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a b s t r a c t

Nanostructured Fe64Ni36 alloy has been obtained using high-energy ball milling for 35 h of milling time,
Fe64Ni36 MA-35 h. The initial as-milled Fe64Ni36 MA-35 h powders are inhomogeneous, showing a major-
ity phase with a face-centred cubic (fcc) crystal structure [88(2)%] and a minority phase with body-centred
cubic (bcc) crystal structure [7(2)%]. The evolution of the microstructure with temperature between 300 K
and 1100 K has been followed by means of in situ neutron powder thermo-diffraction experiments. The
room temperature values for the mean crystalline size and the mechanical-induced microstrain of the fcc
phase in the as-milled sample are ∼10 nm and ∼0.7%, respectively. Moreover, after heating the Fe64Ni36

MA-35 h powders up to 1100 K, an increase of around 65 K in the Curie temperature respect to that of
the commercial coarse-grained alloy of the same composition is observed. The latter together with the
observed temperature dependence of the lattice parameter suggests that the Fe64Ni36 MA-35 h sample

subjected to the heating process exhibits invar behaviour. On heating up to 1100 K thermal relaxation
of the microstructure occurs giving rise to grain growth above 100 nm, nearly vanishing values for the
maximum strain, and the transformation of the bcc phase into the fcc one above 800 K, being the latter
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stable in subsequent heat

More than a century ago, Guillaume observed that FeNi alloys
ith face-centred cubic (fcc) crystal structure and composition

round Fe65Ni35 exhibit vanishing thermal expansion coefficients
elow the ferro-to-paramagnetic transition. A number of practical
pplications have taken benefit from this useful property, espe-
ially in the design and development of high precision mechanical
nstruments and standards. However, this effect, commonly known
s Invar, is associated with other magneto-volume anomalies, such
s the pressure dependences of both the bulk modulus and the
urie temperature, TC, which have been observed in a number of Fe-
ased alloys, being intimately related with the Fe–Fe interatomic
istances [1,2]. Nevertheless, the ultimate explanation of the invar
ffect at the microscopic level is not completely understood yet.
or this reason, experimental [3–5] as well as theoretical research
ork in FeNi invar alloys is, still today, intensely undertaken [6,7].

On the other hand, mechanical alloying or ball milling technique
ffers the possibility of obtaining a huge number of metallic alloys
ith different compositions and singular microstructural charac-
eristics, such as amorphous [8] or nanostructured materials [9],
ost of them out from the thermodynamical equilibrium [10].

his fact allows studying the influence of microstructure in the
hysical–chemical properties compared with those of the parent
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ooling processes.
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bulk or coarse-grained alloys. Up to know, it has not been paid
much attention to the effects produced by milling on the magneto-
volume anomalies in mechanically alloyed Fe-TM (TM = transition
metal) binary compounds, and only few works devoted to FeNi
[11–13] and FeCu [14–16] alloys have been published.

The aim of this work is twofold: (i) to investigate the microstruc-
tural changes taking place during continuous heating from room
temperature to 1100 K in the as-milled Fe64Ni36 MA-35 h alloy by
means of in situ neutron powder thermo-diffraction (NPTD) exper-
iments [17], and (ii) to ascertain if the mechanically alloyed sample
already exhibits invar behaviour, comparing the temperature
dependences of both the magnetization and the lattice parameter
of the mechanically alloyed sample with those of a coarse-grained
commercial alloy with the same composition (Goodfellow Fe64Ni36
Invar®).

The as-milled alloy has been obtained from starting pure Fe
(99.98%) and Ni (99.995%) powders (Goodfellow) using a high-
energy Retsch PM/400 planetary ball mill for 35 h and under Ar
atmosphere. NPTD experiments were carried out on the POLARIS
diffractometer (ISIS facility, UK). The data were collected over the
time-of-flight range 2000–19,600 s in the backscattering detector

bank, 〈2�〉 = 145◦. The wide d-spacing range allowed us to deter-
mine lattice parameters of both samples with accuracy better than
0.001 Å. The sample mass used for the experiment was approxi-
mately 4 g and it was continuously heated from 300 K to 1100 K
at a rate of 1 K/min meanwhile a diffraction pattern was collected

http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. Observed (dots) and calculated (solid line) room temperature neutron pow-
der diffraction patterns of Fe64Ni36 standard (a) and Fe64Ni36 MA-35 h mechanically
alloyed powders, (b) as-milled, (c) after heating up to 1000 K (see text for details).
Positions of the Bragg reflections are represented by vertical bars [first vertical row
corresponds to the fcc-FeNi phase; second row in (b) is associated with the minor-
ity bcc-Fe(Ni) phase, while third row in (b) and second row in (c) correspond to an
96 P. Gorria et al. / Journal of Alloys

ach 5 min, enough to achieve good statistics. The Fullprof pack-
ge based in the Rietveld method was employed for the analysis of
he diffraction patterns [18], and from the peak profile fitting the
verage crystalline grain size, 〈�〉, and the maximum strain, ε, were
etermined (for more details about the calculation and definition
f 〈�〉 and ε see Eqs. A.8, A.9 and A.14 in the appendix of Ref. [17]).
t is worth noting that due to the large d-space range covered by
he POLARIS diffractometer (0.2–4 Å), more than 35 Bragg reflec-
ions can be discriminated, thus allowing a precise determination
f microstructural parameters.

The room temperature neutron powder diffraction (NPD) pat-
ern corresponding to the Fe64Ni36 standard powders (see Fig. 1a)
hows very intense and narrow Bragg peaks belonging to a unique
cc-FeNi crystalline structure with a value for the lattice parameter,
= 3.591(1) Å. However, the room temperature NPD pattern of the
s-milled Fe64Ni36 MA-35 h sample (see Fig. 1b) is characterized
y the appearance of broad Bragg peaks indicating the small crys-
alline size of the nanograins and the existence of large internal

icrostrain [17,19] caused by the milling process. Together with
he reflections associated with the majority fcc-FeNi phase [88(2)%]
ith a lattice parameter, a = 3.596(1) Å, there exist small peaks that

an be ascribed to a body-centred cubic (bcc) Fe(Ni) phase [7(2)%]
ith a = 2.866(1) Å [20], and to an impurity Fe oxide phase [mag-
etite or maghemite (<5%)].

The effect of sample heating on the kinetics of the microstruc-
ural thermal relaxation is shown in Fig. 2a, where the temperature
volution of both the mean crystalline size, 〈�〉, and the maxi-
um strain, ε, of the fcc-FeNi majority phase in the as-milled

e64Ni36 MA-35 h sample during the heating process is displayed.
he values of 〈�〉 and ε remain unchanged from room tempera-
ure up to 450 K, suggesting that the microstructure of the powders
oes not vary substantially in this temperature range. However,
t around 450 K the thermal relaxation process begins, giving rise
o a linear decrease of the value of ε, with an approximate rate
f 0.12% each 100 K, reaching vanishing values at around 1000 K.
n addition, the grain growth is not significant for temperatures
elow 600 K, whereas further heating provokes an exponential-

ike increase of 〈�〉 with crystalline sizes larger than 80 nm above
00 K. The NPD patterns have not enough resolution to consider
alues of neither 〈�〉 nor ε for temperatures above 1000 K. The
attern collected at 300 K after cooling down from 1100 K (see
ig. 1c) shows intense Bragg peaks similar to those present in
hat corresponding to the Fe64Ni36 standard alloy (see Fig. 1a).
urthermore, it is worth mentioning that the Bragg peaks belong-
ng to the low-content bcc-Fe(Ni) phase and present in the NPD
attern of the Fe64Ni36 MA-35 h as-milled powders (see Fig. 1b),
ave disappeared in the room temperature NPD pattern after
he heating process (see Fig. 1c). This fact suggests that the

icrostructure of the predominant fcc-FeNi phase changes dur-
ng heating up, and that the bcc-Fe(Ni) phase transforms into
he fcc one. Fig. 2b shows the variation with temperature of the
hase percentages (obtained from the Rietveld refinement of the
iffraction patterns) during heating. It is observed that the rela-
ive amount of both fcc- and bcc-FeNi phases remains unchanged
p to around 580 K. At higher temperatures the transformation
rom bcc to fcc starts, just around the same temperatures at
hich the grain growth of the nanocrystallites begins. The cor-

elation between these two phenomena is easy to understand
f we take into account that a bcc-to-fcc transformation does
ot imply atomic diffusion, it is governed only by slight plane
isplacements.
On the other hand, the lattice parameter of the fcc-FeNi phase
t T = 300 K in the Fe64Ni36 MA-35 h milled sample, after being
eated up to 1100 K, has a value a = 3.597(1) Å. This fact means that,
ven though the heating produces the thermal relaxation of the
icrostructure, the lattice parameter is ca. 0.2% larger than that
iron oxide impurity]. The observed-calculated difference is depicted at the bottom
of the patterns. The insets show the diffraction patterns using the same d range and
a logarithmic scale for the intensity.

of the standard alloy [3.591(1) Å, as mentioned above]. It must be
pointed out that changes in the composition are discarded, because
chemical analysis gives the same relative percentages of Fe and Ni
(64:36) with an uncertainty lower than 1%. Moreover, if a second
heating is performed on the sample, the temperature variation of
the lattice parameter exhibits two different regimes (see Fig. 3a):

(i) a very slow increase in the value of the lattice parameter, a(T),
below 560 K (which allows us to estimate a very low value for the
thermal expansion coefficient, ˛T = −(1/V)(∂V/∂T) ≈ 2 × 10−6 K−1),
and (ii) a change in the slope of the a(T) curve for temperatures
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Fig. 2. (a) Temperature dependence of the microstructure (maximum strain, ε, and
mean crystalline size, 〈�〉) for the fcc phase in the Fe64Ni36 MA-35 h sample and (b)
of the relative percentages of fcc and bcc phases, for the Fe64Ni36 MA-35 h as-milled
sample, being derived from profile fitting of neutron diffraction pattern collected
during the first heating process. The lines are guide for the eyes. The vertical bars
appearing in the mean size and the maximum strain correspond to a measure of the
degree of anisotropy, not to the estimated error.

Fig. 3. Temperature dependences of the lattice parameter (a) and the magnetization
(b) of the Fe64Ni36 standard and mechanically alloyed and heated Fe64Ni36 MA-35 h
powders. The Curie temperatures are indicated with an arrow.
ompounds 495 (2010) 495–498 497

above 560 K. Subsequent heating–cooling cycles display the same
a(T) behaviour. In Fig. 3a the a(T) curve obtained from the an NPTD
experiment performed in the standard invar-Fe64Ni36 powders is
also shown for comparison. These findings suggest that the invar
character of the Fe64Ni36 MA-35 h milled powders is maintained
after the heating process, but the temperature range in which the
thermal expansion coefficient remains small is enlarged at least in
60 K.

In order to check whether the temperature dependence of the
magnetization is also affected after the milling and heating pro-
cedures, a PPMS-14 T (Quantum Design) magnetometer equipped
with a VSM option and a furnace up to 1000 K was used to mea-
sure the magnetization vs. temperature, M(T), curves. In Fig. 3b the
M(T) curves observed under an applied magnetic field, �0H = 10 mT,
for both the standard and the milled and further heated Fe64Ni36
samples are shown. In this figure it can be clearly seen that the
M(T) goes to vanishing values at higher temperatures in the milled
and heated sample than in the standard powders. The values of the
Curie temperature, TC, have been estimated from the minimum of
the dM/dT vs. T curves (not shown). A shift of the TC value from 500 K
to around 565 K in the milled and heated Fe64Ni36 MA-35 h sample
respect to the Fe64Ni36 standard invar alloy is observed. Hence, both
M(T) and a(T) behaviours seem to be intimately correlated. Taking
into account that the milling and subsequent heating up to 1100 K
produces a slight increase of the lattice parameter, and therefore of
the cell volume, the Fe–Fe interatomic distances increase, thus giv-
ing rise to a reinforcement of the ferromagnetic coupling. This fact
can be the responsible for the observed enhancement of TC and,
as a result of this, for the extension of the temperature range for
invar behaviour in the milled and heated Fe64Ni36 MA-35 h sample.
However, further experiments, concerning magnetic and elastic
measurements under extreme conditions (high pressure and/or
temperature), are under progress in order to attain more conclusive
clues.

In summary, in situ neutron powder thermo-diffraction exper-
iments in Fe64Ni36 solid solutions allow following in detail the
microstructural transformations of these compound at high tem-
peratures. The initial as-milled Fe64Ni36 MA-35 h powders have
a mixture of fcc- (∼88%) and bcc- (∼7%) FeNi crystalline phases,
with average crystalline grain size and maximum strain of 10 nm
and 0.7%, respectively, for the majority fcc phase. Heating above
450 K gives rise to a linear decrease of the maximum strain (∼0.12%
each 100 K) due to thermal relaxation, while at higher tempera-
tures, T > 560 K, a progressive and exponential-like grain growth
takes place. The latter, coincides with the start of the structural
phase transformation of the minority bcc phase into fcc. No sup-
plementary transformations occur after finishing this structural
phase transformation (around 850 K), neither during further heat-
ing nor during cooling down to room temperature. Finally, it is
worth noting that the Fe64Ni36 MA-35 h milled sample, after being
heated up to 1100 K, exhibits a moderate shift of TC (65 K), towards
higher temperatures and what is more, this sample already displays
invar behaviour with a value for the thermal expansion coefficient,
˛T ≈ 2 × 10−6 K−1 for T < TC.
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