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The FeggP,o amorphous alloy and FeggP,; amorphous alloy embedded with 1 and 2wt %
carbon nanotubes were fabricated by rapid solidification process and their non-isothermal
differential scanning calorimetry (DSC) curves, hysteresis loops at room temperature and
low-temperature electric resistivities and ac magnetic susceptibilities were measured
respectively. The results indicate that the addition of nanotubes greatly enhance the
thermal stability and the electric resistivity, but decrease the saturation magnetic moment,
and FeggP»o glass-2wt% nanotubes composite has an antiferromagnetic transition at about
180 k. © 1999 Kluwer Academic Publishers

1. Introduction The average diameter of fabricated CNTs was about
Since carbon nanotubes (CNTs) were discovered b§5 nm. The ribbons were examined by X-ray diffrac-
lijima [1], lots of researches have been carried out tdion and selected area electron diffraction techniques,
decide their structural characteristics and various propwhich proved the FgP,o matrixes were amorphous.
erties. It has been well known that nanotubes have verfhe samples prepared by chemical thinning method
interesting electric properties [2] and high mechanicaWwere observed under a JEM-200CX transmission elec-
properties [3]. A valuable application of CNTs in com- tron microscope (TEM). Three kinds of ribbons were
posite field has been highly evaluated because CNTannealed at 160C for 1 hour, then their M-H hys-
possess much higher modulus and hardness and haigresis loops at room temperature were measured on
better stiffness than other carbon fibers [4]. It has beea Micromag TM2900 alternating gradient magnetome-
reported that the addition of CNTs in different ma- ter. The resistivities of FgP.o amorphous ribbon and
trixes do have some effective enhancement to the matrikesoP20-2Wt%CNTSs ribbon below room temperature
properties, for example, a superconductor with embedwere measured by four-probe method respectively with
ded CNTs has enhanced flux pinning [5]. Amorphousliquid helium acting as cooling medium. In addition,
alloys are interesting materials from a technologicaltheir ac magnetic susceptibilities & 314 Hz) at low
standpoint. They possess high corrosion resistance ate@mperature were also measured. The thermal stabil-
attractive magnetic parameters. Ferromagnetic amoity of fabricated ribbons were characterized by means
phous glasses are suitable for use in flux multipliersof non-isothermal differential scanning calorimetry
because of their extremely soft magnetic behavior andDSC) technique. The continuous heating DSC exper-
high resistivity [6]. The processing of a CNTs/Fe-P iments were carried out in a Perkin-Elmer DSC 7 ap-
glass composite fabricated by “melt-spinning” rapid paratus, using dry argon as the purge gas. The samples,
solidification (RS) method has been reported in a for-of about 3—4 mg weight, were heated up to 2Gat a
mer letter [7]. In this paper, some physical propertiesheating rate of 50C/min, then to 600C at a heating
of FeggP20-CNTs composite, such as thermal stability, rate of 20°C/min for all runs.
magnetization and electric resistivity, by contrasting to
those of FgoP2o amorphous alloy, will be introduced.

3. Results and discussions

The TEMimages of RgP.p-2wt%CNTSs composite are
2. Experimental shown in Fig. 1 from which nanotubes stretching out
The FegoPoo-2Wt%CNTSs, FgoPo-1wt%CNTs and from FegP,o amorphous matrix can be seen. The ob-
FesoP2o alloy ribbons about 35m in thickness were served nanotubes are as perfect as those used in the raw
fabricated respectively on a single-roller RS apparamaterials and most of them disperse in the matrix. A
tus under argon atmosphere. The specific processinganotube coated by Fe-P amorphous alloy at one end
conditions refer to [7]. CNTs were prepared by cat-is indicated with an arrow in Fig. 1b, which implies
alytic pyrolysis method like that introduced in [8, 9]. the good wettability between nanotubes and Fe-P alloy
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Figure 1 TEM micrographs of FgP» glass-2wt%CNTs composite.

addition of nanotubes can apparently enhance the ther-
10 T/min mal stability of the amorphous Fe-p matrix. From this
effect we can infer that nanotubes in the matrix may
retard the phosphorus element’s long-range atomic re-
arrangements required for the precipitation offfand
a-Fe phases, which may result from that the “chaos” in
the amorphous iron alloy matrix aroused by nanotubes
make phosphorous atoms diffuse more difficultly. In ad-
dition, the large incompatibility between atomic spac-
ing of nanotube and that of El@ make it impossible
r r ; for nanotube to act as an effective nucleating site for
200 300 400 500 600  FesP phase. The thermal stability of amorphous metal-
Temperature ('C) lic alloy is a very important indicator for its applica-
Figure 2 Non-isothermal DSC curves of the fabricated RS ribbons: tion. Th.e better thermal stability and high mechanical
(@) FeoPao glass: (b) FeoPao glass-1wi%CNTs: (c) RePyo glass-  ProPerties brought out by the addition of CNTs make
2Wi%CNTs. the fabricated FgP,o glass-CNTs composites have a
promising application.

Fig. 3 shows the hysteresis loop of ghieo-
matrix. Itis believed that the choose of eutectic Fe-P alowto,CNTs annealed at low temperature that was
loy matrix and the short melt duration time are very im- measured at room temperature. The other fabricated
portant in keeping nanotubes survive the process. Thgpbons display the similar soft magnetic property. The
dispersion of CNTs in the mgtrix and good wettability gatyration magnetic moment per unit mad&) and
between CNTs and the matrix enable nanotubes act &ercive force K.) for three kinds of annealed ribbons
an excellent reinforcer in Fe-P amorphous matrix.  areisted in Table Il. It can be concluded that Ms greatly

Fig. 2 shows the non-isothermal DSC curves of thegecrease with the content of CNTs increasing, for ex-
fabricated ribbons. Each of DSC curves display an indi-am],:“e,,\ﬁS is cut down by 30% from 244 to 165 emu/g
vidual peak respectively at a different temperature zongyhen a volume fraction of 9% (2wt %) CNTs are em-
The X-ray diffraction results of three anneglgd samplegedded in the Fe-P amorphous alloy. Nanotubes have a
proved that FeP andx-Fe phases were precipitated dur- mych smaller magnetic moment [10] than iron alloy at
ing their crystallization processes. The extended onset
temperaturesTe) and peak temperature$p] of their
crystallization processes are listed in Table I. The val- 200
ues in Table | confirm that the addition of 1 and 2wt%
CNTs in the FgyoPo glass matrix make the crystal-
lization onset temperature increased by 34 and0

Heat Flow (arb units)

Moment/ Mass (emw/g)

respectively. The results allow us to conclude that the 0

TABLE | The onset temperature and peak temperature of non-

isothermal crystallization process 200

Sample Te(°C) Tp (°C) -2000 0 2000
FesoPyo glass 395 407 H (Oe)

FegoP2o glass-1wt%CNTs 429 434 ) .

FenoP20 glass-2wt%CNTs 475 479 Figure 3 M-H hysteresis loop of FgP2o glass-2wt%CNTs atroom tem-

perature.
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TABLE Il The saturation magnetic moment and coercive force a 335
room temperature
Sample Ms (emu/g) Hc (Oe) 330
E
FegoP2o glass 244 0.65 9 325 |
FegoP2o glass-1wt%CNTs 197 0.41 c%_
FegoP2o glass-2wt%CNT 165 0.35 N
€g0P20 glass 0 S 2 320
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sistivity of bulk CNTs that obtained by a hot-pressing
Figure 4 The low-temperature a.c. magnetic susceptibility curves: process were also measured. The fabricated CNTs have
(a) FesoP20 glass; (b) FeoP2o glass-2wt%CNTs. a high resistivity of the order of 1@ © cm and a nega-

tive CRT at low temperatures, which is consistent with

room temperature, but according to the decrease in M e results of some individual multi-shell nanotubes
only caused by CNTS occupying some volume of iron: l].' Itcan be concluded from ab_ove thatCl\_ITs dl_spers-
alloy, we can not completely account for the measured'9 " the amorphous alloy matrix play a critical infiu-

results. Thatis to say, we must consider that CNTs hav&MNce on the transport property of fabricated composite,

a strong retarding effect on the development of mag!/Mich means the addition of CNTS in the Fe-P amor-

netic domains or may change the shape of magnetiBL10us aﬂzo%g;ea:ly enlr:1ance tk?e electrll(c reS|tsht|V|ty_and
domains in Fe-P alloy. change eature. From above we know there is an

Besides, we have measured the ac magnetic suscep ntiferromagnetic transition and a CRT change at 180 K

bility of FegoPso glass and FgPao-2Wt%CNTSs at low O FésoP20-2Wt%CNTSs, which may result from the mi-
temperatures which are shown in Fig. 4. An antifer_crostructural changes in the composite at low temper-

romagnetic transition at 180 K for FPs0-2Wt%CNTs ature. Because the high resistivity and negative CRT

can be seen, while EgP,0 glass display a paramagnetic are the valuable properties for the amorphous alloy,
' : the FgoP,o-CNTs composite may be applied to some
phenomenon at low temperature. According to Neel

; : engineering products. To successfully explain physi-
there exist stacks of ferromagnetically ordered IayersgaI properties of FgP,o-CNTs composite, further re-

whose magnetization alternates from layer to layer in . ‘ .
the antiferromagnetic material. In order to correctly in_searqhes about its mlcrqstructural changes at different
terpret the antiferromagnetic phenomenon observed iﬁOI’IdItIOﬂS are to be carried out.

FesoPoo-2Wt%CNTSs, further detections on the detailed

structural characterization especially around nanotubes

are needed to be done. 4. Conclusion .

Fig. 5 shows the low-temperature resistivity of The addition of 2wt % nanotubes in thegi®,o glass
FesoP20-2Wt%CNTs and F@P2o glass. The curve of enha_mce the crystallization onset tempe_rature_ bf3§80
FesoP20 amorphous alloy has a minimum resistivity and increase the low-temperature eIect_rlc reS|st|V|ty by
at 25 K and above 25 K the resistivity increases lin-about 70%, but decrease the magnetization by about
early with the temperature increasing at a coefficien80%-: In summary, FgP,o glass-CNTs composite ex-
of resistivity-temperature (CRE 1/p-dp/dT, wherep  hibit better thermal stability and much greater low-
refers to resistivity) of about3 x 1074, andp (270K) ~ temperature resistivity than g0 amorphous alloy,
is 193 £ cm. It can be seen from the resistivity- Which enable F@Po glass-CNTs composite become
temperature curve of g§P,o-2Wt%CNTSs that below gva!ualgle soft magnetic material although its magne-
180 K the resistivity change little, which means CRT istization is lower than that of kgP,o glass.
near to zero, but above 180 K the resistivity decreases
linearly with the temperature increasing which is char-
acterized with a CRT of about1.5x 10~* and its Acknowledgement
0 (270 K) is 324 cm. It is known that CNTs can This research was carried out under the financial sup-
change from metallic to semiconducting when their di-port of National Nature Science Foundation of China
ameters or helicities change, so the low-temperature r¢Project 59501012).
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