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1. Introduction 

Due to the nature of the aviation industry, it has 

become imperative to use light and strength materials in the 

design of constructions used in this area. This necessity re-

quires the use of aluminum alloys or polymer matrix com-

posites in the industry. Aluminum alloys and composite ma-

terials are predominantly used in the outer surfaces of air-

craft and in the connection components on the outer surface. 

These structures are usually connected by mechanical con-

nections or by using various adhesives. Riveted connections 

are the most commonly used ones among the mechanical 

connections.  

Fatigue is the local and progressive structural dam-

ages of materials under the cyclic and variable loading con-

ditions. Thermal fatigue, a type of fatigue, is the result of 

cyclic temperature changes depending on the operating con-

ditions of materials, causing in the formation of micro-

cracks on the surface of the materials and these micro-cracks 

propagations cause structural damages to the structure.  The 

materials used in the aviation sector are subjected to contin-

uous and cyclic temperature changes due to their operating 

conditions. The thermal loadings occur between the subzero 

and above zero temperatures. Thermal loading intensity and 

period, which are difficult to predict during the design stage, 

may cause damages on the materials and deterioration on 

the structures. The investigation of the formation of thermal 

fatigue and its effects on the different materials is important 

in terms of safety and costs.  

The structures in the aviation industry are affected 

at a high rate from the thermal fatigue because it is usually 

necessary to use thin plates in the design of these structures 

to reduce the weight. Therefore, the researches in this con-

cern are important to prevent or minimize the damage 

caused by this type of loadings. When the literature is ex-

amined, it is seen that generally thermal fatigue properties 

are examined between high temperatures above zero de-

grees.  Lee et al. [1] investigated between ambient tempera-

ture and + 177 °C, Persson et al. [2, 3] between 170 °C and 

650-850 °C, Paffumi et al. [4] between ambient temperature 

and 300-550 ° C, Toshio Ramanujam et al. [5] between am-

bient temperature and 140 °C. In addition, in some studies, 

the thermal fatigue characteristics have been examined for 

restricted materials for below and above zero degrees [6-

13]. Both metal (especially steel) and composite materials 

are researched. In one study, it was shown that carbon fiber 

reinforced polymer composites were not resistant to thermal 

fatigue [14]. Since the fiber and matrix used in the polymer 

composites have different coefficients of thermal expan-

sion, the formation of high thermal stresses occurs. 

Bhattachar [15] researched the thermal fatigue 

characteristics of nickel-based super alloy 263.  Influences 

of variations of thicknesses examined and the number of cy-

cles at which crack initiated was investigated. Results have 

shown that thickness didn’t have important influences on 

the thermal fatigue resistance. Effects of thermal cycles on 

the crack initiation and propagation of 316 L steel have been 

researched by Fissolo et al. [16] and Robertson et al. [17]. 

Effects of thermal fatigue on crack initiation and growth of 

AISI 304L stainless steel was investigated by Haddar et al. 

[18]. A model to predict the crack network propagation un-

der thermal loads was constructed. Thermal fatigue analyses 

of cast irons used in the automotive industry have been per-

formed by Mellouli et al. [19]. Influences of temperature, 

microstructure and chemical compositions of used material 

types on starting of crack and propagation of crack with the 

effects of thermal cycles were studied. Agbadua et al. [20] 

investigated the thermal fatigue resistance of low carbon 

steels. Composition analyses were conducted to determine 

the carbon ratio in the received materials. Moon and Tae 

Kwon [21] studied thermal fatigue characteristics of stain-

less steel (300 series). It was shown that thermal fatigue du-

rability of STS 304 was better among the 300 series stainless 

steels. Mechanisms of thermal fatigue and phase change of 

steels used in brake discs were analyzed by Li et al. [22]. 

Initiation and growth of thermal cracks with the effects of 

hard braking processes were examined. 

Szmytka et al. [23] studied thermal fatigue anal-

yses of automotive diesel piston by experimentally and nu-

merically. A fatigue criterion for aluminum alloys were pro-

posed to predict the life of the piston under cyclic loading. 

Thermal mechanical fatigue characteristics of single crystal 

super alloy were researched by Segersall et al. [24]. Influ-

ences of alloying with Si or Re were explained. Kwon et al. 

[25] studied on the damage analyses of wheels which ex-

posed thermal loads. Metallurgical transformation analysis, 

hardness analysis, and the residual stress analysis were per-

formed. Finite element (FE) analyses were also conducted. 

It was shown that the hardness of thermally damaged region 

was higher than the non-damaged wheel.  Yeter [26] studied 

the thermal fatigue characteristics of materials used in aero-

space structures. Thermal fatigue resistance of tool steels 

was determined by Chen et al. [27]. Firstly, thermal fatigue 

tests were performed to observe thermal cracks using induc-

tion heating and water cooling cyclically. Then, FE analyses 

were conducted by using data observed from experimental 

study and energy-based model.  

The literature review showed that it is generally 

seen that thermal fatigue properties are examined between 

high temperatures above zero degrees. No studies have been 

done on the effects of thermal fatigue on riveting parame-

ters. In this study, effects of thermal fatigue on the riveting 

parameters for 2014, 2024, 6061 and 7075 aluminum alloys 

which are widely used in the aviation industry have been 
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investigated. An algorithm has been developed under 

ANSYS finite element analysis software to determine the 

behavior of these structures that are exposed repeated ther-

mal loading. The rivet spacing (RS), the rivet edge distance 

(ED) and the rivet hole diameter (RD) were selected as riv-

eting parameters. It is aimed to determine the optimum val-

ues of the parameters used under thermal fatigue loading 

and the most suitable one for this loading among the mate-

rials used. 

2. Materials and methods 

In this study, the effects of thermal fatigue loading 

on the riveting parameters with the aid of an algorithm de-

veloped under ANSYS finite element analysis software. The 

flow chart used in this algorithm is given in Fig. 1. This al-

gorithm is based on the principle of determining the distri-

bution of the safety factor on the material subjected to the 

thermal fatigue load. As given in the flowchart, a fatigue 

failure theory is used in designing for fatigue life. The 

Soderberg failure theory, which is the more conservative 

theory, was used in this study. For Soderberg failure theory, 

the Eq. (1) is used to obtain safety factor: 
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where: n is Safety factor, Sa is Alternating stress, Sm is Mean 

stress, Se is Endurance strength, Sy is Yield strength. 

 

 
 

Fig. 1 Flowchart for design for fatigue strength 

In the algorithm, the alternating stress and mean 

stress are calculated using data obtained after cyclic thermal 

loading. Then, safety factor distribution of materials is cal-

culated using the other information of materials such as en-

durance strength and yield strength using eq. (1). Thin plate 

having 144x144x2 mm dimensions is used as case study. 

3/32" (2.38 mm), 1/8" (3.17 mm), 5/32" (3.96 mm) and 

3/16" (4.76 mm) rivet diameters were selected since they are 

commonly used ones. The rivet drill diameters to be opened 

for these rivet diameters are 2.5 mm, 3.2 mm, 4 mm and 4.8 

mm, respectively. The rivet drill diameter (rivet hole diam-

eter) was selected to be 3.2 mm when the rivet diameter was 

considered constant in the study and the effects of other riv-

eting parameters were investigated. In the study, the rivet 

spacing (RS), the rivet edge distance (ED) and the rivet hole 

diameter (RD) were selected as riveting parameters. 

In order to inspect the thermal stresses of the plates 

with riveting parameters, the SHELL181 element type is 

used. SHELL181 is suitable for analyzing thin to moder-

ately-thick shell structures. It is a four-node element with 

six degrees of freedom at each node: translations in the x, y, 

and z directions, and rotations about the x, y, and z-axes. 

SHELL181 is well-suited for linear, large rotation, and/or 

large strain nonlinear applications. Temperatures can be in-

put as element body loads at the corners of the outside faces 

of the element and at the corners of the interfaces between 

layers [28]. In this study, the uniform temperature was as-

signed to the nodes considering reference temperature as 

25°C. Like a structural analysis under the mechanical loads, 

the thermal strains are obtained after each load cycle. Sur-

face of the element can be subjected to both maximum ten-

sion and maximum compression stresses in one full rotation. 

This type of loads creates fatigue on the structures and 

known as reversed type stress. In the study, reversed type 

fatigue loading was used. Firstly, +70°C uniform tempera-

ture load was applied and then the plate subjected to -70°C 

thermal load (no extra mechanic loads are applied to see the 

direct effects of thermal loads). Thermal strains are obtained 

for both types of loadings. The safety factor distributions of 

plates were predicted using the failure criteria, obtained 

stresses from thermal strains, and the other material proper-

ties. Rivet pins are considered rigid. The plate is fixed from 

the pin holes (Fig. 2) providing no translations in the x, y, 

and z directions, and no rotations about the x, y, and z-axes. 

The material properties of the used aluminum alloys are 

given in Table 1. These material properties, determined in 

standard conditions (room-temperature), are taken from a 

strength of materials textbook [29]. 

As given in Fig 1, there are two alternatives for the 

design for fatigue strength; design for finite or infinite life. 

If the life is chosen as infinite (in this study it was chosen) 

endurance strength is used. In experimental fatigue strength 

studies, the structures are exposed to the cycles under con-

stant or increased stresses and life of the structure are ob-

tained from cycle and stress information. For infinite fatigue 

predictions, it is considered that the structure can have at 

least 106 cycles. This approach was used in this numeric 

study. So, in this study, the safety factor distributions of 

structures can be obtained instead of maximum stress and 

cycle curves.  

Table 1 

Material Properties 

 
 

 

 

Material 

Yield 

stress 

σy, 

MPa 

Young’s 

modulus 

E, MPa 

Modulus 

of 

Rigidity 

G, GPa 

Poisson’s 

ratio, 

Thermal 

expansion 

coefficient  

 α, °C-1 

Al 7075 T6 500 72 28 0.3 23.6x10-6 

Al 6061 T6 240 70 26 0.3 23.6x10-6 

Al 2024 T4 325 73 27 0.3 23.2x10-6 

Al 2014 T6 400 75 27 0.3 23.0x10-6 
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Fig. 2 Boundary conditions 

 

Furthermore, d, RS, ED and Rd abbreviations 

stand for rivet diameter, rivet spacing, rivet edge distance 

and rivet hole diameter, respectively as shown in Fig. 3. 
 

 
 

Fig. 3 Riveting parameters 

3. Results and discussions 

Aim of this study is to predict thermal fatigue re-

sistance of various Al Alloys (7075 T6, 6061 T6, 2024 T4 

and 2014 T6) by means of safety factor distributions on the 

structures that are exposed to the cyclic thermal loading and 

to find effects of thermal fatigue on riveting parameters. The 

rivet spacing (RS), the rivet edge distance (ED) and the rivet 

hole diameter (RD) were selected as riveting parameters. It 

is aimed to determine the optimum values of the parameters 

used under thermal fatigue loading and the most suitable one 

for this loading among the materials used.   

3.1. Effects of rivet spacing 

The rivet spacing is the distance between the cen-

ters of the rivets on the same row of the plate. When inves-

tigating the effects of the rivet spacing on thermal fatigue 

resistance of structures, the rivet spacing is changed to be 3 

times (3 d), 4 times (4 d), 5 times (5 d), 6 times (6 d), 7 times 

(7 d), and 8 times (8 d) of used rivet diameter. In Fig. 4, the 

relationship between the change of rivet spacing and the 

change of minimum safety factor values for different alumi-

num types is given. As can be seen, the highest safety factor 

value for all material types is obtained when the rivet spac-

ing is 3 times the rivet diameter. 

It was known that the increase of rivet spacing un-

der compressive loading causes the failure [30]. For thermal 

fatigue case, it is also seen that the plates under thermal fa-

tigue load, the value of the safety factor decreases. In other 

words, the possibility of being a failure of structures are in-

creased when RS is increased as shown in Fig.  4 and nu-

merical values are given in the Table 2. It is seen from the 

Fig.  4 that safety factor decreases by changing rivet spacing 

from 3D to 8D for all material types.  For all RS values, it 

was found that material 7075 has the highest safety coeffi-

cient distribution among aluminum alloys. 

In Fig. 5, the distribution of the safety factor on the 

plate is given as an example, in the case of the RS equals to 

the 8d. 

 
 

Fig. 4 Variation of minimum safety factor with rivet spacing 
 

 

a 

 

b 

 

c 

 

d 

Fig. 5 Safety factor distribution of AL alloys with RS = 8d 

and ED=2.5d a) 7075T6, b) 6061T6, c) 2024T4,  

d) 2014T6 
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Table 2 

Minimum safety factor values with rivet spacing 

Rivet 

Spacing 

Al 7075 

T6 

Al 6061 

T6 

Al 2024 

T4 

Al 2014 

T6 

3d 4.576 2.403 2.190 3.667 

4d 4.249 2.267 2.066 3.459 

5d 3.816 1.996 1.819 3.046 

6d 3.432 1.776 1.619 2.711 

7d 3.177 1.645 1.499 2.510 

8d 3.029 1.565 1.426 2.388 

3.2. Effects of rivet edge distance 

The rivet edge distance is the distance from the 

center of the rivet to the edge of the plate. While the effects 

of the rivet edge distance (ED) on thermal fatigue were in-

vestigated, the rivet edge distance was considered to be 1 

times (1 d), 2.5 times (2.5 d) and 5 times (5 d) of the rivet 

diameter used. While the effect of the rivet edge distance is 

researched, the rivet area and rivet hole diameter are as-

sumed to be 3d and 3.2 mm, respectively. Fig. 6 and Table 

3 show the relationship between the change in rivet edge 

distance and the change in minimum safety factor values for 

different types of aluminum. As was the case with mechan-

ical loading [31], when the rivet edge distance increased 

from 1d to 2.5 d, the safety factor values increased for all 

material types. When the rivet edge distance is greater than 

2.5 d, the value of the safety factor begins to decrease. For 

all ED values, it is seen that material 7075 has the highest 

safety factor distribution among the used aluminum alloys. 

Furthermore, it has been determined that the 2024 T4 alloy 

has the smallest value of safety factor. 

Table 3 

Minimum safety factor values with rivet Edge Distance 

Rivet 

Edge 

Distance 

Al 7075 

T6 

Al 6061 

T6 

Al 2024 

T4 

Al 2014 

T6 

1d 3.99 1.993 1.816 3.041 

2.5d 4.552 2.413 2.199 3.682 

5d 4.505 2.341 2.134 3.573 

 
 

Fig. 6 Variation of minimum safety factor with rivet spacing 

3.3. Effects of rivet hole diameter 

While the effects of the size of the rivet hole on 

thermal fatigue were investigated, the rivet diameters used 

were chosen as 2.5 mm, 3.2 mm, 4 mm and 4.8 mm. The 

relationship between the variations of the minimum safety 

factor values with respect to the variation of rivet diameters 

for different aluminum types is given in Fig.  7 and table 4. 

It is known that using bigger sizes of rivets increases the 

maximum mechanical load that can be carried by a thin plate 

[30]. It has been seen that when the rivet hole diameter is 

increased from 2.5 mm to 4.8 mm, the safety factor value 

increases with this change. For all rivet diameters, it is seen 

that material 7075 has the highest safety factor distribution 

among aluminum alloys. Moreover, it is seen that Al 2024 

T4 alloy has the smallest safety factor value.  

 
 

Fig. 7 Variation of minimum safety factor value with rivet 

hole diameter 

Table 4 

Minimum safety factor values with rivet hole Diameter 

Rivet 

hole Di-

ameter 

(mm) 

Al 7075 

T6 

Al 6061 

T6 

Al 2024 

T4 

Al 2014 

T6 

2.5 4.042 2.128 1.940 3.248 

3.2 4.552 2.413 2.199 3.682 

4 4.937 2.628 2.396 4.011 

4.8 5.207 2.725 2.484 4.159 

4. Conclusions 

In this study, thermal fatigue resistance of various 

Al Alloys (7075 T6, 6061 T6, 2024 T4 and 2014 T6) by 

means of safety factor distributions on the structures that are 

exposed to the cyclic thermal loading was investigated. And 

effects of riveting parameters on this resistance was re-

searched. The rivet spacing (RS), the rivet edge distance 

(ED) and the rivet hole diameter (RD) were selected as riv-

eting parameters.  It is aimed to determine the optimum val-

ues of the parameters used under thermal fatigue loading 

and the most suitable one for this loading among the mate-

rials used. From the present study, the conclusions can be 

summarized as: 

- It has been determined that when the rivet spacing 

is 3 times the rivet diameter (3d), the highest safety 

factor value is obtained for all material types and 

this value decreases when the rivet spacing is in-

creased. In the case of rivet spacing is 3d, the safety 

factor value of 7075 T6 aluminum alloy is about 

52% higher than 2024 T4. When the rivet spacing 

is increased from 3d to 8d, the safety factor value 

for the 7075 T6 aluminum alloy is reduced by 

about 34%. 

- When the effect of the rivet edge distance is exam-

ined, it is seen that when the rivet edge distance 8d 
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is chosen, the highest safety factor value is ob-

tained.  

- When the rivet edge distance 2.5d is used, the 

safety value is the smallest. For 2.5d ED, the safety 

factor value of 7075 T6 aluminum alloy is about 

49% higher than 2024 T4. When the rivet edge dis-

tance is increased from 1d to 5d, the safety factor 

for the 7075 T6 aluminum alloy increases by 13%. 

- In addition, rivet hole diameter increased from 2.5 

mm to 4.8 mm, and safety factor value increased 

with this change. When the rivet hole diameter is 

equal to 4.8 mm, the Al 7075 T6 safety factor is 

about 44% higher than the Al 2024 T4.  
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E. Yeter 

THERMAL FATIGUE ANALYSES OF RIVETED 

STRUCTURES 

S u m m a r y 

In this study, the effects of thermal fatigue loading 

on the riveted structures made of 2014, 2024, 6061 and 7075 

aluminum alloys which are widely used in the aviation in-

dustry have been investigated. An algorithm has been devel-

oped under ANSYS finite element analysis software to de-

termine the behavior of these structures that are exposed re-

peated thermal loading. This algorithm is based on the prin-

ciple of determining the distribution of the safety factor on 

the material subjected to the thermal fatigue load. In the 

study, the rivet spacing (RS), the rivet edge distance (ED) 

and the rivet hole diameter (RD) were selected as riveting 

parameters. It is aimed to determine the optimum values of 

the parameters used under thermal fatigue loading and the 

most suitable one for this loading among the materials used. 

It is seen that 7075 aluminum alloy has the highest safety 

factor distribution for all the models in which the effect of 

these parameters was investigated. It has been determined 

that when the rivet spacing is 3 times the rivet diameter (3d), 

the highest safety factor value is obtained for all material 

types. And this value decreases when the rivet spacing is 

increased. When the effect of the rivet edge distance is ex-

amined, it is seen that when the rivet edge distance 8d is 

used, the highest safety factor value is obtained. The safety 

factor value is the smallest when the rivet edge distance is 

2,5d. In addition, when rivet hole diameter increased from 

2.5 mm to 4.8 mm, it was determined that safety factor value 

increased. 

Keywords: thermal fatigue, riveting parameters, aluminum 

alloys, finite element method (FEM). 
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