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Abstract
The objective of this study is to quantitatively analyze the static and fatigue characteristics of the repeated welding, operating 
temperatures, and surface defects (notches) in tubes with Al3003-O aluminum, which is applied to the heat exchangers. In 
particular, fatigue characteristics on actual aluminum tubes are evaluated. It was confirmed the grain size increases and the 
hardness decreases due to changes in the internal structure as the number of repeated welding increases. The fatigue limit 
of the aluminum tube at the operating temperature was 49.02 MPa which was lower than the room temperature. Also, the 
fatigue limit of the notched aluminum tube is measured to be 29.37 MPa which is reduced compared to that of the speci-
mens without a notch; the fatigue notch factor is 1.67. Based on the Peterson equation, the material constants were derived 
by combining the results (fatigue notch factor, etc.) obtained through analysis and experiments. Derived material constants 
allow the prediction of fatigue limits for various defect (notch) sizes that may occur during the manufacturing and assembly 
of the heat exchanger.
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1 Introduction

Copper material has been extensively utilized in heat 
exchanger industries due to its outstanding thermal conduc-
tivity and corrosion resistance [1–4]. As copper prices have 
risen in recent years, manufacturers have been very inter-
ested in finding alternatives to copper tubes [5]. Aluminum 
is currently considered a replacement for copper due to its 
low cost, high corrosion resistance, high productivity, and 
low weight [6–8]. Aluminum tubes are 75% cheaper and 35% 
lighter than copper. Moreover, aluminum has outstanding 

strength, so it is widely used in the form of an alloy in the 
manufacturing field [9, 10]. Therefore, aluminum tubes with 
good thermal conductivity are used to replace copper tubes 
for heat exchangers for air conditioners [11, 12].

However, aluminum tubes have lower strength compared 
to copper tubes, so they are susceptible to deformation dur-
ing installation. Surface defects (notches) are frequent, espe-
cially when aluminum tubes go through the heat exchanger 
manufacturing process. Since heat exchanger tubes for air 
conditioners are exposed to vibration and heat load for 
the long term after installation, they must be inspected for 
fatigue failure [13, 14]. Therefore, fatigue life testing is nec-
essary, and if the product cannot meet the target fatigue life, 
design modifications and re-inspection are required. As a 
means to solve this problem, many studies are being con-
ducted to predict fatigue life using FE analysis. It can be 
estimated using the theoretical fatigue life equation from the 
literature, along with the stress values of the structure based 
on FE analysis [15, 16]. However, due to complex operating 
conditions and material composition, fatigue life predictions 
are generally unreliable [17]. To overcome such shortcom-
ings, a probabilistic approach is based on a methodology for 
predicting S–N fatigue curve parameters. The parameters are 
modified using an S–N fatigue curve obtained from fatigue 
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life tests based upon standard specimens [18–20]. However, 
this methodology still gives inaccurate fatigue life since the 
shape between the actual product and standard specimen is 
different. Therefore, many researchers are conducting vari-
ous experiments to predict fatigue life.

Choi et al. confirmed the fatigue characteristics between 
the standard specimen extracted from the steel pipe for water 
supply and the actual pipe through a fatigue life test. They 
confirmed that the actual pipes had significantly shorter 
fatigue life [21, 22]. Lee et al. analyzed the effect of weld-
ing residual stress of pipes on the fatigue crack growth. It 
was confirmed that the residual stress increases the fatigue 
crack propagation rate of weld zones compared to the base 
metal. This work is expected as the influence of microstruc-
ture changes [23]. Regarding the product operating environ-
ment, it is investigated that the fatigue strength decreases to 
the concentration of stress with the increase in the surface 
roughness of the corroded steel [24, 25]. In addition, despite 
the pressure boundary component being designed conserva-
tively, the fatigue life test should be conducted by consid-
ering actual operating conditions since material properties 
could be changed under high temperature and high pressure 
[26]. Based on previous research by Wilson [27], Elbel et al. 
conducted an aluminum press-fitting fatigue life test under 
actual operating conditions such as temperature cycling, etc. 
Since fatigue life test results are similar for both copper and 
aluminum press-fittings, it is claimed that aluminum fittings 
could replace copper fittings [28].

Fatigue life testing on standard specimens is usually 
performed to analyze fatigue characteristics from a mate-
rial point of view. Many studies have fatigue life tests per-
formed to analyze the various conditions on fatigue char-
acteristics; surface finishes, heat treatments, and so o [29, 
30]. For example, tubes applied to heat exchangers for the 
cooling system (i.e., air conditioners) are manufactured by 
drawing and extruding original materials. These processes 
make material homogeneity differences and affect various 
material properties, including strength and hardness. The 
heat exchanger tube is installed via additional processes 
such as welding and cutting. These defects, such as notches 
and grooves on the tube surface, occur during installation. 
Therefore, the non-uniform material properties of the tube 
and differences in stress distribution lead to actual tubes hav-
ing different fatigue characteristics from standard test speci-
mens. Furthermore, less accurate fatigue characteristics can 
be obtained if standard test specimens are used and external 
operating requirements are not considered. A quantitative 
analysis of fatigue characteristics is required regarding the 
actual tubes instead of standard test specimens.

A systematical analyzed the effects of environmental factors 
on aluminum tubes made by Al3003-O materials and defects 
arising from the machining and assembling heat exchangers on 

fatigue and material properties. For this purpose, the interrela-
tion between the changed grain sizes and the hardness of the 
aluminum tube is investigated by repeated welding at the air 
conditioner installation site. Moreover, evaluated the fatigue 
life of actual aluminum tubes under elevated operating tem-
perature and defects conditions.

2  Materials and Methods

2.1  Aluminum Tube Specimen

The Al3003-O aluminum tubes used in heat exchangers for air 
conditioners are made through the process of extrusion and 
have excellent formability and corrosion resistance (Table1).

2.2  Specimen Preparation for Hardness 
Measurements and Grain Size Analysis

An air conditioner consists of an indoor unit responsible for 
controlling indoor air conditions and an outdoor unit that 
rejects heat from the external environment. The two units are 
connected using aluminum tubes. Welding of the aluminum 
tubes is performed during the installation of an air conditioner, 
and welding is repeated for the purpose of re-installation and 
repairs. This may cause structural changes in the material of 
the tubes, and such changes can be observed in the grain size. 
The material quality should be maintained by maintaining the 
grain size at a certain level because a larger grain size lowers 
the yield strength, hardness, and fatigue life of the tubes. The 
repeated welding of the aluminum tube occurs during air con-
ditioner installation, resulting in a change in the grain size of 
the aluminum tube. Therefore, a correlation analysis is carried 
out between the hardness and grain size of the aluminum tube 
according to the number of repeated welding. The welding 
was performed on the aluminum tube surface for about 10 s 
with a gas torch at a temperature of approximately 580 °C, and 
air-cooled for 1 h. Four specimens are prepared each under 
different welding conditions of 0, 1, and 5 times, amounting 
to 12 specimens. The repeated welding conditions are set up 
to a maximum of 5 times considering the actual installation 
environment. The epoxy molding specimens are prepared by 
wire cutting the torched area, and it is finely ground to a maxi-
mum of 1 μm. Further, the polished surface is etched with DI 
105 ml, HCl 9 ml, and FeCl3 3 g for analyzing grain size and 
measuring hardness (Fig. 1).

Table 1  Chemical composition (wt%) of Al3003-O aluminum tubes

Al Cu Fe Mn Si Zn

96.70–99.00 0.05–0.20  ≤ 0.70 1.00–1.50  ≤ 0.60  ≤ 0.10
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2.3  Design of Fatigue Life Test Specimens

2.3.1  Un‑notched Tube Specimens

Metal plugs are embedded in both ends of the aluminum 
tube and mount the specimen to the jigs to perform fatigue 
life tests. The shape was designed so that fatigue fracture 
occurred at the center of the aluminum tube during the 
fatigue life test.

FE analysis is performed to determine the fracture posi-
tion when metal plugs are included in aluminum tubes under 
the unprocessed state. A 3D model of an aluminum tube 
with a metal plug inserted is created by ANSYS software 
(V19.1, USA); the tube's outer diameter and thickness are 
15.88 mm and 1.9 mm respectively. The analysis is carried 
out by applying symmetric boundary conditions and sim-
plifying the FE model with one quarter. The mesh created 
nodes and the elements to 30,000 and 10,000 using hexahe-
dral elements, respectively. In our previous study, the tensile 
and yield strength of Al3003-O aluminum tubes are obtained 
from tensile tests; Referring to the online database Matweb, 
the material properties are established with an elastic modu-
lus of 69 GPa and Poisson's ratio of 0.33. The metal plug 
is employed with the properties of structural steel, which 
is built in the ANSYS Material Library; the tensile yield 
strength is 250 MPa. In the case of the loading condition, a 
bending moment of 300 N mm is subjected to one end of the 
aluminum tube (Fig. 2).

As a result of structural analysis, the high stress is evenly 
distributed on the surface, so no fracture occurred in the 
center of the tube (Fig. 3a). Therefore, it is designed as a 
concave specimen (R 200 mm) with the tube center thick-
ness reduced to 0.94 mm in consideration of the area where 
high stress is distributed on the surface, and FE analysis 
confirmed that fractures occurred in the center of the tube 
(Fig. 3b).

2.3.2  Notched Tube Specimens

The occurred surface defects of the aluminum tube during 
the heat exchanger manufacturing process cause stress con-
centration and shorten the fatigue life. This study measures 
the notch generated in the processing and assembling of 
heat exchangers in air conditioners. The size of the notch 
was measured for a total of 30 locations, and the average 
value was obtained. The notched tube specimen was manu-
factured by creating a V-notch on the surface of an un-notch 
tube specimen. These were to predict the fatigue life of a 
defective tube. Every surface defect is in a V-notch shape of 
0.115 mm in depth, 90° angle, and 0.02 mm radius (Fig. 4).

2.4  Condition of Rotational Fatigue Life Test

Fatigue life tests are conducted by employing a rotational 
fatigue life tester (Fig. 5), and the stress ratio (R) is set as 
−1, in which tensile and compressive stress is repeated iden-
tically. In particular, fixing the fatigue life test specimens, 
after confirming the eccentricity with a dial gauge (0.05 mm 
or less), a fatigue life test is performed at a rotation speed of 
1800 rpm. The bending stress produced by the bending load 
is calculated following Eq. (1).

where d and D values are obtained by measuring the inner 
and outer diameters of the aluminum tube with an electronic 

(1)�max =
16 × D × L × P

�

(

D4 − d4
)

Fig. 1  Cross-section of epoxy 
molded specimens made by cut-
ting the part which is repeatedly 
welded in an aluminum tube

Fig. 2  Finite element (FE) model and loading conditions
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digital caliper, P is the applied load on the rotational fatigue 
test specimens, and L is the distance between the points 
under load which is 200 mm. The fatigue life tests are per-
formed at varying maximum stress under two different tem-
peratures (25, 125 °C) and notched conditions; ten test speci-
mens are used for each condition. Each test is completed 
when the specimen fails or reaches the fatigue limit (1 ×  107 
cycles). Fractures are observed in the center of the specimen 
as predicted by the specimen design (Fig. 5).

3  Results and Discussion

3.1  Hardness Measurements and Grain Size 
Analysis

The grain size of the etched surface at a magnification 
of 100 × is observed by employing a metallurgical micro-
scope (Nikon, MA200, Japan). A total of 4-grain sizes 
are observed and measured at two locations per specimen: 
upper and lower thickness regions. The grain size ( Dm ) 
was measured and calculated by employing the linear 
intercept method referred to in ASTM E112 [31]; the grain 
size is counting the number of grains ( n ) from 5 parallel 
lines of length L (mm) in the metallurgical microscope 
image (Fig. 6), which is calculated through Eq. (2).

where P is the number of parallel lines, and M is the magni-
fication. The surface micro-hardness of the aluminum tube 
according to the number of repeated welding was measured 
using an HM-100 tester from Mitsubishi corporation. The 
surface microhardness was measured from the area of the 
indentation generated by holding a 0.1 kgf load for 10 s. 
The surface micro-hardness was respectively measured by 

(2)Dm =
L × P

n ×M

Fig. 3  Structural analysis 
results: a Selection of cutting 
thickness in the unprocessed 
state, b Designed as a concave 
test specimen (R200 mm) 
whose tube center thickness is 
reduced to 0.94 mm

Fig. 4  Dimension of V-notch
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designating 10 points at the area of the upper and lower 
thickness per specimen (Fig. 7).

As a result of measuring the heat-affected zone follow-
ing the number of repeated welding, the grain size is found 
to be 99.82 ± 9.72 (n = 16) for the unheated specimens, 
122.87 ± 7.33 (n = 16) when heated once, and 174.32 ± 36.45 
(n = 16) when heated five times (Fig. 3, Table 2). As a result, 
it is confirmed that the grain size increased with the num-
ber of repeated welding. Furthermore, the hardness is found 
to be 40.72 ± 0.45 Hv (n = 80) for the specimens without 
heating, 36.61 ± 0.41 Hv (n = 80) when heated once, and 
34.49 ± 0.40 Hv (n = 80) when heated five times (Table 2). 
A one-way ANOVA (Microsoft Excel, USA) is conducted 
to analyze the influence of repeated welding on hardness, 
and it was found to be statistically significant at a 0.05 level 
( P < 0.05 ). Consequently, the hardness is decreased by 
increasing the repeated welding number (Table 2).

Based on this, the correlation between the two variables 
(grain size, d—hardness, Hv ) under the number of repeated 
welding is written as an equation (Fig. 8a, R2 = 0.999),

The specimens welded once repeatedly indicate about 
19% coarser grain boundary and more than 11% further 
smaller hardness values than the unheated specimens. The 
decrease in hardness with repeated welding is not greater 
than the grain size increase, and both hardness and grain size 
gradually converge over time.

Grain size—hardness, the non-linear correlation between 
two variables is expected to significantly decrease both hard-
ness and mechanical strength, even in a single weld. In general, 
the grain size becomes finer and the grain spacing narrower as 

(3)Hv = 232.87 × exp
(

−
d

28.12

)

+ 34.02

the dislocation increases. At this time, the number of grains 
existing in a unit volume increases and acts as an obstacle to 
the movement of dislocations. Thus, the resistance to deforma-
tion increases, and thus the hardness increases. In other words, 
grain boundaries affect dislocation movement.

Furthermore, it can also be defined as the relationship 
between the grain size and hardness from the Hall–Petch equa-
tion, Hv = Ho + kHd

−0.5 ; where Hv is the hardness, Ho and kH 
are the material constants for the hardness, and d is the grain 
size. Hence, with an increasing number of repeated welds, the 
hardness decreases, and the ductility of the material increases, 
which can affect fatigue strength. It has been well known that 
ductile material generally provides good fatigue resistance in 
the low-cycle fatigue region where most of the fatigue life is 
occupied by crack propagation than crack nucleation due to a 
considerable amount of plastic deformation. Furthermore, in 
the present study, when unheated, the hardness of the material 
is based on both work hardening and grain size, but materi-
als with heat history (0, 1, and 5 times re-weldings) are re-
crystallized, thus the hardness values are related only to the 
grain size. The current results using the Hall–Petch equation 
show a low correlation (Fig. 8b, R2 = 0.866 ) [32, 33], between 
hardness (Hv) and grain size (d−0.5).

3.2  Rotational Fatigue Life Test Results According 
to the Type of Specimens and Operating 
Temperature

The rotational fatigue life tests evaluated the fatigue life 
of the aluminum tube in the operating environment at 

(4)Hv = 15.72 + 243.40 × d−0.5

Fig. 5  Fractured aluminum tube 
specimen after fatigue life tests 
and the rotational fatigue life 
tester
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25 °C and 125 °C (Fig. 9a). A V-notch is fabricated on 
the aluminum tube and analyzed for the effect of surface 
defects that occur during product assembly. Furthermore, 
a linear equation of the log–log scale (Eqs. (5) and (6)) is 
obtained based on experimental data. These equations are 
represented as follows:

The fatigue limits determined 1 ×  107 cycles are 
57.19 MPa and 49.02 MPa at 25 °C and 125 °C, respec-
tively, with a temperature modification factor of 0.86 calcu-
lated. When the temperature increases, the kinetic energy of 
the molecules in the aluminum tube rises to produce active 
molecular motion. According the spacing between mol-
ecules increases, and the bonding force decreases. Also, the 
grain size increases at high temperatures, accelerating the 
slip deformation and significantly reducing fatigue strength.

The fatigue life test results regarding the notched tube 
specimen are shown in Fig. 9b. The following equation is 
obtained by fitting the S–N fatigue curve.

The fatigue limit of the notched specimen is found to 
be 29.37 MPa at the operating temperature of the heat 
exchanger for the air conditioner at 125 °C, and overall, the 
alternating stress values are lower than the un-notched tube 
specimens. The fatigue notch factor is calculated to be 1.67 
at the 1 ×  107 cycles region.

3.3  Identification of Material Constant for Heat 
Exchanger Tubes with Al3003‑O

The material constants (a) of the Peterson equation are 
computed based on the fatigue notch factor derived from 
the fatigue life test and the stress concentration factor ( Kt ) 
obtained from the FE analysis [34]. The material constants 
can be estimated to predict the fatigue notch factor under 
various notch conditions. To estimate the material constant, 
the stress concentration factor when the aluminum tube has 
a notch is obtained through structural analysis of ANSYS 
(V19.1, USA).

The specimens with V-notches are generated through FE 
modeling. The tube specimens with V-notches are generated 
through FE modeling, and the same loading conditions as 
the design of the fatigue life test specimen were applied. The 
maximum stress of the notched specimen is indicated by 
13.692 MPa via structural analysis (Fig. 10). A calculation 
of Kt by dividing the stress value for the notched tube speci-
men by the stress value of the un-notched tube specimens. 
As a result, the value is able to be indicated by 2.73. The 
material constant ( a = 0.03 mm) was acquired by substitut-
ing the stress concentration factor 2.73 come by the previous 
analysis, notch radius 0.02 mm, and the fatigue notch factor 

(5)Temperature of 25 ◦C∶ Smax = 113.96 × Nf
−0.043

(6)Temperature of 125 ◦C∶ Smax = 108.97 × Nf
−0.050

(7)
Temperature of 125 ◦C, notched specimen∶

Smax = 49.058 × Nf
−0.032

Fig. 6  Representative a 0 cycle, b 1 cycle, and c 5 cycles results of 
grain size for repeated welding
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1.67 obtained through the fatigue life test into the Peterson 
equation (Eq. (8)).

Since the Kf based on Peterson's equation can be easily cal-
culated by identifying material constant (a) at specific notch 
sizes (r), the fatigue limit regarding various notch sizes can be 
predicted and analyzed by its equation.

For instance, the Kt can be acquired via structural analysis 
when the aluminum tube has a notch size with a radius of 
0.3 mm. Substituting the aforementioned material constants 
0.03 mm and the results obtained from the FE analysis into 
the Peterson equation can calculate the Kf  for this notch size. 
In this research, the material constants presented can be used 
to easily calculate the Kf  for the defect (notch) size that occurs 
during the fabrication and assembly of heat exchangers using 
aluminum tubes made in Al3003-O material.

(8)Kf = 1 +

(

Kt − 1

1 +
a

r

)

Fig. 7  Micro-Vickers hardness 
measurement of the repeated 
welded aluminum tube

Table 2  Results of grain size analysis and hardness measurements 
due to the repeated welding

The repeated welding Hardness, [ Hv] Grain size [ d, μm]

0 40.72 ± 0.45 99.82 ± 9.72
1 36.61 ± 0.41 122.87 ± 7.33
5 34.49 ± 0.40 174.31 ± 36.45

Fig. 8  Correlation between number of grain size and hardness of 
the aluminum tube according to the number of the repeated welding 
cycles
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4  Conclusions

This work aims to analyze the fatigue and material prop-
erties by the effects of the number of repeated welding, 
operating temperatures, and surface defects (notches) on 

Al3003-O aluminum tubes applied to the heat exchangers 
for air conditioners. In addition, we also investigated the 
fatigue notch factor at 125 °C, which is the heat exchang-
er's operating temperature. One can see that the hardness 
of the aluminum tube gradually non-linearly decreased 
with an increasing number of repeated welding. Further-
more, the fatigue life of the aluminum tube at 125 °C, 
which is the operating temperature of the heat exchanger, 
is relatively lower than at room temperature. Based on this, 
the major contribution of this study is proposing a method 
to predict the fatigue limit of the aluminum tube according 
to various surface defects (notches). In future research, 
we plan to investigate the effects of various factors such 
as residual stress due to changes in tube curvature during 
bending processing, effects on surface defects (notches) 
occurring in welds, and reduction in fatigue limit by corro-
sion under actual operating conditions in heat exchangers 
for air conditioners.
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