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X-ray-absorption fine structure study on devitrification of ultrafine amorphous Ni-B alloys
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X-ray-absorption fine structureXAFS), x-ray diffraction, and differential thermal analysis have been com-
bined to investigate the structure of ultrafine amorphougB¥j alloy during the crystallization process. The
XAFS results demonstrate that a fcc-like nanocrystalline Ni phase with a medium-range order is formed at 573
K where the first exothermic process is observed. We confirmed that the metastable intermediate states consist
of the two phases, i.e., nanocrystalline Ni and crystallingBNilloy. The results support the Riveist al's
scenaridJ. Magn. Magn. Mater. 188, 153998 ] for the devitrification of NiB alloy, in that crystalline phases
of NizB and Ni-rich NiB alloy are formed as the intermediate states. Based on the complementary information
obtained by the three techniques, we present a simple mechanism of crystallization process for the ultrafine
amorphous NjjB3, alloy.
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I. INTRODUCTION X-ray-absorption fine structuréXAFS) technique has
long been recognized as a powerful tool for determining the
Ultrafine amorphous metal-metalloid NiB and NiP alloys local structure of amorphous materi&lsyecause of its sen-
have attracted special attention in view of their unique physisitivity to the short-range order and atomic species surround-
cal and chemical propertiés® In particular, ultrafine amor- ing the absorbed atom. Furthermore, one can quantitatively
phous particles are characterized by small grain size an@btain the structural parameters of one element in a complex
large static disorder. Hence, they can be easily shaped, sugaterial by XAFS™ In this work, XAFS has been used to
pended in a liquid to make ferrofluid and used for catalystdnvestigate the local structure evolutions of ultrafine amor-
and magnetic recording materi4l€. In order to deeply un- phous NiB alloy during the annealing process. Our XAFS
derstand and modify the performances of ultrafine amortesults have revealed that after the first exothermic process,
phous NiB alloys, it is essential to study both short- andthe as-prepared ultrafine amorphous NiB alloy has crystal-
long-range structures of the NiB sample. Hence, a number dized to form two metastable crystalline phases ofBNand
studies were focused on investigating their preparation cornranocrystalline Ni with a small grain size at the annealed
ditions, structures, performances, and stab_fﬁﬂf_ temperatures of 573 and 623 K. On the other hand, no dif-
Recently, Rojo and co-workers have reported that anneaffaction peaks corresponding to crystalline Ni can be ob-
ing an amorphous NjB,o alloy results in an intermediate Served by XRD for these NiB samples.
state that is nanocrystalline with }i crystallites surrounded
by an amorphous pure Ni phaée amorphous nickel con-
sists of regions with only short-range order, together with
regions of nascent crystallinity with a high density of de- The ultrafine Njyo_,B, amorphous alloy powder was pre-
fects, based on the differential scanning calorimgf@80), pared by adding dropwise an aqueous solution of potassium
x-ray diffraction (XRD), high-resolution transmission elec- borohydride (KBH, 2 mol/l) into an aqueous mixture solu-
tron microscopyHRTEM), and magnetic measuremefits®  tion of nickel acetatg Ni(CH;COO),-4H,0, 0.25 mol/l.
On the contrary, Riveiro and co-workers have explained théhe solution was kept in an ice-water bath and vigorously
broad shoulder superimposed on the XRD peaks @BNi agitated by a magnetic stirrer. The black precipitate was fil-
sample as a consequence of overlapping of broad x-ray peaksred and washed thoroughly with ammonia solution, dis-
produced by nanocrystals, using the Rietveld refinementilled water, and ethanol, and eventually was soaked in eth-
method'®1” More recently, the theoretical calculation by So- anol. Inductively coupled plasma spectrometry showed that
moza and Gallego has considered that Riveiro’s result is &e atomic composition of NiB powder is NB3y. The crys-
more plausible account of the devitrification of g8,  tallization process of ultrafine amorphous NiB is described
glass'® Nevertheless, these conclusions were mainly deas follows. First, as-prepared NiB powddrdg was placed
duced from XRD, magnetic and electrical resistance meain a pipe furnace, and then flow with a high-purity Ar gas.
surements. It is very difficult to obtain the local structure Second, the sample was slowly elevated to the annealed tem-
from the determination by XRD for a material with a short- perature designed in advance, and was kept at the tempera-
range order, since XRD can only give the information onture for 2 h. Finally, the annealed NiB sample was obtained
long-range order and lattice strain. Hence, XRD is not suit-after it was naturally cooled down to room temperature.
able to distinguish between an amorphous Ni phase and a The x-ray-absorption spectra at Mi-edge for the as-
nanocrystalline Ni phase with a small grain size in the anprepared and annealedhB;, samples were measured at the
nealed process of ultrafine amorphous NiB saniple. beamline of U7C of National Synchrotron Radiation Labo-

II. EXPERIMENT
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FIG. 1. DTA profile of ultrafine amorphous NiB alloy. FIG. 2. XRD pattern of ultrafine amorphous NiB alloy annealed

at different temperatures.
ratory (NSRL). The storage ring of NSRL was operated at
0.8 GeV with a maximum current of 160 mA. The hard x-ray =0.89\/(Bcosd) (here \, B, and 6 are x-ray wave

beam was from a three-pole superconducting Wiggler with . ; ;
magnetic field intensity of 6 T. The fixed-exit ($iL1) flat Egget:/’alvl\jﬁ[g]dithg? IIhr;elr?;rE[iglr;dSI?Zr: gcg i?f;;":ﬁ;ﬁgz{ ely
double crystals were L.Jsed as m_onpchromator,. T_he .XA.F%eaIed at 573 K is about 30 nm. Using transmission electron
spectra were recorded in a transmission mode with 'On'zat'ofhicroscopy, Denget al2* and Li et al?® have reported that
chambers filled with Ar/M at room temperature, USING he grain sizes of ultrafine amorphous NiB alloy prepared by
Keithley _Model 6517 Electrometer to collect the eleCtrO”chemical reduction method are 50—200 and 100—500 A, re-
charge dlre<_:tly. XAFS Data were analyzed by US-_I_CXAFS.1spectively, in good agreement with the present result. With
data analysis package compiled by Wan and Wei accordinge annealing temperature up to 673 K, a dramatic change of
to the sta_ndard _proceduré?sz. . . the XRD profile was found for the NiB sample. The diffrac-
The differential thermal analysi¢DTA) profile of ul-  on heaks corresponding to crystalline Ni phase has been
Fraﬂne amorphous M.ﬁB?’O alloy powder was performed US- observed, indicating that crystalline Ni has been formed.
ing CDR-1 differential thermal analysis metéShanghai ¢, ithermore, the intensity of XRD diffraction peaks of,Ri
Balance Co. The samples were heated from room temperayhaqe evidently decreased. After annealing at 773 K, the dif-
ture to 873 K with .a_?eatmg rate of 10 Kmihin aflow of  gaction peaks of crystalline Ni phase became dominant for
Ar gas of 30 mImin at ambient pressure. The XRD pat- Nig sample. The peak intensities of crystalline;Bliin the
terns of as-prepared and annealed NiB sample were meqp sample annealed at 773 K were reduced to about half,
sured on a—4® [rotating target diffractometeiDandong  ¢ompared with NiB annealed at 573 K. This result indicates
X-ray photometer Co. Ltd] using CuK, radiation &  ihat part of crystaline NB was segregated into crystalline

=1.5418 A, 40 kV and 100 mA Ni phase at the temperature of 773 K. However, an appro-
priate amount of NjB phase still remained.
lll. RESULTS AND DISCUSSIONS The radial distribution functioné€RDF) of Ni;oBzg sample

' ' ) after various annealing temperatures, obtained from their
The DTA profile Qf ultrafine amorphous MBso a}lloy in k3x(k) by Fourier transform, are displayed in Fig. 3. Only
the temperature region between 298 and 873 K is shown ifa" hrominent peak due to the first nearest neighbor of Ni

Fig. 1. Two strong exothermic peaks are observed in th%\toms is observed for the as-preparecBli- sample and the
DTA profile of ultrafine amorphous NiB alloy. The first peak prepareghBiio P

located at 598 K is sharp while the second peak located at
653 K is broad. Moreover, the area of the second peak is
about twice as large as that of the first one. For the annealing
temperature beyond 873 K, no new exothermic peak is ob-
served. This indicates that ultrafine amorphous NiB alloy has
completely crystallized below 873 K.

Figure 2 exhibits the XRD patterns of the ultrafine amor-
phous Nj¢B3g alloy annealed at different temperatures. The
as-prepared NiB sample and the one annealed at 473 K keep
the amorphous feature, as indicated by a weak broad peak r 473 K

located at 2=45° with the width of 10°. After annealing at "\ Ni-B (initial)

573 K for 2 h, sharp peaks appeared in the XRD curve for > 4 6 8

the NiB sample. It was found that these diffraction peaks are Distance ( A)

due to the crystalline NB and NiB, by comparing with

standard ASTM data of nickel, boron, and related com- FIG. 3. RDF's of ultrafine amorphous NiB alloy annealed at
pounds. Based on Scherra equation, the average grain sidiferent temperatures.

Ni foil

F(r) (arb. units)
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FIG. 4. RDF's of c-Ni, c-NjB, and a-NiB calculated from 4 ' 6 ' 8 ' 10 ' 12
FEFF7 software package. 0.

one annealed at 473 K. This indicates that there is an amor-  FIG. 5. Fitting results of NiB samples from XAFS data.

phous feature in these NiB samples. CroZfeiMorrison

et al,?® and wé" have reported that only one weak peak butjoy crystallize to form large particles of c-Ni with a long-
no high-distance peak appears for the larger disorder systerrange order.

After annealing at 573 K, the intensity of the first peak of The RDF was inversely transformed to isolate the single-
Ni;oB3o sample was significantly enhanced, and the seconghell extended XAFS(EXAFS) contribution. The least-
and third nearest-neighbor peaks appeared at the position efuare curve fit technique, based on Marquart’s scheme for
4.0 and 4.6 A, respectively. The feature of RDF curve ofiterative estimation of nonlinear least-squares parameters via
Ni;gB3, sample annealed at 573 K is the same as that of N@ combination of gradient and Taylor series meffiagias

foil although the magnitude of peak is lower by about 40%.used to fit the inverse transform EXAFS oscillations. For the
The result implies that the local structure around Ni atoms irRmorphous NiB alloy, the asymmetric pair distribution func-
the NizgB3o sample annealed at 573 K is similar to that of tion of G(R).symWwas assumed as a C0”2\403|2U“0n of Gaussian
fce-structural Ni. In order to analyze the local structures offunction Pg and exponential functiorRe .“*““The results of

the as-prepared and annealed 8, samples in detail, the CUVe fit are shown in Fig. 5 and summar_lzeq in Table I. _
RDF's of crystalline Ni(c-Ni), NisB (c-NizB), and amor- From the DTA and XRD resu_lts s_hown in Figs. 1 and 2_, it
phous NiB(a-NiB) were simulatet? by FEFF7as shown in is concluded that the crystallization process of ultrafine

Fig. 4. The results show that the intensity of prominent pea hrg?Qﬁsoﬂzc&?&aﬁzuﬁﬁgyﬁ sé?p;éﬁger&?ehgg :X?'
of c-NizB is slightly higher than that of a-NiB. However, P  CTY SHIp b

th . | diff in the RDF's feat bet ears in the XRD pattern. However, no diffraction peak in-
ere 1S a farge diterence in ne S fealure DeWeeryqyed to crystalline Ni was found, although one can see that
c-Ni3B and c-Ni, i.e., the magnitude of the first main peak of

32 } there could be a contribution from the second phase. When
¢-NizB is much lower, about 25% as that of c-Ni. The reasonye gnnealing temperature exceeds the second exothermic
is that the local coordination environment around Ni atqms iSemperature of 653 K, the intensity of the diffraction peaks
an anisotropic structure for c-38,? the first nearest neigh- of crystalline Ni phase increased, becoming as high as about
bor of Ni atoms in c-NjB is surrounded by three B and 11 several times that of crystalline 8. The result indicates

Ni atoms(one B atom at 2.01 A, one B atom at 2.05 A, onethat the stronger and broader exothermic peak at 653 K in the
B atom at 2.32 A, one Ni at 2.43 A, two Ni atoms at 2.47 A, DTA profile is due to the formation of crystalline Ni. This
three Ni at 2.53 A, three Ni at 2.62 A, two Ni atoms at 2.72result is nearly identical with that reported by Rajbal*

A). The distribution of the first nearest-neighbor Ni atoms inHowever, Rojoet al. have considered that in the first exo-
a wide region between 2.43 and 2.72 A, results in a signifithermic process, not only crystalline J8i but also an amor-
cant decrease of the magnitude of RDF for glBNiWong's  phous pure Ni phase with short-range order is formed after
result of XAFS measurement has shown that the intensity ofhe crystallization at 573 K. Their conclusions are further
the prominent RDF peak of the anisotropic structure §8Ni supported by x-ray absorption spectrosca$AS)* and

is about 30% as that of c-Nf, which is in good agreement high-resolution transmission electron microscopy stutfies.
with our results mentioned above. Therefore, the RDF curv@he XAS results have shown that the full width at half maxi-
for ultrafine amorphous MiB3, alloy sample annealed at mum (FWHM) of the main absorption peak changed from
573 K cannot be only explained as the formation of gBNi the initial FWHM of 2.51 eV for the homogeneous amor-
phase, but also included a metal-like Ni phase although nphous Ni,B,,to a value of 2.12 eV for the crystalline mixed
peaks of metal Ni appear in the XRD pattern. We considereghhase of Ni and NB. In the annealing temperatu(g73 K),

the metastable intermediate state of metal Ni-like phase asan intermediate, partially devitrified state with a FWHM of
nanocrystalline Ni. For the MiB;, sample annealed at 773 2.30 eV was formed, which supports an earlier identification
K, its RDF is almost the same as that of Ni foil. This sug- of pure amorphous Ni. From the HRTEM results, Rejal.
gests that at high annealing temperature most gfB¥j al-  explained the Ni intermediate state as an amorphous Ni
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TABLE I. The structural parameters of ultrafine amorphougBY, alloy at different annealing tempera-

tures.
Annealing Pair R; Rg oT og OoE,

Sample Temp. (A) (A) N (A) (A) ev)

Ni-oB3g 298 K Ni-Ni 2.75 2.42-0.02 11.6:1.0 0.069 0.33 —-0.2
Ni-B 2.18 2.15-0.02 2.7#0.3 0.046 0.034 —-4.7

Ni-oBso 573 K Ni-Ni 255 244002 10510 0060 011 -09
Ni-B 2.18 2.15£0.02 2.6:0.3 0.060 0.029 5.0

Ni-;oBsg 773 K Ni-Ni 2.49 2.46-0.02 10.8:1.0 0.070 0.029 1.6
Ni-B 2.17 2.15£0.02 0.3:0.2 0.056 0.023 -5.0

Ni foil Ni-Ni 2.49 12.0 0.074

phase consisting of regions with only a short-range orderdecomposes into crystalline Ni. It suggests that the decom-
together with regions of nascent crystallinity with a high position of Ni;B powder with small size is easier than that of
density of defects. bulk NizB, which has been confirmed by the magnetic
The structural parameters in Table | have shown that theneasurement¥. Although the recent interpretations for the
average bond length;R coordination numbeN, thermal  deuvitrification of amorphous NiB alloy seem somewhat con-
disorderor, and the static disorder factars are 2.75 A, troversial, Riveiro, Rojo, and we can have an identical con-
11.0 A, 0.069 A, and 0.33 A for the first neighbor of Ni-Ni ¢jusion as long as the intermediate state, noncrystalline Ni
sub-shell of the as-prepared ultrafine amorphougB¥h al-  phase from Rojoet al’s resultst**® were considered as a
loy. After annealing at 573 K, ultrafine amorphous;#8so  crystalline Ni phase with large lattice defect. In fact, Rojo
alloy starts to crystallize. It&; and s of Ni-Ni subshell et 5)’s electron diffraction results in that a rather broad ring
decrease notably from 2.75 to 2.55 A and from 0.33 to 0.1%5nd an interplanar distanek=2.03 A are corresponding to
A, respectively. The results indicate that the local structur@ne Ni-Ni first nearest neighbor distance of metal*have
of Ni atoms of NioBgo sample varies during the crystalliza- indicated that an intermediate state with Ni-like structure
tion process. The RDF curve shown in Fig. 3 demonstrategas formed for the amorphous NiB sample annealed at 573
that the local structure of BB sample annealed at 573 K K Recently, Truskett and Torquato have used parameters of
is crystalline with a fcc Ni-like structure. We conclude that ahoth translational and bond-orientational order for quantify-
nanocrystalline Ni phase with a small grain size and crystaling the disorder in materiaf§,which is suitable to describe
line Ni;B alloy are formed for the ultrafine amorphous the |ocal structures of disorder materials. In our experiment,
NizgB3o alloy annealed at 573 K, although no diffraction after annealing at 773 K, the ultrafine amorphousgBl,
peaks of crystalline Ni appear in the XRD pattern of this ajloy prepared by chemical mettfdd®crystallized into crys-
NizoB3o sample. If only the crystalline NB phase is formed talline Ni whose local structure is almost the same as that of
in the first exothermic process, the RDF intenSity of the ﬁrSthC Ni. Since theo-s of Ni-Ni shell of annealed NiB Samp|e
prominent peak of NpBso sample annealed at 573 K should decreases to a small value of 0.029 A, most of NiB alloy has
be much |0W€r, like that of CrySta”ine w shown in Flg 4, been Segregated into Crysta”ine Ni.
Hence, our XAFS results support Riveiro's results in that the  Based on DTA, XRD, and XAFS results, we propose a
intermediate state of the NiB sample annealed at 573 K igimple mechanism to describe the crystallization of ultrafine
composed of two crystalline phasesgBlistructure with ex-  amorphous NiB3, alloy prepared by chemical reduction.
cess Ni and Ni-rich NiB aIon with a lower concentration of The as-prepared NiB Samp|e is Composed of a homoge-
B.Y ) o neously amorphous MNjB;, alloy. In the first exothermic
From these results mentioned above, the devitrification oprocess at about 573 K, crystalline;Bj and nanocrystalline
ultrafine amorphous NBs alloy into NizB and crystalline  Nj with a small grain size are formed. At the higher annealed
Ni seems to occur in a single step. The second DTA exotheftemperature of 773 K, the metastable NiB intermediate states

mic peak(653 K) as shown in Fig. 1 is much larger than segregates into large particles of crystalline fcc Ni.
those in the Rojo etal's and Riveiro etals

experiment$#1®1t indicates that the second exothermic pro-

cess in present work is evidently different from those in IV. CONCLUSIONS

former results for amorphous NiB alloy. We interpreted that

the second exothermic peak is corresponding to two crystal- The XAFS results demonstrated that the local structure of
lization ways. One is that the grains of nanocrystalline NiNi atoms in ultrafine amorphous NB5, alloy takes a crys-
with small size grow into large particles of crystalline Ni. talline fcc-like structure after annealing at 573 K. We find
The other is that most of crystalline j with small size that a nanocrystalline Ni phase with a small grain size is also
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formed, although there is no indication of a long-range orderline Ni and the small nanocrystalline Ni grains grow in size
Hence, we conclude that the devitrification of ultrafine amor-and long-range order at higher annealed temperature.
phous Nj¢B3g alloy into crystalline NiB and nanocrystalline
Ni occurs in the first exothermic process at 573 K. Further-
more, it is likely that the nanocrystalline Ni may form a
Ni-rich NiB alloy with a lower B concentration. Our results ~ We would like to thank National Synchrotron Radiation
support Riveircet al’s conclusion that the intermediate state Laboratory and Beijing Synchrotron Radiation Facility for
is composed of two metastable crystalline phases @BNi giving us the beam time for XAFS measurement. This work
and Ni-rich NiB alloy. At 773 K, the crystallization of ul- was supported by “100-people plan” and “$ programs”
trafine amorphous NiBsq alloy is completed. This implies of Chinese Academy of Sciences, and National Natural Sci-
that most of the crystalline BB alloy segregate into crystal- ence Foundation of China.
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