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Abstract This study investigates a two-temperature hygrothermoelastic model to describe the effects of cou-
pled temperature and moisture in a non-simple nano-beam subjected to hygrothermal loading. This paper
analyses the hygrothermal distribution of an Euler–Bernoulli beam with a rectangular cross-section beam. A
closed-form solution for temperature, moisture, displacement and hygrothermal stresses is obtained using the
decoupling and integral transform methods along the thickness direction. A numerical example with porous
composite material in the picoseconds scale has been calculated to illustrate the effect of the ramping time
parameter within the hygrothermal field. The relevance of the influence of various characteristics is examined.
The appropriate discussions and conclusions are reached.

Keywords Hygrothermoelasticity · Non-simple nano-beam · Finite Fourier transform · Euler–Bernoulli
equation · Ramp-type heating

1 Introduction

Over the past two decades, scientific study has focused a lot on nanoscale structures because of their superior
electrical and mechanical properties. Nano-structures are becoming increasingly valuable for scientists in
various sectors, including sensor technology, composite materials, and electromechanical systems. It may be
due to the hygrothermoelastic responses of composite nano-structures possessing many advantageous qualities
[1]. But on the other extreme, the interactions between temperature, moisture, and thermoelastic deformation
are more complicated during calculation. Many researchers have investigated the related hygrothermoelastic
problems in this regard; however, just a few of those investigations may be listed here as a brief survey.

Using the integral transform approach, Chang and Weng [2] presented a linear hygrothermoelastic theory
to analyze transient responses in various structures subjected to hygrothermal loading. Under the specified
surface temperature and moisture load, Sugano [3] obtained analytical solutions for the heat and moisture
equation and its associated hygrothermal stress in a functionally graded material plate. Chiba and Sugano
[4] studied the heat and moisture equation in a multilayer plate subjected to hygrothermal loads. The effects
of hygrothermal loading on the bending of two-dimensional, multilayered composite plates on Carrera’s
Unified Formulation framework were investigated by Brischetto [5]. Ishihara et al. [6] considered nonlinear
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coupling while formulating and quantifying the hygrothermoelastic field in a porous medium subjected to heat
and moisture loading. A functionally graded magnetoelectroelastic sphere subject to hygrothermal loading
was explored by Saadatfar and Aghaie-Khafri [7]. Zenour [8] described the interplay of electric potentials,
displacement, and elastic deformations to explain the hygrothermal reactions in inhomogeneous piezoelectric
hollow cylinders subjected to mechanical stress and electric potential. Using the potential theory approach,
Zhao et al. [9] developed a steady-state solution for three-dimensional hygrothermal media. Most previous
works exposed the hygrothermal environment to the static and dynamic properties of composite or smart
material constructions. To frame a model of two-temperature hygrothermoelastic diffusion theory for a non-
simple rigid material, Sonal et al. [10] investigated the theoretical framework to couple both classical Fourier’s
and Fick’s laws. They obtained solutions by employing a new integral transform technique.

Many authors have studied the effects of coupled temperature and moisture on the vibration in microstruc-
tures subjected to hygrothermal loading. Hosseinian et al. [11] analyzed the effect of hygrothermal conditions
of microresonators, whereas Jan et al. [12] studied a resonator’s frequency response in a hygrothermal envi-
ronment by experimentation. Nguyen et al. [13] investigated the influence of a hygrothermal environment on
a cantilever. Jouneghani et al. [14] investigated the effects of both heat and moisture on the bending behavior
of porous, functionally graded nano-beams. Eichler et al. [15] discussed the nonlinear damping characteristics
of carbon nano-tube and graphene resonators capable of achieving ultra-high-quality factors. Ebrahimi and
Barati [16] used the nonlocal and strain gradient model to investigate the hygrothermal impacts on the buck-
ling behavior of graphene sheets. Most of the studies mentioned above are based on Fourier’s widely applied
classical law. Kumar [17] investigated the thermoelastic damping of a microbeam resonator by employing
three-phase-lag thermoelasticity. Yousef et al. [18] developed an analytical solution for a thermal model of
a silicon microbeam resonator subjected to static stress using the Lord–Shulman and dual-phase-lag heat
conduction models with fractional derivative. Zhang et al. [19] explored the time-fractional diffusion-wave
equations introduced to represent a pipe’s coupled temperature and moisture diffusion by separating variables
and applying the Laplace transform.

In such conditions, as many researchers have noted, the classical Fourier law, which predicts an infinite
propagation speed for thermal signals, is no longer applicable [20]. This paradox can be eliminated by the non-
Fourier effect of heat conduction, which accounts for the impact of mean free time (thermal relaxation time) in
the collision process of energy carriers. The conventional Fourier heat conduction theory is commonly applied
to analyze microscale beams, whereas the non-Fourier heat conduction theory is rarely used. Some generalized
diffusion or heat conduction models, such as the hyperbolic heat conduction model by Lord and Shulman [21],
the dual-phase-lag diffusion model by Tzou [22], and the fractional diffusion models by Povstenko [23], have
been developed to counteract the drawback. Sun et al. [24] studied the damping of microbeam resonators
during pulsed laser heating in the context of generalized thermoelasticity with a single relaxation time. Soh
[25] explored the non-Fourier effects on a microscale beam coupled with thermoelastic vibration with a laser
pulse. Youssef and Elsibai [26] used the Green and Naghdi model to study the thermoelastic vibration response
of a gold nano-beam resonator subjected to ramp-type heating.

Andarwa and Tabrizi [27] improved Luikov’s heat and mass transfer model by including a relaxation
time to characterize the phase lag of heat flux. This allowed them to handle hygrothermoelastic problems,
which have a very limited amount of study that is based on generalized diffusion theories. Silva et al. [28]
expanded the linear Luikovmodelwith non-Markovian processes to study anomalous diffusion. Ezzat et al. [29]
analyzed multi-field diffusion problems using the state-space method. El-Karamany and Ezzat [30] developed
memory-dependent constitutive equations for anisotropic and isotropic thermoelastic diffusion. Using the
meshless local Petrov–Galerkin method, Hosseini et al. [31] performed a two-dimensional investigation of
linked non-Fick diffusion–thermoelasticity or so-called hygrothermoelasticity. Peng et al. [32] suggested a
non-Fourier hyperbolic heat–moisture coupling model for analyzing the hygrothermoelastic responses of a
cylinder subjected to various boundary conditions. Using the hyperbolic hygrothermal coupled model, Xue
et al. [33] examined the crack problem of a hollow cylinder with a circumferential crack. Zhang et al. [34]
developed a fractional coupling hygrothermoelastic model to investigate anomalous diffusion behaviors in
heat and moisture transport processes. The initial research shows that the non-Fourier effects of heat and
moisture diffusion coupling are observable and essential. It cannot be ignored, particularly for non-simple
hygrothermoelastic media in nano-structures that have not yet been considered. To the author’s knowledge,
there haven’t been any reports of a solution that uses the coupling of the classical Fourier’s and Fick’s laws to
frame a two-temperature hygrothermoelastic model for non-simple nano-structures.

Thismanuscript attempts to determine a new non-simple hygrothermoelastic diffusionmodel by combining
traditional Fourier’s and Fick’s equations inside a theoretical framework. Based on the hygrothermoelasticity
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approach, a system of linearly linked partial differential equations for thermal and moisture diffusion in a non-
simple nano-beam under a ramp-type temperature sectional heat supply is created. Lastly, an integral transform
technique is used to develop closed-form formulas for temperature, moisture, vibration, and hygrothermal
stresses for a rectangular nano-beam subjected to hydrothermal loading along the thickness direction.

2 Formulation of basic equation for non-simple thermal diffusion

The theory proposed by Henry [35] has suggested that small variations σ � ∂M/∂C and ω � − (∂M/∂T )
are related to the mass of absorbed moisture as

M � σC − ωT + constant (1)

in a unit mass of solid to the mass of moisture, C, in a unit volume of void space and the temperature, T , and
to keep equations readily soluble, we assume σ and ω as constant to avoid mathematical complexity.

Now taking the rate of change of C in which mass of moisture is being absorbed or given off by the solid
as γ (∂M/∂t), where γ � [(1 − α)/α] ρs , ρs is the true density of the solid, α is the ratio of the capacities
for the diffusing material of equal volumes of the solid and the surrounding medium, D1 is vapor diffusion
coefficient under no-absorption condition, respectively. Then the equation for moisture diffusion is

∂C

∂t
� D1 ∇2C − 1 − α

α
ρs

∂M

∂t
.

or

D1 ∇2C � ∂C

∂t
+ γ

∂M

∂t
(2)

The rate of evolution of heat per unit volume is kρ′ (∂M/∂t), where ρ′ � [(ρ − ρp)/(ρs − ρp)] ρs is the mass
of solid per unit volume of the whole, ρ is the overall densities of the solid, ρp is the density of material filling
the pores, and the equation for the thermal diffusion is

cvρ
′ ∂T
∂t

� κ∇2T + kρ′ ∂M
∂t

Or

D2∇2T � ∂T

∂t
− ε

∂M

∂t
(3)

in which D2 is the thermal diffusion coefficient under the condition of no absorption, ε � k/cv , with k being
the overall thermal conductivity of the material, cv is the total calorific capacity, and κ � k/cvρ is representing
thermal diffusivity, respectively.

Substituting the value of M from Eqs. (1) in (2), one gets

D∇2C � ∂C

∂t
− λ

∂T

∂t
(4)

where

D � D1

(γ σ + 1)
, λ � γω

γσ + 1
. (5)

Similarly, eliminating M from Eqs. (3) using (1), one obtains

D∇2T � ∂T

∂t
− ϕ

∂C

∂t
(6)

where

D � D2

1 + εω
,ϕ � εσ

1 + εω
. (7)

Here λ is the adiabatic coefficient, ϕ is isothermal coefficient, D is vapor diffusion coefficient under isothermal
conditions, and D is the thermal diffusion coefficient under the state of constant vapor concentration.
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Fig. 1 Cross-sectional configuration of a rectangular beam

One of the non-classical thermoelasticity theories of elastic solids involves incorporating the two-
temperature model. In this context, Chen and Gurtin [36] suggested classifying real materials into simple
and non-simple materials by considering two temperatures, conductive and thermodynamic. According to the
corresponding theory, unlike simple materials, where they are similar, the two temperatures were not the same
for non-simple materials. Chen et al. [37] extended the investigations to deformable bodies and demonstrated
that these materials contain an additional term involving the time derivative of the Laplacian of the conductive
temperature, showing the relationship between the two temperatures by

φ � T − dT∇2T , dT ≥ 0 (8)

in which φ is the thermodynamic temperature, T is the conductive temperature, and dT is the temperature dis-
crepancy factor. Thus, the thermodynamics and conductive temperatures are not identical for non-simple mate-
rials but identical for simple materials. The temperature discrepancy factor dT , which distinguishes the two-
temperature thermoelasticity theory from the classical approach, is crucial. Concerning the one-temperature
generalized thermoelasticity theory, specifically in the limit as dT → 0, φ → T those results in the classical
theory. So, Eq. (6) can be expressed as follows for a non-simple medium as

D

(
1 +

dT
k

∂

∂t

)
∇2T � ∂T

∂t
− ϕ

∂C

∂t
(9)

Thus, Eqs. (4) and (9) are the system of linearly coupled partial differential equations.

3 Formulation of the problem

Consider a rectangular nano-beam with length a (0 ≤ x ≤ a), cross section of width b (−b/2 ≤ y ≤ b/2),
and thickness c (−c/2 ≤ z ≤ c/2) in a hygrothermal environment, as shown in Fig. 1.

We define the x-axis along the beam’s axis and the y- and z-axes parallel to the dimensions’ surfaces b
and c, respectively. In equilibrium, the beam is unstrained, unstressed, and at temperature T0 and moisture
C0 everywhere [38]. A displacement field ui (i � x , y, z), a temperature field T � T0 + θ , and moisture
C � C0 + ψ all describe the beam’s deviation from equilibrium. The displacement field ui , the relative
temperature change θ , and the moisture change ψ as well as the strain and stress tensors ui j , and σi j , are
all positions and time functions. Similarly, we consider pure transverse motion in the z-direction and use
the standard Euler–Bernoulli assumption that any plane cross section, initially perpendicular to the axis of
the beam, remains plane and perpendicular to the neutral surface throughout bending. The neutral surface is
the surface that runs the entire length of the beam and experiences neither extension nor contraction during
bending. Thus, the displacement components under the Euler–Bernoulli hypothesis may be assumed to be [24,
25]

u � −z
∂w(x , t)

∂x
, v � 0,w(x , y, z, t) � w(x , t) (10)
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where w is often called the transverse deflection of the beam.
The displacement components are given in Eq. (10), and in the presence of temperature and moisture, the

constitutive equation of the one-dimensional version reads as

σx

E
� −z

∂2w(x , t)

∂x2
− [α1 (T − T0) + α2 (C − C0)] (11)

in which α1 and α2 are the coefficients of linear thermal expansion and moisture absorption, T − T0 is
temperature change, and C − C0 is moisture change, respectively.

The governing equation for the dynamics of the beam may be expressed in the form [39]

E I
∂4w

∂x4
+ ρA

∂2w

∂t2
+

∂2MT

∂x2
� 0 (12)

subjected to clamped boundary conditions

w |t�0 � 0,
∂w

∂t

∣∣∣∣
t�0

� 0, (13)

w |x�0 � 0, w |x�a � 0, (14)

∂2w

∂x2

∣∣∣∣
x�0

� 0,
∂2w

∂x2

∣∣∣∣
x�a

� 0, (15)

where E is Young’s modulus, I � bh3/12 is the inertial moment about the y-axis, ρ is the density of the
beam, w � w(x , t) is the lateral deflection, x is the distance along the length of the beam, A � bh is the
cross-sectional area, t is the time, and Mc is the hygrothermal moment, given as [39]

Mc � bE

h/2∫
−h/2

[α1 (T − T0) + α2 (C − C0)] z dz (16)

In particular, neglecting the effect of moisture (α2 � 0), a Fourier thermoelastic problem is recovered and
studied in a research paper [36].

4 Solution of the problem

We assume that there is no flow of heat and moisture across the upper and lower surfaces of the beam, which
equivalently requires vanishing temperature and moisture gradient on both surfaces so that [39]

∂T

∂z
� ∂C

∂z
� 0, z � ±h/2, t > 0 (17)

Moreover, since the length is much larger than the thickness for slender beams, temperature and moisture
gradients in the cross-sectional area are much larger than the corresponding gradients along the longitudinal
direction.We assume the temperature and moisture distribution along the thickness direction will vary in terms
of a sin(gz), g � π/h function.

T (x , z, t) � θ (x , t) sin(gz) (18)

C(x , z, t) � ϑ(x , t) sin(gz) (19)

Hence, using Eqs. (18) and (19) in Eqs. (4) and (9) gives

D

(
∂2ϑ

∂x2
− g2ϑ

)
� ∂ϑ

∂t
− λ

∂θ

∂t
(20)

D

(
1 +

dT
k

∂

∂t

)(
∂2θ

∂x2
− g2θ

)
� ∂θ

∂t
− ϕ

∂ϑ

∂t
(21)



N. Dhore et al.

subjected to boundary conditions which are as follows:

θ |t�0 � 0,
∂θ

∂t

∣∣∣∣
t�0

� 0, (22)

ϑ |t�0 � 0,
∂ϑ

∂t

∣∣∣∣
t�0

� 0, (23)

θ |x�0 � 0, θ
∣∣
x�a �

⎧⎨
⎩

θ1

t0
t for 0 ≤ t ≤ t0,

θ1 for t ≥ t0,
(24)

ϑ |x�0 � 0, ϑ |x�a �
⎧⎨
⎩

ϑ1

t0
t for 0 ≤ t ≤ t0,

ϑ1 for t ≥ t0,
(25)

where t0 is a ramp-type parameter and θ1 and ϑ1 are both fixed constants.
Applying the Laplace transform technique [40] as defined by the formula

f (s) � L[ f (t)] �
∞∫
0

f (t)e−stdt , s > 0 (26)

where s is the Laplace parameter.
Taking the Laplace transformation of Eqs. (20)–(21), Eqs. (24)–(25), alongside the boundary conditions

(22)–(23), the following equations are obtained

D

(
∂2ϑ

∂x2
− g2ϑ

)
� s(ϑ − λθ) (27)

D

(
1 +

dT
k
s

)(
∂2θ

∂x2
− g2θ

)
� s(θ − ϕϑ) (28)

θ
∣∣
x�0 � 0, θ

∣∣
x�a � θ1

t0

(
1 − e−t0s

s2

)
� G1(s) (29)

ϑ
∣∣
x�0 � 0, ϑ

∣∣
x�a

� ϑ1

t0

(
1 − e−t0s

s2

)
� G2(s) (30)

T (x , z, s) � θ(x , s) sin(gz) (31)

C(x , z, s) � ϑ(x , s) sin(gz) (32)

A finite Fourier sine transform [40] is defined by

f s(m) � F{ f (x)} �
a∫

0

f (x) sin(qx) dx , q � mπ/a (33)

with its inverse Fourier sine transform

f (x) � F−1{ f s(m)} � 2

a

∞∑
m�1

f s(m) sin(qx) (34)

Eqs. (33) and (34) can be used to solve the previously stated Eqs. (27) and (28), using the operational property
[40]

F

{
d2 f (x)

dx2

}
� −q2 f s(m) + q[ f (0) − (−1)m f (a)] (35)
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The governing Eqs. (27)–(28), and keeping in mind the boundary conditions (29)–(30) and using the
operational property given in Eq. (35), can be depicted in the following ways

θ � sϕϑ + (−1)m+1Dq G1(s)G3(s)

DG3(s)(q2 + g2) + s
(36)

ϑ � sλθ + Dq (−1)m+1G2(s)

D(q2 + g2) + s
(37)

where

G3(s) � 1 + (dT /k)s

Solving Eqs. (36) and (37), we obtain

θ � (−1)m+1q{DsϕG2 + [D(g2 + q2) + s]DG1G3}
s[D(g2 + q2) + s] + (g2 + q2)[D(g2 + q2) + s]DG3 − s2λϕ

(38)

ϑ � (−1)m+1q{sDλG1G3 + DG2[s + (g2 + q2)DG3]}
s[D(g2 + q2) + s] + (g2 + q2)[D(g2 + q2) + s]DG3 − s2λϕ

(39)

Then we perform the inverse finite Fourier sine transform to both sides of Eqs. (38) and (39), and we obtain

θ �
∞∑

m�1

(−1)m+12q{DsϕG2 + [D(g2 + q2) + s]DG1G3} sin(qx)
sa[D(g2 + q2) + s] + (g2 + q2)[D(g2 + q2) + s]DG3 − s2λϕ

(40)

ϑ �
∞∑

m�1

(−1)m+12q{sDλG1G3 + DG2[s + (g2 + q2)DG3]} sin(qx)
sa[D(g2 + q2) + s] + (g2 + q2)[D(g2 + q2) + s]DG3 − s2λϕ

(41)

Substituting Eqs. (40) into (31) and (41) into (32), one obtains

T �
∞∑

m�1

(−1)m+12q{DsϕG2 + [D(g2 + q2) + s]DG1G3} sin(qx) sin(gz)
sa[D(g2 + q2) + s] + (g2 + q2)[D(g2 + q2) + s]DG3 − s2λϕ

(42)

C �
∞∑

m�1

(−1)m+12q{sDλG1G3 + DG2[s + (g2 + q2)DG3]} sin(qx) sin(gz)
sa[D(g2 + q2) + s] + (g2 + q2)[D(g2 + q2) + s]DG3 − s2λϕ

(43)

The temperature and moisture distribution, as mentioned in Eqs. (42) and (43), are in the Laplace domain,
whose inversion has not yet been known analytically due to its complexity. Using a numerical technique based
on Riemann-sum approximation is a very efficient transition from Laplace domain to time domain (Refer to
Sect. 5).

In the same way, when we apply the Laplace transform defined in Eq. (26) into Eqs. (12) through (16), we
obtain

E I
∂4w

∂x4
+ ρA s2w +

∂2Mc

∂x2
� 0 (44)

w |x�0 � 0, w |x�a � 0, (45)

∂2w

∂t2

∣∣∣∣
x�0

� 0,
∂2w

∂t2

∣∣∣∣
x�a

� 0, (46)

σ x

E
� −z

∂2w(x , s)

∂x2
− [α1 (T − T 0) + α2 (C − C0)] (47)

Mc � bE

h/2∫
−h/2

[α1 (T − T 0) + α2 (C − C0)] z dz (48)
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On simplification of Eq. (48), one obtains

Mc �
∞∑

m�1

(−1)1+mq{D[D(g2 + q2)α1 + s(α1 + α2λ)]G1G3

+DG2[s(α2 + α1ϕ) + (g2 + q2)Dα2G3]}
s[D(g2 + q2) + s − sλϕ] + (g2 + q2)[D(g2 + q2) + s]DG3

× 2bE sin(qx)

ag2

[
−gh cos

(
gh

2

)
+ 2 sin

(
gh

2

)]
(49)

Recalling the following operational property [40] of finite Fourier sine transform

F

{
d4 f (x)

dx4

}
� q4 f s(m) − q3[ f (0) + (−1)m+1 f (a)]

+ q

[
d2 f (0)

dx2
− (−1)m

d2 f (a)

dx2

]
(50)

Applying the finite Fourier sine transform defined in Eq. (34) on both sides of Eq. (44) and using boundary
conditions (45)–(46), with the help of the operational property given by Eqs. (50) and then taking its inversion,
we obtain

w �
∞∑

m�1

(−1)1+mq3{D[D(g2 + q2)α1 + s(α1 + α2λ)]G1G3

+DG2[s(α2 + α1ϕ) + (g2 + q2)Dα2G3]}
s [D(g2 + q2) + s − sλϕ] + (g2 + q2)[D(g2 + q2) + s]DG3

× 2bE sin(qx)

ag2(E Iq4 + ρAs2)

[
−gh cos

(
gh

2

)
+ 2 sin

(
gh

2

)]
(51)

Substituting Eqs. (51) and (42)-(43) into Eqs. (47), one obtains the σ x under hygrothermal loading in the
Laplace domain. Upon the determination ofw and σ x , the final numerical results can be obtained by employing
the inverse Laplace transform using the Riemann-sum approximation method.

5 Numerical inversion of the Laplace transform

The Riemann-sum approximation method [20] is used to get the numerical results and determine the solutions
in the time domain. In this numerical approach, any function that exists in the Laplace domain (s-domain) can
be converted to a time domain (t-domain) as follows:

f (t) � ek̂t

t

[
1

2
f (k̂) + Re

N∑
n�1

(−1)n f

(
k̂ +

inπ

t

)]
(52)

where i is an imaginary number unit, Re is the real part, n is the number of terms used in the Riemann-sum
approximation, and k̂ is the real part of theBromwich contour that is used in inverting.Numerous computational
studies have demonstrated that the value of k̂ meets the relation k̂t ≈ 4.7 for faster convergence.

6 Numerical result and discussion

In this section, in order to obtain the numerical results, we introduce the non-dimensional variables listed
below for simplification [39]

x � x/a, z � z/h, h � h/a, w � w/h

T � T − T0
T0

, C � C − C0

ψT0
, τ � (c/a)t ,

c2 � E/ρ, σ x � σx/E (53)
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Fig. 2 The temperature and moisture distribution along τ for various z

Baggio et al. [41] designed a model to represent the procedure of heat and mass transfer that occurs in
a porous medium from the macroscopic point of view. Here Clapeyron’s and Kelvin’s equations are derived,
letting the equilibrium evolve through different paths during modeling moisture transfer and phase change in
a porous media.

Gawin et al. [42] considered concrete as a multi-phase porous visco-elastic material in which nonlinear-
ities with temperature, moisture content, and the maturity of concrete (hydration degree) have been taken
into account using a finite element model. These phase changes include adsorption–desorption, evaporation—
condensation, chemical reactions (hydration), different fluid flows, and phase changes with temperature. The
literature review [41, 42] observed that a detailed study was conducted with phase change and chemical effects
for macroscopic porous media. Taking the above research for granted, the author intends to take the porous
composite material in a non-simple nano-beam subjected to hygrothermal loading. The hygrothermoelastic
distribution of a beam is calculated numerically for a porous composite material with material properties [1]

α1 � 31.3 × 10−6 cm/(cm oC), α2 � 2.68 × 10−3 cm/(cm% H2O),

ϕ � 0.5 cm3 oC/g, ψ � 0.5 g/(cm oC), D � 2.16 × 10−5 m2/s,

D � 2.16 × 10−6 m2/s, ρ � 1590 kg/m3, E � 64.3 GPa, υ � 0.33.

(54)

Taking fixed aspect ratios as a/h � 10, b/h � 1/2 and dT � 1. 2. When h is varied, a and b changed
accordingly with h. For the nanoscale beam, wewill take the range of beam length a (1−100) × 10−12 m. The
original time t and the ramping time parameter t0 will be considered in the picoseconds (1−100) × 10−14 sec.
The figures were prepared by using the non-dimensional variables defined in Eq. (53) for a wide range of beam
length when a � 1, z � h/6 and t � 0.15. Figures 2 through 14 show the different variations of dimensionless
thermal and moisture distribution, plate deflection, and stress caused by hydrothermal loading on the plate.
The transient temperature fields of thermodynamic and conductive temperatures with the coupled case are
depicted in Figs. 2 through 4, representing solid lines and dashed lines, respectively.

From Fig. 2, we can see that for thermal and moisture diffusion behavior, the dimensionless temperature
(i.e., thermodynamic temperature and conductive temperature) when the hygrothermal coupling is taken into
account is always higher than that without the hygrothermal coupling along the time direction at various points
of z. This is because the hygrothermal coupling allows the thermodynamic temperature and the conductive
temperature to be calculated more accurately. If the moisture rate (∂C/∂t > 0) is positive, then the moisture
functions act as a heat source for the temperature distribution, and if the moisture rate (∂C/∂t < 0) is negative,
then the moisture function acts as a heat sink. Both of these roles are based on the physical properties of the
moisture. The result agrees with the conclusion drawn from the earlier study [10]. Figure 3 shows the variation
in the thermodynamic and conductive temperature for various locations in the points along the radial direction,
which depends on the time and space coordinate and the two-temperature parameter b. The value of dT � 0
indicates the one-temperature theory, while dT 
� 0 indicates the two-temperature theory. The variation in the
thermodynamic and conductive temperature along the radial direction may be due to the available sectional
heat source. The plate’s temperature reaches its highest point at x � 0, and while it is maintained at 0 degrees
Celsius, the temperature gradually decreases as it moves toward x � b. The findings are consistent with the
previously [43] obtained information.
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Fig. 3 The temperature and moisture distribution along x for various τ

Fig. 4 The temperature and moisture distribution along z for various τ

Figure 4 illustrates the temperature and moisture distribution in the axial direction at a series of dimen-
sionless times. If the hygrothermal coupling is neglected, it is evident that there will never be any moisture
on the surface, just as was predicted, because no moisture will be supplied to the surface. The hygrothermal
coupling theory concludes that temperature shifts are the sole agents responsible for the movement of moisture
throughout an environment. It has been noticed that as one moves closer to the heated zone in the thin plate,
both temperatures and levels of moisture slope linearly. This may be because the width of the plate is so narrow.
The reported results are comparable in nature to those found for the thermodynamic temperature [44], which
were derived from physically equivalent assumptions. It can be seen quite clearly from Figs. 2, 3 and 4 that the
dimensionless temperature starts from the origin, and significant variation was found near the outer surface
along x and z. This could be because there is a sectional heat supply available; similarly, the moisture has a
rapid response near the surface. As a result, the moisture field directly relies on the temperature change ratio.

Figure 5 illustrates the change in the dimensionless deflection profile that occurs with an increase in the
time span τ for a variety of x values. The magnitude of the plate’s deflection can increase toward the plate’s
periphery and reach its maximum value when x it is equal to one unit, as was to be anticipated.

Figure 6 depicts the dimensionless thermal deflection along x for a range of different values of the dimen-
sionless time τ . It has been found that the region near the center of the plate experiences a tremendous amount
of tensile stress, which is in agreement with Eq. (14).

The coupled thermal deflection in isolines contour plot along x and z− directions at a fixed temperature
discrepancy factor dT � 1. 2 and dimensionless time τ can be seen by looking at Fig. 7. The darkly shaded plot
portion agrees with the graph plotted in Fig. 2, which can be seen by looking at Fig. 7. The highest displacement
can be seen in the red area close to the plate’s outside edge. This could be because of the sectional heat supply.
In contrast, the deflection is at a standstill in the blue area in the plate’s middle.
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Fig. 5 The thermal deflection along τ for various x

Fig. 6 The thermal deflection along x for various τ

The dimensionless thermal stress along the τ axis is depicted in Fig. 8 for various locations of x . This
illustrates that a greater amount of compressive stress is taking place at the inner radius, which continues to
increase along the τ -direction until it reaches its highest point at the outer edge.

Figure 9 depicts the change in the dimensionless strains that are present in a plate along x for each of the
different τ values. The stress components are compressive toward the origin, but the maximal tensile force is
acting toward the outer surface as a result of the accumulation of thermal energy that was dissipated by the
sectional supply.

Figure 10 depicts the dimensionless thermal stress along z for a variety of time spans denoted by τ . It can
be seen from the graphic that the stress along the time axis experiences a linear increase from 0 to positive
values for a range of z values. An increase in the rate of heat propagation, which at first causes a compressive
force and then expands further as time passes, could be the cause of an increment in the level of stress.

The result in Fig. 11 also shows the variation in the temperature distribution for various locations along
the x direction and on time for different values of temperature discrepancy factor is dT � 0, 0.5, 0.7, 1.1,
2.2. The value dT � 0 indicates the one-temperature theory. In contrast, dT � 0.5, 0.7, 1.1, 2.2 shows the
two-temperature approach. The maximum temperature occurs at the outer edge of the plate due to the available
uniform sectional heat supply. The result agrees with the previous results [43].

7 Conclusion

This hygrothermal model was examined with the aid of the integral transform methodology, which consists of
the Laplace transform and the finite Fourier sine transform method. The closed-form solution is obtained to
describe the effects of coupled temperature andmoisture on a non-simple nano-beam subjected to hygrothermal
loading. Further, its hygrothermoelastic deflection and stress responsewas also examined.The numerical results
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Fig. 7 Contour plot of deflection along xz-plane for a fixed value of τ

Fig. 8 The stress distribution along τ for various x

of moisture diffusion and temperature distribution for various parameters have been calculated and illustrated
graphically. The numerical results of temperature distribution and moisture diffusion for different parameters
have been computed and graphically depicted. This approach can be used to solve problems analytically
concerning moisture and temperature distribution.
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Fig. 9 The stress distribution along x for various τ

Fig. 10 The stress distribution along z for various τ

Fig. 11 The temperature distribution along x and τ for various b
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