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Abstract: The universal generalizing approach for non-isothermal behaviour of different alloys was provided with the novel
deformation modelling. Results show that strong correlation can be found between the predicted model and experiment results, which
shows accurate estimation of main applied parameters, such as the linear thermal expansion coefficient. Necking contours and critical
thickness at corrugation for ribbon and rod specimens can also be calculated. Fractal analysis of corrugation folds (their main size)
was conducted for polycrystalline and amorphous ribbon specimens. Structural peculiarities at the plastic deformation stage were
investigated.
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response to thermal impact. Isothermal loading mode for

metallic alloys (i. e., heat transfer at non-room temperature)
1

1 Introduction

Study of elastic and plastic deformation is an essential,

can lead to additional local structure reorganizations", and

useful, and well-known approach in different fields of
fundamental and applied science! . Each specimen exhibits a
unique response depending on its initial and boundary
deformation conditions”. Particularly, temporally increasing
axial load leads to linear deformation of amorphous alloys
until fracture®, but the same conditions contribute to a
noticeable strain hardening for polycrystalline specimens”
accompanied by the further accelerating necking and final
fracture. In addition, more complex (non-linear) stretching
behaviour can occur in the alloys, such as auxetics'"”, due to
chemical composition or interatomic arrangements. Another
example of the system sensitivity to external conditions is the
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uniformly increasing the thermal impact contributes to the
change in the experimental curve!”. Cyclic force loading at

514 as well as loading under

constant or variable temperatures!
different conditions (stretching or bending) ™ can distinctly
affect deformation dynamics.

Isochronal dilatation regime® is qualitatively identical to
the thermal mechanical analysis (TMA) "” due to similar
deformation dynamics at static external loading'”’. Normally,
the primary driver of deformation is gravity; but in TMA, a
preset automatic force, which is controlled by the bottom grip
of the testing machine, is used. In both experiment modes,
except for mechanical loading, additional acceleration of the
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process is provided by temporally uniform heating. This
similarity in deformation regime requires further analysis
from the quantitative model standpoint, because a complex
study may simplify predictions of the sample response at
different conditions, such as chemical composition and
interatomic bonding. It is worth noting that non-isothermal
behaviour remains theoretically understudied, despite its
Thus,
deformation has been properly investigated mostly at the
elasto-plastic stage'”,
material model is used”. Moreover, in traditional (isothermal)

intensive experimental investigation'". isothermal

where the exponential viscoelastic

creep theory™ ), deformation is mainly considered for poly-
crystalline alloys with respect to grain boundaries and

dislocation mechanisms™, which can be conceptually non-

effective (or even erroneous) for the description of deforma-
tion in amorphous alloys due to their disordered structure™

In addition to dislocation models, various alternative

approaches can be used to describe the metallic glasses

231 flow units™”

1291

(MGs), including free volume™, shear bands™,
quasi-point defect theory™,

During plastic deformation and fracture, fatigue is an
[30]

and thermodynamlc theory

important factor to describe necking phenomena™ or
At variable
temperatures””, the model analysis is complicated by non-

corrugation phenomena for thin specimens®'.

linear boundary conditions, which requires new approaches.
Combined with the noted non-isothermal deformation
features, a novel universal description of TMA, namely
dynamic-mechanical analysis (DMA) and isochronal testing,
for Al-,

alloys was discussed. The thermodynamic
[33-35]

Co-, and Cu-based amorphous or polycrystalline
P and defor-
mation models were jointly used. In this research, the
deformation fracture features of plane and cylinder alloys
were investigated. A critical thickness of the specimens at

initial and necking release stages was estimated.

2 Experiment

Amorphous  Al-Y-Ni-Co (Al Y Ni,Co,), Cu-Pd-P
(Cu,Pd,P,), and Co-Fe-Si-Mn-B-Cr (like widespread
VAC6150,  VAC6030,  VAC6070, and  MG2714

Vacuumschmelze/Metglass alloys) ribbon MGs were chosen
as testing specimens. Additionally, industrial polycrystalline
Al-Fe (98wt% Al and 2wt% Fe) ribbons and copper rods were

also used for comparison. Phase composition”**” of materials

was estimated by X-ray diffractometer (XRD, Bruker D2
Phaser with Cu Ko radiation), and the results are shown in
Fig.1.

Thermomechanical analysis of Al-Y-Ni-Co and Cu-Pd-P
ribbon MGs was performed by Q800 testing machine under
external load of 3 MPa, heating rate of 5 K/min, and designed
heating temperature of 673 K. Working sizes of Al-Y-Ni-Co
amorphous specimens were about 16.5, 1.4, and 0.02 mm in
length, width, and thickness, respectively; working sizes of
Cu-based MGs were 16.5, 2.5, and 0.025 mm in length, width,
and thickness, respectively. DMA was also conducted on
Q800 device at similar experimental conditions but in elastic
harmonic oscillation mode (loading frequency of 3 Hz,
loading stress of 3 MPa, and static preloading stress of 12
MPa) at 540 K. Non-isothermal creep behaviour of Co-Fe-Si-
Mn-B-Cr MGs and polycrystalline Al-Fe or Cu-based alloys
was studied using a Riftek triangle laser sensor at natural
static gravity load of 1 N (i.e., stress of 14 MPa) and heating
rate of 1 K/s. A typical loading scheme is shown in Fig.2.
However, the sizes of Al-Fe crystalline ribbons were 50 mm in
length, 6 mm in width, and 0.01 mm in thickness, while the
copper specimens were 50 mm in length and 0.625 mm in
diameter. For Co-Fe-Si-Mn-B-Cr MGs, their nominal sizes
were 50 mmx3.5 mmx=0.02 mm.
configurations (parallelepiped
cylindrical rods) were selected for the estimation of universal

Mentioned ribbons or
mechanical response in different specimens at the same axial
testing conditions. Differential scanning calorimetry (DSC)
with heating rate of 5 K/min was used for the detection of
glass-transition temperature (7,) and crystallization temper-
ature (T°) of Al-Y-Ni-Co, Cu-Pd-P, and Co-Fe-Si-Mn-B-Cr
MGs. T, of Al-Y-Ni-Co, Cu-Pd-P, and Co-Fe-Si-Mn-B-Cr
MGs was 533, 528, and 716 K, respectively; 7, of Al-Y-Ni-
Co, Cu-Pd-P, and Co-Fe-Si-Mn-B-Cr MGs was 545, 568, and
743 K, respectively. Additionally, the comparison between
alloys the
deformation experiment was conducted for understanding the

crystalline and amorphous during whole
role of atomic reorganization under non-isothermal impact.

To estimate the surface tension release state of the
specimens after two-fragment fracture, FemtoScan (Advanced

Technologies Center) scanning probe microscope, which was
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Fig.1 XRD patterns of representative Al-Fe (a), Cu (b), and MG (c)
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Fig.2 Schematic diagram of creep loading test

operated at the atomic-force microscope (AFM) mode, or
Vega3 (Tescan, JCM-7000, Jeol) scanning electron micro-
scope (SEM) was used.

Magnetometry of Co-Fe-Si-Mn-B-Cr ferromagnetic MG
was analyzed through the LakeShore 7407 device under the
conditions of external magnetic fields of [-9950, 9950] and
[-79600, 79600] A-m’, saturation magnetization of £80 A-m*-kg™,
and directions parallel and perpendicular to the specimens
before and after deformation tests. Besides, neodymium
permanent magnets under the same external magnetic field
were used for simultaneous induction of external field in non-

isothermal creep tests.

3 Results and Discussion

3.1 Primary analysis of experiments and further

generalization

Fig.3 shows experimental TMA and isochronal deformation
curves for ribbon and rod specimens of different composition
and interatomic structures. DMA qualitatively demonstrates
the same deformation dynamics as TMA, as shown in Fig.3.

According to Fig. 3, difference in the deformation rate
(during TMA) can be observed, which is caused by both
structural features (MG or crystal) and size effect (copper rods
are 25 times thicker than Cu-Pd-P ribbons). Despite these
differences, interpolation by the empirical fractional function
is possible for all experimental data, as expressed by Eq.(1),

as follows:
Ct

B* - Bt M
where x, (or /), C, B, and ¢ are related parameters whose
physical meaning and stable dimension are described in
Ref.[29,33-35,38]. Eq.(1) shows high correlation coefficient »
(0.9<r<1.0). For TMA of Al-Y-Ni-Co amorphous alloys,
Eq. (1) has to be supplemented by the linear — Dt term (—D
indicates the process rate), which is related to reversible

x(t)=x,+

shrinkage of a specimen under the static load. All related
parameters are listed in Table 1, and the results coincide well
with the curves in Fig.3.
According to Table 1,
accurately describe the deformation

the analysis parameters can
and the
influence of external experimental conditions on it can reach

situation,
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Fig.3 Deformation curves of Al-Y-Ni-Co and Cu-Pd-P amorphous ribbons (a); isochronal test results of polycrystalline Al-Fe ribbon and

polycrystal Cu rod (b)

Table 1 Experiment parameters

Multiplier, C/

Composition (alloy type, experiment)

Fracture time, Shrinkage rate, D/ Linear correlation

%107 m'min B/min x6x1072 m/s coefficient,
Al-Y-Ni-Co (MG, ribbon, TMA) 0.43 55.20 0.000 99 0.970
Co-Fe-Si-Mn-B-Cr (MG, ribbon, isochronal test) 3.90 15.50 0 0.997
Cu-Pd-P (MG, ribbon, TMA) 1.50 52.84 0 0.990
Al-Fe (polycrystal, ribbon, isochronal test) 6.00 12.60 0 0.998
Cu (polycrystal, rod, isochronal test) 8.00 19.50 0 0.996
Al-Y-Ni-Co (MG, ribbon, DMA) 1.30 52.61 0 0.980
Cu-Pd-P (MG, ribbon, DMA) 0.10 47.58 0 0.995
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the 10th and 100th decimal places (larger loads and faster
heating rates will cause parameter B to decrease as parameter
C increases). Moreover, Eq. (1) can solve the ordinary
differential Duffing equation, which describes mechanical
oscillations of a material under non-linear external
conditions™. In other words, Eq.(1) is an exact solution of the
non-linear homogeneous differential equations ¥ — P;(x) =0
or X+cx+c,x*+c,x*=0, where P,(x) is a cubic
polynomial by x variable with constant coefficients of ¢, =
-6/B* ¢, =-6/CB, and c,=-2/C* at x, x’, and x’ positive
terms, respectively. Besides, — 2C/B is the free term. The
second temporal derivative of Eq. (1) should be calculated
with the further exchange from ¢ to x, using the inverse
B*Ax
C + BAx
expression for X[#(x)] is substituted into the abovemen-

function relative to Eq.(1), ¢ = B Then, the derived

tioned equations, and the obtained fractions are algebraically
simplified by reducing them to a common denominator and
performing mutual subtraction of opposite terms. As a result,
X~ Py(x)=0or X+ cx+c,x>+c,;x’ =0 turns to the 0=0
state.

These circumstances permit material behaviour analysis via
the same model despite different composition and geometry
factors. Specific controlling factors are heating rate and
external loading, because these factors can accelerate
deformation with the appearance of a typical convex x(7)
curve. Periodical loading (DMA) leads to the accelerated
destruction of Al-Y-Ni-Co amorphous alloy®”, as expressed
by Eq.(2).

élyB*~ C 2)
where ¢ is the deformation rate.

Besides, Al-based MG deforms three times slower during
TMA than in DMA. Therefore, the value order of the
calculated deformation rate is about 10™* s™'. Likewise, the
deformation rate of Cu-based MG calculated for DMA
exceeds the one for TMA. This phenomenon can be explained
by (1.6 times) higher loading in DMA. The presence of —Dt
term in TMA of Al-Y-Ni-Co is caused by a reversible decrease
in deformation rate, but it does not affect the main reaction
force dynamics. This is because further differentiation of

Eq. (1) can eliminate this term using Newton’s law. Simul-

taneous induction of the external magnetic field does not
noticeably change the deformation dynamics, namely the non-
isothermal creep by Eq.(1), below or above Curie temperature
T.. On average, 7.=600 K for investigated Co-Fe-Si-Mn-B-Cr
alloys despite the change in integral magnetic response, which
is caused by collective spin-orbital relaxation™ during the
test, as indicated in Fig.4.

It is determined that alternative interpolation of the
experimental x(z) value by one or three standard exponent
functions does not provide the sufficient correlation (=0.9), as
r for exponents is 1.5 times less than the corresponding
parameter in Table 1. Thus, Eq. (1) is universally applicable
for deformation analysis of different alloys, and the necessary
initial experimental conditions are non-zero heating rate and
positive (constant, oscillating, or combined) mechanical
loading. Deformation mechanisms of amorphous and
crystalline materials are qualitatively similar due to the same
stage when dislocations or shear bands collectively form
identical flow structures. However, specific structural features,
such as f -relaxation in MG™", can also appear during the
experiment. Nevertheless, all differences in non-isothermal
cases can be quantitatively described by the material
parameters C and B through Duffing equation. Isochronal
behaviour and TMA differ from isothermal deformation (with
an exponential primary stage in the temporal strain curve)
because of non-equilibrium thermomechanical reorganization,
which is in opposite to Maxwell or Kelvin-Voigt mechanism
with the primary dynamics caused by quasi-equilibrium
structural changes. This linear heating process accompanied
by an increase in static external load will only lead to more
severe irreversible deformation of the specimen (without
exponential initial stage), and its strength is higher than that in
the permanent thermal transfer situation under fixed
mechanical load.

3.2 Force-function analysis

It is possible to calculate the main physical and technical
parameters in Table 1 for non-isothermal deformation (detail
model development and basement are described in
Ref.[29,33-34,38]). During TMA, the Asin(w?) harmonic term
equals 0 in the reaction force equation of a tested specimen™,

as follows:
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Fig.4 Typical hysteresis loops of Co-Fe-Si-Mn-B-Cr alloy under different conditions: (a) before treatment at room temperature; (b) after non-
isothermal creep test at 743 K with further cooling to 300 K with 7.=623 K
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2mC
(B-t)’

where w is cyclic frequency; 4 is amplitude with 4=0; m is

Fraa [0 0(T ) 15 Fppq= A sin (ot )~ 3)

mass with m=10" kg; g is gravitational acceleration; other
parameters are described in Ref.[38].
Because the fixed loading F, ,, = Const # 0,

the Asin(wf) harmonic term equals 0. During the action of

135] _
mg>, or 4=

linear temporal heating (with a constant heating rate), reaction
force in Eq. (3) decreases, and the specimen finally breaks
under the fixed load. With the initial elasticity of specimens®™,
using the relationship between material stiffness & and its
fracture time point B (k ~ 6m/B*P"), lag behaviour of § phase
can be analytically estimated under deformation &, which is
related to stress o during DMA (only the initial experiment
stage). Particularly, using w = ¢/t = Jkim (¢ is phase) classic
wave equations with rough replacement of acting frequency @
by a similar material parameter (@ = ¢/t ~ d/f) provides the

d=wt~1J6/B linear expression for time ¢ and lag
behaviour of J phase in the elastic area. This estimation
correlates with some part (between =0 and f-relaxation time)
of the ¢ curve in Ref. [33]. Unlike DMA, as the additional
periodical loading is absent, resonance and beating in the
specimens” do not appear during TMA. These phenomena
can be well described by the model, where the harmonic term

Asin(w?) is not added to the *2th)3 fractional function. The

(B -
temporal difference in atomic or molecular reorganization (7,
and T,) during DSC and DMA tests decreases in TMA test due
to static load, but the impact of heating rate on the structural
relaxation still exists. The absence of periodical loading also
enhances the structural viscosity that is described by less
model terms. Derivatives of particular equations by the
strain rate have less negative terms if w = 0, as expressed by

Eq.(4-5)F:
Fi.— AoB +Aa)/> - 2m /
hl/l?'”2 7+hl
0

0(¢;a;) ®)

where /4 is the thickness; a,—a, and M are division factors;

() = 4)

(&)~ M- a,é— aé™ - a,é' -

6(¢; a,) is a remainder (>3, i is natural number) at division
of numerator by the denominator in Eq.(4); other parameters
are explained in Ref.[33].

Moreover, in this case, viscosity remains non-Newtonian
(due to linearly changing thermal activation). Generalizing

thermodynamic and statistical models™

preserve their
relevance and main relationships except for periodical terms.
The C and B values, depending on deformation dynamics, also
differ in each case.

3.3 Calculation of material parameters under non-
isothermal conditions
3.3.1 Linear thermal expansion coefficient

Using the model from Ref.[42], the numerical value of the
linear thermal expansion coefficient (CLTE) a, in TMA can be

calculated for alloys via the derivative of Eq. (1) by
T-T .
TO (T() 18

T

temperature terms, namely dx[#7)]/dT and ¢ =

the room temperature), which is also linearly related to time.
For Al-Y-Ni-Co MG (TMA and 7=507 K), ¢,=8.6x10™" K™';
for crystalline Al-Fe (deformation at 7=507 K), ,=2.4x10"
K™'. This result agrees well with the magnitude order result in
Ref. [43]. Similar numerical parameters, calculated for Cu-
based amorphous and crystalline alloys, also agree with the
results in Ref. [44], and they vary from 4x10° K™ (MG) to
7x107° K™ (polycrystalline) in the temperature interval of 300—
500 K. For Co-based MG, ,=3.4x10"° K" (7=300-400 K),
which agrees well with the result in Ref.[45]. CLTE tends to
increase for alloys with the same base components because of
different preset heating rates (parameters C and B also depend
on heating rate), and alloy configuration leads to ¢, (Cu-Pd-P)<
a,(Cu) with mainly thermal elongation of rods without lateral
expansion or contraction inherent to ribbons.

3.3.2 Necking and fracture analysis

Laminar and turbulent plastic flow of amorphous alloys
were studied through axial experiments with different loads
and temperatures™***7. Presence of viscous homogeneous
deformation in ribbon specimens”” permits the abovemen-
tioned model relationships Eq.(1-5) for the further analysis of
material necking and fracture with respect to possible
nonlinearity. For the estimation of necking form in the ribbon
specimen, relationships of elastic plane deformation with the
linear heat transfer term™” are used for analysis:

0, 00,
Ep = i +al
(6)
_ O'» ~ 0o, + ol
EW = T o

where ¢, and ¢, are diagonal components of strain tensors; g,
and o, are diagonal components of stress tensors; £ is Young’s
modulus of material; « is CLTE; v is Poisson’s ratio; 7T is
temperature. The expression of o,, via other parameters in
Eq. (6) permits the relationship between both deformation
projections in the form, as follows:

_o,~ (¢, aT)E — V0,
ey(g.‘c)i vE

+al @)

where ¢, and ¢, are components of strain tensors; o, and o, are
components of stress tensors. The further substitution of all
material constants in Eq.(7) usually gives a linear deformation
contour with about 45°, which is well-known for traditional
stretch  tests. values change during
experiments, such as CLTE and temperature with
e.~x(t)~l(t). Consequently, corresponding temporal and

However, those

temperature functions are adopted for Eq.(7) with substitution
B*Al _ T Typy
C + BAI Ve
instead the fixed parameters (o, 7, E, v). It specifies the plastic
flow contour (necking) at the final experiment stage, i.e., not

of t = and addition of v > 0 if t = B

only the elastic stage. As the precise dynamics of Poisson’s
ratio is obscure in this experiment (except its initial value), the
Poisson ’ s ratio is used for the second variable (with the
temperature). Thus, the main view of possible necking profiles
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e, =f(x;v) is plotted, as shown in Fig.5. The elastic and
viscous contours are mentioned by blue and green curves,
respectively.

According to Fig. 5, the non-linear necking profile (a
projection on the f{x;y) -elongation plane) can be observed,
which can be further testified by SEM and optical microscope
(Fig.0).

Fig. 6 shows fracture morphologies of different specimens
after TMA and static load. It can be inferred that necking
contour of rods (cylinders) should be considered in Eq. (7),
because Eq. (6) should be reorganized in the cylindrical
coordinates. As shown in Fig. 6b, the corrugation of ribbon
appears due to step-by-step crack from edge to the center.
Eq.(6) cannot be used for a description of this effect because
its derivation is conducted in continuum mechanics. For the
deformation based on Eq.(6), power expression between the
o, lateral stress and ¢ longitudinal strain (depending on
transverse crack contour length) can be found. Moreover, the
fatigue Paris-Erdogan formula®™ can be derived under the
mentioned conditions. For this purpose, the first term in
Eq.(6) was used with the further substitution of deformation
Ce C

rate instead e =e¢_(via recurrent equation ¢, = - —
x,  Bx,
. BSR 1o L . .
between ¢, and ¢,). Finally, the required ¢, (o,) equation will
be obtained, as follows:
e =J- bay2~crf ®)
where J and b are constants; S is a power parameter.
According to Eq.(8), a fracture crack growth occurs in TMA

and isochronal experiments, similarly to fatigue tests from the

5]

NeckingT)egre

I mm

model standpoint. This conclusion is experimentally approved
by SEM, as shown in Fig.7.

In the crack propagation process, typical fatigue characters,
such as cavity (white arrow), ligament (green arrow),
sharpening transgranular fracture (red arrow), and angular
stress striation (blue arrow) can be observed®, as shown in
the inset in Fig.7.

3.3.3 Corrugation and analysis

Eq.(6) cannot describe the corrugation of specimen, because
it contains a discontinuity (the growing fracture crack). Thus,
the corrugation-applied models, such as Euler-Bernoulli beam
theory™, cannot be used for the current task, or they have to
be combined as a step-by-step equation system for every moment
of the fracture stage. Moreover, there are real overlapping
(addible or subtractable) corrugated material waves, resulting
in difficult description by the neutral axis approximation shifts
or breaks relative to ¢, at the last deformation stage (until the
final fracture). Except for the corrugation in MG (Fig. 8a),
texturing (Fig. 8b), namely the formation of micro-crack
or pore netting with boundary (Fig.8c) and complex release
(1.3 pm, Fig. 8d), occurs in Al-Fe polycrystalline ribbons
during TMA and static load deformation. Fig. 8b shows the
transition boundary between smooth and corrugated areas,
which is marked by the red circle. The transition boundary is
also indicated by the red arrows in Fig.8c.

For the deformation of Al-Fe specimens, texturing can
appear along coarse grain boundaries, or sub-fragmentation of
the polycrystalline structure is also possible. As an alternative
model approach, fractal analysis® and reference fractal
dimension index n can be used for a structural description of
ribbon at the fracture stage (with corrugation). From this
standpoint, the development of every fold is considered as the
percolation (progressive defect distribution), embracing some
particles in the specimen structure. Thus, Eq. (9) can be
obtained for the calculation of a specific percolation element
sizeP!:

&[P(T) - Pl" (€))
where ¢ is relative element size; P(T) — P, is probability
change. The corrugation scale can be estimated. According to
Ref.[29], the probability distribution function is as follows:

a, (0, + oy )exp(7) + o exp (4e)~f (T) (10)
where a, (/=0 — 3) is

exponential coefficient; 7=

0.5 mm

Fig.6 Fracture morphologies of different specimens after TMA and static load: (a) Cu-Pd-P ribbon MG with linear fracture profile; (b) Al-Fe

ribbon with non-linear fracture; (c) polycrystalline Cu rod with non-linear cigar-shaped edging contour
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10 um

Fig.7 SEM image of lateral crack in Al-Fe specimen during stretch

test with inset of crack tip

f L; other parameters are described in Ref.[29].
are T-T,
T VT
The probability distribution function under different
temperatures and mechanical loadings should be adopted in

Eq. (9) instead of P(T)-P, because it considers the
necessary experiment data (Table 1). Considering the fractal

index of glass and amorphous polymers n~0.8", within the
temperature range of 300—600 K, the required relative element
size can be determined to be 10 m. The calculated & values
are in agreement with the results of magnitude order of length
of ribbon and longitudinal corrugation fold, which proves the

Height/nm

600
400
200

800 600 400 200
Xx/nm

self-similarity of the formation of the wrinkles and their non-
linear expansion characteristics.

As bulk specimens do not undergo corrugation (only brittle
fracture occurs”™) under the similar conditions™, the optimal
(minimal) thickness without this effect is necessary. Since the
Reynolds number (Re) is the typical ratio for estimation of
laminar and turbulent (non-linear) flow or deformation
regime”™, it is adopted in this research. Additionally, in
Ref. [42], the temporal relation between this value and non-
linear deformation of ribbon amorphous specimens was
determined, as follows:

_Xps _ mxs _

K= T T awon) an
where a and s are thickness and width, respectively; p is
density of specimen; x or x(¢) is deformation rate; # is

mi (1)

dynamic viscosity; V' is volume of a system; other parameters
are described in Ref. [42]. By substituting Eq. (1) and its
derivative into Eq. (7), the Reynolds number can be
determined as a function of thickness and time, Re=f(a; f).
Considering that Re/Re, is about 4000—6000 (in this case, the
specimen becomes to plastic flow state!”) at time #~B, the
magnitude order of parameter a (Re/Re, acceleration is
minimal) can be determined, as shown in Fig.9. The boundary
temporal point of the stable function area (beyond 0.3 mm, the
surface does not practically change) is indicated by the red
line. The optimum thicknesses for Cu-Pd-P and Al-Fe ribbons

12 mm

200

S

Height/nm

P
S S S
S 3 3

2 mm

30 60 90 120 150 180
Displacement/nm

Fig.8 Corrugation and texturing of specimens in TMA and isochronal tests: (a) AFM surface of Cu-Pd-P MG; (b) Al-Fe ribbon after

fracture with crinkled form; (c) appearance of Al-Fe ribbon; (d) AFM profile near the fracture line of Al-Fe ribbon
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Fig.9 Schematic diagram of Re(a;t) surface

are indicated by green, blue, and violet lines in Fig.9 (Al-Y-Ni-
Co and Co-Fe-Si-Mn-B-Cr specimens have the same
thickness order as that of Al-Fe).

Thus, According to Eq. (11), the optimal thickness a=0.3
mm without corrugation can be found, i.e., the specimens
must be 15—-30 times thicker than the considered ones if a
more stable deformation is needed. It is known that Cu-Pd-P
(thickness
corrugation™™, which agrees with the calculated unstable flow
area in Fig.9. Additionally, the diameter of polycrystalline Cu
rods is about 0.625 mm, and corrugation cannot be observed
(fracture without visible longitudinal folds). In Fig. 9, the

ribbon  specimens

42]

of 0.025 mm) undergo

bottom (zero) limit of thickness can be observed, where
Re/Re, cannot be calculated due to its function gap that has the
physical meaning. This result testifies the adequacy (lower
limit) of the proposed model.

4 Conclusions

1) Similarity among TMA, DMA, and isochronal test
exists, and it can be described in form of the same meso-
physical model using the non-linear Duffing equation for axial
oscillations of a material point, despite the specimen geometry
or interatomic structure.

2) Quantitative description can be obtained with model
parameters C and B, providing the maximum correlation with
the experiment. Calculation of important thermodynamic
characteristics is possible with necking and fracture analysis.
All derived values and their numerical data are in good
agreement with the experiment results. Thus, the proposed
model and approaches can be used for all materials with the
same deformation behaviour under the conditions mentioned
in this research.
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