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Amorphization and ultrafine-scale recrystallization in shear bands formed
in shock-consolidated Pr ,Fe 4B/ a-Fe nanocomposite magnets
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Amorphization and ultrafine-scale recrystallization within shear bands formed in shock-consolidated
Pr,Fe 4B/ a-Fe nanocomposite magnetic powder compacts have been observed using transmission
electron microscopy. The shear bands span through multiple grain lengths and truncate preexisting
~25 nm hard and soft magnetic phase grains, resulting in further grain size refinement. The shear
bands contain nanocrystallitegs<10 nm size interdispersed in an amorphous matrix, which
suggests the occurrence of shock-induced phase transition in localized regions of the shear bands,
and provides insight into the process of deformation of nanocrystalline materials under coupled
high-strain-rate and high-pressure conditions. 004 American Institute of Physics
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Nonhomogeneous inelastic deformation via shear localstage gas gun barrel and impacted with a projectile at a ve-
ization resulting in the formation of shear bands is oftenlocity of 880 m/s and calculated shock pressure of
observed during high-strain-rate loading of many metals and4—23 GP4d2 Nearly full-density (99% of theoretical den-
aIons1' as well as during shock consolidation of powd%rs. sity) compacts in the form of cylindrical discs of 12-mm-
Generation of shear ba ntaining increased disorder and diam and 4-mm-thick were fabricated.
free volumé? is the only mechanism of plastic deformation Figure Xa) is a scanning electron microscog$EM)
in amorphous solidéand some nanostructured allpy#/hile ~ image showing the surface topology of a shock-consolidated
localized deformation can induce amorphous-to-compact. The bands observed on the compact sultue
nanocrystalline phase transitions in shear bands in amonot seen in the starting powdgrare very similar to the
phous aII0y§,'7 crystalline-to-amorphous phase transition has
also been observed to occur within shear bands due to shock
compression in a C crystal® It is of fundamental interest
to learn whether and how strain-induced microstructural
changes and phase transitions occur inside shear BARYs.
While the rate of bulk deformation during shock compres-
sion can be~10° s, hypercritical strain rates can be
reached inside the highly strained regions of shear bands
particularly of nanometer dimensions, which can lead to
crystalline-to-amorphous phase transitions as revealed in re-
cent molecular dynamicgD) simulations of single-crystal
metallic nanowires:*

In this letter, we present observations of structural
changes occurring inside shear bands formed during shock
consolidatiot* of nanocomposite[Pr,Fe;,B (hard and
20 wt. % a-Fe (soft)] magnetic flake-shaped~30-um-
thick) powders for fabricating bulk exchange-coupled mag-
nets with improved magnetic propertigsThe average grain
size for both PsFe 4B (hard and a-Fe (soft) phases present
in the starting powder, was-25 nm. Shock consolidation g 1. (a) SEM image of the surface topology of a shock-consolidated
experiments were performed using a three-capsule plat@ompact, revealing an array of shear bands with a bright contrast edge

impact fixture mounted at the end of an 80-mm-diam singlecorresponding to the offset. Shear bands mark&dahd “B” also reveal a

dark contrast shadow caused by the band offset on the adjacent sdojace.

TEM micrograph showing a region with two shear baciaisght contrastin

dAuthor to whom correspondence should be addressed; electronic maishock-consolidated Fe B/ a-Fe nanocomposite, present in the interior of
naresh.thadhani@mse.gatech.edu powder particles.
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FIG. 3. (a) TEM micrograph showing a shear band passing through multiple
nanosized grains resulting in truncation and the further reduction in size of
preexisting grains. The inset shows the TEM dark-field image of the dark
contrasta-Fe grain in(a), revealing that it does not extend into the shear
band region(b) Higher magnification TEM image of region marked (&)
shows presence of amorphous phase inside shear band along with dark
contrast crystallites, as well as the interruption of fringes gF8B phase
grain.

FIG. 2. TEM micrograph of typical region away from shear band showing

the absence of any defects such as dislocations, stacking faults, and twins, in

shock-consolidated e B/ a-Fe nanocomposite compact. shear bands suggests that they are more likee phase. It

should be noted that the dark contraste grain does not

“shear bands” observed in bulk metallic glasses. The banq%Xtend into the shear band, as can be seen by its shape re-

. e . ealed in the dark-field image shown in the insert in Fig.
have typical offsetgindicated by bright contrast edgeshe . s X
scale of which is estimated to be 0.1-@fh, based on the 3(a). A higher magnification imagéof a part of Fig. a)]

size of the dark contrast shadow of the bands on the samp hg\;ven ilnnsil(:jgthgeb )sﬁlesz;)r sznedafngh% [:S)Legsge g;idoroig]eﬂghous

surface(along the direction marked by the arrpwaused by Fi ; . ;
N gures 4a) and 4b) show bright-field and dark-field TEM
the secondary electro(SE) detector that makes an38 images revealing another example of a region in a shear band

colleqtmn anglg with respgct. to the samplg surface. containing many dark contrast ultrafine nanocrystallites
Figure Xb) is a transmission electron microsco(@EM) (<5 nm) embedded in an amorphous matrix.

imag_e of a samplgprepared by _dimpling and ion miIIir_)g Close observation of the TEM micrographs in Figs. 3

?:ng}zd@??:];n? djg;)(t:)l:i_cr? tn(s:glr'gg:td b;?lrEE?itthvr\]/ﬁjterz?gnd 4, also illustrates a sharp truncation of preexisting grains

<20 nm. It should be notgd that these briaht contrast bandby the shear bands, resulting in further grain refinement. Evi-
' 9 dence of truncation is more clearly observed in the higher

are present in the interior of the flake-shaped powder par- e . . . S
ticles and not at interparticle regions. Hence, the bands amagnlflcatmn view of the boxed region of Fig(§ in Fig.

I' . . . .
not a manifestation of frictional heating of surfaces of pow-lg(hbé)l’S éN glrc ar?nrexefell ;’ :2 dmstﬁ;rrl:)pti'r?tgr?; cfennbge?\?v eogﬁpteﬁf shear

Eier particles "due to interparticle consol|.dat|on, bu_t rathe band and undeformed “truncated” grains is also observed in
shear bands” formed as a result of localized, plastic defor-

mation within particle interiors. The observed shear bandglg':(gugh estimate of the strain rate inside the shear band
span through multiple grain lengths but are confined within.n ~30-um-thick ribbon-shaped particles can be obtained by
particle interiors. Macroscopic shear bands spanning througbonsidering the shear strait/D=5-10[defined by typical
several particles have also been observed during shock CODfear band offsetaW=100—200 nm, and band widtD
solidation of microcrystalline powde?s.The very narrow '

“nanometer” scale of the shear bands is an indication that the
strain rate is extremely high.

Figure 2 shows a typical TEM micrograph of a region
away from the shear band. The grains with dark contrast are
identified to bea-Fe soft phase and the rest areF#;,B
hard phase. No evidence of defects including dislocations,
stacking faults, or twins is observed in the regions away from
the shear bands, indicating that generation of shear bands is
the only mechanism of plastic deformation occurring during
shock compaction of nanocomposite powders. Figua 3
shows a TEM image of a shear band with a width<@&f0 nm
passing through multiple preexisting hard and soft phase 20 nm Undeformed
grains. The shear band consists of a mixture of very &ine TSRS
-Fe nanocrystallites and amorphousH#;,B phase. The size _ _ _ , _
of the nanccrystales inside the shear band is significant{i. %, @ 5, ma0° stowng rineaton of mute tencgrans o 2

smaller (5-10 nn) than that of the preeXiSting grains of area and shear band regigh) TEM dark-field image of area within shear

~25 nm size. The dark contrast of these small grains in th@and in(a) showing amorphous phase and ultrafine nanograins.
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=20 nm from Fig. {b)] and time of shock propagation to be strain-induced microstructure in localized regions of shear
~8 ns (for shock wave of velocity~4 km/s in impact ex-  bands.

periment conducted at 880 m/d hus, the estimated strain In summary, the microstructure of shear bands formed in
rate within a shear band is 10°/s, which is close to the shock-consolidated e ,B/a-Fe nanocomposite powders
critical value of the strain rate of 810'%s, determined by (~25 nm initial grain sizg has been investigated. TEM
MD simulations for amorphization of metallic monocrystal analysis reveals amorphization and recrystallization-6fe
nanowire’ The collapse of crystalline structure and localizedgrains (~5 nm), formed within the shear bands by coupled
amorphization can occur along a specific crystallographiigh-strain-rate  deformation and high-pressure shock-
plane due to the drop and vanishing of the anisotropic elastigompression loading. The observed results provide an insight
constant(shear moduluscaused by deformation at hyper- into the mechanism of high-rate deformation of nanocrystal-
critical strain rateél The observed truncation of the preex- |ine tWO_phase or nanocomposite powder systems. The
isting grains, is thus believed to be attributed to such a colhjghly localized regions of intense shear, span through mul-
lapse of crystalline structure and localized amorphizatioriple grain lengths and truncate preexisting hard and soft
across the interface between the truncated grains and she@ggnetic phase grains, resulting in further grain size refine-
band. However, in the shock-consolidated nanocompositgent.

powder compact, collapse of the crystalline structure is not

expected to occur along specific crystallographic planes of This work was supported by U.S. DoD/DARPA through
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