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Role of stacking faults in the structural and magnetic properties of ball-milled cobalt
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Stacking faults are found to play a crucial role in the evolution of the structural and magnetic properties of
cobalt subjected to ball milling. This has been evidenced by using complementary techniques, i.e., magnetom-
etry and torque measurements, nuclear magnetic resoiidiMi@) and x-ray diffraction(XRD). After short
milling times a stacking-fault driven transformation from fcc to hcp cobalt is observed, which is accompanied
by an increase of the effective magnetic anisotropy, the NMR restoring field and the coercivity. The results
suggest that small amounts of stacking faults can be beneficial to enhance the coercivity in hexagonal Co. For
longer milling times, both XRD and NMR results show that the hcp phase becomes heavily distorted because
of the large amount of stacking faults accumulated. This induces a decrease of the magnetic anisotropy, which
leads to the overall softening of the material.
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INTRODUCTION tural or magnetic techniques such as x-ray diffraction or
magnetization.

The cobalt allotropic phase transformations between hex- In the present work we correlate the milling induced
agonal close packeghcp and face centered cubifcc) have  structural transformations with the evolution of the magnetic
been extensively studied both from the theoreticald ex- ~ Pproperties in Co from a microscopite., NMR) and macro-
perimental points of vie.In particular, these transforma- SCOpic points of views. The results indicate that the milling
tions can be induced in Co by ball millirig. Recently, it has induced stacking faults determine the structural and magnetic

been demonstrated that the milling induced hcp-fcc transforProperties of Co, hence the appropriate control of the stack-
mation is governed by a process of stacking fault"d faults can lead to the improvement of the magnetic

accumulatiorf. However, the magnetic changes in Co ac-Properties.
companying the structural transitions induced during the
milling have not been systematically studied. Stacking faults EXPERIMENTAL PROCEDURE

are known to play a crucial role in the magnetic properties of
Co-based hexagonal alloy®.g., longitudinal and perpen- Cobalt pow_der$99..5%,—.325 mesh, from AIfa-Ae;ar@
were mechanically milled in a planetary ball mi{lFritsch

S g e e sl conter 10 1 puersset X a 00 1, g s g o 0.t
ever, small amounts of defects seem to improve sdme of th20 h, using agate vials(=20 mi) and six agate ballith
T . éiameterd:: 10 mm) in a ball-to-powder weight ratio of 2:1.

m_agnetlc prop7ert|es of other hexagonal (;0 alloys, e.g., ba 0 avoid oxidation, the vials were previously sealed under
milled SmCg." Thus, a better understanding of the correla-5 .40 atmosphere. The as-milled powders were structurally
tion between theT s_tructural and magnetic properties %haracterized by x-ray diffractiof’XRD), using CukK, ra-
Co based alloys is important for the advancement of theigjiation, and nuclear magnetic resonance. From the XRD pat-
applications. terns, microstructural parameters, such as crystallite sizes,

It is well known that mechanical milling is a widespread mjcrostrains or stacking faults were quantified by means of a
technique for the production of nonequilibrium states.  data analysis program based on a full pattern fitting proce-
particular, ball milling has been shown to be an excellendure (Rietveld methoi***? In particular, crystallite sizes,
process to introduce large amounts of defects in metals in é), and microstrains{e?)2, were determined using the
controlled way, by adjusting the milling conditions, e.g., the Delft model*! while stacking fault probabilities were evalu-
milling energy (milling frequency, ball-to-powder ratjp  ated according to the Warren formufgs>®Co NMR spectra
milling atmosphere or milling timé. were recorded in a zero external dc field, at room tempera-

It is also noteworthy that although nuclear magnetic resoture, every 1 MHz, in the frequency range 205-230 MHz, by
nance(NMR) is particularly suited to study the structural and means of an automated, frequency swept spin-echo spec-
magnetic properties of Co and Co-based alityis,has not  trometer. Prior to NMR experiments, the as-milled powders
been used to investigate the structural and magnetic transforvere embedded in a polymeric resin and aligned during the
mations induced in Co by ball milling. Since NMR rendersresin hardening under a magnetic fielth €8 kOe). All
information about the local environment of the atoms it oftenmagnetic measurements were performed in oriented pow-
complements the results obtained from macroscopic struaers. For each sample, several NMR spectra were taken us-
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ing different values of the excitation rf fieldy;, applied
parallel to the particle alignment direction. The details of the (a) (200), * hop

NMR experimental procedure have been described in Ref. 20t l o fee
14. This procedure provides a twofold information about the

studied samples. On the one hand, it gives a NMR spectrum

that has been corrected for the intrinsic NMR enhancement ‘" U/W
factor and thus reflects a true number of nuclei resonating at "é

a given frequency. Thé’Co NMR frequency can be readily S |osh

interpreted as fingerprints of different structural components 3

(fcc, hep, and stacking faultsconsequently the structural =

information can be extracted in a straightforward Wa¥f 3 0.1h

On the other hand, the applied experimental procedure pro-«
vides a distribution of local restoring fields acting on the =
electronic magnetization in different structural components
present in a sample. In this way a microscopitag-

netic information is obtained in addition to thstructural
information.

Coercivity values were determined by means of vibrating et bl L
sample magnetomet SM), using a maximum field oH 30 40 50 60 70 80 90 100
=11 kOe. The hysteresis loops were measured at room tem 20 (deg)
perature along the easy axis of the oriented samples.

Finally, to evaluate the effective magnetic anisotropy,
torque curves were recorded at room temperature in a com- (b) 002},
pensated torque balance, applying magnetic fields ud to N
=11 kOe, on disk-shaped oriented samples. The magnetic (004),
anisotropy constant,, was determined from the torque (on @00) (22;)
curve slope method. This method of determinkg is es- ¢ § ¢
pecially useful when complete saturation of the disks cannot
be guaranteetf

11y,

(112), |

(100),

]
]
110y, '
'

RESULTS AND DISCUSSION

I”Z(arb.units)

Structural

%200 (102),
Shown in Fig. 1a) are the XRD patterns of cobalt pow- : o
ders before milling and after milling for 0.1, 0.5, 2, and 20 h.
Figure 1b) shows the XRD pattern of a cobalt ball milled for
20 h, together with the curve generated from the full pattern
fitting procedure and the corresponding difference between 30 40 50 60 70 80 90 100
the calculated and the experimental profiles. Also indicated
in the figure are the Miller indexe¢hkl) of the different 26 (deg)
diffraction peaks, where the subscrigisandH denote the
fcc and hcp phases, respectively.
As can be seen in Fig.(8), the unmilled powders are a
mixture of hcp and fcc cobalt. However, the amount of fcc

rapidly r'edyces V.Vlth rfnlllrllngftlme, ai evfldenced b3|/ the} ?E'generated from the Rietveld refinement and the corresponding dif-
crease In intensity of the fcc peaks, for example o erence between the experimental and calculated profiles. The
(200)c peak[indicated by an arrow in Fig.(&)]. Note that  pjijer indexes of the different peaks are also indicated, whdre

this peak disappears almost completely after milling for 0.5,n4¢ subindexes denote hep and fcc phases, respectively.

h. Actually, the amount of fcc decreases from about 35%

(Wt %) in the unmilled state to about 5% after milling for 0.5 ment and the increase of the microstrains. Actually, from the
h. Remarkably, after long-term milling, a small hump is ob-widths of the hcp peaks it is possible to obtain the milling
served at the position of this peak. Moreover, XRD patterngime dependence of both the hcp crystallite si#),, and
reveal that the hcp peaks satisfying the conditienk=3n  the microstrains in the hcp crystaks;2)H2. However, for
+1 (wheren is an integerandl +0 [for example the (102)  the fcc phase, reliable values @) and(s2)Z2 can be only

or (103); peakg are extra broadened with respect to thedetermined for short milling times, due to the exceedingly
other peakgsee Fig. 1b)]. This is an indication of the exis- small amount of fcc phase present for longer milling times.
tence of stacking faults At the same time, Fig.(® shows Thus, in unmilled Co, the crystallite sizes are of about
that as milling time increases, all the XRD peaks progres{D),=67.6 nm and(D)-=80.4 nm for the hcp and fcc
sively broaden. This results from the crystallite size refinephases, respectively, while after milling for 20 h their size

FIG. 1. (a) X-ray diffraction patterns of Co particles before and
after milling for 0.1, 0.5, 2, and 20 h. The symbblandO denote
the peaks corresponding to hcp and fcc-Co, respectivalyK-ray
diffraction pattern of 20-h ball milled Co, together with the curve
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0.12 T e 70 types of faults can be quantified using the Rietveld method,
(a) o> since they have different effects on the XRD patteérhs.
0.10f -._(s.f,:),, 60 Shown in the Fig. &) are the milling time dependences
of deformation,ay, and twin, By, faults in the hcp struc-
0.08f 50 ~ ture. It is important to stress that in the hcp phase of the
,‘-E E unmilled Co some stacking faults, s.£p0.03, are already
« 0.06f 40 = present, while they are found to be negligible in the fcc
< é phase. Note that the stacking fault probability, (s.fp.)n
0.04F 0V Fig. 2(a) corresponds to the sum of both types of stacking
/Q\u faults in hcp-Co, (s.f.p= a@y+ By . The stacking faults in
0.02 o5 1% fcc-Co also increase after short-term millitg.g., ac+ Bc
I 9 ~0.04 after milling for 0.5 h Nevertheless, since for these
0.00 L : 10 o - .
0.01 0.1 1 10 milling times the percentage of the remaining fcc-Co is very
Milling Time (h) small (e.g., 5% after milling for 0.5 htheir contribution to
the overall amount of stacking faults is negligible. As can be
0.12 ' T T seen in Fig. ), twin-type stacking faults are found to pre-
(b) dominate, especially after long-term milling, indicating that
0-10p | 70 % A twinning, rather than simple slip, is the main mechanism
0 08' —A—By / governing plastic deformation of the Co crystallites during
Ca ] the milling? This is probably because in hcp metals, due to
‘r; A the limited number of slip systems, the yield stress for twin-
g 0.06F / ] ning becomes lower than the yield stress for slip under con-
i A ditions of rapid rate of loading, such as ball millifg.
0.04r . A/A T In addition, (¢2)}? increases with milling time. In the
. 02'_‘ 4 a starting material £2)*2is found to be approximately zero in
' - both hcp and fcc phases. However, for heg?)i? increases
0.00 o D/‘f"‘“ ' steeply during the fits2 h of milling, followed by a
70.01 0.1 1 10 smoother increase for longer milling times, reaching a maxi-

Milling Time (h) mum value of about 0.0064 after long-term milling. Similar
- . values of (¢2)¥? are found for fcc-Co after long-term
FIG._ 2 Milling time dependence_oja) Fhe overall stacklng fgult milling.* The high values 0(82>H2 and(az)(l;’z are probably
probability (s.f.p.);, and the crystallite siz¢D)y,, of the majority e 10 the high density of dislocations and grain boundaries
hcp phase angb) the (_j_eformation-typeaH, and twin-type,By, developed during the milling process.
stacking fault probabilities for hcp-Co. Note that (s.fpay Figure 3 shows the NMR spectra for unmilled Co, and Co
*+Bu. The lines are guides to the eye. milled for 0.1, 0.5, 2, and 20 h. As can be seen in the figure,
the NMR spectrum for the initial material exhibits peaks
become(D),=16.1 nm andD)-~3 nm. The milling time  corresponding to fcc-Co, hcp-Co, and different types of
dependence ofD) and the overall stacking fault probabil- stacking faults (sf, sf,, sf;, sfy, and sf).}*'*The different
ity in the hcp phase, (s.f.p), in as-milled cobalt are shown stacking fault frequencies are usually assigned as follGws:
in Fig. 2@). According to Warren’s formulas, 1/(s.f.p.Jn-  sf; and sf—one stacking error in the fcc sequence, i.e., fcc
dicates the average number of compact atomic pléndgbe  twin faults or, alternatively, two consecutive stacking errors
hcp sequence ABABAB..) between two consecutive stack- in the hcp sequence, i.e., deformation faults in h@p;sf;
ing faults®® For example, s.f.p=0.05(i.e. 1/s.f.p=20) indi-  and sf, corresponding to one stacking error in hcp, i.e., twin
cates that between two stacking faults there are, in averag&ults in hcp, or two stacking faults in fcc, i.e., deformation
20 ordered planes. Actually two different types of stackingfaults in fcc; and(iii) sfs is not unambiguously assigned to
faults, deformationg, and twin, B, faults, are created both in any stacking error sequence, although these sequences are
the hcp and fcc phases during the milling, which are relateften related to stacking faults in hépThe spectrum for the
to the slip and twin mechanisms of plastic deformation,unmilled materialFig. 3) seems to indicate an excess of fcc
respectively®!’ These two types of faults bring about dif- phase, compared to the results of the XRD analysis. How-
ferent alterations of the hcp and fcc stacking sequencegver, taking into account that in the unmilled Co the hcp
Thus, in the hcp phase, twin faults result in thé\BAB-  phase is already intrinsically highly faulted, contrary to the
CBCB.. sequence, i.e., locally a single fcc stacking ordeifcc phase, the observed NMR intensity at the frequency cor-
(ABQ) is generated. This new sequence can be denoted assponding to undistorted hcp Co should be smaller. More-
(...hhchh..), where h and c indicate hcp and fcc local over, one should bear in mind that since the penetration
stacking sequence, respectively. On the contrary, deformalepth of the r.f. field used in the NMR experiment is limited,
tion faults in hcp phase result in two consecutive alterationgnd that fcc-Co tends to be retained at the surface of the
of the hcp stacking order. In this case the sequence generatgedrticles during a thermally-induced fechcp transition'® a
is (...ABABCACA..), i.e, (...hhcchh..). These two reduced intensity for the unfaulted hcp-Co should also be
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L L XRD becomes difficult. For instance, although the general
¥Co NMR . trends are the same, there is not necessarily a one-to-one
! correspondence as to the exact amount of the different struc-
tural phases with milling time between the results obtained

sf, I by NMR and XRD. These discrepancies have several origins.
- - First, a fundamental one is that while NMR is a microscopic
L - ] technique giving information about the local environment of
Grain Py the atoms, XRD is a more macroscopic technique rendering

Boundaries sfi ¢

more long-range information. Stemming from this funda-
mental distinction it is not surprising that a given stacking
sequence could be considered differently in NMR or XRD.
One clear example of this is the apparent increase of fcc-Co
content observed in XRD after long term milling, e.g., an
increase of the (20Q)XRD peak|see Fig. 1a)]. When look-
ing at the 20-h NMR spectrum, there is no indication of
fcc-Co, instead an increase of stacking faults is observed.
Thus, taking into account both results and the rather small
XRD crystallite size of the fcc-Co(D)c(20 h)~3 nm, the
. . . new state created after long-term milling should be consid-
205 210 215 220 225 230 ered as a pseudo-random sequence of stacking faults, still
maintaining an overall hcp character, rather than two well
Frequency (MHz) differentiated hcp and fcc phases.

FIG. 3. Room-temperature NMR spectra of unmilled Co and Co
milled for 0.1, 0.5, 2, and 20 h. Indicated in the figure are the peaks
corresponding to fcc-Co, hcp-Co, and the different types of stacking
faults (st, sk, sk, sf;, and sf). The long tail at low frequencies Since the saturation magnetization of hcp and fcc Co is
originates from the grain boundaries contribution. Note that thegimost the sam® there is virtually no change in the satura-
different spectra have been shifted for clarity. tion magnetizationMg, with milling time. However, the

bulk anisotropies of hcp and fcc Co are rather different
expected. As the milling time increases, the peak correspondK; (hcp)=5-10° erg/cn? (Ref. 2) and K, (fcc)=0.8
ing to fcc-Co quickly disappears, becoming almost indis-- 10°erg/cn? (Ref. 22]. As can be seen in Fig.(d the
cernible after 0.5 h of milling, similar to what is observed in uniaxial anisotropyK, (Ref. 23 and the coercivityHc,
XRD. In addition, the relative integral intensity of the peaksexhibit an increase for short milling times reaching a maxi-
corresponding to the different types of stacking faults rapidlynum for 0.5 h of milling and slowly decreasing for longer
increases with milling time. In particular, for short milling milling times. The initial increase of anisotropy with milling
times the sf and s§ peaks increase, in agreement with thetime can be understood qualitatively by the stacking-fault
XRD results[Fig. 2(b)], where for short milling times an driven transformation of fcc C@ow anisotropy into hcp Co
increase of deformation faults in hcp-Cice., two stacking  (high anisotropy. Moreover, the microstrains induced during
errors in the hcp sequences observed, while maintaining the milling could also influence the anisotrofg.g., stress
the amounts of twin faults in hcp almost constant. For longnduced anisotrog¥). It is noteworthy that the maximum
milling times, s§+sf, appear to be predominant, i.e., sug- anisotropy observed in the milled powders is slightly larger
gesting that single stacking error in the hcp becomes domithan that of bulk hcp Co, which is probably related to the
nant, as observed for XRD, where twinningy, , is the pre-  crystallite size refinement induced during the milling, since
vailing mechanism for plastic deformation. Also noteworthyin Co the surface anisotropy effects could also be
is the enhancement of the low frequency tail, correspondingignificant?® However, the decrease iK, observed for
to grain boundaries, with increasing milling time, in accor-longer milling times is exceedingly large to be related solely
dance with the decreased crystallite size and increase of mie the reverse hcp-fcc transformation. For milling times
crostrains observed in XRD. Although a quantitative analysidonger tha 1 h large amounts of stacking faults are accumu-
of the different phases is, in principle, possible, due to thdated in the material. Hence, since stacking faults are known
broadening and the concomitant severe overlap of some db decrease the anisotropy in Co-based hexagonal materials,
the peaks, after 0.5 h of milling such analysis becomes init seems plausible to correlate th&g; reduction for long
creasingly unreliable. Hence, it has not been attempted.  milling times with the increasing amounts of stacking faults

When comparing XRD and NMR structural results, oneand the concomitant disorder. Although the samples have
can see there is a clear qualitative agreement between bolieen embedded in resin and oriented, the oriented particles
techniques. Namely, there is an obvious transformation of thare always composed of several misoriented crystallites.
initial fcc-Co into stacking faults and an increase of disorder,Therefore, the effect of averaging the anisotropy of the dif-
i.e., overall increase of stacking faults or grain boundary referent crystallites over the effective exchange lengta.,
gions (e.g., microstrains in XRD with milling time. How-  random anisotropy mode(Ref. 26 could also be reflected
ever, a more quantitative comparison between NMR andh the reduction of the anisotropy, especially for small crys-

Spin Echo Intensity (normalized)

Magnetic properties
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250 . , : > 875 . . . . , 400
—a—H 6 = fee
a c [16.5x10 2 ;
( ) _D_KU § 750 + H sf, + sf, —
. K= Grain & sf, 4300 ©
200 6.0x10 A [} 625 - Boundaries {: ! .3 i o
) 5 < EI . <
9 . EJ m 500 L e T__?'
0 5.5x10° &, E {2002
as) v 8 375; 20
150 5.0x10° 2 250l ; SN
N ; rhey {100 5
= _\/\f‘ 4 vt
4.5x10° E 123 S a
100 . : S e . T~
0.01 (1)\./}_11_ T 1 . 10 210 215 220 225 230
illing Time
g (h) Frequency (MHz)
250 . . ——— . .
(b) y 2 H | 65x10° FIG. 5. NMR spectrum of unmilled Cédotted ling together
Ca o c X with the frequency dependence of the normalized restoring field
[ T o KU . (continuous ling The signal ranges corresponding to the different
- 200 - D\\ 16:0x10 —_ structural featuregundistorted fcc and hcp phases, stacking faults
e} N o “g and grain boundarigdave also been indicated.
;Z y 15.5x10° 3,
\\ = . . . . .
150l . él . N2 coupling, when the low coercivityi.e., low K,) fcc grains
\ 15.0x10" M4 reversed their magnetization, they would also induce the re-
D° . versal of the high coercivityi.e., highKy) hcp grains at
8 44.5x10° lower fields, thus reducing the measuidd . Therefore, as
100 m 30 20 30 80 70 8790 the amount of fcc phase decreased this effect should be less
10 100 significant and the hcp grains would reverse at their intrinsic,
<D> (nm) . o . s .
H higher, coercivity. Exploring other possibilities one is led to

take into account the pinning of the domain walls by stack-
ing faults and other defects, which would bring about an
increase oM .2° This mechanism would be most effective
when the average distance between different stacking faults
is larger than the domain wall thickness. Consequently, when
the amount of stacking faults surpasses a certain limit, the
) ) ) . ) role of the stacking faults or other defects would merely be
tallite sizes(i.e., long milling timeg. Actually, the random  {, reduce the anisotropy, by creating structural inhomogene-
anisotropy model predicts a reduction of the anisotréy, ities. Hence, the decrease Kif- for long milling times ap-

by a factorN?, N being the number of grains in a volume pears to be related to the reduction 16f, since for long
(£6,)°, where(, denotes the exchange length, which is de-milling times the reduction of both properties is of the same
fined as A/Ky)Y2 (whereA is the exchange stiffnessThis  order of magnitude. Finally, the random anisotropy model
would lead to an effective anisotrogiK) =K /NY2 How-  effects could also influence the behavior of the coercivity
ever, in Co the exchange length is abdu~4.5 nm(when  with milling time due to the crystallite size reduction. How-
using bulkKy values, thus smaller than the observed hcp ever, similarly to K, although these effects should be
crystallite sizes, even if the smallest measured effective arpresent they are probably not significant. Consequently, the
isotropy is used to obtaifie,. Hence, the averaging effect dependence dfic on (D) is not the one expected from the
should be small. As can be seen in Figh}4 the measured random anisotropy mod@I[Fig. 4(b)], as observed foK, .

FIG. 4. (&) Milling time dependence of the coercivitii., and
uniaxial effective anisotropyK . (b) Dependence oH: andKy
on the hcp crystallite siz€D),, . Note that the lines iifa) are just
guides to the eye, while irfb) they indicate(D)® and (D) !
dependencies.

Ky does not follow the expected dependence idh (i.e., NMR provideslocal magnetic information complemen-
Kyx(D)§ for (D)y<{eyx and Kyx(D) ! for (D)>fe,  tary to macroscopic magnetization and torque measurements.
(Ref. 26 from the random anisotropy model. As can be seen in Fig. 5, for the unmilled material, each

It is well known that coercivity and anisotropy are closely structural feature identified by NMR.e., fcc, hcp, stacking
related. For example, if the reversal of the magnetizatiorfaults, or grain boundari¢shas its specific restoring field.
takes place by coherent rotation, coercivity and anisotropyrhis indicates that thiacal magnetic stiffness, i.e., to a cer-
should be proportional to each other, ide=2K,/Mg.?’  tain extent the difficulty for magnetization reversal, is differ-
However, as it can be inferred from Figial while the total  ent at different parts of the Co particles. In particular, the
increase of anisotropy after 0.5 h of milling is merely 13%, restoring field appears to be largest at different kinds of de-
the enhancement of the coercivity is almost 100%. Thus, théects, stacking faults or grain boundaries than at the ordered
increase of coercivity cannot be explained only by the in-phases. Moreover, the evolution of the restoring field with
crease of anisotropy. One possibility for the anomalous inmilling time, shown in Fig. 6, indicates that for the first
crease ofH could be a strong exchange coupling betweermilling stages the restoring field curves shift upwards, indi-
the fcc and hcp phasé&Namely, due to the strong exchange cating an overall increase of the magnetic stiffness of the
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FIG. 7. Milling time dependence of the coercivity, and the

FIG. 6. Frequency dependence of the restoring field of unmilledveighted restoring fieldW.R.F), obtained by convoluting the spin
Co and Co milled for 0.1, 0.5, 2, and 20 h. The frequency range®cho intensity with the restoring field curve. Note that the lines are
corresponding to the different structural featufesdistorted fcc  guides to the eye.
and hcp phases, stacking faults and grain boundahiase also

been indicated. storing field, i.e., the average magnetic stiffness of the whole

sample, hence somewhat equivalent to the macroscopic co-
ercivity. As can be seen in Fig. 7, the weighted restoring field
powders. Interestingly, the stacking faults remain the stiffes{;orresponds closely to the coercivity valugsg. 4).
structural element of the samples. However, for longer mill-  Finally, it is important to stress that the results from mi-
ing times the restoring field curve decreases and broadengoscopic(NMR) and macroscopi¢XRD and magnetom-
out, hence the overall magnetic stiffness decreases, while th&ry) studies have been proven to be rather complementary.
difference in magnetic stiffness between the different strucThis fact helps to better understand the correlation between
tural elements smoothens. Finally, for the longest millingthe structural and magnetic effects in this system.
time, 20 h, the restoring field becomes virtually featureless.

These results agree well with the anisotropy and coerciv- CONCLUSION
ity values. As the milling starts, the restoring field increases . . .
significantly, in agreement with the coercivityather than The evolution of the structural and magnetic properties of

; ; Co when subject to ball milling have been studied using
the anisotropy Moreover, the fact that the stacking faults . ;
are the stiffest part of the restoring field spectrum implies©@ (NMR) and macroscopic averagingRD, VSM, and

that stacking faults play an important role in the magnetic°rdu€é magnetometjytechniques. The results indicate that

hardening of the material, probably as domain wall pinningbo'[h th? stru;:tqral(al:cot:]opic Phase trans(,jforkr‘natiohsar.lq
sites. For longer milling times, the smoothing of the restoring™adnetic (evolution of the anisotropy and the coercivity

field spectrum implies that the stacking faults tend to havénroperties of Co are mainly dominated by the stacking faults

less influence in the magnetization reversal, i.e., the increaér-r:duced I?u”ng the T'"mgk. In fpar|t|cular, ;he re;ults SEOW
ing amount of stacking faults limits their role as pining sites.["at sSmall amounts of stacking faults can be used to enhance

It is noteworthy that occasionally, in Co-based hexagonafhe coercivity of Co-based hexago_nal alloys. Finally, this
systems slight increases of coercivity have been observed f&tUdy evidences the complementarlety of the NMR, XRD,
small amounts of stacking faults, even though they were noimd magnetometry technlqugs to fully ungjerstand the role of
studied in detaif. Our study indicates that these coercivity Stacking faults in the properties of ball milled Co.
enhaljcements may be reIevan and that ;mall amounts of ACKNOWLEDGMENTS
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