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Abstract
Alloys based on the near-equiatomic FeCo oﬀer exceptional magnetic properties.
The equiatomic alloy was ‘invented’ in 1929, it oﬀers a saturation hardly lower
than that of the maximum obtained for Fe-0.35Co, with higher permeability and
a lower coercivity than the latter. However, this alloy remained without industrial
application, mainly because of its extreme brittleness. Only with the addition of a
third element did it become possible to impart suﬃcient ductility for cold-rolling,
and develop applications as laminated products. The addition of 2 wt% vanadium
(1932) led to the ubiquitous FeCo-2V, or Permendur. It not only imparts, given
appropriate heat-treatments, suﬃcient ductility, but also increases signiﬁcantly the
resistivity of the alloy while having little impact on the saturation.
From a scientiﬁc point of view, the FeCo alloys, with their B2 structure below
730 ◦ C, fall in the interesting category of ordered compounds. The ordering reaction has signiﬁcant inﬂuence on the mechanical and magnetic properties and has
therefore prompted a number of investigations. Not surprisingly, the vast majority
of the work published to date concerns the FeCo-2V or its variants, rather than the
binary alloy or other ternary systems. Recently though, alternative compositions,
or improvement on the basic FeCo-2V have been put forward.
This review attempts to summarise the current knowledge about the constitution, mechanical and magnetic properties of these alloys, focussing on the general
properties of bulk FeCo and FeCo-X alloys (developped for applications such as rotor or stator laminations in motors). Recent developement of nanocomposite and
1

nanocrystalline materials such as HITPERM are not considered. A review of this
developements is available in reference [1]. An overview is given of work undertaken
to date on various FeCo-X ternary system, with emphasis on the inﬂuence of these
ternary additions on microstructure and characteristics of the phase diagram. The
problem of the kinetics of ordering is given particular attention. Magnetic and mechanical properties are then discussed with emphasis on the relationship between
microstructure and properties, and the main quantitative theories put forward are
assessed again data gathered from the literature. It is shown that, while some points
are clearly understood, a number of question remains in diﬀerent areas which are
outlined.
Keywords: iron-cobalt alloys; soft magnetic materials, Hiperco, Permendur
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1

Introduction

Iron-cobalt based alloys exhibit particularly interesting magnetic properties, with
high Curie temperatures, the highest saturation magnetisations, high permeability,
low losses and are relatively strong. These alloys are expensive, so are, since their
discovery by Elmen in 1929 [2], conﬁned to applications where a small volume and
high performances were critical. The ‘invention’ of the FeCo-2V alloy in 1932 by
White and Wahl [3] was a critical step in achieving an alloy of industrial relevance.
Since then and despite much research, few new compositions have emerged. This is
because all solute additions tend to reduce the saturation of the alloy and in general
increase its coercivity, thereby degrading its magnetic performances.
There has been a resurgence of interest in these alloys, particularly in the context of the more electric engine [4], which poses a challenge for existing magnetic
materials. It is envisaged, in the more electric engine concept, that there will be a
greater use of embedded electrical generators and electro-magnetic bearings. To date
however, a number of aspects of the FeCo-X system also remain elusive, most remarkably perhaps the role of vanadium in improving the ductility of the equiatomic
alloy.
As is true for most metallic materials, a good understanding of magnetic or
mechanical properties often requires a knowledge of the microstructure. This review
therefore covers the microstructural aspects of FeCo alloys, attempting to sum up
the knowledge available to date and identifying areas where further work is required.
Because of the particular attention the ordering reaction (b.c.c. to B2 structure)
has received in the literature, an entire section has been entirely dedicated to its
study, detailing the methods of investigation, the inﬂuence of ternary additions of
heat-treatment and of cold-work. The ﬁrst section deals with the microstructure
of the diﬀerent alloys which have been investigated to date, that is, essentially,
the transition from b.c.c. (body centred cubic) at low temperature to f.c.c. (face
centred cubic) at high temperature, and the precipitation phenomena. The last
section concerns the strength and ductility of these alloys, many aspects of which
remain without clear explanations. Finally, a short overview is given of the most
recent areas of interest.
Most of the literature refers to equiatomic alloys as ‘FeCo’, sometimes not specifying the exact composition which can however be oﬀ stoichiometry by one or two

5

percent. The units are also frequently omitted when describing a Fe-50%Co, this is
of little consequence given the similar atomic masses of Fe and Co but nevertheless
introduces an uncertainty of similar amplitude (equiatomic being Fe-51.3Co wt%).
In the following, the compositions have been detailed whenever possible.

2

Constitution of FeCo and FeCo-X alloys

As discussed below, near-equiatomic FeCo alloys are b.c.c. at low temperature and
f.c.c. at temperature above ∼ 983 ◦ C. The b.c.c. phase orders to a B2 structure at
temperatures below ∼ 730 ◦ C. In a ﬁrst part, the main constituents of the diﬀerent
FeCo based alloys are discussed; the ordering reaction is dealt with separately in the
next section.

2.1

Thermodynamics of the FeCo system

Phase equilibria in the Fe-Co system are somewhat out of the scope of this review
which is mainly concerned with equiatomic (or close to) compositions. It seems
nevertheless useful to give a brief reminder of the phase diagram (ﬁgure 1).
Equiatomic FeCo alloys have a b.c.c structure (α in ﬁgure 1) below ∼ 983 ◦ C,
with a lattice parameter given by [6]:
aα /nm = 0.28236 + 6.4514 × 10−5 [at%Fe]
aα2 /nm = 0.28250 + 6.4231 × 10−5 [at%Fe]

(1)

and a f.c.c one (γ in ﬁgure 1) above this temperature, with a lattice parameter given
by:
(2)
aγ /nm = 0.35438 + 1.0233 × 10−4[at%Fe]
There is confusion in the terminology used to refer to the diﬀerent phases. The
high-temperature f.c.c. phase has been referred to as γ, the disordered b.c.c. phase
as α1 , and its ordered state as α1 . (for example, [7]).
If FeCo or FeCoV alloys are quenched from a temperature inside the α1 + γ
region, the remaining γ undergoes a martensitic transformation to the b.c.c. phase.
The latter has sometimes been referred to as α2 [7–9].
Ashby et al. have instead used α2 to refer to the ordered state of the b.c.c.
phase, and α1 for the martensite. They have further distinguished between γ1 , the
6
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Figure 1: The Fe-Co binary diagram as given in [5]. Tc denotes the Curie temperature.
high-temperature f.c.c. phase, and γ2 , the vanadium, cobalt-rich ordered f.c.c. phase
that precipitates during ageing below ∼ 712 ◦ C (in FeCo-2V, [10]). We propose to
follow a similar terminology, which is consistent with that used for steels, but not
stating the index 1 , i.e. α, α2 (ordered), α (martensite), γ and γ2 (ordered f.c.c.
precipitate).
The binary FeCo system has been the object of detailed studies by Ellis and
Greiner (1941, [11]), Normanton et al. (1975, [12]) and more recently by Ohnuma
et al. (2002, [6]) and it seems reasonable to state that there is now a good thermodynamic description of it.
A point remains obscure however, which is the so-called ‘550 ◦ C anomaly’ [1,13,
14] corresponding to a secondary peak in heat-capacity below that for the ordering
reaction. There is much confusion even about its existence which appears to be
strongly sensitive to heat-treatments and measurement conditions. It has been suggested, without further explanation, that this is a kinetic eﬀect as it is not observed
in measurements where the temperature is varied slowly enough [12,15], however recent works also have questioned this assumption [13], and in one case, even proposed
that this corresponds to a phase-transition [14], as discussed in section 3.3.
7

2.2

The Fe-Co-V system

This section is concerned with the Fe-Co-V system in regions of interest for typical
FeCo-2 alloys, i.e. compositions close to equiatomic FeCo with small additions of
V.
In spite of the fact that the FeCo-V alloys are the only one to have been industrially produced (FeCo being too brittle), the determination of the phase diagram
leaves many areas which need clariﬁcation.
2.2.1

α/α + γ boundary

A number of studies have focused on the determination of the α/α + γ and α + γ/γ
boundary [7–10, 16–18]. It is undisputed that vanadium additions reduce both the
α/α + γ and α + γ/γ transition temperatures (further denoted Tα/α+γ and Tα+γ/γ ).
It has emphasised [10, 19] that there exists signiﬁcant discrepancy between the
diﬀerent estimations of these temperatures. It also appears that no further assessment of the Fe-Co-V system has been undertaken. Figure 2 illustrates the diﬀerences
between the prediction obtained with the thermodynamic calculation software MTDATA [20] and diﬀerent estimations of the two-phase region.
Figure 3 illustrate a similar isopleth as determined by Martin and Geisler [16],
which suggests a solubility of up to 4 wt% V around 700 ◦ C. It is also noticeable
that ordering is not found past 10 wt% V, this has been also reported by Foutain
and Libsch [15].
As mentioned above, there is agreement that vanadium lowers Tα/α+γ and Tα+γ/γ ,
but authors have emphasised the large interval of estimated values. However, it
appears that the exact stoichiometry has sometimes been neglected in comparisons.
For example, while some of the values obtained by Martin and Geisler [16], or Ashby
et al. [10] are for equiatomic content in Fe and Co, other values are for alloys with
identical wt% of Fe and Co, which corresponds to an excess of Fe in at% (for example,
Bennett and Pinnel, [7]).
Figure 4 superimposes results from a number of studies, and shows that there
is reasonable agreement between the values obtained by Martin and Geisler [16] by
thermal analysis (lines), and the phases identiﬁed by Ashby et al. [10] in materials
quenched from high-temperature after 24 h heat-treatment, in equiatomic FeCo-2V.
However, data obtained from alloys with excess Fe (empty symbols in ﬁgure 4) seem
8
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Figure 2: Isopleth section at 52 at% Co for the FeCoV system. Dotted lines indicate the calculation made using MT-DATA and the SGTE solution database, solid lines and data point are from
Koster et al. [21, 22]; ◦ are points identiﬁed as single-phased regions and • as two-phases regions.

to indicate higher values for Tα/α+γ and Tα+γ/γ , while values for alloys with Co
excess (crossed symbols in 4) seem to lie lower than those estimated for equiatomic
alloys. From this, it could be proposed that, in composition with excess Fe (empty
symbols), vanadium does not depress Tα/α+γ and Tα+γ/γ as strongly, while it is more
eﬃcient in alloys with excess Co.
This may not be the case, though, as the results obtained by Kawahara [23]
who reports Tα/α+γ =882 ◦ C and Tα+γ/γ =945 ◦ C (averaging values measured during
heating and cooling) for an alloy with 51Fe-47Co-2V (at%), are in excellent agreement with the results from Martin and Geisler [16] despite the oﬀ-stoichiometric
composition.
It has been mentioned above the the γ phase may transform to martensite upon
quenching to room temperature. The morphology of the martensite has been reported with a varyingly pronounced lath-like morphology [8, 10]. While Mahajan
9
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Figure 3: Isopleth section at 52% Co in FeCo-V system, after Martin and Geisler [16]. Solid
lines indicate boundaries determined by thermal analyses, phases are otherwise identiﬁed by X-ray
diﬀraction.

et al. [8] suggest that this might be the result of the transformation being partially
massive, partially martensitic, Ashby et al. [10] proposed that this is essentially dependent on the vanadium content of the prior γ phase: the higher the V-content,
the lower the martensite start (Ms ) temperature, and the more pronounced is the
lath shape.
Additions of vanadium are also reported to lower the ordering temperature
(713 ◦ C for FeCo with 2 wt% V [24]).
2.2.2

Lower temperature phases

There is signiﬁcant confusion over the phase-diagram at lower temperature. As
illustrated in ﬁgure 2, Koster and Schmidt (1955, [21, 22]) propose that γ is found
in FeCo alloys with more than 1-2 at% V (it should however be noted that the
diagram is not a section through equiatomic FeCo, as wrongly quoted by Chen [17],
and that a 2% V addition corresponds to 46Fe-52Co-2V). This section also leaves
signiﬁcant uncertainty about the exact position of the α/α + γ boundary at low
vanadium content, and proposes that the ordered f.c.c. γ2 phase only exists at
higher vanadium content.
Further investigations, however, do not necessarily support the diagram proposed
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Figure 4: The α/α+γ and α+γ/γ boundaries as a function of vanadium content in an equiatomic
FeCo alloy, as measured by Martin and Geisler [16] by thermal analysis (lines, dotted lines are
average of values measured during cooling and heating), and comparison with other published
data [7, 10, 16]. Filled points represent values for equiatomic compositions, empty points indicate
alloys with excess Fe (addition of V at the expense of Co) and crossed points indicate alloys with
excess Co (addition of V at the expense of Fe).

by Koster and Schmidt, in particular with regard to the formation of γ at lower
temperatures. For example, Chen (1961, [17]) did not conﬁrm the formation of γ
phase, after 110 h at 565 ◦ C, for a FeCo-2V alloy (it must be noted however that
many experimental details remain unclariﬁed). Fiedler and Davis (1970, [25]) later
reported precipitation of γ in a cold-rolled FeCo-2V after 48 h at 680 ◦ C, and noted
that this precipitation was not observed in a sample ﬁrst recrystallised at higher
temperature. They also estimated the composition of the precipitate phase to 22V65Co-15Fe (wt%). Bennett and Pinnel (1974, [7]) noted the inconsistency between
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the composition proposed in [25] and the isotherm section of Fe-Co-V proposed by
Koster and Schmidt [21], which places the γ formed at low temperature in the α +
γ + γ2 ﬁeld. However, the problem remained discussed in terms of α + γ equilibrium
(for example [8, 26]) until the work of Ashby et al. (1976, [10]), who proposed that
the phase precipitating at low temperature is not γ but a Fe-substituted variant
of the Co3 V compound, (Fe,Co)3 V, with L12 structure (ordered f.c.c.), vanadium
occupying the corner of the lattice and (though not stated) Fe and Co mixing on
the face centres.
Although they observed the forbidden reﬂections {001} and {110} in electron
diﬀraction, they were unable to do so using X-ray diﬀraction and argued that this
was a consequence of the very similar X-ray scattering factor of Fe and Co. This
argument is frequently put forward to explain the low intensity of the superlattice
reﬂections of ordered b.c.c FeCo, but it is not clear how it would apply here: if one
assumes a random distribution of Co and Fe on the face centres and, with Ashby
et al., vanadium on the cube corners, the {110} reﬂection, for example, relates to
[(0.83fCo +0.17fFe )−fV ] ∼ (fFe −fV ), and it is therefore the similar scattering factor
of Fe,Co and V which explain the diﬃculty in observing the superlattice peaks (the
atomic scattering factor of V is intermediate between Fe and Co, leading to an even
smaller diﬀerence than in of ordered b.c.c. FeCo so that the conclusion remains
valid).
The ordered γ2 phase has also been reported by Pitt and Rawlings (1981, [18]) in
Fe-Co-V-Ni, however there is no explanation of how the L12 structure was identiﬁed.
Further investigations have usually accepted the hypothesis of a L12 structure
for γ2 (or that γ2 was the compound (Fe,Co)3 V rather than a prolongation of the
high-temperature γ phase), for example [19, 23, 27, 28], although it appears that
none have obtained independent conﬁrmation of the structure. The composition
proposed by Fiedler and Davis [25] was conﬁrmed by Kawahara (1983, [23]) who
reported 21V-64Co-15Fe (wt%) for γ2 .
Surprisingly, in a recent investigation on the ageing (200 h at 450 ◦ C) of FeCo2V, Zhu et al. [29] report the formation of a primitive cubic second phase, of lattice
parameter 2.8278 Å, and although refer to past literature on γ2 , do not comment on
the discrepancy with the otherwise accepted structure.
In summary, although it seems accepted that the vanadium rich phase precipitating out of α FeCo-2V below ∼ 630 ◦ C is an iron-substituted form of Co3 V, with
12

an ordered L12 structure, there have been no attempts to correct the FeCo-V phase
diagram proposed by Koster and Schmidt. The ordered nature of the precipitate
has been reported in only one work, and most other observations are based on the
composition being close to that expected from such a compound.
Kinetics of precipitation The kinetics of precipitation of γ2 have been studied
by Ashby et al. [10] for FeCo-2V and Pitt and Rawlings [18] for the same alloy with
additions of Ni up to 7.4 wt%.
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Figure 5: TTP diagram for intragranular γ2 formation in FeCo-2%V, after Ashby et al. [10].
After verifying that a 10 ks heat-treatment at 850 ◦ C produced a fully α microstructure, Ashby et al. aged undeformed, 25% and 50% cold-rolled samples.
Their results are summarised in a TTP (time temperature precipitation) diagram
reproduced in ﬁgure 5. Precipitation occurs preferentially on antiphase boundaries
in the undeformed samples; it is accelerated by deformation, γ2 being found mainly
on dislocations and subgrain boundaries in cold-rolled samples. The TTP diagram
does not include high-angle grain boundary precipitates which are found at early
stages of ageing in all samples.
The time required to observe γ2 on the grain boundaries is not clear in the work
of Ashby et al.; a study by Novotny [30] underlines the absence of any γ2 after 4 h
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at 845 ◦ C followed by cooling at 100 ◦ C/h, suggesting that grain boundary γ2 does
not occur fast enough to be observed after slow cooling.
A number of studies provide measurements of precipitates volume fraction. Yu
et al. [31] reported diameter and volume fraction of precipitates in FeCo-2V and
FeCo-2V-0.3Nb during ageing at 600 ◦ C (ﬁgure 6).
20
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250
Diameter / nm

Volume percent

15
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0
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Figure 6: Volume percent and diameter of precipitates during ageing of FeCo-2V and FeCo-2V0.3Nb according to Yu et al. [31].

Although the problem of determining the volume fraction of small particles is
notoriously diﬃcult, and require assumptions as to their shape and distribution, the
work published in [31] does not provide any detail about the experimental methods
used. The measured composition of γ2 (about 18V at%) means a maximum mole
fraction of about 10% if the solubility of vanadium is taken to be 0 (α and γ2 having
similar molar volume, mole fractions are used in this discussion, but it is expected
that volume fraction would be very similar), or 5% if a more realistic assumption
of 1% solubility is assumed. Large volume fraction of γ2 have been reported by
diﬀerent authors [24, 28], but in alloys containing up to 6V at%; it was veriﬁed that
these were consistent with the maximum expected from the composition. The large
inconsistency between estimated maximum (∼ 5%) and measured volume fractions
(12 − 18%) in Yu et al.’s study [31] cast some doubts on the validity of these results,
all the more that the authors claim to have conﬁrmed a (FeCo)3 M type formula for
the precipitates.
Unfortunately, although a number of studies report volume fractions of γ2 after
short annealing treatments [18, 32], there does not appear to be data other than
those discussed above for aged samples.
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Results by Zhu et al. [29] suggest the presence of a vanadium-rich phase in 0.3%
volume fraction in FeCo-2V, increasing to 0.8% after 200 h at 450 ◦ C. However,
they report a simple cubic structure with a lattice parameter of 2.8278 Å, while γ2
is usually accepted that γ2 is an ordered LI2 structure of lattice parameter 3.56 Å.
2.2.3

Inﬂuence of quaternary additions

Nickel additions Pitt and Rawling [18] have investigated the inﬂuence of Ni
additions to a FeCo-2%V, varying the Ni content from 0 to 7.4 wt%. The results of
their investigations show that nickel stabilises γ2 . This implies that larger amounts
are obtained (about 7% of γ2 after 2 h at 750 ◦ C for nickel contents between 3.5 and
7.4 wt%. The kinetics are also aﬀected, with times to detect precipitation an order
of magnitude smaller with additions of 3.5% Ni and more. The authors suggests that
nickel substitute for Fe or Co in the compound (Fe,Co)3 V, however not providing
evidence of its ordered nature, nor of its exact composition, which is only reported
to be vanadium and nickel rich. There are a number of problems with these results:
• the authors report, that, for any amount of nickel between 3.5 and 7.4 wt%,
the amounts of second-phase are very similar. This is surprising given that
one of these alloys has a vanadium content half of the others (0.7 wt%).
• the volume fractions reported sometimes exceed the theoretical maximum (for
zero vanadium solubility) and in all cases suggest a very low solubility for
vanadium.
It is therefore diﬃcult, for lack of direct evidence, and support from the other
observations, to accept the hypothesis of Ni substituting for Fe or Co in (Fe,Co)3 V.
Furthermore, Orrock [19] reported precipitation of a phase of composition close to
(Fe,Co)3 Ni in FeCo-5Ni (at%). Such a composition would be consistent with the
amount of γ2 increasing with increasing Ni content, and with the volume fractions
larger than calculated on the basis of vanadium solubility alone.
The eﬀect of smaller quantities of nickel (< 0.7 wt%), corresponding to contamination rather than deliberate additions has been investigated by Novotny [30].
The author proposes that additions of more than 0.3 wt% Ni lead to a signiﬁcant
decrease of Tα/α+γ and report the presence of martensite in high Ni sample (0.7
wt%) annealed at 885 ◦ C and cooled at 100 K/h to room temperature.
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Mention is also made of the absence of γ2 . This is not inconsistent with the
results of Pitt and Rawlings who indicate no γ2 in lower Ni alloys following slow
cooling from 750 ◦ C.
Niobium additions There does not appear to have been any systematic study of
Nb additions in FeCo-V. As discussed in a later section, it has been proposed that
a compound similar to γ2 forms in FeCo-Nb the system [24, 28], however there is no
clear agreement over the phases found in FeCoV-Nb. The most commonly studied
alloy in this system is potentially Hiperco H50HS (Carpenter Ltd), which contains
typically ∼ 2V and ∼ 0.3Nb (wt%) [31–35]; but few studies have investigated the
microstructure of this alloy.
Yu et al. (2000, [31]) have suggested occurrence of a γ2 -type phase (ﬁgure 6),
however, the problems outlined in section 2.2.2 remain, in particular for the FeCoVNb system in which the volume fractions reported are totally inconsistent with the
suggested compositions of the precipitates. In addition, the phrasing in [31] makes
it diﬃcult to separate the ﬁndings of the authors from quoted results. Shang et al.
(2000, [33]) have, on the other hand, reported formation of niobium carbonitrides in
alloys with additions of 0.06 wt% Nb (and ∼ 0.01% C) and Laves-phase (Fe,Co)2 Nb
in alloys with 0.3 wt% Nb. This behaviour is more consistent with, for example,
that of Nb in other Fe-based alloys. In austenitic stainless steels, for example, Nb
forms NbC to its solubility limit, excess Nb forming Laves phase at a later stage [36].
It is not clear from the work quoted in [33] whether niobium carbides are observed
together with Laves phase in materials containing excess Nb.
Other additions Orrock [19] investigated the eﬀect of tungsten and copper additions to FeCo-V, and reported the formation of f.c.c. copper precipitates (a = 0.3608
nm) in an alloy with 5% Cu annealed at 760 ◦ C. γ2 was found in FeCo-V with 3 and
5 wt% W additions after annealing at 850 ◦ C.

2.3

Other Fe-Co-X systems

There is data for a few other ternary systems [37–43]. However, in a number of
cases, no further work appear to have been undertaken since the 30s. In most of
these investigations, which concern the entire ternary system, the precision is not
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suﬃcient to be of any use in the design of equiatomic FeCo alloys.
2.3.1

Fe-Co-Cr

Although the system has been investigated by a number of authors (for example [41, 44, 45], a review is given in [46]), data in the area of interest for highsaturation equiatomic FeCo alloys are far from accurate and mostly extrapolated or
even guessed. The inﬂuence of Cr additions on Tα/α+γ and Tα+γ/γ is illustrated in
ﬁgure 7.
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Figure 7: The inﬂuence of Cr on the α/α + γ and α + γ/γ boundaries. Constructed from the
isotherm section in [46]. These isotherms are largely extrapolated if not guessed in this region.

2.3.2

Fe-Co-Ni

Work on Fe-Co-Ni has been reviewed by Rivlin [46]. Figure 8 is a pseudo-binary
diagram constructed from isothermal ternary sections published in the literature
[46–48]. The phases were determined by long-term ageing at the given temperatures.
2.3.3

Fe-Co-Mn

Figure 8 shows a construction of the isopleth FeCo-Mn for equiatomic alloys, constructed from the isothermal ternary sections by Köster and Speidel [49]. The
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Figure 8: The inﬂuence of Ni and Mn on the α/α+γ and α+γ/γ boundaries. FeCo-Ni constructed
from the isotherm sections in [46]. FeCo-Mn from isotherm sections in [49]. It should be noted
that these isotherms are largely extrapolated if not guessed in this region.
authors also reported a signiﬁcant inﬂuence on Tk , which is lowered to ∼ 685 ◦ C for
a 3 wt% addition of Mn.
As noted in section 5.2, Mn does not impart enough ductility to obtain a coldworkable alloy [50].
2.3.4

Fe-Co-W

The FeCo-W system has been partially studied by Köster [51] and Köster and Tonn
[37], although, as mentioned earlier, there is no reliable assessment of the impact
of small additions of W to equiatomic FeCo alloys. Orrock [19] report a signiﬁcant
inﬂuence of a 1 wt% addition on Tα/α+γ , lowered from 977 ◦ C to about 910 ◦ C, while
further additions up to 5 wt% do not aﬀect Tα/α+γ . As discussed in section 5.2, W
addition do not, in most cases, lead to a workable alloy, which probably explain the
little interest in the system.
2.3.5

Fe-Co-Nb

The FeCo-Nb system has been studied by Rezende et al. [52] and Persiano and
Rawlings [24,28]. Nb as limited solubility in equiatomic FeCo alloys, estimated to 0.3
at% [24]. This result was obtained for samples furnace cooled from 760 or 850 ◦ C, and
it is therefore not straightforward to assess which temperature it is representative
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of, particularly as there is evidence that precipitation occurs even during cooling
(table 1). Beyond this limit, increasing amounts of spherical paramagnetic particles
are found, of composition 49Co-35Fe-15Nb at% [24]. It must be emphasised that,
Nb / at%
0.62
1.24
1.77

FC IBQ
7
6
11
10
14
11

Table 1: The volume fraction of second phase identiﬁed in equiatomic FeCo annealed 2 h at
850 ◦ C and furnace cooled (FC) or quenched in iced brine (IBQ). After [24]

while the authors suggest that this may be the previously mentioned L12 structure,
they do not provide evidence for the structure.
According to diﬀerential thermal analysis [24], Nb has no impact, either on
Tα/α+γ or Tk . The former (averaged over heating/cooling) appears to vary by less
than 5 ◦ C with increasing amounts of Nb (up to 1.77 at%), and there is no detectable
opening of the α + γ ﬁeld as is the case for V additions. Tk is constant and reported
as 731 ◦ C ±2.
2.3.6

Fe-Co-Si and Fe-Co-Al

Griest et al. [53] reported the eﬀect of small Si and Al additions in FeCo alloys. In
thermal analysis studies, silicon was found to raise the ordering temperature but
also reduce the amplitude of the corresponding peak (for example, Tk = 805 ◦ C for
2 wt% Si). It also lowered the Tα/α+γ and Tα+γ/γ temperature, (in the vicinity of
940 ◦ C for 2 wt% Si). Al was found to have a similar impact on Tc (Tk = 808 ◦ C for
2 wt% Al), but little eﬀect on Tα/α+γ and Tα+γ/γ .

2.4

Recrystallisation and grain-growth

As will be discussed later, many of the mechanical and magnetic properties of FeCo
based alloys are conditioned by the grain size. It appeared therefore appropriate to
discuss the problem of recrystallisation and grain-growth.
Because of the ordering reaction, recrystallisation and grain-growth do not follow standard behaviour. Using X-ray, Borodkina et al. [54] studied the recovery and
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recrystallisation of FeCo alloys of diﬀerent stoichiometries. Their results indicate
that, while recovery is detected earliest in the equiatomic alloy, recrystallisation is
slowest for this composition. In particular, remainders of the deformation texture
are still present even after 1 h at 800 ◦ C. These authors also suggest that recrystallisation does not begin below Tk , with the argument that recrystallisation below
Tk implies the formation of a disordered structure, and might therefore not be thermodynamically advantageous. It is not clear why, however, one would assume that
recrystallised grains must be disordered.
In further work, Seliskii and Tolochko [55] and Goldenberg and Seliskii [56] studied the same problem using optical microscopy instead of X-rays, and reported similar conclusions.
Later, Davies and Stoloﬀ [57] studied the kinetics of recrystallisation for a FeCo2V alloy and reported signiﬁcantly diﬀerent results: after similar thickness reductions (90%), complete recrystallisation occurred after 1 h at 650 ◦ C, while Goldenberg and Seliskii suggested that recrystallisation only started after 8 h at 700 ◦ C
in a FeCo alloy. Furthermore, the grain sizes reported in both studies are vastly
diﬀerent. For example, Davies and Stoloﬀ [57] report a grain size of 12 µm after 1 h
at 750 ◦ C, while, in Seliskii and Tolochko’s work [55], the grain size only reaches ∼ 3
µm after 8 h at 750 ◦ C. This is illustrated in ﬁgure 9; the thickness reduction in [58]
is not speciﬁed, but as the authors used commercial sheets provided by Carpenter
Ltd, it seems reasonable to assume that these have been cold-rolled to 90% thickness
reduction as usually reported.
Further studies are also contradictory with regard to the recrystallisation kinetics. Thornburg [59] reported only 10-20% recrystallisation in FeCo-2V, cold-rolled
to 90% reduction in thickness and annealed 2 h at 670 ◦ C, with full recrystallisation only achieved, at 710 ◦ C. Similarly, Pitt and Rawlings [18] report an equiaxed,
recovered structure with subgrain size of about 1 µm, for FeCo-2V after 2 h at 680
◦
C. This appears to be in contradiction with the results of Davies and Stoloﬀ, who,
for identical material and conditions, observed full recrystallisation after 1h at 650
◦
C.
One possibility is that the latter authors have mistaken the well developed subgrain structure reported by Pitt and Rawlings [18], for a recrystallised structure.
In the absence of misorientation measurements, it is diﬃcult to assess these results.
Subgrain boundaries are believed to have a similar impact on strength as grain
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Figure 9: The grain size as a function of time during annealing at varying temperatures following deformation. (A) FeCo-2V, drawn, area reduction 75% [57], (B) FeCo-2V-.05Nb, cold-rolled,
thickness reduction presumed 90% [58], (C) FeCo, cold-rolled, thickness reduction 82% [55].

boundaries, which can be modelled by an equation of the type [60] :
σy = σ0 + cd−m

(3)

Because of their low misorientation however, their impact is signiﬁcantly less, that
is to say, c is expected to be signiﬁcantly smaller than typical values as determined
for grain boundary strengthening.
Using independent published data on the grain size, the present author showed
[61] that the strength measured by Thornburg [59] matched very well that expected
from the grain sizes reported by Davies and Stoloﬀ [57], implying that the strengthening eﬀect is as expected for a normal grain structure rather than a subgrain one.
Recent developments have conﬁrmed and exploited (for example [62]) the possibility for these alloys to recrystallise at low temperature. Buckley [63, 64] investigated the interactions between the ordering reaction and recrystallisation. Using an
FeCo-0.4Cr alloy deformed to about 40%, he distinguished four temperature regions
as illustrated in table 2.
The authors pointed out that, while at intermediate temperatures (475 < T <
600 ◦ C), only recovery occurred even after times up to 100 h, recrystallisation was
21

Annealing temperature / ◦ C Observation
> Tc
recrystallisation in disordered state, rapid.
600 < T < 725
very fast ordering, recrystallisation slower
475 < T < 600
ordering, recovery
250 < T < 475
ordering and recrystallisation to very ﬁne grains
Table 2: Recrystallisation and ordering in FeCo-0.4Cr, after Buckley [63].
observed at lower temperatures. He proposed that, while the ordering reaction
occurs before and independently of recrystallisation at higher temperatures, the
ordering proceeds, at lower (T < 475 ◦ C) temperature, through the formation of
new ordered grains. However, according to Buckley [63, 64], this does not seem to
occur in FeCo-V alloys, where no recrystallisation is observed at lower temperatures.
Recent results from Duckham et al. [65] show a 70 % recrystallised structure
after 5 h at 438 ◦ C and almost 100 % after 1 h at 600 ◦ C, for a FeCo-1.8V-0.3Nb
cold-rolled to 93% reduction in thickness. These heat-treatments lead to grain-sizes
of 100 and 150 nm respectively. Once again, it is not impossible that this is a
misidentiﬁcation of a well developed subgrain structure.
Kinetics of grain growth Davies and Stoloﬀ (1966, [57]) studied grain growth
in FeCo-2V and used a parabolic growth rate to ﬁt their data:




−Qg
D = σV K0 exp
t
RT
2

(4)

where D is the grain size, σ the grain-boundary energy per unit area, V the molar volume, K0 the pre-exponential factor for the grain boundary mobility K =
K0 exp (−∆Q/(RT )), Qg the activation energy, T the temperature and t the duration of the annealing treatment. K  = K0 σV will be used for further discussion.
Part of their results are shown in ﬁgure 9.
These authors reported an activation energy of Qg ∼ 238 kJ/mol in the disordered state (T > Tc ), and pointed out the diﬃculty of ﬁtting a single value of
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activation energy at lower temperature, where the ordering reaction is expected to
continuously modify this value.
More recently, Yu et al. [58, 66] studied the grain growth kinetics of FeCo-1.9V0.05Nb (ﬁgure 9). Despite the higher temperature, this alloy exhibits slower grain
growth as expected from the addition of a small amount of Nb. It is not clear,
however, as to how the authors obtained the value of Qg = 240.3 kJ/mol, given that
growth was characterised at only one temperature. In these conditions, obtaining
Qg implies knowledge of the pre-exponential factor K  , for which the authors give
no value. While it can be worked out that a value of K  ∼ 8.3 × 10−4 m2 s−1 must
have been used by these authors, the only value which may have been available from
the literature is K  ∼ 5.5 × 10−2 m2 s−1 [57].
In conclusion, also there is good agreement concerning the recrystallisation behaviour at high and low temperatures, there is a need for clariﬁcation regarding the
evolution of deformed structures in FeCo just below Tc (650-720 ◦ C), in particular,
whether only recovery occurs around these temperatures or whether the observations can be explained by a large change in the grain growth rate in the ordered
condition.
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3

Ordering of Fe-Co

It is commonly accepted that Fe-Co undergoes an ordering transition around 730 ◦ C
where the b.c.c. structure takes the CsCl (B2) ordered structure (ﬁgure 10).

Figure 10: b.c.c. and ordered B2 structure.
Before discussing the characteristics of the ordering reaction in Fe-Co and related
alloys, the experimental methods most often used in investigations of the ordering
reaction are brieﬂy presented.
The kinetics of the ordering reaction are commonly described in terms of the
evolution of the long range order parameter S, deﬁned for this structure, by S =
2(p − 12 ), where p is the fraction of, say, Fe atoms occupying Fe sites. This is 0.5 for
a fully disordered alloy (and therefore S = 0) and 1 for a fully ordered equiatomic
alloy (S = 1).
Before presenting the results, the experimental techniques most commonly used
for the estimation of the order parameter are brieﬂy reviewed.

3.1
3.1.1

Experimental methods
Lattice parameter measurements

Bozorth (1951, [67]), measured the lattice parameter change accompanying the ordering of Fe-Co for Co varying between 0 and 80 at%. The ordering reaction only
occurs between 29 and 70 at% Co [12], and causes an increase of lattice parameter,
from 2.8485 to 2.8506 Å. This method has also been used by Clegg and Buckley [68],
who report a 0.2% change in lattice parameter between the disordered and ordered
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phases, with a change from 2.8550 to 2.8570 Å. The order parameter S is assumed
to be proportional to the increase of lattice parameter.
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Figure 11: The lattice parameter change caused by ordering as a function of the cooling rate, in
equiatomic FeCo, and FeCo-2.5V. The ordering reaction can be avoided with cooling rates greater
than ∼ 4000 ◦ C/s. After [68].

3.1.2

Superlattice reﬂections

Upon ordering, the lattice type changes to primitive and the intensity for lines
otherwise forbidden in b.c.c. becomes non-zero. However, this intensity remains
extremely small if conventional X-ray methods are used, because of the similar
atomic factors of Fe and Co. If a wavelength near the absorption edge of one of
the scattering elements is used in a diﬀraction experiment, anomalous scattering
eﬀects occur that can enhance the intensity of these lines by an order of magnitude
[68]. Most studies have therefore made use of Co or Fe Kα radiations in X-ray
experiments. The order parameter can be related to the ratio I{100} /I{200} where
I{hkl} is the intensity of the line of corresponding indices, more exactly:
S2 = R

I{100}
I{200}

(5)

where R includes Lorentz and polarisation factors.
Most often, this method is used to estimate S/Smax rather than an absolute value
of S [18,63,64,68]. Smax refers to the value of S for a fully ordered system. Diﬀerent
references have been used for Smax : although some authors have used ordered binary
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FeCo for which S is close to one (and I{100} /I{200} = 1/66.1) [18], others have used
the equilibrium state of the system studied (for example, [68]). In the former case,
the values estimated are close to the absolute ones In the latter, and particularly
in the study of ternary FeCo-X alloys, they provide an over-estimation of the order
parameter, because the absolute value of the equilibrium order parameter in FeCo-X
is below one.
In the case of neutron diﬀraction [29, 69, 70], the absolute order parameter can
be obtained. In ternary FeCo-X systems, this requires assumptions as to the distribution of the X.
3.1.3

Magnetic measurement

Various methods have been used to correlate magnetic properties changes and the
disorder-order transition. Measurements of the saturation moment show an increase
of about 4% upon ordering [17, 68, 71, 72], as illustrated in ﬁgure 12.
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Figure 12: The variation of the saturation magnetisation as a function of temperature, after [68].

3.2

Kinetics of ordering

The kinetics of ordering of FeCo and related alloys has been the focus of much
attention in the 1970s with particular emphasis on the role of vanadium additions.
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3.2.1

Ordering of binary FeCo alloy

Early evidence for ordering were presented by Kussmann et al. [73], Rodgers and
Maddocks (1939 [74]) and Shull and Siegel (1949 [70]). Ellis and Greiner [11] provided an accurate measurement of the ordering temperature for equiatomic FeCo,
reporting a value of Tk = 732 ◦ C, but values as low as 710 ◦ C have also been
reported [12].
The ordering reaction in equiatomic FeCo is very rapid, so that the cooling rates
required to obtain fully disordered samples cannot be achieved in industrial scale
processes. Clegg and Buckley [68] investigated the kinetics of the ordering reaction
in equiatomic Fe-Co using lattice parameters measurement. Quenching samples of
diﬀerent thicknesses in iced brine (after 30 min at 810 ◦ C), they estimated that
ordering was totally avoided only for quenching rates greater than ∼ 4000 ◦ C/s
(ﬁgure 11). This value was estimated from the specimen thickness (700 µm).
The equilibrium degree of order depends on temperature, particularly near the
critical temperature. Using X-rays, Stoloﬀ and Davies [75] reported the long-range
order parameter in FeCo-2V, as a function of temperature and showed that these
measures compared well with other results obtained by diﬀerent techniques, and
with theoretical values. This is illustrated in ﬁgure 13. It must be noticed that
variations of the order parameter occur essentially between 600 ◦ C and Tk .
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Figure 13: The long range order parameter as a function of temperature in FeCo, after [75].
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An activation energy Qo can be calculated for the kinetics of the ordering reaction, although some studies emphasise the diﬃculty in giving it a clear physical
meaning [68,76]. Particular diﬃculties arise in the physical interpretation of the ordering rates as the kinetics of quenched-in vacancies annihilation is similar, so that
both phenomena must be considered together [76]. Values tend to be in reasonable
agreement with each other; for example Qo = 188 kJ/mol [76], or 160 kJ/mol [68].
Rajkovic and Buckley [77] report Qo = 105 kJ/mol for heterogeneous ordering (see
below) at low temperature.
Ordering mechanism: Clegg and Buckley [68] then Buckley [64] found two distinct ordering mechanisms in binary Fe-Co:
• Above 500 ◦ C but to a lesser degree down to 430 ◦ C, ordering is homogeneous,
followed by antiphase domain (APD) coalescence.
• Between 260 ◦ C and 430 ◦ C approximately, the authors observed nucleation
and growth of grain boundary ﬁlms of fully ordered structure.
The kinetics of domain coalescence in binary FeCo alloys have been studied by Clegg
and Buckley [68], and later Rajkovic and Buckley [77]. As mentioned above, when
ordering above ∼ 400 ◦ C, the process is homogeneous, in which case domains of
constant size are observed while the long-range degree of order increases. Once S
has reached its equilibrium value, APD coalescence begins [78]. The coalescence
stage is generally well ﬁtted to:
d2 − d0 2 = kt

(6)

where d is the domain size, d0 the domain size at t = 0, and k is related to the
antiphase boundary mobility and can be written:


Qd

(7)
k = k exp −
RT
A value of Qd = 264 kJ/mol for the activation energy of the antiphase boundary
mobility has been calculated by the present author from published data [77], while
Grosbras et al. [76] report a value of 190 kJ/mol. Both studies have however investigated APD growth in the same range of temperature following similar annealing
conditions. This activation energy is in general expected to be identical to that for
volume diﬀusion in the disordered material [68], and although there is no data for
the binary alloy, this has been conﬁrmed in FeCo-2V.
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3.2.2

Inﬂuence of vanadium addition

As will be shown, the agreement over the inﬂuence of vanadium additions on the
kinetics of ordering remains poor after more than 50 years of investigations.
The FeCo-2V composition was ﬁrst proposed by White and Wahl [3] in 1932.
Through addition of about 2% vanadium and in conjunction with appropriate heattreatment, equiatomic FeCo alloys become workable (this is further discussed in
section 5.2). The ordered α2 phase is frequently observed to be very brittle while
the disordered α may have some ductility. This lead to the hypothesis that vanadium
slows the ordering process and allow ductility to be retained through quenching. The
absence of direct evidence was underlined by Stanley (1950 [79]).
A number of investigations followed which cast doubts on this hypothesis. In
1973, Clegg and Buckley [68] showed that the critical cooling rate to avoid ordering
was similar in FeCo and FeCo-2.5V. These results were based on lattice parameter
measurements (ﬁgure 11), but were validated by comparison to magnetic and X-ray
diﬀraction data. As for FeCo, a cooling rate of about 4000 ◦ C/s, corresponding to a
thickness of 700 µm quenched in iced brine, was required to obtain a fully disordered
sample. A similar limit was proposed by Smith and Rawlings in 1976 [69], who used
neutron diﬀraction to study the kinetics of ordering in FeCo-1.8V: while a 600 µm
sample quenched in iced brine from 850 ◦ C lead to a fully disordered sample, the
order parameter in the as-quenched state for a 1 mm sample was about 0.3.
Most studies have concentrated on the kinetics of ordering during reheating
after quench. Clegg and Buckley (1973, [68]), then Buckley (1975, [64]), showed
that, the kinetics of ordering of FeCo and FeCo-2.5V are similar over a wide range
of temperatures. Some of these results are summarised in ﬁgure 20, which shows
the times to reach S/Smax = 0.5 and S/Smax = 0.95 during isothermal annealing
after quenching from 810 ◦ C. The same authors also investigated the eﬀect of larger
vanadium contents (5.1%) and observed a retardation of the ordering reaction [68].
Subsequent studies do not completely agree with these results. Eymery et al.
(1974, [80]), used X-rays to estimate the evolution of S/Smax during isothermal
annealing of FeCo and FeCo-2V after quenching samples of 1 mm thickness from
diﬀerent temperatures. The reference used for Smax is unfortunately not stated As
illustrated in ﬁgure 15, these authors gave evidence that the vanadium containing
alloy orders faster than the binary one, although it appears that the initial degree
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Figure 14: The times to reach S/Smax =0.5 (empty symbols) and S/Smax =0.95 (full symbols) in
FeCo based alloys with diﬀerent additions, after quench in iced brine from 810 ◦ C. After [64, 68].

of order is lower in the vanadium containing alloy.
Eymery et al. (1974, [80]) and later Grobras et al. (1976, [76]) proposed that
a higher concentration of quenched-in vacancies in FeCo-V than in FeCo explains
the diﬀerence; this in turn would be caused by a strong interaction between vacancy
and vanadium. The formation of numbers of dislocation loops and helices during
low-temperature annealing was taken as evidence for this large concentration of
quenched-in vacancies [76].
Measurements of ordering kinetics by Smith and Rawlings (1976, [69]) on FeCo1.8V are consistent with previous studies, but provide a more reliable estimate of
the equilibrium degree of order in this material. The value estimated from neutron
diﬀraction, assuming distribution of V on both Fe and Co sites, was 0.80. The
authors further support the hypothesis made by Grosbras et al. [76] on the role
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Figure 15: Isothermal ordering kinetics at 440 ◦ C for FeCo and FeCo-2V quenched from 780 ◦ C.
After Eymery et al. [80]. Isothermal domain growth in same conditions, after Grobras et al. [76].

of quenched-in vacancies by showing that the activation energy for the ordering
evolution increases towards that for diﬀusion as the process occurs. This can be
explained by the rapid disappearance of the excess vacancies.
The results reported above are in clear contradiction with the hypothesis that
vanadium slows the ordering kinetics. More recently however, results by Orrock
and Major [19] and Orrock [68] provided support for this hypothesis. Using lattice
parameters measurements, the authors estimated the degree of order for 2.5 mm
samples of various FeCo-X alloys quenched in iced brine from 850 ◦ C. Their results
are illustrated in ﬁgure 16.
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Figure 16: The ordering parameter of binary and ternary FeCo alloys as a function of elemental
additions, after quenching into ice brine from 730 ◦ C. After [19, 81].
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Although a signiﬁcant amount of order is to be expected from the thickness of
the specimen used in Orrock’s work, it is diﬃcult to reconcile the largely diﬀerent
order parameters for FeCo and FeCo-2V with the previous results indicating identical ordering kinetics in these systems. To date, there does not appear to be an
explanation for this paradox.
Overall, Orrock’s results are the only ones supporting the early hypothesis that
vanadium slows ordering and therefore helps obtain a ductile alloy. Most other results indicate no eﬀect or even an acceleration of the ordering reaction by vanadium.
It should be emphasised however that few studies [19, 68] have compared the order
parameter of FeCo and FeCo-V for identical quenching conditions, most work having
focused on the ordering kinetics during annealing.
Discarding the Clegg and Buckley [68] study, the results are consistent in as
much as measurements by Eymery et al. [80] indicate a lower order parameter for
FeCo-2V after quenching (ﬁgure 15). There is, however no obvious reason to doubt
the work of Clegg and Buckley. Furthermore, if one were to accept that vanadium
retards the ordering during quenching but not annealing, it would still be necessary
to propose a mechanism explaining this paradoxical behaviour.
It seems therefore reasonable to suggest that measurements and comparisons of
the order parameters for FeCo and FeCo-2V following quenching at diﬀerent rates
should be repeated, if possible with a direct method such as neutron diﬀraction.
If such results were are to conﬁrm Orrock’s measurements rather than Clegg and
Buckley’s one, work would be required to understand the ‘double’ eﬀect of vanadium
on the ordering reaction.
As for the binary alloy, it is possible to estimate an activation energy for the
ordering process. Values are in reasonable agreement with the exception of one
study (table 3).
Qo / kJ mol−1
160
170
154
255

Reference
Clegg and Buckley [68]
Rajkovic and Buckley [77]
Grosbras et al. [76]
Smith and Rawlings [82]

Table 3: The activation energy for the ordering reaction in FeCo-2V alloys.
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Ordering mechanism: Clegg and Buckley (1973, [68]), Buckley (1975, [64]), and
Rajkovic and Buckley (1981 [77]) have investigated the ordering mechanisms in
FeCo-V alloys of diﬀerent compositions. As mentioned earlier, the binary alloy
has been found to order homogeneously at high temperatures, but by nucleation
and growth of an ordered phase at lower temperatures. With increasing vanadium
additions however, the transition disappears, and the conventional FeCo-2V alloys
exhibit homogeneous ordering at all temperatures. This is illustrated in ﬁgure 17.
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Figure 17: The ordering mechanism of FeCo-V alloys as a function of temperature and vanadium
content, for samples quenched from 800 ◦ C, after [77].

In the temperature range where mechanisms diﬀer, the FeCo-V alloys are found
to order more slowly than FeCo or, as discussed later, FeCo-Cr (ﬁgure 14).
A number of studies [68, 76, 80, 83–85] have investigated the coalescence of domains in FeCo-V during homogeneous ordering, and reported values for the activation energy as described in section 3.2.1. These include English [83] and Clegg and
Buckley [68], whose methods were later criticised by Rogers et al. [84] who recalculated values of Qd based on the data published by the former authors. Results are
summarised in table 4 which highlights some discrepancies between diﬀerent studies.
Most of the results fall reasonably close to the activation energy for volume diﬀusion
in the disordered material, estimated to 250-300 kJ/mol.
3.2.3

Inﬂuence of chromium additions

Very few studies have dealt with the inﬂuence of Cr additions to FeCo [63, 64].
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Qd / kJ.mol−1
294
337
284
213
178
251

Reference
English [83]
recalculated by Rogers et al. [84] from data in [83]
Clegg and Buckley [68]
recalculated by Rogers et al. [84] from data in [68]
Rogers et al. [84]
Grosbras et al. [76] and Eymery et al. [80]

Table 4: The activation energy for the APD boundary mobility as estimated by various authors.
Clegg and Buckley [68] compared the kinetics of isothermal ordering of a FeCo0.4Cr to binary FeCo and FeCo-2.5V, at 435 ◦ C and 550 ◦ C and observed signiﬁcant
retardation of the ordering reaction. However, Buckley [64] later concluded the
opposite, and showed that ordering kinetics and mechanisms of FeCo-0.4Cr are the
same as for the binary system (ﬁgure 14) in the temperature range 260-600 ◦ C.
3.2.4

Inﬂuence of niobium additions

Clegg and Buckley [68] ﬁrst investigated the eﬀect of small niobium addition (0.4%).
Measuring the isothermal kinetics of FeCo-0.4Nb at 435 and 550 ◦ C, they observed
a strong retardation compared to FeCo or FeCo-2V, particularly at 435 ◦ C (more
than one order of magnitude).
The impact of Nb on the ability to retain the disordered state of FeCo alloys
through quenching is further supported by Major and Orrock [81]. The details of
this study have been reviewed earlier (section 3.2.2). As illustrated in ﬁgure 16,
Nb appears to be the most eﬀective in helping retaining a low degree of order after
quench.
In more recent studies, Persiano and Rawlings (1991, [24, 28]) have investigated
the inﬂuence of higher Nb content (1, 2 and 3 wt%). Using 250 µm thick samples
quenched in iced brine from 850 ◦ C, the authors investigated the isothermal ordering
kinetics at 550 ◦ C with X-rays and showed an 0.62 at% Nb addition results in retardation by one to two order of magnitudes compared to FeCo or FeCoV as measured
by Clegg and Buckley [68]. As will be discussed later, the use of a higher quenching
temperature than that used by Clegg and Buckley (850 instead of 810 ◦ C) implies
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that the diﬀerence could be even larger if an identical disordering temperature is
used.
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Figure 18: The equilibrium or near-equilibrium degree of order in diﬀerent FeCo-X alloys, at
550 ◦ C. After [28].

Yu et al. (1999, [32]) undertook direct measurement of order parameter by neutron diﬀraction for FeCo-2V-0.3Nb following quench at diﬀerent rates from 820 ◦ C,
and obtained a negligible order parameter (0.04) for a quenching rate of 30000 ◦ C/h,
i.e. ∼ 8.3 ◦ C/s, which is considerably less than the estimated 3000 ◦ C/s for FeCo2V [68].
Niobium additions not only have an impact on kinetics, but also on the maximum
degree of order that can be reached, as indicated by Persiano and Rawlings [28], who
report the equilibrium or near-equilibrium degree of order to be close to only 0.5
with a 2% addition of Nb; this represent a stronger impact than vanadium (ﬁgure
18).
3.2.5

Inﬂuence of other elements

Very few studies have been found that deal directly with the inﬂuence of other
elements on the degree of order, although, as will be discussed later, more work has
been done on the ductility of the as-quenched state, which seems closely related to
the ordering phenomenon.
Orrock [19] used lattice parameter measurements to determine the degree of order
in 2.5 mm think strips of various FeCo-X alloys, (and FeCo-2V-X). The results are
illustrated in ﬁgure 16. Si is found to have little impact, Cu and Ni a mild impact,
W and V a stronger impact and Nb the strongest one.
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In the FeCo-2V-X system however, Si seems to have an opposite eﬀect and
reduce the ’quenchability’ of the disordered state, while W and Cu have no eﬀect up
to about 2 and 5 at% respectively (ﬁgure 19). This shows that the combined eﬀect
of diﬀerent solutes cannot easily be inferred from their individual impact.
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Figure 19: The variation of long-range order parameter for 2.5 mm strips of various compositions,
quenched from 850 ◦ C. After [19].

3.2.6

Inﬂuence of quenching temperature

The inﬂuence of the temperature from which the alloy is quenched before isothermal
ordering has been studied by Eymery et al. (1974, [80]) and Smith and Rawlings
(1976, [69]). It is illustrated in ﬁgure 20. The accelerated ordering kinetics for
disordering temperatures in the range 730-850 ◦ C is explained by the increase of
excess vacancies quenched in the material (section 3.2.2). The discontinuity above
850 ◦ C is attributed to entering the α + γ ﬁeld.
3.2.7

Inﬂuence of cold work

Grobras et al. (1973, [78]), Eymery et al. (1974, [80]) and later Smith and Rawlings
(1976, [69]) have investigated the eﬀect of cold-work on the isothermal ordering
kinetics. The former authors deformed samples at room temperature after quenching
1 mm thick FeCo-2V samples from 780 ◦ C, then followed the evolution of the longrange order parameter by X-ray diﬀraction, during annealing at 440 ◦ C. Their results
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Figure 20: The degree of order achieved after 500 s at 450 ◦ C in a 48.4Fe-49.8Co-1.8V wt%, as
a function of the prior ‘disordering’ temperature.

indicate that for 10 or 20% thickness reduction, ordering is initially accelerated, but
hindered towards the end of the reaction, reaching equilibrium order well after the
non-deformed samples.
Smith and Rawlings [69] used 0.6 mm thick FeCo-1.8V samples quenched from
850 ◦ C, deformed by cold-rolling (25-75%), then followed the ordering kinetics using
neutron diﬀraction at 450, 475 and 500 ◦ C. Their results indicate, on the contrary, that the reaction is slower throughout. Having observed that dislocations
sub-structures consist of cells whose size is an order of magnitude larger than that
of the domains at the end of the ordering reaction, they conclude that the dislocation obstacle eﬀect can probably not account fully for the retardation. Also, there
appears to be no recovery nor recrystallisation at the temperatures investigated
(within the duration of the ordering reaction). They propose that the dislocations
play an important role both as vacancies sinks during the ordering reaction and by
reducing the short-range order (and therefore the number of ordered nuclei) during
prior deformation.
An experiment can here be suggested which would provide further support for
this hypothesis. A higher quenching temperature implies a higher concentration of
quenched in vacancies but lower number density of ordered embryo. If the eﬀect of
deformation on the vacancy concentration is more important, the ordering kinetics
after deformation, in a sample quenched from a lower temperature will be proportionally less aﬀected than one quenched from a higher temperature. If on the other
hand, after quenching from a higher temperature, deformation has less inﬂuence,
then it might be supposed that the main eﬀect is on the ordered embryos.
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3.3

Challenging the existence of an ordering reaction

Although the existence of an ordering reaction, together with its implications, have
been a working hypothesis for the past 50 years, recent work has challenged up to the
existence of an ordered phase in bulk FeCo and emphasised the importance of the
550 ◦ C anomaly in explaining the magnetic properties of these alloys. The problem
has been reviewed in details by the present author [86]. It was found that numerous
published results could not be reconciled with the new theory. In addition, some of
the results put forward as evidence for this new theory could not be reproduced.

4

Magnetic and electrical properties

The following section discuss the magnetic properties of FeCo based alloys, essentially with respect to the microstructural features of the alloy.

4.1

Overview

Iron-cobalt alloys have the highest magnetisation saturation of all known magnetic
alloys (ﬁgure 21).
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Figure 21: The Slater-Pauling curve showing the mean atomic moment for a variety of binary
alloys as a function of their composition, after [67].

Although the maximum saturation is obtained around 35% cobalt, equiatomic
compositions oﬀer a considerably larger permeability for a similar saturation, as
illustrated in ﬁgure 22.
As for soft magnetic systems in general, the coercivity of FeCo alloys depends
strongly on the microstructure. It is out of the scope of this review to discuss the
38

900

9x10

800

7

µ0

600

6

500

5
4

400
µ m (1000o C)
300

3

200

2

100

1

Maximum permeability, µ m

Initial permeability, µ 0

8

µ m (850 oC)

700

3

0
0

10

20

30

40

50

60

70

80

90

100

Cobalt / at%

Figure 22: Initial and maximum permeability for Fe-Co alloys, the annealing temperature inﬂuences strongly the maximum permeability, in this case most likely because 1000 ◦ C lies in the
two-phase region. After [67].

theories describing this dependency, the focus being on reviewing the impact of
composition and thermomechanical treatment on the magnetic properties.

4.2

The saturation of FeCo based alloys

The saturation magnetisation is generally regarded as independent of the microstructure. As indicated earlier (ﬁgure 12), an increase of saturation has been observed
following ordering, which in turns has been used as an indicator of the order parameter. Although the moments of Co atoms does not depend on their environment,
that of Fe does, as it increases from 2.2 µB in pure Fe to about 3 µB (ﬁgure 23) in
ordered equiatomic FeCo [67, 69, 87]. This is rather spectacularly illustrated in the
measurement of the saturation of FeCo alloys where a solid solution is obtained by
mechanical milling of pure Fe and Co particles (ﬁgure 23).
Typical saturation values for ordered binary FeCo [72] or FeCo-2V [19, 24] are
about 2.35 T.
Chen [67] investigated the inﬂuence of ternary additions on the saturation of
FeCo alloys, and found that most (Ti, V, Cr, Ni, Cu) had a detrimental eﬀect, with
the exception of Mn. This author also reported that, while Ti, V and Cr order
antiferromagnetically, Ni and Mn order ferromagnetically. In addition, Mn displays
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Figure 23: The magnetic moments of Fe and Co on binary alloys of diﬀerent compositions,
after [87]. The saturation magnetisation of Fe1−x Cox alloys as a function of composition. The
straight line is that for an unmilled mixture of pure elements. The formation of a solution is
accompanied by an increase in the saturation magnetisation. After [88].

an atomic moment larger than that the average one for FeCo (∼ 3 µB ). The case
of Mn is further complicated by the fact that its atomic moment depends on the
exact stoichiometry of the alloy. It has a simple dilution eﬀect if Fe:Co > 1, only
increasing the saturation in alloys where Fe:Co < 1.
This has been further investigated theoretically by Reddy et al. [89] using the
cluster variation method. Their results also indicate that the impurities Al, V, Mn
and Ru preferentially occupy the Fe site, with the substitution of Fe by V being the
only one energetically favourable. Chen reports a solubility limit of 7 at% for Mn in
FeCo [67] (Köster [49] reporting about 5.5 at%), and the possibility to achieve an
average atomic moment of 2.43 µB for a 5 at% addition. Mostly because the addition
has to be done with excess of Co, the peak reached at 35% Co is not surpassed by
that obtained with Mn additions. Few compositions today are found with more
than 0.5 wt% (∼ 0.48 at%).
Furthermore, similar if not larger saturations have been reported in other ternary
alloys by Major and Orrock [81], with 2.44 T (at 4 × 104 A.m−1 ) for an equiatomic
FeCo with 0.23 wt% Nb and 2.45 T for 0.2 wt% Ta.
Saturation is usually regarded as being independent, to a large extent, of the
microstructure. Small variations can however be detected; for example, Fingers and
Kozlowski [90] report diﬀerent values of saturation for the same alloy depending
on the exact heat-treatment conditions, as illustrated in table 5. Discussion by the
above authors appear to imply that such variations are beyond typical error; it must
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be noted however that error estimations, when published can reach 0.1 T [19].
Temperature / K Time / h
704
1
720
1
720
2
732
1

Grain size / µm
1.13
1.68
2.80
2.33

Saturation induction / T
2.37
2.40
2.43
2.40

Table 5: Saturation magnetisation for a FeCo-2V-0.3Nb alloy after diﬀerent heattreatments, after [90].
Increasing further the amount of ternary addition leads to signiﬁcant reduction
in saturation, resulting from the both the dilution eﬀect due to the addition of V
or Nb, and from the precipitation of non-magnetic particles [24, 28] as illustrated in
table 6.
Alloy

Saturation induction / T

FeCo-2V
FeCo-3.6V
FeCo-1Nb
FeCo-2Nb
FeCo-3Nb

2.32
2.29
2.34
2.29
2.2

Estimated volume fraction
of second phase / %
not measured
7
11
14

Table 6: Saturation magnetisation for diﬀerent FeCo based alloys after furnace
cooling from 760 ◦ C, data from [28].
Similar results have been obtained by Orrock [19] for quaternary systems FeCo2V-Cu and FeCo-2V-W, where it is shown that the saturation as calculated from
the dilution caused by the formation of paramagnetic precipitates (table 11) is in
good agreement with measurements, as illustrated in ﬁgure 24. This is not the case
for FeCo-5Ni [19] or the FeCo-Nb alloys in table 6 where the saturation appears to
be larger than expected given the amount of second phase. Orrock suggests that
this can occur if the removal of solute causes an increase in average moment in the
bulk, that is to say, the loss due to the paramagnetic precipitates is compensated by
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Saturation magnetisation / T

a increase of the bulk average atomic moment as the concentration of atoms in solid
solution decreases. This is however not a satisfying explanation, since the calculated
reference curve mentioned above does not include the solid solution eﬀect in the ﬁrst
place.
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Figure 24: The saturation of a variety of FeCo based alloy as a function of the volume fraction
of paramagnetic second phase, after [19, 24]

Error estimates are visible in ﬁgure 24 for the data from [19]. Taking into account
that some studies have reported saturations up to 2.44 T, it is not evident whether,
even for FeCo-Nb, reasons for the diﬀerences should be sought elsewhere than in the
inaccuracy of the measurements.

4.3

Coercivity

The coercivity is often seen as an important parameter if low losses are to be
achieved. It is out of the scope of this review to provide a detailed account of
theories relating the coercivity to the microstructure of soft magnetic alloys. The
coercivity is, in general, aﬀected by most types of defects. This includes dislocations,
grain boundaries, and precipitates.
The coercivity depends on the grain size as follows [31]:


Hc ∼ 3

kTc K1 1
aMs D
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(8)

where Hc is the coercivity, D the grain size, Ms the magnetisation saturation, K1 the
magnetocrystalline anisotropy, Tc the Curie temperature and a the lattice constant.
The most often quoted relationship between coercivity and non-magnetic particle
distribution is due to Kersten [31]:
Hc ∝

δw K1 2/3
Vf
Ms µ0 r

(9)

where δw is the wall thickness, µ0 the permeability of vacuum, r the average radius of
the particles and Vf their volume fraction. This does not apply if the wall thickness
is greater than the particle size. Néel’s approach accounts for the presence of free
poles associated with the non-magnetic inclusions, and tend to lead to a linear
relationship between the coercivity and the volume fraction of precipitate.
4.3.1

Grain size

In the following section, data from a number of publications have been gathered for
comparison. Ideally, the diﬀerent grain sizes should have been obtained by varying
the annealing time at the same temperature, as the concentration of quenched-in
vacancies may otherwise vary and aﬀect the result. Clearly, the samples should also
be well annealed if comparisons are to mean anything. Figure 25 shows a number
of measurements made on a variety of FeCo-X alloys.
In general, the dependency of coercivity on the grain size is in good agreement
from one study to another (series (a) to (d) in ﬁgure 25), as long as the alloy is
well-annealed, single-phase FeCo-X alloy. A satisfying ﬁt is provided by:
Hc = 34.2 + 758 × D −1

(10)

where D is expressed in µm and Hc in A m−1 .
Figure 26 represents the coercivity of a variety of alloys with diﬀerent grain
sizes, in which second-phases were detected. The results obtained by Yu et al. [32]
for an FeCoV-Nb alloy are somewhat surprising: the coercivity of the sample with
smallest grain size appears to fall on the line with the rest of the data, although this
particular sample is disordered, and the coercivity of the disordered state is known
to be higher than that of the ordered alloy [31]; for the intermediate grain size,
an ordered, single-phase sample, the coercivity is signiﬁcantly lower than for other
similar alloys with same grain size, and for the largest grain size, the sample contains
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Figure 25: Coercivity of a variety of FeCo based alloys as a function of their grain size. (a)
Stanley, 1950, for FeCo-2V [79] (b) Yu et al., 2000, for FeCo-2V [31], (c) Major et al., 1988, for
FeCo-0.2Ta [91] (d) Orrock, 1986, for FeCo-2V [19], all are annealed and single-phase. FeCo-V-Cu
from [19].
precipitates but nevertheless falls close to the line. Unfortunately, the authors report
the amount of precipitates as 3.4 and 2.3 % in the same publication [32] with no
indication as to how the volume fraction was estimated.
The FeCo-Nb, FeCo-2V-Cu or FeCo-2V-W alloys, contain varying additions of
ternary or quaternary elements, of 1, 2 and 3 wt% (FeCo-Nb) and 1, 3 and 5 wt%
(FeCo-2V-Cu and W). As indicated in table 1 and 11, these show increasing amounts
of second phase particles.
It is remarkable that the alloys containing 1 wt% of W and Cu fall on the best-ﬁt
line determined for single phase FeCo-X alloys. This is consistent with the fact that
no signiﬁcant precipitation is found, and indicates that Cu or W in solid solution
do not have a signiﬁcant impact on coercivity. The case of FeCo-5Ni is particularly
surprising as the author [19] reports up to 10% of second phase on grain boundaries.
As discussed in the next section, it is diﬃcult to rationalise the diﬀerent observations of the eﬀect of precipitation on coercivity.
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Figure 26: Coercivity of a variety of FeCo based alloys as a function of their grain size. FeCoVCu, FeCoV-W and FeCo-Ni from [19], FeCo2V-.3Nb from [32].

4.3.2

Precipitation

It is diﬃcult to isolate the eﬀect of particles on the coercivity, as most tend to
inﬂuence the grain size. As discussed in the previous section, the precipitates in
the large grain sample of FeCoV-Nb (ﬁgure 26) do not seem to have a signiﬁcant
impact on the coercivity which falls on the ‘universal’ line for its given grain size.
Unfortunately, the volume fraction reported for this particular case is given, in the
same publication [32], as 3.4 and 2.3 %. This is, in any case, of the same order of
magnitude as the estimated volume fraction of Cu or γ2 precipitates discussed later,
which cause a very large increase in coercivity.
As illustrated in ﬁgure 26, increasing amounts of second phase particles in FeCoNb, FeCo-2V-Cu and FeCo-2V-W cause signiﬁcant increases in coercivity. To isolate
the contribution of precipitation, the contribution from the grain size, as predicted
from the best-ﬁt line was estimated and subtracted to the actual values reported for
these three systems. The results are summarised in table 7. This indicates clearly
that consideration on the volume fraction alone cannot explain the diﬀerent values.
For example, the most signiﬁcant increases are observed in for the FeCo-V-W system
which however does not have the largest amount of precipitates. Unfortunately,
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Alloy (addition in wt%)
FeCo-1Nb
FeCo-2Nb
FeCo-3Nb
FeCo-1Cu
FeCo-3Cu
FeCo-5Cu
FeCo-1W
FeCo-3W
FeCo-5W

Vf / %
7
11
14
1
3
5
0
1
5

∆Hc / A m−1
247
353
525
16
386
734
38
872
1151

Ref
[24]
”
”
[19]
”
”
”
”
”

Table 7: The diﬀerence (∆Hc ) between observed coercivity and that predicted from the grain
size using equation 10 as a function of the volume fraction (Vf ) of second phase.

typical particle sizes also appear to be similar between the FeCo-V-Cu and FeCoV-W systems (∼ 0.5 µm, [19]).
Yu et al. [31] have reported the changes in coercivity for a W-ﬁbres reinforced
FeCo alloy, to which diﬀerent known volume fractions of Al2 O3 particles were added
(ﬁgure 27). Although their results are in good agreement with Kersten’s theory,
there are a number of reasons to question their validity.
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Figure 27: Coercivity of a W-ﬁbres reinforced FeCo, with addition of Al2 O3 particles in increasing
volume fraction, after [31].

A ﬁrst point is that the theory does not apply to particles smaller than the
domain wall. For FeCo alloys, the domain wall thickness has been estimated to ∼ 260
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nm [31], while Al2 O3 particles added were ∼37 nm in diameter. In addition, is does
not appear that the authors have modiﬁed the heat-treatments to ensure identical
grain sizes, therefore one cannot exclude that the increase in coercivity mostly relates
to a decrease in grain size caused by the Al2 O3 particles. Furthermore, while these
2/3
authors represent the coercivity versus Vf , a better ﬁt is actually obtained for a
linear relationship. It should be noted that Néel’s theory would predict a linear
dependency, but so would a grain size eﬀect, as it is usually estimated that the
average grain size scales with 1/Vf when it is controlled by precipitates [92].
Ageing experiments could also provide indirect information on the relationship
between coercivity and particle distribution in FeCo based alloys. The evolution of
magnetic and electrical properties during ageing is a recent concern and few studies
have been undertaken [31, 35, 62, 71]. These are discussed in greater detail later.
Unfortunately, The authors have not correlated the changes in magnetic properties
with microstructural evolution, so that once again, a quantitative assessment of the
respective roles of grain size and precipitation is not possible.
A careful, quantitative investigation of the relationship between coercivity and
microstructure should therefore include measurements of grain size distribution and
particle distribution. It appears quite clearly from the above that the correlation
between microstructure and coercivity remain unclear, further investigations should
include not only grain size measurement but also second phases distribution.
4.3.3

Deformation

As mentioned in the introduction, coercivity is, in general, aﬀected by any type
of defects. The impact of a deformed microstructure is clear when considering
partially recrystallised microstructures. FeCo base alloys are typically cold-rolled
after quenching, then annealed at temperatures around 700-800 ◦ C. A number of
authors have pointed out the possibility of obtaining a high strength material if the
annealing treatment is carried out at lower temperatures.
Thornburg [59] varied the annealing temperature for a commercial FeCo-2V alloy
after cold-rolling to 90% thickness reduction, and showed that coercivity dropped
sharply with increasing temperature until full recrystallisation. Above this temperature, only the diﬀerences in grain size caused relatively small changes in comparison.
Similar results were obtained by Hailer [93] for FeCo-2V-0.3Nb, as illustrated in ﬁg-
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ure 28.
As for the strength 5.1.4, the present authors recently showed, using published
data on grain growth [57], that these variations could be entirely explained by
changes in the grain size. Figure 28 shows a comparison of measured and calculated coercivity, the details of the calculation have been published elsewhere [61].
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Figure 28: Coercivity of FeCo-2V [59] and FeCo-2V-0.3Nb [93] after annealing at diﬀerent temperature, for 1 h in the case of FeCo-2V-0.3Nb, 2 h for the FeCo-2V alloy. Exact measurement
conditions are not indicated in [59]; for FeCo-2V-0.3Nb [93], coercivity was measured with maximum applied ﬁeld of 1.59 T, at 60 Hz. This is compared with calculations for FeCo-2V using
equation 10 and the grain sizes reported by Davies and Stoloﬀ [57].

4.4

Permeability

As mentioned earlier, the use of equiatomic FeCo alloys as opposed to lower Co
content is mainly driven by their very high permeability. There is surprisingly little
studies reporting directly either the initial or maximum permeabilities of FeCo based
alloys.
Although there is evidence for a decrease in permeability in FeCo-2V during
long-term exposure to intermediate temperatures (450-550 ◦ C) [71], one can only
speculate, for lack of direct evidence, that this is a consequence of γ2 precipitation
as observed by Ashby et al. and discussed in section 2.2.2.
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The impact of Cu and W additions in FeCo-2V alloys on their coercivity has been
discussed above. Orrock also reports saturation for diﬀerent applied ﬁelds, showing
a signiﬁcant decrease in permeability, even for additions which had no impact on
coercivity, as shown in table 8.
FeCo-2V
M4000A.m−1
M40000A.m−1

2.23
2.34

FeCo-V-Cu
FeCo-V-W
1
3
5
1
3
5
1.99 1.90 1.65 1.79 1.73 1.69
2.28 2.23 2.18 2.20 2.19 2.19

Table 8: The magnetisation at 4000 and 40000 A.m−1 , showing that, while saturation is little
aﬀected by the addition of Cu or W to FeCo-2V, the magnetisation at intermediate applied ﬁelds
is signiﬁcantly reduced. After [19].

Works on FeCo-V-Ni [42, 43] indicate a detrimental eﬀect on the permeability:
the maximum permeability of this alloy, after optimum heat-treatment, is found to
be about 2.5 times lower than that of FeCo-2V. A similar observation was made on
FeCo-Nb alloys [24], with FeCo-1Nb wt% showing a maximum permeability about 3
times lower than FeCo-2V. Unfortunately, there is no investigation of the diﬀerences
in microstructure in these studies.

4.5

Resistivity

The resistivity of FeCo based alloys is as important as the magnetic properties
in the obtention of low losses components. Ordered binary FeCo has particularly
low resistivity as shown in table 9. By coincidence, the addition of vanadium, as
proposed by White and Whahl [3] to improve the ductility, would later be shown to
be the most eﬃcient way to improve the resistivity of these alloys, as illustrated in
ﬁgure 29.
As discussed later, Nb and Ta have recently been shown to provide interesting
replacement for vanadium, as they impart ductility even for much smaller additions.
However, as illustrated in table 29, these additions do not have the same impact as
vanadium on the resistivity; in fact, the resistivity of FeCo-Nb is hardly diﬀerent
from that of the binary system.
The temperature dependency of the resistivity of FeCo-2V (Hiperco H50) and
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Figure 29: The inﬂuence of various addition on the resistivity of FeCo alloys. After [67].
FeCo-2V-Nb (Hiperco H50HS) has been investigated by Geist et al. [35]. and that
of FeCo-Ta (48.75 Co, 0.45 Ta, 0.27 V wt%) by Simon et al. [94]. This is illustrated
in ﬁgure 30.
According to [35], the detailed content of the alloys investigated are, 48.75 Co,
1.9 V, 0.05 Nb (wt%) for H50, and 48.75 Co, 1.9 V, 0.3 Nb for H50HS. While both
alloys appear to have the same amount of vanadium, there is a signiﬁcant diﬀerent
in resistivity. As discussed in section 6, it can be suggested that this is caused
by promotion of γ2 formation in the high Nb alloy. If the V-rich γ2 compound
precipitates early, less vanadium remains in solid-solution to increase the resistivity.

50

Alloy
Resistivity / µΩ.cm
FeCo
1.95
FeCo2V
46.4
FeCo1Nb
3.13
FeCo2Nb
3.06
Table 9: The resistivity of FeCo and FeCo-V and FeCo-V-Nb alloys, after [24].
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Figure 30: The resistivity of FeCo-V, FeCo-V-Nb and FeCo-Ta as a function of temperature,
after [35] and [94].
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5

Mechanical properties of Fe-Co based alloys

The mechanical properties of FeCo base alloys have been the object of a number of
studies, particularly in the context of ordering.

5.1

Yield Stress

As for most metallic alloys, the yield stress of FeCo based alloys can vary considerably depending on thermomechanical treatment and composition, and it is therefore
diﬃcult to discuss it out of context. In the following section, the inﬂuence of a number of parameters are reviewed.
5.1.1

The inﬂuence of order/disorder

The present review does not explore the dislocation theory in depth and the author
recommends, for example, the review of Marcinkowski [95] for further details.
To investigate the inﬂuence of the degree of long-range order (S) on the yield
stress, Stoloﬀ and Davies [75] quenched tensile specimens from temperatures in the
range 500 to 875 ◦ C, having established independently the corresponding degree of
order. As illustrated in ﬁgure 31, the yield stress exhibits a peak for quench temperatures slightly below the critical temperature (corresponding to S ∼ 0.4 according
to Stoloﬀ and Davies). Identical results have been obtained by Marcinkowski and
Chessin [96] and Moine et al. [97] (shown in ﬁgure 31).
Note that the samples quenched from T > Tc , in theory disordered, exhibit a
higher strength than the ordered ones. Although the size of the samples used by
Stoloﬀ and Davies (tensile samples of 3.2 mm diameter) is signiﬁcantly above the
critical dimension identiﬁed by Clegg and Buckley (section 3.2.2) for complete retention of disorder through quenching, similar results have been obtained by a number
of authors, in particular, Ren et al. [58] have performed tensile tests of coupons
taken from 0.35 mm sheets of FeCo-2V alloy and obtained the values reported in
table 10.
Marcinkoswski [95] attributed the high strength of the disordered alloy to a high
degree of short range order (SRO). Comparing FeCo and Ni3 Mn, Marcinkowski suggested that the high ratio Tc /Tm (Tc ordering temperature, Tm melting temperature)
renders diﬃcult the retention of disorder through quenching of FeCo based mate52
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Figure 31: The 0.1% yield stress for FeCo-2V samples quenched from diﬀerent temperatures so
as to produce diﬀerent degree of long range order, after [75] and [97].
Cooling rate ◦ C/h
Yield Stress / MPa

30 60 90 Air quenched
389 359 385
503

I.B. quenched
526

Table 10: The yield stress of FeCo-2V quenched from 820 ◦ C at diﬀerent rates. The three
slow cooling treatments lead to ordered specimen with possibly varying grain size, both quenching
methods lead to disordered specimen (I.B.: iced brine). After [58]

rials, as materials with a lower Tc /Tm such as Ni3 Mn show a lower strength in the
disordered state than in the ordered one.
Stoloﬀ and Davies [75] explained the inﬂuence of order-disorder on σy by suggesting that a peak in strength would occur as the transition between deformation by
single dislocations to superlattice dislocations takes place. While single dislocations
face increasing resistance as S increases, superlattice dislocations are not sensible to
the degree of order.
A number of studies have reported a change in deformation mode from wavy to
planar as the system orders [75,96,98]. Results concerning the preferred slip systems
tend to agree for the disordered system, where slip is reported to occur on {110},
{112} and {321} type planes, but agreement is poor for the ordered system: results
from Jordan and Stoloﬀ [98] opposed the common assumption [75, 99] that slip is
restricted to {110} type planes for the ordered system, as the authors identiﬁed
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predominant slip on either {321} or {211} planes depending on the temperature.
Yamaguchi et al. [100] , however, studied deformation of ordered single crystal FeCo
at 4.2, 295 and 600 K, and reported a strong preference for slip on {110} at all
temperatures.
The existence of the transition from planar to wavy glide, near the peak strength,
was taken by Stoloﬀ and Davies [75] as supporting their proposed mechanism: slip is
dominated, at none or low degree of LRO, by single dislocations which face increasing
resistance as the degree of order is increased; as the degree of LRO increases, slip
is increasingly dominated by superlattice dislocations and the strength decreases
(ﬁgure 32).
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Figure 32: Illustration of the mechanism proposed by Stoloﬀ and Davies to explain the inﬂuence
of order/disorder (and of temperature through order/disorder) on the yield strength of FeCo based
alloys, after [75]. Predictions by Moine et al., for yield strength measured at indicated temperature
and after quenching from the indicated temperature, after [97]. Note that the curve for quench
temperature has been shifted to lower values for easier comparison.
Moine et al. [97] noted that superlattice dislocations are found even in alloys
quenched from above Tc . These authors then proposed a quantitative analysis of the
problem based on the stress required to activate Franck-Read sources for single and
superlattice dislocations. They obtained, for high values of S where the dislocations
remain paired:


l0 α0
µb
l0
σy = α
ln + ln +
(11)
πl0
b
rc
α
and, for low values of S where the Franck-Read source functions with single dislo54

cations:



µb
l0 α0 l0
σy = α
ln +
πl0
b
α rc



(12)

where σy is the yield stress, α and α0 are geometric factors, b is the burgers vector,
µ the shear modulus, l0 the length of dislocation between pinning points and rc the
distance between paired dislocations (depending on the SRO and LRO).
The link between the observation of superlattice dislocations above Tc and the
proposed mechanisms is not clear; in fact, rather than opposing the views of Stoloﬀ
and Davies, this analysis seems to provide support for it, as noticed by Marcinkowski
[95]. Furthermore, although the predicted strength oﬀers good agreement with measurements, the published work leaves unclear a number of important points, in particular that of the variation of short-range order with temperature above Tc , which
is, according to the model, essential in understanding the high strength of the disordered state and its temperature dependency: the model does not incorporate
explicit temperature dependence but through the LRO and SRO parameters. Finally, the diﬀerence between tests carried at high temperature or after quenching is
only introduced in the model through a change in l0 whose physical meaning is not
clear.
Recent theories have focused on the role of vacancies, and have mostly been
discussed in the context of the temperature dependence of the yield strength.
5.1.2

The inﬂuence of temperature

The interpretation of results on the inﬂuence of test temperature on the ﬂow stress
are complicated by the fact that the degree order can only be kept constant over a
small interval of temperature. Jordan and Stoloﬀ [98] , for example, have performed
a study of the temperature dependence of the yield stress for ordered and disordered
FeCo-2V alloys; to retain the disorder or a constant degree of LRO, the temperature
was kept within 77 and 300 K, and 77 and 773 K respectively. Most other studies
cover a range of temperature where change in the degree of LRO is expected.
The temperature dependence of the yield strength resembles that for the orderdisorder. As the temperature increases, the strength goes through a peak located
near the critical temperature for ordering. However, there is signiﬁcant variations
in the literature over the amplitude of the peak, as illustrated in ﬁgure 33.
Results from Moine et al. [97] for strain rates of 3.375 s−1 and 0.0375 s−1 suggest
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Figure 33: Variation of yield strength with temperature (a) for FeCo-2V [75, 97] showing signiﬁcant increase of strength as the temperature increases to the critical temperature for ordering, (b)
for FeCo [96] and FeCo-2V-0.03Nb [58] showing little increase of strength before the Tc .

that the position and amplitude of the peak is independent of strain rate. While the
diﬀerence between the behaviour of FeCo-2V (ﬁgure 33a) and FeCo (ﬁgure 33b, [96])
might be attributed to the diﬀerent compositions, the entirely diﬀerent behaviour
reported by Ren et al. [58] is diﬃcult to explain. The author proposes that the
particularly small grain size of their samples could explain the little pronounced
peak, without further clariﬁcation. However, it should be noted that while all the
ﬁrst three studies discussed above [75, 96, 97] emphasise the need to allow time
to equilibrate at high temperature in their experimental procedures, this is not
mentioned in [58] and it is therefore possible that Ren et al. have overlooked this
issue. In ordered FeAl (also a B2 structure), the yield stress anomaly can be hidden
by quenched-in vacancies if the samples are not equilibrated at the test temperature
[101]; in fact, the general shape of the curve σy vs temperature resembles, in this
case, the one obtained by Ren et al. [58].
Stoloﬀ and Davies [75] or later Moine et al. [97] have supposed that the same
mechanism (change from superlattice dislocations to single dislocations as discussed
in the previous section) should explain both curves, that is to say the eﬀect of
quenching temperature (ﬁgure 31) and the eﬀect of test temperature (ﬁgure 33).
The strength of B2 ordered compound has been mostly studied using FeAl, and
a variety of models have been proposed to explain the yield stress anomaly in these
alloys (for example [101–111]). This is out of the scope of this review but a brief
mention will be made of the two most recent models: Morris [102] proposed a
mechanism whereby the increase in strength occurs as a result of local locking of
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super-dislocation by climb, as transfer of vacancies occurs from one to the other,
and the decrease occurs when the slip system changes, in the case of FeAl to <100>
dislocations. Perhaps the most serious criticism against this mechanism, as raised by
George and Baker [106], and which would also hold for FeCo alloys, is that, while it
would predict a decrease in strength with increasing strain rates in the temperature
region where the locking occurs, experimental evidences (FeAl: [106], FeCo: [97])
show no such inﬂuence. Other diﬃculties concern the composition dependence of
the peak temperature and the glide transition temperature [101].
In George and Baker’s model [106, 107] , the increase in strength at intermediate temperatures is caused by increasing vacancy generation, while the decrease,
at higher temperature, occurs when their mobility is suﬃcient to allow dislocation
climb. Although this model has given satisfactory agreement with observations, it
has recently been criticised by Kupka [111], whose results indicate that the yield
strength peak cannot, or not entirely, be explained by vacancy hardening, this author further points to a number of discrepancy with other results in the literature.
It should also be noted that this model ignores the copious amount of experimental
evidence for a change from <111> to <100> type dislocation, which occurs at temperatures close to that of the peak strength [102]. Figure 34 explains schematically
the diﬀerences between the mechanisms.
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Figure 34: Schematic illustration of the mechanism proposed by Morris [102] (a) and George and
Baker [107] to explain the peak strength of FeAl at intermediate temperatures.

In the case of FeCo alloys, both mechanisms suﬀer a number of shortcomings:
while that of Morris takes into account the observed change of glide system, it
is clearly inapplicable to room temperature tests of quenched samples, as it relies
on thermally activated vacancy movement from one dislocation to the other in a
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super-dislocation. The peak is nevertheless observed in room temperature tests of
quenched alloys.
The model of George and Baker would, on the other hand, explain the increase
for both kind of tests, since the concentration of quenched-in vacancies increases
as the quench temperature increases, however the climb-glide mechanism proposed
to explain the decrease is once again inappropriate for room-temperature tests of
quenched samples; furthermore, as for FeAl, it ignores the change of glide system.
In addition, it predicts a shift of the peak to higher temperatures as the strain rate
is increased; while this has been reported in FeAl [108, 110], results by Moine et
al. [97] have obtained similar peak for signiﬁcantly diﬀerent strain rates, both for
the room temperature tests of quenched samples and for the high-temperature tests.
There would be a number of ways in which one could ’ﬁt’ an explanation to
the observed phenomena borrowing from one mechanism or the other; for example,
accept the vacancy hardening proposed by George and Baker for the increase of
strength, but rely on the glide system change to explain the drop.
However this would remain entirely speculative given the lack both of quantitative predictions and of experimental data in the case of FeCo alloys. It is likely that
a proper quantitative model will include both aspects (role of vacancies and change
of slip mode) of the problem; presumably, part of the complexity of the problem and
lack of agreement comes from the fact that both factors could play roles of similar
importance.
Much work therefore remains to be done to understand clearly the origin of the
yield anomaly and establish whether mechanisms established for FeAl may apply.
5.1.3

The inﬂuence of grain size, composition and precipitates

Grain size, composition changes and precipitation are closely related, as, most often,
the presence of second-phase strongly aﬀects the recrystallisation kinetics so that
vastly diﬀerent grain sizes can be obtained after identical heat-treatments. It has
also been proposed that some additions have an important impact through solute
drag eﬀect, such as Mn [112].
A number of studies have demonstrated that, for most of the FeCo based alloys
currently in use, the strength is mainly controlled by the grain size (that is, for
annealed, ordered samples at a given temperature), while little inﬂuenced (directly)
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by solid solution or precipitates.
Most of the results have been interpreted using the Hall-Petch relationship:
σy = σ0 + kd−1/2

(13)

where σ0 and k are constants.
In a recent study, Shang et al. [33] have investigated the grain size dependency
of three diﬀerent FeCo based alloys: FeCo-2V, FeCo-2V-Nb (Hiperco H50HS) and
Fe-27Co. Their results (ﬁgure 35) indicate that the presence of second-phase precipitates in H50HS does not contribute directly to the strength as the hardness of all
three alloys falls on the same Hall-Petch line. These precipitates do however explain
the higher strengths of these alloys in as much as they inhibit grain-growth during
the annealing treatment.
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Figure 35: The grain size dependence of FeCo-2V (H50) and FeCo-2V-Nb (H50HS) showing a
unique Hall-Petch line regardless of the fact that the latter alloy contains second-phase precipitates,
after [33].

Unfortunately, the authors [33] obtained diﬀerent grain-sizes (not reported) by
annealing treatments of diﬀerent duration at temperatures between 700 and 800 ◦ C.
It is also not speciﬁed whether the samples were quenched or slow-cooled. In the
former case, little can be deduced from the results as one would expect signiﬁcant
impact of quenched-in vacancies, if not order/disorder. These results are not used in
the comparison to follow, as they were obtained by hardness measurements rather
than tensile of compression tests.
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To examine the problem further, the present author gathered data from a variety
of publications, for FeCo based alloys with various additions and diﬀerent heattreatments, provided they were tested in fully recrystallised, ordered state. Figure
36 shows the strength of a number of alloys versus their grain-size.
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Figure 36: The strength of a variety of FeCo based alloys in well annealed, ordered condition.
(a) FeCo-2V-.05Nb held for diﬀerent times at 820 ◦ C [58]; (b) FeCo, 2 h at 850 ◦ C, 10 h at 500 ◦ C
then furnace cool to room temperature, grain size variation from prior condition [91]; (c) FeCo-2V
held for diﬀerent times at 850 ◦ C, 5 h at 500 ◦ C then slow cooled to room temperature [98]; (d)
diﬀerent compositions of FeCo-V-Ni, held 2 h at temperature between 650 and 750 ◦ C to produce
diﬀerent grain sizes, then cooled to room temperature at 90 ◦ C/h: (d-1) FeCo-1.5V-4.5Ni, (d-2)
FeCo-1.5V-5.3Ni, (d-3) FeCo-0.7V-7.4Ni, [112]; (e) FeCo-V-Mn alloys held 2 h at 700 ◦ C then
cooled at 90 ◦ C/h to room temperature [112].
In the case of Ni additions to the FeCo-2V system (series (d)) [112, 113], the
authors report identical grain sizes and amount of γ2 for diﬀerent addition of Ni
between 3.5 and 7.4 wt%, both parameters being only dependent on the annealing
temperature. As the annealing temperature is decreased, so is the grain size and the
amount of γ2 . As mentioned earlier (section 2.2.3), adding Ni to FeCo-2V stabilises
γ2 which is normally not present after annealing around 700 ◦ C, this results in
smaller grain sizes. However, above 3.5 wt%, there is no increase in the amount
of γ2 precipitated. Considerable scatter in the measurements of the yield stress for
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Figure 37: The strength of a variety of FeCo based alloys in well annealed, ordered condition.
(c) as for ﬁgure 36; (f) FeCo-2V held 1 h at 825 ◦ C then 24 h at 550 ◦ C, 48 h at 500 ◦ C the slow
cooled to room temperature [82];(g) FeCo-2V-Cu held 2 h at 850 ◦ C then slowly cooled at 120
◦
C/h [19]; FeCo-2V-W, similar heat-treatment [19].

these alloys make it diﬃcult to draw any conclusions as to the inﬂuence of the grain
size and/or precipitation, but it is noticeable that all fall below the extrapolated
values from any of the three FeCo-2V-.05Nb (a), FeCo-2V (b) and FeCo (c).
The case of Mn additions (series (e) in ﬁgure 36) is interesting, as, according to
Pitt [112] increasing amounts of Mn (2, 3 and 5 wt%) lead to reduced amounts of
second-phase after a standard heat-treatment of 2 h at 700 ◦ C and slow cool. In
correlation, the grain size is greatest for the alloy with 5 wt% Mn and smallest for
the 2 wt% addition, nevertheless, the yield stress is greater for the 5 wt% addition,
which may indicate solid solution strengthening. However, it must be noted that
these samples were not, according to Pitt, fully recrystallised; the author further
reports slower recrystallisation kinetics with increased Mn content. It is therefore
equally possible that work-hardening explains the trend observed for FeCoV-Mn
samples.
The impact of copper and tungsten additions have been investigated by Orrock
[19]. In this case again, variations of grain size are caused by increasing amounts
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of second phase. The results of microstructural investigation (table 11) indicate
increasing presence of second-phases in both cases, which cause a decrease in grainsize.
Figure 37 illustrates the results obtained by Orrock for FeCo-2V-Cu (series (g))
and FeCo-2V-W (series (h)). All samples are fully recrystallised, having been annealed 2 h at 850 ◦ C, then cooled at 120 ◦ C/ h to room temperature.

FeCo-2V-Cu
FeCo-2V-W

1wt%
d ∼ 14.3 µm, about
1% Cu precipitates

3 wt%
d ∼ 6.1 µm, about 3%
Cu precipitates

5 wt%
d ∼ 4.2 µm, about 5%
Cu precipitates

d ∼ 15.0 µm, no
second-phase

d ∼ 7.6 µm, about 1%
grain boundary γ2

d ∼ 4.6 µm, about 5%
grain boundary and intragranular γ2

Table 11: Results of Orrock’s microstructural investigation on FeCo-2V-Cu and FeCo-2V-W,
after [19].

While the copper leads to little improvement in strength, the eﬀect of tungsten is
particularly interesting: the increase in strength obtained with only 1 wt% indicates
that solid solution is the main cause of strengthening, furthermore, the grain size
dependence appears similar to that of FeCo-2V (series (c)), which indicates that the
increasing amount of second-phase has negligible impact on the yield stress.
Recently Duckham et al. [65] investigated the mechanical properties of FeCo-2V0.5Nb with sub-micron grain sizes. As illustrated in ﬁgure 38 their results, for grain
sizes between 100 nm and 1.6 µm fall reasonably close to the extrapolated values
for FeCo-2V or FeCo-2V-Nb, although obtained on grain sizes at least an order of
magnitude greater.
Jordan and Stoloﬀ [98] have obtained a variety of grain sizes in an FeCo-2V alloy
by varying the annealing time at 850 ◦ C, after cold-rolling. The samples were either
quenched in ice brine (disordered) or quenched and re-heated for 5 h at 550 ◦ C
(ordered). They report the Hall-Petch parameters at a variety of temperatures
(ﬁgure 39).
In both the studies whose results are illustrated in ﬁgure 39, the numerical values
for the grain size are identical for the ordered and disordered samples. Given the
unlikeliness of obtaining identical results even on similar samples, one has to suppose
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Figure 38: The strength of FeCo-2V-0.5Nb with sub-micron grain size. Series (a) to (c) as in
ﬁgure 36 and 37; (i) data from Duckham et al. [65].

that the grain size was measured after the annealing treatment, and assumed to be
identical in samples receiving a further ordering heat-treatment at 500-550 ◦ C. It
should be noted however that Pitt and Rawlings [113] have reported some grain
growth even at these temperatures, with an increase from 30 to 37 µm over 10-30
hours at 550 ◦ C (and further to 80 µm after 11 days). Yu et al. have reported grain
growth during conventional slow cooling from 820 ◦ C (90 ◦ C/h) [66].
Other reported values of Hall-Petch parameters are shown in table 12. The
diﬀerence in σ0 and k can be visualised in ﬁgure 36 (series (a), (b) and (c)), which
shows clearly that the signiﬁcant variations, particularly in σ0 might be only the
result of scatter in the data.
Inﬂuence of order/disorder on σ0 and k All studies show that, while σ0 is
larger for disordered samples, these also have a lower k. While σ0 relates to the
lattice friction, k relates to the diﬃculty of operating a dislocation source across a
grain-boundary [114].
It has been proposed [95] that the larger values of k in ordered alloys relates to the
higher stresses required to operate a dislocation source in the ordered material, and
the reduced number of slip planes available for super-dislocations. This observation
contradicts the calculations of Moine et al. [97] discussed earlier, which lead to the
conclusion that dislocation sources are more diﬃcult to operate in disordered alloy.
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Figure 39: The Hall-Petch parameters σ0 and k as measured by Jordan and Stoloﬀ for FeCo-2V
at diﬀerent temperatures [98]. Superimposed (circles) are the results of Zhao and Baker for FeCo
et al. [91] at room temperature.
The inﬂuence of precipitation From the above, and particularly ﬁgures 36 and
37, it can be seen that precipitation appears to have no direct impact on strength.
Quite surprisingly, the alloys with signiﬁcant precipitation tend to have the same or
lower strength than those void of second-phase particles (FeCo-2V-Ni, FeCo-2V-Cu).
Yu et al. [31] have recently reported the hardness of FeCo samples with dis1/3
persions of Al2 O3 particles and observed an increase in strength scaling with Vf ,
however, the authors do not appear to have varied heat-treatment to ensure identical grain sizes, so that the observed increase in yield stress is likely to be have been
caused by grain reﬁnement.
5.1.4

Inﬂuence of heat-treatment

The problem of recrystallisation and grain-growth is discussed in a later section.
The impact of heat-treatment on strength has been studied by Thornburg [79] for
FeCo-2V, and more recently Hailer, for FeCo-2V-0.3Nb [93]. Specimen of the former
had been cold-rolled to about 90% reduction in thickness; although not speciﬁed for
the latter, the origin and nature of the samples (Hiperco H50Hs, Carpenter alloys)
suggest that they had been cold-rolled to similar extent.
As illustrated in ﬁgure 40, there is a sharp decrease at what has been interpreted
by the two authors as the temperature at which recrystallisation is complete in the
given time.
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Composition

Peierls stress
/ MPa

k
/
MPa.µm−1

Method

Reference

172
309

806
456

compression
tests

X35: [91]

143
435

714
242

tensile
tests

X36: [98]

26

848

tensile tests

X27: [58]

404

837

Knoop hardness

X2: [33]

FeCo
ordered
disordered
FeCo-2V
ordered
disordered
FeCo-2V
ordered
Fe-27Co, H50, H50HS
ordered (?)

Table 12: Diﬀerent values of σ0 and k for ordered and disordered samples of FeCo based alloys.
However, the present author recently showed [61] that this sharp changes could
be attributed to the signiﬁcantly diﬀerent rates of grain growth below and above
the critical temperature for ordering.
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Figure 40: The strength of FeCo-V and FeCo-V-Nb alloys, as measured by Thornburg [59] and
Hailer [93] respectively. Calculation for FeCo-2V using the grain sizes reported by Davies and
Stoloﬀ [57], assuming in a ﬁrst instance, that all samples are ordered (ﬁlled circles), and in a
second study, that samples cooled from above Tc are disordered (empty circles).

Figure 40 and compare the strength and coercivity as measured by Thornburg for
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FeCo-2V [59] and by Hailer [93] for FeCo-2V-0.3Nb, and calculated by the present
authors using the grain size data from Davies and Stoloﬀ [57]. Details of the calculation have been published elsewhere [61].

5.2

Ductility

There has been a tendency to associate brittleness with order and ductility as evidence of disorder. There is increasing evidence, however, that this viewpoint is not
correct.
5.2.1

Ductility of binary alloy

The binary equiatomic FeCo is notoriously brittle, particularly in the ordered state.
However, few studies have dealt with this alloy, with the main body of the literature
concerning the ternary FeCo-2V. Some of the results are summarised in table 13.
Alloy
Fe-50Co

Condition
ordered (2 h at 800 ◦ C +
10 h at 550 ◦ C)

Elongation
4%

”

disordered (2 h at 800 ◦ C
+ IBQ)
ordered (heat-treatment
details unknown)
disordered (as above)

0%

Fe-49.3Co
”

Fracture
Mostly
intergranular
with few transgranular
facets
”

Reference
[75]

”

1.6%

Entirely transgranular

[96, 115]

0%

Entirely intergranular

”

Table 13: Some results on elongation and fracture mode for binary FeCo alloys.

Yamaguchi et al. [100] (Fe-54Co) reported plastic deformation of single crystal
FeCo at temperatures as low as 4.2 K, while the polycrystalline material fractured
solely by intergranular fracture in similar conditions. Glezer and Maleyeva also
reported entirely intergranular fracture for FeCo [116]. More recently, George et
al. also reported intergranular fracture in both ordered and disordered samples of
binary FeCo [82].
The cause of the brittleness of the ordered alloy has been the subject of much
discussion. The link with the ordering reaction has been long established: the
brittleness falls in the same range as the ordering reaction [17, 79], in addition,
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heat-treatments or additions which are believed to delay ordering tend to improve
ductility, as discussed later.
It is clear, that FeCo alloys are particularly sensible to intergranular fracture.
The role of vanadium additions in enhancing the ductility sheds further light on the
problem, and is discussed before proposing a summary.
5.2.2

Inﬂuence of vanadium additions

The FeCo alloy as introduced by Elmen (1929, [2]) remained without extensive
industrial application until the introduction of the FeCo-2V by White and Wahl [3],
mainly because of the diﬃculties caused by its brittleness in working or machining.
White and Wahl (1932, [3]) realised that additions of vanadium, with an appropriate
heat-treatment, led to a material that could be cold-rolled. While a 1.5 wt% was
not suﬃcient, a 2% addition allows a material quenched from ∼ 900 ◦ C in iced brine
to be cold-rolled. With increasing vanadium, air quench becomes suﬃcient and the
temperature of the heat-treatment needs not be as accurate.
Stoloﬀ and Davies [75] reported the ductility of Fe-48Co-2V samples quenched
from a range of temperatures; as illustrated in ﬁgure 41. From comparison with
other results [68], it appears that these times are largely suﬃcient to reach the
equilibrium degree of order.
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Figure 41: Uniform elongation at room temperature of Fe-48Co-2V samples quenched in iced
brine after annealing 30 min at various temperatures, after [75].
Pitt and Rawlings [113] measured the ductility of a sample of Fe-49Co-2V (wt%)
annealed 2.8 h at 850 ◦ C then aged at 550 ◦ C for diﬀerent lengths of time. Their
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results also indicate zero ductility after prolonged low-temperature treatment, in
this case more than 100 h at 550 ◦ C (while it is already zero after 10 h at 500 ◦ C in
the case of Zhao and Baker).
The hypothesis that vanadium prevents or delays the ordering reaction was
quickly adopted following the discovery of its eﬀect on ductility and is still quoted
in relatively recent literature (for example [28, 81]). However, as noted by Stanley
(1950, [117]), there is only circumstantial evidence.
As discussed in section 3.2.2, there is no clear indication that vanadium delays
the ordering reaction, in fact some studies have pointed to an opposite trend. The
results from Pitt and Rawlings [113] (ﬁgure 41) also cast doubts on the relationship
order/brittleness as the ductility continues to decrease with ageing time well past
the time expected to produce a fully ordered sample).
Indeed, Chen (1961, [17]) criticised early the idea that brittleness was entirely
attributable to order. This author suggested that the ordering would add little to
the brittleness inherent to b.c.c. structures, in particular when the alloy was not
entirely free from interstitial atoms. From then, he proposed that the beneﬁcial
role of vanadium resided in its trapping the impurities and allowing a martensitic
structure to be obtained after quenching.
These two suggestions have been later refuted. Kawahara [50] noted that, if the
improvement of ductility due to vanadium additions is a result of its scavenging eﬀect
on impurities such as carbon, nitrogen and oxygen, one would expect the impact of
the addition of diﬀerent elements on ductility to scale with their aﬃnity for these
interstitials. However, Kawahara [50] observed no such correlation. As discussed
later, Glezer and Maleyeva [116] have also established that the role of impurities
was secondary.
The other factor put forward by Chen [17] as important in promoting low temperature ductility is the possibility to obtain a dual phase microstructure consisting
of α and α. Obtaining such a microstructure is made easier by additions of vanadium which open the high-temperature α + γ region, as discussed in section 2.2.1.
However, it appears that vanadium also improves the ductility of alloys heat-treated
in the single-phase α region [19]. Furthermore, as discussed in section 2.3.5, recent
work on the addition of Nb have shown that, although Nb does not aﬀect the width
of the α + γ region, it nevertheless strongly promotes low-temperature ductility.
Kawahara [50], in turn, proposed an alternative mechanism by which ternary
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additions improve ductility. He proposed that most additions that improve ductility
do so through formation of Co3 X compounds such as γ2 in FeCo-V. The precipitates,
rich in cobalt, would be surrounded by a cobalt depleted zone which orders much
more slowly if at all. These regions, assumed to be ductile, would impart ductility
to the whole material. In addition to the fact that it is diﬃcult to conceive how
a few dispersed ductile region can impart ductility to the bulk material, the most
important diﬃculty with Kawahara’s suggestion is that such precipitates are usually
not found [10] in the quenched state for FeCo-2V alloys, which are however ductile.
Intergranular and transgranular fracture An important impact of vanadium
additions is that it suppresses intergranular fracture. Jordan and Stoloﬀ [98], and
Johnston et al. [99] reported transgranular cleavage in both ordered and disordered
FeCo-2V alloys.
This has prompted investigations into the grain-boundary chemistry of FeCo
and FeCo-2V. Glezer and Maleyeva [116] have compared the impurity segregation
of FeCo and FeCo-2V after fracture, which was intergranular for the former and
transgranular for the latter. However, opposite to the expected trend, they observed
higher segregation of S, C and O in the FeCo-2V alloy, and therefore suggested that
grain boundary disordering is a stronger factor in the suppression of intergranular
brittleness.
If FeCo-2V is aged at high-temperature for more than 100 h, its ductility also
drops to zero and intergranular failure is found to occur by a mixture of transand intergranular cleavage, the latter being attributed to the presence of large γ2
particles on the grain boundaries.
It is possible to propose the following general view: in binary FeCo, failure always occurs through intergranular cleavage with 0% elongation, at stresses below
that which would be required for transgranular cleavage or yield. The addition of
vanadium suppresses intergranular embrittlement by a mechanism which is not conﬁrmed, but probably relates to grain-boundary disordering. In this case, the material
remains brittle in the ordered state, where fracture is controlled by transgranular
cleavage, while is it ductile in the disordered state, as discussed later.
The implication of the grain boundary disordering hypothesis is that, whatever
the apparent bulk order of the binary alloy, it is not possible to quench suﬃciently
fast to prevent grain boundary ordering. This would explain why intergranular
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cleavage occurs in both ordered and ‘disordered’ samples. It must be noticed that,
although most of the literature indicates intergranular failure in the binary alloy,
ordered or disordered, the results of Marcinkowski and Larsen [115] show otherwise.
Although this provides a consistent view of the ductility, whether intergranular
embrittlement is indeed related to grain boundary ordering remains to be directly
proven. There is also no clear explanation as to the role of vanadium in preventing
grain boundary embrittlement.
5.2.3

Eﬀect of other additions

With the exception of additions of Ni, which has received signiﬁcant attention [43,
43, 112, 113] for its beneﬁcial eﬀect on ductility, the impact of other elements has
mostly been considered in terms of cold-rollability.
Inﬂuence of Ni additions As reported by Pitt and Rawlings [113] and Branson
et al. [43], Ni additions improves signiﬁcantly the ductility of FeCo-V alloys. This
appear to be a consequence of the impact of Ni addition on γ2 formation (discussed
in section 2.2.3). This in turn results in signiﬁcant grain reﬁnement with typical
grain size limited to 1.7 µm following heat-treatments producing grain sizes typically
greater than 10 µm in FeCo-2V [113].
Other elements Orrock (1981 [19]), Kawahara (1983 [50]), and Major and Orrock
(1988 [81]) investigated the eﬀect of a number of addition to FeCo on its ductility
following quench from high-temperature. Orrock [19], and Major and Orrock [81]
reported the eﬀect of Si, Cu, Ni, W, V, Nb and Ta on the cold workability of FeCo
alloys quenched from 800 ◦ C, and found that, while Nb, Ta and V were eﬀective
from 0.25, 0.2 and 2 at% respectively, the other additions were not (up to 5 at%).
The work of Kawahara [23] concerns a greater number of elements, but in different conditions, as the alloys were tested for cold workability following a heattreatment at 1100 ◦ C, in the γ region. Table 14 reproduces a few of the results
from [23]; it is interesting to note that the impact of W and Mo appears to be
strongly dependent on the exact stoichiometry of the alloy.
Unfortunately, Major and Orrock do not provide composition details for Fe and
Co and it has been assumed, in table 14 that their results were for strictly equiatomic
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compositions (a substantial amount of the literature so refers, however, to most
compositions within 2% for equiatomic).
Composition
Fe
Co
49.75 49.75
49.5 49.5
49.25 49.25
49.75 49.75
49.5 49.5
50
48
49
49
49.5 49.5
48.5 48.5
47.5 47.5
49
49
50
48

(/ at%)
X
0.5 W
1.0 W
1.5 W
0.5 W
1.0 W
2W
2W
1 Ni
3 Ni
5 Ni
2 Ni
2 Ni

Cold rolling
no [81]
no [81]
no [81]
yes [23]
yes [23]
yes [23]
no [23]
no [81]
no [81]
yes [81]
no [23]
yes [23]

Table 14: Some of the results obtained by Kawahara [23] on the cold workability of FeCo-X alloys
after quenching from 1100 ◦ C, and Major and Orrock [81] after quenching from 800 ◦ C.

Low carbon or boron additions were found to be ineﬃcient in preventing intergranular fracture [50, 82], while larger additions of carbon (> 0.5 at%), or small
additions B (0.16 at%) to FeCo-2V were found to allow cold-rolling [23] and enhance
ductility [82] respectively.
5.2.4

Eﬀect of temperature

Johnston et al. (1965 [99]) and later Jordan and Stoloﬀ (1969, [98]) reported the
temperature dependency on the ductility of FeCo-2V alloys. This is illustrated in
ﬁgure 42, which shows that both the ordered and disordered state of the alloy present
a ductile to brittle transition, however at vastly diﬀerent temperatures.
As noted by Johnston et al. [99], the ordering reaction has an impact on the
ductile-brittle transition temperature (DBTT) which is far greater than that of any
other factor on conventional ferritic alloys (composition, grain-size, strain-rate), with
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Figure 42: The ductility of ordered and disordered FeCo-2V as a function of temperature, after
[99].

a shift close to 550 ◦ C.
It has been reported earlier that a change in slip mode is observed from wavy to
planar glide when the material orders [75, 98, 99], although there are disagreement
as to which systems are active (section 5.1.1). Johnston et al. reported this change
in both ordered and disordered material around the DBTT temperature. However,
Jordan and Stoloﬀ later [98] underlined the presence of both wavy and planar glide
below and above the DBTT in the disordered material, while agreeing that the shift
between ordered and disordered samples relates to a change in slip mode.
A similar change in ductility can be observed at room temperature if the alloy is
quenched after heat-treatments inducing diﬀerent degree of long-range order. This
kind of experiments has already been discussed in section 5.1.1. Figure 41 illustrates
the results obtained by Stoloﬀ and Davies [75]. It must be noted that, although fully
ordered, the sample annealed below ∼ 600 ◦ C have a non-zero ductility.
5.2.5

Eﬀect of grain size

Reducing the grain size, or in general the slip-distance, results in an increase of the
DBTT (for example, [118]). The detrimental eﬀect of grain growth on ductility is
clearly illustrated in ﬁgure 41, where it is shown that ageing at 550 ◦ C causes a
reduction in ductility even past the time required to complete the ordering reaction.
Over this time, the grain size increases from 37 to 80 µm [113]. Jordan and Stoloﬀ
also report a shift of the DBTT of both ordered and disordered FeCo-2V to higher
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temperatures with decreasing grain sizes, but indicate that neither Cotrell-Petch
fracture theory nor subsequent modiﬁcations appropriately describe the temperature
dependence of the DBTT.
On the other side, as mentioned earlier, grain reﬁnement by Ni addition (section
5.2.2) has lead to alloys equally ductile in the ordered and disordered state [113].
Similarly, grain reﬁnement by low-temperature recrystallisation of FeCo-2V leads
to sub-micron grain sizes and ductility similar to that of the disordered alloy [65].
While Pitt and Rawlings have reported a satisfying agreement with εL ∝ d−1/2 , it
is diﬃcult to ﬁnd support for this in other published data. Figure 43 presents the
ductility of ordered FeCo-2V or FeCo-2V-Ni alloys of diﬀerent grain sizes, it is clear
that the trend is ill-deﬁned.
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Figure 43: The ductility of FeCo-2V and FeCo2V-Ni alloys as a function of their grain size, using
data from [65, 75, 113].

It has been suggested that incomplete recrystallisation results in lower ductility,
so that a maximum is observed when the recrystallisation temperature is varied, as
reported by Thornburg [59] for FeCo-2V and Hailer for FeCo-2V-Nb [93]. Figure 44
illustrates the inﬂuence of annealing temperature on the elongation, it is noticeable
that the results from Duckham et al. [65] and those of Hailer [93], although obtained
independently, fall in reasonable continuity. As discussed earlier (section 5.1.4) for
strength, a comparison of independently measured grain size and predicted strength
and coercivity indicates that the alloys studied by Thornburg [59] or Hailer [93]
might have been fully recrystallised at temperature below Tc , where however grain
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growth is particularly slow. In fact, Duckham et al. [65] suggest that recrystallisation
is complete after 1 h at 650 ◦ Cand 95% so after 1 h at 600 ◦ C. A possible explanation
for the incomplete recrystallisation reported by Thornburg or Hailer lies in the
experimental techniques used, as it appears that only Duckham et al. have used
Transmission Electron Microscopy (TEM) to characterise the amount of material
recrystallised. Given the ﬁnal grain sizes at low temperatures, this is likely to be
the only suitable method. Assuming that samples are therefore fully recrystallised
above 650 ◦ C, it is not clear what causes the peak in ductility at intermediate grain
sizes.
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Figure 44: The ductility of FeCo-2V and FeCo-2V-0.3Nb alloys as a function of annealing temperature. All treatments 1 h for FeCo-2V-0.3Nb except at 438 ◦ C (5 h), 2h for FeCo-2V. Lower
temperature data for FeCo-2V-0.3Nb from [65], higher temperature from [93], data for FeCo-2V
from [59].
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6

Recent topics: high-temperature applications

This section, organised somewhat diﬀerently than the rest of this review, summarises
areas which have received particular attention recently.
The FeCo alloys have recently been the object of renewed interest with the
prospect of high temperatures applications [4]. Recent studies have underlined the
shortcomings of existing materials and the present review highlights the need for
further fundamental understanding.

6.1

Ageing of FeCo based alloys

A number of studies [34, 35, 71] have investigated the impact of long-term ageing
at intermediate temperatures on the magnetic and mechanical properties, mostly of
FeCo-V and FeCo-V-Nb alloys.
Zhu et al. [29] then Li et al. [34] reported changes in the magnetic properties in
Hiperco 50 (FeCo-2V) during ageing at 450 ◦ C. They observed a small increase in
the degree of order, precipitation of a second-phase [29] together with a signiﬁcant
reduction of the permeability [34]. These diﬀerent observations may be explained
by the precipitation of γ2 : the formation of particles would have detrimental eﬀects
on the permeability, while the removal of vanadium from solid solution would allow
the small increase of order (as discussed earlier in section 3.2.2, vanadium reduces
the maximum degree of long range order).
However, this is diﬃcult to conciliate with previous results (section 2.2.2) which
show that γ2 would not be expected before about 1000 h at this temperature, while
the changes reported above occur essentially within the ﬁrst 200 h of ageing. Furthermore, the authors [29] report a primitive cubic lattice with lattice parameter
2.82 Å, which is not the structure expected for γ2 .
The modern variants of FeCo-2V studied above (Hiperco H50) contains small
additions of Nb (0.03 wt%) which reﬁne the grain size. The compositions studied
by Ashby et al. [10] or in similar studies (up to late 1970s) would not contain such
addition. It is therefore possible that the formation of γ2 is accelerated in recent
alloys, either by the grain size reﬁnement (increase in heterogeneous nucleation sites)
or via a direct stabilisation of γ2 by Nb. That Nb additions promotes γ2 precipitation
is further supported by the evolution of the resistivity in H50 (FeCo-2V) and H50HS
(FeCo-2V-0.3Nb). Geist et al. [35] followed the evolution of resistivity for H50 and
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H50HS during ageing at 550 ◦ C, after annealing 90 min at 720 ◦ C and slow cooling
to room temperature. As illustrated in ﬁgure 45, the resistivity of H50 decreases
steadily over the ﬁrst 1000 h. This may correlate with γ2 precipitation which removes
vanadium from solid solution [119], although in such case, the resistivity has been
shown to increase ﬁrst, possibly because of lattice strain [119,120]. This may not be
visible because of the time scale of the investigation, or because precipitation has
already started during the slow cooling. In H50HS, there is no signiﬁcant change
in resistivity, which may indicate that the annealing treatment and/or the slow
cool were suﬃcient to precipitate most of the vanadium. In fact, Shang et al.
have reported the presence of second phases in both H50 and H50HS in similar
conditions [33].
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Figure 45: The resistivity of H50 and H50HS as a function of ageing at 550 ◦ C, after [35].
Regrettably, the evolution of the resistivity, coercivity and losses during ageing
[34, 35, 71] was not supported by a microstructural investigation.

6.2

Creep

The creep resistance of FeCo alloys has been investigated by Fingers [121,122]. This
investigation essentially covers high stresses between 275 and about 900 MPa. While
diﬀerent behaviours are observed, there is no attempt to identify creep mechanisms
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of link these diﬀerences with microstructural changes.
Yu et al. [31] produced tungsten ﬁbres reinforced FeCo alloy and obtained signiﬁcant improvement in the creep strength, however the tests were also limited to
about 100 h. The present author is not aware of continuation of this work.

7

Summary

The current state of knowledge regarding the constitution of near equiatomic FeCo
based alloys has been reviewed, together with their mechanical and magnetic properties.
The Constitution and thermodynamics of the binary alloy now appear satisfyingly described, although recent work such as [14] still challenge most of the current
knowledge. Most studies concerning the eﬀect of alternative additions have been
undertaken in the 30s. With exception of vanadium and other topical contributions,
little progress has been made since. In particular, there has been no attempt to
reconcile the observation of ordered γ2 phases with typical isopleth sections which
show corresponding bulk composition in the α + γ ﬁeld. The interaction between
V, Nb and Ta remains to study. The ordering reaction is rather well characterised
for binary alloys, but as above, diﬃculties subsist in other systems. Although a
good part of the literature indicates that vanadium has no inﬂuence on the ordering
kinetics, relatively recent work on the problem do not necessarily agree, as in the
case of Orrock [19].
The strength and ductility of FeCo based alloys exhibit peculiarities that are
not necessarily found in other B2 structures such as FeAl. In particular, a maximum occurring near the critical temperature for ordering is still not satisfyingly
explained. This review underlines the importance of grain size in determining the
strength at a given temperature, in many cases, second-phase particles mainly contribute by controlling the grain size. As for ductility, it seems well established that
the low ductility of the binary alloy are attributable to a grain boundary embrittlement, as this alloy is most often observed to fracture intergranularly in both ordered
and disordered conditions. The role of vanadium in promoting ductility in samples
quenched from high temperatures seems to be related to its suppressing the grain
boundary embrittlement. The ordered state remains brittle due to the limited numbers of slip systems, however this time failing mainly by intragranular fracture, and
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with detectable deformation (∼ 4-5%). Other elements have been found that have
the same inﬂuence on ductility, such as Nb or Ta. The only explanation that has
been put forward for their eﬀect is the same as that initially proposed for vanadium,
and later refuted, whereby the addition is thought to slow the ordering kinetics.
The coercivity is strongly dependent on the microstructural features, which in
most commercial alloys is limited to grain boundaries. It has been shown that
various results from independent studies on diﬀerent FeCo based alloys exhibited a
coercivity that is virtually only dependent on the grain size. The problem is more
complex when precipitates are present, as it is clear that their inﬂuence on the
coercivity cannot be rationalised without more detailed information than usually
published (size distribution, location). The saturation is little dependent on the
microstructure. In some cases, such as FeCo-Nb and FeCo-Ta, saturations have
been reported in excess of that expected at the peak corresponding to Fe-0.35Co.
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