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The structure, structure evolution and microhardness of nanocrystalline Ni-Mo-B alloys
were studied by X-ray diffraction, differential scanning calorimetry, transmission and high
resolution electron microscopy and microhardness measurements. The nanocrystalline
structure was produced by controlled crystallization of amorphous alloys. The annealed
samples consist of the FCC nanocrystals with the amorphous regions between them. The
grain size of the nanocrystals is about 20 nm and depends on the chemical composition of
the alloy. The chemical composition of the amorphous phase between the nanocrystals
changes at the annealing. A slight grain growth was observed when the annealing time
increases. The diffusion of Mo and B from FCC to the amorphous phase occurs at the
annealing. It results in the lattice parameter change. The microhardness of the alloys
increases during the annealing. The microhardness values are the same in all alloys before
the nanocrystalline structure decomposition. The microhardness is inconsistent with the
Petch-Hall equation. The microhardness of the alloys is determined by the microhardness
of the amorphous phase bands located between the nanocrystalline grains. © 7999 Kluwer
Academic Publishers

1. Introduction produced by the controlled crystallization [7, 8]. This
The formation and development of new material aremay be due to a different deformation mechanism.
usually connected with the necessity of improved pro- Ni-based nanocrystalline alloys with large content
perties. New nanocrystalline materials appeared foof Mo are very promising because of their high cor-
this reason. Nanocrystalline alloys (with the grain sizerosion resistance and electrocatalytical properties [9].
< 50 nm) have aroused considerable interest becausg-igh thermal stability is the other important property of
large amount of the atoms in the nanocrystalline struchanocrystalline structure. The thermal stability of the
ture are located in the grain boundaries or interfacesnanocrystalline (NsMo3s)90B 10 alloy was found to be
Nanocrystalline structure can be obtained by differentontrolled by the thermal stability of remaining amor-
methods: inert gas condensation [1], sputtering, mephous matrix [10]. The aim of this paper is to study
chanical alloying [2] or controlled crystallization of the formation, structure and thermal stability and mi-
amorphous alloys [3, 4]. The last method was developedrohardness of the nanocrystalline structure in the of
widely when it was found that the Fe-based nanocrysNi-Mo-B system alloys and to investigate the struc-
talline alloys posses the high soft magnetic properture/properties correlation.
ties [4]. More recently, the light Al- and Mg-based
nanocrystalline alloys with the high strength were pro-
duced [5, 6]. 2. Experimental methods

Most mechanical properties are known to dependAmorphous (NioM030)90B1o (1), (NizoM030)95B5 (2)
on the grain size. For example, yield strength and mi-and (NssMo35)90B10 (3), were prepared by melt quen-
crohardness follow the Petch-Hall equatien£ oo+  ching. Pure metals<(99.8%) have been used for the
Ky/4/d, whereo, is the yield strengthgy is the lat-  master alloy. The thickness of as-prepared ribbons was
tice friction stress, K is a constant). Therefore the about 3Qum.
nanocrystalline materials with extremely small grain As-quenched amorphous alloys were studied by dif-
size attract particular interest from the standpointferential scanning calorimetry using a Perkin-Elmer
of high strength properties. However, the Petch-Hallsystem. The amorphous samples were annealed at
equation is not obeyed for the nanocrystalline alloys600°C for 600 h in a vacuum furnace. The structure
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Figure 1 HREM image of as-prepared (§$Mo03s)90B10 alloy.

of as-quenched and annealed samples was studied kgin the diffuse halos only. A high resolution electron
transmission and high resolution electron microscopymicroscopy image of as-quenched {dM035)90B10
and X-ray diffraction. X-ray diffraction experiments alloy is shown in Fig. 1. No signs of crystalline phases
were performed using SIEMENS D-500 diffractome- present the figure; only maze contrast typical for an
ter using C,-radiation. The electron microscopy in- amorphous structure is observed. An annealing at
vestigations were carried out on a JEOL-100 CX and500°C leads to nanocrystalline structure formation
JEOL 4000 EX Cs=1.0mm, U =400kV) micro- in all alloys. The crystallization follows the primary
scopes. Electron microscopy foils were prepared by iortrystallization mechanism. The annealed alloys
milling from both sides of the ribbons. contain Ni-based FCC nanocrystals with the chemical
The average grain size was estimated using Scherreomposition differing from those of as-quenched
formula [11] by both from X-ray diffraction patterns amorphous phase. The chemical composition of an
and from dark field electron microscopy images. Speamorphous matrix changes during the annealing as
cial computer programs were used for the separatiomell.
of the overlapped curves in the X-ray diffraction pat- Fig. 2 shows the DSC curves for the alloys 1 and 2.
terns and for the determination of the peak halfwidth.According to DSC measurements the crystallization
The diffraction experiments with Al standard were car-temperatures are 829, 802 and 847 K for the alloy (1),
ried out for the determination of the lattice parameter(2), (3), respectively. Thus, the crystallization temper-
change. ature rises with the increasing of the concentration of
Vickers microhardness was measured using a miMo or B.

crohardness tester (PMT-3) and a diamond pyramidal The structure evolution at 60C is shown in
indentor with a 0.5N load for the hold time of 20s. Fig. 3. The structure of crystallized samples consists
All hardness measurements were taken at randomly se@f FCC nanocrystals and amorphous phase. The part of
lected places on the sample surface. An experimentalanocrystalline phase increases during the annealing.
error was about 3%. The lattice parameters of FCC nanocrystals depend on

the annealing duration in all alloys. In (;4M030)90B10

alloy the lattice parameter increases from 0.3592 to
3. Results 0.3602 nm when the annealing time increases from 1
All  as-quenched alloys {(Ni7gM0o3g)eoB1o (1), to 360 h. In (N#gMo030)95Bs5 alloy the lattice parameter
(NizoMo30)95Bs (2) and (NisMoss)goB1o (3)} were  changesfrom 0.3593t0 0.3602 nm during the same heat
amorphous. X-ray and electron diffraction patterns contreatment. In (NjsMo03s)9oB10 alloy it decreases from
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Figure 2 DSC data (20 K/min) for (NioM030)90B10 (a) and (N#oM030)95B5 (b) alloys.

0.3600to0 0.3597 nm when the annealing time increaseamorphous matrix between them. The nanocrystals are
from 5 to 144 h. separated from each other by the remaining amorphous
When the annealing time increases above 240 Iphase. Fig. 4 shows the HREM image of this structure
the nanocrystalline structure decomposes witiMdi,  (the underfocusing was49 nm and it corresponds to
Mo,B and Ni formation (the upper X-ray diffraction Scherzer defocusing). The average grain size increases
patterns in Fig. 3a, b). Itis seen from these figures thaslightly during the annealing at 60C and it practically
the intensity of the nanocrystalline phase reflectiongloes not change after the annealing more than 144 h.
decreases and the intensity okMio phase reflections The dependencies of the grain sizes on the annealing
increases when the nanocrystalline phase decomposésne are shown in Fig. 5 for all alloys studied. The grain
As itwas mentioned above the crystallization leads tcsize shown in this figure is determined from TEM data.
the formation of FCC nanocrystals representing a solid The grain size does not exceed 28 nm, so we
solution of Mo and B in Ni. The structure of annealed can conclude that all alloys have a nanocrystalline
samples consists of two phases: FCC nanocrystals arsdructure. This structure is shown in Fig. 6 for the
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Figure 3 X-ray diffraction patterns of the alloys annealed at 6G0(NizoM030)g5Bs5 (), (NizoM030)90B10 (b). The arrows show the position of FCC
phase reflections.
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(NizoMo30)90B10 alloy annealed for 24 h. According to crohardness increases with the annealing time for all
the TEM data the grain size is about 15.5nm in thisalloys studied and reaches the same value for all al-
sample. However, it is about 20 nm according to X-rayloys after about 100 h. This dependence (Fig. 7) corre-
diffraction data. In order to clear the matter up we pol-lates with the dependence of grain size on the annealing
ished the sample surface to a depth q@fr. In this time (Fig. 5). It should be noted that microhardness de-
case the grain size determined from X-ray data is equadreases sharply in all alloys when the nanocrystalline
16 nm. Due to the thinning process the TEM data isstructure decomposes.
obtained from the central part of the samples. The lat-
tice parameter is 0.3956 nm near the surface and it is
0.3954 nm at a depth of/8m. 4. Discussion

The microhardness of the as-cast ribbons is highas it was mentioned above, all as-prepared alloys
est in the ribbons with 10 at % B. The influence of were amorphous. According to DSC and structure
an annealing treatment is shown in Fig. 7. The mi-investigation data the alloys crystallized by primary
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Figure 4 HREM image of (N#oM030)90B10 alloy annealed at 600C for 1 h.

[
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other hand, the composition of precipitated crystals
* change during the annealing as well. The change of
* the nanocrystal composition leads to the lattice para-
meter change. As indicated above, the lattice para-
* meter increases in (NM030)90B10, it does not practi-
cally change in (NigM030)95B5 and slightly decreases
o in (NigsM03s)90B10 alloy during the annealing. Mo is
known to increase the lattice parameter of Ni, whereas
o o incorporated B leads to a decrease. The observed
® change of lattice parameter can be explained as follows.
The equilibrium concentration of the Mo in FCC-Ni is
known to be 13.6 at % at 60C [12], the equilibrium
concentration of the B in FCC is less than 1 at %. From
. . . . the Thompson-Freundlich equation [13] itis known that
ST e very small crystals can solve a higher amount of solvent
0 50 100 150 200 250  as compared to the stable phase diagram. Immediately
Annealing duration, h after the formation the nanocrystals represent the su-
Figure 5 Change of the average grain size during the annealingpersatura‘ted_SOIId solution of M_O and B in F,C_:C'Nl' It
of (NizoMoao)eoBio (rhombs), (NioMoso)esBs (circles) and — S€ems plausible that the chemical composition of the
(NigsMo3s)a0B10 (stars) alloys. nanocrystals was different at the early stage of the an-
nealing because of the difference in the chemical com-
position of the alloys. The different supersaturation of
crystallization mechanism at heating. The FCC crystalshe nanocrystal lattice by Mo and B leads to the dif-
of Ni-based solid solution precipitate from an amor-ferent values of the lattice parameters. The maximal
phous matrix on primary crystallization. Since che-value of the lattice parameter was observed in alloy
mical composition of the crystals formed during the with the greatest concentration of Mo (g81035)90B10
primary crystallization differs from those of the ma- alloy) and in the alloy with minimal boron concentra-
trix, chemical composition of remain amorphous phasdion ((NizoM030)95Bs alloy). When the boron concen-
changes during the crystallization. In our case thedrationincreases (the (WMo30)90B10alloy incompare
amorphous phase becomes enriched with Mo and Bvith (NizgM030)95Bs alloy) and the Mo concentration
when the part of crystalline phase increases. On thdecreases (the (MMo030)90B10 alloy in compare with
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Figure 6 The structure of (NipM030)90B10 alloy annealed for 24 h: bright field image (a) and dark field image (b).

(NigsMo3s)90B10 alloy), the nanocrystals form with the simultaneous diffusion of Mo and B, as it was observed.
lesser lattice parameter. The simultaneous diffusion oThe nanocrystals in the NiM03g)95B5 alloy contain

Mo and B from the nanocrystals takes place during théess amount of B then those in the other alloys and more
annealing. The release of the largest amount of the Mamount of Mo than (NikM03g)90B10 alloy. Therefore
(together with the B) from the nanocrystals (in com-the simultaneous diffusion of Mo and B does not lead
pare with the other alloys) leads to a slight decrease afo the appreciable change of the lattice parameter. It
the lattice parameter. Since the minimal amount of theshould be noted that all observed lattice parameters are
Mo releases from the nanocrystals in {f030)90B1o0 more than the lattice parameter of the pure FCC-Ni
alloy, the lattice parameter should increase owing to th€0.353 nm). It means that the nanocrystals contain the
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time increase. The amorphous matrix locates between
8 the nanocrystal grains so that it seals the grains off
8 from each other and prevents the nanocrystal growth at
the cost of each other. In such a manner the amorphous
matrix determines the thermal stability of the nanocrys-
talline structure. As the data of DSC suggest (Fig. 2),
the crystallization temperature of the amorphous alloys
increases with the increase of Mo and B concentra-
© tions. So, the chemical composition of the amorphous
matrix changes during the annealing resulting in a in-
creasing of its crystallization temperature, i.e., thermal
stability. In Fe-B metallic glasses it is known that Mo
additions increase the crystallization temperature sig-
nificantly [15].
The study of the nanocrystalline structure evolu-
400 - E— E— tion to the point of the decomposition has a signifi-
0 100 200 300 cant place in the analysis of the structure stability. It is
Annealing duration, h not clear yet what phases form from the nanocrystals,
what phases form from the amorphous matrix. In all al-
Figure 7 Microhardness  dependence on annealing time forloys the nanocrystalline structure decomposition leads
(Ni7zoMog0)0B1o ~ (rhombs),  (NjoMogo)esBs  (circles) —and g the formation of NiMo, Mo,B and a small amount
(NissMoss)ooBio (Stars) alloys. of Ni. According to the X-ray diffraction during de-
composition of the nanocrystalline phase the amount of
FCC phase has been observed to decrease at the same
large amount of Mo at the all stage of the nanocrystime when the NjMo phase is formed. Therefore, the
tal existence. The molybdenum concentration in theNisMo phase forms probably from the nanocrystalline
nanocrystals estimated by the Vegard equation is abowwupersaturated solid solution. The Ni is known to ex-
20 at %. These estimations ignored the boron presencahibit a FCC lattice (Fm3m space group) [16] which can
It should be mentioned that the nanocrystal lattice pabe described as a three-layer packingABCABC. ..
rameter is practically the same in all alloys at the lastwith dense-packed layers perpendicular to [111] direc-
stage of the nanocrystal existence; it allows to say abouton. The NgMo phase has the distorted two-layer hexa-
the same chemical composition of the nanocrystals. gonal packing (Pmmn space group). In this lattice the
It is significant that the grain size calculated from dense-packed layers form a ABABAB. .. sequence
X-ray data (Clk,-radiation, the penetration depth is perpendicular to the [010] direction and consist of Ni
about 4um for (111) reflection) was always larger than and Mo atoms, they are distorted through the size effect.
the grain size calculated from TEM data (information The transition from FCC supersaturated solid solution
from the central part from the samples). The X-rayto the NgMo phase structure is possible by the shift
diffraction and TEM data coincide when the sampleof the hexagonal layers of the FCC solid solution and
surface was polished (to a depth gft8). The lattice the change of the three-layer hexagonal ABCABC
parameter changes in this case as well. This differencpacking to the two-layer ABAB. . packing. The atom
in the grain size (and lattice parameter) can be due taisplacement is 0.0147 nm at the shift, this distance
the different chemical composition in the near surfaces significantly shorter than the lattice parameter. The
layer and in the bulk. The lattice parameter decreasingransition from FCC supersaturated solid solution to
with the depth increase was suggested to be attributetthe NsMo phase structure can proceed for example by
to the depletion in B of the near surface layer. As il- dislocation mechanism as in the well known Co trans-
lustrated in Fig. 5, the grain size of the nanocrystallineformation [17]. It should be noted that the Ni-based
structure increases when the boron concentration deranocrystalline phase has a numerous twins and stack-
creases from 10 to 5 at %. Therefore one would expedng faults [18] and the stacking faults in FCC structure
the increasing of the grain size (and the lattice parameare known to be the part of the HCP structure. More-
ter) with the depletion of the near surface layer in boronover, such transition requires an insignificant diffusion
The nanocrystalline structure has a high thermal staredistribution of the alloy components because the Mo
bility in the studied alloys. The average grain size isconcentration in the solid solution is close to the Mo
about 15-25 nm depending on the heat treatment. Theoncentration in the NMo phase. For a final conclu-
annealing temperaturg, is about 06T, (T, is melt-  sion whether the decomposition of the nanocrystalline
ing temperature), this temperature is high enough fostructure and formation of the o phase proceeds by
the recrystallization process in usual alloys with thea dislocation mechanism or by nucleation and growth
fine grains [14]. However, marked grain growth wasfurther investigations are necessary.
not observed. Let us consider a possible reason. The The change of microhardness during the annealing
grain size increases during the annealing. This increass shown in Fig. 7. The microhardness of all alloys in-
is pronounced at the early stages of annealing, then thereases with the increasing of the annealing duration
grain size is practically constant. The amorphous mafand with the increasing of the grain size). Since the
trix becomes enriched with Mo and B with annealingyield strengtho, ~ H, /3, it means that the observed
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dependence of the yield strength on the grain size isrystallization temperature of amorphous matrix in-
inverse to the Petch-Hall equatios, (= 0o + Ky/,/d,  creases during the annealing owing to the enriching
whereo, is the yield strengthgy is the friction stress  with B and Mo.

required to move individual dislocation independing 3. The microhardness has been observed to increase
on the grain size, Kis a positive constant of yielding when the nanocrystalline structure is formed and in-
associated with the stress required to extend disloereases further with the growth of the nanocrystals. This
cation activity into adjacent unyielded grains [19]. behavior is inverse to Petch-Hall law and it may be ex-
Therefore, the Petch-Hall equation may be replaced bplained by the increase of the B and Mo content in the
H, = Ho + Kn/4/d, whereH, and K, are appropriate amorphous matrix.

constants associated with the hardness measurements4. The nanocrystalline structure decompose during

The experimental dependence obtained is not explairfurther annealing into the equilibrium phases;Mo,
able on a basis of dislocation interactions (Petch-HalMo,B and Ni. The NjMo phase may be formed from
equation). The inconsistentence with the Petch-Halthe nanocrystalline solid solution.

equation was observed in [7] for the nanocrystalline
alloys produced by controlled crystallization of amor-

phous Zr-based alloys. Authors of papers|[6, 7] assumeﬁ"_k“°W|ec'9‘9me“t ,
that the microhardness of the nanocrystalline alloys isl his workwas performed as a part of the projects 96-02-
influenced by the presence of an amorphous matrix. 149582 (RBRF). Financial support of RBRF is gratefully

our case it is also reasonable to suggest that the all

knowledged. The authors are grateful to Dr. A. Gurov

strength can be attributed to the strength of amorphoufr DSC measurements.

matrix. We assume that the strengthening of the amor-
phous matrix results from the alloy component redis-
tribution when the crystals form and grow. The amor-

well as amorphous) with the higher concentration of B

and Mo exhibit a higher hardness (see for example the*

initial points in Fig. 7). The composition of the remain-

ing amorphous matrixes should be similar in all alloys 5

studied, but the volume fraction depends on the con-

centration of B and Mo in the as-cast alloy. This should 6.

lead to a higher hardness of the alloys with more B

or Mo. On the other hand, it should be noted that the ”
microhardness is practically the same (with regard tog

the experimental errors) in all alloys at the stage of the

“stable” nanocrystalline structure although grain sizes 9.

are different. The largest grain size which was observed
in the alloy with highest content of B and Mo should re-
sult in the lowest hardness. These two opposite effects

are assumed to compensate each other. 11.
12.
5. Conclusions 13,
1. Crystallization of amorphous (NM030)90B10,
(Ni70|\/|030)g555 and (NB5M035)90810 aIons at 600C 14.

leads to the formation of nanocrystalline structure; the

nanocrystal size is 15-25 nm and increases slightly witH>-

the annealing time.

2. The lattice parameters of nanocrystals depend o
the alloy composition and the annealing duration:
Whereas in (NigM03g)90B1o and in (NizgM030)9sBs

(NigsMoss5)g0B10 Was found. These changes are at-

tributed to the different initial composition of the 19

nanocrystals and to the simultaneous diffusion of Mo
and B from the nanocrystals to the amorphous matrix.
2. The stability of the nanocrystalline structure re-

16.
n

17.
an increase was observed, a slight decrease itf:
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