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Mechanical properties of Fe-Co soft magnets
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The tensile behavior of two magnetically soft alloys, Fe-49Co-2V and Fe-27Co, has been
characterized as a function of testing temperature, grain size, and degree of long-range
order. Several trends in the yield strength of the two alloys have been noted and possible
mechanisms for their occurrence discussed. Ordering is found to markedly lower the yield
strength of the Fe-49Co-2V. Both alloys exhibit three distinct regions in their yield strength
vs. temperature curves. At lower and higher temperatures, i.e. regions | and lll, the yield
strength shows the normal drop with increasing temperature. In the intermediate
temperature range (region Il), however, Fe-49Co-2V with a B2 ordered structure
demonstrates an anomalous strengthening with increasing temperature while the yield
strength remains constant in the disordered Fe-27Co. Both alloys exhibit a Hall-Petch type
relationship in their yield strength as a function of grain size and show a decrease in the
strain hardening coefficient with increasing grain size. © 2001 Kluwer Academic Publishers

1. Introduction of ordering and believed that the cause of brittleness
Magnetically soft materials are used extensively in apin these alloys was partly their susceptibility to cleav-
plications where low hysteresis loss, low eddy-currentage fracture, and not solely the long-range order. Koylu
loss, high electric permeability, and high magnetic satet al. [4] studied the relationship between long range
uration induction are required. The study of such ma-order and low temperature deformation of the Fe-47Co-
terials, however, has usually focused primarily on their2V alloy using activation analysis. Pitt and Rawlings
magnetic function and they have seldom been systen{5] reported that the microstructural features dominat-
atically studied for their mechanical properties. Thising the ductility of Fe-Co-2V and Fe-Co-V-Ni alloys
is because until recently these magnets were not useate grain or sub-grain size, not the domain size of
under demanding thermal and mechanical conditionghe ordered structure. When grain size was increased,
With recent technological advances and the expectethe ductility decreased. However, despite these efforts,
use of magnets in expanding applications, such asuch work still remains to be done in understanding
the next generation high-speed aircraft, these materihe structure-mechanical behavior relationships, devel-
als must meet more stringent requirements of load andping mechanical property data bases for design, and
temperature. Therefore, current efforts in magnetic maimproving some of the room- and high-temperature
terials development are towards improving the mechanmechanical properties of these alloys.
ical properties and temperature capabilities. Inthis paper, the mechanical properties of two widely
In this paper, the room- and high-temperature meused compositions of the Fe-Co alloy system, namely
chanical properties of one class of soft magnetidce-49Co-2V and Fe-27Co, were studied. Previous stud-
materials, the iron-cobalt alloys (¢Be;_x), were in-  ies have indicated that the Fe-49Co-2V alloy has the
vestigated. There is a renewed interest in these alloylsest magnetic performance in the Fe-Co family of soft
because of their better high-temperature magnetic propnagnets, however, despite the addition of vanadium to
erties compared to other existing soft magnets, whichncrease ductility [8], it is still brittle. Also, the yield
makes them potential candidates for high temperaturstrength is not high enough for some of the more de-
applications up to 60C. Presently, the primary limita- manding applications. On the other hand, the ductil-
tion of these alloys is not their high-temperature mag-ity and toughness are better in Fe-27Co alloy but with
netic capability, but their mechanical properties, partic-trade-offs in magnetic performance and creep strength,
ularly creep resistance and fracture toughness. Thenghich could be attributed to its disordered structure.
have been a few studies on the mechanical proper-
ties of CqFe_y alloys, particularly by Stoloff and
co-workers [1, 2] as well as Chen [3] in the sixties, 2. Experimental procedures
Rawlings and coworkers [4, 5] in the seventies and2.1. Materials and heat treatments
eighties, and Baker and coworkers [6, 7] in the lastThe Fe-Co alloys studied were Fe-49Co-2V and
several years. Chen [3] investigated the connection beé=e-27Co manufactured by Carpenter Co., PA, and des-
tween the brittleness of Fe-Co alloys and their degreégnated Hiperco 50 and Hiperco 27HS, respectively.
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TABLE | The compositions of Fe-49Co-2V and Fe-27Co alloys Systems, Inc. The furnace was equipped with K-type
thermocouples for the temperature studied and was less
than 4 in. long, thus only heating the test section of ten-
Fe-49Co-2V 0.01 0.05 005 — — 0.05 1.90 48.75 Balance Sile coupons and leaving the grips cold.

Fe-27Co  0.23 0.25 0.25 0.60 0.60 — — 27.00 Balance To better analyze the effect of the temperature on
the yield strength of the alloys, tensile tests were

o ) ) conducted at two crosshead speeds: a high speed
The compositions of the two alloys are givenin Table I. 5t 5 3 in/min (0.127 mm/sec) for both alloys and a

The materials were supplied in the form of sheets withq\\er speed of 0.05 in/min (0.0212 mm/sec) for the
a thickness of 0.014 inch for Fe-49Co-2V and 0.01pe_49¢0-2V alloy and 0.03 in/min (0.0127 mm/sec) for
inch for Fe-27Co. Parallel-sided tensile coupons, 0.3h¢ Fe-27Co alloy. The crosshead speeds of 0.3 in/min,

in. x 8 in. with a 6 in. gage length, were cut from the o5 in/min and 0.03 in/min correspond to strain rates of
sheets and given appropriate heat treatment for the ing 3. 10-4/s. 1.39x 10~%/s and &3 x 10-5/s respec-

vestigation of the effects of temperature, degree of Orgyely. The slightly different lower strain rates for the
der, and grain size on the mechanical properties. o alloys were chosen somewhat arbitrarily.
The temperature dependence of the mechanical prop- oy the effects of grain size and order/disorder, ap-

erties was investigated for both Fe-49Co-2V and Feprgpriately heat treated test coupons were tensile tested
27Co alloys. For this, all the test coupons were given &y room temperature and the full range of the stress-
baseline heat treatment of 2 hours at 800n an argon  grain hehavior was recorded. For these studies, three
environment, followed by cooling to room temperaturegpecimens were tested at each testing condition.

at arate of 90C/hour. , _ Following tensile failure, the fracture surfaces of all
To assess the effect of ordering on the tensile beha"s?pecimens were examined by scanning electron mi-

ior, test coupons of_ Fe-49Co-2V a.Ion were annealec{zrOSCOpy using a Phillips 504 scanning electron mi-
for 2 hours at 820C in an argon environment and then ¢qscope in order to determine the failure mechanism.
cooled to room temperature at cooling rates ofGfhr,

60°C/hr, 90°C/hr, air cooling, and brine quenching.
This alloy undergoes an order/disorder transformation ] )
around 730C. Although the selected cooling rates did 3- Results and discussion

not generate a range of the degree of long-range or-1- Temperature—d_ependence of the

der, they produced largely disordered structures in air- tensile properties _

cooled and brine-quenched samples and IargelyordereyIe effect of temperature on the tensile stress-
structures for the three slower cooling rates, thus endiSPlacement behavior of Fe-27Co alloy is shown in

abling a comparison of the mechanical properties of 19s 1 and 2 for the extension rates of 0.05 in/min and
the ordered and disordered states.

Finally, in order to obtain a range of grain sizes for
the investigation of the effect of grain size on the me-
chanical properties, test samples of both Fe-49Co-2\
and Fe-27Co were first annealed at 820for 10 min, 300
30 min, 60 min, 2 hr, 5 hr, and 20 hr, respectively, and o
then cooled to room temperature at a rate of@Qr.
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2.2. Testing procedures
All the tension tests were conducted on an Instron o
Model 4484 testing machine. For room temperature 0 2 4 6 8 10 12
testing, specimens were initially end-tabbed using Extension, mm
glass/epoxy composite. However, end-tabbing was Iatqfigure 1 Tensile stress-strain curves of Fe-27Co alloy as a function of
abandoned as no significant difference was observe@mperature obtained at a rate of 0.03 in/min.
between the results obtained with tabbed and untabbed
specimens. The majority of the specimens failed within 00°C
the gauge section away from the grips. All the speci- [ 200°C
mens tested at room temperature were instrumente 500
with an electrical resistance strain gauge, Model EP
08-1254AC-350 from Micro Measurements Inc., for§
the recording of strain. & 300

In order to study the temperature dependence ¢ ,q,
the mechanical properties, heat treated specimens
Fe-49Co-2V and Fe-27Co were tested in tension fron 1%
roomtemperature{22°C) to 800°C attemperature in- 0
tervals of 100C. Two samples were tested at each tem- 0 5 10 15 20
perature. The high temperature tests were conducted Extension, mm
air using a series 3210 split furnace and a series XT16igure 2 Tensile stress-strain curves of Fe-27Co alloy as a function of
temperature controller manufactured by Applied Testemperature obtained at a rate of 0.3 in/min.
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Figure 3 The effect of temperature and strain rate on the yield strengthfigure 6 The effect of temperature and strain rate on the yield strength
of Fe-27Co alloy. of Fe-49Co-2V alloy.

400

As seen in Figs 4 and 5, the Fe-49Co-2V alloy dis-
plays a much longer discontinuous yield phenomenon
than Fe-27Co alloy. The yield phenomenon continues
up to atemperature of about 600 for both strain rates.

In this case, the strain does not show a drop until a
higher temperature of 80C. Specimens tested at the
higher extension rate of 0.3 in/min exhibited necking
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0 , at 800°C.
0 2 4 6 g 10 12 The yield strength vs. temperature of Fe-27Co shows
Extension, mm three distinct regions (Fig. 3). Region | extends from

room temperature to about 200, Region Il from about
Figure 4 Tensile stress-strain curves of Fe-49Co-2V alloy as afunctionzoooc to about 600C. and region Il from 600C. The
of temperature obtained at a rate of 0.05 in/min. . L - ’ .
yield strength falls in region I, then exhibits a plateau in
region I, and finally falls again in region Ill. The data
show similar trends for both strain rates. However, the

w0 | RT p J e magnitude of the strength is generally lower at the lower
strain rate as would be expected. The Fe-49Co-2V alloy
also shows a three-region behavior in its yield strength
vs. temperature as shown in Fig. 6, except that in this
goo°c case rather than a plateau region, the yield strength ap-
100 pears to actually slightly increase with increasing tem-
2 4 6

wr 100°C  200°C 300°C 600°C

Stress, MPa
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(=2
S

perature in region Il. In this alloy, region | is from room
temperature to about 30C, region Il from 300C to
S0 s mm © about 700C and region 11l from about 700C. A peak

in the yield strength occurs around 70D, i.e., at about
Figure 5 Tensile strgss-strain curves of I_:e-4_9Co-2V alloy asafunction0.5_0.55'|'m_ Fig. 6 also shows that while the yield
of temperature obtained at arate of 0.3 in/min. strength is higher at the higher strain rate in regions |

and lll, it is virtually insensitive to the strain rate in

0.3 in/min, respectively. Fig. 3 shows the yield strengthregion Il. The strain rate sensitivity of the strength in
as a function of temperature at both extension ratesRegion Il is further discussed below.

The corresponding results for Fe-49Co-2V alloy are Such a yield strength anomaly, in which the yield
presented in Figs 4 to 6, respectively. strength shows a positive temperature dependence,
From Fig. 1, itis seen that Fe-27Co exhibits an uppehas long been known for some bcc-based inter-

yield strength followed by a small region of discontinu- metallic compounds such gsCuzZn and D@ FesAl
ousyield atroom temperature. The upper yield strengtfi9o—12]. Several researchers have since reported similar
gradually disappears and the transition from elastic t@anomaly in other intermetallic compounds such ag L1
plastic deformation becomes smooth as the temperatuds 3 Ti and L1y TiAl and offered various explanations
is raised above 200-30C. The yield strength drops for its occurrence [13].
significantly at temperatures beyond 6@as the ma- At temperatures below 72%, the Fe-49Co-2V al-
terial undergoes creep deformation. loy has a B2 ordered structure. Among the ordered
The upper yield point and the discontinuous yieldintermetallics with a B2 structure similar to FeCo,
phenomenon are observed over a much wider tempeFeAl is the most extensively studies [14—18]. Closely
ature range, almost up to 600, at the higher exten- resembling the behavior of FeCo, FeAl also demon-
sion rate of 0.3 in/min (Fig. 2). Again, the strain beginsstrates anomalous strengthening at intermediate tem-
to drop significantly beyond 60@. Specimens tested peratures and a yield strength peak at around 0.4-0.5
at 700°C and 800C exhibited necking prior to final Ty. Several models have been proposed for the yield
failure. strength anomaly in FeAl. Xiao and Baker [15] first

0

0
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noted that the yield strength peak occurred at abouaging. Xiacetal.[19] discovered the same phenomenon
the temperature of the transition from glide by APB-when they studied the dynamic strain aging in f.c.c. al-
coupleda/2(111) dislocations at low temperature to pha brass. They explained that when the strain rate is
(100 slip at high temperature. Baker and George [17]higher, shorter time is available for solute clouds to
later suggested that this mechanism alone cannot exerm around the dislocations so the clouds are smaller
plain the peak in the yield strength and offered a va-and dislocations need less stress to move. On the other
cancy hardening model similar to that proposed byhand, a higher strain rate makes the dislocations glide
Morris [16]. Morris [16] identified the local climb of faster to the next barrier in the lattice, thus raising the
the APB-coupled dislocation partials as the cause of thetrength. These two opposite forces will lead to the
anomaly. In his model, vacancy diffusion between thestrain-rate insensitivity or negative strain-rate sensitiv-
cores of the partials causes one patrtial to climb up anity of the yield strength. Another observation support-
the other to climb down. Pinning points are thus gen-ing the dynamic strain aging theory is the appearance
erated in dislocation segments. The yield strength inef serration in the stress-strain curves of both, Fe-27Co
creases as the density of climb-dissociated partials riseend Fe-49Co-2V, alloys above the room temperature.
with increasing temperature. In their vacancy hardenThe serration is more noticeable at the higher strain rate.
ing model, Baker and George [17] considered a paiiThe amplitude of the serration increases with increas-
of a/2(111) dislocations that is gliding along a (110) ing temperature. The serration disappears abové®00
plane separated by an APB. The second dislocation rén Fe-27Co and above 70C in FE-49Co-2V. The oc-
stores the disorder caused by the first dislocation withircurrence of serration thus appears to coincide with the
the APB. If a vacancy is placed on the core of one oftemperature range of the yield strength anomaly. Simi-
the partials, the edge dislocation climbs up one atomi¢ar phenomenon has also been reported for single crys-
plane. Inthis case, the second dislocation can notrestotalline [18] and polycrystalline [19] FeAl. It is known
order at the point of vacancy, thus creating a disorderethat one of the prominent manifestations of dynamic
“tube” that exerts a drag on the dislocation. Vacancystrain aging (DSA) is a serrated yielding region. Some
hardening can arise if vacancy formation has a loweresearchers, e.g., Yoshigtial.[16], however, disagree
activation enthalpyEs, than vacancy migratiork,,.  that the observed serration is caused by dynamic strain
That means, at intermediate temperatures vacancies aaging.

easily formed but can not readily move. As the vacancy

concentration increases with increasing temperature, so

does the yield strength. At high enough temperatures3 2. The effect of order/disorder
the vacancies begin to migrate thus leading to dislocaThe degree of long-range order was varied in Fe-49Co-
tion creep and a fall in the yield strength. Based on thisy specimens from an almost fully ordered to a largely
mechanism, the temperature dependency of the yielglisordered state by changing the cooling rate as de-
strength is represented by a linear fall (with respect tascribed earlier. Fig. 7 shows the stress-strain curves
absolute temperature) in region I, an exponential ris§rom tensile tests conducted at room temperature. The
superimposed on a linear fall in region 11, and anotherregyits indicate an increase in the yield strength, but
fall due to dislocation creep in region Ill. a decrease in the discontinuous yield strain, with de-
Using FeAl single crystals, Yoshinett al.[18] have  creasing degree of order. Table Il gives the values of
also reported that the yield strength peak is coincidenihe yield strength for various cooling rates. It is seen
with a slip transition from{111) direction at interme-
diate temperature thOO) _at hlg_h _temperature. They TABLE Il The tensile yield strength of Fe-49Co-2V alloy as a func-
further noted that climb dissociation (f11)-type SU-  tion of the cooling rate from 820C
perdislocations occurred within the temperature range
of the strength anomaly. Based on these observation§ooling

Yoshimiet al. also believed that the anomaly is caused™®® 80C/hr 60°C/hr 90°C/hrAir cooling Quenched
by a diffusion-assisted process such as climb dissocCiazelq strength, 359 389 385 503 526
tion and/or APB dragging. MPa

The FeCo-V material used in our studies has a fine=
grained polycrystalline microstructure. This may ac-
count for its milder strength anomaly compared with 540 -

the single crystalline FeAl alloys reported in the liter- |
ature. The Fe-27Co alloy does not show strengthenin s00 L s0°cm -
at intermediate temperatures but a plateau betweenr _ ' '
gions | and Ill. It should be pointed out that the compo-& 400 | — / / —_—
sition of this alloy lies just outside the ordered region o0 | [ | / /
of the phase diagram. & 0 L[ 60°CHr quenched
It was stated earlier that the strength of Fe-49Co-Vv | 90°Crhr |
is rather insensitive to the strain rate in Region Il of o . / air-cooled . ' .
strength-temperature curve shown in Fig. 6. Close com 0 5000 10000 15000 20000 25000 30000

parison of data in region Il reveals an anomalous be -
havior in that the yield strength is actually even slightly Microstrain
Iowef at the higher strain rate. Thl_s negative strain rat@igure 7 Tensile stress-strain curves of Fe-49Co-2V alloy showing the
sensitivity is another characteristic of dynamic straineffect of long-range order.

1454



that for the three slower cooling rates where the alloy
is mostly ordered, the yield strengths are very close
to each other and are generally smaller than the yield
strengths of the largely disordered specimens, i.e., the
air-cooled and brine-quenched test pieces.

Stoloff and Davies [4] studied the order/disorder ef-
fect in equimolar FeCo by testing materials with order
parameter S ranging from 0 to 0.9. They found that
the yield strength exhibited a peak around an interme-
diate degree of order. They further noted that unlike
CuwAu, ordering had little effect on the strain hard-
ening of FeCo-V alloy. An ordered structure contains
superdislocations, which consist of two unit disloca-
tions separated by a strip of APB. The energy of the
APB, Eor, is dependent on the degree of long-rangerigure 9 Fracture surface of Fe-49Co-2V alloy air-cooled from 820
order, S, by Eop = SPESSY, whereESSY is the en-
ergy of the APB corresponding ®= 1. So, the lower
the long-range order paramet8r the lower the en-
ergy of APB. At certain lowS value, the energy of the
APB is so weak that the superdislocations disassoci-
ate into their constituent ordinary dislocations, which
then can move independently. These gliding unit dis-
locations will create wrong bonds in their wake thus
leading to a hardening similar to that occurring above
T. due to short range order. On the other hand, when
Sis increased, unit dislocations tend to associate into
pairs, namely superdislocations, which glide in an or-
dered matrix without creating a trail of wrong bonds.
The yield strength thus decreases as the proportion of
superdislocations increases. Above the transition tem-
perature, the ang-range order parameter abruptly drOpl—s|gure 10 Fracture surface of Fe-49Co-2V alloy brine-quenched from
to 0 and the yield strength is then controlled by short-g,0o
range order. The higher the short-range order parame-
ter, the higher the yield strength. The short-range order
parameter has its maximum at transition temperature
where the peak in the yield strength is observed.

Figs 8 to 10 depict SEM images of the fracture sur-
faces corresponding to the cooling rates of@thr,
air cooling and brine quenching, respectively. It is seen
that fracture becomes more and more ductile with in-
creasing cooling rate; the clearly ductile nature of frac-
ture in the brine quenched specimen is evident from
the typical outer shear lips and inner dimpled region
(Fig. 10). Fig. 11 shows the dimpled region at a higher
magnification.

Figure 11 High-magnification image of area A in Figure 2.10.

3.3. The effect of the grain size

The effect of the grain size was studied by annealing
both alloys at 820C for various duration of time. A
longer annealing time corresponds to a larger grain
size as shown in Figs 12 and 13 for Fe-27Co and
Fe-49Co-2V alloys, respectively. Yet al. [21] have
previously reported the kinetics of grain growth in these
alloys.

Figs 14 and 15 depict the stress vs. strain curves for
Fe-27Co and Fe-49Co-2V samples, respectively, with
Figure 8 Fracture surface of Fe-49Co-2V alloy cooled at6thr from  @nnealing time ranging from 10 minutes to 20 hours.
820°C. As the grain size increases, several trends are noted: the
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Figure 12 The variation of the grain size with annealing time for
Fe-27Co alloy.
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Figure 13 The variation of the grain size with annealing time for
Fe-49Co-2V alloy.
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Figure 15 Tensile stress-grain curves of Fe-49Co-2V alloy as a function
of the annealing time at 82 to vary the grain size.
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Figure 16 The effect of grain size on the yield strength of Fe-27Co alloy.

500 r

2 & 5
(= = -
3]
[ u |
a
=]

Yield Strength, MPa
g W
3 8
a
a

)
S

150 1 1 1 1 )
0.25 0.3 0.35 0.4 0.45 0.5

d“"?, micron®'?

Figure 14 Tensile stress-grain curves of Fe-27Co alloy as a function of Figure 17 The effect of grain size on the yield strength of Fe-49Co-2V

the annealing time at 82 to vary the grain size.

alloy.

discontinuous yield phenomenon diminishes, the yieldsearchers for various Fe-Co compositions [7, 22]. For
strength drops, and the materials becomes less ductilee-49Co-2V, thek andé measured in this investiga-
Figs 16 and 17 show the variation of the yield stresdion are reasonably close to those reported by Zhao and
with grain size for Fe-27Co and Fe-49Co-2V alloys, Baker [7], howeverg, is significantly smaller than the
respectively. The data are fitted to a Hall-Petch typevalues obtained by Zhao and Baker [7] or by Jordan

formula whereoys = o, + kd~/2. The following rela-

and Stollof [22]. Zhao and Baker proposed the fol-

tionships between the yield stress and grain size arwing relationship between the discontinuous yield-

obtained:

ovs = 16403+61527d"Y? for Fe-27Co (1)
and
oys = 2557+ 847590 Y2 for Fe-49Co-2V
(2

Table 11l compares the values kf oo, andd (at 1%

ing strain and grain sizes, =k/0 d=¥2. Here,s_ is

the discontinuous yielding straik, is the Hall-Petch
parameterf is the work-hardening rate, amtis the
grain size. For Fe-27Cao, it is found th@tdecreases
from 8.1 GPa to 5.8 GPa when annealing time is in-
creased from 10 min to 10 hrs. For Fe-49Co-2V,
varies from 12 GPa to 7.4 GPa within the same range
of annealing times. Using the above relationship it is
found that calculated valuesaf are consistently about
twice the measured values. It can therefore be assumed

strain) along with the results obtained by other re-thats, ock/6 - d=%2.
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TABLE Il Values ofk, o, and work-hardening raté,for FeCo alloys O represents ordered and D represents disordered states

Fe-49Co-2V Fe-27Co Fe-49Co-2V

(This research) (This research) Fe-30Co [17] Fe-50Co [17] From [19]
Composition
State (e} D (6] D (6] D (0] D (0] D
K(MPaum?/2) 847 — 615 — 724 141 806 456 660 220
oo (MPa) 26 — 164 — 149 237 172 309 150 360
0 at 1% strain (GPa) 7412 — 5.8~8.1 — 7.7 5.8 7.6 6.7 — —
4. Conclusion References
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49Co-2V alloys were studied. The Fe-49Co-2V under-

goes an order/disorder transformation at a temperaturey.
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to the well-studied FeAl. The temperature dependence
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strain behavior within the temperature range of thell.

strength anomaly.

Long-range order leads to a decrease in the yieléz'
strength of Fe-49Co-2V alloy; the ordered alloy ex- 13,
14.

hibits a larger discontinuous yielding strain.
Theyield strength vs. grain size of both alloys follows
a hall-petch type relationship wherg = o, + kd /2,

obtained at room temperature is proportionakfe -
d—Y2 wheref is the strain hardening coefficient. The
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