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Abstract. Indentation is an attractive method for studying the deformation behavior of amorphous alloys for a number of reasons: not being specific
to the sample size, these tests are easy to perform and do not lead to macrofracture; plastic deformation in the material is locally limited, which facili-
tates the study of plastic flow in the zones surrounding and located under the indenter; direct comparison of indentation results with responses, for
example, to bending or tension further makes the indentation method an effective “probe” for understanding the physics of plastic deformation and
fracture of amorphous alloys. The morphology of microprints of melt-quenched ribbon of Co,, ;Fe  .Cr,Si.B,, amorphous alloys subjected to heat
treatment in a wide range of temperatures was studied after indentation on an elastic substrate. Structural-phase transformations were controlled
by X-ray structural analysis and differential scanning calorimetry. We discovered characteristic modifications in the patterns of their deformation
and fracture during the transition from amorphous to crystalline state. Three temperature ranges with characteristic deformation zones on the surface
of the studied samples were established. At I < T, amorphous alloy demonstrates unique plasticity. The shear bands appear around the imprint
only at the maximum load on the indenter. 7, < T < T, is a transitional interval, since cracks do not form at lower temperatures, and there are no shear
bands at higher temperatures. The alloy is in an amorphous but brittle state, so radial and ring cracks, as well as spalls, are observed. The interval
T,<T,<T,, corresponds to the final transformation of the alloy into a crystalline state; symmetrical patterns of fracture are formed, consisting

of square crack networks. It is possible to give an approximate express assessment of the structural state of amorphous alloys based on an “atlas”

of local loading zones (presence/absence of shear bands, cracks, their relative position) compiled taking into account the corresponding temperature
intervals under different loads.
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AHHOmayus. VHaeHTHpOBaHNE ABISIETCS MPHUBICKATEIFHBIM METOAOM UL U3ydYeHHS Ae(OPMAIIMOHHOTO MOBEACHUS aMOP(HBIX CIUIABOB IO PSIIY
MPUYUH: He OyIyuH cielu(pUUHBIMU K pa3Mepy 00pasLia, 3TH HCIILITaHUS IPOCTHI B BBITTIOJIHEHUH U HE TPUBOJISIT K MAKPOPA3PyLIEHHIO; IUIacTHYeCKast
nedopManus B MaTepuajle OrpaHHYeHa JIOKAIbHO, YTO 00IerdaeT H3ydeHNe IIIAaCTHYECKOrO TCUCHHS B 30HAX OKPY)KAIOIINX U HAXONAIIUXCS TI0X
UHJEHTOPOM; NPSIMOE CPABHEHHE PE3YJbTATOB MHICHTHPOBAHUS C OTKIMKAMHU, HAIPUMEp, HA M3MMO WM PACTSKEHUE JOIOIHUTENIBHO JeIaeT
METOJ HHICHTHPOBAHUA d(P(HEKTUBHBIM «30HIOM» I MOHUMaHHA (HH3UKU MIACTHYECKON Ae(OopMAIMy U pa3pyIleHHs aMOPHBIX CIUIaBoB. B
HAcTOAIIEH paboTe NMpeICTaBlIeHbI Pe3y/bTaThl UCCIIEA0BAHUH MOP(OIOrUH MUKPOOTIIEUATKOB ITOCIIE HHASHTHPOBAHUS Ha HIIACTUYHOH TO/TOKKE

JICHT OBICTPO3aKaNCHHBIX aMopHbIx crutasos Co, Fe, (Cr,Si B, noxBeprayTpix TepMu4ecKoi 06padoTKe B IIMPOKOM AHAIA30HE TEMIICPATYP.

CrpyKTypHO-(a30BbIe MPEBPALICHUsT KOHTPOIMPOBAINCH TPOBEACHUEM PEHTTEHOCTPYKTYPHOTO aHain3a M aAuddepeHualbHO-CKaHUPYIOeH

kanopuMmeTprei. OOHapy>KeHbI XapaKTepHbIe BUIOU3MCHCHHS KapTHH HX Ae(OpMAIHU U pa3pyLIeHUs MIPH Iepexoae H3 aMop(HOro B KpucTai-

JIMYECKOE COCTOSHHUE. YCTAHOBIICHBI TPH TEMIIEPATYPHBIX MHTEPBAJIa C XapaKTePHBIMU 30HaMH 1€(OPMUPOBAHHUS HA TOBEPXHOCTH MCCIIENLYEMbIX

obpasuos. [pu 7, < T, aMOpGHBII CIUIaB IEMOHCTPHPYIOT YHHKAIBHYIO IIACTHYHOCTD, IPH MAKCUMAIbHOH HAarpy3Kke Ha MHICHTOP IOSABIA-

IOTCsI TOJIBKO IOJIOCHI CLIBHIa BOKPYT oTreyarka. Murepsan T, < 7, < T, — epeXOAHbII, Tak KaK Ipy 60jiee HU3KHX TeMIIepaTypax He obpasyrorcs
TPELIMHEL, a IpH 00Jiee BEICOKHUX HET MONOo¢ cABHUra. CIutaB HaXOOUTCSA B aMOP(GHOM, HO OXPYIYEHHOM COCTOSHUH, IO3TOMY HAaOMIONAOTCS PaIi-
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QIbHBIC M KOJIBLICBBIE TPEIMHBI, & TAKKE OTKOJIbI. MuTepBan T, < T’ < Tcrys COOTBETCTBYET OKOHYATEJILHOW TpaHC(HOPMALMH CIIJIaBa B KPUCTAIUIHU-
YECKOEe COCTOSHUE, (POPMUPYIOTCS CUMMETPHYHbBIE KAPTUHBI Pa3pyLICHNUs, COCTOSMINE U3 KBAJPAaTHBIX CETOK TpeIuH. Takum o6pa3oM, Ha OCHO-
BAHUU COCTABJICHHOT'O C YYETOM COOTBETCTBYIOIIMX TEMIIEPATYPHBIX MHTEPBAJIOB «aTIaca» 30H JIOKAJILHOTO HArpyXeHUsl (HAJIMYUe/OTCYTCTBHE
0JIOC C/ABUTA, TPELIMH, X B3aMMHOE PACIIOIOKEHHE) IIPU Pa3HbIX HArpy3Kax BO3MOXKHO JaTh MPUOIMKEHHYIO SKCIPECC-OLEHKY CTPYKTYPHOIO

COCTOSTHMSI aMOP(HBIX CILIABOB.

Kniouesvle ca08a: amopdHbIi CIIaB, TPEIMHA, 10JI0CA CIBUTA, HHACHTUPOBAHUE, OTIEYATOK, CTPYKTYPHOE COCTOSHUE, OXPYITUYUBaHHUE, AedopMarus,

paspyuieHue, TepMuaeckas oopadboTka
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[ INTRODUCTION

The process of amorphization, achieved by ultrara-
pid melt-quenching, allows for the production of homo-
geneous multicomponent amorphous alloys (AA).
By varying the conditions of melt-quenching, it is pos-
sible to significantly expand the range of mutual solu-
bility of elements, enabling a broader variation of AA
properties compared to crystalline materials [1 —4].
If heat treatment is also applied, a wide range of inter-
mediate states can be obtained — from “purely” amor-
phous to amorphous-nanocrystalline and fully crys-
talline — enabling the creation of unique and diverse
amorphous systems (metastable forms of binary, ter-
nary, and multicomponent alloys) [5 — 7]. By adjusting
the composition and applying controlled heating, it is
possible to achieve useful and predefined physical proper-
ties, expanding the application of AA in engineering and
industry as structural and functional materials [8 — 11].
The excellent magnetic properties of AA are comple-
mented by other valuable characteristics such as high
strength, hardness, electrical resistivity, corrosion resis-
tance, and satisfactory plasticity. However, when applied
in practice, issues such as thermal stability, embrittle-
ment, and spontaneous crystallization at elevated tem-
peratures are of particular concern [12 — 14]. To evaluate
the structural-phase state of AA, a comprehensive set
of research methods is used (e.g., transmission electron
microscopy (TEM), X-ray structural analysis, differential
thermal analysis, etc.). Some of these methods require
multi-stage sample preparation and involve lengthy and
labor-intensive phase identification processes. Moreover,
when AA has been processed at temperatures below crys-
tallization and remains in an amorphous state, there are
significant challenges in studying the amorphous struc-
ture. Even high-resolution TEM and EXAFS-spectros-
copy (Extended X-Ray Absorption Fine Structure) cannot
definitively provide information about atomic arrange-
ments and positional changes during relaxation. Studying
structure-sensitive property responses (mechanical, elec-
trical, chemical, magnetic) allows the analysis of struc-
tural relaxation processes [15 — 17].

Currently, the micro- and nanoindentation is an infor-
mative method for investigating the mechanical charac-

teristics of melt-quenched amorphous alloys (hardness,
Young’s modulus, fracture toughness) [18 —22]. This
method is also valuable for understanding the micro-
mechanisms of their deformation, as it allows for
the visualization of the deformation pattern and
the assessment of the extent and shape of deformation
zones in correlation with the structural state of the amor-
phous alloys. Indentation testing is an excellent tool
for such studies, especially when only a small amount
of material is required. Deformation during indenta-
tion is essentially stable, at least macroscopically, since
the contact area between the indenter and the deformed
material increases during indentation to accommodate
any applied load. However, local loading of amorphous
alloys has several specific features related to their unique
geometry — small thickness of amorphous alloys ribbons
and the qualitative difference between the contact side
(adjacent to the quenching drum during production) and
the free side of the ribbon [23]. Moreover, plastic flow
in amorphous alloys under high stresses and low tem-
peratures occurs non-uniformly, localizing in shear bands
along planes of maximum shear [24; 25]. The formation
of these shear bands is associated with localized atomic
rearrangements correlated with regions of excess free
volume [26 — 28]. Shear bands are crucial for the defor-
mation behavior of amorphous alloys, and controlling
them is equivalent to managing the plasticity and fracture
of the material.

The aim of this work is to study the mechanical beha-
vior of heat-treated thin melt-quenched amorphous alloy
ribbons during microindentation, specifically to reveal
the patterns of deformation zone modification and surface
microfracture of amorphous alloys around the imprints
formed by the Vickers pyramid, as the annealing tem-
perature increases.

[l MATERIALS AND METHODS

The object of the study was an amorphous alloy
Co,, sFe, Cr,Si.B ¢ (at. %), produced by melt-spinning
process in the form of a ribbon with a thickness of 30 pm
andawidth of20 mm. Alloy samples measuring 15%20 mm
were subjected to vacuum annealing in the temperature
range of 7/ =538 —823 K for 10 min. Afterward, they
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were fixed using an elastic substrate — “Moment” glue
(20.52.10.190 OKPD 2 / GOST 22345-77) with a thick-
ness of approximately 1.0 —1.5mm on a steel plate.
As a result, a composite blank was formed (Fig. 1, a).

Indentation was performed on the free side
of the amorphous alloy ribbons across a wide range
of loads (0.3 —2.0 N) using a PMT-3M microhardness
tester (LOMO). It is important to note that local loading
on a hard substrate (for example, putty) presents a fun-
damentally unavoidable difficulty: cracks may initially
form in the substrate and subsequently initiate the failure
of the coating, i.e., the amorphous alloy.

The macroscopic plasticity behavior of the amorphous
alloys was assessed by the U-method (by bending defor-
mation). For this, the sample was placed between two flat
parallel plates, and as the plates moved closer together
at a constant speed, the distance ¢ at which the bent sam-
ple fractured was determined (Fig. 1, ). The plasticity

measure £, was taken as the ratio

Lk
T d—-n

where /4 is the thickness of the ribbon.

The ductile-to-brittle transition temperature 7 " was
calculated as the average temperature between 7', and T,
where T, — is the highest annealing temperature at which
g =1, and 7, is the lowest recorded temperature at which
a sharp decrease in plasticity occurs (8f — 0).

The crystallization temperature was assessed using
differential scanning calorimetry on a DSC 8271 analyzer
(Rigaku). The transition from the amorphous to crystal-

a b

Fig. 1. Scheme of mechanical tests of ribbon of amorphous alloys:
a — microindentation (/ — steel base, 2 — substrate,
3 — sample of amorphous alloy, 4 — imprint, 5 — Vickers pyramid);
b — U-method (/ and 2 — fixed and movable plates,
3 — sample of amorphous alloy)

Puc. 1. Cxema MexaHM4YeCKUX UCTIbITaHUH JIeHT AC:
a — MUKpOMHJIeHTHpOBaHue (/ — CTanbHasi OCHOBA, 2 — MOJUIOKKA,
3 — obpasen AC, 4 — oTrieuarok, 5 — nupamuaa Bukkepca);
b — U-meton (I v 2 — HETIOABWKHAS M MTOJIBYDKHAS TUIACTHHBI,
3 — obpaszer; AC)
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line state during heat treatment was monitored through
X-ray structural analysis using the ULTIMA IV multi-
functional diffractometer (Rigaku).

[ RESULTS AND DISCUSSION

The experiment revealed that during the indenta-
tion of the Co,, Fe ,Cr,Si,B,., amorphous alloys, as
they transition from the amorphous to the crystalline
state during annealing, there is a significant evolution
in the micro-patterns of their deformation and fracture.
Fig. 2 illustrates the variety of morphological modifica-
tions on the surface of the amorphous alloy following
indentation with different loads.

As the alloy is heated, distinct patterns in the forma-
tion of deformation zones become apparent. In the tem-
peraturerange 7, < 613 K, typical indenter imprints are
observed at low loads, while at higher loads, the imprint
is surrounded by shear bands (Fig. 2, a, b). Shear bands
represent a phenomenon of plastic instability, where large
shear deformations are localized within a relatively nar-
row band during material deformation. In the tempera-
ture range of 613 K <7 <748 K, straight radial cracks
appear in the area of local loading on the amorphous
alloy (Fig. 2, ¢). Some of these cracks may intersect with
ring cracks (Fig. 2, d). Despite the embrittlement, plas-
tic deformation of the amorphous alloy remains possible
(with occasional shear bands) up to 7 = 748 K. Finally,
in the heating range of 748 K < T <803 K, the imprints
predominantly form a network of cracks oriented parallel
to the faces of the indenter pyramid (Fig. 2, ¢). Addition-
ally, ring cracks may form further away from the indenta-
tion zone (Fig. 2, f).

After indentation at the maximum load of P=2N,
the annealing temperature 7, at which the first cracks
formed and propagated in the amorphous alloy samples
with a probability of no less than 0.5, was determined
to be 7 = 628 K [29]. The Ter established on the elas-
tic substrate effectively represents the ductile-to-brittle
transition temperature of the amorphous alloy, closely
matching the independent test data from U-bend testing
of amorphous ribbons: I,=613K (Fig. 3).

Subsequent attention was focused on calorimetric
and structural studies to clarify the temperature ranges
of phase transitions that the AA Co,, Fe, Cr,Si.B ¢
amorphous alloy undergoes. According to DSC data,
the crystallization temperature of the studied amorphous
alloyis 7. =803 K (Fig. 4).

crys

According to structural studies, the formation
of the first nanocrystals in the amorphous matrix, corres-
ponding to a-Co with an HCP lattice (a=b=2.514 A,
c=4.105 A), occurs after annealing above 688 K [30].
As the temperature increases, an intensification of crystal-
lization processes and an increase in the volumetric frac-
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Fig. 2. Atlas of deformation and fracture patterns of annealed Co,,

Fe, Cr,Si
a-T =513K,P=05H;b-T =573K,P=15H;c-T, =673K,P=12H;

d-T,=728K,P=10H;e-T,=7713K,P=1.1H;f~ T, =800K, P=13H

B, amorphous alloy during indentation on an elastic substrate:

7718

Puc. 2. Atnac xapTus nedopmanun 1 pazpymenus ortoxoxeHHbIX AC Co

Fe, 5Cr“Si B¢ P11 MHIEHTUPOBAHKY Ha DNIACTHYHOH MOIOKKE:

70,5 7

a-T,=513K,P=05H;b-T,=513K,P=15H;¢c-T,=673K, P=12H;
d-T,=728K P=10H;e~T,=773K,P=1,1H;/~T,=800K, P=13 H

tion of crystalline phases are observed. Along with a-Co,
the B-Co phase with an FCC lattice (a = b = ¢ = 3.554 A),
appears, as well as Co,Si, Co,B, Co,B, Co,B (Fig. 5).

By comparing the morphological atlas of the sur-
face of the annealed Co—Fe—Cr—Si-B amorphous alloy
after indentation (Fig. 2) with the results of its structural
changes (Figs. 4, 5), three temperature ranges can be
distinguished. The transition from one range to another
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0
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Fig. 3. Plasticity behavior of Co, ;Fe, Cr,Si,B

during heat treatment

amorphous alloy

718

Puc. 3. TTosenenue miactuunoctu AC Co70 sFe, 5Cr4Si7B18
IIPH TePMUYECKOi 00paboTKe

results in changes in the characteristic deformation and
fracture patterns, which are a consequence of ongoing
structural relaxation processes and subsequent crystalli-
zation [31].

*At T, <T,, the amorphous alloy demonstrates
its unique plasticity, where even the maximum load on
the indenter can only cause highly localized plastic defor-
mation in the form of shear bands around the imprint.

10

0, mW

8
6
4L
2
0

2ot
4t

_6 | | | | | | |
550 600 650 700 750 800 850 900 950

T,.K

an?

Fig. 4. DSC curve of Co, ;Fe, ,Cr,Si,B,; amorphous alloy during
heating at a rate of 20 °C/min

Puc. 4. Kpusast JICK AC Co,, ;Fe, ,Cr,Si,B, ipu Harpese
co ckopocthio 20 °C/mMun
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2
7]
=
L
= 3
| | | |
4
| | | |
5
| | | |
40 60 80 100 120
20, deg
Fig. 5. X-ray spectra of Co. ;Fe  Cr,Si.B, ¢ amorphous alloy

after annealing (Cqu-radiation):
823 K (7); 763 K (2); 723 K (3); 623 K (4); without annealing (5)

Puc. 5. PentrenoBckue criektpsl AC Co70,5F<30!5Cr4$17B18

nocine omkura (CoK -u3iyueHune) Npu TeMIeparype:
823 K (1); 763 K (2); 723 K (3); 623 K (4); 6e3 omxmura (35)

L <T, is transi-
tional, as no cracks form at lower temperatures (for
Co,, ;Fe,Cr,Si.B,,, the temper brittleness temperature
is T =613 K), and at higher temperatures, shear bands
are absent (the temperature of complete disappearance
of shear bands for Co, . Fe, Cr,Si.B,  is T, =748 K).
In this temperature range, the amorphous alloy is still in
an amorphous but embrittled state due to the ductile-to-
brittle transition phenomenon. Therefore, large radial and
ring cracks, as well as spalls, are observed.

* The temperature range 7,<7, <T

* The range T\, < T, < T, corresponds to the final
transformation of the amorphous alloy into a crystalline
state (for Co,, ;Fe .Cr,Si,B, ¢ T,.= 803 K). A distinctive
feature of this range is the formation of relatively sym-
metrical fracture patterns consisting of square crack net-

works nested within each other.

560

- CONCLUSIONS

Using the example of melt-quenched amorphous alloy
ribbons of the Co—Fe—Cr—Si—B system, it was demon-
strated that indentation on an elastic substrate with dif-
ferent loads enables an approximate express assessment
of the structural state of the amorphous alloy. This is due
to the fact that the deformation and fracture zones formed
under the indenter (presence/absence of shear bands,
cracks, their mutual arrangement) are highly structure-
sensitive and exhibit characteristic features in specific
annealing temperature ranges.

Overall, indentation testing is an attractive method for
studying the deformation behavior of amorphous alloys
for the following reasons. First, these tests are easy to per-
form and do not lead to macrofracture, as they are not
specific to the sample size. Second, plastic deformation
in the material is locally confined, facilitating the study
of plastic flow in the zones surrounding and located under
the indenter. Moreover, direct comparison of indentation
results with responses, such as to bending or tension, fur-
ther makes the indentation method an effective “probe”
for understanding the physics of plastic deformation and
fracture in amorphous alloys.
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