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ABSTRACT 
 

 Most aerospace applications involve structural components with a high stiffness-
to-weight ratio as well as high-temperature resistance. Due to an increase in permissible 
stress over these components at thermal loads, the failure occurs by buckling, vibration, 
and other forms of instability at thermal environment is a concern. This leads to a detailed 
study on advanced materials which give both structural integrity and high-temperature 
resistance and also with good buckling and vibration characteristics. The current work 
combines the distinctive features of metal (Aluminum) and ceramic (Silicon carbide) into 
a single volume, and the material composition of the FGM plate was estimated using a 
power law throughout its thickness. Thus thermal study of an Al/SiC FGM plate with a 
cutout under uniaxial in-plane compressive edge loading is the focus of this work. Studies 
have been done on the effects of uniform thermal environments and the linear 
temperature rise from metal-rich to ceramic-rich on buckling and vibration characteristics 
of FGM plate having cutout. The effect of stiffeners in such plates at varying thermal 
environment are also presented. A uniform thermal environment of 300 to 600 K at an 
interval of 50 K and a linear temperature rise of 50 to 300 K from metal rich to ceramic 
rich have been considered separately to study its effects. It is observed that both buckling 
load and natural frequency decreases with increase in thermal environment and also in 
linear temperature rise. Thus, the structural responses of a stiffened FGM plate having 
cutout subjected to various loads at elevated temperatures are quantified. 
 
1. INTRODUCTION 
 
 Addressing various challenges such as thermal management and structural 
optimization is vital to ensure protection from environmental elements like heat, radiation, 
and electromagnetic interference. High temperature changes produce thermal stresses, 
and if the temperature is raised further, thermal buckling and vibration-induced structural 
instabilities cause the structure to collapse. The metal-ceramic functionally graded 
material (FGM) is particularly good at addressing two of these problems: thermal 
management and structural optimization. It provides both thermal resistance and 
structural integrity, which is more important from a scientific perspective [1]. 
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 Many theories have been developed for analysing thermo-structural 
characteristics of unstiffened FGM plates and shells with cutout [2–4]. Balaraman and 
Sreehari [5] focused on the effect of various stiffener depth ratio on buckling as well as 
vibration behaviour of FGM plate having cutout under distinct loading conditions. The 
influence of temperature fields and geometric restrictions on the buckling nature of FGM 
plates is investigated in [6–8]. Thermal loading such as uniform temperature and a 
thermal gradient across thickness are accounted in [8]. Nonlinear temperature 
distribution was taken into consideration by Na and Kim [7]. Under non-linear thermal 
distribution, the critical thermal rise of FGM plates is larger than that of linear distribution. 
Research has been done on the influence that temperature-dependent material 
characteristics have on structural behaviour of FGM thin-walled box columns by 
Ramkumar and Ganesan [9]. Using an isogeometric FEM approach, the impact of 
boundary constraints as well as material parameters on critical buckling temperature of 
round and rectangular FGM plates was examined by Tran et al. [6].  The thermal field is 
presumed to be a thickness-directed polynomial profile. According to Sun et al. [10], 
temperature-dependent material characteristics and boundary constraints play a major 
role on thermal buckling behaviour. 

 Similarly, thermal vibration characteristics of metal-ceramic FGM plates was 
analysed using third order shear deformation theory [11,12]. The influence of plate 
geometry, material compositions, and thermal environments on thermal vibration 
characteristics is investigated. The temperature distribution includes uniform, linear as 
well as nonlinear rise [13]. Zhao et al. [14] and Kumar et al. [15] assessed dynamic 
properties of FGM panels and influence of thermal field was investigated in [16,17]. 
Huang and Shen [18] examined FGM panels' linear and non-linear dynamic behaviour 
when exposed to elevated temperature fields. Under constant in-plane loads and non-
linear thermal distribution in thickness direction, an investigation of influence of thermal 
field on vibrations of FG circular plates [19] and elliptical panels [20] was examined. 
Investigations show that the FG plate's nonlinear vibration and dynamic response 
significantly influence the thermal field and volume fraction dispersal [17,18]. Also, 
buckling as well as vibration behaviour of FG plate are considerably affected by 
temperature and moisture content [20]. The dynamic nature of FGM plates was examined 
in relation to geometrical aspects, material properties, eccentrically oblique stiffeners, 
and temperature [21]. In addition to FGM plates, various studies discussed on shell type 
structures such as FGM cylinder-shaped shells [22,23], FG axisymmetric shells [24], 
cylindrical panel [25], FGM conical shells [26] and FG truncated conical panels [27]. The 
aforementioned literature also observed that temperature-dependent properties are used 
to analyse thermal buckling and vibration characteristics and yield more accurate results 
than properties independent of temperature [7,28–31]. The current work highlights the 
need for a thorough numerical investigation into the buckling along with vibration 
characteristics of stiffened and unstiffened FGM panels with cutout that are subjected to 
a uniform thermal environment and a linear temperature increase from regions rich in 
metal to regions rich in ceramic (in thickness-direction). 
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2. METHODOLOGY 
 
 2.1 Material selection 
      A material combination of aluminum/silicon carbide (Al/SiC) was considered for 
simulating the 20-layered FGM plate such that bottom layer is Al-rich and top layer is 
SiC-rich. The properties FGM constituents are shown in Table 1. Each layer is a 
combination of metal as well as ceramic with corresponding material properties. The 
volumetric fraction of ceramic as well as metal in each layer was calculated employing 
power law as shown in Eqs. (3.1– 3.2) [16,32,33]. 
 

𝑉𝑉𝑐𝑐 =  �𝑍𝑍
ℎ

+  1
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�
𝑘𝑘
  ; - ℎ

2
 ≤ z ≤ ℎ

2
                                                 (1) 

𝑉𝑉𝑐𝑐 +  𝑉𝑉𝑚𝑚 = 1                                                        (2) 

Table 1 Properties of FGM constituents [29,30] 

Constituents E (GPa) 𝝆𝝆 (𝐤𝐤𝐤𝐤 𝐦𝐦𝟑𝟑⁄ ) ѵ α (𝟏𝟏 𝑲𝑲⁄ ) 𝒌𝒌� (𝑾𝑾 𝒎𝒎𝒎𝒎⁄ ) 
Aluminium 70 2707 0.30 2.32 × 10-5 204 

Silicon carbide 410 3210 0.17 5.26 × 10-6 340.10 
 
Power law comprises a volumetric fraction of ceramic (𝑉𝑉𝑐𝑐), distance between layer and 
reference axis (z), power law index (k), plate thickness (h) as well as volumetric fraction 
of metal (𝑉𝑉𝑚𝑚). The each material properties are a function of both temperature (T) as well 
as volumetric fraction of ceramic [13]. The temperature dependent material properties for 
metal as well as ceramic, R (where R is any property), for each FGM composition are 
estimated using Eq. (3), where  𝑅𝑅−1 , 𝑅𝑅0 ,  𝑅𝑅1 ,  𝑅𝑅2,  𝑅𝑅3  are temperature dependent 
coefficients [29,30]. Material properties including density (𝜌𝜌𝑧𝑧), modulus of elasticity (𝐸𝐸𝑧𝑧), 
Poisson’s ratio (𝜈𝜈𝑧𝑧), thermal expansion coefficient (𝛼𝛼𝑧𝑧) as well as thermal conductivity 
(𝑘𝑘�𝑧𝑧) for each layer are calculated using Eqs. (4 – 8).   
 
R (T) = 𝑅𝑅0  (𝑅𝑅−1𝑇𝑇−1 + 1 + 𝑅𝑅1𝑇𝑇 + 𝑅𝑅2𝑇𝑇2 + 𝑅𝑅3𝑇𝑇3)                  (3) 

𝐸𝐸𝑧𝑧 (𝑉𝑉𝑐𝑐  , T) = (𝐸𝐸𝑐𝑐(𝑇𝑇) −  𝐸𝐸𝑚𝑚 (𝑇𝑇))𝑉𝑉𝑐𝑐  +  𝐸𝐸𝑚𝑚(𝑇𝑇)                     (4) 

𝜌𝜌𝑧𝑧 (𝑉𝑉𝑐𝑐  , T) = (𝜌𝜌𝑐𝑐(𝑇𝑇) −  𝜌𝜌𝑚𝑚(𝑇𝑇))𝑉𝑉𝑐𝑐  +  𝜌𝜌𝑚𝑚(𝑇𝑇)                  (5) 

𝜈𝜈𝑧𝑧 = (𝜈𝜈𝑐𝑐(𝑇𝑇) −  𝜈𝜈𝑚𝑚(𝑇𝑇))𝑉𝑉𝑐𝑐  +  𝜈𝜈𝑚𝑚(𝑇𝑇)                         (6) 

𝛼𝛼𝑧𝑧 (𝑉𝑉𝑐𝑐  , T) = (𝛼𝛼𝑐𝑐(𝑇𝑇) −  𝛼𝛼𝑚𝑚 (𝑇𝑇))𝑉𝑉𝑐𝑐  +  𝛼𝛼𝑚𝑚(𝑇𝑇)                          (7) 

𝑘𝑘�  𝑧𝑧 (𝑉𝑉𝑐𝑐  , T) = �𝑘𝑘�  𝑐𝑐 (𝑇𝑇) −  𝑘𝑘�  𝑚𝑚 (𝑇𝑇)�𝑉𝑉𝑐𝑐  +  𝑘𝑘�  𝑚𝑚(𝑇𝑇)                        (8) 

 
 2.2 Modelling and simulation 
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     A square FGM plate with side-to-thickness ratio (a/h) = 10 as in [5] was modeled 
in Ansys 19.1. The FGM plate's layers were given their respective material properties in 
turn. Since the variation of properties should not have any discontinuity, all 20 layers 
were united together. Unstiffened FGM square plate without and with cutout for a/h = 10 
are shown in Fig. 1. The cutout size is defined by the cutout ratio (ς = d/a), where d and 
a are the diameter of cutout and edge length of plate respectively. 

  
a) without cutout b) with cutout 

Fig. 1 Unstiffened FGM plate [5] 

 To improve the buckling and vibrational characteristics, the FGM plate having 
cutout was stiffened by three different stiffener patterns as shown in Fig. 2. Stiffened 
FGM plate of a/h = 10, k = 1 and stiffener depth ratio (hs/bs) of 1 along with a circular 
cutout was considered. The stiffeners were made of aluminum and it was attached to the 
layer of metal rich. Pattern 1 consists of a ring stiffener that surrounds the circular cutout 
on the circumference in such a way the internal diameter of the ring stiffener is same as 
the diameter of the cutout. Pattern 2 consists of two straight stiffeners on two sides of a 
circular hole placed at 4 cm from the circumference of the cutout. Pattern 3 consists of 
both ring and horizontal stiffener. The stiffener depth ratio was measured using Eq. (9), 
such that the mass of the stiffener is the same as the mass of the material removed for 
making the cutout. The equation relates depth of the stiffener (ℎ𝑠𝑠), breadth of the stiffener 
(𝑏𝑏𝑠𝑠), diameter of the cutout (d), plate size (a), plate thickness (h), density of the stiffener 
material (𝜌𝜌𝑠𝑠), average density of FGM plate (𝜌𝜌𝑎𝑎) for k = 1. 
 
 
 
 
 
 
 
 
 



The 2024 World Congress on
Advances in Civil, Environmental, & Materials Research (ACEM24)
19-22, August, 2024, The K hotel, Seoul, Korea

5 

 

 
 
 

   
a) Pattern 1  b) Pattern 2  c) Pattern 3  

Fig. 2 Stiffened FGM plate with cutout [5] 
 
 

ℎ𝑠𝑠
𝑏𝑏𝑠𝑠

 = ℎ
4
𝜌𝜌𝑎𝑎
𝜌𝜌𝑠𝑠

𝑑𝑑2

𝑑𝑑𝑎𝑎2
                                            (9) 

where, 𝑑𝑑𝑎𝑎 = 𝑏𝑏𝑠𝑠�𝑑𝑑 +  𝑏𝑏𝑠𝑠   for pattern 1 
       =  𝑏𝑏𝑠𝑠�2𝑎𝑎/𝜋𝜋   for pattern 2 
       =  𝑏𝑏𝑠𝑠�(𝑑𝑑 +  𝑏𝑏𝑠𝑠) + 2𝑎𝑎/𝜋𝜋   for pattern 3 
 
     The material properties in each layer of FGM panels are assumed to be linear, 
isotropic, and homogeneous. A uniaxial compressive edge loading in the direction of the 
stiffener is applied. An 8 node, single-temperature DF – solid 70 is utilized and a coupled 
thermo-structural study has been executed for two distinct situations. In the first instance, 
both metal-rich as well as ceramic-rich layers have been subjected to constant 
temperature under a uniform thermal environment. In second scenario, the temperature 
rises linearly across thickness, exposing the ceramic rich layer to a range of temperatures 
while maintaining the metal rich layer at a constant 300 K. The first mode and its 
corresponding mode shape of buckling behaviour are examined using Eigen buckling 
analysis. Similarly, modal analysis is performed to evaluate first mode of natural 
frequency. Additionally, regression analysis has been employed to investigate how 
cutout ratio and temperature affect buckling and vibration behaviour. 
 
3. RESULTS AND DISCUSSIONS 
 
 3.1 Validation study 

    The buckling study was validated by considering a cylindrical shell, implementing 
the same procedures as in Moita et al. [24]. Critical buckling stress which was determined 
using the present methodology was compared with Moita et al. [24] as shown in Table 2 
and the outcomes align well with the findings of Moita et al. [24]. 
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Table 2 Validation for thermal buckling analysis (non-dimensional critical buckling 
stress) 

Shell type (A) 1 10 
Moita et al. [24] 316.68 269.99 

Present 317.54 270.79 
 
 A simply supported (SSSS) plate case is taken into consideration for validating 
thermal vibration analysis, drawing from earlier research [13]. Table 3 displays the natural 
frequency parameters of panel exposed to linear thermal rise across thickness. For k = 
1, the analysis was conducted. It is presumed that the temperature of the metal-rich layer 
is 300 K and that the temperature increases linearly to the ceramic-rich layer. The 
outcomes provided by Li et al. [13] are in good accord with those as well. 

 
Table 3 Validation for thermal vibration analysis (natural frequency parameters)  

Mode 1 2 
Li et al. [13] 2.65 6.37 

Present 2.64 6.32 
 
 
 3. 2 Thermal buckling and vibration characteristics of unstiffened FGM plate 
 with cutout 

 Initially, thermal buckling and vibration characteristics are investigated under a 
uniform thermal environment and linear temperature increase. The square SSSS-edged 
FGM plate of a/h = 10 with a cutout subjected to uniaxial compression is taken throughout 
the work. The influence of a uniform thermal environment and a linear temperature 
increase, respectively, on the buckling as well as vibration properties of an unstiffened 
FGM plate for distinct cutout ratios are revealed in Fig. 3 and 4. From the two plots, it is 
depicted that for all cutout ratios, the buckling load parameter and the natural frequency 
parameter gradually decrease with rising temperature. When there is a uniform thermal 
environment, the gradient is gradual; when there is a linear temperature rise, it is nearly 
constant. The FGM plate tends to expand and lose strength and stiffness as temperature 
rises. The structure may encounter more stresses as a result of this expansion, which 
might alter the structure's stability characteristics. 
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Fig. 3 Influence of uniform thermal environment on structural characteristics of 

unstiffened FGM plate with cutout 

  
 Fig. 4 Influence of linear temperature rise on structural characteristics of 

unstiffened FGM plate with cutout 
 
 

 
 3. 3 Buckling characteristics of stiffened FGM plate with cutout exposed to 
 uniform thermal environment 

 The FGM plate with various stiffener patterns, such as patterns 1, 2, and 3, has 
been the subject of an extended thermal analysis subsequent to the unstiffened FGM 
plate assessment. The entire analysis takes into account the SSSS-edged stiffened FGM 
plate of a/h = 10, k = 1 with cutout. Fig. 5 illustrates how the stiffened FGM plate's buckling 
load parameter is affected by a uniform thermal environment for different cutout ratios. 
For each cutoff ratio, the stiffened and unstiffened FGM plates are compared. The 
installation of stiffeners improves the buckling load parameter regardless of temperature 
and cutout ratio. Furthermore, in the case of both the stiffened and unstiffened cases, 
the buckling load parameter effectively decreases as temperature rises at ς = 0.1 and  
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0.2. When ς > 0.2, in both the stiffened and unstiffened instances, the buckling load 
parameter drops gradually as temperature rises. The structure tends to expand and loses 
its material properties as the temperature rises, creating more thermal stresses. The 
structure experiences a fall in its critical buckling load due to the excess thermal stresses. 
In contrast, pattern 1 has excellent buckling resistance at all temperature ranges, and is 
followed by patterns 3 and 2. A greater cutout ratio is conducive to the effectiveness of 
stiffeners. The stiffened FGM plate increases in stiffness, which raises the buckling load 
even while the structure creates thermal stresses as a result of rising temperatures. 
Additionally, due to its symmetrical distribution, pattern 1 has a higher moment of inertia 
in all directions than the other patterns. 

  
a) ς = 0.1 b) ς = 0.2 

  
c) ς = 0.3 d) ς = 0.4 
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e) ς = 0.5  

Fig. 5 Influence of uniform thermal environment on buckling load parameter of 
stiffened FGM plate for various cutout ratio 

 
 3. 4 Buckling characteristics of stiffened FGM plate with cutout under linear 
 temperature rise 

 The same model as described in preceding section has been taken into 
consideration. For each cutout ratio from 0.1 and 0.5, Fig. 6 illustrates the impact of a 
linear temperature rise on the stiffened FGM plate's buckling characteristics. The FGM 
plate with three different stiffener patterns is compared with the unstiffened case. In all 
cutout ratios, it is noted that in both the stiffened and unstiffened cases, the buckling load 
parameter gradually decreases. Because bottom layer of FGM plate maintains by a 
constant temperature, even while identical behaviour has been observed in case of a 
uniform thermal environment, the drop is less pronounced and nearly independent of 
temperature in linear temperature rise cases. The large moment of inertia in all directions 
causes plate with pattern 1 stiffener to exhibit better buckling characteristics, as in the 
case of a uniform thermal environment, followed by plate with pattern 3 and pattern 2 
stiffeners. When the cutout ratio is greater, all stiffener patterns are effective in all 
temperatures; when the cutout ratio is smaller, they have little effect. 
 

  
a) ς = 0.1 b) ς = 0.2 
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c) ς = 0.3 d) ς = 0.4 

 
e) ς = 0.5 

Fig. 6 Influence of linear temperature rise on buckling load parameter of stiffened FGM 
plate for various cutout ratio 

 
 3. 5 Regression analysis for thermal buckling characteristics of stiffened FGM 
 plate with cutout 

 Regression analysis has been conducted to comprehend how temperature 
affects buckling characteristics. Buckling characteristics of a stiffened FGM plate 
exposed to a linear temperature increase are numerically obtained and used as input 
parameters for this statistical study. The outer layer’s temperature and the cutout ratio 
are independent factors, while buckling load parameter is response. For the FGM plate 
with patterns 1, 2, and 3, a multiple quadratic regression model is developed as indicated 
in Eqs. (10 - 12), and it demonstrates how temperature and temperature-cutout ratio 
interaction affect buckling characteristics in metal-ceramic FGM. 
 
γ (pattern 1) = 11.044 - 0.000949 T - 2.277 ς + 8.543 ς2 + 0.000629 Tς        (10)   
γ (pattern 2) = 11.750 - 0.00105 T - 9.257 ς + 13.382 ς2 + 0.00112 Tς            (11) 
γ (pattern 3) = 11.352 - 0.001084 T - 4.873 ς + 9.195 ς2+ 0.000597 Tς            (12)      
 
 Analysis of variance (ANOVA) was performed at a 95% confidence level in this 
work. The ANOVA for the FGM plate's thermal buckling properties with stiffener patterns 
1, 2, and 3, respectively, is displayed in Tables 4 – 6. The ANOVA findings show that 
each coefficient's P-value was less than 0.05, except for the individual temperature's  
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influence and the interaction between temperature and cutout ratio. The cutout ratio is 
the parameter that has the most influence on buckling characteristics, and this is where 
the bigger F-value is computed. The R² value 99.10 %, adjusted R² value 98.95 %, and 
predicted R² value 98.73 % as shown in Table 4 are noted for the FGM plate with pattern 
1. Similarly, R² value, adjusted R² value, and predicted R² value are more than 92 % as 
shown in Table 5 and 6 for other patterns revealing that strong relation between the 
response and independent factors.  
 

Table 4 ANOVA for thermal buckling characteristics of FGM plate with pattern 1 
Source DF Adj SS Adj MS F-Value P-Value 
Model 5 9.61153 1.92231 639.58 0.000 

T 1 2.01824 2.01824 671.50 0.000 
ς 1 6.86650 6.86650 2284.58 0.000 
T² 1 0.00873 0.00873 2.90 0.099 
ς² 1 0.71529 0.71529 237.99 0.000 
Tς 1 0.00277 0.00277 0.92 0.345 

Error 29 0.08716 0.00301   
Total 34 9.69869    

R²  = 99.10 %, adjusted R² = 98.95 %, predicted R² = 98.73 % 
 

Table 5 ANOVA for thermal buckling characteristics of FGM plate with pattern 2 
Source DF Adj SS Adj MS F-Value P-Value 
Model 5 3.98315 0.79663 109.66 0.000 

T 1 1.84581 1.84581 254.09 0.000 
ς 1 0.36534 0.36534 50.29 0.000 
T² 1 0.00814 0.00814 1.12 0.299 
ς² 1 1.75504 1.75504 241.59 0.000 
Tς 1 0.00882 0.00882 1.21 0.280 

Error 29 0.21067 0.00726   
Total 34 4.19382    

R²  = 94.98 %, adjusted R² = 94.11 %, predicted R² = 92.85 % 
 

Table 6 ANOVA for thermal buckling characteristics of FGM plate with pattern 3 

Source DF Adj SS Adj MS F-Value P-Value 
Model 5 3.36466 0.67293 1370.04 0.000 

T 1 1.94370 1.94370 3957.22 0.000 
ς 1 0.58309 0.58309 1187.13 0.000 
T² 1 0.00683 0.00683 13.90 0.001 
ς² 1 0.82856 0.82856 1686.89 0.000 
Tς 1 0.00249 0.00249 5.08 0.032 
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Error 29 0.01424 0.00049   
Total 34 3.37891    

R²  = 99.58 %, adjusted R² = 99.51 %, predicted R² = 99.38 % 
All stiffener patterns are effective when the cutout ratio is bigger in all temperature 
instances, as demonstrated by the response surface graph (obtained employing Matlab 
software) as shown in Fig. 7. The error % between the predicted response from 
regression analysis and the actual response from numerical simulation is very less. 
 

 

  
a) Pattern 1 b) Pattern 2 

 
c) Pattern 3 

Fig. 7 Response surface graph showing the interaction between temperature and 
cutout ratio on buckling load parameter of FGM plate with distinct stiffener patterns 

 

 3. 6 Vibration characteristics of stiffened FGM plate with cutout under uniform 
 thermal environment 

 For examining the properties of thermal vibration, the SSSS-edged unstiffened 
and stiffened FGM plate of a/h = 10, k = 1 with cutout is taken into consideration. Fig. 8.  
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shows how natural frequency parameters for both stiffened and unstiffened FGM plate 
are affected by the uniform thermal environment. Due to a decrease in stiffness with 
rising temperature, the natural frequency parameter gradually drops for both the 
unstiffened and stiffened cases. There has been virtually little decline in natural frequency. 
The decrease in stiffness causes the structural rigidity to decrease, which lowers natural 
frequencies. All stiffener types effectively lower the natural frequency, even if pattern 2 
has better vibration characteristics. 
 

  
a) ς = 0.1 b) ς = 0.2 

  
c) ς = 0.3 d) ς = 0.4 

 
e) ς = 0.5 

Fig. 8 The effect of uniform thermal environment on natural frequency parameter of 
stiffened FGM plate for various cutout ratio 
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 3. 7 Vibration characteristics of stiffened FGM plate with cutout under linear 
 temperature rise 

 Thermal vibration characteristics under linear temperature increase have been 
studied using the same FGM plate as described in the preceding section. For 
various cutout ratios, Fig. 9. illustrates how the natural frequency characteristics of both 
stiffened and unstiffened FGM plates are affected by a linear temperature rise. The 
natural frequency parameter gradually decreases as temperature rises, exhibiting similar 
behaviour to that of the uniform thermal environment. 

  
a) ς = 0.1 b) ς = 0.2 

  
c) ς = 0.3 d) ς = 0.4 
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e) ς = 0.5 

Fig. 9 The effect of linear temperature rise on natural frequency parameter of stiffened 
FGM plate for various cutout ratio 

 
 

 
 3. 8 Regression analysis for thermal vibration characteristics of stiffened 
 FGM plate with cutout 

 Regression analysis has been done to understand how temperature influences 
vibration characteristics, much like it does for thermal buckling characteristics. The 
findings of thermal vibration characteristics of a stiffened FGM plate exposed to a linear 
temperature rise are numerically obtained and employed for this statistical study. The 
response is the natural frequency parameter, and the outer layer's temperature and the 
cutout ratio are independent variables. A multiple quadratic regression model is created 
as shown in Eqs. (13 - 15) for the FGM plate with patterns 1, 2, and 3. These models 
show that temperature and temperature-cutout ratio interaction have a negligible effect 
on natural frequency parameter. 
 
ω* (pattern 1) = 4.4731 - 0.000192 T - 3.666 ς + 8.102 ς2 + 0.000233 Tς         (13) 
ω* (pattern 2) = 4.4892 - 0.000069 T - 3.719 ς + 9.699 ς2 - 0.000087 Tς          (14)  
ω* (pattern 3) = 4.3806 - 0.000163 T - 2.508 ς + 6.849  ς2+ 0.000129 Tς         (15) 

 
 In the present study, an ANOVA was conducted at a 95% assurance level. Tables 
7 - 9 present ANOVA for thermal vibration properties of the FGM plate with stiffener 
patterns 1, 2, and 3, respectively. The results of the ANOVA demonstrate that, with the 
exception of the influence of individual temperature and the interaction between 
temperature and cutout ratio, each coefficient's P-value was less than 0.05. The greater 
value F is calculated in relation to the cutout ratio, which is the parameter that has the 
greatest impact on vibration characteristics. The R² value, adjusted R² value, and 
predicted R² value are more than 99 % as shown in Tables 8 - 10 for all stiffener patterns 
revealing the strong relation between the response and independent factors. As seen in 
Fig. 10, the response surface graph illustrates the interaction effects of cutout ratio and 
temperature on natural frequency parameter of FGM plate for distinct stiffener patterns.  
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Error % between the predicted response from regression analysis and the actual 
response from numerical simulation is relatively small. 

 
Table 7 ANOVA for thermal vibration characteristics of FGM plate with pattern 1 

Source DF Adj SS Adj MS F-Value P-Value 
Model 5 1.89648 0.37930 993.84 0.000 

T 1 0.06870 0.06870 180.02 0.000 
ς 1 1.18373 1.18373 3101.65 0.000 
T² 1 0.00033 0.00033 0.87 0.358 
ς² 1 0.64333 0.64333 1685.67 0.000 
Tς 1 0.00038 0.00038 1.00 0.326 

Error 29 0.01107 0.00038   
Total 34 1.90754    

R²  = 99.42 %, adjusted R² = 99.32 %, predicted R² = 99.17 % 
 
 
 

Table 8 ANOVA for thermal vibration characteristics of FGM plate with pattern 2 
Source DF Adj SS Adj MS F-Value P-Value 
Model 5 3.98773 0.79755 1780.48 0.000 

T 1 0.08995 0.08995 200.80 0.000 
ς 1 2.97525 2.97525 6642.10 0.000 
T² 1 0.00055 0.00055 1.22 0.277 
ς² 1 0.92193 0.92193 2058.17 0.000 
Tς 1 0.00005 0.00005 0.12 0.734 

Error 29 0.01299 0.00045   
Total 34 4.00072    

R²  = 99.68 %, adjusted R² = 99.62 %, predicted R² = 99.54 % 
 

Table 9 ANOVA for thermal vibration characteristics of FGM plate with pattern 3 
Source DF Adj SS Adj MS F-Value P-Value 
Model 5 2.46410 0.49282 1391.67 0.000 

T 1 0.07676 0.07676 216.75 0.000 
Σ 1 1.92720 1.92720 5442.20 0.000 
T² 1 0.00038 0.00038 1.08 0.308 
ς² 1 0.45965 0.45965 1298.00 0.000 
Tς 1 0.00012 0.00012 0.33 0.572 

Error 29 0.01027 0.00035   
Total 34 2.47437    

R²  = 99.58 %, adjusted R² = 99.51 %, predicted R² = 99.44 % 
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a) Pattern 1 b) Pattern 2 

 
c) Pattern 3 

Fig. 10 Response surface graph showing the interaction between temperature and 
cutout ratio on natural frequency parameter of FGM plate for various stiffener patterns 

 
4. CONCLUSIONS 
 
 A coupled thermo-structural analysis was conducted on both unstiffened and 
stiffened FGM plates exposed to distinct thermal environments and linear temperature 
gradients. The analysis utilized power law formulation and temperature-dependent 
material properties to assess buckling as well as vibration characteristics of the FGM 
plates. Thus, quantified the influence of uniform thermal environment and linear 
temperature rise on the stiffened FGM plates. The buckling load parameter as well as 
natural frequency parameter of stiffened FGM plate decrease with increasing 
temperature, regardless of the stiffener patterns. Stiffeners are more effective when the 
cutout ratio is larger. Pattern 1 provides better buckling resistance, while Pattern 2 
enhances vibration behaviour for FGM plate under both uniform temperature as well as 
linear temperature gradients. A quadratic regression model was developed for thermal 
buckling and thermal vibration characteristics under linear temperature gradients, 
revealing that temperature has less influence than cutout ratio on the buckling load 
parameter and natural frequency parameter. 
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