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Quasi-crystals

Residual stresses in Tiyq 5Zr 4 sNi4-
quasi-crystalline ribbons measured by X-ray
diffraction

S.Malykhin

National Technical University "Kharkiv Polytechnical Institute”,
21 Frunse St., 61002 Kharkiv, Ukraine

Received April 5, 2007

Using X-ray diffraction, strain measurement, scanning electron microscopy, and micro-
probe analysis, structure, composition and stress state were studied in Tiyq 5Zryq 5Nij;
quasi-crystalline ribbons prepared by one-side melt solidification on the rotating wheel.
The macro-stresses have been found to be distributed inhomogeneously across the ribbon
section. On the side contacted with cooler, compressive stress up to 130 MPa acts, while
the stress sign changes at the opposite side. The total level of residual stresses is defined
by the quenching rate from melt. The observed peculiarities of stress distribution along
the normal to solidification front are explained by temperature field inhomogeneity across
the ribbons as well as by release of the solidification heat.

MeTogaMu pPeHTTeHOBCKON AU(PPAKTOMETPUU U TEH30METPHUHU, PACTPOBOIl 3JIEKTPOHHOIL
MUKPOCKOIUU U MUKPO3OHAZOBOTO aHAJM3a HCCJIEeJOBAHBI CTPYKTYpPAa, COCTAB U HAIPIKEHHOE
COCTOSIHNE KBAa3UKPHUCTAJIHYECKUX JIeHT Tiyy 520, sNiyj7, mMoTyueHHEIX MeTOmOM conmauduKa-
UM U3 pacljaBa Ha OJHOCTOPOHHEM BpAaIlaiollleMcs AUCKe. ¥ CTAHOBJIEHO, UTO MaKpPOHAIPS-
JKeHUs HeOoTHOPOTHO pacipeesieHbl M0 ceueHU0 o0pasioB. CokuMarolie HAIPAKeHUI BeJIu-
yuHoit ;o 130 MIla geiicTBYIOT B JIeHTaX CO CTOPOHBI, KOHTAKTUPOBABIIIEH ¢ OXJIaAUTEJIeM, a
K IIPOTUBOIIOJIOKHOM MOBEPXHOCTU 3HAK HANpAKeHUil nsMmeHnserca. OOIUil ypoBeHb OCTATOU-
HBIX HANPAKEHUH ompefesseTcsd CKOPOCTHIO 3aKaJKU U3 paclaBa. BoIABIeHHBIe 0COOEHHOC-
TH HAOPAKEHHOTO COCTOSHHUSA BAOJb HOPMAJU K (PPOHTY 3aTBepAeBaHUA OOBICHAIOTCA He-
OJHOPOJHOCTHIO TEMIIEPATYPHOTO IOJIS IO CEeYEeHUIO JeHT U BbIJeJeHHeM CKPBITON TeIlIOThI
3aTBepAeBaHU.
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ous unique physical properties as compared

D.Shechtman et al. in 1984 [1] form a new
class of solids [2, 3]. Their structure cannot
be formed by translation rotating the classic
Bravais lattices. The most wide-spread
quasi-crystals are icosahedral ones. Those
include multi-atomic clusters (Bergman or
McCay or Tsai types) [4] consisting of icosa-
hedra and dodecahedra inserted into ach
other. Such a structure shows the five-fold
symmetry. The icosahedral quasi-crystals
(i-QCs) grown either as single grains or
polycrystals show a highly ordered atomic
structure, so, their diffraction patterns con-
sist of sharp and intense discrete peaks. The
unusual structure type of QCs causes vari-
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to crystalline phases. For instance, the prac-
tical interest in stable QCs of Ti—Zr system
[2, 5—8] is caused by their ability of accu-
mulating hydrogen in solid solution up to
the ratio H/Me = 2:1 [2, 9]. For Ti-Zr—Ni
QCs, the superconductivity transition was
found [10, 11] as well as unusual mecha-
nism of plastic strain [12, 13].

It is well known that many properties are
defined by structure and substructure per-
fection as well as by stress state of the
samples. Residual stresses exist in materials
or pieces in absence of external load. Thus,
all the forces and moments should be equili-
brated over the whole body. Usually, resid-
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ual stresses are due to inhomogeneous dis-
tribution of non-elastic size changes intro-
duced under technologic treatment [14—-16].
The method of one-side rapid quenching on
a wheel implies inhomogeneity both of ther-
mal field and plastic strain across the sec-
tion of thin ribbons; hence, the formation
of residual stresses is possible. An indirect
confirmation thereto is the ribbon bending
observed by many authors [2, 3]. The sam-
ples obtained are as a rule polycrystalline
and show a lot of diffraction reflections,
thus assuming the possibility of sinZy
method application to QCs. The aim of this
work is to prove experimentally the multi-
ple oblique scans method (well-known for
crystals) in the study of the 1st kind resid-
ual stresses (macro-stresses) in quasi-crys-
talline samples, and to establish the correla-
tion between Ti—Zr-Ni QCs technological pa-
rameters and the structure and stress state
thereof.

The samples were made of Tiyq 5Zrsq sNij7
alloy prepared by arc-melting the nominal
proportions of iodide Ti, Zr (99.9 mass. %
purity), and Ni after electron-beam re-melt-
ing (99.9 mass. % purity) in purified argon
atmosphere under 107® Pa with multiple
tumbling the melt to provide the homogene-
ity of the whole melt. Then, the ribbons of
15 to 100 pm thickness were obtained by
rapid quenching of homogenized melt on the
cooled copper wheel. The quenching regimes
were set by varying the wheel rotation lin-
ear velocity V from 10 to 25 ms~l. The
structure and stress state were studied by
X-ray diffraction (XRD) using Cu—K, radia-
tion. The crystalline phases were identified
using JCPDS card index [17], and QC
phase, using the technique described in [2,
18-20]. According to the scheme by
J.W.Cahn et al. [19], the indices (I, M)
were ascribed to the reflections of i-QC
phase. The quasi-crystallinity parameter
characterizing the QC structure perfection,
a,, was defined as

a, = A/ 4sind - \/1\; + =

Mt _d\N+ Mt
+ 12 2\/1 2’()

+ 1

with T = 1.618, that is "the golden mean”; 0,
diffraction angle; d, the measured interpla-
nar spacing. To study the residual stresses,
the standard sin?y method was applied [14,
15]. A series of scans at different tilt an-
gles y of the sample was made in 0 — 20
scheme. Then, interplanar spacings d were
calculated from the Bragg angles; quasi-
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Fig. 1. A typical X-ray diffraction pattern.
The reflections are identified by two Cahn
indices (N, M).

crystallinity parameters a, were calculated
from (1); and the plots a, vs sin?y were
constructed. In order to estimate the vari-
ations in structure and stress state across
the ribbon thickness, the samples were ana-
lyzed on both sides: on the side contacted
with quenching wheel (CS), and on the free
side (FS). Ribbon thickness was more than
30 um, i.e. exceeded by a factor of 4 the
X-ray half-absorption thickness for all the
samples studied. Thus, superposition of the
results measured on CS and FS was ex-
cluded. The X-ray studies were accompanied
by microstructure observations using scan-
ning electron microscopy (SEM) and by micro-
hardness measurements.

According to XRD and SEM data, the
samples studied were polycrystalline. The
grain sizes varied from 20 pm to 1 pm and
less, moreover, on CS, the grain size was
less than on FS. Increased quenching rate
resulted in smaller grains. Elemental com-
position attestations using X-ray fluores-
cence and micro-probe analyses have shown
the component average distribution being
practically homogeneous both over the sam-
ple surface and across its thickness, and the
composition corresponded to the formula to
within 0.5 at.%.

XRD patterns for all the ribbons were
practically the same, a typical pattern is
shown in Fig. 1. Phase analysis has shown
the presence of the only quasi-crystalline
icosahedral phase with primitive lattice.
The reflections from i-QC phase are ob-
served up to diffraction angles 20 about 120
to 140° that provides a precise determina-
tion of the quasi-crystallinity parameter a,.
To study the stress state, the reflection
with Cahn indices (136, 220) was chosen.
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Fig. 2. aq—sin2\|/ Plots constructed using the
scanning results for the free surfaces of the
samples prepared at the wheel linear velocity
(m/s): 10 (1), 15 (2), 19.5 (3) and 25 (4).

For this reflection, the component of dif-
fraction vector in perpendicular space is
small enough, thus, according to [21, 22],
the additional shift of diffraction maximum
due to QC specific defects (phasons) is prac-
tically absent.

The a, — siny plots are shown in Figs. 2
and 3. For all the samples measured, a lin-
ear dependence a, vs sin?y is observed.
Such a behavior indicates stress homogene-
ity within the range of X-ray absorption
layer. The positive slope of the plots in Fig. 2
shows the presence of residual tensile
strains at the FS of the ribbons. On the rib-
bon opposite side (CS), the a, - sinZy plots
demonstrate negative slope indicating the
presence of compressive strains (see Fig.3).
For the sample obtained at the lowest cooling
wheel velocity of 10 m:s™! (see plots 1 in Figs. 2, 3),
the slope of a, — siny-plots is almost zero,
i.e. no residual stresses are absent.

The residual stresses were estimated in
arbitrary azimuth direction ¢ using ap-
proximation of biaxial stress state accord-
ing to the expression

__E %%, 2
>
 1+v 4,0

where aq)l and ay, are quasi-crystallinity pa-

rameters for y =90° and y = 0°, respec-
tively, calculated from linear dependence aq
vs sin?y obtained using least square
method. The a,y value was found from the
equation sinZ\yO = 2v/(1 + v). The Poisson
coefficient v = 0.8 was taken as typical of
metallic alloys, while Young modulus was

measured previously using nano-indentation
method [12]. In Fig. 4, the calculated resid-
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Fig. 8. a —sin?y Plots constructed using the
scanning results for the contact surfaces of the

samples prepared at the wheel linear velocity
(m/s): 10 (1), 15 (2), 19.5 (3) and 25 (4).
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Fig. 4. Dependences of the residual macros-
tress value on the quenching rate for the free
(1) and contacting (2) sample surfaces.

ual macro-stresses at CS and FS are plotted
vs quenching wheel rotation linear velocity
V. It is seen that residual stresses, first,
vary across the sample section and are
equilibrated in the bulk, and, second, their
values depend on linear velocity V of the
quenching wheel surface.

It is well known that at the quasi-crys-
talline phase synthesis by solidification, it
is just the velocity V as well as temperature
conductivity and overcooling degree that de-
fine the quenching rate. The observed de-
pendence of residual stresses on quenching
rate implies that the stresses may be caused
by temperature gradient AT across the sec-
tion due to heat removal differences at the
opposite sides of the sample. As the solidifi-
cation front moves, the solidification rate
changes, and the structure is formed inho-
mogeneous along the normal to surface di-
rection. This is indicated by the observed
differences (see Fig. 5) between both quasi-
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crystallinity parameters @y and specific
volumes. At CS, the quasi-crystallinity pa-
rameter is found to be rather low and de-
pends weakly on the quenching rate V,
while at FS, it becomes higher and increases
steeper with V. Microhardness measure-
ments on both sample sides give different
values as well, and those vary as V in-
creases.

As neither Laves phase, nor o—Ti(Zr) one
stable over the peritectoid transition tem-
perature [8] were observed in diffraction
patterns, we believe the temperature gradi-
ent AT hardly exceeded 600°C. It is more
reasonable to assume the temperature gradi-
ent between FS and CS being 200 to 300°C.
Then, taking into consideration the tempera-
ture origin of the residual stresses, the val-
ues thereof indicate the linear thermal expan-
sion coefficient being (7 to 10)-1076 K~1 that
is a quite reasonable value.

Thus, the residual stresses were studied
in spinning-produced poly-quasi-crystalline
TI415ZI’415NI17 ribbons with thickness
<40 pm by the strain measurement tech-
nique using X-ray diffraction. The residual
stresses have different signs at the opposite
sides of the ribbons being compressive at
the side contacted with cooling wheel, but
tensile at the free side. Across the sample
section, the stresses equilibrate. It was
shown that the quenching wheel surface lin-
ear velocity increase from 10 to 19.5 m-s!
results in residual stress rising from 0 to
120 MPa. A further velocity increase leads
to a little drop of residual stresses. A possi-
ble cause of residual stresses is assumed to
consist in the inhomogeneous variation of
the specific volume due to heat field inho-
mogeneity across the ribbon section at the
sample preparation.
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3anumkoBi HanpyxeHHI y Tigq 5Zr44 sNiq7
KBa3iKpHCTAJTIYHUX CTPiYKaX, OTPUMAHUX
coaigudikamiero i3 po3maaBy

C.B.Manuxin

Metonamu peHnTreHiBchbKoi audparToMerpii Ta TeH3oMeTpii, pacTpPoBoi eJeKTPOHHOIL
MiKpocCKoIIil Ta MiKpPOBOHIZOBOTO aHAJII8Y AOCIiIKEeHO CTPYKTYpPY, (hasoBUM CKJAJ i HaIpyxKe-
HU#l CTaH KBa3iKPUCTATIUHUX CTPiUOK Ti41152r4115Ni17, OTPUMAHUX MeTogoM coiaixmdikarii 3
pO3IJaBy Ha OTJHOCTOPOHHLOMY AUCKY, IO 0obepTaeThbcAd. BeTaHOBIIEHO, [0 MaKpPOHAIPYKEH-
HA HEOZHODPiZHO posmoniseHi 3a mepeTuHoM 3pas3KiB. CTHUCKYOUI HANPYKEHHSA BEJIUYUHOIO IO
130 MIla giroTh B cTpiukax i3 cTOpPOHH, IO KOHTAKTYE 3 OXOJOIKyBaueM, a A0 IPOTUJIEIHK-
HOI TOBEPXHi BHAK HAIPYKEHb 3MIiHIOETHCSA. SarajJbHUIl pPiBeHb SAJTUIITKOBUX HAIPYIKEHDb
BUBHAYAETHCA IMIBUAKICTIO 3arapTyBaHHA 3 POSIIABY. BudABJeHI 0COBJIMBOCTI HANPYIKEHOTO
CTaHy Y3I0BXK HOpMaJi no ()POHTY 3aTBEePHiHHSA IOACHIOIOTHCA HEOJHOPIAHICTIO TeMIlepaTyp-
HOT'O IIOJIA 32 IEePeTHHOM CTPiYOK i BHAIJIEHHAM HPUXOBAHOI TEIJIOTU 3aTBEePHiHHA.
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