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Effect of melt superheat on microstructure of Al4Fe2Mn1.5 Monel alloy
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Abstract: The effect of melt superheat on microstructure of Al4Fe2Mn1.5 Monel alloy made by vacuum melting method was studied.
The results show that the alloy consists of dendritic y matrix and y’ phase, wherein y" phase has two morphologies at different melt

superheat. One is divorced eutectic y’ which distributes in the interdendritic area, the other distributes dispersedly in single particle on
the dendritic arm and exists in the petalform shape in the transition area between dendritic arm and interdendritic area. With the
increase of superheat, the dendrite becomes finer, the primary dendritic arm is melted off and the secondary dendritic arm spacing
decreases. The size of y’ phase distributed on the dendritic arm becomes smaller and the divorced eutectic y' phase increases.
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1 Introduction

Monel alloy is a nickel based Ni-Cu alloy with 70%
Ni and 30% Cu (mass fraction)[1]. Al addition into
Ni-Cu alloy can improve its strength and corrosion
resistance[2]. The Monel alloy containing Al is widely
used as structural parts[3—5] in the circumstances of sea
water, acid, alkali and salt due to its excellent corrosion
resistance and high strength. For example, it is often used
as pumping rods and oil-well instruments in the
petroleum and gas industry and the important
components of pipeline used in ship in the shipbuilding
industry[6—7]. Besides, it is also used as the scalpel in
surgical operations and electron components in
electronic industry[8].

Recently, most investigations of Monel alloy with
Al addition are focused on the heat treatment[6, 9—13].
Few are studied on the effect of melting process on
microstructure of this alloy. Both the size of dendrite and
the percentage of precipitated y’ phase intensively depend
on melting process and solidification process. In fact, the
melting temperature represents melt superheat, which has
a great effect on liquid structure, as-cast microstructure
and combination of properties of the alloy. In the present
investigation, the effect of melt superheat on the
microstructure of Al4Fe2Mnl.5 alloy is studied and the

goal is to improve as-cast microstructure and properties
of the alloy by adjusting the melt superheat.

2 Experimental

The composition of Al4Fe2Mnl.5 Monel alloy is
listed in Table 1. The NiCu60Mn3Fe4Al8 was used as
the master alloy in the experiment. The four kinds of
alloys were prepared in the ZRS—18Q computer
controlled vacuum sintering furnace. After the raw
material was melted, it was held for 60 min with
different superheating of 50, 100, 150 and 200 ‘C, and
then cooled in the furnace. The samples were cut from
the four cast ingots on the same location. The etching
agent was 20 g CuSO,+ 100 mL HCI + 5 mL H,SO,+ 80
mL H,O. The microstructure was analyzed by
OLYMPUS vertical optical microscope, JEM—-3010
transmission electron microscope, XRD—-7000S X-ray
diffraction instrument, JSM—6700F scanning electron
microscope and Oxford INCA energy spectrometer.

Table 1 Nominal chemical composition of Al4Fe2Mnl.5
Monel alloy (mass fraction, %)

Cu Mn Fe Al Ni

30 1.5 2 4 Bal.
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3 Results

3.1 Microstructure of Al4Fe2Mn1.5 Monel alloy

The test samples made with different superheat
were studied by OM, SEM, EDS, XRD and TEM. The
results show that Al4Fe2Mn1.5 Monel alloy consists of y
matrix and y phase. Fig.l shows XRD pattern of
Al4Fe2Mnl.5 Monel alloy with melt superheat of
200 C.
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Fig.1 XRD pattern of Al4Fe2Mnl.5 Monel alloy with melt

superheat of 200 'C

The y matrix is Ni-Cu solid solution which contains
some fractions of Mn, Fe and Al elements (as listed in
Table 2). In the as-cast state, the morphology of y matrix
exists in dendrite, as seen in Fig.2.

From the diffraction pattern (as shown in Fig.3 and
Fig.4), the calculated results show that y’ phase is Ni;Al

Table 2 EDS results of dendritic y matrix

Element Mass fraction/% Mole fraction/%
Cu 22.84 20.65
Mn 0.42 0.44
Fe 2.51 2.58
Al 3.22 6.85
Ni 71.01 69.48

Fig.3 TEM image and diffraction pattern of zone axis [001] of
y’ on dendritic arm and in transition area between dendritic arm
and interdendritic area

intermetallic compound, which has two morphologies.
One distributes dispersedly as single particle on dendritic
arms and in petalform shape in the transition areas
between dendritic arms and interdendritic areas (as
indicated in zone B and C in Fig.5 and Fig.3). From the
diffraction pattern shown in Fig.3, )’ phase has
superlattice structure. It is the diffraction pattern of [001]
zone axis and the diffraction pattern is stack of y' phase
and y solid solution. In addition, the relationship between
y' phase and y matrix is in absolute coherence. The other
is divorced plateform eutectic y’ which distributes in the
interdendritic areas (as shown in zone A in Fig.5 and
Fig.4). Fig.4 shows the diffraction pattern of [012] zone
axis of y’ phase. Besides, the molar ratio of Ni to Al is
approximately 3 (as listed in Table 3). It is further
verified that the phase is confirmed to be y’ phase. The
phase exists in the plateform and there is no coexistence
between two phases. It is indicated that during the
solidification, as there is more primary y phase and fewer
liquid, the y phase in the eutectic is combined with
primary y phase and pushes ' phase to the interdendritic
area, thus forming divorced eutectic completely.
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Fig.4 TEM image and diffraction pattern of zone axis [012] of
divorced eutectic y’ in interdendritic area

(a)

Fig.5 SEM micrograph of Al4Fe2Mn1.5 Monel alloy with melt
superheat of 200 'C

Table 3 EDS results of devoiced eutectic y’ in interdendritic

area
Element Mass fraction/% Mole fraction/%

Al 15.61 28.69

Ni 84.39 71.31

3.2 Effect of melt superheat on microstructure of

Al4Fe2Mn1.5 Monel alloy

Fig.6 shows the dendritic morphologies of y matrix
at different melt superheat. When the melt superheat is
50 °C, the dendrite is coarse. As the melt superheat
increases, it becomes finer and the primary dendrite arms
are melted off gradually. The secondary dendrite arm
spacing(SDAS) at different melt superheat is shown in

(b)

Fig.6 Dendritic morphologies of Al4Fe2Mn1.5 Monel alloy at different melt superheat: (a) 50 °C; (b) 100 °C; (c) 150 C; (d) 200 ‘C
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Fig.7. It can be seen that the SDAS becomes finer with
increasing melt superheat.

Fig.8 shows the morphologies of eutectic y’ phase at
different melt superheat. The area ratios of eutectic y’
phase at corresponding melt superheat that were
calculated by Digital Micrograph software are shown in
Fig.9. From these two figures, it can be got that with the
increase of melt superheat, the fraction of divorced
eutectic ' phase increases.

Fig.10 and Fig.11 show the morphologies and
average diameters of )’ phase at different melt superheat,
respectively. It can be seen that the average diameter of )’
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Fig.7 Secondary dendrite arm spacing of Al4Fe2Mn1.5 Monel
alloy at different melt superheat

phase gradually becomes finer with the increase of melt
superheat.

4 Discussion

Diffusion coefficient is one of the important
physical properties in liquid metal and alloy, which has
an obvious effect on the distribution of elements, crystal
growth rate and segregation in solidification process. The
factors influencing the diffusion coefficient are
temperature and composition. In the present investigation,
the main factor is temperature[14] due to a constant
composition. The relationship between diffusion
coefficient and temperature can be expressed as
exponential law by many theoretical studies and
experiments:

D" = Dg exp[ _RETD j

D* =
( 1 ) € 4 1 )
Wwhere —i@eﬂ-ﬁs the self-diffusion coefficient;
D, _is the _

—c-Constant; Ep is the) tQé)
—Bdiffusion activatjpn energy.
D

From the formula, it can be deduced that the self-
diffusion coefficient increases with increasing melt
superheat. In the experiments, Al atom exists as a big
irreversible Ni;Al-like intermediate ordered atom cluster
with low melt superheat[15]. At the same time the
diffusion coefficient of Al is small, which restricts the
diffusion rate of Al atom in the melt. When the alloy
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Fig.8 Morphologies of y’ phase in divorced eutectic of Al4Fe2Mn1.5 Monel alloy at different melt superheat: (a) 50 ‘C; (b) 100 C;
(c) 150 C; (d) 200 C
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Fig.9 Area ratios of divorced eutectic y’ phase at different melt
superheat

solidifies, the impelling velocity of solid/liquid interface
is larger than the diffusion velocity of Al atom, and Al
atom cluster can be trapped by solid/liquid interface.
Thereby it restricts the diffusion of Al atom into
interdendritic area. However, Al is the important element
to form eutectic ' phase. Subsequently, the volume
fraction of eutectic y' phase is less in the fully solidified
structure at low melt superheat. However, with
increasing melt superheat, the cluster will decrease and
disappear. Meanwhile, the alloy becomes uniform. Al
atom has larger diffusion coefficient and velocity in the

liquid. During solidification, the diffusion velocity of Al
atom is faster than the moving velocity of solid/liquid
surface, and makes the Al atom migrate to the
interdendritic area, leading to the increase of the fraction
of eutectic y’ phase in the interdendritic area (as shown in
Fig.8 and Fig.9).

On the other hand, undercooling increases with
increasing melt temperature[16], i.e;—. the irreversible
atom cluster and the average size of atom group in the
alloy become smaller, and even disappear with
increasing temperature, thus decreasing the number of
inhomogeneous nucleation sites and increasing the
nucleation undercooling-.

A G ° = (4 2 lono
3(AGy — AGy)
( 2 )
Wwhere ———AGy, js the c€hange of volume free
shere ———AGy j the cChang

energy; AGs is the
—&Echange of area free K]ggy;_and o is the
—S specific area free en%ggyL

And XIAOQ[ITAG;,, oc Afbinted out
A G v o< A T
( 4 3 )

Wwhere AT is the —A7Fundercooling,

From the relationship of these equations, the
incg of undercooling leads to the increase of
&y_vx}/ith increasing melt superheat. Furthermore, the
critical nucleating energy will decrease if other
parameters are not changed. Besides, the nucleating rate

can be expressesd as-the-formula(4-4)-
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Fig.10 Morphologies of y’ phase in dendrite arm at different melt superheat: (a) 50 ‘C: (b) 100 ‘C: (¢) 150 C; (d) 200 'C
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Fig.11 Diameters of y’ phase in dendritic arm at different melt
superheat

[=Kexp(—AG /kTexp(—=Q/kT)

*

(44)

Wwhere /— is the nucleation rate;
K— is the proportional constant;
AG” is the —nucleggjgn energy;
O— is the diffusion activation energy; k is the
—3BBoltzmann constgat; and
T— is the thermodynamics temperature.

According to Eq.fermuta—(4-4), the nucleation rate
is sensitive to undercooling and it increases with the
increase of undercooling-. At the same time, the critical

nucleation radius can be expressed-as-the-formuta(4-5)y—

as

_ 20T,
L, AT

¥

“-5 " 20T
Wwhere o is the r = u
—Spspecific gnrface energy; 7, is the L m AT

—melting poiﬁ:tn;im is the
—fusion heat] %Tis the
—undercoolipgl

From fermula—Eq.(4-5), the critical nucleation
radius — decreases with increasing undercooling—, i.e.;
the atom cluster which was-is less than critical nucleation
radius can become stable nucleation site with increasing

AG, —

5

T

tnereases or the critical nucleation radius decreases can

ggrains under the large supercooling, thus leading
to the refinement of grains. So y dendrite becomes finer
with the increase of melt superheat (as shown in Fig.6
and Fig.7).

For y' phase distributed on the dendrite arm, the
critical nucleating energy can also be expressed in the
form of

AG= 1o ©
3(AGy — AGy)
- s 167
“4-6) -
Wwhere &m—%and AGA G;—represent the changeVs of

chemical free enthalpy and strain energy per unit volume
precipitation of ' phase, respectively- , and p is the
interface free energy of y'——y per unit phase.

Meanwhile, from
Ref[17]:

AGy=><AX, AGy=><Af (@A)

Wwhere AXis the supersaturation of solute in y
solid solution; and Af-
— is the undercA@ing of solute in y solid solution.
According to eEquatie—.(4-6), —g@*idecreases
withAttly decrease of —p and increase of AGy———F,
thus hathigh nucleation rate of y' phase. y' phase is the
diffuse-diffusing phase transformation product of y solid
solution. This process needs a certain incubation period.
In this period, the lean solute area and rich solute area
form in the supersaturation y solid solution, which is
beneficial to the precipitation of y' phase from y solid
solution. The microstructure of the alloy becomes
uniform and dendritic segregation decreases with
increasing melt superheat. The diffusion distance of
elef¥ts in solid phase transformation becomes large,
which causes the difficulty to form two areas, and lowers
the formation temperature of )’ phase and increases
undercooling. It can be seen from eEquatie-.(4-7)_that,
the increase of undercooling —A# leads to the increase
of- __AGy._Therefore, the nucleation rate of
precipitation phase increases with increasing the
undercooling. In addition, the growth time of )’ phase
reduces with the increase of melt superheat. So the size
of ' precipitation phase decreases when the melt
superheat increases (as shown in Fig.10 and Fig.11).

As discussed above, Al4Fe2Mn1.5 Monel alloy has
larger nucleation rate and less critical nucleation radius
with the increase of melt superheat. Meanwhile, the
primary dendrite arm of y matrix is gradually melted off

_AGS)

literat@), bc AX+— AG, oc AG
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and SDAS gradually becomes smaller (as shown in Fig.6
and Fig.7). The eutectic y’ phase in the interdendritic area
becomes larger (as shown in Fig.8 and Fig.9) and the
average diameter of y’ phase distributed on the dendritic
arm also becomes smaller (as shown in Fig.10 and
Fig.11).

5 Conclusions

1) The microstructure of Al4Fe2Mnl.5 Monel alloy
consists of dendritic y matrix and y’ phase(Ni;Al) which
has two morphologies. One distributes dispersedly on the
dendritic arm and in the transition area between dendritic
arm and interdendritic area, which has separated particle
form and petalform, respectively. The other is divorced
eutectic ' which distributes in the interdendritic area at
different melt superheat.

2) With the increase of melt superheat, dendritic y
matrix becomes finer, and the primary dendritic arm is
gradually melted off. At the same time, the secondary
dendritic arm spacing decreases. The fraction of divorced
eutectic y' also becomes larger in the interdendritic area.
The size of y' on the dendritic arm gradually becomes
smaller. When the melt superheat is 200_°C, dendritic y
matrix is finer, the fraction of eutectic y’ is larger, and the
diameter of y" phase distributed on the dendritic arm is
smaller compared with those at other melt superheats.
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