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The effect of the thermal exposure at different temperatures on the microstructure is
investigated for MP159 alloy by optical microscopy and transmission electron microscopy
(TEM). Thermal exposure at 660 ◦C is related to the aging induced hardening mechanism,
thermal exposure at the neighborhood of 920 ◦C is associated with static recrystallization
behavior, and thermal exposure at a temperature range of 920 to 1070 ◦C for a short time is
investigated with a view toward obtaining the longest permissible thermal exposure time
during which microstructural reconstitution of the cold deformed microstructure would not
occur at the corresponding temperature, which would provide guidance for determining
reasonable hot forging parameters of fasteners. The results indicate that both solution heat
treated (ST) and cold worked (CW) MP159 alloy could be hardened by aging. This aging
induced hardening is attributable to the precipitation of a very finely dispersed fcc ordered
solid solution. The precipitating process is so rapid that the air cooling (AC) or water
cooling (WC) process of the sample exposed to elevated temperature higher than normal
aging temperature could produce an appreciable hardening effect. The recrystallization
temperature of the alloy is as high as 920 ◦C, such a high recrystallization temperature is
attributed to deformation twins and a variety of alloying elements due to their inhibition to
the nucleation and growth of recrystallization grains, other than to the hcp-phase which
used to be believed to explain high recrystallization temperature in MP alloys in some
literature. C© 1999 Kluwer Academic Publishers

1. Introduction
MP159 alloy (containing 25.5Ni, 35.7Co, 19.0Cr,
9.0Fe, 7.0Mo, 3.0Ti, 0.6Nb, 0.2Al in wt %) is a latter
number in the MULTIPHASE family of alloys (MUL-
TIPHASE is a trademark of SPS Technologies, Inc.,
Newtown, PA). MP alloys are different from most of
nickel-based and cobalt-based alloys, many of which
derive their strength from the precipitation of gamma-
prime or from solid-solution effects, whereas MP al-
loys derive their high strength from both cold working
and aging. The first commercial alloy of MP alloys
is MP35N (containing 35Co, 35Ni, 20Cr, 10Mo, in
wt %) developed by Smith [1, 2]. Although MP35N
possesses, like MP159, the unique combination of ultra-
high strength, ductility and corrosion resistance, it has
a relatively low service temperature (no higher than
300◦C) and a high mix cost, and it requires a consid-
erable amount of cold work for hardening. In order to

overcome these negative aspects, Slaney and Greenburg
developed MP159 alloy [3, 4] which has a maximum
service temperature of 593◦C.

There are many published papers investigating the
strengthening mechanisms of cold working and aging
for MP35N, but the conclusions are divergent [5–9],
while the available literature on the strengthening mec-
hanisms in MP159 is very limited. The cold working
strengthening mechanisms in MP159 is not involved
in the present investigation, and has been discussed in
a separate publication [10]. The aging strengthening
in this alloy, as a part of the present investigation, is
investigated.

MP159 is at present widely used for critical fasteners
which demand a combination of high strength and high
resistance to corrosion [11, 12]. Because the material
is already strengthened by cold working prior to bolt
fabrication, the heads of bolts must be formed by hot
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forging. In order to meet the requirement of the bolt ap-
plication performance, the headed blanks must be free
from recrystallization in the areas other than the head.
From a easy forming point of view, the somewhat high
forging temperature and somewhat long heating time
are expected to obtain enough ductility. However, in or-
der to prevent the cold deformed microstructure in the
shank adjacent to the head from recrystallization due
to heat conduction, the forging temperature is expected
to be as low as possible, and the heating time as short
as possible. In order to reach a balance between them,
it is essential to investigate the static recrystallization
behavior at different temperatures.

The present investigation has two purposes, one is
to study age strengthening mechanisms in MP159, an-
other is to investigate the static recrystallization be-
havior and to obtain the longest permissible thermal
exposure time at different temperatures during which
recrystallization of cold deformed microstructure do
not occur, which can provide a guidance for determin-
ing reasonable hot forging parameters.

2. Experimental
The materials used in the present investigation are com-
mercial cold drawn MP159 rods with 48% reduction of
cross-section area. The diameter of the as-drawn rod
is 10 mm. A typical producing schedule for MP159 is
as follows: vacuum induction melted+ vacuum con-
sumable electrode melted+ solution heat treated+
cold drawn. The samples for optical metallography are
etched with Kalling’s reagent (100 cm3 of absolute
ethye alcohol, 100 cm3 of hydrochloric acid (sp gr 1.19)
and 5 g of cupric chloride) heated to about 60◦C. The
samples for TEM are prepared by mechanical polishing
followed by twin-jet electropolishing using a solution
of 10% perchloric acid-absolute ethyl alcohol. TEM is
performed using PHILPS-CM12 at 120 kV and JEOL-
JEM-2000FXII at 200 kV.

Various thermal exposure tests are conducted in a
high temperature furnace with silicon carbide heat-
ing elements. The furnace is heated to the selected

Figure 1 Optical micrographs: (a) ST, (b) CW.

temperature and held for three hours to obtain a uniform
temperature in the chamber of the furnace, then sam-
ple is put into the chamber for selected time followed
by AC or WC. In the commercial hot forging process
of the heads of bolts, induction heating is generally
used. Because induction heating rate is very rapid, the
locally heated part by induction coil is approximately
equivalent to the high temperature chamber, while the
shank adjacent to the head of bolt which is not directly
heated by induction coil is approximately equivalent to
the samples put into the high temperature chamber. In
other words, the microstructural changes in the shank
adjacent to bolt head due to heat conduction are ap-
proximately equivalent to those in the samples exposed
in high temperature chamber.

3. Results
3.1. Aging induced hardening
The Rockwell hardness of MP159 in ST and CW con-
ditions are about HRC8 and HRC44, respectively (the
lower values than HRC20 only for reference). However,
the corresponding Rockwell hardness can be increased
to about HRC18 and HRC52 respectively after aging
heat treatment (660◦C for 4.15 h). The optical micro-
graphs in the ST and CW conditions are shown in Fig. 1.
The transmission electron micrgraph of CW sample is
shown in Fig. 2. It can be seen that the ST microstruc
ture consists of equiaxed fcc grains with a number of an-
nealing twins, whereas the CW microstructure contains
an intersecting network of very fine platelets in each fcc
grain. In addition, relatively high dislocation density
and dislocation tangle between thin platelets can be
seen in CW condition. These platelets have been iden-
tified by authors to be deformation twins instead of hcp
phase [10]. After aging of the ST and CW samples, no
changes have been detected in optical micrographs and
transmission electron micrographs (bright field (BF)).
However, a careful diffraction work reveals the reflecti-
ons of the precipitate in both ST+ aged and CW+ aged
samples. Fig. 3 shows the selected-area electron diffrac-
tion pattern (SADP) in [0 0 1] matrix orientation and
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corresponding dark-field (DF) image of the reflection
of the precipitate for ST+ aged sample, which indicats
that the precipitate is very finely disperse distribution
and is a fcc ordered solid solution. But BF image shows
no signs of the precipitation. The SADPs in [0 0 1] and
[1 1 1] matrix directions for the CW+ aged sample are

Figure 2 Transmission electron micrograph in CW sample.

Figure 3 ST+ aged sample: (a) SADP of [0 0 1] matrix orientation, (b) Key to (a), (c) DF from spot 1.

Figure 4 CW+ aged sample: (a), (b) SADPs of [0 0 1] and [1 1 1] matrix orientations, respectively.

shown in Fig. 4. Fig. 4a demonstrates that the aged CW
sample also produces the fcc ordered solid solution, but
the intensity of the superlattice spots is relative weak.

3.2. Static recrystallization behavior
The optical microstructures of the CW samples exposed
to 910◦C for 30, 60 and 90 min have been examined.
It is found that the deformed structure prior to thermal
exposure remains unchanged. Fig. 5a shows the optical
micrograph of the sample exposed to 910◦C for 1 h, no
evidence of recrystallization can be seen. However, in
the CW sample exposed to 920◦C for 2, 15, 30, 60 and
90 min, the development of the recrystallization can
be clearly observed in the optical microscopy. Fig. 5b
and c show light micrographs of the samples exposed to
920◦C for 2 and 30 min respectively. Fig. 5b indicates
the recrystallization has already begun after only 2 min
at 920◦C and the nucleation of recrystallization firstly
occurs at the previous fcc grain boundaries. The volume
fraction of recrystallized grains increases with time,
but a complete recrystallization does not take place up
to 1.5 h at 920◦C. Whereas for the sample exposed
to 930◦C for only 30 min, a full recrystallization has
taken place, as shown in Fig. 5d. It follows that the static
recrystallization temperature of CW MP159 is 920◦C.

Fig. 6 shows the details of the recrystallization
growth front for the sample exposed to 920◦C for 0.5 h
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Figure 5 Microstructure of CW after exposure: (a) at 910◦C for 1 h, (b) at 920◦C for 2 min, (c) at 920◦C for 30 min, (d) at 930◦C for 30 min.

Figure 6 CW MP159 exposed to 920◦C for 30 min: (a) the interface between the recrystallization region and the deformed region, (b) corresponding
SADP of [011] matrix orientation, (c) DF image from the reflection of twin.

and demonstrates that the platelets, which seem to be an
inhibition to the growth of the recrystallization grains,
are deformation twins other than hcp phase. Fig. 7
shows other details of the recrystallization growth front
for the same sample and indicates that the deformation
twin platelet parallel to the recrystallization front seems
to have more effective inhibition to the growth of recryst
allizing grains. Moreover, Fig. 7 still reveals clearly
three deformation twin orientations, which correspond
to twins on three of the four{1 1 1} type planes (the
fourth being approximately parallel to the foil plane). In
addition, weak long streak between two row matrix re-
flections along [̄1 1̄ 1]M direction can be seen in Figs 6b
and 7e, which may be due to a very thin precipitate. This

precipitate has been clearly observed in Fig. 8. Accord-
ing to Fig. 8b, it is know that the precipitate is an ordered
hexagonal structure (D024), its c parameter is approxi-
mately twice that of hcp phase, so does itsa parameter.
It is not at present clear when the precipitate forms, a
further investigation regarding it is required.

3.3. Elevated temperature short-time
thermal exposure tests

After the head of bolt is formed by hot forging, the
shank of the bolt must be free from recrystallization in
order to retain the prior cold work strengthening effect.
However, if the hot forging process is not reasonably
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Figure 7 CW MP159 exposed to 920◦C for 30 min: (a) the interface between the recrystallization region and the deformed region, (b) corresponding
SADP of [0 1 1] matrix orientation, (c) DF image of the twin reflection 1, (d) DF of twin reflection 2, (e) SADP of other〈0 1 1〉matrix orientation, (f)
DF of twin reflection 3.

controlled, recrystallization may occur in the shank ad-
jacent to the bolt head because of heat conduction. The
present elevated temperature short-time thermal expo-
sure tests are to simulate the thermal exposure situation
of the shank near bolt head with a view toward ob-
taining the longest permissible thermal exposure time
during which no recrystallization would occurs. These
data can provide guidance for determining reasonable
hot forging parameters.

According to the range of the forging temperatures
determined by Shiqiang Luet al. [13, 14], the ther-
mal exposure temperatures are selected at the range of
920–1070◦C. The Rockwell hardness examination of
all samples exposed to different temperatures for differ-
ent time is shown in Table I. The microstructure of all
exposed samples has been observed in the optical mi-
croscope. The examination of both the Rockwell hard-
ness and the microstructure reveals that the changing of
the microstructure coincides well with the changing of
Rockwell hardness, the larger the volume fraction or the
size of the recrystallized grains, the lower the Rockwell
hardness. A relationship curve between the Rockwell
hardness and the volume fraction of the recrystallized
grains can be approximately drawn, as shown in Fig. 9.
Generally, when Rockwell hardness is above the value

of HRC44, no evidence of recrystallization can be seen,
whereas when Rockwell hardness is below the value of
HRC28, recrystallization has already finished and new
grains begin to grow. On the basis of the examination
of Rockwell hardness and optical microstructure, the
longest permissible thermal exposure time for no oc-
currence of recrystallization at different temperatures
is approximately as follows: 920◦C-100 s, 950◦C-90 s,
980◦C-70 s, 1010◦C- 60 s, 1040◦C-40 s, 1070◦C-20 s.
It means that when the head of the bolt is formed at
the above temperatures, the hot forging process must
be finished within the corresponding permissible time,
otherwise the recrystallization may occur in the shank
near the head of the bolt.

In addition, it is strangely seen that although no mi-
crostructural changes can be seen by optical exami-
nation in the exposed samples in which no recrystal-
lization occurs and in the CW sample prior to thermal
exposure, the former has higher Rockwell hardness than
the latter (the hardness of CW sample is about HRC44).
Through careful electron diffraction work, the answer
is found. As shown in Fig. 10, the superlattice spots of
the fcc ordered solid solution in these thermally exposed
samples is detected. It is this precipitate that resulted
in the increase in Rockwell hardness. Obviously, the
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TABLE I Rockwell hardness of thermally exposed samples

Temperature (◦C)× Time (s) 920× 90 920× 120 920× 180 920× 360
Cooling mode AC WC AC WC AC WC AC WC
Rockwell hardness (HRC) 49.8 48.3 44.2 43.4 38.2 37.1 29.8 28.8
Temperature (◦C)× Time (s) 950× 90 950× 150 950× 210 950× 300
Cooling mode AC WC AC WC AC WC AC WC
Rockwell hardness (HRC) 48.7 47.3 28.6 26.5 26.8 23.8 25.1 23.6
Temperature (◦C)× Time (s) 980× 90 980× 120 980× 150 980× 180
Cooling mode AC WC AC WC AC WC AC WC
Rockwell hardness (HRC) 43.2 42.3 28.1 26.2 26.6 25.4 25.1 24.3
Temperature (◦C)× Time (s) 1010× 40 1010× 60 1010× 90 1010× 150
Cooling mode AC WC AC WC AC WC AC WC
Rockwell hardness (HRC) 49.0 47.6 49.5 48.2 27.9 26.3 24.3 23.2
Temperature (◦C)× Time (s) 1040× 20 1040× 40 1040× 70 1040× 120
Cooling mode AC WC AC WC AC WC AC WC
Rockwell hardness (HRC) 48.6 47.6 50.1 48.8 30.5 27.2 23.4 18.3
Temperature (◦C)× Time (s) 1070× 20 1070× 40 1070× 90 1070× 120
Cooling mode AC WC AC WC AC WC AC WC
Rockwell hardness (HRC) 49.2 48.8 34.6 33.2 24.3 23.4 17.9 15.0

Figure 8 CW MP159 exposed to 920◦C for 30 min: (a) BF image (recrystallized region), (b) SADP of [0 1 1] matrix direction (containing platelet
A), (c) SADP of [0 1 1] matrix direction (containing platelet A and annealing twin), (d) DF image of twin reflection, (e) DF image of the platelet A
reflection.

precipitate forms during the cooling process, which in-
dicates that the formation of the fcc ordered solid solu-
tion is very rapid. Such a rapid formation coincides with
the observation in MP35N by Drapieret al.[6] that age
hardening reaches its maximum value after only 15 min.
Another superficially strange phenomenon is that, for
the same thermal exposure, the sample cooled by air has
somewhat higher hardness than the one cooled by water

(see Table I), although their optical microstructure are
identical. The electron diffraction work demonstrates it
is also associate with the precipitation phase. Since the
samples by AC have more time for the formation of the
precipitate than those by WC in the aging temperature
range, the former could produce more precipitate than
the latter, that is why the hardness of the former is some-
what higher than the latter.
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Figure 9 Relationship between Rockwell hardness and volume fraction
of recrystallized grains.

Figure 10 SADP of [0 1 1] matrix direction in CW sample exposed to
1040◦C for 40 s and followed by AC.

4. Discussion
The physical origin of the age hardening in MP al-
loys is not well understood. Many researchers have in-
vestigated age hardening mechanisms in MP35N, but
the conclusions, as mentioned previously, are diver-
gent. Graham [5] pointed out that the age hardening
in CW MP35N was attributed to the precipitation of
Co3 Mo, an ordered hexagonal phase (D019) whosec
parameter is approximately equal to that of hcp phase
and whosea is approximately twice that of hcp phase,
whereas the age hardening in ST MP35N was ab-
sent due to no formation of the precipitate. Graham
thought that the hcp platelets formed during cold work
acted as nucleation site and was necessary condition
for the precipitation of Co3 Mo. In agreement with
the above conclusion, Drapieret al. [6] also demon-
strated that the age hardening in MP35N resulted from
the precipitation of Co3 Mo. However, Raghavanet al.
[7] and Singhet al. [8] obtained different conclusions
in their investigation. The investigation by Raghavan
et al. showed that no hcp platelets were found in CW
MP35N, neither did Co3 Mo in CW+aged MP35N, but
the precipitation ofε-platelets, which were believed to
be responsible for the age hardening, was detected in
CW+aged MP35N. While the investigation by Singh
et al. presented that no changes were seen in either
hardness or microstructure in ST+aged MP35N, but
age hardening in CW+aged MP35N was seen, how-
ever, no microstructural changes associated with this

secondary hardening could be detected, although CW
microstructure contained hcp-platelets which were re-
garded as nucleation site of Co3 Mo by Graham and
Drapieret al. [5, 6]. Therefore, Singhet al. [8] thought
that age hardening of CW MP35N might arise from
local solute partitioning between the matrix and hcp
phase, but it is not so far clear how solute partitioning
could give rise to the age hardening.

The investigation performed by the above investiga-
tors has showed that, the age treatment has no hardening
effect for ST MP35N, while same treatment has obvi-
ous age hardening effect for CW MP35N, although the
physical origin of this hardening is divergent in expla-
nation. The present investigation for MP159 indicates
that the age treatment can result in hardening for both
ST and CW conditions. The careful diffraction work re-
veals the existence of a finely disperse fcc ordered solid
solution (see Figs 3, 4 and 10), i.e. Ni3 X, which has
a molecular formula of (Ni,Co,Fe,Cr,Mo)3 (Al,Ti,Nb)
[15] but could not be seen in optical microscopy and
TEM(BF). No evidence of the formation of Co3 Mo
has been seen in both ST+aged and CW+aged MP159,
which is in agreement with Graham’s opinion [5] be-
cause of the absence of suitable nucleation site for Co3
Mo. The precipitation ofε-platelets, as reported by
Raghavan [7], is not detected either in MP159 because,
if this precipitate existed, the reflections ofε-platelets
should have occurred in the SADP of [1 1 1] matrix ori-
entation. As shown in Fig. 4b, only matrix reflections
appeared in the SADP of [1 1 1] matrix orientation. In
addition, the precipitate which has an ordered hexago-
nal structure (D024) and is discovered in Fig. 8 has not
been detected either in CW+aged sample because its
superlattice sports are absent in Fig. 4b.

Guangwei Hanet al. [16] thought age hardening of
CW MP159 came partially from the volume fraction
increase of hcp platelets, which was established on the
basis that large amounts of hcp platelets were formed
during cold deformation. In fact, the intersecting net-
work of fine platelets in CW MP159 is deformation
twin platelets other than hcp-phase [10], which is also
further supported by Figs 6, 7 and 10. Furthermore, in
Guangwei Hanet al. article [16], two sets of SADPs
used to support their conclusion are, in fact, composite
patterns of [4 1 1] matrix orientation, the corresponding
extra spots from platelets are the reflections of the twin
platelets, but they mistakenly regarded these SADPs as
those of [0 1̄1] matrix orientation and the extra sports
were also mistakenly regarded as reflections of hcp
platelets. Therefore, their conclusion that age harden-
ing result, in part, from the volume fraction increase of
hcp platelets is incorrect.

On the basis of the present experimental observation
and the above discussion, it can be conclued that both
ST and CW MP159 alloy could be hardened by aging
because of the precipitation of very finely disperse fcc
ordered solid solution.

Singhet al.[8] and Guangwei Hanet al.[17] thought
that the relative high recrystallization temperature in the
MP alloys was due to the inhibition of hcp platelets to
the growth of the recrystallizing grains, which comes
from interfacial energy increasing because of the co-
herent interfaces of the hcp phase (0 0 0 1) // {1 1 1}

5455



becoming incoherent interfaces, and thought that defor-
mation twin platelets provide no resistance to recrys-
tallization because of no energy barrier to consumption
of the single twinned structure by the recrystallization
front. But the present investigation results in MP159
are incompatible with the above conclusions. As men-
tioned previously, there are no hcp platelets in CW
MP159. Furthermore, even if there were hcp platelets,
these hcp platelets would dissolve when heated to the
temperature higher than 704◦C because the fcc/hcp
transus of MP159 is below 704◦C [18]. On the other
hand, Singhet al.[8] and Guangwei Hanet al.[17] did
not identify by the diffraction work that the platelets,
which seemed to inhibit growing of the recrystallization
grains, were really hcp platelets. So their conclusions
were unreliable.

It is well known that the fcc structure recrystallizes
by passage of a high-angle grain boundary through
the deformed fcc matrix. While for deformation twin
platelets, the fcc structure may recrystallize by passage
of the high-angle grain boundary through twin platelets
or bypassing the twin platelets, which is related to the
orientations of the twin platelets and the recrystalliza-
tion front. When recrystallization front bypasses the
twin platelets, the twin platelets also provide the inhi-
bition to the growth of the recrystallizing grains (see
Figs 6 and 7). This inhibition is attributable to the in-
creasing of the interfacial energy due to the change of
the coherent twin interfaces into incoherent twin inter-
faces. Although the deformation twins have the effect
of inhibiting the growing of recrystallization grains,
such high recrystallization temperature of 920◦C does
not result from this inhibition alone. For example, CW
MP35N, although there are a number of deformation
twins [7] or both deformation twins and hcp phase [8],
has a recrystallization temperature of about 808◦C. Be-
cause MP159 has a more complex chemical composi-
tion than MP35N, another cause may be a variety of
alloying elements in MP159. These alloying elements
inhibit cross slip of the dislocations, consequently, in-
hibiting the nucleation and growth of the recrystalliza-
tion grains [19]. Therefore, it can be concluded that
both deformations twins and a variety of alloying ele-
ments in MP159 result in such a high recrystallization
temperature of 920◦C.

5. 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 Ni3 X,
a fcc ordered solid solution, which cannot be detected
in the optical micrograph and transmission electron mi-
crograph (bright field). Only careful electron diffraction
work can reveal its presence because of its very fine dis-
perse distribution. The formation of the precipitate is
very rapid. A certain amount of precipitate can form
only during air or water cooling process of the sample
exposed to elevated temperature for a short time, and
produces an appreciable hardening effect.

2. MP159 alloy has a high recrystallization temper-
ature of 920◦C. Such a high recrystallization temper-
ature is attributable to both the inhibition of a variety

of alloying elements to the nucleation and growth of
recrystallization grains and the obstruction of deforma-
tion twins to the growth of the recrystallization grains,
rather than to the hcp-phase which was generally be-
lieved to be responsible for the high recrystallization
temperature of MP alloys in some literature.

3. In order to prevent the cold worked MP159 from
recrystallization, the longest permissible thermal expo-
sure time at different temperatures are approximately
as follows: 920◦C-100 s, 950◦C-90 s, 980◦C-70 s,
1010◦C-60 s, 1040◦C-40 s, 1070◦C-20 s. It means that
when the head of the bolt is formed at the above temper-
atures, the hot forging process must be finished within
the corresponding permissible time, or the recrystal-
lization may occur in the shank adjacent to the head of
the bolt due to heat conduction.

4. The precipitate of the ordered hexagonal D024
is first found in the CW MP159 alloy exposed to
920◦C for 30 min. A further investigation regarding
it is required.
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