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Bulk nanocomposite magnets produced by dynamic shock compaction

K. H. Chen and Z. Q. Jin
School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332
and Department of Physics, University of Texas at Arlington, Arlington, Texas 76019

J. Li, G. Kennedy, Z. L. Wang, and N. N. Thadhani
School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332

H. Zeng
IBM T.J. Watson Research Center, Yorktown Heights, New York 10598
and Department of Physics, University of Texas at Arlington, Arlington, Texas 76019

S.-F. Cheng
Naval Research Laboratory, Washington, DC 20375

J. P. Liu?
Department of Physics, University of Texas at Arlington, Arlington, Texas 76019

(Received 16 September 2003; accepted 21 April 2004

Exchange-coupledR,Fe B/ a-Fe (R=Nd or Py nanocomposite bulk magnets with nearly full
density have been successfully produced by shock compaction of melt-spun powders. X-ray
diffraction and transmission electronic microscopy analyses of the shock-consolidated compacts
showed no grain growth upon compaction, in fact, a decrease in the crystallite size of both the hard
and soft phases was observed. As a consequence, magnetic properties were retained and even
improved after compaction. Hysteresis loops of the shock-consolidated powder compacts showed a
smooth single-phaselike behavior, indicating effective exchange coupling between hard and soft
magnetic phases. @004 American Institute of Physic§DOI: 10.1063/1.1760834

The figure of merit for a permanent magnet is the energyoulk nanocomposite magnets made from melt-spun
product, which is a combination of magnetization and coerR,Fe sB/a-Fe (R=Nd or Py powders. The hard magnetic
civity. Unfortunately, nature tends to give only one or theNd,Fe ,B and PyFe 4B alloys have very similar and practi-
other: soft magnetic materials such as Fe and FeCo allogally indistinguishable structural, mechanical, and magnetic
have high magnetization while hard magnetic materials sucproperties, and hence the two materials are simultaneously
as SmCo alloys have high coercivity but relatively low mag-investigated in this work.
netization. Exchange-coupled hard/soft nanocomposite mag- The starting samples used were obtained by pulverizing
nets combine the advantages of both hard and soft phasespidly quenched and optimally annealed ribbons of
and thereby offer the potential of providing much higher-Nd,Fe,B and PyFe B based nanocomposites witltFe
energy product(predicted to be higher than 100 MG e content of 10 wt % and 20 wt %, respectively. The pulverized
compared to their single-phase anisotropic hard magngiowders were cold pressed into steel capsules at 65%—78%
counterpart§64 MG Oe for NdFeB magnetd Many efforts  of theoretical density. Shock-consolidation experiments were
have been made in recent years to produce nanocompositenducted using a three-capsule plate-impact fixture
powders, thin films, and rapidly quenched ribbdrissorma-  mounted at the end of an 80 mm diameter single-stage gas-
tion of self-assembled FePt based hard/soft nanocompositgsin barref Impact of a projectile at velocities of 605, 880,
with remarkably enhanced energy produ@round 20 and 950 m/s resulted in shock waves propagating through the
MG Oe) has also been reported recefitilowever, fabrica- capsules and compacting the powders, producing 12 mm di-
tion of bulk exchange-coupled nanocomposite magnets stithmeter by 3 mm thickness discs. The interparticle bonding
remains a great challenge. was observed using scanning electron microsctpigM).

Shock compaction employs a variety of gas-gun and exThe crystallite size was characterized by x-ray diffraction
plosive loading devices that provide the rapid deposition 0fXRD) peak broadening analysis (Cy Kadiation. Bright
energy into the powders by shock waves of microsecondand dark field transmission electron microscqpgM) im-
time duration thereby retaining the starting metastable oaging was also performed to characterize the crystallite size.
nanoscale structuré’. Shock compaction has been reportedThe magnetic properties were measured using a supercon-
for processing bulk microcrystalline and nanocrystallineducting quantum interference device magnetometer with a
single-phase magnetic alloys Here, we report on prepa- maximum applied field of 70 kOe.
ration and characterization of fully dense shock-compacted The dynamic and heterogeneous nature of plastic defor-
mation during shock compaction of powders leads to local-
dAuthor to whom correspondence should be addressed; electronic maii.zed deposition of shock energy at particle interfaces, which

pliu@uta.edu can produce subsequent melting and resolidification at inter-
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FIG. 1. SEM micrographs of fracture surface of NdFeB samfdeshock
consolidated at 950 m/s showing local meltirig) shock consolidated at
605 m/s showing extensively deformation and laminar morphology. Both
samples have density of 99%.

particle regions. The localized melting and resolidification
were observed in the present study for the samples shock
consolidated at 950 m/s, consistent with previous observa- (b) |
tions on_explosively compacted _smgle—phase Nd_F(?:'_.BFIG. 2. TEM dark-field micrographs of grain morphology @ starting
magnEtsg' Presence of such interparticle melted and reSOIIdI'PrFeB materials antb) center part of recovered shock-consolidated sample.
fied regions can be detrimental to magnetic properties be-
cause of unfavorable grain growth or decomposition of mag-
netic phases. Optimization of the shock parameters, e.g., bi@) starting PsFe B/ «-Fe material andb) recovered com-
adjusting initial packing densitfvia use of flake particles of pact shock consolidated at 880 m/s. The starting ribbon and
20-100um size and lowering the impact velocity, allowed the shock-consolidated compacts were ground prior to per-
significant reduction and elimination of such defects in theforming XRD analysis. XRD diffraction patterns of both
present work. Powders pressed at initial packing density ofamples match the peaks corresponding to those of hard
78% of theoretical density and impacted at velocity of 605magnetic PyFe,B and soft a-Fe phase. The shock-
and 880 m/s resulted in nearly full densit98.5+0.5% of consolidated sample shows broadening of peaks for both the
theoretical densifycompacts of powders bonded in the solid phases, with the peak broadening being more so forthe
state, with no evidence of local melting and resolidificationphase than for the hard phase. The broadening of the peaks
at interparticle regions. The compact showed only features ahay be related to microstrain and a decrease in the crystallite
plastic deformation and fracture of powder flakes. Becaussize caused by shock compression, both of which can be
the starting powders are in the form of flakes, they have &valuated using the Williamson-Hall plots based on line-
tendency to align during initial uniaxial pressing, with the broadening analysias shown in inset of Fig. 1. The nearly
flat surfaces perpendicular to the pressing direction. It shouldero slope indicates no microstrain in the starting ribbon
be noted that the flakes in the compacted disk retain thejpowder, while the shock-consolidated sample shows exten-
alignment following shock compaction, which is a valuablesive microstrain of~5.19x 10~ 3, typical of that observed in
attribute that can be exploited to obtain anisotropic magnetheavily cold-worked metallic materials. The larger intercept
with highly oriented particles, for achieving further improve- for the shock-consolidated sample reflects a possible de-
ments in magnetic properties. The laminar morphology anarease in the average grain size upon shock compaction. The
solid state bonding were also observed inpHe,B/a-Fe  corresponding values indicate an average grain size of 20 nm
samples shock-consolidated at 880 m/s. The Vicker’s microin shock-consolidated samples, compared to an average size
hardness of thesR,Fe ,B/a-Fe (R=Nd or Py nanocom- of 25 nm in the starting powders.
posites measured by Leco DM-400F microhardness tester The average grain size of the shock-consolidated com-
were found to increase from 6 to 8 GPa for starting compactpacts and its possible decrease from that of the starting pow-
to 9—12 GPa for compacts after consolidation, indicating alers were also confirmed by TEM analysis. Figurés and
strong interparticle bonding in the nearly fully dense com-2(b) respectively show representative dark field TEM images
pacts. of the starting ribbon and the shock compacted
Figure 1 shows XRD patterns comparing the structure oPr,Fe sB/a-Fe nanocomposite samples. For the starting
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15} (a) estimated to be around 16.3 MG Oe for the shock compacted
10t samples and 14.7 MG Oe for starting Pr-Fe-B material. It
5¢ f should be noted that these magnetic properties are superior to
0 those of resin-bonded bulk magnétshough still lower than
> _L% Nd Fe, Blo-Fe that for aligned sintered magnets. Figure 3 also reveals that
) -10 Starting materials the hysteresis loops of the shock-consolidated samples have
= -15} —O0— Shock at 605 m/s . . . .
E 15(6 : ; : : a §mooth single-phaselike behavior and a high remanence
¥ 10 7 ratio above the Stoner-Wolfarth value bf42 expected for
51 f noninteracting isotropic single-domain particles. This result
0 reveals that the magnetic properties of the staring nanocom-
.5t % Pr Fe B/u-Fe posite powders have been well preserved and actually im-
-10¢t — ibj;/»«‘ Starting materials proved following shock compaction, which is directly related
-15} . . —© Shock at 830 m's to the successful retention of the nanostruct(especially
-3 20 -10 0 10 20 30 the nanoscale dimension of the soft phased the nearly full
Applied Field H (kOe) density of the compacts. The nanoscale grain size and inti-

_ _ ~ mate interparticle contacts lead to effective interphase ex-
FIG. 3. Hysteresis loops ofa) starting NdFe ,B/a-Fe nanocomposite

powders and the recovered sample shock consolidated at 605 m/&)and Change COUplmg in the shock-consolidated specimens.

starting PsFe,,B/ a-Fe nanocomposite and the recovered sample shock con- [N conclusion, shock compaction technique has been
solidated at 880 m/s. No demagnetizing calibrations are made on the curvedsed to successfully produce fully denseRyFe B/ a-Fe

(R=Nd or Pp bulk nanocomposite magnets. The nearly
complete densification, retention, and refinement of nano-

powder an average grain size 623 nm was measured structure lead to improved magnetic properties. There is still

based on quantitative metallographic analysis performed ofonsiderable room for the improvement of magnetic proper-
the dark-field image shown in Fig(&. Dark-field imaging tes through the improved quality of starting powders and
of the sample shock compacted at 880 m/s revealed retentidtPSSibly by use of pre-compaction or postcompaction heat
of nanostructure. Furthermore, as shown in Fige)2many  reatments. It should be pointed out that while shock com-

more fine bright-contrast dots representing crystallites ar@2Ction using gas gun allows better correlation of properties
observed in the shock-consolidated sample. Quantitativ@nd microstructure with controlled shock loading conditions,

analysis of grain size shows a bimodal distribution with oneSXplosive shock-consolidation methods can also be used for

peak around 18 nm and another around 8 nm, indicatin@_rOd”CtiO” of bulk nanocomposite magnets of larger dimen-

grain refinement caused by shock compaction of the pow®ONS needed for practical applications. Our further work on
ders. The refined grains observed in the shock-consolidatd® Pulk PEFe.B/a-Fe nanocomposite magnets produced
samples may be attributed to fragmentation and shearing &y explosive shock consolldatl_on has aI;o revealeq retention
the nanocrystallites during dynamic compaction, which is°f nanostructure and magnetic properties and will be pre-
similar to the results for shock-consolidated SmFeN reportedented elsewhere.

in Ref. 8. The grain size retention and refln.emc_ent are m_fact This work was supported by US DoD/DARPA through
important advaptages of.the sho_ck—consollda_tlon techr)lqu_q\RO under grant No. DAAD19-03-1-0038.

and are essential for attaining optimal magnetic properties in

nanocomposite magnets.
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