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Materials and Mo]ecu]ar Research Division
Lawrence Berkeley Laboratory
University of California
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+So]ar Turbines International
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ABSTRACT
The'microStructure and magnetic pkoperties df_the Fe-Cr-Co hard

permanent magnetic alloys with and withouf V and V+Ti are studied using
transmissioh'e]ectron microscopy and transmission Lorentz microscopy.
Mechanical and maghetic properties are stUdiedain'parailel at different
stages of their productidn. The three a110y$ 51Fe-15C6-28(Cr,V, Ti) used
%br'the present investigation have 28Cr, 23Cr-5V and 23Cr-3V-2Ti, respective]y.
It is known that the magnetic properties of these alloys are improved by
a heat treatment in a magnetic fie]d, Improvemént in magnetic remanence,
B, is due to the elongation of Fe-Co (a;) phase parallel to the magnetic
field direction. Subsequent step aging or continuous cooling treatments
cause further phase separation with increased compositional differences

between the phases without any microstructural changés and thus increase

the coercive fie]d_HC. Lorentz microscoby shows that the matrix is weakly

magnetic and the magnetic hardening is due to domain wall pinning. Mechanical

tgsting and fracture analysis show that the alloys are very ductile in the as-

qUenched state, but become very brittle after the aging treatments. The

embrittlement is very severe for the ternéry alloys and is most effectively



-2-

retarded by the addition of V or V+Ti. This is attributed to the high

Cr content of the Cr-rich (a2) phase and to-fhe large grain siie (a result
of high homogenjzation temperatUre) of the ternafy alloys. Since the
addition of V or V+Ti 'does not change the magnetic properties, but
improves the}mechanica1 properties‘énd‘makes the processing more |

convenient, the alloys with V and V+Ti seem to be of commercial interest.



permanent magnets have been developed in recent years

I. 'introduction

Fe-Cr-Co alloys with magnetic propérties comparable to those of alnico

(1,2,3). The advantagei

of the Fe-Cr-Co alloys lies in their useful mechanical properties such as

ductility and fracture toughness. However, these alloys are ductile

only in the solution treated stage and 1ose-théir ductility after they

are optimally agéd for good magnetic properties.(3) This paper presents

the results of our inVestigation to design Fe-Cr-Co alloys combinihg the

best magheticvproperties with the best mechanical properties through an

],underétanding of theikvdependences on' the microstructure.

11. Experimental Procedure

The alloy compositions used in the-present’inVestigation are:v,

Fe-28Crf15Co, Fe-23Cr-15Co-5V, Fe-23CrF15C0—3V—éTi (wt.%), designated

as é]]oys A, B, and C, respectively. Alloy A wés homogenized at |
1300°C and alloys B and C]tou}d be homogenized at 1000°C due to the
breSence of V and V+Ti. After hohogenizing for onevhour_in an érgon
étmOsphere, the a]]oys were quenched in ice'watéf and aged at ldwer _
temperatures (detai]s of aging appear in the next sectioh). Magnetic
properties were measured using 5mm diameter and 30mm long bars with |

an automatic recording flux meter..‘TenSile speciméns with a 0.318 cm gauge
diameter and 1.91. cm gauge 1ength'were'pu11éd to fracture using an Instron

testing machine. Fracture surfaces were examined with an AMR scanning

electron microscope. Philips EM301 and JEOL JEM7_e1ectroh microscopes

were used in the transmission electron microscopy and Lorentz microscopy

studies.

III. Results ahd Discussion

A. Mitrostructure-Magnetic Property Relationships:

(i) Isothermal aging: Fig. 1 shows the bright field (B.F.)



-4-

micrographs taken from:Alloy A aftér agfng at 670°C, 650°C and 640°C,
respectively for one hour. .The bhase with bright cdntrést is'identified
as ay; (Fe-rich phase).and the one with dark contrast és the a, (Cr-rich)
phase. From these microéraphs, it is seen that the morpho]ogy of the

'microsiructure,vi.e.; the shapé, SfZe and volume fractioﬁs‘bf the two phases’

s very sensitive to ;he aging tempe}ature. This is due.to,the asymmetry
in the miscibility 'gap in theiphase‘diagram;(4) |

(i1) THermomagnétic treatment (TMT) and Step Aging:» It is known
that TMT‘is fmportant fof producing 6bt}mumvmagnetic properties.(s)

-Fig. 2 shows the BF micrographs of Alloy B.aged at 650°C for one hour
without and with a maghetic.fie1d,v The effectAofvTMT on the microstrucgure
is seen cTear1y”1n'Fig. Z(b) in that the o phase is remarkably elongated
a]ong'the'diréCtion'of the applied field, whereas in Fig. 2(a).the elongation
of the oy phase is neg1igib1e and the orientation of the particles is seen

" to be almost random. ‘

It is known that optimum magnetic probenties can be produced'by.

Sfep aging or-éontinuous cdo]ing of the thermomagnetically treated a1]oys,(6)

When thése alloys are sfep aged at-loWer tempekatures, the composition
difference between the two phases increases without affecting the eﬁsentia]
features of the morphology. The effect of step aging'and also thé effect
of changing the temperature of TMT on the microstructure and the properties

were studied in detail. Figure 3 shows BF micrographs taken from'A]]oy A
after ™T and.step aging. The TMT temperatures weré a) 670°C, b) 660°C,
c).650°C and d) 640°C, respectively. All the é]]oys were step aged at 620°,'}

| 600°, 580°, and 560°C for one hour each and at 540°C for five hours. o

Figures 3(a) and (b) show secondary decomposition of a, phase during step éging.
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The microétrdctures consist of the elongated o) particles formed durfng:

TMT as well as smal]'(=703 diameter in (a) and'=1753 in (b)) &1 partic]es
‘formed due to sécbndaky decompositionidﬁring,step aging-as a fesu]t of

high supersaturation of ‘the a, phase and.fhe increased undercooling.

Figs. 3(a) and'(d);do not show the sechdary decomposition. The o) particles
‘are smaller aTSo. When the témperature is lowered in small steps,
compositional differences occur bétweén the two phases by diffusion, and |
due to the asymmetry of the phase diagram, one phase becomes richef in

.Cr and depleted ih Fe and Co and vice vefsa.‘ |

2

The magnetic coercivity and remanences of the alloys corresponding

14
i

to Fig. 3 are as follows: (a) H . = 610 Oe,

12.7 k6, (d) H = 330 Oe, B,

¢ = 240 Oe, B = 12.7 kG, (b) H,

Br,_z 13.0 kG, (c) HC = 530 Oe, Br

14
4

13.5 kG. :
The higher values of Br are due to partié]e alignment during TMT and
Brvremaiﬁs almost unaffected by the subsequent step aging. However, the
coercivity is affected by the step aging. The increased coercivity is
;due to the incheaged compoSTtiona1 differences éroduced during the step
aging. Thus, a combination of TMT and step aging produces both a higher
value of remanence and'higher coercivify, and therefore a higher energy
product (BH)max. | |
Continuous cooling after TMT also produces similar results.
‘Addition of V or V+Ti to the a]ioys'does not affect the microstructure
vor the magnetic properties for similar aging treatments. |
(i11) Magnetization Process: Fresnel énd Focoult micrographs in
Fig. 4 show the magnetic domain structure of the‘A]]oy B éfter aging at
650°C for 50 hours. :Both phases in the fﬁgure are magnetic. These
microqrabhs suggest that the domain walls lie within the az'matrix phase,
'hnd are curved afound a1 phase. fhey'11e along <100> directions, a’consequencé

of the crysta]lanisotropy. ‘The domain wall enekgy of a, phase is lower than

that of the a phase(7) and thus the walls 1ie in the o, phase. The
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micrographs suggest that the domain walls lying in the a2~pha§e are pinned
by the more strong]y magnetic a) particles. The magnetization reversal

" process of the alloys is controlled by domain wall p1nn1ng as opposed to
single domain harden1ng, as was demonstrated by Belli et al. (8)

B.. Microstructure and Mechan1ca1 Progert1es ‘ | o 'f

The mechanica]_test results for iéothermally aged alloys are
summarized in Figs;"S(a):and'(b) for A]]dys A ahd_B,‘reSpective]y. The
results for Alloy C are intermediate to thase ovalfoys A and B. The-‘
yield stress or the stress at fracture (wh1chever occurs first) and

'the percent un1fonn elongation were measured using tensile spec1mens that
were aged at 600°C and 640°C for various times up to 100 hours. The

general features of the two curves'show that the alloy aged at 1ower
temperature has a greater increase in yield stress (over that 6f the unaged .
a110y), but this increase in strength is accompanied with a decrease in
uhiform e]ongatien; In fact, Alloy A aged for 5 minutes at 600°C a1ready
failed before yfe]ding took place, whereas. A11oys B and C'were measurably
ductile for aging times up torlohours '-and 5 hours, respective1y at 640°C.
. Aging at 640°C produced a modest increaée in the yield strength with

little change in the uniform elongation in all three alloys.

The variation in Vickers Micro-Hardness of Alloy A as a function of
time at 600°C and 640°C is shown in Fig. 5(c). When aging is done at 640°C,
there is a slight increase in the microhardness which rapidly saturates,
similar to the tensile data. However, when aging is. carried out at 600°C;
the microhardness contihues to increase over the ffrst 10 hours'and only Y
. s]1ght]y decreases at 100 hours in obvious contrast to the tensile data.

Exam1nat1on of the fracture surfaces reveals a marked difference in
the mode of failure between the materials aged at 6009C and at 640°C.

When aged at GOO;C, it has a mixture of dimpled rupture and graih

_boundary separation (see Fig. 6). Chemical analysis of the grain boundary
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regions shows a definite Cr enrichment at the grain boundaries. Traﬁsmissibn

electron microscopy and diffraction'(Fig. f)shdws a second phase precipitating

‘at'the grain,boundary which has been identified as the Cf—riéh o-phase. ‘
The mechanical hardening of the aged alloys over unaged é]]oys.is a

_conseduence of thejspinodé1 decomposition[(g) At lower aging temperafure,

the composition difference betﬁeeh the two décomposing phases is greater,

1eading to an increase in the hardness or yie1d stress as in Fig. 5. waever,

the material i; severéTy embritt]ed after.agihg. The évidencelbf intergranular

fracture from Fig; 6 and:the'presence'of o-phase in Fig. 7 suggest that the

grain boundary embrittTément.can‘pe suppressed to_sbme’degree by a mechanical

deformation so that the film of o-phase breaks up into small particles. Also,

the data suggest'that replacement of 5% Cr with‘ejther ) of V+Ti'suppresses

the embrittiement to some exteht. This is:partfa}1y due to smaller‘graih

. size resulting from lower homogenization temperature. Grain sizes for

Alloys A and B are 500u and 50u,vrespectiVe1y. Also, Cr 1sfkn6wn to cause

enhanced embritt]ement.(]o)

'Thus,'the_Cr-rich as phase possibly controls
" the loss of ductiTity and addition of V or V+Ti can suppress fracture.
IV. Conclusion | | |

From the magnetic data and correlation with the microstructure, it can
be conc]uded that fof Fe-Cr-Co alloys, TMT combined with step'aging or
continubus cooling produces dptimum maghetic proberties. The micrbstructural
features for high B are developed by TMT and the Coercivity is deve]oped by
step agihg and continuous cdo]fng. The morphology of the microstructure
is very much affected by the aging temperature. The alloy compositjons
do not affect the magnetic properties. However, from the mechanical propefty
| data, it is seen that mechanical broperties detehiorate severely with aging.
A]]oyfng with V or V+Ti improvés the mechanical properties and it is suggested

that a plastic defdnnation step may help further.
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. FIGURE CAPTIONS

B.F. micrographs of Alloy A isothermally aged for 1 hour at;"-

" a) 670°C, b) 650°C, c) 640°C.
' B.F. microgfaphs of Alloy B a) after aging ét 650°C for 1 hour,
b) after TMT at 650°C for 1 hour in a field of 2Kk0e. |
:B.F. micrographs of Alloy A step-aged after thermomagnetic

treatment for 1 hour at A) 670°C, B) 660°C, C) 650°C, and -

D) 640°C.

Fresnel (a) and Focdu]t (b) micrographs of Alloy B isothermally

aged at 650°C for 50 hours; Showing domain wall (c). lying in theg

ap phase.

Méchanicalgproperty vs. aging times for Alloys (a) A and (b) B
aged at different temperatures. »(c) Shows the Vickerﬂs’hardness
for Alloy A. " o

Fractographs from Alloy A aged at a) 640°C and b) 600°C}"Note

the intergranular fracture in (a) and both inter- and intra-

granular fracture in (b).

Bright field TEM micrograph frbm Alloy B showing o-phase particles

_a1ong'thé grain boundary.
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