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ABSTRACT 

The relationship between microstructure and magnetic properties of Fe-

28Cr-15Co, Fe-23Cr-15Co-5V and Fe-23Cr-15Co-3V-2Ti (wt.%) alloys have 

been investigated by transmission electron microscopy, and Lorentz micros

copy. The heat treatments adopted for the present investigation are 1) isother

mal aging, 2) thermomagnetic treatment (TMT) + step-aging, and 3) TMT + 

continuous cooling. The morphology of the microstruciure is very much 

affected by the aging temperature. Thermomagnetic treatment is very effective 

in elongation of the Fe-Co rich (a{i phase particles, and the elongation of the 

<*! phase particles is independent of crystal orientation. Step-aging and continu

ous cooling produce optimum magnetic properties. During step-aging micros-

tructural features remain essentially unchanged, and the composition difference 

of the two phases increases. Continuous cooling is an alternative way to pro-
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ducc optimum magnetic properties. Microslrtictural features arc almost 

independent of the cooling rate, and then they must be developed mainly by 

the TMT. Lorentz microscopy results show that the domain walls lend it. lie in 

the weakly ferromagnetic matrix phase and are pinned by Fe-Co rich (u , ! 

phase particles as pinning sites (as opposed to the supposed single domain, har

dening!. This observation suggests that the magnetization mechanism is 

governed by domain wall pinning. Magnetic domains are narrower in optimally 

treateu alloys, and elongated parallel to the applied field. The anisoiropy 

induced during TMT increases during step-aging or continuous cooling The 

three alloys produce similar magnetic properties. However, due to their more 

facilitated heat treatments the alloys containing V and V + Ti additions would be 

of more industrial interest. 



INTRODUCTION 

Newly developed Fe-Cr-Co permanent magnet alloys have technologically 

become potential hard magnets due to their desirable magnetic properties com

bined with their good ductility. 

Considering the magnetization mechanism, two types of magnets are pro

duced for permanent magnet applications. The first one gains its magnetic pro

perties by the pinning of domain wall motion by obstacles such as dislocations, 

inclusions and precipitates (e.g. magnet steels. Fe-Co-Mo (Remalloy). so nc 

rare earth magnets). The second one consists of small particles, below a critical 

diameter of which domain walls cease to exist. The change of the direction of 

magnetization requires the rotation of the magnetic moments of the single 

domain particles, which are embedded in non-magnetic matrix, and in this pro

cess no domain wall formation or motion takes place. The second one is usu

ally considered to give much higher coercive forces than the first one. The 

required morphology for the second one can be obtained by either the disper

sion of the strongly magnetic nowder particles in non-magnetic matrixes (Lodex 

- magnets), or by producing a morphoiogy of magnetic precipitate phase 

dispersed in a non -magnetic matrix by spinodal decomposition of a high tem

perature phase after aging inside the miscibility gap of the system. Alnico, Cu-

Ni-Fe alloys fall into this second category. 

Fe-Cr-Co permanent magnet alloys had been developed in 197],' by 

extending the miscibility gap in the Fe-Cr system to the ternary Fe-Cr-Co sys

tem. It was found that the addition of Co increases the miscibility gap tempera-
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ture of the Fe-Cr system. 1 , 2 The Fe-Cr-Co alloys have magnetic properties 

comparable to those of commonly used Alnico permanent magnets and arc 

ductile enough to be cold worked and machined at certain stages of their pro

duction.1 Alnico magnets are brittle, and usually cast or sintered to their final 

shape. It should be avoided for them to give sharp corners or complex thin 

shapes,2-3 and their surface grinding is usually the only possible finishing opera

tion. Due to the superior mechanical properties combined with desirable mag

netic properties, the newly developed Fe-Cr-Co alloys offer the possibility of 

producing magnets or magnetic devices which are difficult to be manufactured 

from brittle Alnico alloys. Fe-Cr-Co alloys have replaced some commercial 

ductile magnets, such as Cu-Ni-Fe and Fe-Co-Mo (Remalloy). 

The ternary Fe-Cr-Co alloys have some difficulties concerning their practi

cal manufacturing. These are: 1) the necessity of solution treatment at high 

temperatures to obtain a single a phase, and 2) the necessity of fast quenching 

to prevent y or cr-phase t r sformations.4-5 An addition of Si to the ternary-

alloys was found to have desired effects on facilitating the heat treatment with 

desirable magnetic properties.4 The addition of Mo to the alloys improves the 

magnetic properties, but it also stimulates the formation of embrittling cr-phase, 

deteriorating the mechanical properties. This is due to the fact that the so 

called a forming elements (Mo, W, V, Ti and Nb) also generally promote the 

cr-phase formation.7 

The a + cr phase region in the "C" curve of the TTT (time, temperature, 

transformation) diagram for Fe-Cr-Co alloys can be shifted to lower tempera-
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tuics and longer aging times by lowering the Cr and Co content of the alloys.8 

Thus, the workability of alloys with low Cr and Co content are increased by 

preventing the tr-phase formation, although the magnetic properties of the 

alloys are lowered with lowering Cr and Co content. Thus, Fe-Cr-Co alloys 

with low Cr and Co content are produced because of practical production rea

sons even though they have somewhat less magnetic properties compared to 

the ones with higher Cr and Co content. 

To overcome these difficulties, ternary alloys were modified by adding a 

forming elements for extending the a phase region to just above the miscibilin 

gap. The modified alloys can be solution treated at low temperatures and the 

fast quenching rates are not necessary. The Fe-Cr-Co alloys were modified by 

Nb and Al additions in the alloys containing low Cr and Co content (25-30 wt. 

% Cr - 15 wt. % Co).9 It was found that optimum magnetic properties can be 

produced by facilitated heat treatments such as continuous cooling because of 

the extension of the a phase region just above the miscibility gap. However, 

the Fe-Cr-Co-Nb-Al alloys were brittle in the as cast stale. 

As alternative magnets to Fe-Cr-Co-Nb-Al alloys, Fe-Cr-Co-V-(Ti) alloys 

were designed.10 The alloys were ductile enough to be cold worked, machined 

or shaped in the as cast state /or after thermomagnetic treatment, with mag

netic properties comparable to those of Alnico 5 magnets. The a-phase region 

of the Fe-Cr-15Co alloys are remarkably extended by the addition of 5 wt. % V, 

or 3 wt. % V - 2 wt. % Ti (see figures 1, 2 aid 3). The solution treatment tem

perature of the alloys with V, V+Ti is very much lowered. Optimum magnetic 
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properties can be produced by facilitated heat treatments. McCaig" studied the 

magnetic stability of Fe-Cr-Co alloys and it was reported that the coercivity of 

the alloys generally falls slightly with increasing temperature, whereas for the 

alloys containing V and Ti the fall in coercive force does not commence until 

300°C. 

The magnetic hardening of the Fe-Cr-Co alloys is attributed to the spino-

dal decomposition of the high temperature stable (a) phase into a strongly 

magnetic Fe-Co phase (a]) embedded in weakly or non -magnetic Cr-rich 

phase ia2) upon aging inside the miscibility g a p . 1 , 4 " 6 - 9 - 1 2 Therefore it is 

important to study the microstructural changes of the alloys with various heat 

treatments. And it has been thought that the high coercive force arises from 

the magnetic behaviour of the fine Fe-Co (a,) phase particles. 1 , 4~ 6- 9" 1 2 How

ever, no systematic analysis had been done on the magnetization reversal pro

cess. 

The purpose of the present investigation is to study the relationship 

between microstructure and magnetic properties of Fe-Cr-15Co alloys without 

and with additions of V, V + Ti upon different heat treatments. Also a study of 

the magnetic domain structure of the alloys by transmission Lorentz electron 

microscopy (since magnetic hardening of the alloys occurs on a fine scale) is 

necessary in order to have a fundamental understanding of the magnetic har

dening mechanism, which is necessary for further developmant of Fe-Cr-Co 

alloys. 
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II. EXPERIMENTAL PROCEDURE: 

A. Alloy Preparation: 

The chemical composition of the alloys used I'm ihe preseai investigation 

are; 

Alloy A : Fe(balance) - 28Cr - 15Co (wt. %) 

Alloy B : Fe(balance) - 23Cr - 15Co - 5V (wt. ".') 

Alloy C : Fe(balance) - 23Cr - 15Co - 3V - 2Ti (wt. %) 

The alloys were prepared by melting 99.9% electrolytic Fe Cr and 91.4 

Co, V and Ti together, in an induction furnace under Argon atmosphere. 

The alloys were placed in quartz tubes and filled with Argon. Alloy A uas 

homogenized at 1250°C, alloys B and C at 1000°C lor 12 hours and quenched 

in iced water by breaking the quartz tubes. The chemical composition analysis 

verified that the alloys are within 1% of the desired composition. The alloys 

were cut into 0.5mm thick samples and solution treated at 1350°C (alloy A>. 

1000°C (Alloys B and C) for one hour. These specimens were then used foi 

microstructural analysis after the desired heat treatments. 

The specimens for magnetic measurements were prepared by melting 

99.9% electrolytic Fe and Cr, 99.5%Co Ferrovanadium, and Ferrotitanium in 

air. The melt was cast in quarlz lubes with an inside diameter of 5mm. The 

ingots were cut into 30mm long bars and solution treated at 1300°C (Alloy A), 

1000°C (Alloys B and C) for 1 hour. Following soluiion treatment they were 

thermomagnetically treated and step-aged or continuously cooled. The mag-
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net:;: properties of the alloys were measured with an automatic recording flux 

meter. (These alloys were made at Tohoku University in Japan.) After that. 

thin sheet electron microscopy specimens (--10 mils) were cut from these bars 

parallel and perpendicular to the direction of the applied field (long axis of the 

specimens).i 

B. Electron Microscopy: 

The thin shed specimens were clectrochemically /or mechanically thinned 

down to 5 mils, and the electron microscopy disc specimens were spark eroded 

After thinning the disc specimens to 3-4 mils on a line grinding paper (600 grit 

and finer), they were polished in an automatic jet polisher by using an electro

lytic solution consisting of 23'/'. perchloric acid (HC/0A) and 77% acetic acid 

iCHyCOOH). This process is preferentially thinning the Fe-Co (<»]) phase, in 

order to have the contrast difference between the two phases. Since the struc

ture factors of the two phases arc close to each other, the process of preferen

tial thinning is necessary to have contrast difference between the two phases by 

having a thickness difference between the two phases, this thickness difference 

resulting in absorption difference. 

!•-. order not to change microslructural features by preferential etching, 

special attention should be paid during polishing. During the course of this 

investigation it has been observed that it is quite possible to change the micros-

tructural features by preferential etching, and hence, misinterpret the micros-

tructural features. To eliminate this problem, several specimens of the same 

heat treatment were made and observed. The JEM-7A and Phillips EM301 
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microscopes were used for microstrui ral analysis. 

Transmission Lorent/ Microscopy specimens were prepared and observed 

under ihc abmc considerations Lrcsnel (oui-c>l-focus> and i HIKJIIII 

(displaced-aperiure) methods ol Lorent/ Microscopy'" '" were used to image 

magnetic domain v.alls and domains. Hitachi-125. with a noditied specu;,.: 

holder which raises ihc position of the specimen by 3mm. Phillips KM3'0. 

operating with objective lens afT'. and JLM-7A electron microscopes were used 

lor Lorenl/ Microscopy The defocus distance (/.! was 20-45 microns. 1-xpo-

sure limes varying from 1 to 5 minutes have been used. 
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III. EXPERIMENTAL RESULTS: 

A. MICROSTRUCTLRE: 

a) Formation of Equilibrium Phases: 

The bright field (B.F.) micrographs shown in figure 4 illustrate the micros-

tructure of alloys A, B and C in as quenched state after solution treatment. 

These micrographs show that the alloys consist of single o phase after solution 

treatment. Due to the very high quenching rates, the formation of y or n-

phases may have been avoided. However, in the specimens used for magnetic 

measurements the y phase has been observed. Figure 5 illustrates the B.I-. 

micrograph of the step-aged alloy C, shows a y phase region which consists of 

small y grains. The occurance of fr-phase was also observed during aging 

inside the miscibility gap B.I-', and D.F. micrographs illustrated in figure 6. 

taken from the alloy A aged at 640°C for 1 hour, shows the cr-phase. Consid

erable amount of <r-phuse has been formed within 1 hour at this temperature, 

although the tr-phase formation had been thought to be not critical at this rela

tive low temperature. B.F. micrographs shown in figure 7 are taken from the 

alloy A thermomagnetically treated at 670°C, followed by step-aging. Figure 

7(a) shows a morphology of three phase mixture; ( a ] + a 2 ) grains having cr-

phase along grain boundaries, and y phase with dislocations. The cr-phase 

exhibits some cellular type of microstructure, which is shown with higher 

magnification in figure 7(b). This type of morphology of the cr-phase has also 

been observed in an Fe-31Cr-23Co (wt.%) alloy.5 The absence of the elongated 
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panicles near the grain boundaries may be due to localized change of composi

tion along the grain boundaries. This morphology has been seen only in this 

particular step-aged alloy. 

b) Isothermal aging: 

The nnsubiiiH gap temperature lor the alloys A. B and C h;t> been lound 

to he between 670°C and 6St)'"C' (frSO'C shows no decomposition). The 

reported miscibiliu gap temperature for the alloy A is 6 4 i r c . " ' and then the 

shape of the miscibiln\ gap for the alloys A. H and C is not known at present. 

Figure 8 illustrate"- the B.F. micrographs of the alloy B after aging for one 

hour at 660 C. 6 5 0 T . 640 =C and 630"C. respectively. The phase with bright 

contrast is the Fe-rich phase (« |) and the one with dark contrast is the Cr-rich 

phase l i h ) . ' These micrographs suggest that ihe morphology of the micros-

tructure and the volume fractions of the two phases are very sensitive to the 

aging temperature, i.e., the lower the aging temperature, the finer is the (<•. I 

phase. These results are consistent with the expected miscibility gap shape 

which is quite asymmetric, ' 8 the a, phase appears as rod shaped particles which 

become interconnected after aging at 640°C. 

The B.F. micrographs taken from the isothermal!} agid alloy A after aging 

for 1 hour at 670°C, 6 5 0 T and 640°C are illustrated in figure 9. Figure 9(a) 

implies that 670°C is very close to the top of the miscibility gap. These micro

graphs show similar features to those illustrated in figure 8, i.e., the morphol

ogy of the microstructure and the volume fractions of the two phases are very 

sensitive to the aging temperature. The morphology of the microstructure of 
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the isothermally aged allov A at 6 5 0 T for 1 hour is very similar to that of alloy 

B aged -ii 660°C for 1 hour. However, the morphology of the microstruclure of 

alloys A and B treated at 640"C is very similar. These results imply th.ii the 

shape of the miscibility gap for the alloy A and B is not the same. This result is 

consistent with the experimentally found miscibility gap for Ie-C'r-15Co alloys 

after adding » forming elements (e.g. No and A1).'K 

These results are important in understat ding the effect of thermomagneiic 

treatment 'TMT) of the alloys at tl.ese temperatures. Isothermal aging itself 

fails to produce optimum magnetic properties of [ e-Cr-C'o alloys even after 

prolonged aging t imes '" ' 

c) Thermomagnetic treatment (TMT) and Step-aging: 

It is well known that the thermomagnelic treatment plays an important role 

in producing good magnetic properties of fc-Cr-Co and Alnico 

alloys.'••"'• '"•' '••" During TMT. a field is applied along the long axis of the 

specimens. The « ( phase particles formed under applied field are expected to 

be elongated parallel to the applied field direction, lowering its magnelostatic 

energy. In Fe-Cr-Co alloys TMT is more effective in improving the B, 

(remanent induction) than //, (coercive force). 

The B.F. micrographs of alloy B, illustrated in figure !0 are taken from an 

isothermally aged specimen after aging at 650°C for 1 hour (a) without and (b) 

with TMT in a magnetic field of 2 KOe for I hour respectively. The effect of 

TMT treatment is seen clearly in figure 10(b) in that the a\ phase is remark

ably elongated along 'he direction of the applied field, whereas in figure 10(a) 



• 1 1 -

the elongation of the «, phase is quite less and the dispersion of the panicles 

seem in be random uith a slighi tendency for alignment 'long < 100> direc

tions due to Ihe elastic anisotrop> The axial rati" ol lengl1' to diameter 

ini = l/d) of liie n | phase panicles is - I 7 1:1 ligui. :*• -.1». whereas the a\;,:l 

ratio of the particles is —3.5 alter TMT (figure 10(b)) "I hese lesuhs show t;. • ' 

TMI is very effective in the elongation ol u particles parallel to Ihe applied 

field direction. 

It is reported tha; step-aging has beneficia, effects in improving ihe mas'-

netic properties of 1-e-C r-Co alloys, and that optimum magnetic properties cm 

be obtained by the step-aging method.- "' '" • Alter solution treatment ihe 

alloys are thermomagneticalh treated to develop iheii microstructural feature-, 

and then the alloys are step-aged at lower temperatures to increase the compo

sition difference bciween the two phases Five different temperatures ol TMI 

were chosen to investigate the effeels of the TMT temperature on the micros-

tructure and the magnetic properties of the alloys. After TMT the alloys were 

siep-aaed at 620'C (except the r>ne thermoniag.riC'ic-i!!> t-ca-cd ui cOCC'). 

6 0 0 T , 5 8 0 T , and 5 6 0 T for 1 hour and subsequen t aged ?t 540X lor 5 

hours. A schematic diagram of step-aging is illustrated in figure 11. 

The magnetic properties (i.e. jHl (coercive force), B, (remanent induc

tion) and ( B / / ) m a l (energy product)) of the step-aged alloys A, B and C as a 

function of the temperature of the TMT temperature are plotted in figures 

12,13, and 14, respectively. The coercive force (/Hc) of the alloys are very 

much affected by the temperature of the TMT. Remanent induction (Br), 
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which reflects the alignment of the Fe-Co (rj-,) phase particles parallel to ihc 

applied field during TMT, remains almost tunstdiii The ef.eigy product 

(fl//)m . l x varies due to the variation in the coercive force of the alloys These 

variations in magnetic properties can be understood by analysis of the 

corresponding microslruclures as discussed below. 

Figure 15 illustrates the B.F. micrographs of the step-aged alloy B after 

different thermomagnclic trealments al (a) 660T (//,—420 Oe), (b) 650°C 

(# , -520 Oe), (c) 640"C (# , -370 Oe) and (d) 630T ( # , - 8 0 Oe), respec

tively. For example, figure 15(a) shows two morphologies of the a\ phase viz., 

elongated «-| phase particles, 300A'' in diameter, and spherical « | particles 

135A° in diameter. Since the larger <«, phase particles arc elongated, they 

should be formed during thermomagnetic treatment, whilst the small at must 

be nucleated after TMT. These morphologies arc produced when the step-

aging interval ^^T) between /'„,.„ „ - TWI, „ . u is large'7. Figure 15(b) 

corresponding to the optimum magnetic properties shows the a, phase, approx

imately 300A° in diameter and 1200AC in length giving an aspect ratio of —4. 

In figure 15(c) and 15(d), the panicle diameters are about 200A", 140A°, and 

the lengths about 400A° and 220A° respectively. The fine spherical particles 

are absent in figure 15(c) and 15(d). This is believed to be due to the fact that 

the step-aging interval is small. 

The B.F. micrographs shown in figure 16 are taken from the step-aged 

alloy A after different TMT at (a) 670°C (#,.-240 Oe), (b) 660°C (#,.-610 

Oe), (c) 650°C (7/ f~580 Oe), and (d) 640°C (#,.-330 Oe), respectively. In 
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figure 16(a) two morphologies of the «, phase are also seen. The spherical « , 

phase is around 70A° in diameter, elongated o phase is approximate!) 330A* 

in diameter Figure 1Mb) shows the same morphology where the sph'-ncil M, 

phase panicles are around 1X0A', and the elongated H| phase is 285-V in diam

eter. These p "tides are absent in figure !6(c) and 16(d), where the p.n; >_: 

sizes become smaller as in alloy ]]. Again these morphologies are produced 

when ihe step-aging interval V/ is large, being >40' JC for a])o> A. 

Figure 17 illustrates the B.F. micrograph of the step aged alloy C after 

thcrmomagnetic treatment at (a) 6 6 0 T (// —550 Oe) <b) 650'C (// —580 

Oe). (c) 640CC <Hr-?-90 Oe), and (dJ 630°C (//. — 150 Oe), respectively. This 

alloy exhibits very similar microsiructura! features as alloy B does Figure 

17(a) shows secondary oj particles around 130A° in diamete.. Secondary <i; 

particles are also seen in figuie 17(b) which are around 175A' in diameter 

The secondary particles are absent in figures 17(c) and 17(d), where the pani

cle sizes becomes smaller as it is found in the isothermally aged alloys at these 

temperatures. 

Figure 18 shows the B.F. micrograph of clloy B ihermomagnetically treated 

at 650°C for 2 hours and aged at 540°C lor 18 hours. The step-aging interval 

(AD is 110°C for this alloy. Fine secondary decomposition is seen in the 

micrograph. Due to the asymmetry in the miscibili'.y gap «j phase is now the 

major phase. The « 2 phase particles are around 15A= in diameter. This secon

dary decomposition may have occured spinodally, since the A T is so large that 

the a2 phase may be located inside the spinodal upon aging at low tempera-
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d) Continuous Cooling: 

As discussed in the previous part, optimum magnetic properties can be 

produced by the step-aging method. Howc.er, step-aging process is not indus

trially attractive. Consequently a continuous cooling process was developed for 

the alloys B and C to alter the step-aging. Figure 19 shows the schematic 

diagram of the continuous cooling method. The alloys are continuously cooled 

to TMT temperature after the solution treatment. In order to study the effects 

of continuous cooling rate on the magnetic properties and their microstructures. 

the alloys were thermomagnctically treated at 650°C (since 650°C is the best 

temperature for thermomagnctic treatrient for alloys B and O , then continu

ously cooled to 540CC at the rates of 0.2,5°C-l°C/minuie. The magnetic pro

perties of continuously cooled alloys B and C as a function of cooling rate are 

given in figures 20 and 21. respectively. The coercive force (/H,) of the alloys 

increases with slower cooling rates, the rate of increase in (/// () being lower at 

lower cooling rates. Remanent induction (Br) remains practically constant. 

The variation in the energy product ( (B/ / ) m a x ) is due to the change in coercive 

force. Figure 22 shows the B.F. micrographs of the alloy B continuously cooled 

at the rates of (a) l°C/min. (H,~220 Oe), (b) 0.25°C/min. (Hv-520 Oe). 

These micrographs exhibit very similar features, such as the size and shape of 

the a, phase and its volume fraction. In figure 22(a) and 22(b) the rod diame

ter is about 300A", 340A" and the length is about 690A° to 740A°, respec

tively. These micrographs suggest that the morphology of the microsiructure 
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appears to be very similar, almost independently of the cooling rate. Since both 

specimens have the same TMT the morphology of the micros,.ucture should be 

established during TMT. 

Then in order to further examine the difference in microstructures of 

figures 22(a) and (b), a simple experiment was done as follows; both specimens 

are further aged at 540°C subsequent to continuous cooling. The coercive force 

of the fast cooled (l°C/min.) specimens, can be remarkably increased from 220 

Oe to 520 Oe, i.e., by a factor of more than 2, by isothermally aging the 

material at 540°C for 14.5 hours subsequent to continuous cooling. The 

increase in the coercive force of the optimally cooled alloys (0.25°C/min.) is 

very moderate (70 Oe) by the same heat treatment. Figure 23 illustrates the 

B.F. micrographs of the alloys B and cooled at a rate of l°C/min. to 540°C. and 

aged at 540°C subsequent to continuous cooling. There is no noticeable 

difference in the norphology of the continuously cooled alloy B (figure 22(a)), 

and low temperature aged alloy B after continuous cooling (figure 23(a)). Fig

ure 23(b) taken from the low temperature aged alloy C exhibits similar 

features. The low temperature aging of the fast cooled alloys (l°C/min.) does 

not essentially change the microstructure as it is found for Alnico alloys :o. 

There results imply that compositions of the two phases differ depending on the 

continuous cooling rate, giving different coercive forces. Therefore, there are 

two alternative methods to produce the optimum properties in these alloys. 

One is by continuous cooling at a rate of 0.25°C/min. The other is by cooling 

at a rate of PC/min. and subsequently aging at low temperatures for long 

times. 
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B. OBSERVATION OF MAGNETIC DOMAINS: 

In this section, the results of the Lorentz microscopy analysis on the struc

ture of magnetic domains in the modulated structures (f» l+« 2) will he 

described. Figure 24 shows the Fresnel (out-of-focus) micrographs of the 

isothermally aged alloy B at 650DC for 1 hour where both phases are ferromag

netic with close saturation magnetization (A/s) values. The domain walls are 

straight, showing closure type domain structure. Figure 25 illustrates the 

Fresnel micrographs taken from the isothermally aged alloy C at 650°C for 1 

hour. These micrographs show thai the domain fea'ures of alloy C are similar 

lo those in alloy B (figure 24). From these micrographs it is uncertain where 

the domain wall exactly lies. To answer this question the alloy was over-aged 

for 50 hours at 650°C, coarsening the «| phase particles from ~150A° to 

— 900A° in diameter. Magnetic domain walls and domains in this alloy are 

seen in figures 26(a) and 26(bl. respectively. These micrographs show that the 

domain walls lie within the «i matrix phase, and they lie along <100> direc

tions due to crystal anisotropy. This stems from the fact that the domain wall 

energy of the a2 phase is lower than that of the a] phase. Domain walls in 

figure 26(a) are curved around the a | phase. These micrographs suggest that 

the domain walls which lie in a2 are pinned by the more strongly magnetic a, 

particles. Further evidence of pinning of the domain walls by strongly magnetic 

a, phase particles is illustrated in figure 27. In figure 27(a) ihe domain wall 

with black contrast (divergent wall) lies within the weak ferromagnetic a2 

matrix phase and is curved around the <*| phase particles. After photographing 
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the domain wall in figure 27(a) the specimen is tilled in order to alter the 

effective magnetic field acting on the specimen, and it was observed thai the 

domain wall made a jump and was stopped b> the »| phase particles at the posi

tion which is photographed and illustrated in figure 27(b). In figure 27(h) 'he 

domain wall still exists in the a2 phase and is slightly bent around the K; phas•• 

particles, (several more jumps of the same domain wall were photographed and 

the same results outlined above were observed). These micrographs substan

tiate that domain walls which lie in the weaker ferromagnetic phase are pinned 

by the more strongly magnetic n, phase particles. It is concluded ihat for the 

isothermally aged alloys and also for alloys where both phases are ferromag

netic, the magnetization process of the alloys controlled by domain wall pinning 

(as opposed to single domain hardening where no domain walls and domain 

wall motion is involved), as the a, phase particles acting as pinning sites. A 

similar mechanism has also been proposed for SmK'o.Cu.Fc)-, magnets.-2 

Magnetic domain walls and their configuraeon for the alloy B are seen in 

figure 28 after thermomagnetic treatment at 650°C for 1 hour. Figure 28(a) 

shows the domain configuration parallel to the applied field of the alloy. 

Domain configurations are similar to those obtained from isothermally aged 

alloys. The main difference is that the domain walls lie parallel to the < 100> 

directions in isothermally aged alloys whereas the domain walls usually lie 

parallel to the applied field in thermomagnetically treated alloys. Figure 28(b) 

shows the domain configuration of the same alloy in a foil perpendicular to the 

applied field. The domain configuration looks like those obtained from the 
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basal planes of the uniaxial cobalt alloys. 

As discussed previously, (sections III.c and d) the alloys, either step-..^e<' 

or continuous-cooled, produce optimum magnetic properties by enlarging the 

difference between the composiUon of the two phases. This will lead to an 

increase in the difference between the saturation manetization intensities of the 

two phases, without altering the microstructural features developed during the 

thermomagnetic treatment. Then it is interesting to see how the domain 

configurations change after continuous cooling and step-aging. Figure 29 illus

trates the Foucault (displaced aperture method) micrographs of the alloy B con

tinuously cooled at a rate of l°C/min. (Hl —220 Oe). The main features of the 

domain structure of the alloy are somewhat similar to those obtained from 

thermomagnetically treated alloys. However, the domain bands are narrower, 

and the domains are elongated parallel to the applied field, i.e., the direction in 

which a, phase particles are elongated. The domain configuration of the alloys 

given the optimum magnetic properties are different from those outlined above. 

Figure 30 (a) and (b) are the Fresnel micrographs of the optimally step-

aged alloy, showing the domain walls, and figure 31 (c) and (d) are the 

Foucault micrographs showing the magnetic domains. The observed domain 

walls are not straight, but curved. The magnetic domains are 0.5/xm wide on 

the aver»gs, and are elongated parallel to the applied field. Their size is smaller 

than the isothermally aged or thermomagnetically treated alloys or fast continu

ous cooled alloy (figure 29). The Foucault micrograph illustrated in figure 31 

shows these features more clearly at a higher magnification. The domains with 
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bright and dark contrast are elongated in the direction of the applied magnetic 

field (the direction in which the itj phase is elongated) as seen in this rtitcro-

graph. The domains with black contrast are approximately 1500A0 wide on the 

average. These observations suggest that the magnetic aniMitiopy is introduced 

parallel to the applied magnetic field after thermomagneiic treatment and •,;•-;-• 

aging. This induced anisotropy is known to be independent of the crwalh.-

grjphic onciiijiions ol individual grains,*""'' 'hat i- ,i| phase parities arc 

elongated along the same direction independent of crystal orientation Figure 

32 illustrates these features clearly, that the domains are elongated parallel to 

the same direction in two grains having different crystal orientations. 

A Fresne! micrograph of the optimally step-aged alloy B and the interpreta

tion of its domain configuration are illustrated in figure 33. The Fresnel micro

graph shows some larger domain bands parallel to each other, and some smaller 

domains approximately 2000A° wide in the large domain bands whose magneti

zation vectors are opposite (as illustrated more clearly in the figurative draw

ing). Also, there exists some smaller domains exhibiting the so called magneti

zation ripple structure in one dimension, indicating local variations of the A/, 

(saturation magnetization) direction. Figure 34 illustrates the Fresnel micro

graphs taken from the optimally step-aged alloy C in a section perpendicular to 

the applied field and shows the domain structure of a uniaxial ferromagnei. 

The domain structures look very similar to those obtained from the sections 

parallel to the applied field. Comparison of figure 34(a) and (b) with figure 

28(a) shows that the change in domain configuration after step-aging in sections 
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perpendicular to the applied field is very similar to those observed in sections 

parallel to the applied field. However, the domain configurations taken from the 

sections perpendicular to the applied field might not represent those in the bulk 

material, since, the induced anisotropy perpendicular to the plane of the (oil 

might have been changed for the thin foil electron microscopy specimens. 

The domain wall thickness calculations in the alloy could give useful infor

mation about parameters which are necessary to discuss the magnetization 

reversal process of the alloy. Hence, the domain wall thickness measurements 

are done on the alloys given optimum magnetic properties. It is reported that 

divergent types of wall images (with dark contrast) are considered to be more 

accurate for domain wall thickness calculations using the geometrical theory of 

Lorentz microscopy.'" Thus the width of divergent type of wall images in 

figures 30(a) and (b) was measured by microdensitometer analysis. The pro

jected widths of the domain walls are found to be very nonuniform, varying 

from 840A° to 1510A", almost by a factor of two, although the foil thickness 

appears to be uniform. This large deviation is thought to be due to the mag

netic inhomogeneity of the specimen (strongly magnetic a] phase and weakly-

magnetic a2 phase). Therefore, there is a large possibility that the electron 

beam may be deflected several times through the foil, depending on the distri

bution of the two phases in that particular area, thus giving different projected 

widths. 



- 21 -

IV. DISCISSION: 

A. MICROSTRUCTLRE: 

a) Formation of Equilibrium Phases: 

All three alloys A. B and C" mainly consist of single <t phase in their as 

quenched slates, y phase has been observed in the specimens used for magnetic 

measurements, which may have formed during quenching. More y grains are 

seen for the continuously cooled alloys that are cooled slowly to the TMT tem

perature. From the magnetic and mechanical properties point of view <r phase 

formation is undesirable. The formation of the o- phase during quenching is 

prevented by lowering the Cr and Co contents. However, the formation of the

ir-phase again becomes critical upon aging inside the miscibility gap. This ma\ 

lead to serious amount of rr-phase formalion in short times, as observed in an 

Fe-31Cr-23Co alloy,' The formation of the or phase is more critical for the alloy 

A. thtn for the alloys B and C where only a small amount of a phase is 

observed upon aging for 1 hour inside the miscibility gap. The metastable sec

tion diagrams, figures 1, 2 and 3, for the alloys A, B and C are constructed 

after aging the alloys in vacuum for 1 hour at temperatures of 600°C to 1200'C 

followed by quenching in water.10 For the alloys B and C, from figures 2 and 3. 

y or o- should not be formed during quenching or isothermal aging at 670CC -

640°C for 1 hour. However, y or cr phases are present as shown by the elec

tron microscopy results. In the light of these results, the validity of figures 1, 2 

and 3 is questionable. 
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b) Isothermal Aging and TMT: 

The morphology of the microstructure resulting from isothermal aging 

shows that microstructural features of the alloys are very sensitive to the aging 

temperature and volume fraction of the two phases The « | phase particles 

appear as spheres at 670°C, becoming rod-like particles at 660°C and 650°C. 

The a, phase particles become interconnected at 640°C. The change in the 

volume fraction of the two phases are due to the large asymmetry in the shape 

of the miscibility gap. Alloys A and B show similar morphologies. However, 

the particle morphology and the volume fractions of the two phases are 

different. These results indicate that the alloys have somewhat different shapes 

of the miscibility gap. The decomposition process appears to be isotropic in the 

alloys during at least aging for 1 hour at temperatures 670°C to 630°C. The 

isotropic nature of the decomposition is due to the small misfit between the two 

phases.^ 

As it is shown in section III.A.c. thermomagnetic treatment is very 

effective in producing elongated a : phase particles parallel to the applied field. 

This elongation is by about a factor of two larger than in the case without TMT. 

That is the axial ratio of the a, phase is 1.7, after aging at 650°C for 1 hour, 

whereas the axial ratio is around 3.5 after thermomagnetic treatment at the 

same temperature. The elongation of the a-j phase in these alloys is better than 

in the alloys used for previous investigations.S' l7 

The effects of an applied magnetic field on the microstructure of spinodally 

decomposing alloys was theoretically examined by Cahn 2 4 for the early stages of 
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spinodal decomposition. He considered that the two main sources of anisolrop\ 

are the magnetoslalic and elastic energy. The magnetostatic energy favours the 

concentration waves parallel to the magnetic field, whereas the elastic aniso

iropy favours waves of certain crystaliographic directions depending or. the 

anisoiropy of the crystal. He concluded that if the anisoiropy in magne'.i>s!:UH-

energy is very much larger than the elastic anisolropv energv, the deeompov 

lion mechanism ignores the crystallographic siructurc and gives plane wave-

whose superposition resembles two phases of rods parallel to the magnetization 

If the elastic anisotropy exceeds the magnetic anisotropy then those waves of 

the favoured crystallographic orientation that are close to being parallel to she-

applied magnetic field, are preferred. He also concluded that the anisotiop\ m 

elastic energy usually by far exceeds the anisotropy of the magnetoslalic energ>. 

except near the Curie temperature of the original homogeneous alloy. There

fore, the parameters which control the magnitude of the elastic anisotrop> i e 

1) TJ- (17 = dlna/dt J, where a is the lattice parameter, and 2) A >' (the spre.nl in 

elastic constant >'for various orientations) should be chosen to be smali. Since 

ihe decomposition process appears to be isotropic for 1 hour, the thermomag-

netic treatment is very effective in the elongation of the particles. If the ther-

momagnetic treatment time is extended, the elastic anisotropy energy may 

exceed the magneiostatic anisoiropy. In such a case the particles grow along 

<100> directions. For an Fe-31Cr-23Co alloy this is found to happen after 

TMT for 3 hours at 640°C.17 

http://spre.nl
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c) Step-aging: 

As it is shown the optimum magnetic properties can be obtained by step-

aging. The coercive force of the thermomagnclically treated alloys is very 

much increased by step-aging, whereas the increase in the remanence is 

moderale. The morphology of the «, phase eslablished by the temperature of 

the thermomagnelic treatment remains essentially unchanged. Therefore the 

increase in coercivity during step-aging is believed to be associated with a 

change in composition of the two phases that results in an increase in the 

difference between the saturation magnetization intensities of the two phases. 

The same results have been obtained on other Fe-Cr-Co alloys in which the 

steps of the step-aging process are analyzed by Curie temperature measure

ments of the a2 phase, and the temperature dependence of the magnetic pro

perties.^1 ' The composition of the two phases change as the temperature is 

stepped down because the concentration of the Cr atoms in Fe-Co rich phase 

(«,) decreases, and moreover the concentrations of the Fe and Co decreases in 

the Cr-rich phase being due to the shape of the miscibility gap. This enhance

ment of the composition differences between the two phases takes place by 

diffusion for small AT". However, if the step-aging interval is large, secondary 

decomposition takes place due to the increased supersaturation of the a 2 phase 

and the increased undercooling. This can be further explained as below. The 

free energy to create a homogeneous spherical nucleus (assuming that the com

position of the phase falls in the nucleation and growth region) is given by 2 5 

MAGy)2 (AT)2 
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where y is the surface energy between the nuclei and the decomposed phases, 

AC( free energy change per unit volume, AT is the degree of undercooling ]or 

Tshp,.~ 7,,,.,,,„ ),] The larger the undercooling A 7" the smaller the fluctuation 

in free energy required to create a new particle. When A 7 is small, AG* is 

large, therefore no new particle formation takes place. Thus the composition n, 

the two phases changes by diffusion without changing the morphology of the 

microsiruclure. Similar observations are made in Alnico. Al-Ni and Fe-Cr-Co 

alioys : ' ' -^ 

The secondary decomposition may take place spinodally provided that A 7 

is large enough that the second step is inside the spinodal. If this happens the 

morphology of the secondary decomposed phases differs from the initial one, 

due to the asymmetry in the miscibility gap. The formation of secondary parti

cles may deteriorate the magnetic properties, since some of the small secondary 

particles may behave superparamagnetically.27 

d) Continuous Cooling: 

This method is an alternative method to produce optimum magnetic pro

perties for the alloys B and C, being industrially more attractive than step-aging. 

Optimum magnetic properties can be produced in two ways. 

1) By cooling the specimens with the optimum cooling rate (0.25 °C/min.) or 

2) By cooling the specimens at relatively higher rates and aging them at low 

temperatures subsequent to the continuous cooling. 

However, the faster the cooling rates the longer the isothermal aging time 
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would be. The microstructural features of the optimally cooled and last cooled 

specimens are very similar, indicating that only the composition ot the two 

phases differs with different cooling rates. These results imply that the micros-

truclural features are established by high temperature treatments, i.e., during 

thermomagnetic treatment, as it is found for Alnico alloys.21 The low tempera

ture aging treatment does not change the morphology but alters only the com

position of the two phases. This is also similar to those observed in Alnico 

alloys.26 

B. MAGNETIZATION REVERSAL PROCESS: 

The domain configuration of the alloys changes upon different heat treat

ments. The domain walls lie parallel to the <100> directions in the alloys 

which have not had TMT. TMT induces anisotropy parallel to the applied field, 

and results in a change in domain configuration. The domain configuration of 

the alloys changes as the coercive force increases. The increase in composition 

difference between ihe two phases affects the domain configuration, vi/., 

domain bands become much narrower and elongated parallel to the applied 

held. The anisotropy induced during TMT increases during step-aging or con

tinuous cooling. The correlation between the domain structure and coercive 

force is that the domain bands get narrower as the coercive force increases and 

are elongated parallel to the direction of elongation of the «, phase particles. 

As it is briefly discussed in the introduction, the magnetization reversal 

mechanism of Fe-Cr-Co alloys was thought to be due to single domain 

behaviour of the strongly magnetic Fe-Co phase (at) embedded in a weakly or 
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nun -magnetic Cr-rich Ui) phase during slep-aging process.6 l 2 Therefore the 

mam idea of step-aging was to create a non-magnetic matrix, since the presence 

of a magnetic matrix would reduce the coercive force of the aP.oys due to the 

interactions between the particles. C'remer et al.6 argue that ihe coercive force 

would be given by the empirical formula below: 

where p is the packing fraction of the u t phase, .V̂  is the demagnetizing 

coefficient along the long axis, ,VU is the demagnetizing coefficient along the 

short axis, /Vl is the saturation magnetization of the «, phase, /„,, that of the 

m phase, and / t is the saturation magnetization of the sample. As is seen from 

the equation above the presence of a ferromagnetic matrix will reduce the coer

cive force of the alloys depending on its / u t , value. Therefore the coercive 

force of the step-aged specimens having magnetic matrixes would be lower. 

The coercive force of the Alnico alloys was also interpreted in this way.'6--11 

In spile of the interpretation of the origin of the coercive force of Alnico 

alloys by fine particles theory, domain walls have been observed in these 

alloys.'-2 Later, these domain walls were explained as "interaction domains", 

which are attributed to magnetostatic interaction between single domain parti

cles, and there are no domain walls in the normal sense between the 

domains.34 These interaction domains are also reported for some Alnico alloys 

which have magnetic matrixes and the authors concluded that no direct correla

tion can be made between the domain structure and coercivity.-
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The results of the present investigation, as outlined in section 3.B, have 

shown that domain walls exist after aging the material inside the miscibility gap 

lo produce optimum magnetic properties. The analysis of these domain walls 

have shown thai, these domain walls are the usual Bloch type walls and lie 

within the « 2 nialrix, when the domain wall energy is lower and are pinned by 

the strongly magnetic a\ phase particles where the domain wall energy is 

higher. This should be the magnetization reversal process of the alloys as long 

as the two phases arc ferromagnetic. This may easily be the case for Alnicn 

alloys which have magnetic matrixes. These results have shown that the coer-

c've force of the specimens having magnetic matrixes can no longer be inter

preted by single domain theory since the magnetization reversal process is 

found to be domain wall pinning as opposed to single domain hardening. Fe-

Cr-15Co alloys with very close compositions and heat treatments are found to 

have weakly magnetic matrixes by Mossbauer Spectroscopy.-'4 Therefore the 

magnetic properties of the alloys at optimum magnetic property conditions 

should be obtained by domain wall pinning. 

Therefore the differences in the coercive forces of the alloys upon different 

heat treatments should be interpreted by the parameters which control the 

domain wall particle interaction, viz., parameters which determine the coercive 

torce of the alloys. 

Kersten35 has considered the domain wall pinning case for non-magnetic 

inclusions, and calculated the parameters which controlled the coercive force. 

He treated many cases for various shapes and sizes of inclusions and the thick-
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ness of the domain walls with respect to inclusions assuming a cubic array of 

inclusions. For the present work Kernsten's formula can be modified to treat 

the domain wall pinning by magnetic particles, lhal is. to include (y, - y_.) ~ Sy 

in his equations where yt is Ihc wall energy of the n, particles and ŷ  r the 

wall energy of the Cr-rich (a,) matrix phase, wheie the domain walN lie How

ever. Kernslen's formula is very simplistic due to the fact that it considers a 

very regular distribution, it would not be realistic to use Kersten's model to 

interpret the coercive force differences of the alloys, since there exists si/e. 

shape and periodicity distribution in the alloys. 

Schwabe"" has treated the domain wall pinning model for magnetic and 

non-magnetic particles whose dimensions are small compared to domain wall 

thickness, f>. He also pointed out that for magnetic particles having axial ratio 

of more than ~ 1.04 the difference in wall energy will be smaller than the mag-

netostaiie energy of the particles and can be neglected. That is. the energy 

required to rotate the M^ (saturation magnetization) vector of the elongated 

particles will much exceed the difference in wall energy which acts as a barrier 

to domain wall motion. Schwabe, therefore, assumes that in the case of 

elongated ellipsoidal particles the axial ratio of the particles is important, v'u., 

the greater the axial ratio the higher the coercive force would be. However, for 

Fe-Cr-Co alloys it is well known that the difference in the coercive force with 

and without TMT is negligible,'-5'6 viz., the elongation and the alignment of 

the particles does not essentially change the coercive force. Thus, Schwabe's 

model does not seem to be applicable, either. However, his model has 
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different statistical multipliers for .lie random distribution case fall domain 

walls are not parallel to the particles). His calculated statistical distribution does 

not apply for the present morphology. As the results of the present investiga

tion have shown the domain walls lie parallel to the direction in which panicles 

are elongated for the thermomagnetically treated alloys, and more pronounced 

al optimum magnetic property conditions. However the domain walls lie paral

lel to the <100> direction due to the crystal anisolropy, for the alloys that did 

not have TMT. Therefore in the second case the statistical calculations of the 

particles with respect to domain walls, whether their long axis lie parallel or 

perpendicular to the domain walls, will be of importance to determine the mag

netic properties since it may explain the unaltered coercive force with and 

withoul TMT. 

In the light of ihe present investigation the effects on the coercive force of 

the various parameters seem to be as follows. For the continuously cooled 

alloys it is found that the coercive force differs very much upon different cool

ing rates although the morphology of the microstructure is essentially the same. 

Also the coercive force of the fast cooled specimens can be increased upon 

aging at low temperatures subsequent to continuous cooling. This heat treat

ment does not change the morphology of the microstructure but increases the 

coercive force of the fast cooled specimens by a factor of more than two. 

These results imply that the composition difference between the two phases is a 

controlling parameter for the coercive force. Since microstructural features 

remain essentially the same, their effect on the coercive force cannot be con

cluded from the results above. 
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As discussed earlier the coercive force of the step-aged alloys are remark

ably affected by the temperature of the TMT. The analysis of the microstruc-

turai fea'ares has shown that the morphology of the microstructure is also very 

much affected by the temperature of the TMT. vi/.. the size, shape and volume 

fraction of the two phases, and their composition as well. A detailed interpreta

tion of the differences in the coercive force of the alloys after different heat 

treatments can not be made at present. This is due to the lack of a detailed 

model and a formula which clearly gives the controlling parameters of the u>er-

cive force. At the same time the compositions of the two phases are not 

known, and can not be estimated since the shape of the miscibilitj gap is not 

known. Therefore the magnetic parameters such as magnetization intensities of 

the two phases, crystalline anisotropy constants can not be calculated or 

estimated. Some knowledge of these parameters is needed for detailed 

interpretation. 
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SUMMARY AND CONCLUSIONS: 

Based on the present study of Fe-Cr-15Co alloys without and with the 

additions of V, V + Ti, the following conclusions can be drawn. 

1) The alloys Fe-28Cr-15Co, Fe-23Cr-15Co-5V, Fe-23Cr-15Co-3V-2Ti (wt. 

%) consist of an a phase in the as quenched state. 

2) y and <r phases are observed in as quenched state or after isothermal 

aging, contrary to the implication of the reported phase diagrams in figures 

1, 2 and 3. 

3) The results of the isothermally aged alloys show that the morphology of 

the microstructure is very sensitive to the aging temperature, the decom

position process appears to be isotropic at least for I hour, and the shape 

of the miscibility gap is somewhat different for alloys A and B. 

4) The thermomagnetic treatment is found to be very effective in elongating 

the Fe-Co rich « t phase particles in these alloys. 

5) The magnetic properties of the step-aged alloys are very sensitive to the 

TMT temperature resulting in different morphologies. Therefore careful 

temperature control is needed for production of optimum magnetic proper

ties. During step-aging the morphology developed by the TMT essentially 

does not change, but composition difference between the two phases 

increases. In order to produce the desired morphology, the step aging 

interval A 7" should be less than 40°C for the alloy A, and less than 30°C 

for the alloys B and C. After TMT if A T is around 100°C the secondary 

decomposition may take place spinodally. 
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6) Continuous cooling is an alternative way to produce optimum magnetic 

properties. The morphology of the microstructure of the alloys is 

developed by TMT. Different cooling rates do not essentially .titer the 

microstructure but the composition of the two phases differs with different 

cooling rates. Low temperature aging subsequent to continuous cooling 

does not alter the microstructure but increases the difference in the com

positions of the two phases. 

7) Magnetic domain observations have shown that domain walls lie in the r«: 

phase and are pinned by the or t phase particles. Domain walls lie along, 

<100> in isothermally aged alloys. Whereas domain walls lie parallel to 

the applied field in the step-aged or continucusly cooled alloys due to the 

induced anisotropy by TMT. The anisoiropy induced by TMT increases 

during step-aging and continuous cooling. Magnetic domains ire narrower 

for the optimally treated alloys. 

8) Magnetization reversal process of the alloys is found to be due to dorr iin 

wall pinning as Fe-Co rich af particles acting as pinning sites 'as opposed 

to single domain hardening). 
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FIGURE CAPTIONS. 

Figure 1. Vertical section of the Fe-Cr-Co phase diagram at 15 wt.% Co. 

(Reference 10) 

Figure 2. Vertical section of the Fe-Cr-Co phase diagram at 15 wt.%Co 

and 5 wt.% V. (Reference 10J 

Figure 3. Vertical section of the Fe-Cr-CO phase diagram at 15 wt.%Co, 

3 wt.% V and 2 wt.% Ti. (Reference 10) 

Figure 4. Bright Field (B.F.) micrographs of the alloys in as quenched 

state, a) Fe-28Cr-15Co (wt.%) alloy A. b) Fe-23Ci 15Co-5V 

(wt%) alloy B. c) Fe-23Cr-15Co-3V-2Ti (wt.%) alloy C. 

Figure 5. B.F. micrograph taken from the step-aged alloy C thermomag-

netically treated at 640°C for 1 hour, showing y grains. 

Figure 6. Electron micrographs taken from the alloy A aged at 640°C for 

1 hour. 

Figure 7. B.F. micrographs of the step-aged alloy A thermomagnelically 

treated at 670°C for I hour. 

Figure 8. B.F. micrographs taken from the isothermally aged alloy B for 1 
hour at a) 660°C, b) 650°C, c) 640°C and d) 630°C. 

Figure 9. B.F. micrographs taken from the isothermally aged alloy A for 

1 hour at a) 670°C, b) 650°C, c) 640°C. 

Figure 10. B.F. micrograph, taken from the alloy B a) after aging at 650°C 

for 1 hour (100) foil orientation, b) after TMT at 650°C for 1 
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hour, foil orientation parallel to the applied field direction. 

Figure 11. Schematic diagrams of the step-aging method lor the alloys A, 

B and C.(The specimens thcrmomagnelically treated at 630°C 

were not step-aged at 620°C.) 

Figure 12. Magnetic properties of the step-aged alloy A vs. the tempera

ture of the TMT. 

Figure 13. Magnetic properties of the step-aged alloy B vs. the tempera

ture of the TMT. 

Figure 14. Magnetic properties of the step-aged alloy C vs. the tempera

ture of TMT. 

Figure 15. B.F. micrographs taken from the step-aged alloy B after ther-

momagnetic treatment for 1 hour at a) 660°C f/^—420 Oe). b) 

650°C (# , -520 Oe), c) 640°C (W,-370 Oe), d) 630T 

(7/,~80Oe). 

Figure 16. B.F. micrographs taken from the step-aged alloy A after ther-

momagnetic treatment for 1 hour at a) 670°C (HK —240 Oe). b) 

660°C (tf ( -610 Oe), c) 650°C <W,~580 Oe). d) 640°C 

(//,~330 Oe). 

Figure 17. B.F. micrographs taken from the step-aged alloy C after ther-

momagnetic treatment for 1 hour at a) 660°C (//t—550 Oe), b) 

650°C (/ / c -580 Oe), c) 640°C (Hc~-i90 Oe), d) 630°C 

(Hc-~\50Oe). 
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Figure 18. B.F. micrographs of the step-aged alloy B after TMT at 650°C 

for 2 hours and aged al 540°C for 18 hours, showing the secon-

c'-iry decomposition. 

Figure 19. Schematic diagram of cor'.inuous cooling meihod for alloys B 

and C. 

F'igure 20. Magnetic properties of the continuous cooled alloy B vs. the 

cooling rate. 

Figure 21. Magnetic properties of the continuous cooled alloy C vs. the 

cooling rate. 

Figure 22. B.F. micrographs taken Iron, 'he continuous cooled ;;lloy B 

after TMT at 650°C for 1 hour at a rate of a) i°C7min. 

(//,--110 Oe), b) 0.25'C/min. (//, -520 Oe). 

Figure 23. B.F. micrographs taken form the continuous cooled alloys 

cooled at a rate of rc /min. and aged at 540°C subsequent to 

continuous cooling, al alloy B, aged for 14.5 hours (W( —520 

Oe). b) alloy C, aged for 10 hours (//,—490 Oe). 

Figure 24. Fresnel (out-of-focus) micrographs of the isothermally aged 

alloy B at 650°C for 1 hour. 

Figure 25. Fresnel (out-of-focus) micrographs (a), (b) of the isothermally 

aged alloy C at 650°C for 1 hour and in-focus micrograph (c). 

Figure 26. Fresnel fa) and Focault (b) micrographs of the isothermally 

aged alloy B at 650°C for 50 hours. 
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Figure 27. I'resnel micrographs taken from the alloy B aged at 65()"C 

showing that the domain wall is pinned by the a] particles. 

figure 28. l-'resnel micrographs taken from the thermomagnetically treated 

alloy B at 650°C for 1 hour, a) parallel lo the applied field, b) 

perpendicular to the applied field. 

Figure 29. Foucault micrographs of the continuously cooled alloy B cooled 

at a rate of l°C7min. after thermomagnetic treatment at 650°C 

for 1 hour (tf,~220Oe>. 

Figure 30. Fresnel ((a), (bl] and Foucault micrographs [(c) and (d)l of 

the step-aged alloy after TMT at 650°C for 1 hour (//,—520 

Oe) 

Figure 31. Foucault micrograph of the step-aged alloy B thermomagneti-

cally treated at 650°C for 1 hour. 

Figure 32. Foucault micrographs taken from the step-aged alloy B ther

momagnetically treated at 640°C for 1 hour, showing the 

domains are elongated along the same directions across two 

grains with different crystal orientations. 

Figure 33. Fresnel micrographs of the optimally step-aged alloy B, and its 

figurative interpretation of the domain configuration. 

Figure 34. Fresnel micrographs of the optimally step-aged alloy C, showing 

the domain configuration in foil perpendicular to the applied 

field. 
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