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Abstract
There have been extensive reports on the phaseadiaand magnetic properties of the
Al-Co-Ni system. However, a systematic investigatiof the Curie temperatures in this
alloy system is still lacking. In this work, the @itemperature in the fcc phase field of the
Al-Co-Ni alloy system was studied using a simultaume magnetic balance and differential
scanning calorimeter method. The Curie temperawoetour map was constructed
according to the measured results and an Expoi#&dtfating function using Originlab®
was obtained, which provides a useful tool for reating the Curie temperature in
Al-Co-Ni alloys. The experimental technique prowde novel method of detecting phase
transformations and precipitation based on analyzine heat effects and magnetic
behavior of the alloys in the presence or absefheenoagnetic field. Experimental results
from this technique provide the first evidencetfoe occurrence of a Nishizawa horn in this

system as predicted using Thermo-Calc®.
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1. Introduction

There is intense interest in the Al-Co-Ni alloy teys due to their functional and
structural properties, with potential applicatioegch as ferromagnetic shape memory
alloys (FSMA)[1-6], high-temperature structuralogh and catalysts[7,8]. Several studies
have been reported on the phase transformatiorcspstiuctural evolution and magnetic
properties in this system[3,4,9,10]. Phase equdlitvere established by various researchers,
including isothermal sections and liquidus projacti both experimentally and
computationally[7,11-15]. The wide applicability @fl-Co-Ni alloys depends on the
specific alloy composition and phases presentjrfstance, thgd phase ((Ni,Co)Al: B2)
that undergoes a thermoelastic martensitic transtton from B2 to L3 accounts for the
shape memory effect, which makes Al-Co-Ni alloysmpising as shape memory alloys
(SMA)[12,13,16]; the precipitation of from they matrix is the basis for high-temperature

structural alloys[7], whergis the Ni solid solution FCC austenite phase ghds an

intermetallic phase based onzAli which has an ordered FCC L &tructure. It is therefore
fundamentally important for alloy design to have gmod understanding of the
microstructure, phase transformation and precipitabehavior in this system. Fig. 1
shows the calculated isothermal section of the &INE system at 800°C using
Thermo-Calc® with the TCNI8 database. BCC_B2 regmées the disordere@ phase;
BCC_B2#2 represents the order@gphase; FCC_L12 is the ferromagnetiphase «;),

FCC_L12#2 is the ordered (Ni3zAl) phase and FCC_L12#3, is the paramagnefitase



(Yp)- In the Al-poor area, there are three main phases and . It can be seen that
Thermo-Calc® predicts the occurrence of a Nishizaaa which is an extension from the
binary Co-Al system. This results in a phase semsraf they phase into ferromagnetic
and paramagnetic components. It should be notedthieaisothermal section in Fig. 1
corresponds to a temperature close to the fourepimasriant reaction involving the two
phasesy’ and B phase[9]. This is the reason that the three-plfiat y,+ys +y' is very
narrow.

The Curie temperature (Tc) is essential informaf@mmmagnetic alloys, and is defined
as the critical temperature where the materialdatseferromagnetic property. Since it is a
second order transition, the Curie transition cardifficult to observe from a DSC curve.
On the other hand it is easy to measure Tc witibating sample magnetometer (VSM)[4]
or through a thermomagnetic analysis (TMA) meth@{[But for binary or ternary alloy
systems, it becomes complicated due to the existehenultiple phases and composition
variations with temperature. Thermogravimetry (TW@ere the mass of the sample is
measured vs. temperature provides no informatioa sdmple that neither loses nor gains
mass during the experiment. However, in the preseh@ constant applied magnetic field
TG becomes a very sensitive indicator of ferroméigrghenomena, due to the magnetic
force present in addition to gravitational forc&us, from the mass vs. temperature curve,
phase transformation and precipitation process lsanobserved and analyzed if a
ferromagnetic phase is involved. Several recentiypliphed papers discussed the
martensitic transformation in Al-Co-Ni and measur&d in a limited composition
range[4,18-20]. However, a systematic study of Gugie temperature in the Al-Co-Ni

system is still lacking. In this paper, we have sugad the Curie point of Al-Co-Ni samples



in the Al-poor region and provided analysis of thermogravimetric curves in the presence
of a magnetic field to provide insight into monitay phase transformations including the

Nishizawa horn and precipitation phenomena.

2. Experimental Procedures

In this study, a total of 19 alloys were prepargdalc melting elemental materials of
Al shot (99.99% purity), Ni shot (99.99% purity) dai€o pieces (99.99% purity). The
nominal compositions of the Al-Co-Ni alloy samplesed for the TG-DSC analysis and the
measured mass, under gravitational field onlyliated in Table 1. The alloy compositions
are in the range of (5-75) at.%Ni, (10-70) at.%@&uq (4-30) at.%Al, and are identified by
their respective atomic % compositions as showmainle 1, henceforth referred to as Ni
X-Y (X denotes the atomic percent of Co and Y is #tomic percent of Al). All samples
were homogenized at 1200°C for 24h after arc-mgltmorder to transform the as-cast
structure and reduce chemical inhomogeneity. Swlesdly, alloys No.1-14 were cold
rolled to reduce the grain size and further remolremical segregation. The remaining
alloys were too brittle to be cold rolled. All salepwere annealed at 1100°C or 1200°C for
24h to 94h under Ar protection, followed by quemghin water. In order to investigate the
microstructural evolution, lower temperature animgavas also performed at 800°C(168h),
600°C(336h) and 550°C(336h).

The thermo-magnetic analysis was performed on aifraddSetaram TG/DSC
SETSYS instrument with an external electromagnigicl applied[21]. In this way, it is
easy to control the magnetic field by adjusting ¢herent of the power supply and thereby

measure the Curie temperature of the alloys. Aftecing the sample in the TG balance the



balance was zeroed before turning on the magngdid. fWhen the magnetic field is
applied there is a downward force imposed on thepsg which manifests as a mass
change on the balance. The device is not a traditiGuoy or Faraday balance. Here we
are not trying to determine accurate magnetic gigukty data, only aiming to observe
relative changes in the magnetic moment within mm@a which are manifested as an
apparent change in mass. The Setaram TGA is atraleally balanced system so the
position of the sample in the magnetic field doesahange during any change in magnetic
susceptibility. The heating and cooling rate for etperiments was 5°C/min. Optical
microscopy, X-ray Diffraction (XRD) and ScanningeEtfron Microscopy (SEM) were used
to characterize the microstructure and phase clamagedifferent aging temperatures.
Thermo-Calc® with the TCNI8 database was used lirutae an isothermal section of the
alloy system corresponding to 800°C. OriginPro @&s used to construct the Curie

temperature contour map and to obtain the fittungetions.

3.Results

Seven typical TG-DSC results are discussed bel@ordmng to the Al content (at.%)
for alloys ranging from 4 at.% Al to 30 at.% Al. dvwthermal cycles were performed on
each sample to confirm reproducibility. The TG-D®Grves for all other alloys are

included in a supplementary data file (Fig. S6-S16)

3.1 4 at.%Al
Fig. 2 shows the TG and DSC heat flow curves vaptrature of the Ni 35-4 sample

in two thermal cycles. An obvious Curie transforimatoccurs during the heating and



cooling cycles. Note that the effects that can gige to an apparent mass change are
caused by three factors: the magnetic suscepyibilia phase; the amount of ferromagnetic
phase; phase composition, where the amount ofrfergoetic phase refers to the volume
fraction ofys phase in this work, while phase composition referthe concentration of Co,
Ni and Al in a phase. In Fig. 2a), during the ficstle, it can be seen from the TG curve
that at low temperature the sample remains ferrowtag with the apparent sample mass
remaining almost constant at 26mg until 650°C wtieneffective mass drops sharply to
zero, due to the Curie transformation from thedieragnetic to paramagnetic sample state.

On cooling from 1200°C, the reverse transformatibom paramagnetic to
ferromagnetic state was observed. However, theee déference between the first cycle
heating and cooling process. On cooling, the TGveuncreases slowly from zero,
beginning at 760°C, followed by a rapid increaseniraround 630°C. A possible
explanation is that according to the phase diagrathe Al-Co-Ni system, during cooling
from 760°C, a second phagg,precipitated from the matrix, changing the coifion and
the volume fraction of the phase. Thus, a continuously changing Curie tenyneravas
observed until the temperature reached 632°C.

The Curie transformation can be observed from ti&&heat flow curve, where a
small but still distinguishable peak occurs at &32h cooling, in good agreement with the
TG curve change.

For the presence of the peak at 760°C, if we apalye DSC heat flow curve, we can
propose a second hypothesis. Nishizawa[22] repatédrn-shaped two-phase region in
Co containing ferromagnetic binary alloys, indingtithe occurrence of ferromagnetic and

paramagnetic phase separation. In the presentticase might also be a Nishizawa horn



existing in the Al-Co-Ni system, as is predicteshgsthe Thermo-Calc® TCNI8 database
and shown in the isothermal section, Fig. 1. Howeteés phase separation has until now
never been verified experimentally. Looking at I8C curve, the peak at 760°C can be
explained by a phase separation correspondingNistazawa horn. The thermal effect is
larger than one would expect for a second ordesitian and there is another heat effect at
632°C that corresponds to the main Curie tempegatansition. Combined with the TG
data, it shows that this process is reversible #fie first heating cycle (Fig. 2b). The slow
change in apparent mass might be due to the tweepdgparation in the Nishizawa horn as
the narrow two-phase region traverses this allopmusition as a function of temperature.
The result would be that a small amount of ferronedig phase would form initially, the
amount of which increases with decreasing temperat@onsider an alloy composition
which is single-phase, (paramagnetiq phase), on decreasing the temperature the alloy
composition enters the two-phase fielg+y;, resulting in the formation ofy;
(ferromagneticy phase) within the paramagnetic phase. This isffasthn controlled
process since the two phase compositions are eifferThis transformation will be
indicated by an apparent mass increase dependinfpeommount ofy; formed. As the
temperature is lowered the phase fraction;ahcreases and the compositionypéhanges
resulting in a changing Curie temperature until th-phase field passes the alloy
composition. Since this is a diffusion controlldéidst order transformation there will be a
hysteresis between heating and cooling, as is thégperimentally observed. Once the
narrow two-phase region has passed, the alloy ageén becomes a single phase alloy
consisting ofy; on cooling andy, on heating. The microstructural observation of this

transformation is difficult as for any given allogmposition the two-phase region occupies



a narrow temperature window. However, our magneéilance technique offers indirect
evidence for the existence of the Nishizawa hormis Tlemonstrates that the combined
analysis of heat flow and thermogravimetry in a netg field can give us a clearer
understanding of the phase transformation behagdlioing thermal cycling involving
ferromagnetic phases.

For the second cycle, Fig. 2b), a similar resuls whserved with the difference from
Cycle 1 being with the first heating. The heatimg aooling TG curves are almost identical
in the second cycle. Neither of the curves hasaaps@urie transformation, instead a slow
apparent mass change was found between 634 an@,7€@filar to Cycle 1 cooling. This
temperature range also corresponds to the Therrfu®Qaediction for the Nishizawa horn
covering the Ni 35-4 composition from 600 to 720°Che slow apparent mass change
during second heating indicates a possible digsolutf the precipitate phase, which might
be due to the existence of the Nishizawa horn ssudsed above. The initial state of the
sample after quenching from 1100°C after homogeioizdor 24h, is single phase. As a
result, the apparent mass change is sharp durenfiiysh heating.

We have also used a different heating rate (10°@/iom alloy Ni 35-4 and compared
that with 5°C/min, as shown in supplementary Fig. Bhe results indicate a hysteresis in
the transformation, which suggests that it is &usdibnal transformation. Supplementary
Fig. S2 shows the TG-DSC curves of Ni 35-4 withaypplied magnetic field. It can be seen
that the buoyancy effect (the mass change causguadbgctive gas flow and turbulence in
the DSC during heating and cooling), causing a ghaf less than 1mg over 1200 degrees,
is negligible compared with the magnetic transiediect.

From the above results, the Curie temperature 0839Né could be determined from



the second heating cycle as 720°C.

3.2 10 at.%Al

When the Al content is increased to 10 at.%, asveha Fig. 3, the TG-DSC curves
indicate a more complicated Curie transformatione Ticrostructure of Ni 40-10 at the
beginning of the first heating cycle is singlphase. The two cycles exhibit similar curves
in shape. From both curves, the characteristic eCtransformation temperature during
heating is about 40°C higher than that during eapliThis is likely because on heating the
v phase has a low Al content dueytprecipitates being present, so the Curie tempegas
higher. While on cooling, the precipitation staatsund 781°C. Therefore, the Al content in
v phase is higher, hence the lower Curie temperature

Steps are present on the TG curves on both cybl@geea670°C. On cooling there is a
slow increase in apparent mass on the TG curvesaitmuly a gradual increase in the
magnetic susceptibility or quantity of ferromagngthase starting from 783°C. As shown
in supplementary Fig. S3, when annealing at 60@fi€;ontinuous precipitation of is
observed. Based on the previous discussion, orelg@season that could account for the
presence of the step might be due to the predmitaif they’ phase which depletes the
composition of the Al in the matrix in that region. As a result of this, thematrix
composition changes, increasing the fraction ofofeagneticy phase or magnetic
susceptibility of the sample correspondingly. Theating curve is consistent with the
reverse process. The two small peaks that appetieoDSC curves during both heating
and cooling processes correspond to the Curieftnanations. Based on this result we can

establish they’ solvus temperature for this alloy as 782°C, whiabrees with the



experimental phase diagram results[9] as well asmb-Calc® predictions.
Ni70-10:

In Fig. 4, when the Co content increases to 70,ah® curves become simpler. The
starting microstructure of Ni 70-10 is singlephase after quenching from 1200°C. From
the TG curves, it can be seen that there is liiffierence between the heating and cooling
processes for both cycles. The Curie transformasiquuite sharp at around 780°C without
any steps compared with the previous Ni 40-10 samphich suggests that this is a
single-phase magnetic transformation. The effectivass change resulting from the
ferromagnetic transformation is very reproducilidoth cycles, indicating that the amount
and composition of the ferromagnetic phase is iyred.

Examining the DSC curves, two more peaks were falumthg heating and cooling
for both cycles, at around 660°C and 590°C, resgegt The peaks indicate a dissolution
and precipitation of second phase occurring belogv Curie temperature, which is not
reflected on the TG curves. The optical microstieess in Fig. 12 of our prior publication
[9] confirm the occurrence of discontinuous preteifion at low temperature (600°C). Due
to the high Co content, the Curie temperaturegidi than the’ solvus temperature which
we determine from the DSC heating curve to be 6641@ in this case the precipitation

phenomenon has no effect on the observed Curieciaiype.

3.3 15 at.%Al
When Al content is increased to 15 at.%, Ni 10-E#. 5, the two curves for both
cycles show that the Curie transformation tempeeatis significantly lower, at a

temperature of about 320°C, than for the lower @um content samples discussed
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previously. This is expected as addition of Al ither Co or Ni produces a rapid decrease
in Curie temperatures as can be seen from theybptase diagrams[23]. There are small
peaks on the DSC curves on cooling correspondinbedCurie temperature, which in the
absence of the TG signal could be missed. For theldrves, on Cycle 1, there is a large
temperature difference between the Curie transfooman heating and cooling, with the
transition on heating being 100°C lower than onliogo This suggests that a composition
change occurs for the ferromagnetic phase dueetoyttling. At the end of the first cooling
cycle, the apparent sample mass is 6 mg higherah#re beginning of the heating stage.
This could be the result of either an increased nmeag susceptibility because of a
compositional difference or a larger volume fractaf the ferromagnetic phase. For Cycle
2, the TG curves during the heating and cooling@sses are quite similar, with the drop
on heating occurring at a slightly higher tempeamathan on cooling.

The reason for the large Curie temperature difiezdretween heating and cooling on
Cycle 1 might be due to the precipitationydfphase out of the matrix since the nominal
sample composition falls into a+y" two-phase region below about 800°C. This would
increase the Co composition of tihgphase after heating up to 880°C and cooling back
down compared with the starting as-quenched cortippsiThis also explains the mass
change after the first cooling cycle resulting framincrease in magnetic susceptibility due

to the phase composition change inthhase.

3.4 20 at.%Al
Fig. 6 shows the result for Ni 40-20, the samplataming 20 at.%Al. Only peaks

corresponding to the Curie transformation tempeestican be found on the heat flow
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curves during both cycles. The starting microstrtetof Ni 40-20 consists of and
phases after quenching from the homogenization ¢empre. Examining the TG curves,
for the first cycle, the curve was found to havarge magnetic force increase at the end of
the cooling process compared with the value atlibginning of heating. The initial
apparent mass is only 10mg, while after cooling rmulting apparent mass increased to
32mg. The increase in TG can be due to two poss#aleons: an increase in the magnetic
susceptibility if there is a change in the compositof the ferromagnetic phase; or an
increased amount of ferromagnetic phase. Whildis ¢ase the increase in TG should be
due to an increase in the amount of the ferromagpéikse. This is why we performed a
second thermal cycle for verification of the revaidy of the samples’ thermal behavior.
For Cycle 2, it becomes easier to observe a veayps@urie transformation between 670
and 700°C with a 30°C lag between the heating aadirg processes. It is also noticeable
that the low temperature segment curve is not asdb in the first three samples as
discussed above with lower Al contents. From thasphdiagram, the sample composition
of Ni 40-20 falls into ay+p two-phase region. Moreover, from supplementary By, it
could be seen that when aging at lower temperd&08°C), the decrease in solubility
results in simultaneous precipitation in bgtndp phases. The precipitation pffrom
accounts for an increasing amount of the ferromaégmEhase and thus increases total
apparent mass below the Curie temperature. Therefioe TG behavior can be explained
as the gradual precipitation and compositional gbaof the ferromagnetig phase that
precipitates from th@ matrix on lowering the temperature. In additidre hysteresis in the

Curie temperature curve is consistent with a diffoal process such as precipitation.
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3.525 at.%Al

When the Al content is increased to 25at.%, Ni 85tBe sample composition falls in
the y+p two-phase area at the homogenization temperafut@®°C and enters @a-p+y’
three-phase area at temperatures lower than 80P°Tj8 TG-DSC results are shown in
Fig. 7. For the heating TG curves, there is a ldifference between the two thermal cycles.
For Cycle 1, an apparent mass increase occurs &ettlue initial state corresponding to the
sample quenched from 1100°C and the end of theingpbgirocess, suggesting that
additional magnetic phase precipitated from therisnauring the first heating and cooling
cycle. There is an interesting phenomenon on tis¢ Feating curve between 560 and
650°C. The TG curve first decreases on heatinggf G, then rises until 650°C and then
drops to 0 mg at 700°C. The reason for the firstese might be due to the relatively low
Curie temperature of the ferromagnetic phase ptes#er quenching since the sample
composition has low Co content and high Al amoés.a result, at temperatures higher
than 500°C, the Curie transformation started, desng the TG value. Meanwhile,
combining the microstructure changes as describedqusly[9], as the temperature rises,
additional y’ phase precipitates out, resulting in a Co contectease in the phase
composition. From the TG curve, we could estimhtetemperature at which a significant
change in thg phase composition takes place to be around 564°C.

During the second cycle, the curve becomes simatéra higher Curie transformation
temperature on heating than on cooling. The coofiegments in Cycle 1 and 2 are
identical. Between RT (room temperature) and 65@i€e is a gradual decrease in
magnetic force on heating for Cycle 2 before trerghirop at the Curie temperature. There

is a notable exothermic peak on the heat flow corvéeating around 350°C which is only

13



present in Cycle 1. A small decrease on the TGecaorresponding to the effect at 350°C
was also observed. This implies that there is @versible transformation occurring since
it is not present on the second cycle. The largep dn TG between 450 and 564°C is
accompanied by a broad exothermic effect on tls fieating cycle when compared with
the second, consistent with a precipitation phemmmeThe small peaks above 1000°C on
the DSC curves indicate a possible heat effectexthby the movement of the- phase

field boundaries at high temperatures.

3.6 30 at.%Al

Finally, for Al content of 30 at.%, Ni 50-30, thesults are shown in Fig. 8. The
starting microstructure of Ni 50-30 is single phfis& can be seen from the TG curve that
a similar trend was found as that in sample Ni @0f2g. 6. The first heating process in
Cycle 1 results in a decrease in the apparent atassar room temperature, but not to zero,
followed by gradual increase up to around 650°@ntla rapid increase and finally a
decrease to zero. In Cycle 1, a significant apfaress increase was observed after first
cooling compared with the initial state of the s&n@his indicates the appearance of
newly precipitated magnetic phase since the two high-Al samples both fall itey+3
two-phase region below 1100°C. The microstructimeRef.[9] show that on cooling, due
to a decrease in solubility, the needle-shape pitation ofy from § phase starts to appear
at 800°C and continues to grow at 550°C. In thisda some interesting phenomena occur
on the DSC curves. Apart from the two peaks at 68&Ad 704°C on Cycle 1 (similar
position on Cycle 2), which indicate the Curie sfammation temperature on the cooling

and heating segments, additional small peaks wesereed at higher temperatures on both
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cycles. The peak at 1054°C on the first heatindecig likely due to the dissolution gf
phase. During cooling, the peak appearing at 10di8iitates the precipitation of the

phase.

4.Discussion
4.1 Curie temperature summary

From the results above, the Curie temperature headnial behavior of the samples
were investigated after two cycles of heating anaoling. As can be seen, for some of the
samples, there are significant differences on t@ectlirves between Cycle 1 and Cycle 2
due to the initial super-saturation of samples nas-quenched state. Therefore, it is
reasonable to determine the Curie temperatures tharheating and cooling curves on
Cycle 2.

All of the original TG data were obtained and amaty in a wavelet analysis method
using Python code[21]. The Curie temperature wasnaatically found as the temperature
where the apparent sample mass reached zero dilmngecond heating and cooling
process. These data were compared with data obt&iom standard magnetic reference
samples including pure Ni, pure Fe, pure Co andn&luwith the same testing conditions
and mean and standard deviations were calculatethé Curie temperature. The final
analyzed results are shown in Table 2. In previoysiblished worK24], for alloy
Co37Ni35AI28 annealed at 1373K, a Tc of 1055K wamfl for they phase. Among the
samples investigated in our work, the sample witisest composition is Ni30C040AI30,
with a Tc of 741°C (1014K), which is slightly lowehan that in the prior work. The

difference lies in two aspects: 1) the differentoamt of y phase in these two slightly
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different compositions; 2) the higher Co amount dmder Al amount, making the Tc
slightly higher than that in Ni30C040AI30. The rktsn the current work therefore agrees
well with the prior data.

Multiple phases might exist in the alloys but theeasured Curie temperatures
correspond only to the ferromagneticphase. As a result, a ternary Curie temperature
contour plot for the phase was constructed, as shown in Fig. 9. Thghgrshow the Curie
temperature change as a function of fhphase composition. The Curie temperature of
pure Co is 1124°C and that of pure Ni is 349°C.réfage, a general descending trend of
the Curie temperature can be observed, starting tree high-Co, low-Al end gradually
down to the low-Co, high-Al end. It can also berstet there is a plateau appearing at the
high to mid Co content region. The measured Cumeperature plot agrees well with the
Al-Co-Ni phase diagram, suggesting that sample& Wwigh Co, low Al content exhibit
higher Curie temperatures due to the location efdimgley phase area. As Co content
decreases and Al increases, the sample composiaingto the p+y two-phase region,
resulting in a gradual change of the Curie tempeeatand with decreasing Co, the
appearance of phase leads to a sharp drop in the Curie temperat

The temperature contour map provides a tool fodiptimg the Curie temperature in
the Al-Co-Ni system. From the plot, a nonlinearface fitting was made using the
Exponential2D model[25] using a Levenberg-Marquétetation algorithm[26]. The fitted
result for the Curie temperatuzgin Kelvin, is shown below:

z= 1385 - 1273*exp/178)*exp(y/46) (1)

Wherex andy are the Ni and Co compositions in atomic %, rethpely. The constants

are generated from the fitting results. From this possible to predict the estimated Curie
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temperatures in the phase in the Al-Co-Ni system at a given alloy cosifion. We
estimate the error between the fit and measurette Gamperatures to be within 3%. For
example, for a given alloy Ni 40-28:40,y=40; from the above equationis calculated to

be 959K (686°C), close to the experimental valu€ahble 2, 992K (719-12°C).

In order to investigate the TG behavior as a fumctdf phase fractions and alloy
compositions, the mass (TG) increase effect is slspmarized and listed in Table 2. This
is calculated by comparing the apparent mass iseréathe applied magnetic field with
the initial sample mass without applied magnegtdii A ternary contour plot was obtained,
and is shown in supplementary Fig. S5, superimpazedthe previously published
Al-Co-Ni 1100°C isothermal section[9] for compamsdrhe TG effect varies in different
phase regions due to the difference in phase @ra@nd magnetic susceptibility of the
phases. There are three maxima of the mass incoaseved at: Ni-50Co, Ni 22-20 and
Ni 50-30. There is no simple model to predict thparent mass change since it depends on
the fraction and composition of the ferromagnetlage both of which change with
temperature and indeed, with heating and coolingsravhen diffusional transformations
occur. The change in TG effect qualitatively reffethe differences in phase fractions and
alloy compositions, which are the two major factaffecting the apparent mass change in
the magnetic field. Near Ni-50Co, the sample hdsgher magnetic field induced mass
increase as the sample contains no Al. For sanmglasNi 22-20, the TG increase reaches
a local maximum due to a higher amount of Co eldraady phase; also np phase exists
in this region. In the Ni 50-30 region, althougle sample contains a higher content of Co,
the sample is located in thep two-phase region; the existencegihase prevents the TG

from increasing further. It should be noted thatfa TG increase effects were calculated
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using the mass change from the second thermal dgclerder to ensure good data
repeatability. The superimposed isothermal seasoonly a guide for locating the phase
regions. Despite this limitation, the observed Téhdwior is in good agreement with the
phase diagram and the ternary contour map can d&oai good estimation of the TG

increase effect in the Al-Co-Ni alloy system.

4.2 Existence of the Nishizawa horn

Although the existence of a Nishizawa horn in the€CA-Ni system has been predicted
using Thermo-Calc® with the TCNI8 database, no drmpental observations have been
reported. Fig. 10 shows two calculated verticatieas of Al-Co-Ni alloy system with 4 at.%
and 10 at.% Al, respectively, computed using The@atc®, and the phase areas are
labeled correspondingly. The estimated secondamyneta ordering (Curie) temperature
line based on the fitting model in Sectidri and the position of the Nishizawa horn is
indicated on Fig. 10 a). The Curie temperaturer gftease separation is given by the two,
three or four phase boundaries that includeyfipbase. The vertical section gives a more
straightforward description of the phase transfdrong in Al-Co-Ni alloys as a function of
temperature. At 4 at.% Al content, the miscibilifgp betweern, andy; forms ahorn shape
with increasing Co content. The 800°C boundary amsitpns can be located on the
calculated isothermal section for additional pecsipe, in particular the orientation of tie
lines which are not in the plane of the verticatt®a. Moreover, no other phases exist
above they, phase boundary. As a result, the Nishizawa honrbesobserved directly from
the isothermal section at 800°C. While at 10 at.9% thAere is a four-phase invariant

reaction B+y,—vy'+y; that occurs just above 800°C, illustrating the gehadransitions
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including the Nishizawa horn, as has been desci@evhere[9]. Therefore, thyg andys
two-phase region at 800°C is extremely small anttéean not be seen on the isothermal
section.

Although the vertical sections indicate the phgzesent at any temperature they do
not indicate the phase compositions since tie limag not be in the plane of the vertical
section. Nevertheless we can use such a sectioalpounderstand the behavior of an alloy
during the thermal cycling in the magnetic TG-DS(®eariment. The alloy Ni 40-10 shows
a main Curie temperature effect at about 675°C taed a gradual decrease in the TG
signal to zero at 781°C. The vertical section iaths that on heating the decrease in
amount of ferromagnetic phase begins at 649°C lagwl is completed at 699°C. Although
the upper temperature is in poor agreement withettieeriment the overall behavior is
consistent with a gradual change in the ferromagnebase amount as indicated by
increasing the temperature through the three-phagien on the vertical section. The Ni
70-10 alloy has a single Curie temperature aro@C and this is consistent with the
prediction of the vertical section that on heatorgcooling the alloy goes through the
four-phase reaction at about 800°C so that thestoamation from ferromagnetic to
paramagnetic occurs at a single temperature oryanarow temperature range. From our
experiments the transformation is close to 800°@icating good agreement with the
Thermo-Calc® prediction.

In addition to the results for the Ni 40-10 allttye gradual change in the TG curve in
a magnetic field for Ni 35-4 can also be interpde#is due to the existence of a two-phase,
ferromagnetic-paramagnetic region, i.e. the Nisk&ahorn. In order to verify this

assumption, we synthesized two additional alloy as) Ni 45-4 and Ni 25-4. The
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compositions were chosen according to our calcdldieermo-Calc® results, where the
horn goes from the high-Co end with decreasing sgatpre from 800 to 600°C. The Curie
transformation temperature (or temperature rangdefgradual change in the TG curve)
should decrease from Ni 45-4 to Ni 25-4. Fig. 1avehthe TG and DSC curves of Ni 45-4
and Ni 25-4, which are very similar to Ni 35-4. fing. 11, for Ni 45-4, there is a slow
apparent mass change observed between 728 to §C8Ue 2); while this temperature
range decreased to 655~730°C for Ni 35-4 (Cycle(RRy. 2) and further down to
558~643°C (Cycle 2) for Ni 25-4. These results agnell with our original assumption
that the slow change in TG curve is due to thetemee of the Nishizawa horn, which leads
to a ferromagnetic and paramagnetic two-phase agparin they phase. Since the
transformation is diffusion controlled one wouldpekt that there will be some hysteresis
between heating and cooling and this is observe@lfd3 alloys. The hysteresis effect is
also observed when the scan rate is changed ansh@upplementary Fig. S1. This is the
first time that experimental evidence has beeneprtesl indicating the existence of a
Nishizawa horn in the Al-Co-Ni system supporting tprediction using Thermo-Calc®

[9,22].

5. Summary and Conclusions

The Curie temperature in the Al-Co-Ni alloy systeras measured using a combined
magnetic TG and DSC method. This method providpsveerful technique for detecting
phase transformations and precipitation throughrnbemagnetically analyzing the
behavior of alloys in which at least one phasesisoinagnetic. We generated a nonlinear

surface fitting function of the measured Curie tenapures based on the Exponential2D
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model. The function is helpful for the predictiohQ@urie temperature of thephase in the
Al-Co-Ni alloy system. The following conclusionsrche made:

1) From the contour map, the Curie temperatureedses from high Co, low Al
compositions to low Co, high Al compositions pagsihrough a sloping plateau at mid Co
content.

2) The present results provide the first experirmleavidence for the occurrence of a

Nishizawa horn in the Al-Co-Ni system as prediatsthg Thermo-Calc®.
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Figure captions

Figure 1. Calculated isothermal section of Al-Co-&i 800°C (Thermo-Calc®, TCNI8

database, see text for explanation of legend).

Figure 2. The TG-DSC vs.
Figure 3. The TG-DSC vs.
Figure 4. The TG-DSC vs.
Figure 5. The TG-DSC vs.
Figure 6. The TG-DSC vs.
Figure 7. The TG-DSC vs.
Figure 8. The TG-DSC vs.

Figure 9. The Curie temperature contour. a) 3-Dagr Curie temperature graph; b) ternary

contour projection.

Figure 10. Calculated vertical sections of Al-Codlloys with a) 4 at.% Al and b) 10 at.%

Al using Thermo-Calc®.

Temperature curve for d3a) Cyclel and b) Cycle2.
Temperature curves fodNLLO: a) Cyclel and b) Cycle2.
Temperature curve for NilD: a) Cyclel and b) Cycle2.
Temperature curves fotNLL5: a) Cyclel and b) Cycle2.
Temperature curves fofNRO: a) Cyclel and b) Cycle2.
Temperature curves fa23NR5: a) Cyclel and b) Cycle2.

Temperature curves fdsNBO: a) Cyclel and b) Cycle2.

Figure 11. The TG-DSC vs. Temperature curves fodias-4 and b) Ni 25-4.
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Tables

Table 1. Nominal composition and initial mass of@d-Ni samples*

Nominal Composition at.%

Alloy ID. N o Al Sample Mass (mg)
1 Ni61Co35Al4 61 35 4 186
2 Ni50C040AI10 50 40 10 272
3 Ni40Co50AI10 40 50 10 173
4 Ni30Co060AI10 30 60 10 183
5 Ni20Co70AI10 20 70 10 190
6 Ni39C049AI12 39 49 12 150
7 Ni75C0l10AI15 75 10 15 124
8 Ni58Co022AI120 58 22 20 128
9 Ni50C030AI20 50 30 20 180
10 Ni40Co040AI20 40 40 20 172
11 Ni30Co050AI20 30 50 20 218
12 Ni20Co060AI20 20 60 20 167
13 Ni65C010AI25 65 10 25 166
14 Ni50C025AI125 50 25 25 135
15 Ni5Co70AI25 5 70 25 174
16 Ni50C020AI30 50 20 30 135
17 Ni40Co030AI30 40 30 30 81
18 Ni30C040AI30 30 40 30 129
19 Ni20C050AI30 20 50 30 188

*Alloys 1 through 14 were ductile and could be cold rolled. Alloys 15 through 19 were too
brittle for cold rolling.
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Table 2. Curie temperatures and standard deviatibtiee samples

Analyzed Curie  Standard Sample Apparent Mass
Sample Material Temperature Deviation Mass Mass increase
(°C) (°C) (mg)®  increase (mg) effec
Ni61Co035Al4 714 8 186 28 15.05%
Ni50C040AI10 694 15 272 43.5 15.99%
Ni40Co50AI10 721 16 173 23 13.29%
Ni30Co060AI10 739 5 183 28 15.30%
Ni20Co70AI10 799 0 190 26 13.68%
Ni39C049AI12 755 14 150 28 18.67%
Ni75C010AI15 333 1 124 30 24.19%
Ni58C022AI120 694 11 128 35 27.34%
Ni50C030AI20 716 13 180 41 22.78%
Ni40Co040AI20 719 12 172 325 18.90%
Ni30Co050AI20 724 13 218 29 13.30%
Ni20Co060AI20 718 2 167 21.3 12.75%
Ni50C025AI125 722 14 135 18 13.33%
Ni5Co70AI25 792 41 174 36 20.69%
Ni40Co030AI30 695 13 81 7.8 9.63%
Ni30C040AI30 741 11 129 9 6.98%
Ni20C050AI30 729 14 188 45 23.94%
Ni50C050 873 1 173 40 23.12%
Pure Co 1124* -- - - -
Pure Ni 349* -- - - -

*: data from literature [27]
a) No magnetic field
b) Magnetic field applied
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Highlights

The Curie temperature in Al-Co-Ni system was measured using combined

TG-DSC method

* A fitting function was proposed for estimating Curie temperature in Al-Co-Ni
aloys

* Thistechnique provides a novel method of detecting phase transformations

*  Experimenta results provide the first evidence for Nishizawa horn in this system



