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Abstract Rapidly solidified amorphous Mg—23.5Ni
(Wt.%) ribbons were crystallized at 300 and 400 °C for
90 min. After annealing at 300 °C the microstructure was
heterogeneous, consisting of rounded eutectic—lamellar
domains, which contained magnesium grains smaller than
500 nm. In the case of ribbons annealed at 400 °C the
microstructure, however, was homogenous, and composed
of well-formed magnesium grains and Mg,Ni particles. At
room temperature both crystallized materials were brittle
due to the high volume fraction of Mg,Ni particles, but
they exhibited some ductility with increasing test temper-
ature. Above 200 °C, the microstructure of the ribbons
annealed at 300 °C was characterised by the formation of
particle free zones during the tensile test. This structure
was not observed in the material annealed at 400 °C.
Deformation behaviour and changes in the microstructure
during plastic flow of both crystallized materials were
explained according to grain boundary sliding mechanisms.

Introduction

During the last decades various processing techniques have
been developed to produce new ultra-fine-grained magne-
sium (Mg) alloys as potential candidates for numerous
structural applications. At low temperatures, ultra-fine-
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grained microstructures improve significantly ductility and
yield strength, although high strength is sometimes
accompanied by low ductility. Furthermore, fine-grained
alloys could exhibit superplasticity [1]. Tensile strength in
Mg-Ni systems has been reported to be three times higher
than that observed in wrought commercial materials [2—4].
Consequently, alloys belonging to the Mg—Ni system seem
to constitute an alternative for the processing of high
strength magnesium alloys [5, 6].

Numerous studies on different materials and metal sys-
tems in a wide range of temperatures and applied stresses
have increased significantly comprehension of the mecha-
nisms responsible for microstructural evolution during
plastic flow [7—11]. It is well-established that a deformation
mechanism is essentially characterized by the stress
exponent (n) and the activation energy (Q), which depend
on temperature and applied stress or imposed strain rate
[12]. For example, stress exponents of 5 and 3 are usually
associated with dislocation climb and viscous-glide
mechanism, respectively [13]. On the other hand, grain
boundary sliding, n = 2, is frequently reported as the
mechanism controlling the deformation in fine-grained
materials [14, 15].

Among the raw materials used for the development of
fine-grained materials could be listed atomized or mechan-
ically alloyed powders and melt spun ribbons. The structure
in these materials could be amorphous, quasicrystalline and/
or nanocrystalline. An attractive alternative route for the
production of nanosized materials is crystallization from the
amorphous state. Thin shapes such as ribbons, foils or
powders can be used as precursors for developing bulk
nanocrystalline or nanocomposite materials through the
proper consolidation process [16, 17]. In addition, the
crystallized microstructure can be optimized through an
adequate selection of thermal treatments [18, 19].

@ Springer



4258

J Mater Sci (2008) 43:4257-4263

The present work is part of a global study which
involves processing of bulk nanocrystalline Mg—23.5Ni
alloy with high mechanical properties. Previous studies on
the amorphous Mg—23.5Ni alloy have shown that crystal-
lization occurred through two consecutive stages [20]. In
the first stage Mg and metastable Mgs sNi were developed.
In the second stage, the MgssNi phase decomposed into
Mg and Mg,Ni particles. With further heating the micro-
structure evolved towards the eutectic-like structure [21].
The aim of the present study was to show the influence of
the initial microstructure on the mechanical properties and
deformation mechanisms in rapidly solidified Mg—23.5Ni
alloy. Different crystallized microstructures were obtained
from the amorphous state through thermal annealing at 300
and 400 °C. Deformation mechanisms were proposed to
describe the mechanical behaviour and microstructural
changes during tensile tests at temperatures above 200 °C.

Experimental part

Amorphous Mg-23.5Ni (wt.%) ribbons, 39 pm thick and
0.7 mm width, were obtained using the melt-spinning
technique. A cylindrical quartz tube, completely flat bot-
tom, with a rectangular orifice of about 4 mm was used as
crucible. After inductive heating, the molten alloy was
ejected on a cylindrical copper wheel of 20 cm in diameter,
using helium gas. The tangential velocity was kept constant
at 50 m/s. Distance from the crucible to wheel was between
1 and 0.5 mm. Description of this technique as well as
calorimetric measurements carried out in the amorphous
ribbons were discussed elsewhere [20].

The mechanical behaviour was studied using a micro-
tensile machine equipped with a load cell of 200 N, a
sensitivity of 0.1 N and flat grips. A heating system
attached to both grips allowed testing up to 500 °C. Length
of the samples was 10 mm. Mechanical tests were con-
ducted in vacuum, between room temperature and 300 °C
at an initial strain rate of 10~* s~'. Strain rate change tests
were also conducted to determine the apparent stress
exponent and activation energy of the deformation
mechanism.

Annealing treatments at 300 and 400 °C for 90 min
were performed in the tensile machine, prior to tensile
tests. The microstructures of annealed and tensile tested
samples were examined by field emission gun scanning
electron microscope.

Results

Figure 1a and b shows the microstructures of the alloy after
annealing at 300 and 400 °C for 90 min, respectively.

@ Springer

Fig. 1 Microstructures of amorphous ribbon after annealing for
90 min at: (a) 300 °C, the arrows indicate the isolated Mg grains and
(b) 400 °C, the arrows indicate the equiaxed Mg grains. The inset
micrograph is a detail showing the coexistence of small coarse Mg,Ni
particles, homogenously distributed in the Mg matrix

Quite clearly, both crystallized microstructures are dis-
similar. This is due to differences in phase transformations
controlling the crystallization behaviour of amorphous
Mg-23.5Ni ribbons, as has been reported previously by
calorimetric measurements and microscopic observations
in Refs. [20, 21].

The ribbons annealed at 300 °C show a lamellar struc-
ture consisting of alternating arrangements of Mg and
Mg, Ni phases, embedding isolated Mg grains up to 500 nm
in size. Since the lamellar structure grows in a radial form,
the microstructure appears as nearly spherical domains of
about 12.5 pm in size. Small Mg grains are mainly located
at the borders of the lamellar domains, as shown in Fig. la.
Nevertheless, in the case of ribbons annealed at 400 °C, the
domain structure is not observed. Equiaxed Mg grains, less
than 9 um in size, outlined by coarse Mg,Ni particles, up
to 2 um in size, are developed instead (see the inset in
Fig. 1b). Small Mg,Ni particles, with whisker and/or plate
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morphology, are also found inside Mg grains. Apparently,
these particles correspond to those originally constituting
the eutectic structure, which undergo further growth in
their thickness direction.

Figure 2 shows the true stress—true strain curves for both
annealed materials deformed in tension at temperatures up
to 300 °C at an initial strain rate of 10~* s~'. The material
annealed at 300 °C is brittle below 100 °C, as shown in
Fig. 2a. Between 100 and 150 °C, ribbons exhibit high
strength but fracture takes place immediately after the yield
stress is surpassed. Above 150 °C, once the ultimate tensile
stress is attained, the stress decreases with the strain until
failure and the elongation to failure increases up to 16% at
300 °C.

In the case of material annealed at 400 °C, the ribbon
failure occurs in the elastic regime at room temperature,
but the material exhibits some ductility above 50 °C (see
Fig. 2b). At 50 °C, the material seems to support a high
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Fig. 2 True stress—true strain curves at different temperatures at
10~* s7! corresponding to: (a) annealed material at 300 °C/90 min
and (b) annealed at 400 °C/90 min

stress level of about 250 MPa, but the failure takes place
immediately after the yield stress. At 100 °C, the elonga-
tion increases up to 1.5%, although the strength reaches
230 MPa. At higher temperatures, a sharp decrease in the
yield stress, accompanied by a substantial elongation
increase, is noticed. At temperatures up to 200 °C, the
alloy annealed at 300 °C exhibits higher strength than the
material annealed at 400 °C, being the opposite true at test
temperatures above 200 °C.

Since both materials are brittle at room temperature, the
strength has been estimated through the microhardness
Vickers measurements (HV), applying the relationship
oy = 9.8HV/3, where o, is the yield stress [22, 23].
Introducing hardness values of 170 and 123HV in this
equation, the yield stress values are of about 550 and
402 MPa for the material annealed at 300 and 400 °C,
respectively. Fine arrangements of Mg and Mg,Ni lamellae
in the eutectic-like domains provide high strength up to
temperatures of about 150 °C for the material annealed at
300 °C. The lower microhardness of the alloy annealed at
400 °C should be related to Mg,Ni coarsening.

Figure 3 plots the true strain rate—true stress in double
logarithmic scale for both annealed materials at test tem-
peratures from 200 to 300 °C. The stress values were
obtained from the true stress—true strain curves of Fig. 2 for
a fixed strain of 2%. Data in Fig. 3 were fitted to a power
law constitutive creep equation given below [24, 25]

i = ko.nae(*Qu/RT),

where k is the creep constant, n, the apparent stress
exponent which is the slope of curves in Fig. 3, o the stress
in the steady state, Q, the apparent activation energy of the
deformation mechanism, 7 the absolute temperature and R
the universal gas constant. At all test temperatures the data
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Fig. 3 True strain rate-true stress at different temperatures of

annealed materials. The open and solid symbols correspond to the
material annealed at 300 and 400 °C, respectively
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in the vicinity of 107* s™" can be fitted to a power law,
with a slope of n, = 4, as illustrated in Fig. 3. The acti-
vation energy of the deformation process was determined
plotting the true stress corresponding to the strain rate of
107* 57! as a function of the inverse of the temperature.
Values of 93 and 115 kJ/mol were calculated for the
materials annealed at 300 and 400 °C, respectively. It is
apparent that these activation energies are between the
activation energy corresponding to the Mg lattice self-
diffusion, and that associated with the grain boundary
diffusion, 135 and 92 kJ/mol, respectively [26].

Several microstructural observations were carried out in
the ribbons tensile tested at different temperatures. For the
material annealed at 300 °C, the microstructures of
deformed samples to strain of 8 and 16% at 250 and 300 °C
are shown in Fig. 4a and b, respectively. These micro-
graphs are quite different from that of crystallized ribbons,
displayed in Fig. 1. Particle free zones (PFZs) are devel-
oped normal to the tensile axis, outlining the original
domains [27]. It was observed that the higher the

Fig. 4 Microstructures of ribbon annealed at 300 °C/90 min and
tensile tested at: (a) 250 °C to 8% deformation and (b) 300 °C to 16%
deformation
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Fig. 5 Microstructure of annealed material at 400 °C/90 min after
tensile test to strain of 13% at 300 °C

temperature the thicker the PFZs, see Fig. 4. In the case of
ribbon annealed at 400 °C, the microstructure of deformed
samples apparently resembles that of the non-deformed
material, as shown in Fig. 5 for a sample tested at 300 °C.
It is worth noting that PFZ acronym refers only to the
singular structure observed at domain boundaries, seen in
Fig. 1, but it is not related to the development of precipi-
tates free zones or denuded zones reported for some
magnesium and aluminium alloys. In these materials, the
deformation mechanism as well as the temperature and
strain rate ranges for which such denuded zones appear are
different to those in Mg—23.5Ni alloy [27].

Discussion

The amorphous Mg-23.5Ni ribbons were obtained by
melt-spinning technique and then subjected to annealing
treatments at temperatures of 300 and 400 °C for 90 min
to produce the crystallized materials. The annealing tem-
peratures were selected above that corresponding to the
crystallization of the Mg—23.5Ni amorphous alloy. Thus, a
microstructure consisting of the phases predicted by the
equilibrium diagram could be expected, namely Mg and
Mg,Ni phase. However, the morphology, size and distri-
bution of both phases depend strongly on the annealing
temperature, see Fig. 1, i.e. diffusion processes controlling
the successive crystallization stages of amorphous Mg—
23.5Ni.

Phase transformations occurring in the material during
annealing at 300 °C for 90 min were described in
Ref. [21]. The microstructure consists of Mg-Mg,Ni
eutectic domains embedding fine Mg grains. During the
plastic flow, PFZs form at domain boundaries (Fig. 4). This
suggests that domain size may play a relevant role in the
mechanism controlling the deformation. It is appropriate,
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therefore, to use the term “domain” or “domain size”
instead of “grain” or “grain size” for microstructural
description. In the case of ribbons annealed at 400 °C for
90 min, however, no rounded eutectic domains are formed,
as shown in Fig. 1b. A well-formed structure consisting of
Mg grains containing small Mg,Ni particles is observed
instead. This could explain why the grain size of the alloy
treated at 400 °C is slightly smaller than the domain size of
the alloy treated at 300 °C.

According to Fig. 2, it is concluded that both crystal-
lized materials are brittle at room temperature, and their
microhardness are higher than those generally reported for
commercial Mg alloys. The large volume fraction of
Mg,Ni intermetallic particles could account for such brit-
tleness. Also, it is often reported that the surface of ribbons
obtained by melt-spinning is generally irregular, hence
their thickness could be inhomogeneous. Consequently,
stress concentration is expected to occur in some localized
regions, which may cause premature failure of the ribbons,
leading to low elongations to failure.

At temperatures below 150 °C both materials combine
high strength and low ductility. In this case, it is assumed
that soft Mg phase cannot support high work hardening in
such a way that stresses, probably concentrated at the
Mg/Mg,Ni interface, cannot be released, promoting pre-
mature failure of the ribbons. As a first approach, this can be
ascribed to the orientation relationship between the matrix
and the Mg,Ni interface. These assumptions can be sup-
ported by the fact that a marked influence of the orientation
relationship between Mg and Mg,Ni phases on the defor-
mation modes and mechanical properties of eutectic Mg—
Mg,Ni alloys has been revealed [28]. Above 200 °C,
however, such stress concentration is expected to decrease
progressively with increase in the test temperature, so
plastic deformation could proceed at low stresses.

The mechanical behaviour described above may be
explained on the basis of the mechanisms controlling
deformation at low and high temperatures. As illustrated in
Fig. 3, the apparent stress exponent for both annealed
materials is about n, = 4 at strain rates close to 107* s 'in
the temperature range from 200 to 300 °C. In the literature,
stress exponents of 4 (also 4.5 and 5) are generally asso-
ciated with mechanisms involving slip (dislocations climb)
[7, 11]. However, slip has been discarded as the mechanism
controlling the deformation in the material annealed at
300 °C for 90 min at test temperatures above 300 °C [27].
In this case, a grain boundary sliding (GBS) mechanism is
proposed to explain deformation behaviour and micro-
structural changes at such imposed test conditions.

In order to approach the deformation mechanism
occurring in the crystallized materials in the temperature
range up to 300 °C, strain rates are calculated according to
the constitutive equations of the creep models given in

Table 1. At a first sight, the slip pipe diffusion controlled
mechanism and lattice and grain boundary diffusion con-
trolled GBS mechanisms are not taken into account since
they predicted stress exponent values of 7 and 2, respec-
tively. Similarly, slip lattice diffusion controlled mechanism
is discarded to explain the deformation behaviour of the
Mg-23.5Ni alloy since the predicted strain rates diverge
considerably from the experimental one, although the stress
exponent of 4-5 is very close to the value determined in this
study (see Table 1).

The GBS pipe diffusion controlled mechanism, how-
ever, shows an optimum concordance between predicted
and imposed strain rate at test temperatures above 200 °C.
Furthermore, the activation energies of 93 kJ/mol for
annealed material at 300 °C and 115 kJ/mol for annealed
material at 400 °C, are close to pipe diffusion in Mg. On
the other hand, several microscopic TEM observations
revealed strain fields at regions adjacent to the Mg/Mg,Ni
interphases, so it is reasonable to assume that they could
act as sinks for dislocations during deformation. Therefore,
these mechanical and structural features support that pipe
diffusion controlled GBS should be the main mechanism
controlling the deformation above 200 °C in both annealed
materials.

Macroscopic examinations of ribbons annealed at 300 °C
and deformed in tension above 200 °C show significant
microstructural changes. Once the steady state is achieved in
the true stress—true strain curves, PFZs are developed at
domain boundaries at all test temperatures. They are located
normal to the tensile axis and then they thicken slowly with
straining progress. These relevant structural changes
accompanying simultaneously the formation of the PFZs in
deformed ribbons are depicted by microscopic observations.
It is found that fine Mg grains move during deformation
through the eutectic structure towards the domain bound-
aries. However, many Mg grains close to the core of the
eutectic domains remain unaffected. These features mani-
fest a clear evidence of occurrence of GBS process in the
crystallized Mg—23.5Ni material [30, 31].

It is worth noticing that for the material annealed at
300 °C, the strain rate predicted by pipe diffusion controlled
GBS mechanism is slightly lower than the imposed strain
rate. This could probably be due to the fact that the domain
structure does not facilitate easy GBS [27]. For the material
annealed at 400 °C, the deformed microstructures above
200 °C resemble that of the non-deformed material (Fig. 5).
These microstructures also indicate GBS operation.

It can be concluded, regarding the mechanical behaviour
and the changes of the microstructure of the crystallized
Mg-23.5Ni alloy during tensile test, that GBS pipe diffu-
sion controlled should be the mechanism governing the
deformation of this material at the strain rate of 10~* s™' at
temperatures above 200 °C.
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Table 1 Predicted strain rates according to the constitutive equations of different creep models. Experimental strain rate is 10* s~! [26, 29]

Creep mechanism Predicted strain rate (s~ Predicted strain rate (s~
Material annealed at 300 °C/90 min Material annealed at 400 °C/90 min
200 °C 250 °C 300 °C 200 °C 250 °C 300 °C
Slip (lattice diffusion controlled), 14x107° 92x10° 24x10° 95x10° 19x107° 13x107°
n=5i=(Pep) (%)
Slip (pipe diffusion co trolled7) 1.9 x 107 1x107° 23 x 1077 1x107* 28 x107° 23 x107°
n=7¢= A2< p/b23 (%)
Grain boundary sliding (lattice diffusion 19 x107® 12x107° 35x 107 311 x 1076 3x107° 13 x 107"

controlled), n = 2 ¢ = A3 (DL/d2> (‘T/E)
Grain boundary sliding (grain boundary diffusion 53x 107 26 x 107 65 x 1074 74 %107 87 x 107 47 x107°
2
controlled), n = 2 ¢ = A4( b /d%) (%g)
Grain boundary sliding (pipe d1ﬁus10n controlled), 2x 1070 43 x107° 54 x107° 45 %1070 15x107* 28 x 107
n=4¢ —A50(< /2 (U/E)
Values of constants A, A,, A3, A4 and A5 were taken from Ref. [31]. The Young’s modulus, E, was calculated from the modified relationship for
pure magnesium: E(MPa) = 5.1 x 10* [1-5.3 x 107* (T-300)], b = 3.21 x 107" m, a =4, k = 1.38 x 1072 J/K, d = 12.4 x 107 and

9 x 107° m for the material annealed at 300 and 400 °C, respectively (calculated as 1.776 x L, being L the linear intercept grain size),
Dy, = 107* exp(-135000/RT) m*/s, Dy, = D, = 7.79 x 107> exp(—=92000/RT) m*/s
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