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COMPOSITE MATERIALS

The paper concerns investigation of nanocrystalline composites technology preparation.
The composites in the form of rings with rectangular transverse section, and with polymer
matrix and nanocrystalline metallic powders fulfillment were made, for obtaining a good
ferromagnetic properties. The nanocrystalline ferromagnetic powders were manufactured
by mechanical milling of metallic glasses ribbons (after annealing state), and also by
mechanical alloying of poor powder components. Generally for investigation, the Fe and
Co matrix alloys and thermoplastic and hardening polymers including elastomers were
used. Magnetic properties in the form of hysteresis loop were measured. Magnetic
properties of composites materials were compared with properties of winded cores of
nanocrystalline ribbons and powder cores (rings) solidify by pressing and gluing. Generally
powder cores showed lower soft ferromagnetic properties than winded cores of nanocrystalline
ribbons, but composites cores showed interesting mechanical properties. The attempt of
clarifying this effect was performed. Furthermore, the structure of ribbons and the
influence of structure and granulation of powders and their shape on properties of
composites were investigated.

nanocrystalline composite material, magnetic properties, structure

1. Introduction. Amorphous and nanocrystalline aloys
based on cobalt produced by melt spinning technique show
excellent soft magnetic properties[1+3]. This propertiesand
mechanical properties can be improve (change) by typical
heat treatment (isothermal heating) [4, 5] or by heat treatment
in magneticfield [6].

Unfortunately the nanocrystalline metallic materials
obtained directly in the process of the metallic glass
crystallization are available mainly in the form of very thin
ribbons, which results from the production process (melt
spinning) [7, 8].

The nanocrystalline composite materials which may be
obtained and used in the powder (loose) state, scemsto bea
veryinteresting issuefrom the point of view of the production
technol ogy, processing and application [9+12].

The production of the soft magnetic powder materialsin
the high energy ball milling or in the mechanical alloying,
enables the scientists to work on the ferromagnetic
nanocomposi teswhich dimensionsand shape may beformed
in various consolidation methods [13-15].

Recently, different consolidation techniques have been
reported. However the proposed procedures, like explosive
compaction, shock-wave compaction and the static high-
pressure compaction with pressures up to 5 GPa are costly
and complex [16-19]. To improve the range of applications
of powders, we have prepared composite materials made of
nanocrystalline powders embedded in polymers.

One should take into account the unfavourable
demagneti zation effect incasein the magnetically soft powder
materials. Saturation is acquired during magnetizing of the
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short cylindrical specimen only at the field intensity much
higher than in case of the closed toroidal core. The reason for
that isthat the magnetic field intensity H. in ashort specimen
islower than the field intensity H in the entire coil [20, 21].
Thereisare ationship between the magnetization J andfield
intensity, which may be represented in the following form,
taking into account the partia demagnetizing conditioned by
the specimen shape:

k
J=mH «y
where: N— demagnetization coefficient (shapefactor); k —
magnetic susceptibility; m — induction constant (magnetic
permeability of vacuum). Coefficient N in case of, e.g.,
cylindrical specimens, is determined mostly by the ratio of
specimen length | toits diameter D [20]:

=—. 2
p D, 2
The shorter and thicker isthe cylindrical bar, the smaller
value is acquired by p, and thus N coefficient has a bigger
value. Theweakening demagnetizing field which isdeveloped
by the specimen inside itsalf when it isintroduced into the
magnetic field with theintensityH is:

i:H-HL:NHL:Ni. (3)
1+kN 1+kN m

H-H

The research has revealed that the demagnetization
coefficient N depends also on the material’s permeability m
and it isthebigger, the bigger ism[20].

The aim of thiswork isto investigate the structure and
magnetic properties and influence of temperature of hot
pressing on the magnetic properties of the powder
Co,FeMo,S . .B,,. aloy obtained from the metallic glass
in the high energy ball milling process.

Material and methods. Theinvestigationswere carried out
onaCogFeMo,S , B . . metdlic glassin form of 0.025 mm
thick and 10.2 mmwideribbons A 8000 SPEX CertiPrep Mixer/
Mill high energy ball mill wasapplied tomill theribbonsbothin
»asquenched” stateand hest treated. Thevibration timeswere5
and 20 hours. A THERMOLY NE F6020C resistance furnace
was used for isotherma soaking of the powder.

Thehot pressing process wasmade on machine” Degussa’
was subjected metallic powder obtained in high energy ball
milling amorphousribbon CoFe,Mo, S, .B,, . by 20 hours.
Such away prepared powder Wascompacted in uniaxial press
invacuum (2° 102Tr), in temperature800°C aswell as950°C
by 20 minutes, with pressure of stamp the P= 15 MPa.

The X-ray testswererealized with the use of the XRD 7
SEIFERT-FPM diffractometer equipped with thelamp of the
cobalt anode of 35 kV voltage and 30 mA filament current
was used. Diffraction tests were carried out in the 2q angle
rangefrom 40to 120° (measurement step 0.1°). Pulsecounting
timewas5s. Sizes of Co-b crystalliteswere determined with
Scherrer’'smethod [22]:

B kl , @

d cosqg

where: d— diameter of thecrystalline particle; B— width of
the diffraction peak measured at half of its height; k —
coefficient assumed as equal to 1 [16]; | — X-ray radiation
wavelength; 2q, — radiation beam diffraction angle
corresponding to the Bragg maximum.
Microscope examinati onswere made on the OPTON DSM
940 e ectron scanning microscope and the EOL JEM 200CX
electron transmission oneand on the LEICA MAEF4AO light
microscopeusing the LEICAO firm computer programwhich
on the dimension measurement of the powder grainswas done.
Tegtsof magnetic propertieswerecarried out by theuse of Lake
Shore'sVibrating Sample Magnetometer VSM model 7307.
Results and discussion. The investigated
CoFeMo S , B 135aJonwasdeIiveredintheasquenchedstate
and hadtheamorphousstructure. Broad, diffused ringsoriginating
from theamorphous phasearevisiblein thedectron diffraction
(Fig.1). No crystalline phase was reved ed in the as quenched
gateand the X-ray diffraction displaysthe evident wide-angl ed,
diffused spectrum, characterigtic for theamorphous state.

The obtained powders have the highest portion of the
400800 pm fraction at the beginning stage of milling of the
Co,FeMo,S , .B,, . amorphous alloy. The most probable
szsm the powder grains population (mode) are476 um for
the material obtained after 5 hours of milling. Milling the
materia for 20 hours causesfurther size reduction of particles
(Fig. 2). The highest portion of ~ 15% was found out for
particlesfrom therangeof 13+18 um, the arithmetic average
of the powdersdiameter is14.88 pm.

Fig. 1. Amorphous structure of the Co.Fe,Mo,Si , B, ;alloy, TEM
magnification 60000x
Ix 9K T o

= M o3 0w

o
'

1
1 ' n 'TELD L
-l

Fig. 2. The cumulative percentage portions curve and the grain
size distribution curve for the powder obtained after 20 hours
long milling of the CoFe,Mo Si amorphous ribbon of
the metallic glass
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Fig. 3. X-ray diffraction pattern of the CoFe ,Mo,Si,, B, ribbon

in as quenched state and powder materials hot pressed in
temperature 800 and 950°C in argon atmosphere

Onthebasisof theanalys sof thedectron diffraction pattern
(Fig. 3) it may be supposed that apart from the ressrelaxation,
thehot pressing processresultsin the structural changeswhich
cons gtsof new phase nuclegtion in higher temperatures. Inthe
X-ray photograph of die samping obtained in 800°C of hot
pressing processthe Co-a (111) and (024) with crystallite size
auitably 9 and 39 nm, Co-b (100), (101) and (110) crystalite
size suitably 56, 39 and 11 nm, as well asthe Co,B (021) and
(022) phaseswereidentified (Table 1).

In the X-ray diffraction pattern of die stamping obtai ned
in950°C of hot pressng theCo-a (111) and (024) with crystallite
size suitably 20 and 21 nm, Co-b (111) and (101) crystalite
size suitably 15 and 21 nm, aswell asthe Co,B (021) phases
wereidentified (Fig. 3).

The magnetic research of the Co, ,Mo,Fe,Si , B...
powders obtained in the process of milling of theribbonsin
the “as quenched” state proved that the process of the high
energy ball milling causes s gnificant increasein the coercive
force. The powder obtained after 5-hour milling of the
amorphous ribbon is characterized by the highest value of
the coercive force (H_=159,9). Thelonger thetimeof milling

Fig. 4. Structure of composite material obtained in hot pressing
process in temperature 800°C

is, the higher theval ue of the parameter after 20-hour milling
H.=1286,6 A/m.

The longer the milling process, the smaller the value of
the saturation of magneti zation, which for the powder obtained
after 5-hour milling of the amorphous CoMo,Fe S, B, ..
ribbon amountsto B.=0,63 T. For the powder obtained in 20-
hour milling, the value B equals 0,74 T.

Thecompositegructureisshowedin Fig. 4 and Fig. 5, The
gructureisvery smilar to schematicsof evolution during milling

of ductile-brittle combination of powder particles in [23].

Table 1
The phase analysis results for the hot pressed powder CoFe,Mo Si B, alloy (see Fig. 2)
| Hot pressed powder CoggFesMo) Sij; By 5 alloy
950°C20 minutes 800°C/20 minutes
26 [°) | 26 [ !CEIDH phase (hkl) 20 [°] 26 [*] ICDD phase {hkl}
calculated calculated
4154 | 414 Co,Si (Pbnm) {111) 52,05 52,50 Co-a (Fm3m) | (111)
48,84 48,96 Fesld {1-4) (002} 33,21 33,15 Co-p (P63/mme) | (100}
49.9% 50,28 CoB (14/mem) {221 55.76 36.24 Cao:B (Pbnm) (021
32,05 52,50 Co-o (Fm3m) (11 60,84 61,94 Co-f} (P63/mmc) | (101)
53,65 53,15 Co-[§ (P63/mmc) {100} 60 84 60,33 Co-ce (Fmim) (024)
35,41 56.24 CosB (Pbnm) {021) 67,2 67,90 Co:B (Pbnm}) I (022)
60,58 601,94 Co-p (P63/mme) | (101) 91,58 91,10 Co,B ([4/mem) | (402)
60,84 60.33 Co-u (Fm3m) (024) 102,64 101,37 Co-p (P63/mmc) | (110}
| 90,97 89.99 ComB (Phnm) (130)
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Fig. 5. Structure of composite material obtained in hot pressing
process in temperature 950°C

The mass density of material of amorphous
Co,Mo,Fe,Si ,.B,, . ribbon which was the precursor of die
stampings carries out 7.8 g/lcm?. The mass density of powder
after hat pressing in vacuum was cal cul ated, which carries out
I, =3- 789 g/cm?® for temp. 800°C and r,, =4.042 g/cm? for temp.
950°C. The surface structure of die sampingsshowson Fig. 6.

The magnetic research of the hot pressed powder
Co, Mo,Fe, S, B,, obtained in the process of pressing of
the powdersproved that the process causes s gnificant increase
inthe coercive force. Thedie stamping material obtai ned after
hot pressing in 800°C per 20 minutes in vacuum from the
metallic powder is characterized by the highest value of the
coerciveforce (H.=1363,1 A/m). The higher thetemperature
of pressingis, thehigher the valueof the parameter after 950°C
pressing H_=3517,0A/m (Fig. 7).

A specialy significant is the growing value of coercive
force H_ with grooving temperature of hot pressing. The
coercive force value increases up to 950°C. The saturation
magnetization B, changed too, the val ue decreasesform 0.74
T for powder obtained after 20 hours of high energy ball
milling to 0.48 T for die stamping obtained in 800°C per 20
minutes and for 0.52 T for die stamping obtained in 950°C.

Thelower thetemperature of hot pressing, thesmaller the
value of the saturation of magnetization, which for the die
stamping of the powdered Co,Mo,Fe,Si . B, .. ribbon
amounts to B=0,48 T. For the die stamping obtained in
temperature 950°C, the value B equals 0,52 T. The value of
theresidual flux density isvery low for both pressed materials
and B, isequal 0.0124 T and 0.0055 for die stamping obtained
respectively at 800°C and 950°C (Table 2).

surface structure of die

Fig. 6. The image of CoFe,Mo Si B
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stamping hot pressed in a) 800°C, and b) 950°C per 20 minutes
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Fig. 7. Histeresis loop of the powder of Co,Fe,Mo,Si
hot pressed in 800 and 950°C/20 minutes

B,.. alloy

1357135

Thesilicone matrix polymer composteswere made using
as filler the powder material obtained by annealing of the
Co,Fe,Mo,Si , B, .. amorphous ribbon for 1 hour at a
temperatureof 450°C intheargon atmosphere, and by further
milling the ribbon in the SILAME high energy mill for 10
minutes. The powder obtained after annealing the ribbon at
450°C for 1 hour and milling for 10 minuteswas mixed with
the silicone polymer (technical all-purpose silicone
Technicoll®) with the volume fraction of metallic powder
67, 75, 80, 83 and 86% and further the toroidal cores were

formed from the obtained composite durry, which werethen
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Table 2

Magnetic properties of powder cores obtained in
hot pressing process

Materials B,[T] [H.[A/m] | B [T] | Hg.[T]
as quenched 054 | 151 | 0,26 1000
Sh HEBM 063 1599 00015
20hHEBM | 074 | 12866 | 00076 | 0178
RO0=C20° 0,48 13631 0.0124 1592356
es0*Ca20" | 0,53 3517.0 | 0,0055 '

HEBM - High Energy Ball Milling process

Fig. 8. Structure of ribbon CoyFe,Mo,Si alloy after

13,5813,5
annealing in 450°C/ 1 hour observed in TEM

cured at room temperature for two days. The mass density of
composite material with silicon polymer matrix cal culated
and their values present in table 3.

Observationson thetransmission e ectron microscope TEM)
revealed that combination of the high energy milling and heat
treastment carried out even for short peri odsresultsin deved opment
of thenanocrydallinestructure (Fig. 8). Thisgtructurediffersfrom
thegtructure obtained by thei sothermal annealing of amorphous
grips, itismoreirregular, and grainspresent in them are very
diversified asregardstheir shape and sizes. Basing on analysis
of the diffraction patterns from the transmission electron
microscope the Co-b and Co,B cobalt boride phases were
revealed in structure of powder obtained after combination of
thehigh energy milling and heat treatment (Fig. 8).

Basing on the microscope examinations it was found out
that with the higher content of the Co,Fe,Mo,S B,
powder, its particles are homogeneoudly distributed in the
entire silicon matrix. Along with decreasing the powder
volumein the composite agglomerati ons of powder particles
occur (Fig. 8).

Tests of magnetic properties revealed that the highest
magneti ¢ saturation was characteristic for the compositewith
the volume fraction of nanocrystalline powder 83% - B =
0.72 T. Magnetic saturation values decreased along with the
lowering volumefraction of metallic powder in thecomposite,
reaching B;=0.5T (Fig. 9) for thecomposite with thevolume
fraction of metallic powder 67%.

Fig 8. Structures of the nanocrystalline composite material with
the silicon matrix reinforced with powder made from the
CogFe,Mo Si ; B, alloy with varying the volume fraction of
nanocrystalline powder in the SILAME type composite A) 86, B)
80, C) 75%; electron scanning microscope
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Fig. 9. Hysteresis loops of the SILAME nanocrystalline
composite materials with varying volume fraction of
nanocrystalline powder

Thehighest coercive areavaluewas characteristic for the
compositewith thevolumefraction of nanocrystalline powder
86%. Its lowest value was revealed for the composite with
the 75% volumefraction (Fig. 9).
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Fig. 3. Tangent of the primary magnetization curve inclination
angle versus the volume fraction of nanocrystalline powder
CoFeMoSiB in the SILAME type composite: Approximation:
y=a+bx, a=-0,024, b=0,0013, R=80,1

Table 3

Magnetic properties of the SILAME type composites

YVolume | T
fraction of
metallic P | By H: Ba Ho
powder | [zlem’] | [T] | [A/m] [T [kA‘m]
CoFeMoSi :
| B[] | |
1] 6,83 073 | 1345 o014
g3 | 6,67 068 | 107.8 | 0,0013
80 6,44 | 0,67 | 116, | 0,0013 | 800
75 611 | 063 546 | 0.0397
a7 ‘ 5,534 J 050 | 694 | 0,0303

Tests of magnetic properti esreveal ed that al ong with the
growing the volume fraction of nanocrystalline powder
CoFeMoSiB in the composite the inclination angle of the
primary magnetization curvegrowsalso (Fig. 10).

Further observations confirmed that other magnetic
properties and the hysteresis loop shape indicate that the
magnetic properties deteriorate al ong with the decreasing the
volume fraction of nanocrystalline metallic powder in the
composite (Fig. 9).

Conclusions. On the basis on results of investigations of
magnetic propertiesof the powder material, it wasfound out
that compared to the magnetic properties of the amorphous
ribbon and powder obtained from ribbonsin high energy ball
milling as their both precursor, the hot pressing process
deterioratestheir magnetically soft properties.

On the basison analysis of diffraction patternsand using
Scherrer’srelationship (4) the Co-aand Co-b grainssizewas
calculated, whose dimensions grow in this case along with
the hot pressing temperature decrease, but probably the

calculated peaks include the background form amorphous
phaseand theresultsare not binding.

Theanalysis of the magnetic propertiestest results of the
nanocrystalline composite material revealed that the soft
magnetic properties of the composite are dependant on the
metallic powder ratio in the composite, which improve with
theincrease of the CoFe,Mo,S , B, powder ratio.

The mechanical properties test results of the composites
reveal the significant effect of the Co,Fe,Mo,Si ,.B, ..
powder ratio on the mechanical properties of the composite,
which deteriorate along with the decreasing powder ratio.
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5. KowieyHu, J1. [JobxxaHbCKil
CTpyKTypa i BMacTUBOCTIi HAHOKPMUCTaNiYHMX KOMMNO3UTHUX
martepianis
lMonimexHika cine3bka, nisiye,
lMonbwa

HaeedeHi pe3ynbmamu docnifxeHHS HaHOKpucmaiiyHux
KOMMo3umHuUx Mamepianie. Bnacmusocmi mazgHimHoz20
KOMMo3uyiliHo20 Mamepianay nopigH8anucs 3 MagHimHuMu
eracmusocmsaMu ocepOb 3 HaHOKpUCMaIliyHUX MemaridyHux cmye i
mMemarnge4YHUX MopowWkKie, crpecogaHux y eaapsa4YoMy CMaHi.
BcmaHoeneHo, w0 nopowkosi i KoMno3umHi MagHimHi ocepos
maromp Oewo 2ipwi mMaeHimHi enacmugocmi, HiX ocepds 3
HaHokpucmarniyHux cmye. 3pobneHa crnpoba nosscHumu makud
egpekm i docnidumu 8naue cmpykmypu MemarsnidyHux cmye |
epaHynayii nopowky ma Uoeo opMu Ha enacmueocmi
KOMMO3UMHUX Mamepiaris.
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