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Abstract

Co-Mn-Ni alloys are promising shape memory alloysl gunctional materials.
However, very limited information can be found refiag the phase transformations and
magnetic properties in this ternary system. In gk, a series of 22 Co-Mn-Ni alloys
with various compositions were selected and syimbdsbased on a computed phase
diagram. Metallography, X-ray diffraction (XRD), engy dispersive spectroscopy (EDS),
differential scanning calorimetry (DSC), hardnessl &Gleeble tests were used for
microstructural characterization and phase transition investigations. The results
indicate that all samples show a face-centeredec(iffCC) structure after quenching
from 1000°C. Phase transformations and Curie teatpeys of the samples were

obtained through a combined method of analyzinghteg effects and thermogravimetric
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behavior of the alloys in the presence of a magretid during differential scanning
calorimetry. Thermal expansion tests indicate that FCC to BCC transformation is a
thermoelastic transformation whereas the shape mesftect was not observed in the

Co-Mn-Ni alloys tested.

Keywords: high-temperature alloys; phase transitions; X-raffrattion; magnetic

measurements; thermal analysis.

1. Introduction

The Co-Mn-Ni alloy system is the basis for manyphanemory alloys such as
Co-In-Mn-Ni[1-4], Co-Ga-Mn-Ni[5,6] and Co-Mn-Ni-SA{F10] due to the martensitic
transformation at specific temperatures. Althougme work has been done on these
guaternary alloys, there remains a lack of inforomtegarding the Co-Mn-Ni ternary
alloy system. Only one liquidus projection[11] ameb isothermal sections are reported
according to the SpringerMaterials database[1248Jshown in Fig. 1. The phases and
structure data in the ternary system are giverablel'l. The only available experimental
isothermal section was established by Koéster id[I8F, which is described as phase
equilibria at room temperature (Fig. 1b). The otbee is a computed isothermal section
at 25°C (Fig. 1c)) based on a coherent potentigragmation (CPA) method by
Brauwerset al. in 1977[15], where they established a model thabkss the enthalpy of
formation to be computed as a function of the altopcentration. However these two
phase diagrams show completely different phaseliegai at room temperature.

Furthermore, it is not convincing to claim that tiphase equilibria determined



experimentally correspond to room temperature figh hmelting alloys due to the
extensive time needed to reach equilibrium. Assalteit is necessary for us to revisit
this ternary alloy system and determine the phgadileria experimentally.

The relevant binary phase diagrams (Co-Ni[16], M[L8{17] and Co-Mn[14]) have
been investigated in previous reports. The phasgési@ucture data in Co-Mn, Co-Ni and
Mn-Ni binary systems are shown in Table 1. The shield binary systems indicate that
the Curie transformation temperature varies with ¢cbmposition. In the Co-Mn system
given by Koster[14], the Curie temperature dropsaait linearly from 1121°C (pure Co)
to 200°C on addition of 28 at.%Mn. For the Mn-Ns®m, an overall phase diagram
with Curie temperature was given by Gokcen[16], rehéhe Curie temperature is
constant in the two phase regions and some twoepteggons can exhibit two Curie
temperatures due to the existence of two ferrontagpbases. The magnetic moment of
disordered Mn-Ni alloy in the low content Mn regiovas investigated by Tangs
al.[18]. They found that with the increase of Mn content tap24 at.%, the Curie
temperature decreases monotonically and tendsctunie zero near hvin. While in the
Co-Ni binary system evaluated by Nash[16], thereamplete solid solubility in the
face-centered cubic (FC@)phase above 422°C. A small regioneofhcp) phase exists
below 422°C because of the polymorphic transforomatf Co on cooling from FCC to
hexagonal structure. The Curie temperature val@es linearly in they phase from
1121°C for pure Co to 361°C for pure Ni. Howeveerw little information could be
found regarding the Curie temperature for Co-Mnté¥nary alloys. Koster measured the
Curie temperature in this alloy system and plotieaie temperature isotherms for the

Co- and Ni-rich alloys containing up to 30 at.% M#d]. There is still a lack of data on



other compositions, which require further invesiiga

Shape memory alloys share a property in common thay all undergo a
transformation from low temperature martensite tghhtemperature austenite. The
magnetism of the martensite and austenite canrb@nfagnetic or paramagnetic or even
antiferromagnetic. For thermally induced shape mgnedfect, the shape memory alloy
always has a thermoelastic martensitic transfoonatror Mn-Ni(-X) alloys (X=Al, Co,
Fe, Ga, In, Sb, Setc.) and many other shape memory alloys, the transtoom from
paramagnetic/ferromagnetic martensite to ferromigparamagnetic austenite has been
extensively investigated[19-22]. In the Mn-Ni bipadloy system, Adachét al. found
that a martensitic transformation occurs at ther-egaiatomic region. The martensite
morphology can only be observed when Mn-rich orckiometric alloys are quenched
from high temperatures within the B2 ordefiephase region where they transform tg L1
ordered® phase[23].

The martensitic transformation temperatures are ooly affected by alloy
composition, but also heat treatments like agingcokding to Kalvarezt al.[24], they
found that Fe and Co could significantly increase Mn-Ni alloy ductility. However,
alloy NiMngoFep and NiMmoCoyo did not undergo a thermoelastic transformation and
the martensite structure was FCC, due to the oticupaf the third alloy atoms in the
Mn and Ni positions, turning the body-centeredagbnal L} structure to FCC. Seget
al. found that for low cobalt content Ni-Co-Mn-Ga gllavhich undergoes a structural
transformation between ferromagnetic austenite gardmagnetic martensite, the aging
process shifts the martensite transformation teatper down and raises the magnetic

transition temperature.[25]



Due to their unique functional properties, shapenory alloys have been applied in
many applications. Ni-Mn-Ga is known as a good aiate for actuator materials
because of their high martensitic transformatiangerature[19,26]. While due to their
low Curie temperatures and low saturation magntoizs, they are less suitable for use
in applications as a shape memory alloy. As a tegudecomes essential to find an alloy
with both high martensitic transformation temperasuas well as good shape-memory
effect. Given all the research into these typesltfys, it is worthwhile determining
whether Co-Mn-Ni alloys have a martensitic transfation as well as understanding

phase transformation behavior during heat treatipertgesses.

2. Experiments

In this work, 22 alloy ingots (15~20g) of differecdompositions were prepared by
arc-melting elemental starting materials of Ni s(@8.99% purity), Co pieces (99.99%
purity) and Mn pieces (99.95% purity) under argoatg@ction. The ingots were flipped
and re-melted 3 times to ensure sufficient mixing aomogeneity, which were then left
to solidify on a water-cooled copper plate. Th@ykkompositions studied in this work
were chosen according to the computed isotherntéibsein Fig. 1c) and are presented
in a Gibbs triangle as shown in Fig. 2. The nomaédy compositions are shown in
Table 2. Due to the high vapor pressure of Mn whvolild cause some mass loss during
melting, about 2~3% additional Mn pieces were adibethe constituents to obtain the
designed alloy compositions.

All samples were homogenized in argon at 1000°Q#bto 72 h after arc-melting



in order to remove the as-cast structure and retheehemical inhomogeneity. Alloys
No. 1 through 10 were cold rolled by 30% to helduee the grain size and further
remove chemical segregation on annealing. Thes@lsamvere then recrystallized at
1000°C for 1h under Ar protection, followed by qakimg in water. We also performed a
limited investigation on sample dCo;,0Mny aged at lower temperature, 800°C for
10min followed by either quenching or slow coolingspectively.

Optical microscopy was used to investigate theteggphase morphology after each
annealing process. Marble’s reagent and 0.1N H{Otiso were used for etching as one
etchant does not work well for all alloy composiso Back Scattered electron
Composition mode imaging (BSC) and Energy Dispers8pectroscopy (EDS) on a
Scanning Electron Microscope (SEM) were used toeoies and measure the phase
compositions of each sample using an acceleratitigjge of 20 kV. The composition
result is an average value of 16 to 20 analysegdch phase. Thermo-Calc® with the
TCNI8 database was used to calculate the isothesewions of the Co-Mn-Ni system.
X-ray Diffraction (XRD) was performed on a ThermdRrA 6-0 diffractometer using
Cu-Ka radiation. For better resolution, the 11-BM highsalution beamline at the
Advanced Photon Source (APS) at Argonne Nationdlotatory was used with high
energy X-rays with a wavelength of 0.41422A. TheDXResults were imported and
analyzed using the General Structure Analysis 8y$@&SAS) Il software package[28].

The thermo-magnetic analysis was performed on a ifradd Setaram

Thermogravimetry (TG) / Differential scanning cahoetry (DSC) SETSYS instrument
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with an external electromagnetic field applied. Thpecimen size was typically
2x2x5mnt with a mass of no more than 200mg. A schematiogeind illustration of the

DSC apparatus is published elsewhere[29]. The Cuemperature and phase
transformation behavior could thus be studied bglyaing the magnetic behavior of
Co-Mn-Ni alloys using this combined TG/DSC methdde heating and cooling rate for
all experiments was 5°C/min.

For mechanical properties, the hardness of annesaleghles was measured using a
diamond indenter with a loading of 0.3 kgf for 1&slding time in a Micro-Vickers
hardness tester. The hardness values are the avefagmeasurements. In addition, a
Gleeble 3500 was used to measure the thermal empairs order to observe phase
transformations during thermal cycles. The sampie svas ®6x28mni, and two
different heating rates, 1°C/s and 0.033°C/s, wesed. A diametrical dilatometer was

used which measured the dimension at the posifitmeccontrol thermocouple.

3. Resultsand discussion

3.1 Microstructure observation

The microstructural evolution of the alloy sampédter different heat treatments is
shown in Fig. 3. It can be seen that the cast sssnphve dendrites and chemical
segregation within the grains. According to theuldys projection in Fig. 1a), all of the
samples are located in the Ni, Co rich fcc primsoldification field. As a result, most of

the cast samples exhibit similar microstructurete AfL000°C 24h homogenization, the



dendrites were removed and the grains grew tordiftesizes according to the alloy
composition. Then after 30% cold work followed b@0D°C annealing for 1 hour,

recrystallization occurred and an obvious graire seduction was observed in samples
No. 2 and 10 (Fig. 3 ¢) and f)). While in sample. 2, as shown in Fig. 3 h) and i), it
shows no apparent grain size change after anneatinrtpO0°C for 24h and 72h as
expected since it was not cold rolled. In sample 2as shown in Fig. 3c), an abnormal
plate-like structure was observed within some grawvhich is believed to be a formation
of an oxide phase due to high Mn content in thima. This was later confirmed in

EDS analysis.

3.2 Phase equilibria evaluation

Samples No. 1-8 and 11-22 were investigated usiB¢ Bbservation and EDS
analysis, the equilibrium compositions of phasesradnnealing at 1000°C are listed in
Table 3. The EDS results indicate that in high nasege content samples (No. 6, 7 and
8), there is a tendency to pick up oxygen duringcessing (up to 22 at.% O), forming
Mn oxides which make the sample very brittle.

For the alloys investigated, all samples exhilsiragle phase after quenching from
1000°C. Combining with the calculated isothermaltises from Thermo-Calc® (TCNI8
database), the single phase compositions are sypesed onto the diagram as shown in
Fig. 4. It shows that the current experimental Itssare in a good agreement with the

calculated isothermal section. It can be seenriast of the area is FCC single phase,
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which is Ni solid solution; the other single phasea is a simple cubic structure, which is
Mn solid solution. This indicates that for mosttieé Co-Mn-Ni alloys investigated in this
work except for alloys No. 1 and 3, they are aliimFCC single phase region at 1800

The optical microstructures confirm the EDS analykat the alloys are single phase.

3.3 X-ray diffraction results

The X-ray diffraction patterns using CuxkK-rays are summarized and presented in
Fig. 5. Most of the samples exhibit a typical faestered cubic (FCC) crystal structure
according to the standard powder diffraction fi[3However, the location of the
diffraction peaks varies as the alloy compositibarmges, which is due to the difference
in atom sizes of each alloy element leading toatems in lattice parameter. The XRD
patterns also suggest that preferred orientatio@stuie) could be found in several
samples, such as floz;0Mngs, Ni;7ZC0s0Mn43 and NgoCasoMnzp as the XRD samples are
bulk instead of powder.

The GSAS Il software package[28] was used to deterithe lattice parameters of
the phases present in each sample. Nevertheless) he observed that in sample No. 6
(Ni26C030Mn4g), N0.7 (NBeCooMngg) and No.8 (NigCooMnsg), the fluorescence
background is strong and the intensities for theratteristic peaks are low and hard to
distinguish. Moreover, since peak splitting was esbbed, which might be due to the
existence of a possible second phase that hasiuthe arystal structure and similar lattice

parameter, it is hard to distinguish whether thakpsplit comes from the d¢ peaks or a
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second phase.

Therefore, in order to determine the accurateckafparameters of the FCC phase in
each sample, high-energy X-ray diffraction on powdamples was performed at
Argonne National Laboratory. The results from thBSAbeam line experiments are
shown in Fig. 6.

The final result shows quite a satisfactory intgnand peak location for each sample.
After analyzing with GSAS I, except for sampleNd.3)-NizCozoMng3, all the samples
turned out to be single phase FCC structure. Itbmaseen that for sample/Bo3;Mngs3,
some extra peaks appeared, which are located @81r1.11.901°, 12.111°, 18.131° and
19.041°, respectively. These peaks match the patérMnQO,, consistent with the
microstructure results as mentioned above. Comgpifiath normal and APS X-ray
diffraction data, using GSAS II refinement, thetita parameters could be obtained as
shown in Table 4. It shows clearly that the latjpg@ameter of the FCC phase increases
with increasing Mn content due to its larger atomaidius. The result corresponds to the
change of the peak location (shifting lower diftran angles) in lower Mn content

samples.

3.4 Hardness test
All the quenched samples were tested using a Mitckers hardness tester. The
measured results are shown in Table 5 below. Tkee fdam the table indicate that the

hardness value generally changes with the confelino the higher the Mn content is,
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the higher the hardness of the alloy, ranging fi@® to 190 HV. The hardness result also
agrees with the phase equilibrium results discusdexe, suggesting that the samples
are single phase at 1000°C. Compared with Mn-Miyallthat have a hardness value of
200~400HV[31], our samples exhibit relatively lowerdness and good ductility, which
are easy to roll at room temperature.

We also performed a limited investigation on a sanaged at lower temperature. It
shows that, after a nonmagnetic sampley@®oMnye was aged at 800°C for 10mins
followed by slow cooling instead of quenching, rmtly did the sample become
ferromagnetic, but the hardness also increasedite the value as before. According to
S. Hossein Nedjad al., the precipitation of face centered tetragonalTFE&NiMn has
an age hardening effect in Fe-Ni-Mn alloys[32]. Tihereased hardness in our samples
can be reasonably explained on the basis of suehipgmiation. XRD analysis was
performed and the result showed that after aging08tC for 10min and slow cooling,
the phase structure transformed from single FC©®.@639nm) to FCC (a=0.3637nm) +
FCT (a=0.259579nm, ¢=0.356905nm, c/a=1.3749, edfin GSAS II), which provides

evidence of precipitation of a Mn rich phase.

3.5 Curie temperature
In general, the lattice parameter is expected fiecathe Curie temperature, where
the Curie temperature decreases with increasirigdaparameter[33]; while with the

increasing content of Co, as reported by W. Kéater H. Rittner[14], Curie temperature
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increases in the Co-Mn-Ni alloy system. Qualitatireeasurement with a magnet
indicates that most samples are magnetic exceptdimple No. 1 (NMCoMnz3), No.2
(NizoCoioMn7g) and No.3 (NiCozpMnes). For more accurate characterization,
thermogravimetric and DSC analysis in a magneétd fivas applied for those samples
that show magnetism. The detailed results are showfig. 7 to Fig. 9. The samples
underwent two complete heating and cooling cycles.

From the TG vs. Temperature curves in Fig. 7hdves that the change in apparent
mass is quite obvious and the sudden drop of thaigi@al indicates that the sample has
reached the Curie temperature upon heating, becppanamagnetic and appearing to
lose its mass. In this work, the Curie temperature determined from the turning point
where the TG starts to drop on the second cycleshdsvn from Fig. 7, for samples with
Mn content of 10 at.%, there is a decreasing tdritie Curie temperature (from 755°C
to 424°C) with decreasing Co content (from 75 ai?20 at.%). Besides, from the TG
curves, we could also observe that all samplesbéxhigradual change of mass at the
high temperature end instead of a complete shagmgeh during second heating and
cooling process. A possible explanation for thisuldobe due to a second phase
precipitation in that temperature range which clesnghe ferromagnetic phase
composition and therefore increased the Curie temtypee accordingly. However, further
investigation is still needed to verify this aseert The change in TG curve, on the other
hand, indicates that this thermogravimetric metimd magnetic field is a novel method

of detecting phase transformations in ferromagnedimples. Moreover, from the DSC
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curves, the Curie transformations could also beeadet from the peaks during the
heating process, but, compared with the effecthenTiG curves, are observable only as
small thermal effects.

A similar trend could be observed in Fig. 8, whienesamples with Mn content of 20
at.%, the overall Curie temperature decreased cadpwaith those of 10 at.% Mn,
ranging from 385°C to 120°C with decreasing Co enhtHowever, for these samples,
the Curie transformation effects could not be detton the DSC curves.

For samples with Mn content up to 30 at.% or evighdr, there is no sharp drop of
TG on the curves. A gradual mass change was oltberstead, as shown in Fig. 9. The
small change in TG implies that the Curie point wast detected in the current
experimental conditions and is thus assumed to dveerl than room temperature.
According to Tangeet al.[34], who investigated the magnetic moment of disoed
Ni-Mn alloys in the low Mn content region, with tlecrease of Mn content up to 24%,
the Curie temperature decreases to nearly OK. gerserally accepted that for Curie
temperature measurement, the Curie-Weiss law iswel in the paramagnetic region

above the Curie point[35]:

c
T-Tc

=
Wherey is the magnetic susceptibilit§ is the Curie constant, is temperature in

Kelvin and Tc is Curie temperature in Kelvin. For the Curie-V8elaw, if the Curie

temperature is lower than room temperature, whenhea up a sample from room

temperature, we would not see a sudden drop ofeptibdity, i.e. a TG drop, upon
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heating. Therefore, a gradual mass change is adx$@mgtead which reflects only part of
the susceptibility curve.

In order to verify this assumption, we placed thengle NsoCooMn4o into liquid
nitrogen (around 77K) and tested the magnetism wifrermanent magnet. The result
showed that the paramagnetic sample (at room textysej became ferromagnetic when
held in the liquid nitrogen for 5 minutes.

Fig. 9 d) shows the typical change of sample TGout an applied magnetic field;
the sample mass did not change back to the origialale due to a small amount of
oxidation during the thermal cycling. The mass dears observed to be less than 1 mg,
which is very small compared with the effect dughe Curie transformation in applied

magnetic field.

3.6 Phase transformation

For Mn-Ni-X alloys (X=Mo, Fe, Ti, Al, Cu, etc) andany other shape memory alloys,
the transformation from ferromagnetic/paramagnetic Austenite to
paramagnetic/ferromagnetic Martentsite has beeresiiyated for decades. As a
diffusionless transformation, it is usually definbg an Austenitic transformation start
temperature (4 and finish temperature fAas well as a Martensitic transformation start
temperature (M and finish temperature (M Moreover, hysteresis was always found
between A (transformation peak temperature between ahd A) and M, (peak

temperature betweenddnd M)[20,36].
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3.6.1 DSC analysis

Since a martensitic transformation for Co-Mn-Nibgh is likely to occur in Ni-Mn
rich samples, sample No.7 @0Mns4), N0.8 (NisCooMnsg) and No. 9
(NisoCo10Mnyg) were examined in the DSC without applied magnélt. The results
are shown in Fig. 10.

From Fig. 10 we can see that all three of thesepkmmshow a reversible
transformation. Significant endothermic and exattierpeaks could be observed during
heating and cooling processes, which denote theteAilis and Martensitic
transformation respectively. The transformatiomtstad finish temperatures {AVls and
A¢, M) were determined from the intersections of thegé¢as of the peak with the
extrapolated baseline; the transformation peak &zatpres were also evaluated. The
results are shown in Table 6. For sample No. 78ide transformation temperatures are
very close to each other as they both have a Mteobof 44 at.%; while for sample No.
9, with a lower Mn content of 40 at.%, the transfation temperature range was shifted
to the higher end. This suggests that the Mn conteis a major influence on the
Austenite and Martensite transformation temperature

For the Mn-Ni system mentioned above, a transfdonatrom simple cubic (B2)
phase to FCT (Lg) phase occurs near the Mn-Ni equiatomic regiornwéier, Alvarezt
al.[24] have shown that for BjMngoFe alloy, when x is over 7, the FCT (§)1phase

becomes an FCC structure. Due to the similar ptigseof Co and Fe and their adjacent
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position in the periodic table, we may assume thia¢ expected martensitic
transformation is a possible FCC to BCC phase toamsition in Co-Mn-Ni alloys.

In addition, all of the alloys exhibit an irreveskd exothermic peak on the DSC
curve before the BCC-FCC transformation during fivet heating. One possible
explanation of the irreversible peak is that ithe ordering of some disordered domains
present after quenching. For a Mn-Ni alloy quencfiech 950°C, Adachi and Wayman
found that at room temperature it had an ordered B@ucture with c/a=0.95[23],
whereas when Mn is substituted by third elemeikts Fie and Co, the crystal symmetry
of the FCT lattice will change and the c/a ratidl wise to 1, which makes the phase
structure become disordered FCC. In that caseubpahing, the ordering may not be as
complete as in the case of slow cooling. Significgdifference in morphology between
guenching and slow cooling was also found by Adaghd Wayman. Instead of
producing typical martensite upon quenching, findiged morphologies with {111}
twins formed during slow cooling, which was consetkto be a “tempered” state due to
the internal defects and effective tempering tereupees. These may explain why the
exothermic peak does not appear during the secamdf each experiment at a slow
cooling rate of 5°C/minute.

To determine the effect of cold rolling on the sBimmation temperature of the
sample N§gCooMnyg, the original sample without cold rolling was atested with DSC.
The results showed that the transformation temperatshifted no more than 2°C, so we

can deduce that the reduced grain size does rettdfie transformation temperatures.
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Additional samples with higher Co contents werentinen in the DSC, and different
results were obtained from the previously discussatiples. No obvious peaks were
detected from the DSC curves during heating andirgpoThis means that with the

increasing Co content, the Martentsite/Austenaagtformation does not occur.

3.6.2 Thermal expansion test

Thermal expansion tests were also performed @gCNipMny44 samples with a size
of ®6x28mnt using a Gleeble 3500 in order to further inveségd the martensitic
transformation is a thermoelastic type transforamatil he results are shown in Fig.11.

Two different heating rates were used on the sankpéem Fig. 11, we can see there
is a significant change in diameter during the ingaprocess, suggesting an Austenitic
transformation; while during cooling, a less obwalange in diameter was found and it
is difficult to determine the Martensitic transfation from the cooling curves.
Furthermore, the temperatures of the effects obthin the dilatometry experiment are
different from those obtained from the DSC curwelich is due to a higher heating rate
being used in the Gleeble. For thermoelastic t@nsition, the transformation strain
change should be reversildléype anomalies in martensitic transformationsuagested
by Pushin V G [37]. However, from the results ilg.Fil we can observe an abnormal
behavior of the dilatometry: on heating the mata@agidly expands and then suddenly
drops back close to the original curve. The ratharmal expansion coefficient (CTE)

can be determined by linear fitting of the expan&iontraction curve and dividing the
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slope by the sample diameter, giving 1.7%XK0" for the 1°C/s heating curve and 3.3%10
K* for the 0.033°C/s heating curve. It can be seanttie dilation on the second run is
much higher than the first one, which implies agilale precipitation of a second phase
(FCT phase) during slow heating, similar to theripering” effect as discussed above. In
addition, no obvious reversible peaks can be daemce no thermoelastic transformation
was detected in our thermal expansion tests.

Therefore, a thermal compression test was performmegample No.8, as shown in
Fig. 12. From the strain vs. temperature graphcaveobserve an obviodgype anomaly,
which indicates that there could be a thermoelastansformation. Given that
NizCooMngqalready has two basic properties of shape memtwysalits shape memory
effect was also tested in the Gleeble. The sampke deformed 3% and unloaded, after
elastic recovery at room temperature it was hemte&D0°C at a heating rate of 1°C/s, as
shown in Fig. 12 a). The strain value was zer@ahr temperature prior to application of
the compressive stress. No significant recoverstiain in addition to thermal expansion
can be observed, so the shape memory effect wak tbhadistinguish in this case.
Therefore, 14% more deformation was applied ondhme sample, which was then
heated to 900°C with the same heating rate. Witeladeformation, significant thermal
expansion could be distinguished in Fig. 12 b). Eweer, after heating and cooling, the
deformation strain was not recovered since thenstkas unchanged, which means the
shape memory effect did not occur in this samplarddver, strange behavior is

observed on the heating curves in both cases.elhsdo be a combined strain and
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temperature effect since temperature does notragidty increase during this process,

and this may be due to a deformation twinning phesion.

3.7 Phase diagram evaluation

The present work provides us with some first-haxgeemental data on the
Co-Mn-Ni ternary alloy system. The experimentaluitssindicate that neither of the
existing phase diagrams is reliable. The isothersaaition of Co-Mn-Ni supposedly
corresponding to room temperature determined bytdfddoes not provide the heat
treatment details, leading to uncertainty as tactyxavhat the results represent. Whether
the samples were quenched or slowly cooled to reonperature is unknown. Therefore,
the isothermal section in Fig. 1b) is not convimgciMore work is needed in order to
establish convincing phase equilibria in the Co-Ninsystem to produce isothermal
sections at additional temperatures from the omeraened in this work.

We can use the CALPHAD method to obtain calculasmthermal sections of
Co-Mn-Ni alloys at different temperatures. As shawiFig. 13, Thermo-Caftsoftware
with the TCNI8 database was used for calculatidrGamMn-Ni isothermal sections.

From the computed phase diagram we can see the¢ghks are very different from
the experimental results especially at room tentpsra however, we can still see an
overall change from multiple phases at low tempeeato a large single phase region at
high temperature. In addition, a Nishizawa hornerehy FCC phase separates into

ferromagnetic and paramagnetic phases appears éetd@0°C and 800°C in the
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computed phase diagram, but without further expembal investigation we cannot
confirm its existence. Experiments to establisk tuuld be performed in a DSC with an

imposed magnetic field to measure Curie tempergf@e

4. Concluding remarks

Since the available phase diagrams for the Co-Mmsydtem are not reliable, the
phase equilibria, Curie temperatures and phasaftianations in the Co-Mn-Ni alloy
system were investigated. The following conclusicais be made:

(1) A partial isothermal section of the Co-Mn-Nisggm at 1000°C was established
in this work. For the alloys investigated, all saasp exhibit a single phase after
guenching from 1000°C. The current experimentalltesre in good agreement with the
corresponding calculated isothermal section usimgrifo-Calc® (TCNI8 database).

(2) The Curie temperatures were determined usircgrabined magnetic TG and
DSC method for Co-Mn-Ni samples with Mn contenthofmore than 30 at.%. The Curie
temperature of other samples appears to be belom temperature, which is out of
measurement range for our experimental apparatus.

(3) The Austenitic and Martensitic transformati@mperatures were determined
from DSC curves. The results show that the Mn agdnkas a major influence on the
Austenitic and Martensitic transformation temperasu The thermal expansion tests
indicated that the FCC-BCC phase transformatiora ithermoelastic transformation
whereas the shape memory effect was not observbe i@o-Mn-Ni alloys.
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(4) In the thermodynamically computed phase diagraanNishizawa horn where
FCC phase separates into ferromagnetic and parataghases appears between 500°C

and 800°C. Further investigation is needed to yeétsfexistence.
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Figure captions

Figure 1. a) Estimated liquidus projection of theKan-Ni system[27]; b) Experimental
isothermal section of Co-Mn-Ni at room temperatli4g] c) Computed isothermal
section of Co-Mn-Ni at room temperature[IBote that the diagram violates
Schreinemaker’s rule at thgphase corner of the 3-phase triangle).

Figure 2. The nominal atomic percent compositidrnthie Co-Mn-Ni alloys studied in
this work.

Figure 3. Optical microstructures of typical Co-Minalloys: Alloy 2 NigCo;0Mn7g: @)
as-cast structure; b) homogenized at 1000°C for @4¢old rolled by 30% followed by
1000°C annealing for 1h; Alloy 10 NCo33sMn34: d) as-cast structure; €) homogenized at
1000°C for 24h; f) cold rolled by 30% followed b@d0°C annealing for 1h; Alloy 21
NiscCasoMn,q: g) as-cast structuré) homogenized at 1000°C for 24hhomogenized at

1000°C for 72h

Figure 4. Isothermal section at 1000°C superimpasethe calculated diagram using
Thermo-Calc® (TCNI8 database).

Figure 5. XRD patterns of Co-Mn-Ni alloys after aahng at 1000°C for 24h.

Figure 6. XRD patterns from APS beam line for Co-Miralloys annealed at 1000°C:
No0.2-NigC010Mn7g, N0.3-NiEC030Mng3, N0.4-NEC0s0Mns3, NO.5-Nh7C040MN43,
NO0.6-NisC030MnN44, NO.7-NigC020MN44, NO.8-NiggC010MN44.

Figure 7. The TG-DSC vs. Temperature curves of $aapNo.19; b) No.20; c) No.21
and d) No.22 in a magnetic field.

Figure 8. The TG-DSC vs. Temperature curves of gampNo.15; b) No.16; c) No.17;

27



and d) No.18 in a magnetic field.

Figure 9. The TG-DSC vs. Temperature curves of éaajpNo.14, b) No.12, ¢) No.5in a
magnetic field and d) TG vs. Temperature curveaofigle No. 6 without magnetic field.
Figure 10. Heat flow curves of Co-Mn-Ni alloys:Ng.7 NiggC00Mn44; b) NO.8
Niz6C010MnN4g4; €) N0.9 NioC010Mnye.

Figure 11. Thermal expansion test: Temperatureilai@n curves of NjgCo0Mn44 at
different heating and cooling rates. a) First rufi°&/s; b) Second run at 0.033°C/s.
Figure 12. Temperature vs strain curve of No.g0loMny,: a) first run after 3%
deformation; b) second run after 17% deformation.

Figure 13. Computed isothermal sections for Co-Mrsyétem at different temperatures:

a) 25°C; b) 500°C; c) 600°C; d) 800°C using TherGale®.
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Tables

Table 1. Phases and structure data in Co-Mn-Nesgyst

Phase Label Published Phase LabFé?arson Space group

symbol

(Mn)rt a-Mn, B cl58 [-43m
(Mn)htl B-Mn, o cP20 P432

(Mn ht3,Co ht,Ni) v, a, y,CoyMn,Ni cF4 Fm-3m
(Mn) ht4 6Mn cl2 Im-3m

Y (Mn,Ni) (Co,Ni) cF4 Fm-3m

® (Co)rt hP2 Pgmmc

B2 MnNi ht2 cP2 Pm-3m

L1o MnNi htl tp4 P4/mmm
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Table 2. Nominal composition and amount of cold knarCo-Mn-Ni samples

Alloy nominal Nominal Composition at.'  Amount of cold
composition Ni Cc Mn work (%)
1 Ni7Ca20Mn7: 7 20 73 30
2 Ni2CCalOMn7( 20 10 70 30
3 Ni7Cc30Mn6: 7 30 63 30
4 Ni7Cc40Mn5: 7 40 53 30
5 Nil7Co40Mn4: 17 40 43 30
6 Ni26Ca30Mn4< 26 30 44 30
7 Ni36Ca20Mn4< 36 20 44 30
8 Ni46Cal0Mn4< 46 10 44 30
9 Ni5CCal10Mn4( 50 10 40 30
10 Ni33Ca33Mn3« 33 33 34 30
11 Ni15Cc55Mn3( 15 55 3C 0
12 Ni3CCa40Mn3( 30 40 30 0
13 Ni5CCa20Mn3( 5C 20 30 0
14 Ni70Mn3( 70 0 3C 0
15 Ni15Ca65Mn2( 15 65 20 0
16 Ni30Co50Mn2 3C 50 20 0
17 Ni50C0o30Mn2 5C 30 20 0
18 Ni7CCalOMn2( 70 10 20 0
19 Ni15Ca75Mn1( 15 75 1C 0
20 Ni3CCa60Mn1( 30 60 1C 0
21 Ni5CCc40Mn1( 5C 40 1C 0

22 Ni7CCa20Mn1( 7C 20 1C 0
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Table 3. Alloy compositions for Co-Mn-Ni alloys azaled at 1000C determined

using EDS

Alloy Nominal EDSresults at.2  Alloy Nominal EDS results at.?
No. composition Ni Ca Mn No. composition Ni Ca Mn
1 Ni7Co20Mn7: 7.7 228 695 13 Ni5CCa20Mn3( 49.¢ 20.z 29.€
2 Ni20ColOMn7( 20.7 10.1 69.z 14 Ni7CCcOOMNn3C 69.t 0 30t
3 Ni7Co30Mn6: 51 29.4 65t 15 NiltCa65Mn2( 14.€¢ 64.7 20.4
4 Ni7Co40Mn5. 7.1 39.E 53.Z 16 Ni30Co50Mn2i 29.¢ 49.¢ 20.z
5 Nil7Co40Mn4: 16.Z2 39.€ 44.1 17 Ni50Co30Mn2i 49.¢ 29.¢ 20.z
6 Ni26Co30Mn4. 25.Z 29.z 45. 18 Ni7CCalOMn2( 69.5 10.1 204
7 Ni36Co20Mn4. 35.¢ 18.2 45.t 19 NilECa75Mnl1C 14.7 74.¢ 10.
8 Ni46ColOMn4. 45.2 9.€ 451 2C Ni3CCc60Mnl1C 29.¢ 59.¢ 10.Z
11 Nil5Co55Mn3( 14.¢ 54.¢ 30.: 21 Ni5CCc40Mn1C 49.C 40.¢ 10.z
12 Ni3CCo40MNn3( 29.4 40.2 30.2 22 Ni7CCc20Mnl1C 69.2 20.4 10.
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Table 4. Lattice parameter of FCC alloys measunddis work

Alloy composition Lattice Parameter(A)

Ni20Co1oMn7g 3.6791
NizC0o30Mne3 3.6530
NizC0osoMns3 3.6401
NizeC010MnNyg4 3.6388
NizeC00MN44 3.6390
NizsC030MnNyq 3.6394
Ni17C0s0MnN43 3.6398
NisgC00Mn30 3.6072
NizoCosMn3o 3.6028

Ni15C055Mn30 3.5885
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Table 5. Summary of hardness tests in Co-Mn-Ni $asnpnnealed at 1000°C for 24h.

Average is for 7 measurements and STD is standas@tibn

1000°C/HV 1000°C/HV
Sample Sample

AVG. STD. AVG. STD.
Ni7Co20Mn7: 190.5 4.0 Ni30C040Mn3( 134.5 6.6
Ni20Co10Mn7! 189.1 3.0 Ni50C020Mn30 141.9 6.0
Ni7Co30Mn6: 180.8 7.8 Ni70Co00Mn30 146.6 5.0
Ni7Co40Mn5: 149 5.0 Ni15C065Mn20 118.4 2.6
Nil7Co40Mn4. 157 2.0 Ni30Co50Mn20 132.0 5.8
Ni26C0o30Mn4- 145 3.0 Ni50Co30Mn20 130.6 3.9
Ni36C020Mn4- 156.9 4.3 Ni70Co010Mn20 128.9 3.8
Ni46Co010Mn4- 157.9 54 Ni1l5Co75Mn10 118.3 8.6
Ni5CCa10Mn4( 160.3 5.0 Ni30Co60Mn10 122.9 4.5
Ni33Co33Mn34 146.1 4.1 Ni50C040Mn10 124.8 4.7
Ni15C055Mn30 129.9 3.9 Ni70Co020Mn10 128.0 4.1
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Table 6. The Austenite and Martensite transformmetigmnperatures in Co-Mn-Ni alloys.

Sample ACC) A(°C) My(°C) Mi(°C) Ay(°C) My(°C) AT*(°C)

No0.7 NksCooMnas 619 647 543 497 637 523 114
No0.8 NugCoroMna4s 607 645 543 491 637 521 116

N0.9 NoCogMns 635 666 593 563 660 578 82
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Highlights

* Apartial isothermal section of the Co-Mn-Ni systatrl000°C was established

* The Curie temperature was determined using a cadhimagnetic TG and DSC
method

* Austenitic and Martensitic transition temperaturesre determined from DSC
curves

* The FCC-BCC phase transformation is a thermoelgsiisformation

* The shape memory effect was not observed in th&IG-Ni alloys



