis of the FCC ( a) T HCP ( ¥
martensite phase transition that occurs on cooling
pure cobalt below about 420 ‘C'"?1 The first mem-
ber in the MP alloys was called MP35N which con-
tains 35Co, 35Ni, 20Cr and 10Mo ( in mass fraction,
%), but this alloy has a maximum service tempera-
ture of only 300 C. In order to raise the service tem-
perature, Slaney”! developed MP159 alloy with a
complex chemical composition ( 35.7Co, 25.5Ni,
19.0Cr, 9.0Fe, 7.0Mo, 3.0Ti, 0.6Nb and
0.2Al). MP159 alloy possesses the unique combina-
tion of ultrahigh strength, ductility and corrosion re-
sistance and has a maximum service temperature of
593 C'*. Solution treatment (for 4h at 1050 C,
AC) produces a single phase FCC structure, which
has a tensile strength of about 850MPa and a yield
strength of approximately 400 M Pa. Its high strength
is obtained through cold working (extruding, rolling,
swaging, drawing or a combination of these process
es) and aging. For example, a nominal cold drawing
with 48% reduction in cross-section area results in a
tensile strength of about 1585MPa and a yield
strength of about 1415MPa, and aging (for 4h at
660 C) further increases the tensile strength to about
1895 M Pa and the yield strength to about 1825 M Pa.
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The alloy is being widely used for critical fasteners,
jet engine components, drive components and pros
thetic devices, etc.

There are many published papers investigating
the strengthening mechanisms of cold working and
aging for MP35N, but the conclusions are diver
"% while the available literature on the
strengthening mechanisms in MP159 is very limited.

gen

The cold working strengthening mechanisms in
MP159 has been discussed in a separate publica

[10]

tion In the present investigation we will study

the micromechanism of the aging strengthening in

MP159 alloy.

2 EXPERIMENTAL

The material is received as commercial cold
drawn M P159 rods ( with 48% reduction of cross sec
tion area). The diameter of the asdrawn rod is
10 mm. A typical producing schedule for MP159 is as
follows: vacuum induction melted+ vacuum consum-
able electrode melted+ hot worked + solution heat
treated (ST) + cold drawn. The samples for optical
metallography were etched with Kalling’ s reagent
(100cm” of absolute ethyl alcohol, 100cm’ of hy-
drochloric acid (sp gr 1.19) and 5¢g of cupric chlo-
ride) heated to about 60 C. The samples for TEM
were prepared by mechanical polishing followed by
twirr jet electropolishing using a solution of 10% per-
chloric acid-absolute ethyl alcohol. TEM was per
formed using PhilipsCM 12 at 120kV and JEOL-
JEM-2000FXII at 200kV.
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The solution treated (ST) MP159 is obtained by
heat treating the as-received rod at 1050 C for 4 h.

3 RESULTS

The Rockwell hardness of MP159 in ST and CW
conditions are about HRC8 and HRC44, respectively
(the values lower than HRC20 only for reference) .
However, the corresponding Rockwell hardness can
be increased to about HRC18 and HRCS52 respectively
after aging heat treatment (660 C for 4. 15h). The
optical micrographs in ST MP159 alloy are shown in
Fig. 1. The ST microstructure consists of equiaxed
FCC grains with a number of annealing twins, which
indicates a low coherent twin boundary energy, e
quivalently a low stacking fault energy. The optical
micrograph and transmission electron micrograph of
48% cold drawn MP159 are shown in Fig. 2. These
micrographs reveal the microstructure feature of the
intersecting network of very fine platelets. These
closely-spaced, intersecting network of fine platelets
formed during cold drawing solution treated MP159
alloy with FCC grains have been identified to be de-
formation twins with high density of stacking
faults! '°

dislocation tangles between thin platelets can be seen

I The relatively high dislocation density and

in Fig. 2(b) .
After aging under ST and CW conditions, no
e
a Bl
S0 pum

Fig.1 Optical micrograph of MP159 in
ST condition

microstructual changes of samples have been detected
in optical micrographs and bright field ( BF) tran-
simission electron micrographs. However, a careful
diffraction study reveals the appearence of the reflec
tions of the precipitate in both ST+ aged and CW +

aged samples. Figs.3(a) and (b) show the selected
area electron diffraction pattern ( SADP) in [ 001]
matrix orientation and corresponding dark-field ( DF)
image of the reflection of the precipitate for ST+ aged
sample respectively. In Fig.3(a), we see strong
spots of the FCC matrix and weak superlattice reflec-
tions which may be indexed by ordered cubic ¥
phase. Fig.3(b) indicates that the Y precipitates are
very finely dispersively distributed and precipitates are
particles of only several nanometres in diameter. But
BF image can not show signs of the precipitation be-
cause precipitate particles are too small. The SADP in
[001] and [ 111] matrix direction for the CW+ aged
sample are shown in Fig. 4. Fig. 4(a) demonstrates
that the aged CW sample also produces the ordered
solid solution, but the intensity of the superlattice
spots is relative weak. Only strong spots of the FCC
matrix are shown in Fig. 4(b).

4 DISCUSSION

The physical origin of the age hardening in M P
alloys is not well understood. Many researchers have
investigated age hardening mechanisms in MP35N,
but the conclusions, as mentioned previously, are dir
vergent. Graham!'” pointed out that the age harden-
ing in CW MP35N was attributed to the precipitation
of CosMo, an ordered hexagonal phase (DO19) whose
¢ parameter is approximately equal to that of HCP
phase and whose a is approximately twice that of
HCP phase,
MP35N was absent due to no formation of the precip-
itate. Graham thought that the HCP platelets formed
during cold work acted as nucleation site and was nec

whereas the age hardening in ST

essary condition for the precipitation of CosMo. In

agreement with the above conclusion, Drapier et al ®

(a)
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Fig. 2 Micrographs of 48% cold drawn MP159

(a) —Optical micrograph; (b) —Transmission electron micrograph
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Fig. 3 ST+ aged sample
(a) —SADP of [ 001] matrix orientation; (b) —DF from spot 1 in [ 001] matrix orientation

Fig. 4 CW+ aged sample
(a) —SADP of [001] matrix orientation; (b) — 111] matrix orientation

also demonstrated that the age hardening in MP35N
resulted from the precipitation of CosMo. However,
Raghavan et al'” and Singh et al'®! obtained different
conclusions in their investigation. The investigation
by Raghavan et all” showed that no HCP platelets
were found in CW MP35N, neither did CosMo in
CW + aged MP35N, but the precipitation of &
platelets, which were believed to be responsible for
the age hardening, was detected in CW + aged
MP35N. While the investigation by Singh et all®
presented that no changes were seen in either hard-
ness or microstructure in ST+ aged MP35N, but age
hardening in CW+ aged MP35N was seen, however,
no microstructural changes associated with this sec
ondary hardening could be detected, although CW
microstructure contained HCP-platelets which were
regarded as nucleation site of CosMo by Graham and
Drapier et al'>® . Therefore, Singh et al'® thought
that age hardening of CW MP35N might arise from
local solute partitioning betw een the matrix and HCP
phase, but it is not so far clear how solute partition-
ing could give rise to the age hardening.

The investigation performed by the above inves
tigators has showed that, the age treatment has no

hardening effect for ST MP35N, while the same
treatment has obvious age hardening effect for CW
MP35N, although the physical origin of this harden-
ing is divergent in explanation. The present investi-
gation for MP159 indicates that the age treatment not
only can result in hardening under CW condition, but
also can lead to hardening under ST condition. The
careful diffraction work reveals the existence of a fine-
ly disperse FCC ordered solid solution (see Fig. 3,
Fig.4(a)), i.e. Ni3X, which has a molecular formu-
la of (Ni, Co, Fe, Cr, Mo)3( AL Ti, Nb)!"Y but could
not be seen in optical microscopy and TEM (BF). No
evidence of the formation of CosMo has been seen in
both ST + aged and CW+ aged MP159, which is in
agreement with Graham’ s opinion'”! because of the
absence of suitable nucleation site for CosMo. The
precipitation of &platelets, ever reported by Ragha
van'"!| is not detected either in MP159 because, if
this precipitate existed, the reflections of &platelets
should have occurred in the SADP of [ 111] matrix
orientation according to simulating results of compos-
ite electrorrdiffraction patterns for MP159 alloy! ',
As shown in Fig. 4(b), only matrix reflections ap-
peared in the SADP of [ 111] matrix orientation.
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At present, three types of precipitates, i. e.,
CosMo and HCP &platelets in the MP35N, FCC or-
dered solid solution ¥ phases in the MP159 alloy,
were reported in aged MP alloys. Notice that: 1)
HCP phase possesses the same disordered, densely
packed basal plane as FCC matrix. Their difference
lies in the stacking sequence (of the basal plane), be
ing ABCABC ..for FCC matrix and ABAB ..for HCP
phase; 2) The phase of CosMo structure type pos-
sesses the same ordered, densely packed basal plane as
Y phases. Their difference lies in the stacking se-
quence (of the basal plane), being ABCABC ..for ¥
phase, ABAB ...for CosMo phase. Therefore, ¥
phase, CozMo phase possess similar formation ener
gies and any one may be precipitated depending on
the alloy composition, microstructure and the precipi-
tation temperature. For example, MP35N alloy con-
tains 10% Mo but without Al and Ti, hence CosMo
precipitates were observed, while MP159 alloy con-
tains Ti and Al elements, hence Y phase precipitat-
ed.

Based on the present experimental observation
and the above discussion, it can be concluded that
both ST and CW M P159 alloy can be hardened by ag-
ing. This is because of the precipitation of very finely
disperse ordered cubic phase.

S CONCLUSIONS

1) Both solution treated and cold worked MP159
can be hardened by aging heat treatment. The aging
induced hardening is attributed to the precipitation of
Ni3Al type phase, an ordered cubic ¥ phase.

2) Y precipitates are very finely dispersively
distributed, and present a shape of particles. Its size
is only several nanometres in diameter. Optical mi
croscopy and bright field ( BF) transimission electron
microscopy can not detected their existence, only a
careful diffraction study can detect them.

3) CosMo phase and HCP phase ( €platelets) ,
which were ever reported to be precipitated during
aging CW MP35N alloy, are not found in ST+ aged
and CW+ aged MP159 alloy.
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