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Impact of non-local, two temperature and impedance parameters
on propagation of waves in generalized thermoelastic medium
under modified Green-Lindsay model
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ABSTRACT

This study is primarily focused on the behavior of propagation of waves through a homogeneous and isotropic
thermoelastic half-space using the modified Green-Lindsay theory of thermoelasticity, along with the effects
of non-local and two temperature (TT) parameters. A new set of governing equations is formulated and solved
using the reflection technique after reducing the equations to two dimensions and a dimensionless form. The
impact of different parameters namely non-local parameter, TT parameter, and impedance parameters along
with different theories of thermoelasticity are shown graphically on amplitude ratios obtained from reflected
waves i.e., longitudinal wave (LD-wave), thermal wave (T-wave), and transverse wave (SV-wave). The modified
Green-Lindsay theory is widely used in fields such as heat transfer, and geophysics with potential practical
applications in areas such as earthquake engineering and materials engineering. The study also includes the
deduction of particular cases based on the obtained results.
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modified Green-Lindsay theory ¢ non-local « two temperature ¢ impedance parameters
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Introduction

The mathematical framework known as the two temperature (TT) theory of
thermoelasticity describes how materials respond to thermal loads and is an extension
of the classical theory of elasticity. This theory finds use in several engineering disciplines
that depend on the system's performance under thermal loads. For instance, in the
semiconductor industry, the two temperature theory can be used to model electronic
device behavior at elevated temperatures. Many authors have discussed different types
of problems in the context of theory of thermoelasticity notable of them are [1-5].
Youssef [6] proposed a novel model of generalized thermoelasticity by
incorporating two distinct temperatures, namely thermodynamic temperature and
conductive temperature. Later on, [7-10] explored different types of problems in the
context of TT theory of elasticity. Lofty et al. [11] established a memory-depended
derivative (MDD) during the excitation processes by pulsed laser for a time-dependent
material under the magneto thermoelasticity with TT. Al-Lehaibi [12] discussed the

© S. Kaushal, R. Kumar, 1. Bala, G. Sharma, 2024.
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variational principle theorem without energy dissipation for an isotropic and
homogeneous material in the context of the TT theory of thermoelasticity.

Green and Lindsay's (G-L) theory assumes linear behavior of the material, meaning
that the response is assumed to be proportional to the applied loads and thermal
gradients. This assumption may not hold for materials subjected to large deformations or
high temperatures. The theory is typically formulated under the assumption of small
temperature gradients. In situations where temperature changes are large, nonlinear
effects may become significant, and the theory may not be accurate.

The modified Green-Lindsay (MG-L) theory is a revised version of the Green-Lindsay
(G-L) theory that expands the classical linear thermoelasticity theory. This extended
theory applies to extreme conditions, such as high temperatures, rapid heating or
cooling, or other scenarios where the assumptions of the original theory may break
down. This revised theory considers the impact of nonlinear thermal expansion to provide
a more comprehensive description of the thermomechanical behavior of materials. By
doing so, the MG-L theory offers improved predictions of the stress and strain in materials
that are exposed to significant temperature changes and thermal gradients, which can
result in significant mechanical stresses and deformations.

Yu et al. [13] used the extended thermodynamics principle to propose a model of
generalized thermoelasticity that incorporates strain rate terms into the Green-Lindsay
model. Quintanilla [14] reported some qualitative results for the MG-L thermoelasticity
model. Ghodrat et al. [15] developed a numerical method to solve the governing
equations for a large deformation domain in an elastic medium exposed to thermal shock
under the MG-L theory of thermoelasticity. In the context of MG-L, Sarkar and De [16]
examined the propagation of thermoelastic waves and determined that both MG-L and
G-L have a significant impact on the amplitude ratios of reflected waves. A study that
elaborates the response of a heat source along with thermomechanical loading
in @ MG-L generalized thermoelastic half-space with non-local and two temperature
parameters is presented by Kumar et al. [17].

The non-local theory of thermoelasticity models the non-local effects by
introducing a non-local constitutive equation that considers the temperature field over a
larger region. This theory is useful in understanding the thermomechanical behavior of
materials at small scales, where non-local effects can play a significant role in the
material response. A non-local elasticity theory was developed by Eringen and Edelen
[18], using global balance laws and the second law of thermodynamics. Initially, the non-
local theory of elasticity was used to study screw dislocations and surface waves in solids
(Lazar and Agiasofitou [19]).

A new model was discussed by Pramanik and Siddhartha [20] by using Eringen's
non-local thermoelasticity theory, which explored the transmission of Rayleigh surface
waves in a uniform, isotropic medium. Luo et al. [21] studied the temporary thermoelastic
reactions of a slab with thermal properties that rely on the temperature, using a non-local
thermoelastic model. In the case of non-local bio-thermoelastic media with diffusion,
Kumar et al. [22] developed a dynamic model incorporating the impact of non-local and
dual-phase lags.

Malischewsky [23] investigated the propagation of Rayleigh waves using impedance
boundary conditions. In the context of thermoelastic medium, Singh [24] examined the
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reflection of plane waves utilizing impedance boundary conditions. In a study conducted
by Kaushal et al. [25], they investigated how diffusion and impedance parameters affect
the propagation of plane waves in a thermoelastic medium using both the Green and
Lindsay theory (G-L) and the Coupled theory (C-T) of thermoelasticity. Yadav [26]
examined the influence of impedance parameters on the reflection of plane waves in a
thermoelastic medium subjected to rotating and magnetic effects.

The purpose of the manuscript is to explore propagation of waves in thermoelastic
media, which has been a focal point in seismology. Notably, these investigations play a
crucial role in mineral ore exploration, hydrocarbon detection, and the planning and
construction of infrastructure such as dams, bridges, roads, and highways.

The other authors explored various problems in the field of MG-L but the governing
equations for a homogeneous and isotropic thermoelastic medium to determine the
amplitude ratios of reflected LD-wave, T-wave, and SV-wave having impacts of non-local
and TT under impedance boundary conditions is not explored. In the context of plane wave
reflection, the consideration of impedance boundary conditions becomes paramount. These
conditions are characterized by linear combinations of unspecified functions and their
derivatives along the boundary. Such scenarios are frequently encountered in acoustics,
electromagnetism, and seismology. This new model has the potential for application in
fields such as geophysics, seismology, and earthquake engineering.

Basic equations

In the present investigation, we consider the MG-L model proposed by Yu et al. [13] along
with non-local theory given by Eringen and Edelen [18] and two temperature theory of
thermoelasticity given by Youssef [6]. So, in the absence of body forces and heat sources,
the field equations and constitutive relations with non-local, TT under MG-L model of
thermoelasticity in general cartesian coordinate system Ox;x,xzare given aS'

(1+mt ) [A+ V@ -8) + uv%i] = B (1410 5) VT = p(1 = 2725, (1)
K72 = (141570 2) (BiTottirr) + (1 + nato ) pCeT, )
tij = (1 + Mt %) [ A 83 + (i j + )] = B (1 + 1.1 %) Té;j (3)
T=(1-aV?o, (4)

where A, u -Lame's constants, & - non-local parameter, t -time, B; = (34 + 2u)a,,

a; - coefficient of linear thermal expansion, p, C, - density and specific heat, K* - thermal

conductivity, ¢ - conductive temperature, T - temperature, t;; - components of stress

tensor, 7o, 7;- the relaxation times, &;;- Kronecker delta, u- displacement vector, Ty-

reference temperature, 7y, 1, 13 74 - constants, a-TT parameter, V2- Laplacian operator.
The Egs. (1)-(4) reduce to the following:

Mm=Mm=Mn3=Mn=1 Modified Green-Lindsay, (MG-L), (2018).
m=n3=0mn=n=1 Green-Lindsay, (G-L), (1972).
m=n=0n=n=1 Lord-Shulman, (L-S), (1967).

—

M =Mn2=7M3=1M3=0, Coupled thermoelasticity, (C-T), (1980).
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Problem statement

A homogeneous, isotropic thermoelastic solid half space with TT and non-local is
considered. The rectangular Cartesian coordinate system Ox;Xx,x3is taken such that the
origin is located on the surface x; = 0 and x3-axis is pointing normally to the medium as
shown in Fig. 1.

X =0 x, -axis

Thermoelastic solid
half-space

LD (.4,)

a T(4)

SV (4)

X, -axis

Fig. 1. Geometry of the problem

The components of displacement are taken as follows for a two-dimensional
problem:
ﬁ:(ul,O,u3). (5)
Dimensionless quantities are referred as:

! t3i

4 4 1 ! ! !
(x' u')zﬁ(x,.,u[), t3i = ﬁ: ((P )T) = T_O(q), T), (t ITOI Tl) = wl(tl TO; Tl):

[RRad]
1

2
— ﬂ r — ﬂ ! N = —Cl ’=& =
a = Cf a, 61 - 1 51’ (Zl ’22 ) B1To (21’22)1 Z3 K+ Z3, L 1' 3. (6)
A+2 CoC?
where ¢? = T“ and w; = ’)K%.

After removing the primes and introducing the values defined by Eq. (6) in addition
to Eq. (5), in Egs. (1)-(4) we get,

N\ g, 22 2. | - 9)IT _ (1 — g2p2) Lt
(1 tTmn at) [al axq taV ul] a3 (1 t 12T at) ax, (1—¢&7%) atz’ (7)
G| de d\ oT 9%u
(1 +1M17Tq a) [a1 9%, + a2|72u3] —ag (1 + 127 a) F (1-¢2v?) ?23, (8)
a\ o a\ oT
Vip = a, (1 + 37 E) P (U1 +uzs3) + (1 + 1470 E) Py 9)
T=(1-aV?e, (10)
_ 9 Jus Jua] _ 9
tsz = (1 tTmn 6t) [a5 9x3 tas axl] (1 t 2T at) T, (11)
= 9 Ous | 0wy
where
M Bt PGt At2n A K o Ow Ous
= PC12’a2 N Pcf’ag ~ pc¥’ YT kw0 T [>’1To,a6 - ﬁ1To’a7 T BTy’ 9xy  Oxs

To decouple the above system of equations, we take u,and usin the dimensionless
form as:

U =q1— Y3, Uz =4q3+Y,. (13)
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Using Egs. (7)-(10) and (13), we get the following set of equations:

0 0 02
(1 + 1171 E) (qu) —dasz (1 + 127 E) T=(1- '512V2) —atf, (14)
d 92
ay(1+ 117 ) (V2p) — (1 — §2v2) 22 =0, (15)
2\ 0 20\ oT
Vz(p == a4 (1 + T]3T0 E) a qu‘l' (1 + 774,1-0 E) E (16)

Dispersion equation and its solutions

Assuming the motion to be harmonic and for solving the Egs. (14)-(16), we assume
solutions in the form:

(q, 0,9) = (q° ¢°, lpo)eLk(xISineo—X3C0590)+Lwt, (17)
where k denotes as wave number, ¢ is known as iota, 6, is angle of inclination and
quantities such as g% ¢° yC%are arbitrary constants. Using the values of q, ¢,y we
obtained following equations:

(Av* + Bv? + C)(q,9) = 0, (18)
(vZ =AY =0, (19)
where A=E, iw, B=(E,aw3i + w?) + iwE,(§?w? — E;) — (a3 a,E3E, iw),

C= (2w? — E))(Eyaw?i + w?) —iaaza,E3E w3, Ay = (1 + 1114 iw)ay — E2w?,
Ei=0+mniw), E; = (1 +nu10iw), E3 = (1 +n375iw), E, = (1 + n,74iw).

Restriction on boundary

Impedance boundary conditions consist of unknown functions and their derivatives
prescribed on the boundary. These conditions find widespread use in multiple disciplines
such as thermoelasticity, acoustics, and electromagnetism within the realm of Physics.
When dealing with seismic wave interactions involving discontinuities, the typical
assumption is an ideally welded contact, ensuring continuity of relevant displacement
and stress components. Consequently, it is suitable to treat these contact planes as
extremely thin layers, giving rise to boundary conditions similar to impedance conditions.
Hence, following Malischewsky [23] and Schoenberg [27], the impedance boundary
conditions at x; = 0 are:

(|) t33 + wz{uz = 0, (||) t31 + wzyuy = O, (|||) K*:TT + G)Z3T = O, (20)
3
where z;, z, and z; are impedance parameters, the boundary conditions at free surface
can be obtained by setting z; = z, = z; = 0.
To obtain amplitude ratios, we consider g, ¢, ¥ as follows:

q= Z(AO eLko(xlsineo—x360590)+twt + A etkt(xlsin9L+x3CosBL)+Lwt) (21)
L L ’
o= Z(dLAOLeLko(xlsineo—x3Coseo)+Lwt + dLAleLkl(xlsinet+x3COSQL)"’“’-’t)’ (22)
l/) — (A03eLko(xlsineo—x3C0590)+twt + A3eLk3(xlsin93+x3C0593)+Lwt) (23)
2
where d, = 255k (1=1,2), Ag,are the amplitude of incident Longitudinal wave

(LD-wave), thermal waves (T-wave) and shear waves (SV-wave). A, are the amplitude of
the reflected Longitudinal wave (LD-wave) and reflected Thermal waves (T-wave) and A,
is the amplitude of the reflected Shear wave (SV-wave).
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Snell’s Law is given as

sinfy_ sinf; _sinf,_ sin63’ (24)
Vo U1 L) U3

where

kiv, = kyvy, = k3v; = w, at x3 =0, (25)

v;, for incident LD — wave
vy, =4V, forincident T — wave .
vs, for incident SV — wave
Using potential defined by Eq.(13) along with Egs. (21)-(25) in the boundary
conditions given by Eq. (20), we obtained a system of equations defined as:
Zal]R] = j» (l,] = 1, 2, 3), (26)
where a,; = —[E; ask? cos? 0; + Ejagk? sin? 0; + E,(1 + ak?)d; + ik; cos ; wz,],
a3 = (ag — as)E k3 sin 05 cos 03 + ik;sinf;wz;,
a,; = —2E; a;k? sin 6; cos 0; + ik; sin 6; wz,,
a3 = E; a;k%(cos? 65 — sin? 85) — ik cos 05 wz,,
as; = d;(1 + ak®)[ik;K* cos 0; + wzs],i= 1, 2.

Unique cases

Modified Green-Lindsay model with two temperature. Let {; — 0 in Eq. (26), we obtain the
resulting expression for MG-L theory of thermoelasticity along with TT effect. The results
tally with those obtained by Sarkar and Mondal [28].

Non-local modified Green-Lindsay model. As TT parameter vanishes i.e. a=0 in Eq. (26),
we obtain the results for MG-L model involving non-local impact.

Non-local G-L generalized thermoelastic model with two temperature. Taking
N, =n3 = 0,n, = n, = 1, reduces the system of equation defined by Eq. (26) for G-L model
having non-local and TT effect.

Non-local L-S generalized thermoelastic model with two temperature. Putting
N, =1, =0,n3 =n, = 1,in Eq. (26) will yield the expression for L-S model involving non-
local and TT. If we vanish the TT effect then the model reduces to L-S generalized
thermoelastic model with non-local effects and the results tally with those obtained by Singh
and Bijarnia [29].

Coupled thermoelastic model with non-local and two temperature. Let
N =1, =13 =1, =0, i.e. in absence of relaxation time, Eq. (26) gives the corresponding
expression for CT model along with non-local and TT.

Computational interpretation

To study the effect of various parameters, the numerical calculations are carried out for three
different cases, the effect of (i) non-local and impedance parameters (ii) TT and impedance
parameters (iii) different theories of thermoelasticity i.e. MG-L, G-L and L-S theories.
Following Dhaliwal and Singh [30], we take the case of magnesium crystal, the
physical  constants used are: 1=2.17x101°Nm™2, u=3.278 x 101 Nm~2,
K* =17 x 102 Wm™ldeg™!, w; =3.58 x 10 s71, B, = 2.68 X 10°Nm~2 deg™?,
p=174%x10Kgm™3, C, =1.04 x103]Kg *deg !, T, =298k, 7,=0.1s,7, =0.2s.
The values of impedance parameters for all the cases are z; =5, z, = 2, and z3 = 1.
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Non-local effects and impedance parameters. In this case, we consider fixed value of
TT parameter as a = 0.104 with 0° < 8, < 90°. Non-local parameter (¢; = 0.5) along with
TT and impedance parameters (NTI) is represented by a solid Black line. The case of non-
local parameter(é; = 0.5) along with TT and without impedance parameters (NTWI) is
represented by a solid red. The case of absence of non-local parameter, i.e. (§; = 0.0) along
with TT and impedance parameter (T1) is represented by a solid Blue line with center symbol
'A'. The case of absence of non-local parameter i.e.(¢é; = 0.0) along with TT and without
impedance (TWI) is shown by a violet line with center symbol "o’

Amplitude ratio IR,
Amplitude ratio IR,

0.9

0 18 36 54 72 90 0 18 36 54 72 90
Angle of incidence Angle of incidence
Fig. 2. Variation of Amplitude ratio |R4| Fig. 3. Variation of Amplitude ratio |R;]
for LD-wave (Impact of non-Local and impedance  for LD-wave (Impact of non-Local and impedance
parameters) parameters)
8 — 25 —

Amplitude ratio IR,
Amplitude ratio IR, !

0 18 36 54 72 90 0 18 36 54 72 90
Angle of incidence Angle of incidence

Fig. 4. Variation of Amplitude ratio [R3] Fig. 5.Variation of Amplitude ratio |R]
for LD-wave (Impact of non-Local and impedance for T-wave (Impact of non-Local and impedance
parameters) parameters)
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LD-wave. In Fig. 2, the changes in |R;| are depicted as a function of the angle of
incidence. It is observed that |R,| decreases for all the cases considered throughout the
entire range. Additionally, it is apparent that |R;| is more pronounced for the case NTI as
compared to TI. Also, the value of |R;| for the case of NTWI is higher than that of TlI,
indicating the influence of non-local on|R,|.

Figure 3 illustrates those variations of |R,| with 6,, it is noticed that |R,| decreases
for all cases considered, namely NTI, NTWI, Tl, and TWI, as 8, increases. Specifically, the
value of |R,| for NTI and Tl are higher than that of NTWI and TWI respectively, reveals
the impact of non-local and impedance on the |R,]|.

The trend of variations of |R3| with 6, is shown in Fig. 4. It is observed that the
value of |R5| increases in the first half of the interval and decreases in the remaining
range for all considered cases. However, the magnitude of |R;| is higher for NTWI
compared to other cases in the entire range.

T-wave. Figure 5 displays a plot of |R;| with 8,, it is evident that |R;| exhibits a
significant downward trend for all the considered cases in the range of 0 <6 < 18°
followed by a steady decline in the remaining interval. Moreover, the magnitude of
variations appears to be relatively higher for the NTWI case compared to the other cases
throughout the entire range.

Figure 6 illustrates the variations of |R,| with 6, indicating that |R,| exhibits a
downward trend within a range 0 < 8 < 27° for all examined cases. As the values of 6,
increases further, |R,| shows a small decrement for all considered cases.

2.8 —

Amplitude ratio IR,
Amplitude ratio IR

-2
04 ‘ I ‘ I I I \ \ \ \ \ \

0 18 36 54 72 90 0 18 36 54 72 90
Angle of incidence Angle of incidence

Fig. 6. Variation of Amplitude ratio [R,] Fig. 7. Variation of Amplitude ratio |R;]
for T-wave (Impact of non-Local and impedance for T-wave (Impact of non-Local and impedance
parameters) parameters)

From Fig. 7 it is seen that value of |R3| increases in the interval 0 < 8 < 18° for all
considered cases, whereasit exhibits an opposite trend in the remaining range, implying
that the amplitude ratio is adversely affected by the impedance parameter. Furthermore,
the magnitudes of |R;| are relatively higher for NTWI, TWI than NTI and TI, which can be
attributed to the absence of impedance parameter.
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SV-wave. Figure 8 displays a plot of |R,| with 6,, indicating that the values of
|R,|exhibit an upward trend for all the cases considered with increase in 8,. It is also seen
that magnitude of values for TWI and NTWI are greater as compared to Tl and NTI, which
reveals the impact of impedance parameter.

8 — 10 —

Amplitude ratio IR, |
Amplitude ratio IR,

Angle of incidence Angle of incidence

Fig. 8. Variation of Amplitude ratio [R4] Fig. 9. Variation of Amplitude ratio |R,|
for SV-wave (Impact of non-Local and impedance  for SV-wave (Impact of non-Local and impedance
parameters) parameters)

Figure 9 indicates a growing trend of variation of |R,| in the case of NTI, NTWI, Tl
and TWI for the entire range. Figure 10 demonstrates that the variations of amplitude
ratio |R5| against 6, follows the decreasing trend for all the considered cases in the entire
range, magnitude of decrement for NTWI is greater as compared to other cases.

Two temperature effects and impedance parameters. In this case, we consider the
fixed value of non-local parameter (é; = 0.5) parameter and 0° <6, <90° TT
parameter (a = 0.0104) along with non-local and impedance parameters (TNI) is
represented by a solid Black line. The TT parameter (a = 0.0104) along with non-local
and without impedance parameters (TNWI) is represented by a solid red. The case of
absence of TT i.e.(a = 0.0) along with non-local with impedance parameter (NI) is
represented by a solid Blue line with center symbol 'A". The case of absence of TT i.e.
(a = 0.0) along with non-local and without impedance (NWI) is represented by a violet
with center symbol "o’

LD-wave. From Fig. 11 which is a plot of |R;| vs 8,. It is clear that the value of |R,|
follows the descending trend for all the considered cases as 6, increases, magnitude of |R,|
for TNI and TNWI are greater than NI and NWI respectively, which reveals the impact of TT
parameter.

From Fig. 12, which presents the plot of |R,| vs 8,. The graph clearly shows a decline
in |R,| for TNI, TNWI, NI, and NWI. Among these, TNI exhibits the largest variation, while
NWI has the smallest. As 6, increases, the amplitude ratios eventually converge towards zero
value. In Fig. 13, depicts the amplitude ratio | R3] vs 6,, demonstrating a positive trend during
the first half of the interval, followed by a reversal in the second half for all the cases. Notably,
TNWI experiences the largest magnitude of variation, while NWI exhibits the smallest.
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T-wave. Figure 14 displays the trend of variations for |R, | with 8,. It is observed that
the value of |R;| decreases monotonically throughout the entire range for all considered
cases, with varying magnitudes of variation. Moreover, TNl and TNWI are smaller as
compared to NI and NWI, which reveals the impact of TT parameter. Figure 15 illustrates
the plot of |R,| against 8,. It is evident that TNI, NI, TNWI, and NWI exhibit a downward
trend for the entire range except for 27 < 6, < 60, where |R,| shows a steady state.

102 —

28 —

Amplitude ratio |R,|
Amplitude ratio IR,

02 ‘ ‘ ‘ l o8 \ \ \ \ \
0 18 :r?g\e of incidencse4 ” % ’ * Aar?gle of incidenc5e4 ” ”
Fig. 10. Variation of Amplitude ratio |Rs| for SV- Fig. 11. Variation of Amplitude ratio |R4| for LD-
wave (Impact of non-Local and impedance wave (Impact of TT and impedance parameters)
parameters)
4 — 8 —

Amplitude ratio IR,
Amplitude ratio IR,/

0 18 36 54 72 90 0 18

- 36 54 72 90
Angle of incidence

Angle of incidence

Fig. 12. Variation of Amplitude ratio |R,| for LD-wave Fig. 13. Variation of Amplitude ratio |Rs| for LD-wave
(Impact of TT and impedance parameters) (Impact of TT and impedance parameters)
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25 — 28 —

Amplitude ratio IR,
Amplitude ratio IR,

0 18 36 54 72 90 0

72 90
Angle of incidence

36 54

Angle of incidence

Fig. 14. Variation of Amplitude ratio |R4| for T-wave Fig. 15. Variation of Amplitude ratio |R,| for T-wave
(Impact of TT and impedance parameters) (Impact of TT and impedance parameters)

From Fig. 16, which is a plot of |R3| vs 6,, it is noticed that |R3| exhibits an
increasing trend in the interval 0 < 6 < 18, and thereafter follows a descending behavior
for the remaining range with significant difference in their magnitude.

SV-wave. From Fig. 17, which is a plot of |R;| vs 0,. It is clear that the value |R,]|
shows an increasing trend in the entire range for all the cases. It is also noticeable that
magnitude of variations of |R,| is larger in case of TNI as compare to TNWI, which reveals
impact of impedance. Figure 18 illustrates the plot of |R,| against 6,. It indicates the
growing trend of variation of |R,| for all the considered cases with significant difference
in magnitude. It is also noticed that the larger variation is seen for TNI as compared to
remaining cases. Figure 19 demonstrates a plot of |R3| vs 6,, it is seen that impedance

has decreasing effect on amplitude ratio |R;|and magnitude of variation is observed
larger for the case of NI.

Amplitude ratio IR,/
Amplitude ratio IR, |

36 5 0 18 36 54 72 90
Angle of incidence Angle of incidence

Fig. 16. Variation of Amplitude ratio |Rs| for T- Fig. 17. Variation of Amplitude ratio |R4| for SV-
wave (Impact of TT and impedance parameters) wave (Impact of TT and impedance parameters)
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Amplitude ratio IR,
Amplitude ratio IR,

9.2

0 18 A36| incid 54 72 90 0 18 iel fincid 54 72 90
ngle of Incidence ngle of inciaence
Fig. 18. Variation of Amplitude ratio |R;| for SV- Fig. 19. Variation of Amplitude ratio |Rs| for SV-
wave (Impact of TT and impedance parameters) wave(lmpact of TT and impedance parameters)

Different theories of thermoelasticity. LD-wave. Figure 20 depicts the variations of
|R,| vs B,. It is noticed that the value of |R;| shows decreasing trend. Moreover, the value
of |R,| for G-L model is higher as compared with MG-L and L-S model. Figure 21 shows
the variation of |R,| with 6,. It is seen that |R,| follows the similar trend as observed for
|R,|. Figure 22 illustrates that amplitude ratio |R5| vs 6,. It is noticed that the values of
|R5| increases in first half of the interval and in remaining half the values shows a vice-
versa trend for all the considered cases.

2.8 — 4 —

Amplitude ratio IR,
Amplitude ratio IR,

0 18 36 54 72 90 0 18 36 54 72 90
Angle of incidence Angle of incidence
Fig. 20. Variation of Amplitude ratio |R4| Fig. 21. Variation of Amplitude ratio |R,]

for LD-wave(Impact of Different Theories) for LD-wave (Impact of Different Theories)
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Amplitude ratio IR;|
Amplitude ratio IR,

-0.4

36 5. 0 18 36 54 72 90
Angle of incidence Angle of incidence
Fig. 22. Variation of Amplitude ratio |R3| Fig. 23. Variation of Amplitude ratio |R4]
for LD-wave (Impact of Different Theories) for T-wave (Impact of Different Theories)

T-wave. From Fig. 23, it is observed that the value of |R,| for MGL, G-L and L-S
model follows decreasing trends while magnitude of |R;| is more for the G-L as compared
to MG-L and L-S. From Fig. 24, which is plot of |R,| vs 8,. It is noticed that magnitude of
|R,| for G-L is higher as compared to other two models i.e. MG-L model and L-S model.
The variations of |R5| vs 8jyare presented in Fig. 25. It is observed that the value of |Rs|
is in upward trend for all considered cases in the range 0 <8 < 18", § > 80" and is in
downward trend in rest of the interval.

28 — 10 —

Amplitude ratio IR,/
Amplitude ratio IR,/

0.4

0 18 36 54 72 90 0 18 36 54 72 90
Angle of incidence Angle of incidence
Fig. 24. Variation of Amplitude ratio |R| Fig. 25. Variation of Amplitude ratio |R;]
for T-wave(Impact of Different Theories) for T-wave (Impact of Different Theories)

SV-Wave. Figure 26 depicts the variations of |R,| with 6,. It is observed that the
value of |R,| are in uptrend for all the cases. It is also noticed that the values of |R,| for
G-L model are more as compared to MG-L and L-S model. From Fig. 27, it is observed that
the value of |R,| for G-L, MG-L and L-S follows rising trend for entire range but magnitude
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of |R,| for G-L is higher than MG-L, L-S. Figure 28 depicts the variations of |R3| with 6.
It is observed that the value of |R3| follows decreasing trend for all the considered
models. Also, the value of |R;| for G-L model is more as compared to MG-L and L-S model.

8 —

Amplitude ratio IR, !
Amplitude ratio IR,

0 1 A3r?gle ofin<:i(:1en<:5(;1 ” % 0 18 ASr?gle ofincidencse4 72 90
Fig. 26. Variation of Amplitude ratio |R4] Fig. 27. Variation of Amplitude ratio |R;|
for SV-wave (Impact of Different Theories) for SV-wave(Impact of Different Theories)

101 —

Amplitude ratio IR;|

9.3

Angle of incidence

Fig. 28 Variation of Amplitude ratio |Rs| for SV-wave(Impact of Different Theories)

Conclusion

In this investigation, propagation of wave is studied, which is the central focus in
seismology, generating precise results applicable to a wide range of economic activities.
The amplitude ratios of various reflected waves are obtained by considering a
homogenous, isotropic thermoelastic medium under MG-L model of thermoelasticity with
the impact of non-local parameter, TT parameter and impedance parameters along with
different theories of thermoelasticity. The following results have been obtained:
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1. It is observed that for incident LD-wave under the influence of non-local, TT and impedance
parameter |R;| and |R,| shows a descending behaviour in the entire interval, whereas |R;|
shows uptrend in first half of the interval and thereafter it decreases for all the considered cases.
2. For incident T-wave, the value of |R; | and | R, | diminish with increase in 6,. While |R5| shows
increasing behaviour in the initial range and with increase in 6,, | R5| shows downward trend.
3. It is observed that for incident SV-waves, the value of |R,| and |R,| continuously increases
with increase in 6,, whereas for |R;| the values decrease with constant magnitude.

4. It is also seen that for incident LD-wave and T-wave, it is seen that for different theories
of thermoelasticity, the values of |R,| and |R,| decays with increase in 8,, whereas for
|R;| the values show uptrend initially and after attaining its maximum point the values
of |R;| decreases. However, in case of incident SV-wave, an opposite behaviour is
observed for |R,| and |R,| as compared with incident LD-wave and T-wave respectively.
5. The magnitude of |R,|, |R;|, and |R5| for LD-wave, T-wave, SV-wave in case of G-L
model are more as compared with other two models of thermoelasticity.

Based on these findings, it is also concluded that the non-local parameter, TT
parameters, and impedance parameters have significant effect on the amplitude ratios as
non-local parameter enhances the amplitude ratios for LD-wave and T-wave. It is also
observed that amplitude ratios are influenced by different theories of thermoelasticity as
the values of amplitude ratios for MG-L are higher than L-S theory and lower than G-L
theory of thermoelasticity for all the incident waves. The present new model is useful in
developing more accurate representations of thermoelastic solids, making it particularly
relevant for geophysical studies, especially in the investigation of seismic events and
other phenomena in seismology and engineering.
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ABSTRACT

The problem of subcritical growth of repolarization nuclei in ferroelectric crystals is considered. Following
the approach of Barenblatt to the theory of equilibrium brittle cracks, a concept of cohesive forces, acting
on adjacent domain walls in a region near the domain tip, is introduced. These cohesive forces are
intimately related to the gradient term in the Ginzburg-Landau energy and become substantial as the
separation between the domain walls compares with their thickness 6. The condition of equilibrium for a
ferroelectric domain is formulated by taking into account the internal field associated with the cohesive
forces. Criteria for stable subcritical growth of nuclei in non-uniform electric fields are presented in terms
of a gradient modulus, which is an extension of the cohesion modulus concept of Barenblatt.
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Introduction

One of the main factors that determines the efficacy of application of functional materials in
various devices is the high sensitivity of their physical properties to the features of the real
structure. In the case of ferroics (ferroelectrics, ferroelastics, ferromagnets), it is the behavior
of the real (domain) structure that is the cause of physical nonlinearities observed in the form
of hysteresis phenomena, the mechanism of which is often the subject of debate. Elucidation
of the mechanism of the subcritical growth of ferroelectric domains in polycrystalline films
is one of the current controversial issues in the physics of ferroelectrics.

The lead zirconate titanate Pb(Zri«Ti,)Os; (PZT) solid solution near the morphotropic
phase boundary x=0.47, separating two ferroelectric phases — rhombohedral and
tetragonal, is one of the most widely used smart materials due to unique combination of its
piezoelectric and dielectric properties. In such applications as nonvolatile random access
memories also the nonlinear properties of PZT become important, especially its resistance
to dynamic fatigue resulting from the polarization switching and reducing life time of the
memory cells. The experimental studies of the influence of dynamic fatigue on ferroelectric
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hysteresis revealed a considerable difference in physical mechanisms, underlying the
polarization reversal in polycrystalline PZT films of different microstructure. In particular, for
(Pb1,Lay)(Zr1«Tix)Os (PLZT) polycrystalline films, including tetragonal Pb(ZrsoTiso)Os, deposited
on Pt/Ti-coated Si substrates [1] the grain size D of ~0.3 ym was comparable with the film
thickness H=0.55 pym. These films show a frequency dependence of a coercive field E,(v) in
the Merz form, In(v/vo) = - a/E., for a wide range of frequencies v = 10'-10° Hz. An important
observation made in [1] is that the dynamic fatigue does not affect the characteristic
frequency vo, which lies around 10° Hz for different PLZT compositions and can be considered
as a signature of the physical mechanism of polarization switching. Unlike vo, the activation
field a increases with the number of cycles used in fatigue tests and is the only parameter in
the Merz equation that characterizes the degree of fatigue [1]. Surprisingly, it was found that
in polycrystalline Pb(Zros3Tios7)Os films deposited on Pt/Ti/SiO,/Si substrates the frequency
dependence of the coercive field E.(v) differs significantly from the Merz equation and follows
the unusual law: In(v/vo) = = (B/E.)? [2], which was never observed before and can be referred
to as 1/E2-law. This result not only means the change in the physical mechanism governing
the polarization switching rate in these films, but also implies the existence of a low limiting
frequency vo, approaching which the coercive field diverges. The value of v, obtained by the
extrapolation of the experimental dependence of lnv on 1/EZ to the point 1/E2 = 0 was about
10° Hz [2]. This value is much less both the Debye frequency in ferroelectric crystals with
perovskite structure (~10'* Hz for PZT [1]) and also the aforementioned limiting frequency
for PZT films, in which the polarization switching rate is given by the Mertz equation. Fatigue
tests [2] showed that the limiting frequency v, for the new mechanism is also independent
of the number of cycles, whereas the activation field B increases with cycling, as shown in
Fig. 1. Despite their importance, the results obtained in [2] remained unnoticed until they
were reproduced in [3,4] for tetragonal Pb(Zro40Ti060)O3 films grown on Ir/SiO,/Si substrates
using the sol-gel process. Here, it is worth to mention that the 1/E?-law was also reported
for some other ferroelectric materials [5,6].

The existence of two principally different mechanisms of polarization switching in
polycrystalline PZT films raises the question of what structural features of the films are
responsible for realization of a particular mechanism. However, there is no information on
the film thickness in [2]. The films grown in [3,4] had the thickness of 240 nm, but the grain
size values were reported neither in [2] nor in [3,4]. Some insight into the microstructure
can be gained from [7], where tetragonal Pb(Zro20Ti0s0)Os films with thickness of 260 nm
were composed of elongated single-domain grains with the mean size of ~ 50 nm. The
switching of polarization by an electric field is a multistage process. It includes the stage
of formation of repolarization nuclei; the stage of their forward growth into the crystal,
which results in the formation of planar domain walls; and subsequent sideways motion of
the domain walls. According to [8], it is the nucleation stage of the repolarization nuclei
that is responsible for 1/E2-law. Furthermore, as was shown in [8], thin repolarization
nuclei arise as the result of thermal fluctuations. Taking into account the experimental
value of vo = 10 Hz from [3], the activation energy was estimated as AG(E.) ~ 10 kT, where
the coercive field E. = 62.5 kV/cm corresponds to the hysteresis loop at a frequency
v=9.3Hz [3] and kT - to room temperature. Thus the nucleation due to thermal
fluctuations is not so prohibitive as is sometimes accepted. Among additional factors, which
could contribute to the dependence of E. on v, one should mention the thermally activated
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sideways motion of domain walls in the field of short-range obstacles. For instance, such
interactions become important in bulk PZT-based ceramics and lead to a logarithmic
dependence of the coercive field on frequency [9-12].
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Fig. 1. Semi-log plots lnv vs 1/E2 illustrating schematically shift of the limiting frequency vo(D)
with a change in the electrode diameter D (D, < D,) in fresh PZT films (squares correspond to RT data and
D1 =320 pm [3]). An expected transformation of the plot in fatigued films is sketched

The original model [8] of the polarization reversal was not flexible enough to explain
some features of the 1/E2-law, namely some size (or geometric) effects. According to [3,4],
the observable limiting frequency vo is not a fundamental characteristic of the film material
or structure. It depends on the size of the upper electrode R as well: vo = vo(R). A qualitative
phenomenological model [13], explaining the origin of such effects, assumes the existence
of an additional mechanism for the growth of nuclei, which must be much faster than the
usual nucleation due to thermal fluctuations. Further development [14] led to the
conclusion that such mechanism is subcritical growth of repolarization nuclei in a non-
uniform electric field at the edges of the electrode. In this work, following the approach of
Barenblatt [15] to equilibrium brittle cracks, a concept of cohesive forces, acting on
adjacent domain walls in a region near the domain tip, is introduced. These cohesive forces
stem from the gradient term in the Ginzburg-Landau energy. The condition of equilibrium
for a ferroelectric domain is formulated by explicit incorporation of the internal field
associated with the cohesive forces. Criteria for stable subcritical growth of nuclei in non-
uniform electric fields are presented in terms of a gradient modulus, which is an extension
of the cohesion modulus of Barenblatt.

Thin domain approximation

In the theory of brittle cracks proposed by Barenblatt the concept of atomic cohesive
forces is introduced to describe interaction of the crack surfaces in the cohesion zones
near its tips. The cohesive forces are assumed to be local. Like surface forces in the
continuum elasticity theory they are applied directly to the crack surfaces. Therefore, they
differ from the real interatomic forces acting on atoms situated in a surface layer, which
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thickness depends on the range of interatomic interaction. The idea of cohesive forces
turns out to be also useful for ferroelectric domains, where they act locally on the
adjacent domain walls. These forces are related to the gradient term in the Ginzburg-
Landau energy and become substantial in the region near the domain tips, where the
separation between the domain walls compares with their thickness 4. This region can
be referred to as the gradient zone. To illustrate incorporation of the cohesive forces into
equations of equilibrium of ferroelectric domains, we consider a two-dimensional
problem of a thin 180° domain of length [ = a; - a; = 2a in an infinite uniaxial crystal. The
domain is infinitely long in the z-direction and polarized in the x-direction. Its tips are
situated at points x = a: and x = a,, respectively, as shown in Fig. 2. From the microscopic
viewpoint, the shape h(x) of the domain profile in xy-plane depends on distribution of
atomic steps at the curved domain walls bounding the domain. Since each step increases
the domain thickness by one interplanar distance ¢, the thickness h(x) at a point x is
determined by the total number of steps situated between this point and the domain tip
X = a,. By introducing the step density function n(x), h(x) can be represented as:

h(x) = { c[*n(wdu, (a; Sx < ap) | )
0, (x <ayorx >a,)
—-P YW
G
.- theo ! . .
\
01\1_ ! a,

«— -P5

Fig. 2. A 180° domain of length 2a = a, - a:. Atomic steps on the domain wall W are schematically shown.
The thickness of the domain cross section in the xy-plane is described by the function h(x). The gradient
zone G is shown for the tip a;

Further analysis throughout the paper is based on the thin domain

approximation [8]. It means that all steps are situated in one plane y = 0 and we deal with
a plane step distribution. Within the framework of this approximation the spontaneous
polarization, which in our case has only one component, is localized in the plane y=0
and can be expressed as:
PY(x,y) = —=P° + AP°h(x)5 (y), (2)
where P° denotes the value of spontaneous polarization and APSc = 2P%c is the bound
charge (per unit length along the z-axis) associated with a step on the domain wall. The
shape of an equilibrium domain is to be found from the condition of vanishing the
configuration force fi(x) acting on each step. Provided that the potentials of remote
electrodes are fixed, it is to be derived from the electric free energy [8]. In general, the
condition of step equilibrium contains three terms of different nature:

fe(0) = ££ () + £ (0 + {9 (x) = 0. (3)
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However, the main contribution to the configuration force in Eq. (3) is due to the
cohesive (or gradient) force:
£ (x) = =(AP°c)Ex (x), (4)
where E;(x) = Ex[h(x)] is the internal field associated with the Ginzburg-Landau energy,
and the electric force:
fiE(x) = AP*c(EY(x) + EZ(x,y = 0)). (5)
Here, EV(x) = EY(x,y = 0) is the electric field of remote electrodes with an
account of the depolarization field of the homogeneously poled ferroelectric crystal and

Ef(ry =0) =222 [ 20 gy ©)
is the depolarization field due to bound charges of the steps. Correspondingly,
&= (e11622)? stands for the effective dielectric constant. As concerns the force £/*(x) in
Eqg. (3), it has the lattice periodicity and plays the same role as Peierls force on a crystal
dislocation. Its mean value over the lattice period vanishes and we neglect it in the step
equilibrium condition given in Eq. (3). Finally, taking into account Eq. (6), we obtain the

equation of domain equilibrium:
L [ MW Gy = EV(x) — Ex(x), (a, < x < ay), 7)

2me ¥a1 x-u

which is a singular integral equation for the step density function n(x). The self-force on
a step, resulting from Eq. (6) for the depolarization field, has a singularity at x = u, but it
can be excluded, using the principal value of the integral in Eq. (7). Unlike the previous
analysis [8,14], here we include explicitly the internal field Ex(x) acting only on few steps
in the neighbourhood of the domain tips. It is the field, which work gives rise to an
increase in the domain wall surface energy as the domain grows. It cannot be derived
within the framework of the semi-continuum approach used here. More details on
properties of E;(x) following from the Ginzburg-Landau theory will be published
elsewhere. Moreover, one can consider the internal field phenomenologically, like it was
done for elastic twins [16-18] and brittle cracks [15]. In fact, the internal field is not a
usual function of the step position x, namely, it is a functional of the domain thickness
h(x) at this point and thereby is a functional of the step density n(x). Therefore, strictly
speaking, Eq. (7) is nonlinear. However, this difficulty can be overcome in the same way
as in Barenblatt’s theory [15].

The concept of gradient modulus

Eq. (7) can be solved analytically, see [14] for details. Let’s consider the solution for the
depolarization field defined in Eq. (6). Ahead the right domain tip x = @, it has the form:

1 az +(az-u)(u—aq) U *
T —ay) (x-ay) fal : —u = [EY (W) — Ex(%)] du, (8)

and near the tip shows a universal behaviour with a singularity:

B = @,y = 0) = o {K(@) - = [ 2 B du | ©)

where the quantity

K(ay) = = [” / 2 EY(w) du (10)

Eg(x>a2ry=0) =
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is a weighted average (or intensity factor) of the external field. Since for the equilibrium
domain the depolarization field has to be non-singular, the singularity in Eq. (9) is to be
eliminated. This requirement leads to the condition:

1 - *
K(a) == [.* /— Ex(u) du. (12)
Since the internal field rapidly vanishes outside the gradient zone, Eq. (11) takes the form:
K(a,) = K", (12)

where the quantity K* characterizes the behaviour of the cohesive forces in the gradient
zone and can be referred to as gradient modulus. It is a material constant and can be
represented as:

« _ |2 rd E*(w) _ |2 (o E*(w)
K —\/;fo 7 du—\/;fo = du, (13)

where d is the gradient zone size and E*(u) = |Ex(x)]|. In practice, one can use d = oo,
since beyond the gradient zone the internal field is vanishing. Eq. (12) is the first equation
for the unknown positions ai and a, of the equilibrium domain tips. The second equation
for a1 and a, can be obtained similarly, eliminating the singularity at the left tip a..

Subcritical growth of a repolarization nucleus

If the external field is uniform, the intensity factors for both domain tips coincide,
K(—a) = K(a) = EV/ma, (14)
where the domain tip positions are chosen at a;=-a and a;=a. The size of the
equilibrium domain in terms of the gradient modulus is given as:
*\ 2
=2(5) s
Such domain is unstable [14]. If the size of a repolarization nucleus exceeds the critical
value given in Eq. (15), the nucleus can grow, thus reducing the thermodynamic potential,
otherwise it shrinks. Comparing Eq. (15) with the results of [14], one can obtain the important
relation between the gradient modulus and the domain wall surface energy yu,
K* = 2\/yw/c. (16)
In the case of non-uniform electric fields, the thermodynamics of the growth process
can be analyzed by means of the known in fracture mechanics Irwin formula for a crack
in an elastic solid. Its extension to the case of a ferroelectric domain was made in [14]
and represents the variation in the electric free energy when the domain size changes by
the value of &/,

SF ol 1)
2= o [TEY () + By = 0)] (S, 6P (x — 8L, y)dy ) dx. (17)
According to [14], calculation of the integral in Eq. (17) gives rise to a simple result,
g 2
X dl g, (18)

for the electric free energy release, and the domain growth in a non-uniform electric field

becomes thermodynamically favourable if
86 _ 6F _ eK?(ap) , eK*?

D
For the tip x = a: a similar condition takes place.
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The mechanism of subcritical growth can be demonstrated within the framework of
a simple model presented in Fig. 3, where it is assumed that a repolarization nucleus of
size [ = 2a arose at the edge of the electrode x = -b as a result of thermal fluctuation.
This model is directly relevant to the forward growth of nuclei near the electrode edges
in PZT films. Analysis of the results of numerical calculations of the coefficients K(-a) and
K(a) depending on the value of the geometric parameter b/a, where b is the distance from
the edge of the electrode to the centre of the nucleus, shows that if the right tip of the
nucleus is in equilibrium, its left tip cannot be in equilibrium and always shifts towards
the edge of the electrode. However, the main conclusion is that at b = a the value of the
intensity factor K(a) = 2Kt/mt for the right edge of the nucleus turns out to be independent
of its size. Here, Kt= Q/(2e(mR)Y/?), Q is the linear charge of the electrode, and 2R is its
width. Consequently, if condition (19) is met, nuclei of arbitrarily small size resulting from
thermal fluctuations do not annihilate, but can grow, lowering the thermodynamic
potential G of the system. This means the fundamental possibility of stable subcritical
growth of repolarization nuclei in the vicinity of the electrode edges.

A
<4+ Ps y 5[
0=CU
VA7 77 77 F P 7 A——— —»-Ps X
-b —a a
<4 Ps

Fig. 3. A sketch of a 180° repolarization nucleus of length 2a near the edge x = -b of a thin planar
electrode occupying the region -2R-b <x<-b

Conclusions

Stable subcritical growth of repolarization nuclei, which doesn’t require thermal
activation, becomes possible due to the lack of dependence of electric energy release on
the nucleus size. This growth regime is provided by specific behaviour of the non-uniform
electric field near electrode edges. Since the electric field decreases with the distance r
from the electrode edge as 1/+/r, the electric free energy released by the domain
expansion is fully consumed by the newly formed domain wall surfaces whatever nucleus
size is. This effect is very similar to the microcrack formation mechanism by arrested
dislocation pile-ups (Zener-Mott-Stroh model), where elastic energy release turns out to
be independent of crack size [19-21].
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ABSTRACT

One of the key tasks in the study of two-dimensional nanomaterials (fullerenes, nanotubes, graphene) is to explore
their mechanical properties: bending, vibrations, and stability. For the study of such problems, it is essential to
construct both microscopic and macroscopic models of the deformation behavior of such materials. Based on the
three-dimensional moment theory of elasticity, the moment-membrane theory of elastic cylindrical shells is
constructed as a continual model of deformations of a single-layer carbon nanotube. The axisymmetric deformation
of an elastic cylindrical shell is studied, and numerical results are presented. Further, a moment-membrane technical
theory of elastic cylindrical shells is constructed, on the basis of which the stability of the initially axial compressed
state of a carbon nanotube is studied, and the critical load value is numerically determined.
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Introduction

The emergence of two-dimensional nanomaterials (fullerene [1], carbon nanotube [2],
graphene [3]) has resulted in a need to construct continual models which enable the study
of their deformations.

In [4-7], the consideration of the moment interaction between atoms in the crystal
lattices of two-dimensional nanomaterials (and other nano-objects) has been justified.
Also, the three-dimensional moment theory of elasticity (with independent fields of
displacements and rotations) has been established as a continual model for deformations
of the considered nanomaterials.

Studies [4-7] have naturally led to a topical problem concerning the construction
of a model of thin plates or shells that can adequately describe the deformations of two-
dimensional nanomaterials, based on the three-dimensional moment theory of elasticity.

We note that the general model of constructing the models of thin shells and plates
based on the moment theory of elasticity are developed in [8,9], where a detailed review
of the works in the field are presented. The general remark to these models is that the
six elastic constants of the material based on the moment theory of elasticity have not
been defined in them.
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In this case we note that a new approach has been taken in [10] for the construction
of an adequate model of two-dimensional nanomaterials based on the moment theory of
elasticity.

In [10], the corresponding one-dimensional continual-beam model has been
constructed, based on the study of the general deformation of a linear atomic chain, when
the force interaction between its atoms is non-central and a moment interaction is in
place. Considering the crystal graphene lattice, in the cell of its periodicity, by replacing
interatomic interactions with the indicated beam model, a discrete-continual model of a
graphene is constructed. Further, by passing the limit, a continual linear model of its
deformation is constructed. In the same paper, it is stated that the constructed model of
a graphene is completely identical to the so-called moment-membrane theory of elastic
thin plates [11,12]. By comparing the two models, all elastic constants of the indicated
theory of plates are numerically determined (through the physical parameters of the
discrete model of a graphene). It is evident that the constructed moment-membrane
linear theory of elastic thin plates (a) - plane stress state, (b) - transverse bending) with
certain elastic constants is a continual model of graphene deformations ((a) - for its
deformation in its own plane, (b) - for its transverse bending from its own plane). This
opens a new avenue for studying various applied deformation problems of statics,
dynamics and stability of a graphene sheet.

It is important to note that the main feature of the moment-membrane theory of
elastic plates is the property of a uniform distribution of displacements, free rotations,
stresses and moment stresses along the thickness of the plate. The property is
characteristic for a thin membrane (it is no coincidence that in many publications (for
example [13]), the term ‘graphene membrane’ is used for a ‘graphene’).

Considering that a single-layer carbon nanotube is an extended structure in the form
of a hollow cylinder (consisting of one graphite layer or a graphene rolled into a tube [14],
with a hexagonal organization of carbon atoms), it is appropriate to develop the ideas of
works [10-12] and construct a moment-membrane theory of elastic cylindrical shells as a
continual model of deformation of a single-layer carbon nanotube.

Main hypotheses. Kinematic model of deformations of moment-membrane
theory of cylindrical shells. Equations of strain compatibility

As a basis, we will consider equations and boundary conditions of the three-dimensional
moment linear theory of elasticity with independent fields of displacements and
rotations [15] in the region of a cylindrical shell with thickness 2h. A cylindrical
coordinate system x,0,z is considered, where x,6 represent the lines of the main
curvatures of the middle surface of the shell (z = 0), and the rectilinear axis zis directed
along the normal to this surface. In this case, for Lame coefficients of the middle surface,
we take: A; = 1,4, = R.

To study the deformations of a single-layer carbon nanotube, below, based on the
three-dimensional moment theory of elasticity, as well as based on certain hypotheses,
we will consider the basic equations of the moment-membrane theory of elastic
cylindrical shells.
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The hypotheses adopted below can be considered as kinematic and static:
1. The essence of the kinematic hypothesis is the assumption about the constancy of all
components of the displacement and free rotation vectors along the coordinate z
(i.e., their uniform distribution over the thickness of the shell):
Vi=u;(x,0), V3=w(x0), w,=02;(x,0), w;=102(x,0), i=12. (1)
2. In the physical relations of the moment theory of elasticity [15], stresses 33, 05;and
moment stresses [i33, i3; can be neglected with respect to oy, g;3, Ui, iz (i = 1,2).

3. It is accepted that the shell is thin (%h << 1).

We note that the formulated hypotheses correspond to the initial approximation of
the result of the asymptotic method of integration of the three-dimensional boundary
value problem of the moment elasticity theory in a thin shell region [16,17].

Based on hypotheses (1) and (3), from the corresponding geometric relations of the
moment theory of elasticity [15] (in the case of cylindrical coordinates) for the

components of the tensors of deformations and bending torsions, we have:

Y11(x,6,2) = [11(x,0), v22(x,0,2) = L(x,$), v12(x,$,2) = I;(x, 9),

Y21(x, @,2) = L1 (x, ), v13(x,¢,2) = [13(x, d), V23(x,¢,2) = Lz(x, ),

X110 $,2) = ki1 (6 P), Xa2(x, §,2) = koo (X, ), x12(x, §,2) = kiz(x, @), (2)
X21(0,0,2) = ka1 (x, ), Xx13(x, B, 2) = ky3(x, @), Xa3(x, @, 2) = ko3(x, @),

X31=X32=X33 =0, V31 =V¥32=V33=0,

where

Ii1 :%, Py Z%%"‘%' PP :%_Q3, M1 Z%%"‘Qs,

113=3_¥+92' F23=%Z—Z—%—[21, (3)
ki, = %' kyp = %%"‘%» kiz %» kyy = 10;61,

Here  I4,0,5, 112,151,113, I,3-are  components of  deformation  tensor,
ki1, ko5, k12, k21, k13, ky3-components of the bending-torsion tensor in the moment-
membrane theory of thin cylindrical shells.

Based on Egs. (1)-(3), it is easy to verify that the components of the displacement
and free rotation vectors, the components of the deformation and bending-torsion
tensors are constant by zcoordinate functions (i.e. they are all uniformly distributed over
the thickness of the cylindrical shell).

It should be noted that Egs. (1)-(3) determine the kinematic model of deformations
in the moment-membrane theory of thin cylindrical shells.

Twelve quantities 134,152, 112, 151, [13, 153, K11, k22, k12, K21, k13, kp3are  expressed
through six functions uy,u,,w,04,0,,02; by Eq.(3). These twelve quantities are
interconnected by six equations, which are called the equations of strain compatibility of
the middle surface in the moment-membrane theory of thin cylindrical shells (which can

be obtained from Eq. (3), excluding the quantities uy, u,, w, 24, 02,, 023):
19ry; 8y

_ ory, 100, Iz _ 4
R 86 ax tki3 =0, ax R 86 R ka3 =0, (4)
03 103 | Inp k k
Ofzs _ 19013 4 N2 =0
aéc Raae % +a ut ;2 ’
10kqq K21 kao  10ki; kg3
10kis _ - _10kiz ki3 _ 5
R 96 ax " ox R 06 R ’ ( )

0ky3 10kq3 k12
. k2 _ o,
dx R 06 + R
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Unit forces and moments of the moment-membrane theory of elastic
cylindrical shells. Elasticity relations. Equilibrium equations

We consider an element, with the lengths of the arcs of the shell middle surface, extracted
from the shell by normal sections drawn in the direction of the curvature lines. In these
sections, there are tangential normal o4, 0,5, tangential tangents ag;,, 0,7 and transverse
tangents stresses ogy3, 03, as well as corresponding moment stresses
Ui, M2, Uiz, H21, H13, U23, Which will be distributed uniformly over the thickness of the
shell. This is easy to verify if we consider the physical relations of the moment theory of
elasticity [15], hypothesis (2) and geometric relations (2)-(3):

011 = 1_E7(r11 +vl2), 02 = ﬁ(rzz +vI1), 012 =@+ )2 + 11 I32),

03 =W+ @)1 +11 ), 013=G Ny, 0p3=G T3, 0y = ::_Z:

pr = v + LA + 2n2)ky1 + 12 - kaal,

toz = (v + (A + 2m)kyy + 12 - kyq], 12 = E' (6)
tz = (v +&)(kyp + 15 kaq),

po1 = (v + &) (ka1 + 12 - kyz),

P13 = B - ki3, poz = B - ka3,

where [10]:

E v, u= a G=2H2 o ¢ p=LEt2y p=22 (7)

2(1+v)’ pta y+e T y+e
are the elastic constants of the moment theory of elasticity for two-dimensional
nanomaterials.

Now, instead we introduce integral characteristics - forces and moments - statically
equivalent to the components of the stress tensor and the moment stress tensor (6).
Considering the thinness of the shell, we have:

Ty, = f_hh 011z = 2011h, Ty = f_hh 0220z = 20,0, S15 = f_hh 012dz = 2 013h,
Sy1 = f_hh 051dz = 20y,h, Ny3 = f_hh 013dz = 2013h, Npz = f_hh 033dz = 2 0y3h, (8)
L, = f_hh,ulldz =2p41h, Ly = f_hh.uzzdz = 2iph, Lz = f_hhulzdz = 2420,
Ly = f_hh#udz =2ip1h, Lz = f_hh,u13d2 =2p3h, Lyz = f_hh,u23dz = 2 pp3h.
With the help of Eq. (6), as well as Eg. (8), we obtain the physical relations of

elasticity of the moment-membrane theory of cylindrical shells:
Ty =E(Ii1 +v - 13), Ty =E(y +v-Ihy),
S12 = Dy(lig + M1 - [21), Sp1 = Da(I31 + 1y - 1), Nyg = Dy - [,

N3 = D’1 I3, Lyy = Dl[(l + 2772)]’(22 +1m2 ki1l Ly = D'[(l +2n)ko + 12 - kyql, (9)
Li; =D (kiz + M2 - kp1), Lpg =D (kpy + 120 kiz), L1z = B, - ki3, Lz = By - ka3,

where

E, =2Eh, E, = :Lz' D,=(u+a)-2h, D,=2Gh, D' =(y+e¢)-2h, B,=2Bh. (10)

It should be noted that expressions (10) represent the stiffness characteristics of the
moment-membrane theory of elastic cylindrical shells, the numerical values of which (in
the current form) are determined in [10].
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Fig. 1. Forces and moments acting on the shell element

We now consider the equilibrium of an element of the middle surface of a cylindrical
shell (Fig. 1), loaded with internal forces, moments and an externally distributed load. Based
on the condition that the main vector and the main moment of the indicated forces, acting
on the element, are equal to zero and after switching to scalar equations, the six equilibrium

equations of the moment-membrane theory of elastic thin cylindrical shells are obtained:
OTyy | 108y _ 10Ty, |, 0S12 |, Nas

ax aR a6 —a—‘h, R0 Tox TR -2
Iy Niz3  10N33
i el el e (11)
R ax R 060
dL1; . 10Lpqg 1 0Ly 6L12 L23
ax +0R a0 +aN23 =My 25 + Nig = —m,,
L22 Lyz  10Lz3
ox R 90 (812 — S21) =mg,

where qr(x, ), m(x,¢), k =1,2,3 are surface density components of externally
distributed forces and moments.

Geometric relations (3), elasticity relations (9) and equilibrium equations (11) are
the basic equations of the moment-membrane theory of elastic thin cylindrical shells, at
the same time, the basic equations of the continual model of deformations of a single-
layer carbon nanotube.

By substituting geometric relations (3) into elasticity relations (9) and into the
obtained equilibrium equations (11) (at m, = 0, k = 1,2,3), we reduce the problem to a
resolving system of six differential equations with respect to generalized displacements
u;,w,;,05,i = 1,2,, the order of which is twelve:

L31u1 + L32u2 + L33W + L34-Q1 + L35-Qz + L36-Q3 = g = (12)
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where the coefficients L,,, are partial differential operators in the following form:

~ 9% D, 1 9% - ~ Damy\1 0% & ~ v a
[,=t 4210 7 -] =(v ) Ljs=104 =22
1n=oat E, RZ 992’ 12 21 + E. JRoxa9’ 13 317 Rox’
== == = = D 19
Lig=L4y =0, Lig=Ls; =0, Lig=Lg1 = 5_(1 - 7)1);%;
~ D, 92 1 92 D, ~ ~ 1 10
Lyy=="—4+=——"=, L,s=1L =—( 7)——
22 7 F ax2 ' R29H2 E,R2’ 23 32 7R + E.J R0’
- ~ D ~ ~ ~ ~ Dy a
Loy=L,,=—-%, [,ce=L:, =0, Lyy=Le, =—2(1- —
24 42 R’ s 52 » L2e 62 Z ( n1) P
~ Dy [ 82 1 92 ~ 7 _ D 19
L= 24 20 [, oL, =0t 1
33 E, \ox2 + RZ 9g2)’ 34 43 = 7 "Roe’ ( 3)
T D1 4 5 _ D'(142mp) 82 D 1 8% Dy
L3 = Lg3 = e Lys=Le3 =0, Lyy = 5 oz + 7 RPo0? B
- - 2Dr]2 102 = < D'ny 8
Lss =1L —=< . =Lgy =—=—
45 54 = g "Roxoe’ 46 64 7 £.R x

- D' 92  D'(1+2m,) 1 82 B D
LSS=~——2+~7H2 —2—2—(~*2+~—1),
B, 0x E. R2 06 E.R E.

_ Z [D (1+2772) B, ] 19

- - R0’
- B. B* 1 62 2D,(1-n1) | D'(1+273)
L66 e T YT ) po + po

E. 6x2 E. RZ?062 E. E.-R?

When solving specific problems, this system should be attached by boundary conditions,
the total number of which is equal to six at each of the ends x = 0, and x = lof the shell (I is
the length of the shell), as well as periodicity conditions (due to a closed shell that is considered).

Potential energy of deformation of the middle surface. The principle of
possible displacements in the moment-membrane theory of elastic thin
cylindrical shells. Boundary conditions

In accordance with the general relations of the three-dimensional moment theory of
elasticity [15], by applying the expression for the potential energy of the deformation of
a shell which we consider a three-dimensional body and, further, by applying Eq. (2) for
the components of the deformations and bending-torsion tensors, as well as Eq. (8) and
hypothesis (3), the potential energy of deformation in the moment-membrane theory of
elastic thin cylindrical shells will be expressed as follows:

Up = %ff(s)(Tn "Dy +Top - Doy + 81 [ + S50 - o1 + Nug - 13+ Nog - oz + Ly - kqg +

+Lyy - Koz + L1z - kio 4 Loy - Koy + Lis - kyg + Loz - ka3)Rdxd®, (14)
where () -is an area of the middle surface.

If the expressions for forces and moments are used with the help of elasticity
relations (9), the surface density of the potential energy of the deformation of the
moment-membrane theory of elastic thin cylindrical shells will be expressed as follows:
Wo = (B3 + [ + 2v - Iy - [y) + Dy (1% + TR + 20y - I+ [) + Dy (I3 + I2)

+D'{[(1 +2n,)(kiy + k3,) + 2mpky1kp] + (kiy + k31 + 2n5k15k,0)1} + B (k35 + k%s))- (15)
Using the law of elasticity (9), it is easy to verify that:
Tn=%,...,521=%,...,L12=%,.... (16)

Thus, the function W, can be considered as an elastic potential of forces and
moments.

In all cases, when there is an elastic potential, the principle of possible
displacements is valid. According to the principle, the actual state of equilibrium of an
elastic body differs from adjacent geometrically possible states in that for any infinitely
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small possible displacements from the equilibrium position, the variation of the total
energy of the system is equal to zero.

If we write the principle of possible displacements of the shell, considering it as a
three-dimensional body [15], applying formulas for displacements and rotations (1),
components of bending deformation and bending-torsion tensors (2), stresses and
moment stresses (6), the equation of the principle of possible displacements of the
moment-membrane theory of elastic thin cylindrical shells will be obtained:
ﬂ(s)(Tn 00y + Ty - 855 + 812 - 8611 + Sp1 - 851 + Nyz - 6133 + Npz - 6153 + (17)
+Li1 - Okyy + Loy - Skyp + Lyp - 8kyp + Lyg - Skyy + Ly - 8kyz + Lys - 6ky3)Rdxd® — 64, = 0,
where §4, is the work of external forces and moments on possible displacements and
rotations duy, du,, 6w, 8024, 642,,6105:

A, = ff(s)(q1 “8uy + qy - Suy + g3 - Sw+my - 802, + my - 50, + my - 5423)Rdxd6 —
- fjo"“”(i"n 6y + iy Sup + Nyg 6w+ Lyy 80 + Lip - 80 + Lig - 80)| _ Rdf + (18)

x=

Rd6.

x=1

+ feg()0+2n(T11 ° 5u1 + 512 ° Suz + N13 ° 5W + [411 ° 6!21 + le ° 6!22 + L13 * 6!23)

Due to the independence of the variationséu,, du,, dw, 8§24, 60,,605, from the
variational equation (17), the equilibrium equations (11) follow as Euler equations, and
static boundary conditions of the moment-membrane theory of elastic thin closed
cylindrical shells follow as natural boundary conditions:

Ty = Tiq, S1z = Siz Niz = Nug, Lyg = Lyg, Lip = Ly, Lz = Lz, atx =0,x = 1. (19)

The boundary conditions in generalized displacements will be as follows:

u; (x,60) =y (x, 0), up(x,0) = u,(x,0), wx, 0) =w(x, ¢),
0,(x,0) = 2,(x,0), Q,(x,0) = 2,(x,0), Q3(x,0) = 2:(x,0),at x = 0,x = L. (20)

As noted, the order of the resolving system of Eq. (12) of the moment-membrane
theory of cylindrical shells is equal to twelve, therefore six boundary conditions of the
type (19) or (20) must be set on each edge of a closed cylindrical shell. There may also be
mixed boundary conditions (for example, hinge support conditions).

Axisymmetric deformation of a cylindrical shell

Due to symmetry, we accept u, =0, Q; =0, g, = 0. Quantities uy, w, 2,, 25 will
depend only on the coordinate x.
The resolving system for axisymmetric deformation with respect to u;, w, 2, takes

the following form:

d’>u; , vdw _  qq Dyd*w w  vduy; [ Dy dQ, _ g3 d’Q D B, Dy dw _

e P e w ettt wspa- e -0 (21)
We note that for the axisymmetric problem we also obtain 2; = 0. Further, a case

is considered when g, = 0. In that case, from the first equation of system (21) we obtain:

% + %W = C, = const. (22)
This means that T;; = const. To be specific, we take T;; = 0, i.e.

% = —%w. (23)
Instead of system (21) we obtain:

d?w E. dn, qs v d?0, B, dw

W = D T = (4 i) 0, = Dy =0, (24)
From the equations of this system the following formula is obtained for (2,:

B, ' d3w E, dw 1 dqgs dw
(F+0) % =0 (-5 +om a0 a) D (25)
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Using Egs. (24) and (25), we arrive at the solution of the following inhomogeneous
fourth-order differential equation for w:

4 2 2
o~ (e o) o + o (e D)W = 5, (1) 5 = 5, 55 (26)
Further, a case is considered when g; = const. In that case, instead of Eq. (26) we obtain:
Gt o) T e (e H D)W = 5, (4 1) 4 @7)
It is easy to see that a particular solution of Eq. (27) is:
= B (28)

E.
Let us consider a specific example, where a carbon nanotube, when the ends

x = 0, x =1 are hinge supported, is loaded with a uniformly distributed normally applied
surface load g;. The boundary conditions in this case will be:

6!22
W|x=0 = 0, =0. (29)

_ dx |x=0
x=l x=1

The initial data has the following meanings: gs = 10 nN/nm?, R =10 nm, [= 100 nm.
The stiffness characteristics of a nanotube are expressed numerically as follows [10]:
E, =287 = ; B, =0.505nN-nm, D; = 86 —, D'=0.415nN-nm.

The general solution of differential Eq. (27) (considering Eq. (28)) has the form:
w(x) = 3.484 + e 15%(C, cos 1.14x + C ,sin1.14x) + e 15*(C3cos 1.14x + C ,sin1.14x), where
Cy, C,, C3, C4 are constants.

With the help of boundary conditions (29), by determining the constants of

integration, the solution of the stated problem will finally be expressed as follows:
w(x) = 3.484 + e 115%(—3.484 cos 1.14x — 0.03 sin 1. 14x) (nm).

The maximum deflection of the nanotube is obtained at x = 50 nm, w;,, .

Technical theory of cylindrical shells

The integration of the system of differential equations of a cylindrical shell into
generalized displacements based the moment-membrane theory (12) is a complex task,
therefore, the resolving toolkit of the theory of cylindrical shells (similar to the classical
theory of cylindrical shells [18,19]) should involve equations that are simpler in structure
and provide sufficient accuracy in applied calculations.

Such a simplified (technical) version of the theory of a cylindrical shell (the shell in
this case has zero Gaussian curvature) is built on the basis of the following assumptions:
a) following members in equilibrium equations (11) can be neglected: in the second one

(as in the classical case) %, in the fifth one - % and in the sixth one - %;
b) following members in the geometrical relations (3) can be neglected: for I3 —%
(as in the classical case); ky3 — %; ko, — %,

In view of the above facts, the main relations of the theory of a cylindrical shell (3),
Eg. (11) can be written as follows:

Equilibrium equations:
My | 1085 _ 10Ty | 35 Tpp _ ONiz _ 10Nps _

xR 06 =79 % 9x __a 2% " ox rRoe I

Ly; , 10Lpq 10Lpp L1z

T e Ny = —my, 25 T Ny = —m 30
ax R 90 + Nas ' R a0 + ax 13 2 ( )
6L13 10L23

ox TR o0

+ (812 — S31) = —ms.
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Geometrical relations:

_ Ouq _10u; ,w _ Ouy
1—‘11_ ag' rZZ_R@B +aR' I_12_ ax %3!
_ 1oy, __ow _low
Ly =c70+ s Tiz=—-+0;, Tiz=———10, (31)
k 004 _ 100, k 00, k 1004 k 003 1003
117 57 722 T pag’ 12T 5?21 T p g’ T13 7T 5’ 23 T R ge”

We add the elasticity relations (9) to the equilibrium equations (30) and geometric
relations (31).

From the geometric relations (31), by eliminating displacements u,, u,, we arrive at
the following equations for the continuity of deformations:

Oy 10 — l0h2 0 — _low
ax R 06 kiz =0, R 96 dx +hkas = R dx" 5 s 5 5 5 ((;7)2)
. . 10k k k 10k 10k k
It should be mentioned that equations =—= = —= 2 —_—Lagnd-—==—-2
q R 96 ax ’ 9x R 08 R 36 ax

are automatically satisfied.

Let us consider a more essential case of loading the cylindrical shell, when
43 =q,q1 = qz =my =my =mz = 0.

Introducing auxiliary functions @;and &, by formulas:
Ty = lmﬂ'sn = _%'Tzz = %'512 = _%%' (33)
the first two equilibrium equations (30) are identically satisfied.

Let us consider the sixth equilibrium equation from the system (30):

7] a

%"‘%%"‘ (S12 —S21) =0. (34)
Function ¢ is introduced by formulas:

Lz = z—f,Lzs = %Z_lg- (35)

By considering Eq. (33) for S;, and S,4, as well as by satisfying Eq. (34), we arrive at
the equality:

a (Y 19 19y
2 Gt @) =255 (22— 250) (36)
Now, if we introduce the function ¢ according to the formulas:
2 Ro6  ax’ ox 17 roe

Eg. (34) will be identically satisfied.
For efforts T;1, T2, S12, S21 and moments L3, L3, we finally have:

_18%¢ 1% _9%¢ 1 0%
11 ™ p2 902 R 0x0’ 22 7 gx2 R0x00"
1 92¢ . 9%y 192¢ 1 9%y
6 1 __10% 1% 38
21 ROx00 ' oxz’ “12 ROx08 R2 962’ ( )
P 1oy

Lz = e’ 23 T R0

For the indicated forces and moments, by applying Eq. (38), as noted above, the first
two and the sixth equilibrium equations from the system (30) are identically satisfied. As
a result of the replacement of forces and moments through generalized displacements
w, (2,0, and functions ¢ and ), the other three equations from the system (30), with
the help of Eq. (38), take the form:

L(20 4 100 gy p, (Me_ L)

R \0x2 = R O3x00 ax RZ 3¢
0 (991 | 109\ | D1 (10w _

A!21+27726x(6x +R ae)+u’(Rae “(21)_0’ (39)
10 (100, , 02\ Dy (ow _

A0, + 2772Rae (R EY ax) D' (ax + Qz) =0,

where

A0) = ‘3;(2 + L 20 (40)

R2 962"
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Now the angles of free rotation 2;and 2,will be represented as follows [19-21]:
0=t 0, iy )
where G and y are auxiliary functions to be determined.

By substituting Eqg. (41) into the second and third equations from the system (39), it
is easy to see that for the function y we arrive at the solution of the following Helmholtz

equation:

Ay—k* x=0, (42)

where

T2 D1

k* = D'(1+21my) (43)
To determine the function G, we obtain the following equation:

G = ——(D Aw + D,w) + = P, (A + Ap) — Dz q. (44)

In addition, if the second equation from the system (39) is differentiated with
respect to the operator %;—9, while the third one- with respect to ;—x , the second equation

is subtracted from the obtained first equality, by using the first equation from system (39),
we arrive at the following equation:

D'Adw + 1 (1——A) (24120 =q—%Aq. (45)

Thus, instead of system (39), we have obtained a system of two Egs. (45) and (42),
which contain four functions w, ¢, ¥, y. We will turn to two equations of continuity of
deformations (32), by substituting in them the inverse relations of elasticity (9), which
express 131, [,5, [1,, [;1through forces Ty 4, T»2, S12, S21 and by using Eq. (38), instead of the

equations of compatibility of deformations (32), we obtain the following equations:

i 24 _ _ B 1049 _
(l A-1)y E* R 36 '
10 24 _ B. 04¢ _ p 1w
R a6 (l 4 1)¢+ ax _B*Rax’ (46)
where
2 = Bt (47)

AU
Eq. (45), in conjunction with Egs. (42) and (46), will form a complete system of
equations for determining four functions w, ¢, ¥, y:

' % 1 %Y\ _ _g’
Dadw + 4 (1 - _A) (ax2 tz 6x69) q Aq,
B. 104¢ B, 84¢ 10w

%(lf{—l)¢—g';¥= . ;ﬁ(lm—l)w— 22 =B1%, (48)
Ay —k*y =
The system of resolving equations of the moment-membrane technical theory (48)
lends itself to further simplifications.
Based on the second and third equations of system (48), it is easy to obtain the
following equation:
AAp =E, ;‘;x"; (49)
If we consider the first and third equations of system (48), it will be possible to

express the mixed derivative of the functlon Y through functlons w and ¢:
(16211))——DC0AAW € 29 1D 0,0 + °B, +coq—c0 -4q, (50)

R 0x00 R 0x2 R Dy ag 0x2
where
12 D£1 12 51
€ =5 do—lz_D., a4 =55 (51)
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The substitution of Eqg. (50) into the first equation of system (48), will result in the
following system of equations instead of the system of equations (48):

D'AAw—D'c0(1—5A)AA (1——A)az—¢+i.i-&(1—ia)aaz—¢+

D1 dx%2 R D1 ag

+22B, (1——A) S =—d, (1——A)q+c0 (1——A)Aq,AA¢ E, ;Z Y Ay —k*y=o. (52)
Accepting,
. 02

w=A4F, ¢ == (53)

we identically satisfy the second equation of system (52). From the first equation of
system (52), we obtain a tenth-order equation with respect to the new potential function
F. As a result, instead of system (52), we arrive at the following twelfth-order system of
two equations for the functions F and y:

D'AAAAF—D'co(l—ZA)AAAAF—@E (1—D5'A)a4—F+i ©. b p (1 > A)A—+

dx*  R%Z ay Dy ax*
%B. (1—%4)4\4\2— do(l——A)q+co (1——A)Aq, Ay — k2x (54)
If a closed cylindrical shell is hlnged at the ends x = 0, x = [, it can be shown that
in this particular case of boundary conditions, we have:
‘=0 (55)
In that case, the problem is reduced to solving one equation of the tenth order with
respect to the function F:

D'AAAAF — D'y (1 —D%A)AAAAF—%E* (1 —%A)M—F+i~2-i'&k (1 _DEA)ABZTH

ax* ' R?2 ay Dy

do D' 32F D’ D' D’
+228, (1—D—1A)AAE=—dO (1—D—1A)q+con—1(1—D—1A)Aq. (56)
We note that the simplified version of the moment-membrane technical theory of a

cylindrical shell presented here can be used for studying various static problems for a
carbon nanotube, in particular, for studying problems of its stability.

Stability of an axially compressed closed cylindrical shell according to the
moment-membrane theory (axisymmetric problem)

Let us present the basic equations necessary for studying the stability of a cylindrical
shell according to the moment-membrane theory.

We consider a case when a closed cylindrical shell is under the action of a uniform
axial compression (the main momentless state). For stability problems, the general
equations of the technical theory of a cylindrical shell must be supplemented with terms
that consider subcritical forces in the shell.

In this case, in the first equation from the system (48), instead gwe take a "fictitious”

transverse load:
62
q=-P155 (57)

where p; is the axial force that occurs in the shell before buckling. The specified system
will take the form (further we consider the case when the ends x =0, x = [ of the
cylindrical shell are hinge supported, i.e. X= 0):

D'Adw +* (1——4)(" e R + 2 p a2y

dx2 ~ R3x06 Dy ax2’
] B,
P @Ba-Dy-—

1aA¢ ’ __(lz _1).¢+E H_B la_w (58)

E. R 0 R0 R dx
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Repeating the steps of the previous paragraph, instead of Eq. (58) we obtain:
D'Adw — D'y (1-2-4) aaw -2 (1 ——A) 2L i~C—°(1 —DEA)AB 2+

R D; ap
+22B.(1 —D%A)";%’ = —p.d, (1 —D—lA)ZTVZ”—plcOD%@ —D%A)AZT“Z/, AA¢ = E. ;‘Z‘Z (59)
Based on the second equation from system (59), when studying the stability of a
cylindrical closed shell, we arrive at the solution of the following 10th order equation

with respect to w:

D'AAAAW—DV'CO(l—%A)AAAAw—i—‘;E (1__A) o' %,%_Z_Z(l_%A)A%Jr
+28 (1-24) 2822 = p,dy (1-22) 4022~ pycy = (1——41)4414‘;27”:. (60)

If the curved surface of the shell remains axisymmetric after buckling, the deflection
wdepends only on the coordinate x, and Eq. (60) looks as follows:

p'? p"\?] 210 ' ' 1 (0")?
[ Co—plo(—):lax—l‘::'i‘[D _DCO_E(D_l) C_OE*_B +p1(d0+C0) ]axs

ao

doEs D' | E.D'¢ 9%w  dgE.d*w _
AR+ B+ B —pido| T - T =0, (61)

Based on the homogeneous differential Eq. (61), we consider the problem of
determining the critical force of a carbon nanotube uniformly compressed in the axial

direction.

S ST 1

1 2 3 4 5 6 7

Fig. 2. Graphic definition of the critical force as a result of p, (4;) dependency minimization

Assuming deflection w(x) = fsindcx, f=const, k=", k=123,...,
by satisfying the boundary conditions of hinge support at x = 0,x = [, we obtain (here

the data of paragraph 5 of this paper are used): p 1‘“’0Z;loz:f;f;;;zofszgﬁ I)iz 93°
k k k

Let us determine the smallest (critical) value of the compressive force. Equating to
zero the derivative of p; by 4;: % = 0, after determining the corresponding value for 4,
k

for the critical force we obtain the following numerical value: p., = 2.169 % This result
is also substantiated graphically, by constructing a dependence graph p,(4x) (Fig. 2).
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Conclusion

Based on the three-dimensional moment linear theory of elasticity, with the application of the
hypotheses’ method, the basic equations, relations and boundary conditions of the moment-
membrane theory of elastic cylindrical shells are constructed, which is interpreted as a continual
model of the deformation behavior of a single-layer carbon nanotube. The resolving equations
of the moment-membrane technical theory of elastic cylindrical shells are also constructed. The
constructed continual theories of a cylindrical shell open new possibilities for studying various
applied problems of the mechanical behavior of a single-walled carbon nanotube.

As particular problems, in an axisymmetric formulation, the problems of the static bending
of a single-layer carbon nanotube and the problem of the stability of its initial axial compressed
state have been studied.
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ABSTRACT

A theoretical model of a mechanism of plastic deformation in high-temperature ceramic materials
containing amorphous intercrystalline layers (AlLs) is suggested. Within the model, the plastic deformation
is realized due to the nucleation and the development of inclusions of a liquid-like phase in the AlLs and
the glide of lattice dislocations emitted from the triple junctions of the AlLs that contain the liquid-like
phase inclusions. In the exemplary case of high-temperature a-Al,O; ceramics with AlLs, the temperature
dependences of the critical stresses for the formation of a liquid-like phase nucleus, for the lattice
dislocation emission and for the lattice dislocation glide in a wide range of the deformation temperatures
from 300 to 1500 K are calculated. The critical values of the external shear stress and the deformation
temperature, at which the glide of the emitted lattice dislocations in the grain interior becomes
energetically favorable, are determined.
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Introduction

It is well known that high-temperature ceramic materials and composites have high
strength, hardness and wear resistance, maintaining these characteristics at elevated
temperatures [1-3]. These unique properties depend on the deformation behavior of
intercrystalline boundaries. According to experimental data [4-6], the grain boundaries
in the ceramic materials with covalent chemical bonding (AL;Os, SiC, SisNs, etc.) often
contain amorphous intercrystalline layers (AILs), which have an approximately constant
thickness (of the order of several nanometers). The experimental observations of the
nucleation and the evolution of the AlLs are difficult due to their small size that
stimulated the development of analytical theoretical models [7-9] and computer
modeling [10-13] of the deformation behavior of intercrystalline boundaries.

In particular, in the works [10-12] on computer modeling of amorphous silicon, it
was shown that the material is divided into two phases: a solid-like matrix and regions of
a liquid-like phase. According to these models [10-12], the liquid-like phase regions are
the carriers of plastic deformation in amorphous silicon and their volume fraction increases
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under mechanical loading. Also, the authors of the work [11] came to the conclusion that
a similar mechanism of plastic deformation can operate in other amorphous materials with
covalent bonds.

Based on the results of computer modeling [10-12], a mechanism of plastic
deformation in nanoceramics with AlLs through the nucleation and evolution of liquid-
like inclusions in the grain boundaries under the action of an external shear stress was
considered in analytical theoretical models [7-9]. The plastic shear within the liquid-Llike
inclusions and their elastic fields and energies were modeled by gliding dislocation loops
[7,8] and dislocation dipoles [9] with increasing Burgers vectors. Within the framework of
these models, the achievement of a certain critical value by the external shear stress led
to the formation of a liquid-like nucleus that grew in size and filled the entire grain
boundary between the adjacent triple junctions. Also, in theoretical works [8,9], two cases
of further development of plastic deformation in the nanoceramics with AlLs were
considered: (i) due to the nucleation of nanocracks on the liquid-like phase inclusions and
the propagation of these nanocracks in the neighboring AlLs [8], and (ii) due to liquid-
like phase inclusions overcoming the triple junctions of the AlLs and penetrating into a
neighboring AIL [9].

The main aim of this work is to propose the third possible scenario for the
development of plastic deformation in the high-temperature ceramics with AlLs due to
the nucleation and the extension of the liquid-like phase inclusions in the AlLs with the
subsequent emission of lattice dislocations from the triple junctions of the AlLs and the
glide of these dislocations into the bulk of a neighboring grain. As a result of this model,
the critical values of the external shear stress that are required for the formation of a
liquid-like nuclei, for the lattice dislocation emission from the triple junctions, and for
the lattice dislocation glide in the grain interiors in a wide temperature range in the
exemplary case of a high-temperature a-Al,Os ceramics with the AlLs are estimated and
discussed in detail.

Model

Within the framework of the approach used in the model [9], a ceramic sample consists
of crystallites divided by the AlLs (Fig. 1(a)). Consider an individual AIL AC with length L
and width h, in which acts the maximum shear stress 7 = o/2 resulting from the
application of an external mechanical tensile stress o (Fig. 1(b)).

According to the works [8,9], a nucleus of a liquid-like phase of length [ starts to form
in the AIL when the external shear stress reaches a certain critical value 7= =, (Fig. 1(b)).
This nucleus of the liquid-Llike phase is a carrier of the plastic shear s that is modeled by an
edge dislocation dipole with the variable Burgers vectors +s (+s-dislocation dipole) and
the arm [ (Fig. 1(b)). Under the action of the external shear stress 7> 7.4, the nucleus grows
and transforms into an inclusion of length L, which corresponds to the length of AIL AC,
with a simultaneous increase in the plastic shear value s, which is described by an increase
in the strength of the *s-dislocation dipole to a certain value B (Fig. 1(c)). As a result, the
defect structure is characterized by a dipole of superdislocations with Burgers vectors +B
(xB-superdislocation dipole) and arm L (Fig. 1(c)).
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Further, it is assumed that, under the combine action of the external shear stress
72> 1, and the stress field of the +B-superdislocation dipole, a lattice dislocation (LD) with
the Burgers vector b (b-LD) is emitted from triple junction C of the AlLs into the adjacent
grain interior under the angle ato AC plane (Fig. 1(d)). Here =, denotes a critical value of
the external shear stress 7, at which the emission of the LD becomes energetically
favorable. Upon reaching a critical stress 7z that determines the shear stress required to
overcome the Peierls barrier, the emitted LD can glide over the distance p along its easy
slip plane (Fig. 1(d)). In the model, the b-LD emission is modeled by the formation of a
LD dipole with the Burgers vectors +b (+b-LD dipole) (Fig. 1(d)). It is worth noting that a
similar model was invented long ago by Pozdnyakov and Glezer [14] although without
thorough examination.

Fig. 1. A two-dimensional model of the plastic deformation of ceramics with AlLs.
(@) Model of a ceramic sample with AlLs under mechanical tensile stress o.

(b) An individual AIL AC with a nucleus of the liquid-like phase, modeled by an ellipsoidal inclusion that
contains an edge dislocation dipole with growing Burgers vectors #s. (c) Growth of the liquid-like phase
inclusion with the dipole of superdislocations with Burgers vectors +B to the size L. (d) Emission of a lattice
dislocation with the Burgers vector b from triple junction C of the AlLs into an adjacent grain under the
angle a to AC plane and the dislocation glide in the grain interior over the distance p

Thus, it is assumed that the glide of LDs emitted from the triple junctions of AlLs
can provide the development of plastic deformation in the case when further evolution
of the liquid-like inclusions is suppressed.
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Results

Consider the energy characteristics of the formation of a liquid-like phase nucleus in AlL
AC, which contains a +s-dislocation dipole with variable Burgers vectors (Fig. 1(a-c)).

The change in the total energy of the system AW that characterizes the formation of
the ts-dislocation dipole surrounded by a region of the liquid-like phase is given by [9]:
AW =E; + AHS — 7 sp, (1)
where Eq is the strain energy of the ts-dislocation dipole; AH is the excess enthalpy of
the liquid-like phase in comparison with the solid-like phase, and S is the cross-sectional
area of the liquid-like phase nucleus.

The strain energy Eq of the ts-dislocation dipole reads [15,16]:

E; = Ds?InZ )

e’
where D = G/[22(1-V)], G is the shear modulus, v is the Poisson ratio, r. = s is the cutoff
radius of the elastic field of the +s-dislocation dipole at the dislocation lines.

According to the work [9], the cross-sectional area S = [h, where h ~ ka is the transverse
size of the liquid-like phase nucleus, k = (2...4)a, a is the average interatomic distance within
the AlL.

As a result, Eq. (1) for the energy change AW can be rewritten as follows:

Gs” Ll y Hika—1 sp. (3)

- 2 (1-v) In e

With using Eq. (3), the maps of the energy change AW in the normalized coordinates
s/a and l/a in the exemplary case of high-temperature a-Al,Os ceramics at the different
deformation temperatures 7= 300 and 1500 K were calculated. To the best of our
knowledge, no studies have been carried out until now to calculate the parameters
characterizing the liquid-like phase in AlLs in the a-Al,Os ceramics. Therefore, in the first
approximation, it is assumed that the elastic moduli of the liquid-like phase are
approximately equal to those of the solid-like phase (G = G» = G, vi = vy = v), weakly
depend on the deformation temperature, and have the following values: G = 169 GPa and
v=0.23 [17,18]. Also, in the absence of the calculations of the enthalpy values for the
liquid-Llike phase, one can use the estimate AH, = 1.5AH,. This is motivated by the case of
amorphous silicon (Si), in which the enthalpy of the liquid-like phase is approximately
1.5 times greater than the enthalpy of the solid-like phase both at low (T = 300 K) and
high (T = 1000 K) temperatures [7]. Following the experimental work [19], the enthalpy
AH,, of the solid-like phase is 10 kl/mol at 7= 300 K and 152.27 kl/mol at T = 1500 K.
As a result, the excess enthalpy AH = AH; - AH, = 0.05 eV/at. at T=300 K and 0.79 eV/at.
at T=1500 K. The average interatomic distance a in AlLs, the magnitude of the LD Burgers
vector b in the grain, and the transverse size h of the liquid-like phase nucleus in an AlL
were chosen as follows, respectively: a= 0.19 nm, b~ 0.27 nm [17], and h = 2a. The angle
o was taken as the average angle a = 22° between 0 and 45° that correspond to the
maximum and minimum levels of the external shear stress 7, respectively.

The results of numerical calculations of the maps of energy change AW in the
normalized coordinates s/a and l/a are shown in Fig. 2(a) for the low deformation
temperature (T = 300 K) and Fig. 2(b) for the high deformation temperature (7 = 1500 K).
In both the cases, the energy maps were built for the critical value 7 of the external shear
stress 7, which characterizes the barrier-free formation of the liquid-like phase nucleus and

aw
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is approximately equal to 5.5 GPa for T= 300 K and 10.2 GPa for T= 1500 K. In these maps,
the transition to the barrier-free regime of the nucleation of the liquid-like phase nucleus
corresponds to the zero level (AW =0) contours touching the straight line [ = 2a that
corresponds to the initial size of the liquid-like nucleus (Fig. 2). The arrows in Fig. 2, drawn
from the nucleation point along the line of the maximum gradient of the function AW(s, (),
indicate the evolution of both the liquid-like nucleus and £s-dislocation dipole in the space
(s, ) under the critical stress z1. As follows from Fig. 2, at both the low and high deformation
temperatures, an increase in the length [ of the liquid-like nucleus is accompanied by a
corresponding increase in the strength s of the dislocation dipole, which reaches the value
s~ 2.5aat T =300 K (Fig. 2(a)) and = 7.5a at T= 1500 K (Fig. 2(b)) when [ = 100a. Using
these relations, one can express the strength s of the dislocation dipole in terms of its arm
[ as follow: s ~ 0.025( at T= 300 K and ~ 0.075( at T= 1500 K.

£=5.5GPa, T =300 K 7=10.2 GPa, T = 1500 K
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Fig. 2. Contour maps of the energy change AW (in units of eV/nm) in the space of the normalized strength
s/a and the normalized arm [/a of the +s-dislocation dipole at the deformation temperature
T=(a) 300 and (b) 1500 K, and at the external shear stress = (a) 5.5 and (b) 10.2 GPa

Let us consider now the energy characteristics that correspond to the LD emission
from the triple junction of AlLs at point C (Fig. 1(d)). It is assumed that, under the action
of the external shear stress 7> 7.4, the liquid-like phase inclusion fills entire AIL AC, thus
increasing in size to the length [ = L, and the ts-dislocation dipole (modeling the plastic
shear associated with the growth of the liquid-like phase inclusion) is transformed into
the £B-superdislocation dipole (Fig. 1(c)).

The process of the LD emission is specified by the energy change AW, = Wy, = Wi,
where W, and W,, are the energies of the system in the initial state, before the b-LD
emission (Fig. 1(c)), and in its current state, after the b-LD emission and glide over a
distance p (Fig. 1(d)), respectively. Such a transformation of the defect system is
energetically favorable if AW, < 0.

The energy change AW, (per unit length of the b-LD) can be written as follows:
AWy = Ep + Ejpe — Thp, 4)
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where E, is the self energy of the +b-LD dipole, Eix: is the interaction energy between
the +B-superdislocation dipole and the +b-LD dipole, and p is the distance moved by the
emitted b-LD in the grain interior.

The self energy E, of the +b-LD dipole is given by [15,16]:

— 2 P~
E, = Db (lnT+ 1), (5)
where r, = b.
The interaction energy Ei is calculated by a standard method [15,16] as the work

spent to generate the +b-LD dipole in the stress field of the £B-superdislocation dipole.
After some algebra, it reads:

DBb L?>+p?+2Lp cosa p 2Lp sin? a 2Lbsin? a
Epe = —(cos a (ln— -2 ln—) - + ) (6)
2 LZ+b2+2Lbcosa b LZ+p2+2Lpcosa  L%2+b2%2+2Lbcosa

Using Egs. (4)-(6), the dependence of the energy change AW, on the distance p was
calculated for different values of the external shear stress rand the size L of the liquid-
like phase inclusions. The numerical calculation of the dependences AW,(p) was carried
out at the same values of the system parameters as before, in calculating the energy maps
AW(s, ) shown in Fig. 2 in the exemplary case of the high-temperature a-Al,Os ceramics
with AlLs. The strength B of the +B-superdislocation dipole was chosen equal to ~ 0.025L
at T=300 K and = 0.075L at T = 1500 K. The dependences AW,(p) are shown in Figs. 3
and 4 for different values of the size L of the liquid-like phase inclusion: L = 5 (Figs. 3(a)
and 4(a)), 10 (Figs. 3(b) and 4(b)), 15 (Figs. 3(c) and 4(c)), and 20 nm (Figs. 3(d) and 4(d)).
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Fig. 3. Dependence of the energy change AW on the distance p at various values of the external shear
stress t (shown at curves in units of GPa) for different sizes L = (a) 5, (b) 10, (c) 15 and (d) 20 nm, in the
case of low deformation temperature 7= 300 K
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Fig. 4. Dependence of the energy change AW on the distance p at various values of the external shear
stress t (shown at curves in units of GPa) for different sizes L = (a) 5, (b) 10, (c) 15 and (d) 20 nm, in the
case of high deformation temperature 7= 1500 K

The emission of the LD and its subsequent glide in the grain interior is energetically
favorable, if the energy change AW, is negative at the initial point of the LD emission (when
p ~ 1 nm) and then monotonously decreases with the distance p. In these circumstances, the
critical stress 7, that is the minimum stress required for the emission of a LD from the triple
junction of the AlLs, can be calculated from the conditions AW,<0 at p=1 nm and
O0AW,/op < 0 at p > 1 nm that guarantee the barrier-less emission of the LD.

As can be seen from the dependences AW,(p) in Figs. 3 and 4, the critical stress z
increases with a decrease in the length L of the liquid-like phase inclusion and a decrease
in the deformation temperature T. For example, 7, = 14, 9, 3.5 and 0.3 GPa at 7= 300 K
(Fig. 3), and 4.5, 0.2, 0.1 and 0.03 GPa at 7= 1500 K (Fig. 4) for the size L =5, 10, 15 and
20 nm, respectively. The critical stresses 7, for other deformation temperatures in the
range from 300 to 1500 K were determined in a similar way.

During its slip in the grain interior, the LD is subject to resistance from the crystal
lattice that is characterized by the Peierls barrier. In this case, the LD slip becomes
possible when the external shear stress 7 reaches a certain critical value 7z that is
required to overcome the Peierls barrier. The Peierls barrier depends on the temperature
and decreases with an increase in it. Thus, the critical stress zs also decreases with an
increase in the temperature. The temperature dependences of the critical stresses 7.3, and
73p for the basal and prismatic slip, respectively, in a-Al,Os; ceramics were found in
experiments [20]. They are given by the following formulas [20]:

_ —0.0052 T
Te3p = Top€ ) (7

Tesp = T0p€_0'0026T, (8)

where 7.0, = 109 GPa and 7o, = 9 GPa.
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With Egs. (3)-(8), one can calculate the temperature dependences of the critical
stresses 71, 7o, and zs. The resulting curves zu(7T), z(T), and zs(7) are shown in Fig. 5 for
different values of the size L of the liquid-like phase inclusion: L =15 (Fig. 5(a)),
10 (Fig. 5(b)), 15 (Fig. 5(c)), and 20 nm (Fig. 5(d)). Within the model, the emission of LDs
can occur only after the formation of a liquid-like phase inclusion. Therefore, the LD
generation becomes energetically favorable if the conditions 7>z and 7>, are satisfied.
In turn, the realization of the LD slip in the grain interior along its easy slip plane becomes
possible if the conditions 7> 73, and/or 7> 73, are satisfied. Regions | and Il correspond
to the values of the external shear stress rand the deformation temperature T, at which
the glide of the LD along the basal (region I) and prismatic (region Il) slip planes is
possible (Fig. 5). As is seen from Fig. 5, the regions | and Il expand with an increase in the
size L of the liquid-like phase inclusions until this size reaches 15 nm and then rest
constant in area.

Tc3p

300 500 700 900 1100 1300 1500 300 500 700 900 1100 1300 1500
a T, K b T,K

7, GPa
7, GPa

300 5007.700 900 1100 1300 1500 300 5007.700 900 1100 1300 1500
T, K d T, K

Fig. 5. Dependences of the critical stresses 7., 7 and 7 on the deformation temperature T for different
values of the liquid-Llike phase inclusion size L = (a) 5, (b) 10, (c) 15, and (d) 20 nm. Regions | and Il
correspond to the basal and prismatic plane slip, respectively

It should be noted that, as follows from Fig. 5, there is a certain critical deformation
temperature T, below which the basal plane slip is possible at lower values of the
external shear stress zthan those needed for the prismatic plane slip. When T > T, both
the basal and prismatic slip systems are expected to be activated under the same shear
stress 7> max{z1,7z.}. The critical deformation temperature T. increases with an increase
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in the size L of the liquid-like phase inclusion up to a certain value T, = 550 K, which is
achieved at the size L = 15 nm in our exemplary case of the a-ALLOs ceramics (Fig. 5(c)),
while then it does not change with increasing L (Fig. 5(d)). As a result, the critical
deformation temperature values vary with small L (when 5 € L €15 nm) in the range of
400 < T, < 550 K (Fig. 5).

Conclusions

Thus, a theoretical model of a new mechanism of plastic deformation in the high-
temperature ceramics with amorphous intercrystalline layers over a wide temperature
range is developed. Within the model, the plastic deformation of a ceramic sample has
two stages.

At the first stage, the plastic deformation occurs due to the generation and the
evolution of nuclei of the liquid-like phase in amorphous intercrystalline layers under the
action of the external shear stress. This mechanism of plasticity works until the liquid-
like phase inclusions reach the nearest obstacles that, in the case of nanoceramics, are
the nearest triple junctions of amorphous intercrystalline layers.

At the second stage, the plastic deformation of the nanoceramic sample develops
due to the emission of lattice dislocations from the liquid-like phase inclusions, inhibited
by the triple junctions of amorphous intercrystalline layers, followed by the dislocation
glide in the grain interior.

The energy characteristics of the generation of the liquid-like phase nuclei in the
amorphous intercrystalline layers and the emission of the lattice dislocations from the
triple junctions of amorphous intercrystalline layers containing the liquid-like phase
inclusions are calculated. In the exemplary case of a high-temperature a-AlLO;
nanoceramics, the critical stresses for the formation of a liquid-like phase nucleus, for the
emission of the lattice dislocations from the triple junctions of amorphous intercrystalline
layers, and for the lattice dislocation glide along the basal and prismatic slip planes are
calculated in dependence on the deformation temperature. The temperature
dependences of these critical stresses are plotted for different sizes of the liquid-like
phase inclusion. The ranges of the values of the external shear stress and the deformation
temperature, at which the glide of the emitted lattice dislocations in the grain interior is
energetically favorable, are determined. It is shown that there is a certain critical
deformation temperature, below which the basal plane slip is more preferable than the
prismatic plane slip. In the exemplary case of the high-temperature a-Al,Os nanoceramics
with amorphous intercrystalline layers, the critical deformation temperature increases
from 400 to 550 K, when the size of the liquid-like phase inclusion increases from 5 to
15 nm, and then remains constant when this size grow further.

Thus, the plastic deformation of the high-temperature nanoceramics can effectively
occurs through the emission of lattice dislocations from the triple junctions of amorphous
intercrystalline layers at elevated temperatures.



48 M.Yu. Gutkin, N.V. Skiba

References

1. Zhang D, Yu R, Feng X, Guo X, Yang Y, Xu X. Enhanced mechanical properties of Al;0z nanoceramics via
low temperature spark plasma sintering of amorphous powders. Materials. 2023;16(16): 5652.

2. Wang LY, An L, Zhao J, Shimai S, Mao XJ, Zhang J, Liu J, Wang SW. High-strength porous alumina ceramics
prepared from stable wet foams. J. Adv. Ceram. 2021;10: 852-859.

3. Cheng M, Liu H, Zhao B, Huang C, Yao P, Wang B. Mechanical properties of two types of AL,Oz/TiC ceramic
cutting tool material at room and elevated temperatures. Ceramics International. 2017;43(16): 13869-13874.
4. Zhang ZL, Sigle W, Koch CT. Dynamic behavior of nanometer-scale amorphous intergranular film in silicon nitride by
in situ high-resolution transmission electron microscopy. Journal of the European Ceramic Society. 2011;31(9): 1835-1840.
5. Subramaniam A, Koch CT, Cannon RM, Riihle M. Intergranular glassy films: An overview. Materials Science
and Engineering A. 2006;422(1-2): 3-18.

6. Kleebe HJ. Structure and chemistry of interfaces in SisN4 ceramics studied by transmission electron
microscopy. Journal of the Ceramic Society of Japan. 1997;105(1222): 453-475.

7. Gutkin MYu, Ovid’ko IA. A composite model of the plastic flow of amorphous covalent materials. Physics
of the Solid State. 2010;52(1): 58-64.

8. Gutkin MYu, Ovid’ko IA. Plastic flow and fracture of amorphous intercrystalline layers in ceramic
nanocomposites. Physics of the Solid State. 2010;52(4): 718-727.

9. Gutkin MYu, Mikaelyan KN. A model of strain hardening in nanoceramics with amorphous intercrystalline
layers. Physics of Complex Systems. 2021;2(2): 51-60.

10. Demkowicz MJ, Argon AS. High-density liquidlike component facilitates plastic flow in a model
amorphous silicon system. Physical Review Letters. 2004;93(2): 025505.

11. Demkowicz MJ, Argon AS. Liquidlike atomic environments act as plasticity carriers in amorphous silicon.
Physical Review B. 2005;72(24): 245205.

12. Demkowicz MJ, Argon AS, Farkas D, Frary M. Simulation of plasticity in nanocrystalline silicon.
Philosophical Magazine. 2007;87(28): 4253-4271.

13. Mo YF, Szlufarska I. Simultaneous enhancement of toughness, ductility, and strength of nanocrystalline
ceramics at high strain-rates. Applied Physics Letters. 2007;90(18): 181926.

14. Pozdnyakov VA, Glezer AM. Structural mechanisms of fracture of nanocrystalline materials. Physics of
the Solid State. 2005;47(5): 817-824.

15. Skiba NV. Crossover from deformation twinning to lattice dislocation slip in metal-graphene
composites with bimodal structures. Crystals. 2020;10(1): 47.

16. Gutkin MYu, Skiba NV, Orlova TS. Grain-boundary nanoprecipitates-mediated mechanism of strengthening
in Al-Cu-Zr alloy structured by high-pressure torsion. Materials Physics and Mechanics. 2022;50(3): 431-438.
17. Smithells CJ, Brands EA. Metals reference book. London: Butter-worths; 1976.

18. Munro RG. Evaluated material properties for a sintered a-alumina. Journal of the American Ceramic
Society. 1997;80(8): 1919-1928.

19. Archer DG. Thermodynamic properties of synthetic sapphire (a-Al,0s), standard reference material 720
and the effect of temperature-scale differences on thermodynamic properties. Journal of Physical and
Chemical Reference Data. 1993;22(6): 1441-1453.

20. Choi S-M, Awaji H. Nanocomposites — a new material design concept. Science and Technology of
Advanced Materials. 2005;6(1): 2-10.

About Authors

Mikhail Yu. Gutkin
Doctor of Physical and Mathematical Sciences
Head of Department, Principal Researcher (Institute for Problems in Mechanical Engineering RAS, St. Petersburg, Russia)

Nikolay V. Skiba

Doctor of Physical and Mathematical Sciences
Leading Researcher (Institute for Problems in Mechanical Engineering RAS, St. Petersburg, Russia)


https://doi.org/10.3390/ma16165652
https://doi.org/10.1007/s40145-021-0479-9
https://doi.org/10.1016/j.ceramint.2017.07.110
https://doi.org/10.1016/j.jeurceramsoc.2011.03.016
https://doi.org/10.1016/j.jeurceramsoc.2011.03.016
https://doi.org/10.2109/jcersj.105.453
https://doi.org/10.1134/S1063783410010105
https://doi.org/10.1134/S1063783410010105
https://doi.org/10.1134/S1063783410040086
https://doi.org/10.33910/2687-153X-2021-2-2-51-60
https://doi.org/10.1103/PhysRevLett.93.025505
https://doi.org/10.1103/PhysRevB.72.245205
https://doi.org/10.1080/14786430701358715
https://doi.org/10.1063/1.2736652
https://doi.org/10.1134/1.1924838
https://doi.org/10.1134/1.1924838
https://doi.org/10.3390/cryst10010047
http://dx.doi.org/10.18149/MPM.5032022_7
https://doi.org/10.1111/j.1151-2916.1997.tb03074.x
https://doi.org/10.1111/j.1151-2916.1997.tb03074.x
https://doi.org/10.1063/1.555931
https://doi.org/10.1063/1.555931
https://doi.org/10.1016/j.stam.2004.06.002
https://doi.org/10.1016/j.stam.2004.06.002
https://orcid.org/0000-0003-0727-6352
https://www.scopus.com/authid/detail.uri?authorId=7006301031
https://orcid.org/0000-0003-2192-0386
https://www.scopus.com/authid/detail.uri?authorId=7003559440

MATERIALS PHYSICS AND MECHANICS RESEACH ARTICLE

Submitted: October 11, 2023 Revised: December 11, 2023 Accepted: February 13, 2024

Analytical description of the Bauschinger effect using
experimental data and the generalized Masing principle

S.I. Feoktistov, I.K. Andrianov =,
Komsomolsk-na-Amure State University, Komsomolsk-on-Amur, Russia

* Author to whom correspondence should be addressed: ivan_andrianov_90@mail.ru

ABSTRACT

The research is devoted to the problem of obtaining an analytical expression for the dependence of stresses
on strains during unloading and subsequent loading by the reverse sign force, taking into account the
Bauschinger effect. The assessment of the deformed state was carried out using the use of Hencky strains.
The mathematical model was developed under the assumption of a cyclically ideal material. To process the
experimental data, the generalized Masing principle was applied, which is used to describe the ideal
Bauschinger effect. On the basis of experimental data for the 45HGMA material, curves of changes in the
coefficients of the Bauschinger effect were obtained using the least squares method. The results obtained
showed sufficient convergence with experimental data. The results of the study can be used in solving elastic-
plastic problems for various processes of alternating loading using the deformation theory of plasticity, when
a description of the deformation diagram of the material is required, using the analytical dependence of
stresses on strains according to the hypothesis of a single curve.
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Introduction

The issues of determining stresses and strains in the presence of finite areas of plastic
strains, in cases where external loads are applied once, are currently well studied,
especially in the framework of deformation theory and in the theory of ideal plasticity.
However, in engineering practice, numerous cases can be found when external forces are
applied repeatedly (including with a sign change) and the behavior of the elastic-plastic
system differs significantly from the case of a single loading.

If, during the first loading, plastic strains occurred in the entire body or in some of
its finite areas, then after the removal of external forces, it will not return to its original
state, certain residual strains and stresses will occur in it. With subsequent loading by an
arbitrary system of forces, the body will behave differently than in the case of its loading
from the initial state. For example, if a sample, previously stretched beyond the elastic
limit, is compressed, then plastic strains will appear at a lower axial load value than at
the previous stretching. The elastic limit during subsequent compression decreases to a
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greater extent, the higher the stress of the previous stretching was. Similar changes are
observed in the case of stretching after pre-compression. Hysteresis loops are also
observed during unloading and re-stretching. This behavior of the material is called the
Bauschinger effect.

The first successful attempt to explain the Bauschinger effect and the hysteresis
loops observed during repeated loading was made by G. Masing, who proceeded from the
fact that individual grains in a polycrystalline body, due to their different orientations and
the anisotropy of crystals, have different mechanical characteristics and deform
differently [1]. He proposed an interesting scheme of elastic-plastic deformation of a
sample made of polycrystalline material, which is quite fully described in the work of
Moskvitin V.V. [1]. The Masing model or principle is widely used by various authors in the
analysis of alternating and cyclic loading [2-4].

According to the analysis of the current state of the research issue, most of the
scientific works aimed at studying the Bauschinger effect are of an applied nature, in
particular, taking into account the Bauschinger effect during experimental research was
considered in [5]. Experimental studies of the behavior of the material, as well as its
hardening under cyclic loading are reflected in [6,7]. The issues of deformation under cyclic
loading, alternating loading in the case of loading and unloading were studied in [8-11].
Dynamic models of elastic-plastic deformation, which were studied in the works [12,13],
also seem to be very relevant in recent years. Taking into account the Bauschinger effect is
important for fatigue failure problems, as well as for the analysis of damage accumulation
in the case of isotropic and kinematic hardening, to which the works are devoted [14-17].

In addition, the complexity of the study of the Bauschinger effect is due to the need
to take into account the nonlinearity of the deformation process. Some issues of plastic
deformation under the nonlinear hardening law require the use of numerical research
methods, some aspects of the analytical description of the plastic behavior of the material
are considered in [18]. Also, the problem of solving problems of nonlinear plasticity was
considered in [19-21]. The deformation hardening that occurs in this case is important
for assessing the ultimate deformations, which is noted in [22].

Taking into account the Bauschinger effect is also used in problems of elastic-
plastic deformation in the calculation of residual stresses. The effect of the Bauschinger
effect on the picture of the residual stress-strain state is analyzed in [23,24].

In this article, we will consider an important issue for the analytical description of
the Bauschinger effect of obtaining an expression of the stress — strain dependence
during unloading and subsequent loading by the reverse sign force. To do this, we will
use the generalized Masing principle [1].

Generalized Masing principle

The results of theoretical studies made it possible for Masing to suggest that the curve
of repeated alternating loading coincides with the corresponding curve at the first
loading, but constructed in axes with a doubled scale and reverse direction. This
assumption will be called the Masing principle [1]. If, at the first loading, the stresses and
the corresponding strains are connected by the equation:

o = d(e), (1)
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then according to the Masing principle, the stress differences & = o' — ¢® and the strain
differences e = e’ — e satisfy the equation (Fig. 1) [1]:

G =20 (g) (2)
or
c® =g — 20 (e, 2_ e), (3)

where ¢ - equation relating stresses and Hencky strains at the first loading in the
coordinate system (o,e); ¢ — equation describing the curve of repeated alternating
loading in the coordinate system (7, €); 0 - equation relating stresses and strains under
repeated alternating loading in the coordinate system (o, e); ¢’ 1 e’ - maximum stresses
and strains obtained during the first loading.

3 B
P =7 5 /
o7 201 0-'
e = —¢' e,
/ e
/ o
/ &)
o =-—0 /
_ / - e a

J_—_&-/J'/
D

Fig. 1. Diagram of repeated alternating deformation of Masing [1]

If the diagram of the behavior of the material under the first loading (1) is known,
then Eq. (3) relates the stresses ¢® and the corresponding deformations e under
repeated alternating loading. It should be noted that if the maximum stresses ¢’ and
strains e’ were reached during the first loading, then with repeated loading in the
opposite direction, the yield strength is determined by the equation (Fig. 1) [1]:

o7 =207 —0'. @)

Thus, if, after stretching to a plastic state, the sample is unloaded and then compressed,
then the yield strength decreases, and, as follows from Eq. (4), the sum of the absolute values
of the maximum tensile stress and the new yield strength during compression is equal to
twice the yield strength of the undeformed material. In this case, the Bauschinger effect is
usually called ideal [25] and a classical hysteresis loop is observed.

Let us consider the important question for the analytical description of the
Bauschinger effect of obtaining an expression of the stress - strain dependence during
unloading and subsequent loading by the force of the reverse sign. The difficulties
encountered in this case are due to the fact that, unlike the primary deformation curve,
when the stress ¢ is a function of only e, with repeated loading, the stress  is a
function not only of &, but also, as experiments have shown, depends on the parameter

!

e’ - the maximum strain obtained during the first loading.
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As one of the possible generalizations of the Masing principle, the assumption is
introduced that the deformation curve under alternating loading coincides with the curve
of the previous loading ¢ = ®(e), but with a change in scale a, times along the strain
axis and a, times along the stress axis, and in the general case a, and a, can be functions
of the preceding deformation ate’ > er: a, = a.(e'), a; = a,(e") [1]. In this case (Fig. 1):

_ e
5= a,d (a—) (5)
e
or
e'—e
c@ =g — aUCD( - > (6)
e

The functions a.(e') and as(e") are called Masing functions and they must satisfy
certain conditions. If the stretching and compression curves of the source material
coincide with each other, then for e’ = e there should be [1]:
a.(er) =2, as(er) = 2. (7)

If we take into account the deformation anisotropy of elastic constants, then before
the appearance of plastic strains during repeated alternating loading:
g=E(e) e,
where E(e’) - variable modulus of elasticity, depending on the previous strain. In this
case, according to [1]:

_ e ay; E(e)
g = (laE a—e, a—e = E (8)

Therefore, if the function of changing the Young's variable modulus E(e") is known,
then from experiments on alternating loading it remains to determine only one function
depending on the parameter e’ - «,.(e’). If the deformation anisotropy of elastic
constants is not taken into account, then E = E. In this case, according to [1] it follows
from Eq. (8) that:
as(e") = ac(e’) = a(e). )

As experimental data [26] show, the changes in the Young's modulus under
alternating loading are insignificant and, as calculations show, these changes are
commensurate with the errors in determining elastic constants, which is introduced by
the hypothesis of incompressibility of the material. In the future, when considering
alternating loading, we will not take into account the anisotropy of elastic constants.

Definition of Masing functions

The Bauschinger effect is defined as a decrease in the yield strength of a material under

compression as a result of previous tensile strain. The majority of researchers agree that

the degree of preliminary strain has a significant impact on the Bauschinger effect

[27,28]. To quantify the Bauschinger effect, we take the ratio of the yield strength a7 (e")

observed during compression to the maximum stress in the previous loading ¢’ (Fig. 1).
We call it the coefficient of the Bauschinger effect and denote S7:

or (e")
= N= 10
Br = Br(e’) o' (e) (10)
where e’ - the maximum strain obtained during the first loading; ’(e") - the maximum
stress corresponding to this strain.
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In accordance with the generalized Masing principle, by analogy with Eq. (4), we
can write o7 (e’) = a(e’)or — o’'(e’), or taking into account Eq. (10):

o) (1+ Br(e"). 1)

or

a=a(e) =

Determination of the Masing function based on experimental data

For the calculations, we take the experimental results presented in [29]. In this work, the
results of tests on steels of grades St3, SHL-4 (10HCND), 09G2 and on alloy steels having
0y, = 600 =~ 1200 MPa are presented. The research was carried out by the method of
"probing”. The sample was loaded to a certain specified strain, determined by the residual
strain g5, and the stress ¢, then unloading and loading of the opposite sign was carried
out to a residual strain of 0.2 %, determined by the stress a§,. Then the direct loading
was repeated until the next level of the specified strain was reached, "probing” was
carried out again, etc. The Bauschinger effect in this case was characterized by the ratio
o§,/cP and we will denote it £2,.

To display the test results on the deformation diagram (o; e;) we will use the
hypothesis of a single curve, put forward by Ludwik and described in a scientific
work [25], and recalculate relative strains into logarithmic, and conditional stresses into

. O'D
true stresses according to the formulas: &° = ( long +?), e; = In(1+ &P),
C
o = aP(1+€P), off, = 0§, (1 — (0.002 + %))

Calculations have been carried out for 45HGMA steel, which has g,, = 800 MPa,
which corresponds to the data given in [29]. The calculation results are presented in Table 1.

Table 1. Steel 6,, = 800 MPa (45HGMA - GOST 4543-2016)

of o
Elong D e o?,MPa | o},MPa | of, MPa | ojy,, MPa b, = % Boz = %

L
0.0022 0.0061 0.0061 825 830.1 675 671.5 0.82 0.81
0.0072 0.0113 0.0112 863 872.8 488 485.9 0.57 0.56
0.0140 0.0182 0.0181 888 904.2 450 448.1 0.51 0.50
0.0216 0.0259 0.0256 900 923.3 425 4233 0.47 0.46
0.0288 0.0332 0.0327 925 955.7 438 436.2 0.47 0.46
0.0358 0.0402 0.0394 925 962.2 400 398.4 0.43 0.41
0.0432 0.0477 0.0466 938 982.7 413 411.4 0.44 0.42
0.0504 0.0549 0.0534 938 989.5 425 4233 0.45 0.43
0.0572 0.0617 0.0598 938 995.8 425 4233 0.45 0.43
0.0644 0.0689 0.0666 938 1002.6 388 386.5 0.41 0.39
0.0716 0.0761 0.0733 938 1009.4 388 386.5 0.41 0.38
0.0800 0.0845 0.0811 938 1017.2 425 4233 0.45 0.42
0.0858 0.0902 0.0864 925 1008.4 400 398.4 0.43 0.40

To describe the deformation diagram of the material, we apply a linear-power
approximation [30] in the form:

Ee;, if e; < e;r
o = d(e;) = { ¢ PO ,
' (e:) Ale; —eg)™ ,if ;> eir

(12)
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where g; - intensity of stresses; e; — intensity of Hencky strain; e;+ — the value of the
strain intensity corresponding to the transition point of the linear dependence to the
power-law (yield strength); ey — the magnitude of the displacement of the power
function along the strain axis; A u n — power function parameters.
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Fig. 2. Approximation of the deformation diagram of 45XGMA steel (E=210000 MPa, e;; = 0.00367,
o;r =771.14 MPa, A =1301.29 MPa, n =0.0933) and experimental data for steel ¢,,=800 MPa (Table 1):
1 - diagram constructed according to equation (12); 2 - diagram of conditional stresses ¢”; 3 - diagram
of true stresses o;; 4 - tangent, characterizing the property of the deformation diagram of the |1l kind [30]

Figure 2 shows the results of the approximation of the 45HGMA steel deformation
diagram and experimental data. As you can see, the results match quite well. In the case
of approximation of the deformation diagram by Egs. (5), (6), and (12), taking into account
Eg. (9), will be written as:

a; = a(e)® < (_ )>

and

2 = g/(e)) — ale))® <%) -

o/ (e}) — a(e))E <( "(_ ,)')> if e] > e; > ef — ae)eir

a(e] )E< > if 0<é <ale)er

é;
(e))
(e)A< ) eOi) Jif e > ale))er

: (13)

n : (14)
a-’(e-’)—a(e-’)A(M—e ) if e; <el—a(e)e;

1\~ i a(el-’) 0i ’ i i i/&iT
where o; 1 e; — accordingly, the intensity of stresses and the intensity of strains obtained
during the first loading.

To determine the Masing function a(e’), we use the Eq.(11), replacing, in
accordance with the hypothesis of a single curve e’ and o’(e’) on e; and o;(e;):

a(e;) = l( )(1+ﬁr( D). (15)

Accordlng to the available experimental data, we obtained the Bauschinger effect
coefficient (Table 1) By, (e;) = ojy,/0;. To analytically describe the Bauschinger effect
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using Masing functions (15), we need to determine the Bauschinger effect coefficient

Br(e/) = oir/0c;.
If we determine the difference between o, and oj;, then we can obtain an
equation connecting 3+ and [302

oir O, Oj9, — O 00, —
Bre)) =—r ="~ Llba Z0) _ g opy - (b i) (16)

i 0; 0; oi

Considering that (ojy, — oj) = (Gi2 — 0ir) We define Gy and Gy, when
unloading and subsequent loading of the opposite sign in accordance with Eq. (13):

O-lT - (Z(e )(p< ( I)> = C((e )E< ( /)) = Ee_iT;l (17)
Oio2 = Of(ei’)<p (%) = a(e )A< EO f) eot) , (18)

where é;; u €;5, — strains corresponding to the stress 6;; and G;,, when describing the
deformation diagram by the function (12).
Thus, it is possible to write

n
(G102 = oip) = ale] )A( 25 ?) eOi) ~ Eéy. (19)
Moreover, é;;r = a(e;)e;r, and &, is determined numerically from the equation:
n
ae] )A( E" ?) e0i> = E(&;9, — 0.002). (20)

It follows from Egs. (16), (19), and (20) that the function S-(e;) depends on a(e;).
Since initially the value of the Masing function is not known, we take a(e;) = 2 for
calculations in the first approximation, as for the ideal Bauschinger effect. Next, using
Egs. (16) and (18), we determine the Masing function a(e;) by Eg. (15).

As calculations show, in the first apprOX|mat|on the values of 0102 calculated by
Eq. (14) differ significantly from the values of o}, obtalned experimentally (Table 1).

In this case, the average arithmetic error of determining 0102 is 9.5 %, and the maximum
is 20.7 %. To improve the result, a second approximation is carried out. In this case, the
Masing function a(e;) obtained in the first approximation is substituted into Egs. (19),
(20) and using Egs. (15) and (16), the Masing function a(e;) is refined in the second
approximation.

Figure 3 shows the functions B+ = Br(e;) and By, = By (e;) obtained in the second
approximation by processing experimental data. Since the Bauschinger effect begins to
manifest itself only after the e;r yield stress deformations or the e;q, conditional yield
stress deformations are reached during the first loading, the graphs of the function
Br = Br(e]) and By, = Bo2(ej) were constructed in such a way that B = Br(e;r) =1
and Boz = Boz2(ein2) = 1. In addition, when constructing the curve pBr(e;), the
experimental points B, ,(e;) shifted not only along the ordinate axis down by an amount
(0,02 — 0;7), but also along the abscissa axis to the left by an amount (&;9, — €;7).
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Fig. 3. Curves of changes in the coefficients of the Bauschinger effect 8y, = Bo2(e;) and Br = Br(e;)
obtained on the basis of processing experimental data (Table 1) and approximation by equations of the
form (21): 1 - experimental values S, (Table 1); 2 - B values obtained by processing experimental
data; 3 - function By, = Bo..(e;); 4 - function By = Br(e;)

To approximate the curves obtained experimentally, an equation of the form
B(ej) = a/(e; + b)° + d was used. Provided that the curve passes through a given point
(e;0; B0), the equation will take the form:

, a
BED = rray @ A (21)
In our case B0 =1 and ¢;0 = e;y, when determining B, ,(e;) and e;0 = e;; when
determining Sr(e;). The coefficients g, b and ¢ were determined from the given points by
the least squares method.
After determining the Bauschinger coefficient B = Br(e;), by the Eq. (15) we

determine the Masing function a = a(e;). Figure 4 shows graphs of these functions,
constructed from experimental data and according to the Eq. (15).

0.02 0.04 0.06 0.08 0.1

Fig. 4. The Masing function a = a(e;), determined by experimental data and by Eq. (15):
1 - the values of a obtained by processing experimental data; 2 - the function a = a(e;), obtained by
Eg. (15); 3 - the values of the Masing function for an ideal Bauschinger effect, a = a(e;) = 2 = const
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Figure 5 shows diagrams of deformation of 45HGMA steel under reverse loading. The
loading diagram was constructed using Eq. (12). Diagrams of unloading and further loading
of the opposite sign were constructed on the basis of the generalized Masing principle
according to Eq. (14) using the resulting Masing function shown in Fig. 4. As can be seen
from the comparison of the calculation results with experimental data on the definition of

Ojp 2, good convergence is obtained. The average arithmetic error of determining O_i(()z.% is
4.8 %, and the maximum is 15.1 %. Moreover, the greatest error is observed for the initial
loading stage at e; < 0.01, which corresponds to the descending branch of the graph
a = a(e;) (Fig. 4). In addition, a comparison of the results obtained with the calculated data
for the ideal Bauschinger effect shows (Fig. 4) that the application of the generalized

Masing principle allows get more accurate results.
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Fig. 5. Diagrams of deformation of 45HGMA steel under reverse loading: 1 - experimental data of the

I

initial loading level o}; 2 - experimental data on the definition of o}, under reverse loading;

3 - calculated data on the definition of ogg?z under reverse loading; 4 - calculated diagrams of forward
and reverse loading; 5 - calculated diagrams of reverse loading for the ideal Bauschinger effect

Conclusion

The possibility of an analytical description of the Bauschinger effect using experimental
data allows us to obtain good convergence of the results and conclude that the
generalized Masing principle can be applied in the study of various alternating loading
processes.

In general, the question of the behavior of the material in the plastic region during
repeated compression requires separate experimental studies, but to solve problems
when repeated plastic strains are insignificant, it is possible to successfully apply the
generalized Masing principle to describe the Bauschinger effect. Such tasks include, for
example, calculations related to the determination of the stress-strain state and residual
stresses during autofrettage of thick-walled pipes and high-pressure vessels.
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ABSTRACT

Advanced technological and engineering solutions involve usage of complex tribological systems. There is a
demand for precise and computationally efficient methods to describe such systems. The aim of this study is to
develop a computationally efficient method to solve the problem of deformation of a two-layer system using the
Green's function molecular dynamics (GFMD) technique. We consider a viscoelastic layer attached to an elastic
halfspace and derive a constitutive equation in Fourier space from the corresponding elastic solution. This third-
order equation is numerically integrated by the backward Euler method, and a quasi-static solution is found
through the fast inertial relaxation engine (FIRE) optimization algorithm. The method is illustrated with a simple
model of indentation by a rigid cylinder. Using this method, contact area and pressure were calculated as a
function of time for various shear modulus values.
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Introduction

Tribology is one of the oldest sciences, yet even after the hundreds years of research it
remains not completely understood. Tribology of viscoelastic materials is becoming more
and more important as technology moves forward: there is a large class of new rubber-
like materials which have a wide range of innovative implementations in engineering,
microelectronics, microbiology. Therefore, when modelling such systems, it is necessary
to include an accurate description of the response of the viscoelastic material. The
contact of a rigid rough surface with a viscoelastic halfspace was investigated in the work
of Bugnicourt et al. [1]. In their work, the contact problem was numerically solved through
a combination of the backward Euler method and conjugate gradient optimization. A
viscoelastic model utilizing Green's function molecular dynamics (GFMD) and a semi-
analytical solution with improved accuracy instead of the backward Euler method was
developed in [2] and applied to the quasi-static indentation and rolling of a rigid cylinder
on a frictionless viscoelastic halfspace. GFMD [3] is a boundary element method based
on the fast Fourier transform and molecular dynamics energy minimization that simulates
the response of an elastic body to an external force. GFMD has been used in simulations
of rough elastic contacts [4], bodies of finite height [5], atomistic systems [3], viscoelastic
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halfspaces [6] and adhesive viscoelastic roughness contact [7]. Recently, GFMD was
accelerated with the fast inertial relaxation engine (FIRE) algorithm, resulting in
speedups of one order of magnitude [8].

Contact mechanics models are used in many applications [9-11]. Sometimes
contact mechanical systems can be represented by semi-infinite bodies. That, however,
is not always the case [12]. There are systems that require a consideration of the layer's
thickness, such as power transmission belts [13], seismic energy dissipation systems [14],
electroadhesive devices [15], multi-layer structure [16], biomedical applications [17],
coatings etc. In these situations, one should take into consideration the surface layer on
top of the main half-space [18]. With further modification that concept can be used in
investigation of adhesion of viscoelastic polymers depending on various factors, such as
temperature, environment [19], blending [20] or molecular cross-linking density [21].

In this work we study the indentation of a viscoelastic layer of finite thickness
bonded to an elastic halfspace. The paper is organized as following. In section "Methods’,
a constitutive equation is derived, following which, the methodology to obtain a
numerical solution is explained. In section "Result and Discussion”, using the newly
developed model, the results for the indentation of a cylindrical punch onto a viscoelastic
material are shown and discussed.

Methods

Consider a viscoelastic layer with stress o and strain . Let s = 6 - (1/3) tr(o) / be the stress
deviator, and let e = € - (1/3) tr(e) / be the strain deviator. Assume that viscoelasticity of
the layer is described by the following equation [22]:

s(®) = [*_G(t—t)et)dt), (1)
where t is the time and G(t) is the time-dependent shear modulus. The complex shear
modulus G(w) is then defined by

G(w) = iw [ G(De “tdt’, )
so that
s(w) =26G(w)e(w), (3)

where s(w) = Je ! s(t) dt, e(w) = [e7“t e(t) dt, and w is the angular frequency.

The complex shear modulus in the Zener model [22] is given by
G(w) = (Gy + iwT6e) X (1 + iw?) ™, (4)
where t is the relaxation time, G, = i}izr(z)G(w) is the low-frequency shear modulus, and

G = lim G(w) is the high-frequency shear modulus. The time-dependent shear modulus
wW—®

takes the form:

G(t) = Gy + (Goo — Gp)e /7. (5)
Substituting Eq. (4) in Eq. (3) and applying an inverse Fourier transform, we obtain:
s(t) + 7 s(t) = 2Gye(t) + 21Ge(t). (6)

For an elastic halfspace with shear modulus G and Poisson ratio v the relation

between normal surface stress o(x) and normal surface displacement u(x) is [23]:

iy o)
ulx) = 2nG ° |x—x]| ’

(7)
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After taking the Fourier transform, we can write:

u(q) = M(q)a(q), (8)
where u(q) = fu(x) e*9 dx, a(q) = Jo(x) e dx, g is the wavevector, g = |ql, and
M) =~ 9)

Consider an elastic layer of thickness d with shear modulus G and Poisson ratio v
attached to an elastic halfspace with shear modulus Geux and Poisson ratio veu. Equation (9)
becomes (see [24]):

1_

M(q) = — G—qvS(q), (10)
where

_ 1+4mqde 294 —mne 4494
S(q) T 1-(m+n+amq2d2)e—244 +mne—4qd’ (11)
where
m = (G/Gpux —(1) §< (G/Gpy +3 —4v)71, (12a)

4 4(1-v

n=1 1+(G/Gpu) (3—4Vpui)” (12b)

In the limiting case where the halfspace is rigid (Goux = ), Eq. (11) reduces to:

_ (3—4vq) sinh(2qd)-2qd
S(q) - (3—4vg) cosh(2qd)+2(qd)2—4vy(3—2vy) +5’ (1 3)
while for a free layer (Goux = 0), Eq. (11) reduces to:
S(q) _ sinh(2qd)+2qd (14)

cosh(2qd)-2(qd)?-1"
Assume the layered solid is incompressible. Then v = vy = 0.5 and Eq. (12) simplify to:
m=n= (G — Guu)/(G + Gpuw)- (15)
Due to the elastic-viscoelastic correspondence principle, a solution to our
viscoelastic problem can be derived from the elastic solution by replacing G with the

complex shear modulus G(w). Substituting Eq. (4) in Eqg. (15) gives:
_ (Go+iwer)/(1+iw‘r)—Gbulk _ (Go/Gbulk—1)+in(Goo/Gbulk—1) _ ag+saq

T (GoHiWTGw)/(A+iwTD) +Gpuk  (Go/Gpuk+1) HwT(Goo/Gpu+1)  ap+saz’ (16)
where
s = lwrT, (173)
ap = Go/Gpuk — 1, (17b)
ay = Goof/ Gy — 1, (17¢)
a; = Go/Gpu + 1, (17d)
as = GOO/Gbulk + 1. (176)
We define:
r=e—24d, (18a)
b, = —2(1 + 2(qd)?), (18b)
b, = 4qd, (18¢)
and write Eq. (11) as:
1+4nqde 29— (ne—294 2 1+bynr—(nr)?
S(q) - 1—(2n+4n(qd)2)e—2(‘1d+(ne22‘1d)2 - 1+bonr+(nr)?’ (19)
Substituting Eq. (16) gives:
S(q ) = 1+b1((ao+sa1)/(a2+sa3))r—(((a0+sa1)/(a2+sa3))r)z _
’ 1+b0((a0+sa1)/(a2+sa3))r+(((a0+sa1)/(a2+sa3))r) (20)

2
(az+saz)?+bq(ag+sai)(az+saz)r—((ap+sa)r)” _ ci1+cp15+c3,452

Z
(az+saz)?+bg(ag+sa;)(az+saz)r+((ag+say)r) €1,0+C2,05+C3,05%’
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where
Cox =0, (21a)
CLr = a5 + apazbr + (—1)*adr?, (21b)
Cor = 2a,a3 + (a,a; + agaz)br + (—1)*2aa,72, (21¢)
C3x = a5 + ayazber + (—1)*air?, (21d)
Cer = 0. (21e)
For k=0, 1. Using Egs. (4), (9), and (20) gives:
2
M@,0) = = = i e =
1 01,1+(01,1+czil)s+(cz‘1+c3,1)52'+c3,1's3 ‘ (22)
2q Goc1,0+(GoCa0+GooC1,0)5+(GoC3,0+GeoC2,0)52+GooC3,053"
Substituting this in Eq. (8), we have:
Yy —o(cks1n + cx1)s¥o(q w) = =2q Xi—o(cre1, 0 Go + Cx, 0 Goo)s*ulq, w). (23)
An inverse Fourier transform is applied to obtain the constitutive equation:
Zz=0(0k+1,1 + Ck,1)Tkag(U(CI» t) = —2q Zi:o(ck+1, 0 Go + C,0 Gm)rkafu(q, t). (24)

Consider the limiting case where the elastic halfspace is infinitely rigid, i.e.,
Gouk = . Then -ap = -a: = a, = as =1 and:
1—ber+ (=1D*r? = ¢y = c1/2 = 3. (25)
For k=0, 1 so that the left-hand side operator of Eq. (24) is:
Yreo(Cher1 + 1) @I)F = c1p + (cr1 + €2,1)(T0e) + (€21 + €31) (1) +
c31(70.)% = (1 — byr —r®)(1 + 3(10,) + 3(10,)?* + (10,)*) = (1 — byr — (26)
r2)(1 + 10,)3,
while the right-hand side operator is:
—2q Xi=o(Crr1,0 Go + €k, 0 Goo) (10)* = —=2q(1 — byr + 172) (G, +
(2Gy + Go)(10,) + (G + 2G)(10:)? + G5 (10,)3) = —2q(1 — bor + 72) (G, + (27)
GoT0:) (1 + 70,)2.

After removing the common factor (1 + td;)?, we get the equation:
1—bor+1?

a(q,t) +t6(q,t) = —2q P— (Gou(gq, t) + Gott(q, 1)). (28)
If the viscoelastic layer is infinitely thick, i.e., d = o, then Eq. (28) reduces to:
o(q,t) + t6(q,t) = —Zq(GOu(q, t) + Gotl(q, t)), (29)

which was obtained and integrated semi-analytically by van Dokkum et al. [2]. Note that
the same semi-analytical integration scheme may be used to solve Eq. (28).

Assume the layered solid is indented by rigid punch with a trajectory h(x,t). The time is
discretized into time points 0, At, 2At,... and the surface of the layered solid u(x,t) is
discretized with n grid points Xo, X1, ..., X»1. Overlap of the punch and the layered solid is not
allowed (u(x;t) < h(x;t)). Also, it is assumed that at the bottom of the elastic solid being
approximated by the elastic halfspace the displacements are fixed at zero. Then, since the
layered solid is incompressible, the mean surface displacement is zero (X725 u(x;, t) = 0).

To numerically solve Eq. (24) for o the d}u are approximated with finite differences
and used to compute the input to the backward Euler method. An alternative might be to
solve Eq.(24) semi-analytically [25] for improved convergence properties. The
equilibrium displacement field at a given time is found by solving an energy minimization
problem via FIRE-based GFMD [8].
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If u(g,t — 4At), u(g,t — 3At), u(g,t — 2At), and u(g,t - At) have been found, then o(q,t)
can be shown to be a linear function of u(g,t). Thus, the slopes and the intercepts of the
linear functions may be precomputed before the minimization. (Note that the
displacements could be shifted to eliminate the intercepts.)

The fast Fourier transform and its inverse are denoted by FFT and IFFT. The
pseudocode is as follows:

a < (slopes of o from be_solver)
b « (intercepts of o from be_solver)
use FIRE-based GFMD to find u(t) such that the energy corresponding to the force

IFFT (a © FFT(u(t)) + b) is minimal subject to Z']:;u(xj,t) =0 and u(t) € h(t), where

© is elementwise product

8 rhs «— (new values of the right-hand side of (24) computed from u(t - 3At),
u(t - 2At), u(t - At), u(t) using finite differences)

9 update be_solver with rhs

10 t—t+At

0 set up the trajectory of the punch h(t)

1 set displacements u(t) to zero fort< 0

2 t<—0

3 be_solver « (backward Euler solver of (24) for o)
4 while true

5

6

7

Results and Discussion

We consider indentation by a rigid punch in two dimensions. The punch is periodic in the
x direction with period L and its trajectory is defined by:
2 0, fort <0
hGt) =3(3) +=2=-Je, for0st<r, (30)
T
T, fort =7

for —=1/2 < x/L <€ 1/2, where hoL is the maximum indentation depth and R is the radius of
curvature at x = 0. A schematic of the system is shown in Fig. 1. The relative contact area is
defined as d = a/L, and the dimensionless pressure is defined as p = p{2Go), where p’is the
mean normal contact stress. The numerical results are obtained for Gou/Go = 1, Go/Go = 10,
n=2%=16384, ho=0.01, R/L=0.25 d/L=0.05 and At/r=0.005 unless specified
otherwise. Figure 2 shows p and d for Goux = G and d/L = 0, 1/32, 1/16, 1/8, 1/4, .

The relative contact area and the dimensionless pressure as functions of time for
G = Gou and d/L =0, 1/32, 1/16, 1/8, 1/4, = are presented in Figs. 2. At time t =0 the
responses are approximately the same. This is because the coating is responding with the
high-frequency modulus G« = Goux and the whole layered solid is behaving like a purely
elastic halfspace with G = Guux regardless of thickness d. As the coating thickness d/L is
varied from O to oo, the relative contact area curve rises until d/L = 1/16 and then returns
to the initial values. As we can see, the contact area curve is the same for d = 0 and d = oo.
At d = 0 the system is purely elastic, hence the contact area and pressure become constant
when the punch stops at t = . The constantness of contact area at the hold for d = > is
in accordance with the simulations by van Dokkum [5]. That fi’gd(t) must be the same

for d =0 and d = o follows from the corresponding elastic energy functions being equal
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up to a positive constant factor. In Figure 3, the contact area and the pressure for varying
hardness of the bulk layer are presented. As the bulk becomes harder, the values of the
contact area curve increase up to infinite rigidity, at which point the contact area is
constant at the hold. In Figure 4, the contact area and the pressure for
G-/Go=2,3,5,9, 17 are presented. As G- increases, the contact area curve goes down,
while the pressure curve goes up. When t — oo, the curves approach the same response
of an elastic halfspace with G = Go =Gpu.

1,
X
v=0.5

Gy + iwtG,,
1+ iwt

G(w) =

Fig. 1. Schematic of a rigid punch indenting a viscoelastically layered solid
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Fig. 2. The relative contact area d (a) and the dimensionless pressure p (b) as a function of the
dimensionless time t/t for Ge = Gpuk and d/L =0, 1/32, 1/16, 1/8, 1/4,
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Fig. 3. The relative contact area d (a) and the dimensionless pressure p (b) as a function of the
dimensionless time t/t for Gou/Go = 4, 16, 64, 256,
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Fig. 4. The relative contact area d (a) and the dimensionless pressure p (b) as a function of the
dimensionless time ¢/t for Go/Go = 2, 3, 5,9, 17

Conclusions

There is a demand for computationally efficient methods to model tribological systems.
We formulate and implement a GFMD technique to compute the response of a viscoelastic
layer of finite thickness bonded to an elastic half-space. We derive a constitutive equation
and solve it numerically using the backward Euler method. A quasi-static solution is found
using the FIRE optimization algorithm. The developed method is applied to model
indentation by a rigid punch.

The model described in the article can be used in a number of cases, for instance,
electroadhesive devices, multi-layer structures, coating, and etc. Moreover, as a future
development, this computational model can be extended with adhesion forces, more
precise (higher orders) of viscoelastic material allowing to simulate broader range of cases.
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ABSTRACT

This paper presents a numerical study for fatigue life estimation of a cylindrical specimen made of
aluminum alloy under high cycle fatigue regime. The fatigue life is assessed through the stress-Llife
approach. The sample is weakened by either a cluster of surface defects or by an equivalent defect. Two
different forms of defects are considered. The load conditions are assumed to be uniaxial tension-
compression with a load ratio R = 0.1. To account for non-zero mean stress the Goodman correction is used.
The material properties are considered to be combined nonlinear isotropic and kinematic hardening
implemented in ANSYS Workbench software.
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Introduction

Most of the metal structures are subjected to cyclic mechanical loads during their service
life. Even if the applied loads never exceed the elastic limit of the material, it is possible
that after a certain number of cycles failure may occur. Therefore, it is important to
understand how the mechanical properties of the material degrade as a result of the
gradual accumulation of damage under the influence of various stresses below the elastic
limit, i.e., the fatigue life of the material.

For a correct estimation of fatigue life, it is necessary to determine the appropriate
parameters of the metal in question as a result of many experiments, as well as to account
for a lot of different factors affecting fatigue behavior such as surface condition, type of
loading, environment conditions, etc. The literature analysis indicates that fatigue
performance of structures is hard to predict since it depends on numerous parameters.

Moreover, the majority of structures always contain a certain number of defects,
which, becoming stress concentrators, reduce the strength and fatigue life of the
structure. For metals such local stress concentrators may often result from manufacturing
process [1,2] or be induced by corrosion [3-5]. The effect of defects on fatigue strength
has been widely studied for decades, nevertheless, a lot of dependencies are still unclear.
It is known with reasonable accuracy about two parameters that influence fatigue limit
significantly. The first of them is defect size; it was shown by many researchers that
fatigue limit decreases with increasing defect size, e.g., [6-9]. The second known
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characteristic is defect location: surface, subsurface or internal. Studies, comparing
surface and internal defects, clearly showed that surface ones are more dangerous than
internal ones, e.g., [6,10,11]. Papers, where subsurface defects were considered, showed
that this type of defect location is most harmful to fatigue life [12,13]. Recent
experimental research by Nadot [14] performed for different materials and various
parameters shows that the defect’s size, type and position are among the major
parameters affecting fatigue performance. The author notes that assessing fatigue limit
in the presence of a defect is indeed a challenging task where many questions are not yet
answered. Including those issues of interest named the local material behaviour near
defects, which may be not only elastic but also plastic, which is considered in limited
research on structures weakened by defects.

The influence of single defects on the stress-strained state of structures has been
studied extensively both for surface and internal defects. However, it is obvious that real
materials may contain several defects, which, being in close proximity, begin to interact
with each other. In particular, defects caused by production activities, namely casting
defects or welding defects, corrosion pits, surface roughness, micro inclusions,
dislocations, are often located close together, which leads to interaction of fields of
stresses and significantly reduces the strength limit of the material [6,15].

In [3,16,17] it is noted that corrosion pits on the surface of steels and aluminum
alloys have a complex shape, where the main and secondary pitting at the bottom can be
conditionally distinguished. Studies carried out on the modelling of stress-deformed
structures containing one corrosion defect of such a complex shape show that the
influence of the additional pitting leads to a significant increase in the stress
concentration coefficient [16-18].

It is worth mentioning that in situations where the defects are located in close
proximity to each other, it is very difficult to determine the actual size and form of
damage [11,19]. That is why research designed to find simplified forms that could
approximate such complex forms of defects or sets of defects is extremely relevant. Such
simplified forms are utilized in a few papers for a variety of problems, where they are
usually called “equivalent” forms for the considered complex-shaped surface or internal
defects or “equivalent” defects, e.g. [11,20,21].

In [22] a cluster of surface defects is approximated by a rectangle to determine the
ultimate strength of a plate with randomly distributed defects. More complex approach
which may be considered as multiple equivalent rectangles is used in [23]. Simplified
conical, cylindrical and spherical shapes of pits are used [24] to numerically assess the
ultimate strength of hull structural plate with multiple local corrosion defects. Rounded
rectangles are also utilized to approximate complex-form defects or set of defects
[21,25,26]. Note that in papers [21,25,26], where the defects are simplified by rounded
rectangles, the rounded edge serves for avoiding singularities in finite element analysis,
yet the possible effect of the different values of the rounding radius is not studied.
Authors of [24,27,28] showed that the form of defects (circular, conical, elliptical or
cylindrical) has a slight effect on strength of plates under different loading. However, in
the mentioned papers neither the effect of varying sizes of the defect with rounded
rectangle form nor the influence of complex forms of defects are not considered.
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Experimental and numerical research for aluminum alloy under cyclic load is conducted
in [20]. Spherical and three types of complex form artificial defects were introduced in
specimens. Fatigue test results were complemented by finite element analysis conducted for
geometries with two types of equivalent defect forms: spherical and elliptical. Simulations
performed with elliptical defects provided better correspondence with experimental results.
The possible reason for that might be that the elliptical defects account for the orientation
of the defect which is extremely important for fatigue life prediction.

The impact of surface defect interaction is investigated in order to assess the high
cycle fatigue performance of aluminum alloy in [21]. Nonlinear hardening is used to
describe the material behaviour under uniaxial cyclic load. The stress distribution around
the cluster of three hemispherical defects on the surface of a cylindrical specimen is
numerically calculated. Circumferential and longitudinal configurations of defects are
considered as well as various defect sizes, distances between defects and applied loads.
The numerical results obtained through the Crossland criterion are compared with
experiments by Mu et. al. [29]. Additionally, authors [21] proposed substituting three
interacting hemispherical surface defects with a single equivalent defect in the shape of a
rounded rectangle. The calculated fatigue limit of the model with the equivalent defect is
compared with the fatigue limit of the model with three interacting defects. It is concluded
that the fatigue limit of specimens with the cluster of defects can be estimated by the finite
analysis of the model with the single equivalent defect. The authors report that the fatigue
limit obtained using the equivalent defect is greater than with three interacting
hemispherical defects, with the difference being within 7%. However, it remains
unexplored whether the equivalent defect sizes proposed in [21] are optimal, and whether
the suggested method can be applied to estimate the fatigue limit when defects are of
complex forms [3,16,17]. These questions are addressed in the present paper.

In this paper, the fatigue life of a specimen made of aluminum alloy is assessed.
Fatigue life is determined by the SN curve method. The specimen is weakened by a cluster
of surface defects. Three hemispherical defects and three defects of a complex shape,
where the main and secondary hemispherical pitting at the bottom can be conditionally
distinguished, are considered. The defects are located in close proximity to each other so
that the interaction of stress fields takes place. Three models with corresponding
equivalent defects that could approximate complex forms of the considered sets of
defects are constructed and analyzed. The combined nonlinear isotropic and kinematic
hardening model is utilized to describe the material behaviour. The mean stress
correction is used to account for the effect of non-zero mean stresses.

Fatigue life assessment

The most common approaches for assessing fatigue damage under cyclic loading are a
stress-life approach, a strain-life approach and fracture mechanics approach [30]. In
stress-life and strain-life approaches, the number of cycles to failure is represented as a
function of alternating stress and mean stress, alternating stress and R-ratio (defined as
a ratio of the minimum stress value to the maximum stress value), and alternating strain
and mean strain, respectively [30]. In fracture mechanics approach the rates of growing
cracks are analyzed to assess fatigue life [30].
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The stress—Llife approach is used in applications where the applied stress is
essentially within the elastic range, and the material has a long cyclic life. This approach
is suitable when the degree of plastic straining is negligible, as in high cycle fatigue
regime (HCF), where plastic strains are relatively small and concentrated in a small area.
Stress—life data is usually represented by SN curve, which is either plotted as a log-linear
or a log-log plot. SN curve is obtained from constant-amplitude uniaxial cyclic tests
performed for a given material for different alternating stresses with the same stress ratio
R. Different SN curves are therefore generated for different R-ratios. The Basquin model
is widely used to determine fatigue life in terms of stress-life in the case of uniaxial loads
for multi-cycle fatigue [31]. According to this model based on fatigue curves, the
difference between the minimum and maximum stresses in the cycle is linearly related
to the number of cycles before the destruction [32]:
o.Nf =, (1)
where Ny is the number of cycles before destruction, g, - stress amplitude of a symmetric
loading cycle, b = const - fatigue strength exponent, ¢ = const. For the cases where mean
stress is non-zero, the load amplitude needs to be corrected before using Eqg. (1). The
parameters b and ¢ depend on the material properties. Numerical parameters of the
Basquin model are determined by the SN curve of the alloy considered.

The strain-Llife approach considers the plastic deformation that may occur during
fatigue loading. This method accounts for localized yielding, which is often the case in
metal components corresponding to low cycle fatigue (that is a relatively short fatigue
life, usually less than 10° cycles). In such a case, the plastic deformation of a material
may take place not only in a small area near stress concentrators.

In this research, fatigue life is assessed through the stress-life approach using
Basquin's relation Eq. (1).

Mean stress correction

SN curve methods are widely used to estimate fatigue life of materials under symmetrical
loading conditions, i.e., where mean stress is zero. As mentioned above, by performing
multiple tests it is possible to obtain the SN curves for a considered material under
different mean stress conditions. It is obvious that resources for conducting experiments
are quite limited, or it may be impossible to create the necessary conditions. Thus, the
case with a zero mean stress has become the one that has been most studied
experimentally. Whereas, when the magnitude of loading in both directions is different,
mean stress value plays a vital role in fatigue life estimation [33-35]. None-zero mean
stress may decrease or increase the estimated life depending on parameters of a problem
[35]. There are variety of models for the mean stress correction developed for different
materials and conditions, e.g. [36-38]. Such models allow one to use the data from
experiments with zero mean stress for a case where the mean stress is non-zero. The
mean stress correction essentially provides the stress amplitude called equivalent
amplitude (with zero mean stress) which results in the same fatigue damage as the given
non-symmetric stress amplitude (with non-zero mean stress). By means of equivalent
amplitude fatigue life is assessed. Some of the common mean stress correction methods
are the Coffin—Mason relationship [39], Morrow’s mean stress approach [40] and the
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Smith, Watson and Topper [41]. A new model to account for the mean stress is proposed
and found to be valid for different materials in [42].

One of the widely used mean stress corrections is Goodman equation [43] that is
generally suitable for brittle materials [44]:
Za + Im _ 1, (2)

Oar oy

where g, - is the stress amplitude, g,,, — mean stress, g,, — ultimate tensile strength. That

used to solve for g,, — equivalent amplitude of a corresponding symmetric cycle.
Smith-Watson-Topper (SWT) mean stress correction is a good choice for general

use and quite accurate for aluminum alloys [41,45,46]:

1-R
Ogr = Omax /T: (3)

where 0,4y = Oy + 0,.

Problem formulation

The cylindrical sample of aluminum alloy either with a cluster of three corrosion defects
or with a single equivalent defect is considered under HCF regime. The load conditions
are assumed to be uniaxial tension-compression with R=0.1. The problem is to
numerically assess the fatigue life of a sample for various load values and different defect
shapes. Mean stress correction is made by Goodman theory (Eg. (2)). The distribution of
von Mises stress under static uniaxial tension is also analyzed.

Material

The paper considers the alloy AS7G06 with T6 post-thermal treatment. The chemical
composition are shown in the Table 1 [29].

Table 1. Chemical composition of AS7G06
Element Si Mg Fe Cu Mn Ni Zn Pb Ti

% 7.00 | 0.56 0.097 <0.015 | <0.03 <0.01 <0.01 <0.003 | 0.13

Pressure magnitude, MPa
= =
= [§]
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,_.
o
=)

w
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1,E+05 1,E406 1,E+07

Number of cycles

Fig. 1. SN curve for AS7G06: blue dots correspond to experimental results [29],
orange curve results from fitting a set of data points with a quadratic function
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The material parameters are specified in the ANSYS Workbench package in the
Engineering Data section. The material behavior is described by a model with a combined
nonlinear isotropic and kinematic hardening implemented in ANSYS Workbench.

Moreover, SN curve for the considered material (Fig. 1) obtained in [29] was used to
find numerical parameters needed for fatigue life estimation.

Model

The geometric model was built in the ANSYS SpaceClaim package. The elementary model
in question is a cylinder corresponding to the gauge part of the experimental samples
either with a cluster of surface defects or with a single equivalent defect. Cylinder has a
diameter 10 mm and length 20 mm. Five geometries with differently shaped defects have
been constructed:

1. A sample with three hemispherical defects (Fig. 2(a)). All hemispherical defects are
equal to each other, their radii are set to r,,, = 0.32 mm. The distance between defects
equals 0.1 mm.

2. A sample with three defects of a complex form: every defect consists of the main defect
and a secondary damage at the bottom of the main one (Fig. 2(b)). Both the main and
secondary damage are of a hemispherical form. All main defects are equal to each other,
their radii are set to r,, =0.32 mm. The distance between main defects equals 0.1 mm.
All secondary defects are equal to each other and have a radius r, = 0.08 mm.

3. A sample with one equivalent defect to approximate geometry (i). The defect is modeled
as a rectangle cut with a rounded edge. The rectangle dimensions are length = 6ér,,
width = 2r;,, and height = %m the radius of curvature of a rounded edge is 0.17,,.

4. A sample with one equivalent defect to approximate geometry (i) (Fig. 2(c)). The defect
is modeled as a rectangle cut with a rounded edge. The rectangle dimensions are length
= 61, width = 2r;,, and height = rfm, the radius of curvature of a rounded edge is 0.17;,.

5. A sample with one equivalent defect to approximate geometry (ii) (Fig. 2(d)). The defect
is modeled as a rectangle cut with a rounded edge. The rectangle dimensions are length
= 6r;,, width = 2r;,, and height = r;,,+1, the radius of curvature of a rounded edge is 0.11,.

\

Fig. 2. Geometries with differently shaped defects
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Due to symmetry, only a one fourth part of each of the considered models was
constructed (see Fig. 3). It should be noted that sizes in geometry descriptions (i-v) are
given for the whole elementary models. Consequently, in constructed parts with the
equivalent defect (iii -v), the length and width of the defect are 31, and n,, respectively.
The height of the equivalent defect in one fourth part of each of the considered models
(ili =v) remains as indicated above.

The constructed geometric models have the following boundary conditions: on the
cross-section corresponding to the boundary of the gauge part of the sample, the force
corresponding to the amplitude in cyclic tests is applied; the symmetry condition
(“frictionless support” condition in ANSYS Workbench) acts on the cross-section planes of
the quarter of the model (planes a and b in Fig. 3).

1,500 4,500

Fig. 3. A geometrical model with the equivalent-form defect:
a, b - the planes with symmetry condition; arrows indicate the plane of load application and direction

d

Fig. 4. Stress distribution for constructed geometries (stress values are given in MPa)
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To use the finite element method, a tetrahedron mesh was constructed. Moreover,
since the vicinity of the defects is a probable place of stress concentration, the face sizing
method was additionally applied to the surface of the defects, allowing to set a fine grid
in the specified areas (Fig. 4).

The mesh convergence study was carried out in order to ensure the accuracy of
solution. With various finite element meshes, several static analysis simulations for
geometry with three surface defects of a complex form (geometry (ii)) were conducted.
Figure 5 shows the maximum von Mises stress corresponding to the number of elements
in a certain mesh. It was found that for meshes with the number of elements over 10 the
relative differences between results of considered simulations is less than 4 %. Therefore,
for further analysis the number of elements was approximately 1.2 x 106,

240

o 230 ® meshl
s
@ ® mesh2
2 s . )
‘é 220 ® mesh3
o ® meshd
v
A
s 210 ® meshS
] ® meshb
£ 200 mesh7
E
= ® mesh3
(-]
= 130 ® meshS
® mesh10
180 » meshill

0,E+00 5,E+04 1,E+05 2,E+05 2,E+05 3,E+05 3,E+05

Number of elements

Fig. 5. Mesh convergence of maximum von Mises stress obtained with different meshes

Results

Stress distributions near the local defects for the set of geometries in question are
presented in Fig. 4 for the applied static load equal to 60 MPa. They clearly demonstrate
that for geometries with a cluster of three pits (i) and (ii) (Fig. 4(a,b), respectively) a
significant increase in the value of the von Mises stress is observed in the presence of the
secondary damage (geometry (ii), Fig. 4(b)). Note that in the case of defects of a complex
shape (Fig. 4(b)), the maximum stress values are reached at the joint of the secondary
defects with the main ones. For geometry (i) with three defects of a hemispherical form
(without a secondary damage), the maximum of the von Mises stress is achieved at the
sharp edges between the defects (Fig. 4(a)). This result is in accordance with [21,48,49].
From Fig. 4 it is seen that the difference between maximum stress values in a
sample with three hemispherical pits (i, Fig. 4(a)) and a sample with equivalent defect
(iv, Fig. 4(c)) is below 3 %. While the difference between values of maximum stress
obtained in geometry (ii, Fig. 4(b)) with a cluster of complex-shaped pits and the geometry
(v, Fig. 4(d)) with the equivalent defect is over 30 % for a considered load. Therefore, the
equivalent defect (iv) provides a good approximation of a cluster of hemispherical pits (i)
in terms of prediction of stress values for static analysis (Figs. 4(a,c)). At the same time,
none of the considered equivalent defects (iii—v) allows to estimate the stress values near
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a cluster of complex-shaped pits (ii) for static analysis. It should be noted that the
difference between results obtained for a sample with three hemispherical pits
(i, Fig. 4(a)) and for the equivalent defect (iii) is sufficiently more than 3 %.

The dependencies of calculated fatigue life values of constructed models (i-v) from
values of applied loads at R = 0.1 with the Goodman mean stress correction (Eq. (2)) are
shown in Fig. 6. It can be seen that the maximum life of geometries considered coincides,
but in the case of defects of a complex shape (geometry (ii), solid orange curve) it is
achieved at a maximum load of 60 MPa, while for geometry with defects of a
hemispherical form without a secondary damage (geometry (i), solid blue curve) the
maximum value of fatigue life is maintained up to a load of 90 MPa. In this case, the
maximum load at which a structure with secondary damages (geometry (ii)) does not
undergo instantaneous destruction reaches 60 MPa when for the second model (geometry
(1)), it reaches 90 MPa. Thus, the presence of a secondary defect at the bottom of the main
one causes a significant decrease in strength. Note that in contrast to steel and titanium
alloys, aluminum alloys do not have a distinct fatigue limit. Consequently, aluminum
specimens are susceptible to fatigue failure, even under minimal stress amplitudes.

100 geometry (i)
90 geometry (iii)
- < = = =geometry (iv)

g 8 S~ o geometry (ii)
= S~ o
S 70 oo == = - geometry (v)
L N e e T T
T 60 ]
2
< 50

40

30

1,E+00 5,E+05 1,E+06 2,E+06 2,E+06 3,E+06

Number of cycles
Fig. 6. Dependence of fatigue life from values of applied loads

It is seen from Fig. 6 that the curves for geometries (i) and (iv), (ii) and (v) are close
to each other for all considered applied loads. However, the analysis of results showed
that for a fixed load value the estimated lifetimes between geometries (i) and (iv) may
reach 40 %. This difference grows with the growing applied load. For loads under 66 MPa
the difference is less than 30 %. In the same way the difference between the estimated
fatigue lifetimes between geometries (ii) and (v) grows as load grows, reaching 33 % at
56 MPa. For loads under 48 MPa the difference is less than 26%.

Thus, the geometries with equivalent defects (iv) and (v) provide overestimated
values of calculated fatigue lifetimes up to 40 and 33 %, respectively, compared with the
results of lifetimes obtained using geometries with pit clusters (i) and (ii).
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Conclusions

In the paper a cylindrical sample of aluminum alloy either with a cluster of surface defects
or with a single equivalent defect is considered at high cycle fatigue regime under
uniaxial tension-compression load with ratio R = 0.1. Using ANSYS Workbench the fatigue
life of a sample for various load values and different defect shapes is numerically
assessed. Goodman mean stress correction is performed to account for non-zero mean
stress. The distribution of von Mises stress under static uniaxial tension is also analyzed
for different defect shapes.

It was found that the equivalent defect may be used for prediction of stress values
for a specimen with a cluster of three hemispherical pits for static analysis.

It was shown that the form of surface pits plays significant role for the calculated
fatigue life. Complex form of surface defects reduces fatigue strength.

The error of modelling a cluster of three pits by a single equivalent defect grows
with the growing applied load for both considered shapes of pits. The assessment of
fatigue life of locally corroded specimens through a single equivalent defect may provide
overestimated values of fatigue lifetimes up to 40 % for a cluster of three hemispherical
pits and up to 33 % for a cluster of three complex-shaped pits.
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ABSTRACT

The paper explores the microstructure, mechanical properties and heat resistance of the piston alloy AL30
(AK12MMgN) for the first time produced via continuous casting into an electromagnetic mold
(electromagnetic casting, EMC). The study demonstrates that casting into EMC allows for the formation of
a homogeneous dispersed microstructure in both the peripheral and central zones of the ingot, consisting
of a blend of aluminum'’s solid solution and eutectic, which contains lamellar silicon (Si). The volume
fraction of compact primary Si particles does not exceed 1 %. In addition to Si, the aluminum matrix
contains the phases of crystallization origin such as e-Al:Ni, t-AlsFeMgsSie, 0-AlCu,MgSiz and S-Al,CuMg.
The analysis of the evolution of microstructure and properties of a cast alloy after conventional heat
treatment (HT) reveals that microstructural changes induced by HT lead to the AL30 alloy having
mechanical properties that far exceed the properties of its counterparts obtained through traditional
casting methods. The research analysis shows that mechanical properties and heat resistance of the AL30
alloy produced via EMC with subsequent T6 treatment are comparable to the deformable piston alloys such
as the AK12D alloy after similar heat treatment.
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Introduction

Most of the pistons for internal combustion (IC) engines are made of special heat-resistant
aluminum piston alloys [1,2]. For example, in Russian Federation, the commonly used
materials for pistons produced by permanent mold casting are the eutectic modifications
of silumin alloys such as AL25(AK12M2MgN) and AL30(AK12MMgN), which after
hardening heat treatment T6 (following the national standard GOST 1583-93 [3]) have
the room-temperature strength in the range of 195-235 MPa [1,4]. Likewise, engine
pistons abroad are generally manufactured from the M124 alloy (ALSi12CuMgNi), which
is similar in chemical composition and properties to the materials produced in Russian
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Federation [2]. Following the need to make the IC engines, and therefore their pistons,
substantially more efficient, one of the timely research trends in this field deals with
increasing the mechanical and service properties of silumin piston alloys. Due to the fact
that strength, ductility and heat resistance are structure-dependent features, nowadays,
much attention is focused on the formation of microstructure in piston materials, which
will ensure the maximum level of properties. As is known, decreasing dendritic cell size
of the aluminum solid solution, as well as the refinement of the second phases included
in the eutectic may result in a higher complex of properties of cast alloys [2,5]. Nowadays,
such changes in microstructure are achieved by modifying the alloy composition during
casting [1,2,6-9], by using casting or powder metallurgy techniques that ensure high
crystallization rates [10-12], by using various types of heat [13] and deformation
treatments [14,15], including severe plastic deformation [16-18].

Recently, much attention has been focused on the fabrication of semifinished
products from aluminum alloys in the form of bars of small cross-section (diameter from
8 to 12 mm) by continuous electromagnetic casting method (EMC). During EMC, intensive
melt circulation in the region of ingot crystallization is implemented, which promotes the
formation of a homogeneous microstructure throughout its volume, and the high cooling
rate (10°-10° K/s) ensures the formation of highly dispersed cast structures [19-22].
In addition, high cooling rate during crystallization leads to abnormal supersaturation of
aluminum with alloying elements [19,20]. All the above-Llisted microstructural features of
cast rods produced by EMC favorably influences their mechanical and service properties
after various deformation or deformation-thermal treatments [19-22]. As was
demonstrated recently in the work [23] on the example of the formation of the solid
solution in the Al-Zn-Mg-Ca-Fe system alloy, the EMC method may be used to produce
bulk cylindrical billets with a homogeneous structure in which the dendritic cell size is
less than 10 um and the second phases are less than 3 um in size.

Herein, we study the microstructure features, mechanical properties and heat
resistance of a solid cast rod from piston alloy AL30, that was for the first time produced
through casting in EMC subsequently conventionally hardened by heat treatment.

Materials and Methods

The experiments were conducted on the AL30 (AK12MMgN) alloy bar with a diameter of
80 mm obtained by continuous casting in EMC at the Research and Production Center of
Magnetic Hydrodynamics Ltd [24]. The alloy was produced on the basis of primary
aluminum grade A85 (not less than 99.85 wt. % Al), silicon grade KROO (not less than
99.41 wt. % Si), magnesium grade MG-95 (not less than 99.95 wt. % Mg), copper grade
MOOK (not Lless than 99.9 wt. % Cu), and alloying compositions AINi20 and ALSr10. Prior
to casting, the finished melt was degassed with argon and simultaneously treated with a
special flux. Continuous casting in the EMC unit was carried out at a temperature of
750 °C and rate of 5 mm/s. Chemical composition of the peripheral and central zones of
the cast rod was observed using the Bruker Q4 Tasman optical emission spectrometer
and is given in Table 1. As is seen, the chemical composition of the rod obtained by
casting in EMC does not change from the periphery to its central zone and fully meets
the requirements of the GOST 1583-93 national standard [3].
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Table 1. Chemical composition of the alloy AL30 (wt. %)

Si Cu Mg Ni Fe Ti | ¢ | Mn | zn [ =5n,Pb
A | 131/13.0° | 1.3/13 | 1.0/1.0 | 1.3/1.3 | 0.25/0.20 <0.2 <0.06
B 11-13 08-15 | 08-1.3 | 08-13 <0.7 <0.2 <0.06

A - chemical composition of the alloy AL30 produced by electromagnetic casting
B - chemical composition of the alloy AL30 [3]
* - chemical composition of the peripheral/central zone of the cast rod

The microstructure and properties of the cast rod were examined precisely in the
peripheral (the area of these parts was determined by the data of structural analysis) and
central parts of the rod. The choice of such areas for study was determined by the fact
that in the process of producing the cast rod by EMC, there was observed the maximum
difference in the rate of material crystallization between these areas and, therefore, the
different degree of dispersion of the obtained microstructure.

One part of the samples from the peripheral and central zones of the cast rod was
subjected to heat treatment (HT) T1, the other part was subjected to heat treatment T6,
according to the regimes recommended in [3] for the AL30 alloy. The T1 treatment
included artificial aging at a temperature of 190 °C for 12 hours (without preliminary
hardening). The Té treatment included annealing at 520 °C for up to 4 hours, quenching
into water and aging at 180 °C, 6 hours.

After the T6 treatment, the AL30 alloy samples were used for the examination of
heat resistance according to the method introduced in [25]. The samples were annealed
at a temperature of 300 °C and 100 hours of holding time. Samples of the AK12D alloy in
the T6 state were subjected to similar annealing. During annealing, intermediate
measurements of hardness change after 1, 3, 5, and 24 hours of exposure were made.

HT and annealing of the samples to determine the heat resistance of the alloy were
carried out in a chamber furnace Nabertherm N15/65HA.

The microstructure was examined using optical microscopy (OM), scanning and
transmission electron microscopy (SEM and TEM), and X-ray diffraction analysis (XRD).

OM was performed on an Olympus QX 51 microscope. SEM was performed on a
Tescan Mira scanning microscope at 10-20 kV accelerating voltage. Chemical
composition of the second phases was analyzed by energy dispersive X-ray spectroscopy
(EDS) using the INCA X-Act installation from Oxford instruments. SEM was performed on
a JEOL JEM 2100 transmission microscope at 200 kV accelerating voltage. The samples
for microstructure studies were prepared by jet electrolytic polishing of thin foils on a
Tenupol-5 equipment from Struers Inc. in a solution of 20 % nitric acid and
80 % methanol at 2 -20 °C and 10-20 V voltage. Imagel software and Grain Size software
package were used to process the obtained images and quantitatively analyze the
microstructure features (average dendritic cell size, average section size of the second
phase within the eutectic/size of second phase particles, volume fraction of particles).

X-ray diffraction analysis of the samples was performed on a Bruker D8 Discover
diffractometer using the Cu-Ka-radiation. The results were used to determine the phase
composition and lattice period (a) of the samples in different zones of the cast rod and
after HT. The a value was calculated using the Rietveld method and MAUD software [26].

Vicker’s microhardness [27] was measured using an EMCO-Test DuraScan-50 device
at a load of 1 H and a dwell time of 15 s.
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Mechanical properties (conditional yield stress (oo,), ultimate tensile strength (ours)
and elongation to failure (8s)) after HT were determined using the results of static tensile
tests, which were performed on an Instron 5982 universal testing machine in accordance
with the GOST 1497-84 national standard [28].

Results and discussion
Microstructure of the alloy after casting into EMC mold and subsequent heat treatment

Typical microstructure of the AL30 alloy in the peripheral and central parts of the cast
rod produced by EMC is shown in Fig. 1(a,b). The microstructure is composed of dendrites
of aluminum solid solution (aa) and the eutectic, with dispersed lamellar silicon (Si)
located along the aa boundaries (Figs. 2 and 3). In addition to Si, the particles that are
different in color from it were noted in the eutectic. Also, a small amount of coarse
compact particles of primary Si were observed in the microstructure of the cast rod - both
in the peripheral and central zones (Fig. 1(a,b)).

General view of the microstructure of the AL30 alloy obtained by casting into EMC
resembles the eutectic silumins produced by conventional casting methods [1,2,4-6].
However, the size of cells and of lamellar silicon included in the eutectic, especially in
the peripheral zone, indicates an unusually high cooling rate of the melt during its
crystallization. Quantitative evaluation of the cross-sectional area of the bar
demonstrated that the microstructure, which is characteristic of the peripheral zone
(Fig. 1(a)), occupies about 20 % of its total area.

The results of quantitative analysis of microstructure in the cast rod are presented in
Table 2.

g%~

P o

Fig. 1. Microstructure of the AL30 alloy cast rod after casting into EMC (3, b)
and after T6 treatment (c, d). (a, ¢ - peripheral zone of the rod; b, d - central zone of the rod) (OM method)
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Cu Kal

Ni Kol

Fig. 2. Typical microstructure area in the peripheral zone of the cast rod and elemental mapping
of such area (SEM)

Si Kal Cu Kal
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Fe Kal Mg Kal,2 Ni Kol

Fig. 3. Typical microstructure area in the central zone of the cast rod and elemental mapping
of such area (SEM)
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Table 2. Microstructural characteristics of the alloy AL30 alloy after casting into EMC and subsequent T6
treatment

State Zone of cast rod d, um dsi, ym Osi, % h, um Ks Ov, %
EMC Periphery 7604 | 11305 | 0301 | 096=0.12 - 243
Center 166+06 | 16204 | 1.1£01 | 1.57+0.16 - 22%5
Periphery - - - 2.80+0.28* 2.1 25%4

- 5.65 + 1.45* 2.7
Té Center - - 23 %3

where d is an average size of dendritic cell; dsi and Qs; are average size and volume fraction of primary
Si particles; h is average size of second phase section inside eutectic; Kr is mold ratio of second phase
particles; Qy is volume fraction of second phase particles; * average size of second phase particles

The obtained data reveals that the sizes of dendritic cells formed by as and eutectic
are more than twice smaller in the peripheral zone of the cast rod. Also in this zone, the
cross-section of Si plates included in the eutectic is noticeably smaller than the cross-
section of Si plates formed in the central zone. As is known, the increase in the
crystallization rate (V) reduces not only the size of dendritic cells (d), but also the size of
second phase particles [5]. At the same time, the dependence between d and V. has a
linear character on a logarithmic scale and persists up to cooling rates = 10® K/s.
According to this dependence, in the peripheral and central zone of the cast rod of AL30
alloy, the value V. differs by more than an order of magnitude, constituting = 10°> and
<102 K/s, respectively. It is the difference in V. that explains the differences revealed in
the microstructure (Table 2). The microstructure formed in the peripheral zone is
qualitatively similar to the microstructure formed in cast billets of aluminum alloys for
electrical and structural purposes, which were also obtained by casting into EMC [19-22].
The microstructure in the central zone of the cast rod is similar to the microstructure that
was obtained in eutectic silumin piston alloys by casting methods, the latter providing a
noticeably lower V. [1,2,4-6]. However, considering the results of study of crystallization
in a bulk rod of the alloy Al-Zn-Mg-Ca-Fe during casting into EMC, the values of V. still
remain high and may reach 600 K/s [23].

Considering the different color of particles, which is clearly visible in Figs. 1-3, the
eutectic composition includes other phases in addition to Si. Distribution maps in the
areas of the peripheral and central zones of the cast rod for the main alloying elements
made by EDS (Fig. 2 and 3) showed the presence of Si and Mg in addition to aluminum in
the dark gray plates include, and the presence of Cu, Ni and Fe in the light gray phases.

The results of X-ray phase analysis are presented in Fig. 4 and the data made it
possible to determine the phase composition of the alloy. The phases e-AlLNi,
n-AlsFeMgsSis, 0-AlCu,MgSi; and S-AlLLCuMg were formed both in the peripheral and
central parts of the cast rod in addition to Si during casting into EMS. The presence of
these phases has been previously reported in similar silumin piston alloys [5,6,29,30].

The absence of noticeable differences in the value of lattice parameter in the
peripheral and central parts of the cast rod, which constitutes 4.0487 £0.0001 and
4.0490 + 0.0001 A respectively, means that the concentration of alloying elements in aa
after EMC is almost similar.
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Fig. 4. X-ray profiles of the sample of AL30 alloy cast rod obtained from the peripheral (1)
and central (2) zones, as well as from the central zone after T6 treatment (3) (X-ray analysis)

When T1 heat treatment was performed, the AL30 alloy samples were subjected
only to artificial aging at a temperature that could not lead to significant changes in the
size and morphology of the second phases [5,29]. Therefore, microstructure evolution in
the cast rod was examined after Té heat treatment. Typical images of the microstructure
after such treatment in the peripheral and central parts of the rod are presented in
Fig. 1(c,d), as well as in Figs. 5-7.

Si Kal Cu Kal

Fig. 5. Typical microstructure area in the peripheral zone of the cast rod and
elemental mapping of such area (SEM)
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Si Kal Cu Kal

Fig. 7. Microstructure in the peripheral zone of the cast rod after T6 treatment: (a) after annealing at 520 °C
and quenching; (b) after quenching and artificial aging (axis of the microdiffraction pattern zone [001]) (TEM)

As can be seen, after Té treatment at the stage of annealing at 520 °C,
fragmentation and spheroidization of lamellar Si and other phases in the eutectic
occurred. In addition, the results of quantitative analysis (Table 2) demonstrate that
annealing leads to coarsening of the particles (coalescence). However, there is still a
noticeable difference in the particle size in the peripheral and central parts, which was
noted earlier for the cast rod before HT.

In addition to the particles, whose morphology and size changed as a result of
annealing at 520 °C, the microstructure of the alloy exhibits the presence of particle in
the form of thin plates/needles with a smooth surface (indicated by arrows in
Figs. 5 and 6), which did not undergo fragmentation. Elemental mapping showed that
these particles, in addition to aluminum, include Fe and Ni. As was stated in the work [29],
the particles of phases with similar morphology, which include alloying elements of a
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low solubility in aluminum, possess high resistance to thermal effects. Such particles
include the particles of e-phase (AlsNi), which was possible to identify by X-ray diffraction,
as well as, probably, the particles of AlsFeNi - the presence of a small amount of such
phase in the alloy is indicated by EDS results.

After the second stage of T6 treatment, which is artificial aging, the formation of
rod-/plate-like particles of secondary phase is observed in the aluminum matrix, which
are oriented in a strictly defined direction, have a thickness of several nanometers and a
length in the range from 20 to 100 nm (Fig. 7(b)). The XRD data reveals a new well-
defined diffraction peak related to the Mg,Si phase that develops on X-ray diffraction
pattern 3 (Fig. 4) after T6 heat treatment. According to [31], the particles of this phase
develop after artificial ageing in the form of thin plates lying in {100}a planes, i.e., as in
the image shown in Fig. 7(b). After T6 treatment, the lattice parameter of the alloy was
as close as possible to that of pure aluminum (4.0507 * 0.0001 A). Such a change in the
lattice parameter indicates the process of decomposition of ax as a result of aging and
that aluminum solid solution has reached the maximum depletion of alloying elements.
It is known that in silumins, as a result of heat treatment, including aging, other
strengthening phases such as Al,Cu, Al,CuMg, and secondary Si can be formed in addition
to Mg,Si [29]. However, such phases were not detected in the examined samples in the
process of microstructural analysis either by TEM or XRD. The possibility of detecting the
phases of such composition might be limited by research techniques applied in the
present study.

It should be noted that the microstructure that was formed in the AL30 alloy due to
continuous casting into EMC and subsequent Té heat treatment is close in its parameters
to the microstructure of piston alloys with a similar chemical composition, which are used
for manufacturing of semifinished products using deformation processing [14-18]. In the
peripheral zone of the cast rod, in which Vc 2 10° K/s was implemented after HT, it was
possible to form a more dispersed microstructure. Similar microstructure was observed in
the billets subjected to severe plastic deformation [16-18] or obtained by selective laser
melting (SLM), in the process of which, as in the case of EMC casting, V. in the range of
10*-107 K/s is realized [11,12].

Mechanical properties of the alloy after heat treatment

Mechanical properties of the cast rod obtained by casting into EMC from the alloy AL30
and subsequent T1 and T6 heat treatment are presented in Table 3. In addition, Table 3
lists the properties of counterparts produced by conventional casting into the steel
coquille (i.e., permanent mold casting) in Russian Federation [2,25] and abroad [3]. For
comparison, the properties of semifinished products made of piston alloys similar in
chemical composition, which were obtained using the deformation processing
techniques, including severe deformation by equal-channel angular pressing (ECAP) [17],
as well as by SLM technology [11,12], are also presented.

The data summarized in Table 3 from the present as well as previously carried out
studies clearly demonstrate that the samples of cast rod obtained by casting into EMC
from the alloy AL30 after T1 and Té treatments are considerably superior to the
mechanical properties of counterparts obtained by conventional casting. After T6
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treatment the alloy AL30 demonstrates the “strength-ductility” ratio at the level of forged
piston alloy M124R(ALSi12CuMgNi) [2] and alloy Al-11Si processed by ECAP [17], as well
as of deformable alloy AK12D. However, its strength is found to be inferior to the alloys
produced by SLM technology [11,12].

Table 3. Mechanical properties of the cast rod obtained from the alloy AL30 after conventional HT and of

eutectic silumins with close chemical composition manufactured by different techniques

Alloy State Cast rod zone HV outs, MPa ov2, MPa bs, %
1 Periphery 135+5 | 345+10 | 250+15 | 2.1+0.3
Center 139+9 309+5 295+7 0.5+0.1
AL30 T6 Periphery 150+ 4 404 +£5 335+8 42+0.3
(AK12MMgN) Center 147+9 | 393+7 329+9 24+03
T1[3] - HB90 196 - 0.5
T6 [3] - HB100 216 - 0.7
AL25
(AK12M2MgN) T6 [25] ] ] 360 ] ]
M124
(ALSi12CuMgNi) T6 [2] ] ] 200-251 | 190-230 <1
M124R
(ALSi12CuMgNi) T6 [2] ) ) 300-370 | 280-340 <1
AK12D* T6 - 156 5 407 £ 4 3876 1.9+0.2
Al-11Si ECAP +T6 [17] - - ~390 - ~7
Al10SiMg SLM [11] - - 475 294 2.4
Al-12Si SLM [12] - - 2425 2275 26
* — heat treatment and tests were carried out in the framework of present study

The level of properties displayed by the alloy AL30, obtained by casting into EMC
and subjected to HT, is in good agreement with its microstructural features. In terms of
dispersibility, the alloy AL30 is close to the alloys that undergo deformation treatment
and occupies an intermediate position between the counterparts obtained by
conventional casting methods and those produced by SLM technology. The increased
strength of SLM-produced alloys relates to their ability to form a highly dispersed
structure, which surpasses the structure resulting from casting into EMC, including the
structure in the peripheral zone of the cast rod obtained from the alloy AL30. For example,
as was demonstrated in the work [11], the samples of SLM-produced alloy Al;cSiMg
revealed the formation of a microstructure featuring dendritic cells of submicron scale
(around 500 nm) and Si particles in the nanometer range.

Evaluation of heat resistance of the alloy after casting into EMC and subsequent heat treatment

Traditionally, pistons in IC engines are operated for extended periods (over 1000 hours)
at temperatures up to and including 300 °C [1,2]. In this case, it seems important to
determine the level at which the strength properties of piston materials become stable
under these conditions. For this purpose, it was proposed in [25] to evaluate heat
resistance by examining the piston alloys' hardness after annealing at 300 °C
for 100 hours. Temperature exposure for the same period is used to determine the long-
term strength of such materials.
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Table 4 displays the results of evaluation of hardness change in the alloy AL30
samples after T6 heat treatment as a result of annealing at 300 °C. For comparison, the
annealing treatment was performed on a sample of deformable alloy AK12D in the state
T6, which has a similar chemical composition and level of mechanical properties (Table 3).
In addition, Fig. 8 shows the graph of change in hardness with annealing time at 300 °C.

Table 4. Hardness of cast rod obtained from the alloy AL30 after thermal exposure at 300 °C

Rod zone Initial Annealing time, h
hardness 1 3 5 24 100
Periphery 1504 1147 985 89 %4 724 66 7
Center 147 £ 8 1155 98+ 4 86%5 714 687

As follows from Table 4 and Fig. 8, the character of hardness change is the same for
the peripheral and central parts of the alloy AL30 cast rod. After 1-hour exposure at
300 °C, the sample hardness decreases by ~ 25 %, and hardness values continue to
decrease significantly during 24 hours of annealing. Further increase of exposure time
does not lead to considerable changes in hardness. It becomes stable at the level of ~
HV70, which is ~ 45 % of the initial hardness - after T6 heat treatment (Table 4). In the
work [25], after similar annealing, the samples of alloy AL25 (AK12M2MgN) with close
chemical composition, obtained by casting with crystallization under pressure and
subjected to T6 treatment, demonstrated residual hardness of about 40 % of the initial
hardness, and the samples of deformable alloy AK12D in the T6 state — 47 % (Fig. 8).
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Fig. 8. Change in hardness of the alloy AL30 cast rod after T6 heat treatment with exposure time during
annealing 300 °C: (1) - peripheral and (2) - central zones

Based on the analysis of the data herein and previous studies, it may be concluded
that the cast rods, obtained from the alloy AL30 by casting into EMC and subsequent T6
heat treatment, exhibit heat resistance at the level of counterparts produced by casting
or deformation processing. The absence of difference in the heat resistance level in
different zones of the alloy AL30 cast rod might relate to the fact that the sizes of Si
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particles and other secondary phases are insufficient for more pronounced stabilization
of strength characteristics under extended thermal exposure (at 300 °C).

First results obtained in this study have shown that the use of continuous casting
into EMC in combination with conventional HT to produce bulk billets of piston eutectic
silumins makes it is possible to increase their mechanical properties while maintaining
heat resistance at a high level. However, more research is needed to study the potential
for further increasing the complex of properties through the formation of more
homogeneous and dispersed structures (at submicron and/or nanoscale level) as well as
improving the conditions of casting into EMC and HT modes.

Conclusions

1. The microstructure, mechanical properties and heat resistance of piston alloy AL30
(AK12MMgN), which for the first time was obtained by continuous casting into an
electromagnetic mold (EMC), were studied.

2. It was shown that the EMC technique makes it possible to form a homogeneous
dispersed microstructure comprised of a mixture of aluminum solid solution and eutectic
with lamellar silicon (Si), as well as secondary phases, including e-Al:Ni, t-AlsFeMgs:Sie,
0O-AlCu,MgSiyand S-Al,CuMg, in both the central and peripheral regions of the bulk ingot.
3. It was established that in the alloy AL30, a microstructure formed by casting into EMC
with subsequent T6 heat treatment provides the achievement of mechanical properties
(o002, outsand &5 not less than 330, 390 MPa and 2.5 % respectively), which are noticeably
higher than the properties of its material counterparts produced by conventional casting
in Russian Federation and abroad.

4. It was shown that the mechanical properties and heat resistance of the EMC-produced
alloy AL30 with subsequent T6 heat treatment are identical to the properties of
deformable piston alloys subjected to similar HT.
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ABSTRACT

This paper examines the influence of various schemes for implementing friction stir processing (FSP) on
the microstructure and properties of a conductive busbar made of AD31T (AA6063) aluminum alloy. In
particular, the implementation of five different FSP schemes on the formation of structure and volumetric
defects in the volume of the stir zone was studied. It has been shown that performing FSP at a tool rotation
speed of 1120 rpm and a linear tool movement velocity of 200 mm/min ensures the absence of macroscopic
defects in the volume of the stir zone. The implementation of certain FSP schemes made it possible to
achieve the formation of an ultrafine-grained structure both in the near-surface layer and in the bulk of the
material under study. This type of processing can be recommended as a way to increase the strength of
aluminum materials without significant loss of their electrical conductivity.
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Introduction

Aluminium and aluminium alloys occupy a significant share in the modern metallurgical
industry. Along with relative availability, one of the most important properties of
aluminium alloys that determine its widespread use is its low density and good electrical
conductivity, accounting for 62 % of the electrical conductivity of copper. Considering the
scarcity and high cost of copper, the role of aluminium as a conductor material is steadily
increasing. The undoubted advantages of aluminium include its high plasticity, thermal
conductivity and heat capacity, good manufacturability, and corrosion resistance [1]. The
main disadvantage of aluminium is its relatively low strength - 49 MPa. This level of
properties is not sufficient for widespread industrial use, so research aimed at increasing
the strength of aluminium alloys is important. One of the ways to strengthen aluminium
is to create alloys based on it [2]. The general pattern of aluminium alloying is that the
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addition of other elements, leading to an increase in the strength of the aluminium alloy,
leads to a decrease in its electrical conductivity [3-5]. The need to maintain the level of
electrical conductivity of pure aluminium, or to minimize its drop due to alloying, as well
as the desire to reduce the cost of production of aluminium alloys, lead to minimizing the
amount of additions of alloying elements without a significant loss in properties - the
creation of the so-called low-alloyed alloys [6,7].

Another fundamental approach to increasing the strength of aluminium and
aluminium alloys is the use of deformation methods - stamping, drawing, pressing, etc. [2].
Such methods have undoubted advantages - they are well-developed modes and
conditions of deformation, stability and predictability of the results obtained. The
disadvantages of such methods include the volumetric nature of the impact -
deformation, as a rule, extends to the entire volume of the processed material, as well as
an increase in the density of defects, which entails a drop in electrical conductivity [8].
The effect of deformation can be reduced by using local hardening methods, such as cold-
working, shot peening, diamond burnishing and other similar methods [1]. A separate
group of methods aimed at modifying the surface and surface layer of a material includes
methods based on the effect of surface friction. These include, in particular: friction stir
welding, friction stir processing, friction surfacing, friction brazing, friction transformation
hardening, friction extrusion and others [9]. The most popular and commonly used in
industry are friction stir welding (FSW) and friction stir processing (FSP).

Friction stir processing (FSP) is a technology aimed at changing the structure and
properties of the surface and subsurface layer of materials in the solid phase [9-11]. A
distinctive feature of this method is local mixing of the metal in the treated area without
the formation of a liquid phase, which can lead to oxidation and burnout of the metal, as
well as a decrease in its strength properties. Work aimed at studying FSP quickly showed
that this method can modify the surface layer of the processed material, providing a
structure and properties different from the processed material [12]. Since FSP involves
processing the material in the solid phase, the main attention has been paid to soft
materials, such as aluminium alloys [13], magnesium alloys [14] and copper alloys [15].
There is also a limited set of publications on FSP of titanium alloys and steels [11,16].

Research aimed at FSP of aluminium alloys aims to create permanent joints where
welding is not applicable or impractical. Thus, it was shown that FSP with the imposition
of tracks on the aluminium surface makes it possible to reduce the average grain size to
100-200 nm over a relatively large area, reaching an ultrafine-grained (UFG) state [17-19].
The authors propose a similar approach that makes it possible to obtain large-sized
products with a UFG structure of the surface layer. The authors of [13] claim a decrease
in the average grain size per one pass of FSP by more than 20 times, which led to an
increase in the yield strength of the material by 2.4 times. Articles [20-22] explore
methods of friction stir welding with overlap, a two-pass connection in one direction and
in opposite directions, on both sides of the welded sample. These studies claim that such
methods can provide good fluidity and mixing of dissimilar metals, reducing the size of
grains and defects at their boundaries, and a two-pass connection can significantly
increase the strength properties of the welded joint, reduce wear, and obtain minimal
costs for mixing tools.
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Despite a large amount of information regarding the FSP of aluminium alloys, there
is depressingly little data on the effect of this processing method on the electrical
conductivity of aluminium alloys. There is no data on the effect of this processing method
on the level of electrical conductivity in conductive products made from aluminium
alloys. This study is a continuation of works devoted to the FSP of conductive busbars
made of aluminium alloy AD31 [23]. In previous work, a rational FSP mode was
established, which allows, for a given geometry of the processing tool, to obtain a
processed zone without volumetric defects. This paper examines five different schemes
for implementing FSP, their influence on the structure and properties of busbars made of
AD31T aluminium alloy.

Materials and Methods

As a research material, hot-rolled aluminium alloy plates of 10 mm thick and
200 x 200 mm in size were used. The plates were obtained in the "T" state, meaning
quenching and natural aging. The chemical composition of the commercially produced
AD31T alloy (AA6063 analogue) is given in Table 1.

Table 1. Chemical composition of the AD31T alloy
Concentration of the element, wt. %
Al Si Fe Mg Mn Cu Zn
Base material 0.410 0.390 0.390 <0.035 < 0.035 <0.035

The processing of the material was carried out on a vertical console milling machine
FSS-400, adapted for FSP, in 6 different processing schemes (Table 2). Based on the results
of previous research [23], the FSP parameters were set as follows: tool rotation speed
1120 rpm, tool linear velocity 200 mm/min. During FSP, the shoulder penetration was
0.635 mm at a tool inclination angle of 3°. The tool dwelling time after immersion is 10 sec.

A sketch of the tool is shown in Fig. 1. The tool is made of steel containing 0.2 wt. % C
and 13 wt. % Cr (the closest analogue is AISI 420). Before use, the tool is hardened up to
580 HB. Most authors tend not to disclose the details of the geometry of the stirring tool,
however, the general recommendations for aluminium alloys are that the tool pin should
be a tapered cone or a threaded one. Since the production of the threaded tool is more
expensive and complex, than the production of the tapered cone tool, and tapered cone
tool is proven to provide defect less structure [22,24,25], the latter type of tool was used.

Fig. 1. Schematic drawing of the stirring tool
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Table 2. FSP schemes

Marking of the FSP scheme description FSP scheme depiction
sample
225 Single linear track a4
Two unidirectional tracks, on a single line, ___________ / ____________________
226 one from each surface (upper and lower) of i 4
the plate
4
Two unidirectional tracks, on a single line, on Aﬁ
227 top of each other, on the same surface of the s
plate
i
Two counter directional tracks, on a single //‘
228 line, on top of each other, on the same 4
surface of the plate
Multiple unidirectional overlapping tracks on ////////
229
the same surface, overlap of 10 mm
Multiple unidirectional overlapping tracks on W -------------
233
the same surface, overlap of 5 mm

X-ray control was carried out on the hardware-software complex of digital
radiography "Tsifrakon". Microstructure studies were performed on an Olympus Q150R
optical microscope. For metallographic analysis, macrosections were made by cutting in
the middle of the length of the stir zone (SZ) in the direction perpendicular to the
processing direction. Surface finishing was carried out in a 3 % hydrofluoric acid solution
to reveal the macrostructure. Microhardness (HV) was evaluated by the Vickers method
on a Buehler MicroMet 5101 instrument at a load of 1 N and a holding time under load
of 10 s. The microhardness (HV) value was calculated using the Omnimet Imaging System
software. Microhardness was measured on transverse sections of specimens along lines
parallel to the surface of the original plate. The measurements were taken at the middle
of the sample thickness, and % of the height from the bottom and top surfaces of the
plate. When measuring the microhardness of the stir zone, the line of measurements
passed through all sections of the cross-section of the FSP sample at a measurement step
of 0.5 mm (about 60 measurements per line). The error value for the microhardness
profiles was calculated as a standard deviation for each profile. Generally, the absolute
value of the microhardness error does not exceed 5 HV. Mechanical tensile tests were
carried out on samples manufactured in accordance with GOST 1497-84. Tests were
carried out on flat samples with length 70 mm and cross-sectional dimensions 3 x 9 mm.
The samples were cut in the direction perpendicular to the FSP treatment so that the
treated area aligned with the middle of the sample. Specific electrical conductivity (w) of
the alloy samples was determined with a relative error of 2% using a VE-27NTs/4-5 eddy
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current electrical conductivity meter according to ASTM E1004-09. The electrical
conductivity value of the samples relative to annealed copper (International Annealed
Copper Standard) was calculated using Eq. (1):

IACS = wa/ w o - 100 [%], (1)
where wa is the experimentally determined value of the electrical conductivity of the
aluminium alloy sample, wc, is the electrical conductivity of annealed copper, equal to
58 MS/m, (MS/m stands for 10°S/m, siemens per meter). Since the electrical conductivity
was measured at 10 points on a line located in the middle of the sample thickness.

Results and Discussion
Samples and stir zone (SZ) assessment

Images of the samples 225-233 are presented on Fig. 2. Sample 225 was produced to
ensure the correctness of the chosen FSP mode [23] in appliance to the studied material,
ensuring the absence of macroscopic defects in the research material. Visual attestation
of the samples 226-233 shows the absence of the macroscopic defects, tunnel effect,
melting and excessive material pushouts from the stir zone during FSP. Figure 2(f) on
example of 233 demonstrates the placement of the tensile test samples.

Fig. 2. Samples 225(a), 226 (b), 227 (c), 228 (d), 229 (e) and 233 (f) after FSP.
Red rectangle on (f) represents the placement of the tensile test sample

The results of X-ray control of samples 225-229 and 233 are presented in Fig. 3.
Each of the studied samples demonstrate the absence of the volumetric defects: tunnel
defects, gas pores and other.

Since sample 225 was used as a reference one for testing the FSP conditions, it was
no longer studied further.
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e

233

(d)
Fig. 3. Results of the X-Ray control of samples 225 (a), 226 (b), 227 (c),
228 (d), 229 (e) and 233 (f) after the FSP

Macrostructure assessment

Figure 4 shows photographs of the cross-section of samples 226-233 after FSP. As a result
of FSP, a finely dispersed structure was formed in the stir zone (SZ) and the heat affected
zone (HAZ) (Fig. 4). The shape and size of the HAZ is similar for samples 227-229 - it
narrows towards the base of the sample due to more significant heat dissipation in the
sample volume. The HAZ of samples 229 and 233 is wider than in samples 226-228 due
to the overlap of the HAZ of each individual track.

1cm

Fig. 4. Macrostructure assessment of the 226 - 233 samples (top to bottom) cross-sections. Advancing
side and retreating side are marked AS and RS, correspondingly



Influence of various friction stir processing (FSP) schemes on the microstructure and properties of AD31 aluminium alloy busbar 101

According to macroscopy data, a busbar made of the alloy under study in the initial
state is characterized by three zones - central, intermediate, and peripheral (Fig. 5). The
central zone is characterized by relatively small, elongated grains with the size not
exceeding 100 um. In the intermediate zone, grains are characterized by a larger size,
ranging from 50 to 300 um with an average of 146 pm, and a shape close to equiaxial.
The peripheral zone consists of coarse crystals arranged in 1 or 2 rows. These coarse
grains are generally presented in the shape of elongated towards the edge of the busbar
grains, with the average length of 337 ym (ranging from 130 to 740 ym) and average
width of 571 pm (ranging from 300 to 900 pm).

central zone

intermediate
zone

peripheral
zone
o B e o s
Fig. 5. Macroscopic images Fig. 6. Metallographic analysis of the samples
of the initial busbar cross section. 226-233 cross sections (top to bottom), OM.
Three zones are distinctly visible - central, Advancing side and retreating side are marked AS
intermediate, and peripheral, OM and RS, correspondingly

Figure 6 presents the panoramic images of the 226-233 samples. According to it,
the grain size within the SZ ranges from 20 to 30 um with an average of 22 # 8 ym. The
value of the average grain size is the same throughout the SZ, so the deformation could
be considered uniform in the SZ. Outside the SZ, however, in the HAZ the average size of
the grain is 295.35 nm, which is higher than in both intermediate and central zones of
the busbar (Fig. 5). The grain growth presumably is caused by the heating inevitably
accompanying the FSP process.

According to Fig. 6, in sample 226, the tracks located on different sides of the busbar
did superimpose each other but were located offset. However, the SZs of both tracks
influenced each other, bending the normally symmetrical shape of the SZ. In samples 227
and 228, the tracks overlapped with virtually no displacement relative to each other. If in
sample 227 the directions of tool movement coincided, and the advancing side (AS) and
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retreating side (RS) zones overlapped each other, increasing the heterogeneity of the
thermomechanically affected zone (TMAZ), then in sample 228, during the second pass,
the AS and RS zones overlapped each other, providing a symmetrical TMAZ. Sample 229
was obtained with superimposed unidirectional tracks with a tool offset of 10 mm. As it
turned out, a displacement of this magnitude does not provide only partial overlap of the
SZ, leaving untreated areas. In sample 233, processed according to a scheme similar to
sample 229, the displacement of the tracks was 5 mm, as a result of which complete
overlap of the SZ was achieved.

Microhardness and electrical conductivity assessment

Analysis of the hardness distribution curves (Fig. 7) shows that the cross-section of sample
226 is characterized by two significantly different sections: the base metal (BM), which
hardness is 50-55 HV (depending on the depth of measurements relative to the surface),
and the metal of the SZ, the hardness of which is on average 10-15 % higher. There is
also a noticeable decrease in hardness at the boundary of the SZ, between the BM and
the TMAZ, caused by recovery processes as a result of thermal effects. Microhardness
values increase in the center of the SZ, since due to a greater degree of deformation, the
contribution of grain boundary and dislocation strengthening increases as well.

The microhardness profiles of samples 226-228 are largely similar, however, there are
certain differences. In sample 226, there was no exact overlap of the SZ core, as a result of
which the TMAZ of the second track partially overlapped the SZ core of the first track,
leading to softening - the maximum microhardness in sample 226 does not reach 60 HV,
which is the minimum value for samples 226-228 (Fig. 7(a)). The microhardness values for
the upper, middle, and lower zones of the sample are almost completely identical, which
indicates the absence of hardening in the surface zone. Also, the microhardness values
completely coincide in the center of the sample - between the centers of the SZ cores.

In sample 227, in which unidirectional tracks were superimposed, an increase in
microhardness is observed throughout the entire SZ and TMAZ, and the hardness values for
the upper and middle layers of the sample turned out to be higher than for the lower layer
(Fig. 7(b)). The multidirectionality of the tracks in sample 228 caused the strengthening of
the lower layer, in addition to an increase in microhardness in the upper and middle layers
of the sample (Fig. 7(c)). In general, the increase in microhardness in sample 228 is less
pronounced, most likely due to the overlap of the HAZ from multidirectional tool passes.

The nature of the microhardness profiles for samples 229 and 233 is different from
samples 226-228. In sample 229, the microhardness of the surface layer turned out to be
higher than in the base material, since the overlap of the SZ core is located just near the
surface. The microhardness of the lower layer of the busbar increases slightly, but the
change is insignificant. The microhardness profile of the middle layer has a sawtooth
character, corresponding to alternating SZs (Figs. 4-6). The growth of microhardness in
the upper and middle zones of sample 233 is more pronounced than in sample 229, and,
in general, the hardening in sample 233 is greater than in sample 229. A characteristic
feature of sample 233 is a sharp decrease in microhardness at the boundary of the zone
- where the overlaps of the SZs, and this decrease is most noticeable in the upper and
middle layers of the sample.
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Figure 8 shows the electrical conductivity profiles of the samples. Based on the
results of measuring the electrical conductivity of the SZ and TMAZ, the average value of
the electrical conductivity of the BM was 28.8-29.1 MS/m.

The change in resistivity value for each sample is different from the others. Thus, in
sample 226, there is a noticeable decrease in electrical conductivity in the SZ and TMAZ
(Fig. 8(a)), and an increase beyond them. According to Fig. 8(a), a relatively small increase
in microhardness is observed in the sample SZ, which correlates with a decrease in
electrical conductivity. Near the SZ, an increase in electrical conductivity is observed,
probably as a result of recovery processes. The behavior of electrical conductivity in
samples 227 and 228 correlates with changes in microhardness - for example, the
microhardness in the SZ of sample 227 is higher, and the electrical conductivity is lower
than in the SZ of sample 228. The electrical conductivity values to the left and right of
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the SZ and TMAZ in sample 228 are higher than in sample 227 are and are located
symmetrically due to the overlap of the AS and RS zones from each tool pass.

Just like microhardness, the electrical conductivity profiles in samples 229 and 233
are different from the electrical conductivity profiles for samples 226-228. In general, the
electrical conductivity of the TMAZ of the sample 229 corresponds to the electrical
conductivity of the BM, except for areas at the edge of the SZ. The electrical conductivity
of sample 233 is higher almost throughout its entire length than in the base material,
and decreases only at the edge of the SZ (Fig. 8(f)).
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Fig. 8. Electrical conductivity profiles for samples 226 (a), 227 (b), 228 (c), 229 (d) and 233 (e). Orange
dashed lines mark the edges of the SZ. For the sample 233 (e) green dashed lines mark the start and
the end of the SZ edge. For all samples advancing side (AS) is on the right and retreating side (RS) is on
the left
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Figure 9 shows the engineering stress-strain curves of samples made from
workpieces of states 226-233. All states are characterized by ductile fracture and have
comparable values of the yield strength (UTS) (70-80 MPa), ultimate tensile strength
(140-160 MPa) and ductility (16-18 %). The sawtooth sections of the tensile curves
indicate alternating localization of deformation and its relaxation.

160
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100 -

80 1
60 1|

— 226

227
40 1 228
— 229

20 4 — 233

Ultimate tensile stress, MPa

0

0 2 4 6 8 10 12 14 16 18 20
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Fig. 9. Engineering strain-stress curves Fig. 10. Fractures tensile tests samples
for the 226-233 samples of the 226-233 (top to bottom) samples

Figure 10 presents the fractured tensile tests samples of the 226-233 states. Judging
by these images, all samples failed outside the FSP region. Firstly, this indicates the
strengthening effect of FSP, and secondly, the absence of defects introduced by FSP. On
samples 226, 227 and 228 it is clearly visible that the localization of deformation occurred
on both sides of the SZ. The wavy relief of localized deformation zones confirms the
assumption of alternating localization and relaxation of deformation during tensile tests.

In this study, the implementation of various FSP schemes was carried out for two
purposes: the first group of samples (226-228) was obtained for the purpose of testing
the linear FSP regime, the second (229, 233) was obtained for the purpose of modifying
the structure and properties in a certain volume of the sample. It is known that during
FSP a number of processes might occur: plastic deformation, recovery, static and dynamic
recrystallization, formation and decomposition of a solid solution, phase transformations
[25-28]. All or some of these processes can occur simultaneously, forming different
structures in the section of the SZ and TMAZ. However, judging by the results of the study,
processes aimed at increasing the mechanical strength in the SZ predominate in the
modes used. Despite the fact that in aluminium alloys an increase in electrical
conductivity and electrical conductivity are considered competing properties [29], in this
case it was possible to achieve an increase in microhardness (Fig. 7) and ultimate tensile
strength (Fig. 9) in the SZ without a decrease, and in some cases - with increasing the
electrical conductivity (Fig. 8). The results allow us to assert that for alloys of the Al-Mg-
Si system (possibly for other thermally hardenable aluminium alloys as well), the given
FSP processing modes allow obtaining a defect-free linear processing zone characterized
by increased hardness, strength and electrical conductivity relative to the base material
(226-228), as well as modifying a volume of material of a certain depth, which is also
characterized by increased hardness, strength and electrical conductivity relative to the
base material (229, 233).
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Conclusions

In this work, five FSP schemes were implemented, three of them along a line, two along
a surface, in the same process conditions: linear tool velocity of 200 mm/min and tool
rotation speed of 1120 rpm. The authors have drawn the following conclusions:

1. Proposed FSP schemes implemented on a 10 mm thick conductive busbar made of commercial
aluminium alloy AD31T (Al-Mg-Si system, analogue of AA6063) provided a defect-free structure.
2. Due to the implementation of each scheme in the volume of the treated area, due to
plastic deformation, a decrease in the average grain size occurred, accompanied by
hardening and a decrease in electrical conductivity. In thermally affected areas, located
on the periphery of the stir zone, reverse processes occurred.

3. During mechanical tests, the destruction of samples of all proposed FSP schemes occurred
outside the FSP zone, accompanied by alternating localization and relaxation of deformation.
4. Based on the research carried out, to create permanent connections of conductive
aluminium busbars, it is recommended to use scheme 227 (parallel unidirectional passes
with complete overlap of the second pass on the first), for strengthening treatment of the
surface and near-surface layer — scheme 233 (parallel unidirectional passes of the tool,
with overlapping tracks by 5 mm - at a given tool configuration).
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ABSTRACT

The aim of this work is to explore the mechanical and wear properties of Al-TiC composites synthesized through
liquid metallurgy technique. AI6061 was the matrix material used and Titanium carbide (TiC) is the reinforcement
material. The composites were fabricated by adding TiC of 3, 6, 9 and 12 wt. % to Al6061. Thermal processing
was used on the produced composite specimens to accomplish solutionization at 530 °C for a period of 8 hours
and quenched in three different medias like air, water and ice. The effect of heat treatment and quenching media
was evaluated in the research. In order to validate the effect of heat treatment as cast samples also studies for
its wear properties. Results outcomes shows the better mechanical and wear characteristics compare to
composites that haven't been heat treated. Also, superior mechanical and wear characteristics of composites are
produced by ice quenching compare to air and water quenching. Wear out samples are investigated through
SEM to study the mechanism of wear. Microstructure study was made, and it reveals good bond between matrix
and reinforcement material.
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Introduction

Due to the enhanced performance, MMCs have recently grown in popularity and have begun
to replace traditional materials in a number of engineering fields. Due to their fundamental
advantages like exceptional stiffness, strength, low density, light weight, resistance to
corrosion, and resistance to wear, numerous industrial applications employ MMCs, including
those in the automotive, aerospace, and military sectors [1-4]. Al-based MMCs are among
the kinds of MMCs that are most commonly used because of their superior mechanical and
tribological characteristics. The quantity, scope, composition, and weight distribution of
reinforcements are just a few of the many variables affecting the characteristics of these
AMCGs. AL6061 is one of the many series of aluminium that are readily available and is a
popular matrix substance used in the manufacture of MMCs due to its high corrosion
resistance, weldability, and machinability. Alumina, TiC, silicon carbide, Boran carbide, and
other materials are frequently employed as reinforcements when Al 6061 is used to create
composites that enhance a variety of mechanical qualities [3,5-8]. These particles
specifically improve Al6061's mechanical and wear resistance. MMCs can be produced using
a variety of methods, including the PM process, liquid phase fabrication vacuum casting,
squeeze form technology, compo casting, and stir casting, and more. Because it is easy to
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obtain, simple to manufacture, and more affordable than other production procedures, the
most common technique used to make AMCs is stir casting [8-12].

The majority of the basic materials have unusual properties. Because of some
intrinsic traits and attributes that may not be suited for ordinary uses, the majority of
them that are currently available may not be physically viable for many engineering
purposes. As a result, materials are frequently thermally treated to increase their strength,
making them physically and structurally viable for a larger range of industrial uses. The
heat treatment procedure has the potential to change the microstructure of AMCs,
strengthening its mechanical attributes. The solution treatment step of the thermal
treatment procedure is followed by the quenching in different medias. Literature reveals
that heat treatment positively affects the properties of composites. There is a wealth of
information on metal alloys with an aluminium foundation that contain alumina, silicon
carbide, boron carbide, and magnesia, however there aren't many experiments on
titanium carbide particles. Although the type of reinforcement and the synergistic effect
of heat treatment both significantly influence the ultimate mechanical properties of
composites, little is known about the heat treatment of Al-based composites. As a result,
using the liquid metallurgical approach, composites have been created in the current
experiment by adding TiC particles to the AL6061 matrix. Analysis of the effects of heat
treatment and quenching media on the performance of Al6061-TiC MMCs is the main
goal of the study. TiC of 0-12 wt. % added to Al6061 in a stage of 3 wt. % were used in
the testing. Mechanical and wear properties were then assessed and contrasted with the
composites that hadn't been heated. On hardness and wear qualities, studies and reports
on the effects of heat treatment and quenching medium were made.

Materials and Methods

Due to the accessibility and ease of use, the stir casting approach has been used to create
MMCs that contain Al6061 and TiC at concentrations of 0-12 wt. %. Al6061 was the matrix
material used in the current study. Properties and chemical composition of Al60631 was
shown in Tables 1 and 2. TiC particles with a size range of 10-20 pm are utilised as
reinforcement in the ongoing research work to produce composite. Properties of TiC was
shown in Table 3. In a stage of 3 wt. %, TiC particles were blended at a rate of 0-12 wt. %
to AL6061. Utilising a CNC machine, samples for various testing have been prepared using
the created composites. To find the distribution of TiC particles across the matrix material
and quantify wear behaviour, a microstructure investigation of produced sample specimens
was done. In order to determine the configuration of composites, energy dispersive
spectroscopy (EDS) and optical microscope were also used. Scanning electron microscopy
(SEM) analysis is made to study the mechanism of wear. Therefore, they are contrasted with
the basic alloy material in order to support the experimental results.

In the beginning, known quantities of Al6061 alloy rods were put into the graphite
crucible and then into the electric furnace. At 850 °C, the alloy was melted and fine
vortices began to form as a result of mechanical stirring. In order to increase the degree
of wetting, in a different container, preheating of the TiC particles was carried out at
700 °C. The preheated TiC was then put into a furnace containing molten Al6061 alloy
after being stirred to create a fine vortex. A steady feeding rate and an electric stirrer
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speed of 450 rpm were used during the addition of reinforcement. By moving the molten
metal from the crucible into the cavity of the mould at room temperature, the metal was
given time to solidify. The same procedure was repeated for various TiC fractions,
including 3, 6, 9, and 12 wt. %. Table 4 displays the configurations of the MMCs used in
the ongoing research work.

Table 1. Properties of Al6061

Properties Values
Density, g/cm?® 2.70
Melting point, °C 585.00
Tensile strength, MPa 124.00
Yields strength, MPa 55.00
Young’s modulus, GPa 68.00
Poison’s ratio 0.33
Thermal conductivity, W/mK 180.00
Shear strength, MPa 83.00
Table 2. Configuration of AL6061 by wt. %
Constituents Mg Cu Fe Cr Si Mn Ti Zn Al
Percentage 1.1500 | 0.2750 | 0.1060 | 0.2010 | 0.5800 | 0.0014 | 0.1300 | 0.2500 | Balance

Table 3. Properties of titanium carbide

Properties Values
Formula TiC
Density, g/cm? 493
Size mesh 325
Purity, % 99.10
Melting point, °C 3155.00
Vickers hardness, VH 3200.00
UTS, MPa 240.00
Compressive strength, MPa 3700.00

Table 4. Composite configuration

Specimen Composite
A Al6061
B Al6061+3 wt% TiC
C Al6061+6 wt% TiC
D Al6061+9 wt% TiC
E Al6061+12 wt% TiC

To create the specimens, the designed composites were machined on a CNC
machine. In order to analyse the physical and microstructural characteristics that match
the test rig standards. To find the scattering of reinforcing particles in an alloy, the optical
metallurgical microscope was used in the microstructural examination. The samples were
polished for microstructure analysis, and the polished surface was etched using the
conventional metallographic procedure. The samples were polished using the
conventional metallographic method in order to examine their microstructure, and the
polished surface was etched with Keller's reagent.
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By using a weight of 500 g and a dwell time of 15 s, the Vickers' hardness tester
was utilised to determine the microhardness of produced MMCs. For data reproducibility,
three trials were conducted for each test condition in order to reduce experimental error
and uncertainty. The outcome is determined using the value's arithmetic average. The
average value from the dataset, a standard deviation of one on either side, is used to plot
the graphs. Utilising a pin on disc device, composites have had their wear rate assessed.
A force of 30 N, a velocoty of 100 rpm, and a sliding distance of 1000 m are used to
measure the wear rates. The specimens were created in accordance with ASTM (G99-05)
requirements for a length of 30 mm and a diameter of 8 mm. Figure 1 shows the sample
that was utilised to test the wear properties. At the same time, the coefficient of friction
(COF) of aluminium and its composites was also observed. SEM was used to do a
morphological analysis on worn-out samples in order to investigate the wear mechanism.

Fig. 1. Wear test specimens

Heat treatment has been applied to the produced composites. The heat treatment
for solutionizing was carried out in a muffle furnace. Al6061 and Al6061-TiC composites
that have been cast are first given an 8-hour solutionizing treatment in a muffle furnace
at a temperature of 530 °C, followed by an immediate quenching in three distinct media,
like air, water and ice. In order to evaluate how heat treatment and quenching media
affect composites, the microstructural and wear behaviour of both heat-treated and non-
heated MMCs were examined.

Results and discussion
Examination of microstructure

In the current study, hybrid MMCs are created by combining Al6061 with micron-sized
TiC particles. With the aid of an optical microscope, a morphological study has been
carried out to look at the dispersion of reinforcing materials into Al6061. The
corresponding optical micrographs of Al6061 with 0-12 % TiC particles are shown in
Fig. 2. The accurate and uniform dispersion of TiC particles over the matrix alloy is shown
in Fig. 2. A homogenous dispersion of reinforcing elements has been seen in optical
micrographs. Due to the swirling effect created during the production process, this has
happened. Additionally, the key factor for the homogenous dispersion of TiC in alloy is
the existence of a component of magnesium in the matrix alloy [13-16].
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Fig. 2. Microstructure of composites (a) Al6061, (b) AL6061+3 % TiC,
(c) AL6061+6 % TiC, (d) AL6061+9 % TiC

The EDS spectrum of generated MMCs, which is shown in Fig. 3, identifies the
presence of the elements used in the current investigation to create composites. The
incorporation of TiC reinforcements has been noticed in the EDS spectrum’s Ti and
C elements. The presence of all the components predicted in the paper was confirmed by
the Al6061's high intensity peak that was also seen in the spectrum.
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Fig. 3. EDS spectrum of composites Fig. 4. XRD pattern of composites

An appropriate sample was created in accordance with the guidelines in order to
perform the X-ray diffraction study. Figure 4 depicts an X-ray diffraction (XRD) pattern for
the provided material to illustrate its quality and attest to the presence of the constituent
elements used to construct the present composite material. Figure 4 displays multiple
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peaks for Al6061 and TiC particulates at the same time as well as peaks at (111), (200),
and (220). Due to Al's low sterility and TiC's higher purity, this occurs. This is likewise a
result of the Al and TiC particulates samples being oriented in the (111), (200), and (220)
planes. After comparing the experimental peaks attained and the standard peaks,
components such as Al and TiC were found. TiC reinforcement is present in the ongoing
study, according to the X-ray diffraction results.

Hardness

The hardness of the produced composites is assessed using the Vickers' hardness tester.
The microhardness of composites without and with heat treatment condition is shown in
Fig. 5. Studies demonstrate that hardness is significantly increased when TiC is added to
Al alloy. Up to 9 weight percent, adding TiC to Al6061 results in an increase in hardness;
after that, it decreases. Composites lose hardness as a result of reinforcement
agglomeration caused by increased TiC buildup in the matrix alloy. Similar outcomes
were attained for all of the case studies involving both heat-untreated and heat-treated
composites. Additionally, studies are conducted to determine how heat treatment and
quenching media affect the hardness of produced composites. By solutionizing heat
treating composites and immediately quenching them in air, water, or ice, the hardness
of the material is significantly increased. This is because Al and its composites have been
solutionized, allowing the highest concentration of the hardening solute to dissolve into
solution. Additionally, quenching media influences how hard composites are. For
Al+9%TiC composites that were ice quenched, a higher hardness was achieved. The
hardness and mechanical qualities of composites can be increased through quick
quenching, which produces a saturated solution. Because of this, ice-quenched
composites have superior mechanical properties compare to air and water quenched
composites. When compared to unheated Al alloy, ice-quenched Al+9%TiC composites
show a hardness improvement of about 43 %. Similar kind of outcomes is seen in [17-23].

Wear

The wear rate of composites was investigated using a pin on the disc wear tester with a
load of 30 N, a velocity of 100 rpm, and a sliding length of 1000 m. Figure 6 illustrates how
quickly composite materials wear down with and without heat treatment. The findings
indicate that the volume loss per unit distance decreases as TiC reinforcement are added
to the Al6061 alloy. Increasing the weight fraction of TiC in Al alloy reduces the rate at
which composites wear out. This decrease in composite wear rate is seen up until the
inclusion of 9 wt. % TiC; however, TiC concentration above 9 wt. % causes an increase in
wear rate. This is due to the fact that an agglomeration with a greater TiC concentration in
Al alloy can be seen in the microstructure. It has been discovered that the wear rate of
composite materials can be decreased by mixing hard TiC particles with Al6061.
Additionally, it is evident that heat treatment has a favourable impact on
composites capacity to resist abrasion. Wear resistance of composites is improved by
solutionizing heat treatment at 530 °C for 8 hours, followed by rapid quenching in three
distinct mediums. In all the examples that were examined, it was found that the addition
of TiC particles decreased the composites' rate of wear up to 9 wt. % of TiC. The
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solutionizing process causes the intermetallic phase of Mg and Si to develop, which is
harder than Al and exhibits better wear resistance compare to un heat treated composites.
The impact of the quenching medium on the composites’ wear rate was also researched.
For all quenching media examined, such as air, water, and ice, the wear rate of aluminium
alloy and its composites reduces.

It was discovered that Al6061 and its composites wear down at the least rate when
the composites are ice quenched compare to air and water. Compared to air and water
quenching, the ice quenching procedure produces composites with superior wear
resistance since the composites cool down more quickly following solutionizing
treatment. Intermetallic precipitations from the extremely saturated solid solution will
not be able to form during the quenching process due to the fast cooling. Minimum wear
rate is observed for Al+9 % TiC for all cases tested. When compared to unheated Al6061
alloy, wear resistance for ice quenched Al+9 % TiC composites was found to be improved
by about 62 %. Results are familiar in the work [24-26].
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Coefficient of friction

The typical coefficient of friction for composites is shown in Fig. 7. It is amply demonstrated
that adding TiC lowers the coefficient of friction. When compared to unreinforced Al6061
alloy, the coefficient of friction (COF) of composites is lower. For Al6061 alloy, a high COF
was seen, while reinforced composites showed a low COF. COF was found minimum for
Al+9 % TiC. As aresult of the harder TiC reinforcement sharing its strength with the Al alloy,
the addition of TiC boosts the COF of the alloy. Additionally, solutionizing heat treatment
is seen to significantly improve composites’ COF. For all evaluated examples of heat
treatment Al+9 % TiC composites, COF is shown to be low. It was also looked at how
quenching mediums affected COF and discovered that COF of composites decreased across
the board. When Al6061 and its composites are ice quenched, the COF of the composites
decreases at the least rate when compared to air and water, it was found. Comparing ice
quenched Al+9 % TiC to unheated Al alloy, COF drops by about 23 %.

Figure 8 displays the SEM micrographs of the worn-out surfaces acquired under a
load of 30 N at a speed of 100 rpm. The composites wear down more quickly as a result
of the accumulation of harder TiC particles and an oxide layer between the pin and the
disc. The samples’ surfaces are all marked with scratches and grooves, as seen in the
figure. Furthermore, the particles separate from the outer layer of the samples as a result
of plastic deformation, which shows that the composites' surface adhesive has worn
down. Researchers [27-30] have made similar observations. According to the research,
the presence of hard ceramic particles enhances the wear properties of composites,
increasing the wear resistance of MMCs.

—>Delamination layer -

Fig. 8. SEM worn out surfaces of composites (a) Al6061+3%TiC, (b) Al6061+6%TiC,
(c) AL6061+9%TiC, and (d) AL6061+12%TiC
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Conclusions

1. Analysis of the role of thermal treatment and quenching media for Al6061 mixed with
TiC MMGs is the main goal. To create composites, the stir casting technique was used,
and the microstructure examination revealed a uniform distribution of reinforcements.
2. The EDS spectrum further supports the existence of study-related reinforcements.

3. The microhardness of composite materials increases up to a TiC content of 9 wt. % in
an Al alloy; after that, it declines.

4. The hardness of composites is also influenced by heat treatment and the quenching media.
The composites that have undergone ice quenching and contain 9 wt. % TiC are the toughest.
5. The addition of TiC to the Al alloy significantly reduces the wear rate of composite materials.
For all of the evaluated scenarios, Al+9 % TiC composites showed the lowest wear rate.

6. The heat treatment and quenching medium has a considerable impact on the alloy and
its composites' wear behaviour.

7. lce quenched composites exhibits superior wear resistance compare to air and water
quenched composites.
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ABSTRACT

Various composite materials are implemented in aircraft, rocket and automobile construction, shipbuilding,
railway transport, tidal power and others due to their high strength to weight ratio, superior fatigue strength,
and design flexibility. These materials are used in critical areas of engineering practice, so this makes their
long-term aging and fatigue characteristics of paramount importance. At the same time, the characteristics of
these materials essentially changed after long-term operation. Thus, investigations of aging of these materials
are much needed. Experimental studies on alternation of cyclic loading, climatic and thermal aging were
conducted to study the characteristics of unidirectional carbon fiber reinforced plastic of the
T107/0N190/R132436 mark. Experimental results shown a significant hardening during cyclic experiments,
which considerably depends on the aging program.
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Introduction

Polymers and polymer-based composite materials are being intensively implemented in
almost all areas of industry and construction: in aircraft, rocket and automotive construction,
shipbuilding, railway transport, agricultural machinery production, tidal power, as well as in
the production of sports equipment. These materials have a high strength-to-weight ratio,
superior fatigue strength and design flexibility. Considered applications frequently have a
very high performance demand, making the long-term characteristics of polymer and
composite materials of paramount importance. At the same time, they were subjected to
degradation due to environmental factors, including light, temperature, stress, and others.
During the aging, the degradation of polymer and composite materials leads to significant
changes of their physical and mechanical properties [1-5].

Polymer and polymer-based composite materials are usually tested for a long time
in a liquid medium at certain temperature conditions. This method of evaluation of
polymer and composite materials service conditions is termed as hygrothermal aging.
Hygrothermal aging at high temperature accelerates the aging process. The natural
seawater, distilled water, tap water, demineralized water, alkaline and acid environment,
saline solution and any other chemical based applications can be used as aging agents.
The effect of aging on the mechanical properties of the fiber reinforced plastics under
various environmental factors and loading conditions was investigated in [6-18].
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In the study [6], the flexure, tensile and compressive behavior of the hygrothermal
aged carbon fiber reinforced epoxy composite was studied as a function of the absorbed
moisture content. Composite specimens were aged by immersing them in the natural
seawater at 60°C for different time intervals. The flexure, tensile and compressive strength
of the material showed an inverse correlation with the absorbed moisture content, whereas
the elastic modulus showed negligible correlation. Similarly, the tensile and flexure failure
strain showed an inverse relationship with the absorbed moisture content.

The paper [7] was focused on the effect of hygrothermal aging on the mechanical
properties of mixed short fibre/woven composite materials in different environments, i.e.
moisture and temperature, for different durations. The seawater is the most aggressive
medium that makes materials less resistant than distilled water and makes them brittle.
The obtained results, follows that the presence of water in the composite material causes
a deterioration of the mechanical properties. The penetration of water or moisture is
through the outer surface of the composite within the structure. The fibers do not absorb
the solvent, while the matrix is capable of absorbing them through the free volume and
the micro-cavities. The water interacts with the matrix, with the reinforcement and the
interfacial zones, which can in particular degrade the bonds and thus causes an
irreversible degradation of the properties of the composite. In addition, the material
undergoes the effect of plasticization, i.e. a modification of the structure, which can result
in the simultaneous decrease of the plasticity threshold or damage. The temperature has
a negative influence on the resistance of materials. A sharp drop in mechanical properties
as follows: 67 % of the elastic stress, 59 % the ultimate stress and 18 % of the elastic
modulus is observed during a long duration of temperature (one year). In some cases
(1 month), the temperature serves to improve the properties of the material deformations
due to the hardening of the material. Indeed, the increase in temperature induces, in
general, a softening of the materials and a decrease of the yield point.

To characterize the durability of carbon fiber reinforced plastics (CFRP) and glassy
fiber reinforced plastics (GFRP) composites to hygrothermal environment a
comprehensive experimental work was carried out in [8]. Composites were directly placed
in water at 80°C for accelerated hygrothermal treatment. Moisture absorbed during
hygrothermal ageing improved the impact properties of CFRP composites. After absorbing
3.149 wt. % of moisture, the peak contact force of CFRP laminates during impact test
increased by 20.60 %. After hygrothermal treatment (in 80 °C water for 912 h), the
strength of GFRP composites decreased by 28.53 %. For GFRP laminates, the peak contact
force during impact test decreased by 33.44 %. After removing the moisture absorbed,
the tensile strength of CFRP composites was recovered to 95.75 % of its original value.
The strength retention rate of GFRP composites was only 74.65 %. The modulus of glass
fibers and GFRP composites remained nearly unchanged. In contrast, their tensile
strength decreased significantly. Growth of surface flaws is considered as the main
mechanism for the decrease in strength of glass fibers in the current investigation.

The effect of seawater immersion on the durability of glass- and carbon-fiber
reinforced polymer composites was experimentally investigated in [9]. The materials
studied were glass/polyester, carbon/polyester, glass/vinyl ester and carbon/vinyl ester
composites used in marine structures. When immersed in seawater at a temperature of
30°C for over two years, the composites experienced significant moisture absorption and
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suffered chemical degradation of the resin matrix and fiber/matrix interphase region. This
degraded the flexural modulus and strength of the composites, although the mode |
interlaminar fracture toughness was only marginally affected by immersion.

In the study [10] the aging of an epoxy resin and its CFRP composites in water,
acidic, and alkaline solutions at different temperatures was explored. The tensile tests
revealed that degradation adversely affected the tensile strength, although the tensile
modulus values did not significantly decrease throughout the aging study. According to
the thermal and mechanical analysis, degradation occurred in a higher rate as the
exposure temperature is higher. In general, from the thermal and mechanical analysis it
was observed the rate of degradation is accelerated at elevated temperature and is
obvious in acidic conditions. The degradation of the composite materials can be
attributed to the deterioration of the resin matrix and debonding at the fiber-resin
interface. This damage was visible in the morphological analysis. By correlating the
experimental data and prediction results, it can be concluded that the CFRP composite
materials may need to be developed further to withstand acidic media and ensure a
longer service life.

The effect of specimen thickness on the water absorption and flexural strength of
wet lay-up CFRP laminates immersed in distilled water or alkaline solution was
investigated in the study [11]. The water uptakes and flexural strength retentions of wet
lay-up CFRP laminates were greatly affected by the adopted specimen thicknesses. For
CFRP laminates conditioned in distilled water or alkaline solution up to a duration of
180 days, the water uptake decreased in the early stage of immersion and increased in
the later stage of immersion with the increase of specimen thickness. Meanwhile, the
flexural strength retention generally increased as the specimen thickness increased.

Two different quasi-static crushing tests have been performed in [12] to investigate
the effects of humid ageing on the crashworthiness behaviors of the CFRP polymer
laminates. Four different types of specimens made from T700/M21 and Cytec woven CFRP
materials were placed in a humidity-controlled chamber at 90 % relative humidity (RH)
and 80 °C until they reach saturation before performing the crushing tests. From the
result obtained, the behavior of the force-displacement curves, crushing morphologies
and damage mechanisms between humid ageing specimens and the same specimens are
very similar. Nevertheless, in terms of ply mean crushing stress analysis it is quantitatively
proven that there are drops nearly to 10 % on the CFRP laminates have been exposed to
the humidity environment.

The results of studying the climatic aging of aviation polymer composite materials
(PCMs) performed over the last 5-8 years was analyzed in [13]. These results expand the
understanding of the mechanisms of the physicochemical transformations under the
influence of aggressive environmental factors. The new information is useful in assessing
the expected effects of changing the most common deformation-strength parameters of
PCMs with allowance for the type of material, the measured mechanical index, the
exposure time, and climatic conditions. If the results of selective measurements of the
strength or the elastic moduli of a particular material fall out of a general trend, this is the
basis for taking into account possible methodological errors in measurements. The
traditional control of changing one or several mechanical properties at room temperature
is insufficient to characterize the climatic resistance of PCMs. To plan climatic tests of new
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promising PCMs, one can take into account in advance that the ultimate bending strength
changes most strongly and the bending elastic modulus is the most stable property.

Investigation of the water uptake and interlaminar shear strength behavior of CFRP
laminates after ageing was performed in [14]. Distilled water, 1.0 % saline solution and
pH = 4.0 £ 0.2 acidic solution were prepared to treat the samples for 12 weeks. Short
beam shear tests were performed to evaluate the interlaminar shear strength (ILSS). The
experimental results show that saline and acidic solution can reduce the water uptake
capacity of CFRP laminate compared with distilled water. Delamination in layer and
between layers and fiber-matrix interface debonding were the main environmental
damages. After 12 weeks of ageing, the ILSS reduction of specimens aged in acidic
solution had the largest reduction (21.52 %), followed by saline solution (15.65 %), and
distilled water had the smallest reduction (10.59 %). However, there was an increase in
ILSS at the early acidic and saline ageing, while a stable in distilled water ageing, which
may be a new way to strengthen the CFRP in future. It was also found, that the ILSS
degraded nonlinearly with the increasing of water uptake of matrix. The results would
guide the application of CFRP in engineering filed.

In the paper [15], the tension-tension (T-T) and tension-compression (T-C) fatigue
properties and static strength of hygrothermal aged laminates were investigated. A
tensile and compressive strength reduction of laminates is observed. Based on run-out
specimen data, an average 18 % reduction in fatigue strength was shown. The damage
initiation and fatigue life reduction of aged specimens were higher in T-C loading as
compared to T-T loading.

Experiments on accelerated aging of carbon/epoxy and glass/epoxy laminates in an
artificial seawater environment with 3.5 % salinity were carried out at 60 °C for 45
days [16]. Mechanical experiments including tensile and 3-point bending tests were
conducted on the reference/dry and aged standard specimens at room temperature and
at 60 °C. The loss in the mechanical properties including tensile and flexural strength of
carbon/epoxy and glass/epoxy laminates at 60°C and ambient temperature is observed.

The work [17] is devoted to investigation of the static and fatigue three-point
bending behavior of the carbon fiber reinforced polymer laminates. Two types of layup
(unconstrained and constrained) under the dry and hygrothermal aged conditions were
considered. Fatigue behavior was investigated at two stress ratios of 0.1 and 0.5. The
effective flexure strength, modulus and failure strain of both constrained and
unconstrained laminates degraded due to hygrothermal aging. The degradation degree
depends on the aging duration. Aging significantly reduces the fatigue life of the
unconstrained laminate at both stress ratios. The reduction in the fatigue limit due to
aging is considerably at the high stress ratio than at the low stress ratio. The greater
degradation of the aged unconstrained and constrained laminates at high stress ratio is
responsible for diminishing the stress ratio effect.

The aim of the paper [18] was to investigate the combined effects of seawater
ageing and fatigue loading on the bearing performance and failure mechanism of
CFRP/CFRP single-lap bolted joints. The bolted joints with an interference fit size of
1.15 % were prepared and then immersed in artificial seawater (50°C-3.5% NaCl solution)
for 7 months. After that, fatigue loads were further applied to the unaged and aged joints.
Finally, single-lap bearing tests were carried out to evaluate the bearing performance of
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seawater aged and fatigue load treated joints. The experimental results showed that the
ultimate bearing load of joints suffered the single effect of seawater ageing decreased
exponentially with the increase of ageing time, while the joints suffered the combined
effect of seawater ageing and fatigue loading decreased linearly. Moreover, compared
with the single effect joints, the bearing capacity of combined effect joints showed a
significant improvement. Furthermore, the failure mechanism of single effect joints was
mainly the shearing fracture in bearing zones and the failure mechanism of combined
effect joints was changed to be delamination in bearing zones. Those findings can provide
an effective support during the use of CFRP/CFRP bolted joints for marine applications.
Treated the joints with fatigue loads is an alternative method to improve the bearing
performance of CFRP/CFRP bolted joints. However, it is very necessary to further explore
the effect of fatigue loading parameters (load peak, load ratio and fatigue cycles) on the
bearing performance of CFRP/CFRP bolted joints, which will make us have a deeper
understanding of the fatigue loads.

In this work, experimental studies on the alternation of cyclic loading and climatic
and thermal aging were conducted to study the fatigue strength change of carbon fiber
reinforced plastics.

Materials and Methods

Specimens of unidirectional carbon fiber reinforced plastic (CFRP) of the
T107/0ON190/R132436 mark with a length of 250 mm, a working length of 140 mm, a
width of 15 mm and a thickness of 0.8-1 mm we used in tension and fatigue experiments.
The geometry and dimensions of specimens and tabs are shown on Fig. 1.
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Fig. 1. Geometry and dimensions of specimens and tabs (mm)

The experiments on tension were performed on a tearing test machine TINIUS
OLSEN H10K-T. Fatigue experiments were carried out on a desktop fatigue servo
hydraulic test machine Si-Plan SH-B. Aging at evaluated and low temperatures were
conducted correspondingly in a muffle furnace Nabertherm N40E and in a standard
freezer.
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Experiments on tension of CFRP specimens

Experiments on tension of CFRP specimens with a rate of 1 mm/min were conducted. The
obtained tension stress-strain diagram is shown on Fig. 2.
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Fig. 2. Tension stress-strain diagram of CFRP specimens of the T107/0N190/R132436 mark

From Fig. 2 it can be seen that the tension stress-strain diagram has a shape close
to a straight line, which is observed in experiments for various polymer composite
materials [6,15,19-20].

Influence of climatic and deformation aging on fatigue strength of CFRP specimens

Cyclic experiments of CFRP specimens with constant amplitude were conducted with a
sinusoidal variation in stress 6 = 337 MPa (0.45 of the ultimate tensile strength), stress
ratio R = 0 and a loading frequency of 20 Hz. Thus, the average number of cycles N to
fracture was determined to be 696 119 cycles.

To study the effect of climatic and deformation aging on fatigue strength, the
following experimental programs were used.

Program 1. Specimens were tested up to 0.4 N cycles at noted loading parameters;
placed in a muffle furnace at 120°C for 2 hours; aged in laboratory conditions for 3
months, and then tested to fracture.

Program 2. Specimens were tested up to 0.4 N cycles at noted loading parameters;
placed in distilled water at room temperature, then frozen at temperature -16°C and kept
in ice for 2 days; then unfrozen and kept in distilled water for 3 weeks; aged in laboratory
conditions for 3 months and then tested to fracture.

Program 3. Specimens were placed in distilled water at room temperature, then
frozen at temperature -16°C and kept in ice for 2 days; then unfrozen and kept in distilled
water for 3 weeks; aged in laboratory conditions for 3 months and then tested to fracture.

The results of the influence of climatic and deformation aging on the cyclic strength
of CFRP specimens according to programs 1-3 are presented in Table 1.

According to the obtained results, a significant hardening during cyclic experiments
is observed, which considerably depends on the aging program. Therefore, for the case
of cyclic loading and aging of specimens at elevated temperatures, the number of cycles
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to fracture increased by more than two times, compared to specimens without aging. For
the case of cyclic loading and aging of specimens at low temperatures, it is increased by
more than 5 times. For specimens not subjected to initial cyclic loading, but aged at
negative temperatures, it is increased by more than 9 times, compared to specimens
without aging.

Table 1. Effect of climatic and deformation aging on the cyclic strength of CFRP specimens at 6 = 337 MPa,
stress ratio R = 0 and loading frequency of 20 Hz according to various programs

. . Aging
Without aging Program 1 Program 2 Program 3
Average number
of cycles to 696 119 1789977 3791257 6 295 671
fracture N
N/Nwithout aging 1 > 2 >5 >9
Conclusions

To study the changes in deformation and strength characteristics of unidirectional carbon
fiber reinforced plastic of the T107/ON190/R132436 mark, experiments on alternation of
cyclic loading and climatic and thermal aging were conducted. The specimens were aged
according to several programs, including the alternation of cyclic loading, thermal and
natural aging. According to the experimental results, a significant hardening during cyclic
experiments is observed, which considerably depends on the aging program. For the case of
cyclic loading and aging of specimens at elevated and low temperatures, the number of
cycles to fracture increased by a factor of more than 2 and 5, respectively, compared to
specimens without aging. For specimens not subjected to initial cyclic loading, but aged at
negative temperatures it is increased by more than 9 times, compared to unaged specimens.
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ABSTRACT

The effect of glass fibers (GF) on the rheometric (vulcanization) characteristics of the rubber compound,
physico-mechanical, performance and dynamic properties of vulcanized rubber based on general and
special purpose caoutchoucs for rail fastenings has been studied. It is shown that with the introduction of
GF into the rubber compound, an increase in the minimum torque and the time of the onset of vulcanization
is observed. An increase in the content of GF in the rubber compound leads to an increase in elastic-strength
properties, hardness, a decrease in tear resistance and changes in physico-mechanical parameters, hardness
of vulcanizates after daily thermal aging in air and after exposure to standard SZhR-1 liquid. GF contribute
to an increase in the mechanical loss factor and the storage modulus of vulcanizates. It was found that the
rubber compound containing 12.0 phr, has improved technological properties, and vulcanizates based on
it are characterized by increased physico-mechanical, performance and dynamic parameters.

KEYWORDS

glass fibers ¢ caoutchoucs ¢ rubber « rheometric, physico-mechanical, performance and dynamic properties
Citation: Egorov EN, Kol'tsov NI. Influence of glass fibers on the physico-mechanical and performance properties of
rubber based on general and special purpose caoutchoucs. Materials Physics and Mechanics. 2024;52(1): 126-131.
http://dx.doi.org/10.18149/MPM.5212024 12

Introduction

It is known [1-4] that fibrous fillers are used to improve the physical, mechanical and
operational properties of rubbers. One of these fillers are glass fibers (GF) [5-10], which
can increase the strength, incombustibility, heat resistance, and aggressive resistance of
various materials [11-21]. The influence of GF on the physico-mechanical properties of
rubbers based on siloxane [22], chloroprene [23], natural [24], and nitrile butadiene [25]
caoutchoucs was studied in [22-25]. It was shown in [22] that adding 10.0 wt. % of GF in
the composition of silicone rubber resulted in an increase in tensile strength by more than
26 % compared to a vulcanizate containing no GF. In [23-25] an increase in strength
parameters is also shown when GF are introduced into rubber. It was found in [26] that the
maximum results for testing mechanical properties were obtained from a sample of natural
rubber vulcanizate with 8 wt. % GF, whose tensile strength and hardness were 57 and 32 %
higher than rubber without GF. It was shown in [27] that the addition of GF modified with
the capping agent Si69 (bis-[y-(triethoxysilyl)propyl]tetrasulfide) in an amount of 5.0 wt. %
in the rubber composition based on styrene butadiene rubber led to a significant increase
in tensile strength by 37 %. In this regard, it is of interest to study the influence of GF on
the rheometric characteristics of the rubber compound, physico-mechanical, performance
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and dynamic properties of vulcanized rubber based on general and special purpose
caoutchoucs used for the manufacture of rail fastening gaskets.

Materials and Methods

The combination of isoprene SKI-3, a-methylstyrene-butadiene SKMS-30ARK, and nitrile-
butadiene SKN-2655 caoutchoucs served as the polymer base of the studied rubber
compound. In addition to rubbers, the rubber compound contained the following
ingredients: vulcanizing agents - sulfur, N,N'-dithiodimorpholine, tetramethylthiuram
disulfide; vulcanization accelerator - N-cyclohexyl-2-benzothiazolesulfenamide;
vulcanization activators - zinc oxide, stearic acid; antioxidants - acetonanil N, protective
wax ZV-P, N-isopropyl-N'-phenyl-para-phenylenediamine; softeners - rosin, industrial oil
[-12A; fillers - kaolin, carbons black N 220 and P 514, silicon dioxide Zeosil 1165 MP and
trans-polynorbornene; scorch retarder - N-nitrosodiphenylamine.

The rubber compound was made on laboratory rolls LB 320 160/160 at a temperature
of the surface of the rolls of 60-70 °C with a mixing cycle of 25 min. The vulcanization
(curing) characteristics of the rubber compound were studied on a Mon Tech MDR 3000
Basic rheometer at 143 °C for 40 min in accordance with ASTM D2084-79. Rubber
compound samples for determination of physico-mechanical properties were vulcanized at
a temperature of 143 °C for 20 min in a P-V-100-3RT-2-PCD type vulcanizing press. Elastic-
strength properties were determined according to GOST 270-75; hardness - according to
GOST 263-75; tear resistance - according to GOST 262-93; change in tensile strength,
elongation at break and hardness after thermal aging in air - according to GOST 9.024-74;
change in tensile strength, elongation at break and hardness after exposure to standard oil
liquid SZhR-1 - according to GOST 9.030-74 (method B); change in mass after exposure to
aggressive media (water, industrial oil 1-20A, standard oil liquid SZhR-3) - according to
GOST 9.030-74 (method A). The dynamic characteristics (mechanical loss factor and storage
modulus) of the rubber compound vulcanizates were studied on a Metravib VHF 104
dynamo-mechanical analyzer. The GF of Limited Liability Company Glassteks were staples
with a cutting length of 4.5 mm, an elementary fiber diameter of 11 ym, a density of
2.66 g/cm?, a refractive index of 1.566, and an elastic modulus of 80 GPa.

Results and Discussion

First, the rheometric (vulcanization) characteristics of a rubber compound containing GF
in an amount from 3.0 to 20.0 phr (parts per hundred parts of rubber) were studied at
143 °C, the results of which are given in Table 1.

As can be seen from Table 1, with an increase in the content of GF to 12.0 phr the
maximum torque of the rubber compound remains practically unchanged. However, with
a further increase in the content of GF, the maximum torque, as well as the minimum
torque, of the rubber compound increases, leading to a deterioration in its technological
properties and poor processability by extrusion and calendering methods. Thus, the
optimal content of GF is 12.0 phr.
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Table 1. Variants and rheometric properties of the rubber compound

Ingredient, Variants of the rubber compound

indicators 1 2 3 4 5 6 7 8
GF, phr - 3.0 6.0 9.0 12.0 15.0 18.0 20.0

Rheometric properties of the rubber compound

My, dN-m 18.20 18.24 18.26 18.18 18.30 18.41 19.37 20.94
M. dN-m 2.95 3.07 3.16 3.24 3.33 3.48 3.75 4.03
t;. min 447 4.82 4.92 4.96 4.99 5.17 5.34 5.58
too. Min 15.33 15.32 15.34 15.31 15.33 15.48 15.69 15.97
Note: My is the maximum torque; M, is the minimum torque; t; is the curing scorch time; tsois the optimum
curing time.

Table 2. Physico-mechanical properties of vulcanizates

Indicators Variants of the rubber mixture
1 2 3 4 5
fio0, MPa 5.4%0.2 6.2%0.2 6.4%0.2 6.5+0.3 7.2%0.3
fo» MPa 13.4+0.5 13.5%0.5 13.5%0.5 13.7+0.5 13.9%0.6
€p, % 340+13 41016 380+15 390+15 350+14
H, units Shore A 74%1 72#1 731 74%1 76%1
B, kN/m 50%2 53%2 48+2 47+2 46%2

Note: fioo is the modulus stress at 100% elongation; f, is the tensile strength; ¢, is the elongation at
break; H is the hardness; B is the tear resistance.

Subsequently, we investigated the physico-mechanical, performance and dynamic
properties of vulcanizates containing up to 12.0 phr GF. The results of studying the physico-
mechanical properties of vulcanizates (modulus stress at 100 % elongation, tensile
strength, elongation at break, hardness and tear resistance) are presented in Table 2.

From the data in Table 2 it follows that an increase in the content of GF in the
composition of the rubber compound contributes to an increase in the tensile strength,
elongation at break, hardness and a decrease in the tear resistance of vulcanizates. These
indicators increase to a GF content of 12.0 phr, the excess of which, as noted above, leads
to a deterioration in the technological properties of the rubber compound and the
associated physico-mechanical properties of the vulcanizates.

The results of studying the performance properties (changes in physico-mechanical
parameters) of vulcanizates after thermal aging in air and exposure to standard
hydrocarbon liquid SZhR-1 at a temperature of 100 °C for 24 hours are given in Table 3.

From the data in Table 3 shows that with an increase in the content of GF, there is
a decrease in changes in the physico-mechanical parameters of vulcanizates after daily
aging in air and in SZhR-1. The least changes in these indicators has vulcanizate,
including 12.0 phr GF.

Table 3 also shows the results of a study of the change in the mass of vulcanized
rubbers after soaking in water, industrial oil I-20A and SZhR-3 at 23 °C for 24 hours. As
can be seen, an increase in the content of GF leads to a decrease in the change in the
mass of vulcanizates. The smallest changes in the mass of vulcanizates in the studied
aggressive environments are characterized by vulcanizate containing also 12.0 phr
including GF.
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Table 3. Performance properties of rubber mixture vulcanizates

Indicators Variants of the rubber mixture
1 | 2 | 3 | 4 | 5
Change in physico-mechanical properties of vulcanizates after air aging
Af,, % -21.5%0.8 -23.9%0.9 -35.6x1.4 -20.9%0.8 -15.220.6
A, % -35.3x1.4 -31.2¢1.2 -32.1+1.3 -33.3%1.3 -28.6x1.1
AH, units Shore A +2.0+1.0 +2#1 +4%1 +4%1 +4%1
Change in physico-mechanical properties of vulcanizates after exposure to SZhR-1
Af,, % -45.9£1.8 -41.5%£1.7 -38.9%1.6 -35.2¢14 -30.4%1.2
Ag, % -29.5¢1.2 -30.5%1.2 -27.8+1.1 -23.9%0.9 -18.60.7
AH, units Shore A -16+1 -12#1 -12#1 -12#1 -10#1
Change in the mass of vulcanizates in various environments
Am (water), % 0.64+0.01 0.59£0.01 0.51£0.01 0.46+0.01 | 0.41%0.01
Am (I-20A), % 6.970.10 6.310.09 5.97+0.08 | 5.11#0.07 | 4.89%0.07
Am (SZhR-3), % 12.10£0.18 | 11.76*017 | 10.71#0.16 | 9.83*0.15 | 8.65%0.13

Note: Af,, Ag,, Am - relative changes in tensile strength, elongation at break and mass; AH is the
difference in hardness after and before holding in an aggressive environment.
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Variants of the rubber mixture Variants of the rubber mixture
Figs. 1. The mechanical loss factor of vulcanizates Fig. 2. Storage modulus of vulcanizates

A quantitative measure for assessing the dynamic (vibration-damping) properties of
polymer materials, including vulcanized rubber, are the values of the mechanical loss
tangent (tgd) and the storage modulus (E') [28-30]. For the resulting vulcanizates, the
dynamic properties were studied: the mechanical loss factor tgd (Fig. 1) and the storage
modulus E’ (Fig. 2) in the "tension-compression” mode at a frequency of 1000 Hz, a degree
of deformation of 0.01 % and a temperature of 30 °C.

From Figs. 1 and 2, it can be seen that the introduction of GF into the rubber
compound contributes to an increase in both dynamic parameters. It is known [30-34]
that as the mechanical loss factor of polymers (vulcanized rubbers) increases, their
vibration-damping properties increase.

The highest value of tgd, and, consequently, good dynamic properties is
characterized by the vulcanizate of the fifth variant containing 12.0 phr GF.
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Conclusions

The influence of GF on the properties of vulcanized rubber based on general and special purpose
caoutchoucs has been studied. It has been shown that with a GF content of up to 12.0 phr, the
rubber compound has satisfactory technological properties and can be well processed by
injection and calendering methods. The physico-mechanical properties of vulcanizates increase
to the same content of GF in the rubber compound, the excess of which leads to their reduction
due to deteriorating technological properties. The best performance properties are characterized
by a vulcanizate that has the greatest physico-mechanical properties, i.e. vulcanizate containing
12.0 phr of GF. This is consistent with the well-known statement that most rubbers with high
physico-mechanical properties are also characterized by increased performance properties. The
same vulcanizate has improved dynamic properties, which is associated with the previously
noted good processability (manufacturability) and the resulting homogeneous structure of the
rubber compound used to produce it. Thus, for the manufacture of gaskets for rail fastenings,
rubber containing 12.0 phr of GF can be recommended.
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ABSTRACT

Many studies are currently being performed on the complex issue of fatigue of reinforced composite materials.
Graphene oxide (GO) is a strong contender for reinforcement, an atomically thin form of carbon with remarkable
multifunctional qualities and a perfect surface for interacting with polymer matrices. This report investigates the
effect of GO modified epoxy resin on the flexural fatigue life of a composite beam. First, two different weight
concentrations of 0.25 and 0.50 % are dispersed by ultrasonication in epoxy resin and composite beams are
prepared through a hand layup process. The microscopic analysis confirmed the uniform dispersion. The static
bend test resulted in an increase in the flexural strength of the GO-incorporated beam by 33.3 % compared with
that of the neat epoxy beam. Flexural fatigue tests were performed for different load levels, and damage
evolution at every 4000th cycle was observed. It was noted that under 60 % loading, a significant change in
damage initialization was observed between neat epoxy and 0.25 % GO. However, under a higher load level,
a negligible effect of crack initialization was observed in all types of beams.
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Introduction

In recent years, industries across the board including the automotive, aerospace, and
structural applications have increased their usage of composite materials. Composite
materials are even used in electronic equipment’s for EMI (electromagnetic interference) [1].
Composites allow for performance levels that are not attainable with traditional materials.
Recent research on composite materials is being conducted in labs throughout the world
to better understand the behavior of composite structures in order to maximize their use
and appropriateness for industrial applications. Different types of loading conditions are
acted upon a composite structure like tensile, compressive, bending, shear and torsion so
with respect to that the structure is tested according to the load. In order to improve their
performance under these loading, various nanoparticles like Carbon nanotubes, Silicon
dioxide, Graphene oxide is induced in composite preparation. Some other nano material
like Montomorillonite (MMT) is also used by Kirve et al. [2] to improve the strength of
bamboo fiber. Liu et al. [3] performed an experiment to study the effect of carbon
nanotubes/graphene oxide on the fracture toughness of CFRP laminates. By changing the
ratios of carbon nanotubes/graphene oxide, they found out that there was a substantial
increase in the fracture toughness of about 151.2 % than the original laminates. A very
detailed review has been done by Han et al. [4] where they have highlighted all the
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improvements in mechanical properties of graphene / carbon nanotube reinforced FRP
composites. Also, for Glass fiber incorporation of graphene for mechanical properties were
characterized by Rathinasabapathi et al. [5]. According to the report, the interface to
volume ratio and filler size has a significant impact on the mechanical properties of
composites that have had their matrix modified. Icaopo et al. [6] worked-on investigation
of GO reinforcement in epoxy resin. From 0-3 wt. % of GO the flexural strength were
considered and resulted first in increase of strength up to 0.3 % and sudden decrease from
0.5 to 3.0 % of GO. Hence, nanofillers are essential for the alteration of the polymer matrix
in this direction. The effect of functionalized GO was well documented by Pathak et al. [7]
where modified the synthesis process of GO and evaluated the flexural strength. A review
is carried out by Dias et al. [8] which emphasizes collective research on articles which
highlights composite filled with nanoclay and their mechanical behavior. Also, considering
the tribological performance, the addition of graphene lead to increase in the tear strength
of silicone rubber as observed by Shinde et al. [9].

They are also known for their resistance towards cyclic loading. So, to design a fiber
composite to reduce delamination occurring due to fatigue loading, the important
concern. To prevent quick fracture and potentially catastrophic failure, composite
structures must be designed for either no growth or moderate, steady growth under cyclic
fatigue loadings. Through the recent study, the nanotechnology has showed a significant
improvement of epoxy composite fibers. Apart from all the nanoparticles, graphene
shows promising results. Graphene is a form of carbon possessing a two-dimensional
structure. They have extremely high fracture strength and young’s modulus and provides
large surface area. As compared to other carbon materials graphene contains higher
mobility and thermal conductivity with significant strength of 1 TPa. This makes
graphene a potential material in sector transistor element, energy harvesting techniques
and sensor application. Due to their high surface-to-volume ratio, two-dimensional
carbon nanostructures like graphene and its variants are among the most intriguing
reinforcements that can be used to enhance mechanical properties.

In marine, construction, aerospace, and automobile industry’s composite structure
undergoes flexural loading. Considering the marine environmental conditions,
Romina et al. [10] studied the effect of graphene nanoplatelets on the flexural properties of
fiber metal laminates. They observed 128 % improvement in flexural strength was by
0.25 wt. % of nanoplatelets which was due to the metal/polymer adhesion. Also, carbon
nanomaterials show improvements in mechanical and thermal properties of
composites [11]. Flexural test simulation is performed by Joshi et al. [12] which showcase
the improvement of epoxy fibers with varying range of graphene content. Filipe et al. [13]
understood the behavior of hybrid composites under tension-tension fatigue loading and
observed that carbon/carbon composites showed better resistance towards damage. The
fatigue damage to composite is occurred in different stages, in order to prolong its effect
nanoparticles are dispersed through various processes. A remarkable improvement of
flexural fatigue of epoxy composite were observed by Shoriekh et al. [14] by combination
of graphene nanosheet. 3-point bending fatigue tests were conducted on aluminum
composite with honeycomb core by Mzad et al. [15]. They performed first 3-point static
tests on the specimens and then fatigue test at three different loading conditions. Also,
to improve interfacial bonding, Dabbagh et al. [16] investigated the effect of GO-NH,
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epoxy composite on the fatigue loading. By varying the loading conditions, about
72-241 % improvement was noted in fatigue life. The synergy effect of graphene oxide
sheets and carbon nanotubes was studied by Yuanging et al. [17]. They observed 950 %
increment in fatigue life with respect to pure epoxy. Ashutosh et al. [18] performed
experimentation to evaluate the effect of surface roughness on fatigue strength of epoxy
composited single lap joint. They used modified adhesive with graphene oxide and
observed enhancement of 30 % in fatigue strength. The effect of aluminum oxide,
magnesium oxide and copper oxide (CuO) nanoparticles on the fatigue behavior of woven
composite was carried out by Erguin et al. [19]. They observed that among different weight
concentrations, 0.5 % CuO was the stiffest.

Various processes are involved for graphene oxide to get induced in the epoxy resin.
In this the study, a simple synthesis is followed, mentioned in [20]. By using injection
molding techniques, Sen-Sen et al. [21] reported the effects of graphene oxide coating
on glass fiber. To improve interfacial strength, graphene oxide (GO) is used, which leads
to better epoxy and fibers bonding. Most of the research is focused on the static
improvement of the composite structure. Fewer researches are carried out on the flexural
fatigue performance. The present experimental work details the characterization of
epoxy/GO composites and studies the effect on the flexural fatigue life of the composite
beams.

Materials and Methods
Materials

Research Grade graphene oxide was used to incorporate in epoxy resin (EPOFINE) and its
hardener. For preparation of specimen, glass fiber of 700 GSM was used. All the materials
came up with the properties as shown in Tables 1 and 2.

Table 1. Specifications of glass fiber

Parameters Specification
Weight, Gram/Sq.m 740.0
Width, mm 1020.0
Thickness, mm 0.7
Weave Pattern Plain

Table 2. Specifications of nanomaterial

Parameter Specification
Thickness, nm 0.8-2.0
Average Lateral Dimension(X&Y), ym 10
(0] 55:45
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Dispersion of graphene oxide with epoxy resin

There are two different weight concentrations of GO i.e. 0.25 and 0.50 % used in this
study. As per the E-glass fibre sheet to be made of 300 x 300 mm?, we require 0.625 gm
of graphene oxide (0.25 % GO). Essentially, at a concentration of 2 mg-ml?, GO was
dissolved in acetone. For proper mixing of acetone and GO, its mixture was kept into an
ultrasonic bath for 2 hours. This mixture was then poured into a beaker containing epoxy
resin required for the sheet. The whole mixture of resin/nanoparticles was kept on
magnetic stirring for about 10 hours (Fig. 1). This process was referred from [20].

Fig. 1. (a) GO mixture with epoxy resin and (b) magnetic stirrer action of GO and resin mixture

Composite preparation

The composite was fabricated by hand lay-up process followed compressed curing with
orientation of [0/45/0]s. Three different sheets of 300 x 300 mm? were fabricated for net
epoxy, 0.25 and 0.50 wt. % of GO. Testing of specimen were carried out according to
ASTM D790 [22] (Fig. 2).

Fig. 2. (a) Schematic of test specimen and (b) actual test specimens
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Static bending test

The test was carried out on universal testing machine (UTM) with capacity of 50 kN in
accordance to ASTM D790 standard (Fig. 3). The ram speed for the tests was 5 mm/min. For

3FL .
——, where F is
2wd?

the maximum load sustained, L is the supporting span length, w is the width of specimen
and d is the thickness of specimen.

each test, 3 samples were used. The bending stress was calculated: ¢ =

Fig. 3. Schematic of three-point bend test

Flexural fatigue test

The flexural fatigue test is carried out for specimens under different loading conditions
using an axial fatigue testing. The stress ratio (R) was 0.1 and frequency was 3.5 Hz for
all tests. The fatigue test was carried out at 80, 60, 40 % of the maximum bending force
they could withstand at static test (F). The test was terminated when the upper surface
was delaminated.

Results and Discussion

3-point bend test and bending fatigue were carried out on the ready specimens to
evaluate the bending strength and fatigue life of the specimens.

Static bend test

According to the standard, the test was carried out at 5 mm/min ramp speed on UTM at
MITWPU. For each percentage of GO, there were three specimens tested on UTM and
average result for load vs cross head travel are plotted in the Fig. 4(a). It is observed that
the flexural strength modified epoxy composited increases from 255 to 322-343 MPa.
The maximum increase in strength at 0.25 wt. % of GO corresponds to a hike of 25.65 %
compared to net epoxy resin (Fig. 4(b)). This result develops that even at lower
concentrations, the strength of the composite beam can be improved. It is because of
interfacial bonding between the layers is enhanced due to the incorporation of GO [23].
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Fig. 4. (a) Load vs displacement; (b) variation of flexural strength and flexural modulus

—@—Flexural Strength (MPa) Flexural Modulus (GPa)

Flexural strength at 0.50 wt. % of GO results in significant rise of 20.3 % compared to
net epoxy. But increasing the weight content of GO has led to a small amount of decay in
the flexural strength. In the graph as shown in Fig. 4(b), plotted for flexural strength vs
flexural modulus, the increase in flexural strength with increase in weight percentage of
GO has been observed, whereas flexural modulus shows similar trend but slight decline for
0.50 wt. % of GO. Such behavior might be linked to nanofiller agglomerations that form
inclusions from which microcracks can propagate during testing, resulting in a decrease in
the mechanical characteristics of the epoxy resin. Furthermore, these agglomerates yield a
reduced usable section, causing the specimens to fail prematurely [6].

Fatigue damage evolution

The fatigue testing is done by varying loading conditions. For analyzing the damage
propagation, the 60 % loading condition is discussed here. Fatigue testing have been
halted at various points during the loading to provide information about damage
development and to comprehend how fatigue cycling impacts composites. At every 4000t
cycles observations were noted. Transverse matrix cracks typically begin at the
specimen’s edge, owing to the effects of microdamage during sample cutting. These
damages are highlighted in the yellow boxes in Fig. 5. From 6000 cycles onwards the
crack density rises as the cyclic load increases, followed by crack coupling and interfacial
deboning. The upper layer starts to de-bond and delaminate at further increase in cycles.
Hassan et al. performed similar experimentation and conferred that during this phase,
crack propagation and buildup in a number of stress concentration areas are the main
causes of a rapid decay of modulus. The complete surface gets delaminated at 16232nd
cycle. The size of the yellow box indicates that the damage is increasing in that area. It
is observed that growth of the crack is in the dispersed way. Reifsnider et al. [23] also
studied the behavior of cracks on the fiber surface and inferred that the transverse
cracking is formed in regular spacing, which can also observed here.

The fatigue life data for the specimens with and without graphene oxide are
presented in Table 1. For 0.25 wt. % GO, Fig. 6 represents the damage evolution due to
flexural fatigue loading. The results show that the addition of graphene oxide
significantly delays in the damage initialization under fatigue loading of the epoxy
composite. Daniel et al. [24] reported that modest but considerable stiffness and strength
improvements were made, especially at low graphene oxide weight fractions. GO has
many groups on the surface and edge which are reactive. Due to the incorporation of
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nanoparticles led to increase in the interfacial bonding [25]. It is due to the fact that
graphene acts like a filler between the growing fractures. Using these findings as a basis,
we suggested the following interpretation: In the experiment, it was observed that
0.25 wt. % GO sustained maximum number of cycles to failure at 60 % of loading
condition. The table illustrated fracture images at loading of 60 % at every 4000 cycles.
For 0.5 GO wt. % it is observed that the delamination is more even at early stages. This
indicates that more weight leads to agglomeration.

No of cycles 0 % GO 0.25 % GO 0.50 % GO

4000

8000

12000

16000

20000

24000

Fig. 5. Damage evolution of all type’s specimens under fatigue loading
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Similarly, for the rest of the tests this pattern is observed and a table is formulated.
At high levels of load, there is no significant increase in number of cycles to failure.
Figure 6 illustrates the S-N curve for the tested specimens.

0.9 4

00 %GO
0.25 %GO
0.8 ¢
.......................... 0:50%GO
0.7
”
°
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Fig. 6. Variation of fatigue loading cycles to failure for different stress levels

Conclusions

In the present research, the influence of different weight concentrations of GO on the damage
evolution under flexural fatigue loadings of the composite beam. These were the key
findings from this experimental investigation. Synthesis of GO dispersion is time-consuming
but also was well dispersed. The static results showed a significant increase in the flexural
strength of 0.25 % GO than the net epoxy composite beam. Due to incorporation of GO, the
failure of its beam has showed less debonding between the layers of lamina which also
indicated a better interfacial strength. Fatigue results showed that at 0.25 wt. % of GO, the
crack initialization is postponed by 4000 cycles than the neat epoxy. Also, 0.5 wt. % of GO
caused agglomeration and resulted in early failure, with more delamination observing than
that of 0.25 % GO. The incorporation of functionalized GnP into the polymer matrix increased
the matrix phase's and the fibre interfaces’ fracture toughness. The continuous matrix phase's
continual nanoparticle dispersion caused microcracks to deflect, lowering the crack-tip
energy. As a result, composites showed extended fatigue life before final fracture and the
beginning of matrix cracking and delamination under cyclic loading was delayed.

This research will guide for designing and improving glass fiber composites under
cyclic loading. However, research opportunities are open to understand the effect of
functionalization of GO for better interfacial bonding. Moreover, composite preparation
techniques like VARTM can also be used for uniform dispersion of modified epoxy.
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ABSTRACT

The microstructure and interphase distribution of chemical elements in multilayer coatings made of white cast
iron in Fe-Cr-V-C system additionally alloyed with manganese and obtained using electron-beam surfacing in
vacuum have been investigated. It is shown that in deposited state the surface of Cr-V-Mn cast iron coating is
represented by the composite structure of "austenitic manganese containing matrix - carbides V2C, Me7C3 of
variable composition" with high abrasive wear resistance (Ki = 9.4) similar to chrome vanadium cast iron coatings
with an austenitic-martensitic matrix, but with significantly better abrasive wear resistance compared to cast
iron coatings with an austenitic matrix stabilized by nickel.
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Introduction

Most equipment parts in mining, processing, metallurgical and other industries operate
under intense abrasive and impact-abrasive wear conditions. The service life of heavily
loaded parts directly depends on the wear resistance and hardness of their working
surfaces, therefore its economically viable to develop new technologies of manufacturing
parts with special hardening coatings that provide required operational reliability [1-8].
Therefore, the search for promising multi-component coating compositions and
fundamentally new technological solutions for their production is of particular importance.

Recently, there has been a significant increase in practical application of
technologies based on the highly concentrated energy sources (laser, electron beam (EB)
surfacing, etc.) where the high surface and volume concentration of energy makes it
possible to reduce the time of high-temperature exposure to materials tenfold, at the
same time providing the low mixing ratio of coating materials with substrate materials
and minimal deformations of hardening parts. Due to increased heating and cooling rate
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(~ 10° K/s), the formed coatings can demonstrate advanced strength and tribological
characteristics due to formation of solid solutions supersaturated with alloying elements
and separation of fine particles of reinforcing refractory compounds from these solid
solutions [9,10].

To achieve these objectives the multicomponent alloys can be utilized as coating
materials with abrasion resistance properties based on high-chromium high-carbon white
cast irons exhibiting the structure of natural composites [11-16]. At the same time, one
should take into account the important role of the matrix, which should combine such
characteristics as high strength, high impact toughness, ability to wet the strengthening
particles and the surface of parts to be hardened during surfacing, as well as have
damping ability for effective relaxation of stress concentrators being developed during
loading of heterogeneous coatings and have the ability to harden under plastic
deformation [17,18].

The work objective was framed after the research study on excavator’s teeth
hardening with coatings from white chromium and chrome vanadium cast irons with an
austenitic-martensitic matrix using EB surfacing method [19,20]. The field tests results
showed the low abrasive resistance of coatings due to tendency to cracking and
destruction. As a result, the objective was defined to develop and study composite
coatings based on eutectic chromium cast iron, alloyed additionally with vanadium and
manganese, with the purpose to obtain the austenitic strain-hardened 110G13 (Russian
GOST) type matrix.

Considering the high physical and mechanical properties of the base materials of
surfacing compositions and the unique capabilities of the EB surfacing technology, as
well as the fact that no analogous research in this direction was found, it seemed relevant
to conduct a systematic study of the patterns of formation of the structure and properties
of coatings from white eutectic chromium-vanadium-manganese cast iron, obtained by
layered EB surfacing method.

Materials and Methods

The initial material for the electron-beam surfacing of the coating was the mixture of
industrial powders of hypereutectic chromium iron PG-S27, vanadium grade VAL-2 and
ferromanganese FMn-78 (Russian GOST 4755-91) with the dispersion of 100-400 pm.
To obtain the eutectic composition of the deposited layer, the industrial powders were
mixed in the following ratio of the initial components: 65 % PG-S27 +5 % V + 30 % FeMn
(wt. %). The chemical composition of the surfacing powder is presented in Table 1.

Table 1. Chemical composition of the surfacing material

Content, wt. %

C Cr \Y Mn Si Ni W Fe

25 17.0 5.0 230 1.5 11 0.2 base

* The eutectic composition was based on the data from study [3].
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Fig. 1. Microstructure of electron beam (EB) coating along the depth of the layer of eutectic chromium-
manganese-vanadium cast iron: (a, b) "substrate-coating” interface; (c, d) hypoeutectic structure;
(e, f) eutectic structure; (g, h) hypereutectic structure
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The surfacing was carried out on the substrates made of low carbon steel C1030
200 x 30 x 5 mm in size.

The process of layered surfacing of a wear-resistant coating using the EB surfacing
method was carried out in a vacuum chamber with 5x10! Pa pressure. During surfacing,
an electron beam of 1 mm in diameter and 3 kW of power was deployed in a line with a
size of 5x1 mm with a scanning frequency of 50 Hz, forming a melt pool with a size of
5 x 5 mm on the surface of the steel substrate.

The structure of the coating was analyzed using a Carl Zeiss Axio Observer Alm
optical microscope (Fig. 1) after etching in a Marble reagent and Rigaku SmartLab X-ray
diffractometer (Cu Ka radiation). The chemical composition of the metal base was
determined at local points on carbides and inside eutectic colonies using X-ray spectral
microanalysis (MRSA) on a Zeiss Merlin Compact scanning electron microscope, and
hardness was tested using Instron RB2000 hardness tester and PMT-3 microhardness
tester. Wear resistance tests were carried out in laboratory conditions with a non-rigidly
fixed abrasive material made of silica sand with a fraction of < 300 ym, a hardness of 1000-
1200 HVo1in accordance with GOST 23.208-79.

Results and Discussion

After multilayer (6 passes) electron-beam surfacing of 65 %PG-S27 + 5 % V+30 % FeMn
(wt. %) powder on a low-carbon steel substrate, a 3.5 mm thick coating was obtained.
It is clear that with each successively applied layer a decrease in the crystallization rate
occurs due to heating of the substrate, leading to the change of the composite structure
over the depth of the coating, as well as the chemical composition and dispersion of the
structural components. The metallographic analysis indicated (Fig. 1) that the coating is
characterized by a gradient structure caused by dilution of surfacing material by substrate
material (Iron) and uneven crystallization of microvolumes of the material due to different
cooling rates of the layer-by-layer deposited metal.

The distribution curves of the main alloying elements over the thickness of the
deposited layer, shown in Fig. 2, indicates their gradual increase in concentrations from
the interface to the surface of the coating.
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Fig. 2. Chemical elements distribution over the thickness of CR-V-MN cast iron coating (a; b) obtained
using electron beam (EB) surfacing method
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Metallographic studies of the cross-section showed that with the change of chemical
composition along the coating depth, the number of characteristic structures was formed,
as shown in Fig. 1. Once crystallization of the first layer was complete, a narrow zone
(8-=10 pm) at the "substrate-coating” interface was formed in the shape of a non-etched
strip (Fig. 1(a,b)) with composition of a high-alloy steel (Table 2). This is followed by the
next ~ 1000 ym section of the structure - a transition zone, consisting of excessive
austenite dendrites, formed from the interface, which are surrounded by a rarefied skeletal
austenite-carbide eutectic (Fig. 1(c,d)).

Table 2. The analysis of distribution of alloying elements along the depth of the coating

Thickness of Chemical Elements Content
Layer deposited
layers, um C Cr \Y Mn Si Ni W
Layer 1 10 11+£01 | 8303 | 06+x0.2|43+0.2 | 1.0£0.1 - -
Layer 2 1,000 1.8+0.7 |106*09| 11+04|56%*03 | 1.3%£01 |14%£01 | 0.3%£0.2

Layer 3 200-300 40+16 |198+7.2| 15+06|86*18 | 1506 |15%05 | 04%0.2

Layer 4 2,000 54+08 | 21.0+26| 447+06/102+18| 1.2+0.5 |1.21+0.6 | 0.18*0.2

During the subsequent deposition of layers an eutectic-type 200-300 um structure was
found with high density distribution of carbide in eutectic colonies. The carbide phase in the
form of plates or needles grows in fan-like manner in the outward direction from substrate
to surface (Fig. 1(f)), which indicates directional solidification in the process of electron-beam
surfacing. Spheroidal carbide particles (1, 2 ym) are relatively evenly distributed on and
between the plates, most of which have a somewhat elongated shape with a ratio of
dimensions along the axes in the range of 1-2 and with average size of 1-5 pm.

The final surfacing resulted in the formation of the thickest ~ 2000 um fourth layer of
hypereutectic cast iron. The structure is characterized by the presence of large primary hypereutectic
carbides of hexagonal shape in the austenite-vanadium-carbide eutectic (Fig. 1) and the highest
content of the main alloying elements - chromium, vanadium and manganese (Table 2).

The analysis of distribution of alloying elements along the depth of the coating, as
shown in Fig. 2 and Table 2, showed that the chemical composition of the coating has
changed compared to the estimated one, which is attributed to the intrinsic specifics of
the electric beam (EB) surfacing technology.

The temperature of the melt pool must be at least 2000 °C to ensure the complete melting
of the surfacing powder 65 % PG-S27 +5 % V + 30 % FeMn that contains vanadium with the
melting point of 1920 °C. Among the main alloying elements present in the coating, manganese
has the lowest melting point of 1245 °C and lowest boiling point of 2080 °C. Therefore, at 10°
! Pa pressure in the vacuum chamber and ~ 2000 °C melt bath temperature in the electron beam
zone, the manganese begins to actively evaporate. As a result, the loss of manganese relative to
the calculated content was 56 %. According to MRSA data (Table 2), the manganese content in
the coating after surfacing decreased relative to the calculated composition from 23.0 to 10.2
wt. %, which with the existing ratio of alloying components turned out to be sufficient to form a
composite coating with an austenitic matrix. The presence of austenite is confirmed by
diffractogram of the coating surface, with diffraction maximas corresponding to g-Fe, vanadium
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carbide V,Cand trigonal carbide Me;C; (Fig. 3). The combination of the detected phases stipulates
the formation in the coating of double eutectics of inverted type - based on vanadium carbide
(g-Fe - V>,C) and chromium carbide - g-Fe - Me;C; [1,4].
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Fig. 3. X-ray diffraction pattern of coating made Fig. 4. Microhardness distribution in the system
from powder mixture with composition "low-carbon steel substrate - coating of eutectic
65 % PG-S27 +5 % V + 30 % FeMn (wt. %) formed  chrome-vanadium cast iron" at loads of 50, 100 and
by EB surfacing in vacuum 200 g

Composition analysis of Me;Cs carbides showed that complex alloying leads to
formation of carbides (Cr-Fe-V-Mn);C; of variable composition, in which chromium is
partially replaced by iron, and manganese and vanadium are present in approximately
equal concentrations. It is shown that carbides (Cr-Fe-V-Mn);Cs differ slightly from each
other in chemical composition, staying within the following concentration of alloying
elements: Cr - 43.58 + 45.43%; Fe - 299 + 32.55;V-7.18 + 845; Mn - 7.29 + 8.17.

Microhardness measurements on a sample cross section under various loads (200,
100, 50 g.) showed a gradual increase in microhardness from substrate to coating surface
due to increase in the degree of alloying of the material and increase of dispersion of the
structural components of the composite structure in the formed layer (Fig. 4).

As can be seen from the graphs the microhardness along the depth of the coating
changes in accordance with the layer-by-layer structures formed during crystallization
process. Thus, the average microhardness of the hypoeutectic cast iron section of the
coating structure at indenter load of 200 g is 5.5 GPa, of the eutectic cast iron section is
6.1 GPa, and of the hypereutectic cast iron section is 6.5 GPa. A gradual increase in
hardness from substrate to working surface in accordance with the gradual change in
chemical composition along the depth of the deposited layer may indicate decrease of
the gradient of properties and stresses between the coating and the substrate, and
reduction of the tendency of the entire "substrate-to-coating” system to cracking.

Abrasive wear resistance tests of coatings made using EB surfacing method in
vacuum showed the following results (Fig. 5): the studied coating made of chromium-
vanadium-manganese cast iron with an austenitic matrix (composition 1), with abrasive
wear resistance of Ki = 9.4, is practically not inferior in abrasive wear resistance to the
coating of chrome vanadium cast iron with an austenitic-martensitic matrix
(composition 2) (Ki = 10), but significantly surpasses the wear resistance of the cast iron



148 N.K. Galchenko, B.V. Dampilon, K.A. Kolesnikova

with an austenitic matrix coating stabilized by nickel (composition 3) (Ki = 4.5) [4,5]. The
hardness of the coating surface was 50 £ 1 HRC on Rockwell scale.

Ki -

0 ' I

T T T T
composition 1 composition 2 composition 3  reference 1045

Fig. 5. Abrasive wear resistance of coatings made of white high-chromium high-carbon cast irons alloyed
with vanadium, nickel and manganese obtained using EB surfacing method in vacuum (Cr20Mn10V5
(composition 1); Cr19V5 (composition 2); Cr20NiV5 (composition 3))

Conclusion

1. It was shown that functional alloying with vanadium and manganese during layered
electron beam (EB) surfacing of the powder composition 65 % PG-S27 +
5%V + 30 % FeMn wt. % leads to formation of coatings with gradient structure along the
depth of the layer. There is a sequential formation of layers within the coating structure
of high-alloy steel (CrsMn4V), hypereutectic (CrioMnsV), eutectic (CrisMngV;) and
hypereutectic (Cr.oMn1oV4) white high-alloy cast irons.

2 It was found that the loss of manganese during electron beam (EB) surfacing at 10! Pa
pressure in vacuum chamber was 56 % from calculated chemical composition. The
residual content of manganese after surfacing of 10.2 wt. % in the coating, contributed
to the formation of a composite coating based on austenitic strain-hardened matrix.

3. It was shown that complex alloying leads to formation of carbides of two types: spheroidal
V,C based on vanadium and trigonal carbides (Cr-Fe-V-Mn);C; of variable composition, where
the content of the main alloying elements was within the following concentration limits:
Cr-4358+4543%;Fe-299+3255;V-718+845;Mn-7.29 +8.17.

4. Comparative studies have shown that coating obtained in this work from chromium-
vanadium-manganese cast iron with an austenitic matrix of Cr,oMnyVs (composition 1)
composition, with abrasive wear resistance coefficient of Ki = 9.4, is practically not inferior
in abrasive wear resistance to chrome-vanadium cast iron CrisVs (composition 2) coating
with austenitic matrix of Ki =10, but significantly surpasses the wear resistance of the
Cr0NiVs (composition 3) coating with an austenitic matrix stabilized by nickel (Ki = 4.5).
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ABSTRACT

Studies have been carried out to assess the effectiveness of a protective anticorrosive internal coating for
pipelines and metal structures, made on the basis of an epoxy polymer material modified with nanoparticles
of aluminum oxide. The proposed protective coating has been checked for compliance with the specified
characteristics: high corrosion resistance and abrasion resistance, resistance to icing, high adhesion to the
protected material, processability of application.
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Introduction

To ensure reliable and long-term operation of metal structures and pipelines, it is
necessary to take into account all the factors influencing the change in the properties of
the materials from which they are made, as well as to take the necessary measures to
reduce or eliminate the negative influence of the external environment on them.

Pipelines and metal structures operating in the oil and gas industry are influenced by
a number of external factors: relative air humidity, time of periodic moistening of the steel
surface, atmospheric pollution with aggressive gases (CO;, SO, SOs;, NO,, H,S, etc.);
dustiness (presence of small mineral particles in the air), changes in air temperature;
presence of spores of fungi and bacteria in the air, etc [1,2]. In addition, the processed and
transported raw materials and products are themselves corrosive compounds: gas
condensate, oil and oil products, formation water.

A promising way to increase the resource and reliability of oil and gas equipment and
pipelines is to modify their surfaces by applying protective coatings that meet a number of
requirements: high corrosion resistance, resistance to icing, high adhesion, crack resistance, etc.

Technologies for applying coatings on pipes and metal structures based on epoxy resins
have been used for a long time. The experience of their application accumulated during this
time shows that the use of these coatings is promising for reducing energy consumption during
the operation of pipelines, and various structures when working with aggressive media [3-7].

The properties of epoxy polymers can be easily controlled both by selecting the epoxy
oligomer - hardener system and by introducing active (modifying) fillers. The use of oxide
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surfaces with different acidity or basicity allows you to control the adhesion of the matrix epoxy

polymer on various surfaces, the method of application, resistance to external influences and

other characteristics [8-12]. The effectiveness of aluminum oxide as a modifying component

that improves performance characteristics has been shown in a number of studies [13-15].
The purpose of the study: to evaluate the effectiveness of protective anticorrosive

internal coating of pipelines and metal structures, made on the basis of epoxy-polymer

material modified with aluminum oxide nanoparticles. In order to achieve the set goal

the tasks are defined:

1. to carry out studies of corrosion resistance and abrasion and icing resistance;

2. research adhesion of the applied material to steel substrate.

Materials and Method

In this work, we used an epoxy oligomer brand ED-20 (GOST 10587-84), iso-
methyltetrahydrophthalic anhydride brand iso-MTHFA (TU 6-09-3321-73) as a hardener
and a catalyst: 2,4,6, -tris (dimethylaminomethyl) phenol grade alcofen (TU 6-09-4136-
75), nanodispersed aluminum oxide (99.6%) from Nanox was selected as a modifying
component. This oxide was chosen based on previous experiments [11,14].

Steel grade ASTM A694 F65 was determined as a substrate. For the research, an
epoxy-polymer matrix was selected with the composition: oligomer - epoxy resin ED-20
+ hardener i-MTHFA, in a ratio of 100: 80 mass parts.

Mixing of ED-20 epoxy resin with filler was carried out on a stirrer at a speed of 500
rpm at a given temperature (80 °C) for 45 minutes, then the mixture was stirred for
another 60 minutes. The aluminum oxide concentration was 1 % by weight of the epoxy
resin weight. The choice of the conditions for the experiment and the concentration of
the filler is based on the literature data and the results of previous studies.

The assessment of the adhesive properties of the coating under study was carried out
according to the values of the contact angle of wetting. The contact angle was measured
using an OSA-15EC DataPhysics Instruments GmbH optical device using the lying drop
method. The prepared mixture in a heated state was applied to the surface of the studied
substrate using a syringe with a thin needle (d = 0.6 mm), and the dynamic tracking function
was simultaneously turned on.

Further measurements of the contact angle were carried out at room temperature in the
course of dynamic tracking with fixing the readings every 10 seconds for an hour for each sample.

Steel samples treated in accordance with GOST 9.506-87 were coated and cured in
a drying cabinet at a constant temperature (180 °C) for 3 hours, and then dried at room
temperature. Area of steel plates (average) - 10 cm?, coating area 5 cm?.

These methods for evaluating the effectiveness of coatings have been tested on the
development of similar materials, are quite representative [16-18].

Determination of corrosion resistance of coated steel plates in aggressive media was
carried out on the basis of the methods described in GOST 9.308 Unified Corrosion and
Aging Protection System. Metallic and non-metallic inorganic coatings. Methods of
accelerated corrosion tests and GOST 9.506-87 GOST 9.506-87 Unified Corrosion and Aging
Protection System. Metal corrosion inhibitors in water-oil media. Methods for determining
protective capacity.
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The prepared samples were located on the corresponding Wednesday, and were
maintained in case of a water-oil emulsion at a temperature of + 55 °C within 24 hours,
when hashing on the magnetic mixer with a speed of 1800 rpm.

The main principle of the gravimetric method of determination corrosion resistance
is in evaluation of the mass loss of the test items after keeping them in corrosive medium
in conditions close to the industrial [8].

Table 1. Physico-chemical properties of produced water (model)

Indicator Value
Density at 20 °C, kg/m? 1002.1
pH 6.72
Suspended solids, mg/dm? 9.56
Eotal dissolved, mg/dm? 219.5

Table 2. Physico-chemical properties of oil emulsion

Indicator Value

Density at 20 °C, kg/m? 865.5
Mass. % water 2.4
Chloride salts, mg/dm3 22.1

Mass. % sulfur 1.24

Mass. % mechanical impurities 0.0092
Mass. % paraffin 7.2

Mass. % resins 15.66

Mass. % asphaltenes 3.81
Fractional composition at 200° C, % 194
Fractional composition at 300° C, % 37.4

Table 3. Properties of corrosive structure
pH 1.2

Mass. % mechanical impurities 5.4

Since while the evaluation of the quality of cover its omnitude is important, research
of corrosion resistance has been conducted in three media: 1 - the model of produced
water with total dissolved solids 250 mg/dm?; 2 - water-oil emulsion of North
Savinoborsk origin with 12 % watering and the contents of mechanical impurities 0.95 %;
3 - fresh water, acidated with commercial hydrochloric acid solution to the indicator
pH = 3.0 (aggressive substances). Properties of environments are shown in Tables 1-3.

All studies were carried out for three samples: an initial steel sample without a
coating, a sample coated with an epoxy polymer without the addition of a modifier, and
a sample with a modified coating. For the same samples, studies were additionally carried
out to determine the resistance to icing by the gravimetric method.

The ice resistance of the coating was determined by the edge angle of wetting using
the lying drop method. The suitably prepared coated and uncoated steel samples were
dosed with fresh and salty water and the angle values recorded at the initial moment and
after 10 minutes. The values of the edge angle 6 more 100° indicate the
superhydrophobicity of the coating.
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Results and Discussion
Evaluation of adhesive ability of coating

Epoxy polymers can contain OH groups, electronegative atoms, such as oxygen, chlorine
and others, which can interreact with functional groups on the initial substance surface,
providing high bond strength.

Injection of modifying component - aluminium oxide leads to formation of additional
active sites, that leads to adhesion build and change of mechanical characteristics of
epoxypolymeric materials. Usage of oxide surface with different acidity or basicity allows
to control adhesion of matrix epoxy polymer on different surfaces. Acid-basic type of
substrate was found out by free surface energy determination (FCE). It consists of the
following components: dispersive, associated with intermolecular interaction of
instantaneous dipoles and acid-basic type, associated with all other non-dispersive reasons
(measurement according to the method of van Oss-Chodery-Good) [19].

Amounts of this components was estimated by the measuring of water contact angle
of substrate surfaces by test matters: Lewis acids (phenol and glycerine) and bases -
aniline and formaldehyde. According to the result of the researches free surface energy
of the substrate under discussion (steel 17G1S) 24.90 MJ/m?, dispersion component of
FSE is 20.29 MJ/m?, polar - 4.61 MJ/m?.

As it has been said before, there are acid and base sites on the surface of aluminium
oxide, used as the filler, so it is likely that in support of absorption theory of adhesion
this modifying component is sure to influence the adhesive attributes of the epoxy
materials respectively to the substrate with the basic nature [20,21].

The effect from loafing of filler can be considered positive providing derating of
water contact angle of promoted epoxy polymer in comparison with the initial, because
smaller amounts of water contact angle mean better wettability of the substrate by the
adhesive. The work of adhesion was calculated by Young - Dupre equation (Table 4).

Table 4. Adhesion characteristics of the coating

Sample material Coso Wa/Wk Wa, mJ/m?
Unmodified resin 04384 0.7192 56.1
coating
Coating with 0.8192 0.9096 65.5
aluminium oxide

The method of measuring of water contact angle showed, that injection of
nanodispersed aluminium oxide in polymeric matrix under chosen optimal conditions
improves wettability of epoxy binder to steel substrate.

The interaction between nanoparticles of aluminium oxide and epoxy matrix
depend on physicochemical properties of particle surfaces and affects fundamentally on
further processes, that run on while separation of the adhesive from the substrate, aced-
base interaction between which determine the adhesive strength.
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Evaluation of corrosive resistance of the sample materials

For assessment of corrosion resistance of metals and alloys with anticorrosive protection and
without her use various criteria:

1. change of appearance of a sample during test;

2. time which passed before emergence of the first center of corrosion of base metal or a
covering;

3. quantity and distribution of corrosion defects;

4. change of the weight (GOST P 9.907);

5. change of the sizes (especially thickness).

The results of the research show, that coating provides good corrosion resistance to
steel article of interest in high aggressive substances: corrosion rate decreases in more
than two times in comparison to raw sample. Level of protection increases while injection
of modifying component in epoxypolymeric matrix. This effect can be explained, as it has
been said before, by formation of interfacial additional sites, that provide firmer adhesion
and more continual and homogemnous application (Table 5).

Table 5. Evaluation of corrosion resistance of the surface

Sample Media Speed of corrosion, Appearance
mm/yr
) 1 0.221 .
Wlthput 2 0.198 All surface area _has scra'Fches and compression marks
coating 3 0.265 with the dimeter of 1 mm
1 0.112 No changes
Bare coating 2 0.104 Slight scratches
3 0.131 No changed
Coating with 1 0.088 .No changes
filler 2 0.092 Slight scratches
3 0.082 No changes
Conclusion

The obtained results allow to state that protective coating on the base of epoxypolimeric
matrix, modified by particles of fumed alumina is expected to increase the safety of
steelworks, used in conditions of Extreme North, the Arctic and shelf sea, described by
low temperatures of environment, humidity and aggressive corrosion attack.

Interaction between nanoparticles of aluminium oxide and epoxy matrix depends
on physicochemical characteristics on the surface of the particles and influences on the
further processes while separation of the adhesive from the substrate, acid-base
interaction of which results in adhesive strength, high workability of application, that
provide continual application and high security level in corrosive medium.
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