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Abstract. The magnetic properties of amorphous (Fel- ,Caz)ll ,5Nd~B~s,5 alloys before 
and after cryslallization were studied. The Fe atom moment p p c  is found to increase 
with increasing z from 2 . 0 ~ ~  for I = 0 to a saturation value of 2 . 3 ~ ~  for z = 0.7 and 
then lo decrease, when the Ca atom moment pc. is assumed Lo be canslant for all I. 
The variation in Fe moment is in good agreement with the Ca cancentration dependence 
of the average hyperfine field. The Curie temperalure TC is found first Lo increase and 
then Lo decrease, attaining a maximum value of 895 K at about z = 0.7. This variation 
in Tc with z is olculated using a phenomenological model descrihed hy Kouvel; the 
exchange interaction temperatures TF~-F~. Tpt-c0 and Tc~-c. are calculated to be 
584 K, 1010 K and 825 K, respectively. Wth  increasing CO concentration 2, the 
aystallization temperature is approximately constant for I < 0.7 and then increases 
slightly with increasing I. The aystalline phases in mystallired samples were identified 
bj w a y  diiiradon. A high mm-temperature coercive field H, and a high energy 
product (BH)max  for the optimally annealed samples are obtained. 

1. Introduction 

In recent years, a number of investigations [ 1 4 ]  have been reported on the mag- 
netic properties and crystallization behaviours of amorphous Fe-Nd-B alloys with a 
low Nd concentration. Coehoom and co-workers 11, 21 have studied the structures 
and magnetic properties of crystallized amorphous melt-spun ribbons of the approxi- 
mate composition Nd,Fe,B,, and have found an energy product of 11.7 MGOe in 
amorphous Nd,Fe,,B,, alloy after crystallization by annealing at 670T for 30 min. 
Shen and co-workers [34 ]  have studied the magnetic properties and crystallization 
behaviours of amorphous Fe-Nd-B alloys over a wide composition range and ob- 
tained a room-temperature coercive field of 3 kOe and a maximum energy product 
of 13.3 MGOe in the optimally annealed Fe-Nd-B alloys with a low Nd concen- 
tration of 4.5 at.%. A non-collinear spin arrangement, which was first proposed by 
Coey et ai [7], has been accepted to explain the magnetic properties of amorphous 
(Fel-sNdz),l,5Bla,5 alloys [SI. The Curie temperature of amorphous Nd,Fe,,-,B, 
alloys shows a maximum value of 622 K at about z = 25 [5], whereas the Curie 
temperature of amorphous (Fel-INdc)81,5B,~.5 alloys appears to decrease monoton- 
ically with increasing Nd concentration [SI. The results of a study on the effects of 
substitutions of Fe by B, AI, Cia, CO and Ni on the magnetic properties of amorphous 
and crystallized Fe,,.,Nd,B,,,, alloy have been reported in an attempt to increase 
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the magnetic hardness and stability of these alloys, but this was not possible as most 
of these substitutions result in decreases in the coercive field and energy product. 
Some results of investigations on rapidly quenched (Fel-,Co,),,.5Nd,B,*,5 alloys 
with 2 < 0.4 have been reported [9]. The crystallized Fe-Co-Nd-B alloys with a low 
CO concentration show a high coercive field and a high energy product at room tcm- 
perature. The Co substitution for R results in an increase in Tc of the hard magnetic 
phase, improving the thermostability of these materials. In this paper, we report the 
magnetic propeties and M6ssbauer spectra of amorphous (Fe,-,Co,)7,,5Nd,B,,,5 
alloys and their crystallization behaviours over the whole composition range from 
I = o  to I =  1.0. 

2. Experimental details 

Iron (purity, 99.9%). cobalt (purity, 99.9%), neodymium (purity, 99.9%) and FeB 
alloy (purity, 48.6%) were melted by arc melting in an argon atmosphere of high purity 
into homogeneous buttons with the compositions (Fe,_,Co,),,,,Nd,B,,,, (0 < I < 
1.0). Amorphous ribbons about 1 mm wide and 20 p n  thick were prepared by melt 
spinning in an argon atmosphere in a polished Cu drum of U) an diameter with a 
speed of about 47 m s-I and were then annealed in a steel tube in a vacuum of 

High-field magnetization measurements at 1.5 K were made on these amorphous 
samples using an extracting-sample magnetometer in fields ranging from 0 to 65 kOe. 
The 57Fz Mossbauer spectra at 77 K for the amorphous alloys were obtained using 
a constant-acceleration spectrometer with a 50 mCi source of 57Co in palladium. 
The velocity scale was calibrated using an a-Fe absorber at m m  temperature. The 
Curie temperatures of the amorphous alloys were determined froni the temperature 
dependence of the magnetization and AC susceptibility. The crystallization temper- 
atures were measured by differential scanning calorimetry (DSC) at a heating rate 
of U) K min-’. The room-temperature hysteresis loops of the annealcd samples 
were measured in a vibrating-sample magnetometer. The crystalline phases of the 
heat-treated samples were identified by x-ray diffraction with CO Ka radiation. 

Torr at different temperatures and times. 
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Figure 2 (a) Saturation magnetizations us(l . 5 )  Figure 3. Magnetic moments pfc+c0 and ,?we and 
at 1.5 K and U,(RT) at mom temperature, and lhe average hypelfine field H f  at 77 K for amor- 
(b) the Curie temperature TC for amorphous phous (Fel-,CO=h,.sNd~Bts,s alloys as functions 
(Fet-,Co,),,,sNd~Bla,5 alloys as functions of the of the CO mneentration z, where the CO atom mo- 
CO mncenuation I. ment is assumed U1 be mnstant (pc.  = 1 . 2 1 ~ ~ ) .  

3. Results and discussion 

3.1. Magnetic moment 

Figure 1 shows the magnetization U at 1.5 K as a function of the external field H for 
amorphous (Fe,-,Co,)77,5Nd,Bl,,5 alloys. The saturation magnetizations us( 1.5) 
were obtained by fitting the experimental data of U(  H) against H using the law of 
approach to saturation: 

u ( H )  = u3(l - a / H  - b / H 2 )  (1) 

where o ( H )  is the magnetization at the magnetic field H. The saturation magne- 
tization vs( 1.5) at 1.5 K is shown in figure 2(a) as a function of CO concentration 
I, together with the saturation magnetization cr,(RT) measured at room tempera- 
ture in a magnetic field of 12 kOe. The us-values have maxima which, at low CO 
concentrations, are similar to the results for crystalline Fe-CO compounds and other 
amorphous Fe-Co-based alloys [IO]. 

The average magnetic moments per magnetic atom of (Fe,-,CO,),,,,Nd4Bl8., 
amorphous alloys were calculated using the d u e s  of U,( 1.5). According to prevtous 
work, it has been shown that, in the amorphous alloys containing a rareeanh metal, 
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the moments of RE atoms exhibit a non-collinear structure [7, 8, 111. The magnetic 
moment per Nd atom in amorphous (Fel-,Co,)77,5Nd,B,,,s alloys is suggested to 
be. 1 . 0 5 ~ ~  [9]. Thus, the average magnetic moment pFe+co per Fe+Co atom k 
obtained, as shown in figure 3. The composition dependence of the average moment 
pFe+co may be written as 

FFe+Co = - I) + PCo" (2) 

where pFe and pco are the effective magnetic moments per Fe atom and per Co 
atom, respectively. Collins and Forsyth [12] studied the magnetic properties of the 
crystalline FeCo alloys using polarized neutron diffraction and found that the average 
moment pFe per Fe atom rises from 2 . 2 ~ ~  for pure Fe to just Over 3pB for alloys 
with 50 at.% Co or higher, and the average moment pco per Co atom remains at an 
essentially constant value of 1 . 8 ~ ~ .  The rise in pFe with increasing Co concentration 
has been reported by Guo et ai [I31 for amorphous (Fel_,Co,),,Si,,,B,,,5 alloys in 
which the CO atom moment is 1.21pB. For amorphous Co,,,,Nd,B,,,, alloy with 
I = 1.0, pco is found to be 1 . 2 1 ~ ~ .  If pco of amorphous (Fel-,Co,),,,sNd,B,,,5 
alloys is assumed to keep the value of 1 . 2 1 ~ ~  over the whole concentration, the 
composition dependence of pFe can be obtained from equation (2). as can be Seen 
in figure 3. pFe is found to increase with increasing Co concentration from 2 . 0 ~ ~  
for x = 0 to a saturation value of 2 . 3 ~ ~  for x = 0.7 and then to decrease. 

0.98s - 
-10 -E -6 - 4  -2 0 2 4 6 8 

VELOCITY(HN/S) 

1.00 

0.99 

I.E0 

0.99 

Figure A Mossbauer Spectra of amorplious (Fei-,Co,)7,.bNdlB,8,S alloys measured 
at 77 K 
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Figure 4 shows Mosbauer spectra of amorphous (Fe, -,CO,),,,,Nd,Bls,, alloys 
measured at 77 IC These spectra are typical of the spectra obtained for ferromagnetic 
amorphous alloys. They show broadened lines due to the occurrence of hyperfine field 
distributions. The hyperfine field distribution P( H), which is fitted by using the least- 
squares method, is shown in figure 5 for all samples with x < 0.9. From the resultant 
P ( H ) ,  one can calculate the average hyperfine field Rf, defined as 

H f =  P ( H ) H d H .  (3) J 
Hf is found to increase at first and then m decrease with increasing CO concentration, 
as shown in figure 3. This variation in Rf with z is in good agreement with the 
CO concentration dependence of pFe. Similar results have also been observed for 
amorphous (Fe,-,Co,),BSi~5Bl,,5 alloys [13], in which nf increases from 250 kOe 
for z = 0 to 278.5 kOe for z = 0.7 and then decreases to 262 kOe for z = 0.9. 

2 0 ,  I 
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0 '  120 2i0 360 480 608 
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Figure 5. Magnetic hyperfine Beld distribution P ( H )  ot (Fel_.Co,)rr.aNdrB,s,~ 
amorphous alloys at 11 K 

3.2 Curie temperalure 

Figure 6 shows the temperature dependence of the saturation magnetization us of 
amorphous (Fel-,Co,),7.5Nd,Bl,,5 alloys. For z 3 0.4, the Curie temperature T, 
of the samples is higher than the crystallization temperature. The Curie tempera- 
ture T, of amorphous samples is obtained by linear extrapolation of the squared 
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Figure 6 Temperature dependence of the 
saturation magnetization os of amorphous 
(Fe~-=G%)rr .sNdlB~ 5 alloys. 

magnetization U: versus temperature curves to n,2 = 0. For z 4 0.3, the values 
of Tc obtained by this method are in agreement with those determined from the 
temperature dependence of the AC susceptibility. 

Figure 2(b) shows the Curie temperature Tc Cor (Fe,-,CO,),,,,Nd,B,,,, amor- 
phous alloys as a function of CO concentration. The Curie temperature is found to 
increase at first and then to decrease with increasing CO concentration. Tc has a wide 
maximum value of 89.5 K at about z = 0.7. The result shown in figure 2(b) is vely 
similar to thwe for other amorphous Fe-Co-based alloys [lo]. The variation in T, 
with transition-metal content Cor a futed metalloid composition may be systematized 
using the phenomenological model described by Kouvel [14]. Following Kouvel, the 
Curie temperature Tc of amorphous (Fe,-,Co,),,,,Nd,B,,,, can be deduced to be 

TC = f [TFeFe( 1 + TCo-Cozl f { [TFe-Fe( 1 TCo-Cor12 + T&-Co( z)1’2 

(4) 
where TFcFe, Tco-co and TFeco are the interaction temperatures for Fe-Fe, Cc- 
CO and Fe-Co atom pairs and represent the magnitude of the exchange interactions 
between the atoms. By assuming that TFeco = Tco-Fe, the Curie temperature was 
calculated and shown in figure 2(b) as a full cuwe. This best fit to the experimental 
data was obtained with TFeFe = 584 K, = 825 K and TFe-co = 1010 K 
The exchange interaction for the F e 4 0  atom pair is much stronger than those 
for the Fe-Fe and Co-co atom pairs in amorphous (Fe,_,Co,),,,,Nd4B,8., alloys 
and hence Tc exhibits a maximum. This feature is exceptionally similar to the 
behaviour of other amorphous Fe-Co-based alloys, such as (Fe,-,Co,),eSi,oB,, and 
(Fe,-,CO,),,P,,C,, in which T F ~ - c ~  is larger than TF~-F~ and Tco-co [lo].  

3.3. Ctystallizalion behaviours 

DSC curves for amorphous (Fel-,Co,),,.,Nd4B18., alloys show two exotherms Cor 
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I < 0.7 and only a sharp exotherm for r > 0.8. The first exotherm originates from 
the crystallization of amorphous alloys, and the second exotherm corresponds to the 
transformation of a certain metastable phase. The first exothermic peak temperature 
T,, and the second exothermic peak temperature T,, obtained from DSC measure- 
ment at a heating rate of 20 K min-' are shown in figure 7 as functions of the 
CO concentration I. The aystall i t ion temperature of the samples is found to be 
approximately constant when the CO concentration is varied from 2 = 0 to I = 0.7 
and then to increase slightly with increasing CO concentration. This result implies 
that the thermal stability of amorphous (Fe,-,C0,),,,5Nd4B,,.5 alloys is only a little 
influenced by the CO concentration. 

X-ray diffraction patterns of the crystallized (Fe,-,C0,),,~,Nd4B,,~, alloys an- 
nealed at 670T for 2 min are shown in figure 8. For r = 0, x-ray diffraction 
patterns of samples exhibit %B lines and some lines from an unidentified phase 
or phases. Magnetization as a function of temperature shows three magnetic transi- 
tions at about 573 K, 780 K and 1043 K, corresponding to the Curie temperatures 
of Nd,Fe,,B, Fe3B and a-Fe, respectively [4]. For I < 0.3, these three magnetic 
transition temperatures were found to increase with increasing CO concentration, but 
their x-ray diffraction pattems remain unchanged. This proved that the CO atoms en- 
ter the Nd,Fe,,B, Fe,B and a-Fe lattices, forming the Nd,(Fe, CO),,B, (Fe, a ) , B  
and a-(Fe, CO) phases [9]. When the CO concentration I is greater than 0.3, the 
samples aystallized from amorphous show an unidentified phase or phases coexisting 
with a-(Fe, CO), but the Nd,(Fe, CO),,B and (Fe, CO),B phases vanish. Figure 9 
shows x-ray diffraction patterns of some crystallized (Fel-,Co,),,,,Nd4Bl8., alloys 
after annealing at 845OC for 60 min. The crystalline phases observed by x-ray dXrac- 
tion measurements are summarized in table 1. It is apparent that the sample with 
2 = 0 consists of Fe3B, Fe,B, Nd,,,Fe,B, (T,) and a-Fe; the diffraction lines of the 
Nd,Fe,,B phase are indistinguishable. In the samples containing CO, the amounts of 
(Fe, Co),B and Tz phases decrease rapidly and disappear at I > 0.1; the amounts of 
a-(Fe, CO) increase monotonically with increasing r. The lines of Fe,B in the x-ray 
diffraction patterns do not appear to shift with increasing r; the amount of Fe,B 
increases with increasing r until r = 0.1, then decreases markedly and finally disap- 
pears at I > 0.4. When the CO concentration r is greater than 0.2, an unidentified 
phase (or phases) appears. For the samples G t h  a high CO concentration t > 0.9, 
the x-ray diffraction patterns show only the FCC CO phase and unidentified phases. 

3.4. Hard magnelic properties 

The amorphous (Fe,~,CO,),,,,Nd,B,,,~ alloys are magnetically soft with a room- 
temperature coercive field of about 10 Oe for all 2. Pronounced effects of heat treat- 
ment on magnetic hardness are found. For r < 0.3, when the samples are annealed, 
the room-temperature cnewice field H, and magnetic energy product (EH),=: as 
functions of annealing temperature T, both exhibit a maximum value. The optlmal 
annealing temperature is just near the second exothermic peak temperatures in the  
DsC CUN~S. Figure 10 shows the room-temperature H, and (EH),, obtained under 
optimal annealing conditions as functions of CO concentration t. H ,  and ( EH)?1,, 
are found to decrease montonically with increasing CO concentration z but exhibit 
higher values at low CO concentrations. A coercive field of 3 kOe and an energy 
product of 13.5 MGOe are obtained for the sample with I = 0.06 after annealing at 
650°C for 2 min 191. For r > 0.4, the room-temperature H, and ( E H ) , ,  show low 
values over the wide annealing temperature range T, < 800 T. The measurements on 
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Figure 8. X-ray diffraction patterns of crystallized 
(Fel-,Co,)7r.sNd4B,8,a alloyswilh z < 0.4 afler 
annealing at 6?OT for 2 min (a.",, arbitrary units). 

the temperature dependence of the saturation magnetization show that the optimally 
annealed samples with a low CO concentration are composed of Fe,B and Nd2Fe,,B 
in addition to a small amount of a-Fe. For the zero-Co-content alloy, H ,  is found 
to decrease linearly with increasing temperature to zero at the Curie temperature of 
Nd,Fe,,B. When CO is added to Fe,,,,Nd,B,,.,, the Curie temperature of the hard 
magnetic 2:141 phase increases with increasing x from 573 K for x = 0 to 690 K 
for x = 0.2. The hard magnetic properties of the crystallized samples are related to 
the presence of the hard magnetic 2 1 4 1  phase 191. When the CO concentration is 
greater than 31 at.% (I 2 0.4), the low coercive field and low energ, product may 
be due to the disappearance of the 2 1 4 1  phase. 

4. Conclusion 

(i) The magnetic moment pFe per Fe atom first increases and then decreases 
with increasing Co concentration, when the magnetic moment pc. per Co atom is 
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Figure 10. Room-temperature menive field H, 
and maximum energy producl (BH)mrx obtained 
under optimal annealing mnditions for amorphous 
( F ~ I - , C O , ) ~ ~ , ~ N ~ ~ B ~ ~ , ~  alloys as functions of CO 
mncenlration S. 

assumed to be constant. This ariation in pFe is in good agreement with the CO 
concentration dependence of the average hyperfine field. 

(ii) The Curie temperature increases with increasing CO concentration I, goes 
through a maximum value of 895 K at I = 0.7 and then decreases. The exchange 
interaction for the FeXo atom pair is much stronger than those for the &Fe and 
CO-Co atom pairs, resulting in a maximum value of the Curie temperature. 

(ii) The crystallization temperature measurements show that the thermal stability 
of this amorphous alloy system is only a little influenced by the CO concentration. 

(iv) A high room-temperature coercive field H, and high maximum energy product 
(BH),,, are exhibited at low CO concentrations. The hard magnetic properties are 
related to the presence of the hard magnetic 2141 phase. 
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Table L Qystalline phases obse~~ed @ x-ray diffraction in Ihe amorphous 
(Fel-,Co=)mSNd,B,8,5 alloys after annealing a t  84553 for 60 min: Tz E 
Nd,.tFe,B,; w. unidentified phase or phases. 

I: Oystalline phases 

0 
0.06 
0.1 
0.2 
0.3 
0.4 
05 
0.6 
0.7 
0.8 
0.9 
1.0 

UP 
w 
UP 
UP 
UP 
UP 
UP 
UP 
UP 
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