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Abstract

The purpose of this study is to analyze the effects of surface defects (e.g., notches) and external environment conditions (e.g.,

operating temperature, the number of re-welding) on the static strength and fatigue of Al3003-O aluminum tubes used in the

heat exchangers of air conditioners. In this study by the aluminum tubes to perform fatigue tests on the actual tube product and

then the fatigue characteristics were evaluated using stress-life(S–N) curves. Regarding the welding conditions (maximum 600

°C and 10 s), the grain size grew and the hardness decreased as the number of re-welding increased. The effects of the operating

temperatures on the fatigue life were examined at a room temperature of 25 °C and a heat exchanger operating temperature of

125 °C, resulting in the fatigue limit(57.19 MPa -> 49.02 MPa) at operating temperature was lower than room temperature.

Furthermore, the fatigue limit of 29.37 MPa measured in the notched specimens (notch angle of 90 @, notch radius of 0.02 mm,

and depth of 0.115 mm) was lower than that obtained from those without notches. The material constant (0.03) used in the

Peterson equation was then computed from the fatigue notch factor (1.67 = 49.02/29.37) and the stress concentration factor

(2.73) of the notched tube specimens was obtained from the structural analysis. This material constant can be used to predict

a decrease in the fatigue limit over varying notch sizes in aluminum tubes (Al3003-O).

1. Introduction

Heat exchanger tubes are hollow cylinders that transport liquids between devices placed in different positions,
and commonly composed of cast iron, steel, copper, aluminum, and rubber 1. Regarding tube materials,
although copper has popularly been used, aluminum has currently been considered copper’s replacement due
to its cheaper production cost and high anticorrosive property, light weight and high productivity, compared
to copper. Aluminum tubes are one-fourth times cheaper and 35% lighter than copper tubes2, 3. In the
operation of air conditioners, aluminum tubes are not subject to high loads or high stresses. However, notches
and other surface defects occur frequently when the tubes undergo various heat-exchanger manufacturing
processes. After the heat exchanger products are manufactured and installed in air conditioners, the tubes
become exposed to long-term vibration and thermal loads. Thus, they must be inspected for fatigue failure
in order to enhance their overall structural reliability4, 5.

In previous studies, Gerber et al. claimed that fatigue tests must be conducted in consideration of actual
operating conditions because the fatigue life can be affected when the material properties change under vary-
ing conditions (high temperature or high pressure) even if pressure boundary components are conservatively
designed6. Choi et al. performed bending fatigue tests on standard specimens extracted from steel tube
products against actual tube products, and found that the actual tubes had a significantly shorter lifetime7, 8.
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Fatigue tests on standard specimens are generally performed from a material perspective9-11. However, in
order to determine the effects of the surface finishes, heat treatments, and operating environments on fatigue
lives, several studies conducted fatigue tests on actual tube products12, 13.

Standard specimens are different from actual tube products in terms of the material distribution in the
inner/outer components and external appearance depending on the manufacturing process. For instance,
tubes used in the heat exchangers of air conditioners are obtained by the extruding and drawing of raw
materials. These processes result in differences in material uniformity, which subsequently affect various
properties including surface roughness and hardness14-16. Furthermore, when heat exchanger tubes are
eventually installed to the final air conditioner products through further processes such as bending, cutting,
and welding, they cause defects such as notches and grooves on the tube surface as well as non-uniform
material properties. It leads to the tubes to have different fatigue characteristics from those of standard
specimens. Therefore, less accurate fatigue characteristics are obtained when using standard specimens, and
it can be difficult to design products that satisfy external operating requirements based on these results17, 18.
When examining the effects of these defects and the external environments on the fatigue lives of aluminum
tubes used in heat exchangers of air conditioners, it is necessary to conduct a quantitative analysis using the
actual tubes instead of standard specimens.

The purpose of this study is to analyze how fatigue characteristics and material properties are influenced by
the defects arising due to the processing and assembling of Al3003-O aluminum tubes for heat exchangers in
air conditioners. This study also considers the environmental factors affecting heat exchanger tubes. Notches
such as scratches and dents on the tube surface significantly reduce the fatigue life of tubes. However, because
it is possible to reduce such defects by employing materials with high hardness, the correlation between
changes in grain size and the hardness of aluminum tubes due to the number of re-weldings that could
occur during installation into air conditioners. Fatigue tests were performed on Al3003-O aluminum tubes
instead of standard specimens, and the resulting stress-life(S–N) curves for the actual tubes were obtained.
Furthermore, the effects of high-temperature (125 °C) and notches on the fatigue lives of aluminum tubes
that could occur during the manufacturing and operation of heat exchangers were assessed.

2. Hardness tests and grain size analysis as a function of repeated
welding cycle

An air conditioner consists of an indoor unit responsible for controlling the indoor air conditions and an
outdoor unit that rejects heat to 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. In this study, the correlation between the grain size and hardness in relation to
the number of re-weldings of the aluminum tubes was analyzed.

2.1 Aluminum tube specimens

Aluminum tubes (Al3003-O) used in this study, created via processes such as extruding and drawing. They are
widely used in heat exchangers of air conditioners, as they are excellent formability and corrosion resistance
(Table 1).

2.2 Specimen preparation for hardness tests and grain size analysis

Specimens were prepared for the measurement of the grain size and hardness in relation to the number
of re-weldings of the aluminum tubes. Welding was defined as heating the surface of the aluminum tubes

2
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with a torch for 10 s, followed by air cooling for 1 h. Two pairs of the specimens were prepared, and each
pair was welded 0, 1, and 5 times, respectively, in order to obtain a total of 12 specimens. Considering the
actual installation environment, the test conditions were set such that welding could be repeated up to a
maximum of 5 times. To measure the grain size and hardness, the torched area was cut, and epoxy molded
specimens were prepared a molding solution containing an epoxy and a hardener at a ratio of 12.5 to 2.
Because bubbles tend to form when diluting the epoxy and the hardener, the epoxy molding specimens were
placed in a vacuum chamber for 120 s to eliminate the bubbles. The specimens were sandpapered from #400
to #2400 sandpapers and polished with 1 μm abrasives on a soft abrasive cloth. The polished side was
placed in a solution of 200 ml distilled H2O, and 5 ml HBF4 for 180 s and then washed under running water
to completely remove the etching solution. After neutralizing the specimens in an alkaline aqueous solution,
they were sufficiently dried and readied for the grain size and hardness measurements (Fig. 1).

2.3 Hardness tests, grain size analysis, and the results

The grain size on the etched surface of the specimens was observed using a metallurgical microscope (Nikon,
MA200, Japan); images were captured at a magnification of 100x. The grain size (Dm) was calculated using
the linear intercept method specified in ASTM E11219; grain size was calculated by counting the number
of grains (n) from 5 parallel lines of length L(mm) in the metallurgical microscope image (Fig. 3), and the
average grain size was obtained by rounding up from the hundredths place in the following equation (1).

Dm = L×P
n×M (1)

where P is the number of parallel lines and M is the magnification. A micro-Vickers hardness tester (HM-
200, Mitutoyo, Japan) was used to measure the hardness of the aluminum tubes in relation to the number
of re-weldings. The micro hardness at 20 points or 10 points, each on the upper and lower thickness areas,
was measured while maintaining the load at 100 gf for 10 s (Fig. 2).

From the measurement of the structure of the heat-affected zone in relation to the number of re-weldings
of the aluminum tubes, the grain size was found to be 99.82±9.72 (n=16:4 test specimens x4 positions) for
the unheated specimens, 122.87+-7.33 (n=16:4 test specimensx4 positions) when the specimens were heated
once, 174.32+-36.45 (n=16:4 test specimensx4 positions) when the specimens were heated five times (Fig.
3, Table 2). Thus, the grain size increased with the number of re-weldings. Hardness measurements were
taken to examine the changes in the mechanical properties. The hardness was 40.72+-0.45Hv(n=80:4 test
specimens x20 points) for the unheated specimens, 36.61+-0.41Hv (n=80:4 test specimensx20 points) when
the specimens were heated once, 34.49+-0.40Hv (n=80:4 test specimensx20 points) when the specimens
were heated five times. A one-way analysis of variance (one-way ANOVA) was performed to investigate
the effect of re-welding on the hardness with a significance level of 0.05 using Microsoft Excel (Microsoft,
USA).Statistically significant differences in the hardness values were observed in all cases (p<0.05 ). This
result indicates that the hardness decreases as the number of re-welding increases (Fig. 3, Table 2).

Based on the above observations, the correlation between the hardness (Hv) and the grain size (d) was given
by the following equation (Fig. 4(a), R2 = 0.999),

Hv = 232.87 × exp
(
− d

28.12

)
+ 34.02(2)

The unheated specimens had a hardness of 40.72Hv for a grain size of 122.87, while those heated once had a
much smaller hardness of 36.61Hv for a grain size of 174.32. With re-weldings, the decrease in the hardness
was less prominent than the decrease in the grain size and gradually converged over time.

We have also tried to relate the hardness (Hv) and the grain size (d) by the well-known Hall-Petch equation
(Fig. 4(b),R2 = 0.866),20

Hv = 15.72 + 243.40 × d−0.5 (3)

3
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3. Fatigue tests of aluminum tubes

Rotary bending fatigue tests were performed at the room temperature of 25 degC and an operating temper-
ature of 125 degC to evaluate the effects of the operating environment on the fatigue life of the aluminum
tubes. To determine the effects of surface defects occurring during product assembly, V-notches were fabri-
cated on the aluminum tubes for the fatigue tests. The notch sensitivity and material constant used in the
Peterson equation were then computed from the fatigue notch factor and the notched tube specimens’ stress
concentration factor obtained from the structural analysis.

3.1 Fatigue test specimens

3.1.1 Smooth un-notched and notched tube specimens for fatigue tests

In general, rotary bending fatigue tests involving tube-shaped specimens; the jaw of the fatigue test machine
is tightened around both ends of specimen to prevent slip. To perform fatigue tests on tube-shaped specimens
using a rotary bending fatigue test machine, metal plugs were inserted into both ends of the aluminum tubes
and the specimens were mounted on the jaw. The aluminum tube specimens were designed to undergo
fatigue failure at their central area during the fatigue tests.

Static structural analysis was conducted to determine the location of the fatigue failure that occurs when
metal plugs are inserted into the aluminum tubes in the unprocessed state. A 3D model was created in
the commercial finite element analysis package ANSYS (V19.1, USA) for the aluminum tubes; the external
diameter of the tube was 15.88 mm and its thickness was 1.9 mm, and metal plugs were inserted into both
its ends. Symmetric boundary conditions were applied, and the analysis was performed using a 1/4 model.
A mesh was generated using hexahedral elements from the 3D model; the number of nodes and elements
produced were 30,000 and 10,000, respectively. In accordance with online database MatWeb, the aluminum
tubes used in the structural analysis had a modulus of elasticity of 125 GPa and a Poisson’s ratio of 0.33. In
our previous study, tensile tests were conducted at room temperature to obtain the load-displacement curves
of the Al3003-O aluminum tubes, and the tensile strength and yield strength were derived using stress-strain
curves acquired from tensile tests. The basic structural steel provided in ANSYS was used as the material
of the metal plug. As the boundary condition, a bending moment of 300 N*mm was introduced at one end
of the tubes (Fig. 5).

The structural analysis of the tubes in the unprocessed state showed that fractures did not occur at the
center of the tubes owing to a uniform distribution of high stress even at the surface (Fig. 6(a)), and the
distribution of fractures during the fatigue tests was thus assumed to be random. Therefore, considering
the site of distribution of high stress on the surface, it was designed as a concave test specimen(R 200mm )
whose tube center thickness was reduced to 0.94 mm . The previously mentioned boundary conditions were
assigned to the finite element model to determine whether fractures occurred at the centers of the tubes.
The specimens were then fabricated using the design, which exhibited high stress mostly in the central area
(Fig. 6(b)).

3.1.2 Notched tube specimens for fatigue tests

Owing to their geometric characteristics, surface defects (surface scratches, dents, etc.) occurring in alu-
minum tubes used to manufacture heat exchangers in air conditioners induce stress concentration and lower
fatigue life. To predict the fatigue life in relation to surface defects, notched tube fatigue specimens were
prepared by introducing V-notches in the aforementioned tube specimens, where a surface dent is defined as
a dent having a notch angle of 90 @, a notch radius of 0.02mm, and a depth of 0.115 mm (Fig. 7).

4
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3.2 Rotary bending fatigue tests

A four-point rotary-bending fatigue-test equipment (KDMT-250, Korea) was used for the fatigue test (Fig.
8). The stress ratio was -1 because the mean stress of the cyclic loading profiles was 0 in the rotary bending
test. After locking the specimens, the eccentricity was measured using a dial gauge to ensure a value of 0.05
mm or less; the frequency of rotations was set as 1800 rpm. The bending stress experienced by the tubes
due to the bending load was calculated as shown by

σmax = 16×D×L×P
π(D4−d4) (4)

where P is the load of the pendulum, L is the distance between loading points (200 mm ), and d and D
are the internal and external diameters of the aluminum tubes, respectively. The digital caliper(Mitutoyo,
Japan) was used to accurately measure the internal and external diameters of the tubes. The fatigue test
was performed while varying the stress under two temperatures (25 °C and 125 °C) and notched (notch angle
of 90 @, notch radius of 0.02 mm, and depth of 0.115 mm) conditions. The fatigue tests were performed for
a total of 10 specimens. Each test was concluded when the specimens experienced fractures or reached the
fatigue limit (1 × 107 cycles). As predicted from the specimen design, fractures were observed in the central
areas of the specimens (Fig. 8).

3.3 Fatigue test results

3.3.1 Comparison of fatigue life at 25 @C and 125@C

The S–N curves for the aluminum tubes were obtained at room temperature (25 °C) and at the heat exchanger
operating temperature of 125 °C (Fig. 9(a)). Based on the S–N curves at the two temperatures, a linear
equation was obtained on the log–log scale and converted to a decimal scale as follows.

Temperature of 25 °C: Smax = 113.96 × Nf
−0.043(5)

Temperature of 125 °C:Smax = 108.97 × Nf
−0.050 (6)

The fatigue limits (defined as the stress at 1 × 107cycles) were 57.19 MPa at 25 °C and 49.02 MPa at 125
°C, resulting in a temperature modification factor of 0.86, which was calculated by dividing the fatigue limit
at 125 °C by that at 25 °C.

The results of the fatigue tests in relation to notches in the aluminum tubes are shown in Fig. 9(b). As
explained earlier, the S–N curve was fitted by the following equation.

Temperature of 125 °C, notched:Smax = 49.058 × Nf
−0.032 (7)

The fatigue limit, which was defined as the fatigue strength at 1 × 107 cycles, was found to be 29.37 MPa.
The alternating stress value for the notched specimen was lower than those of the smooth specimens. The
notch modification factor, which was calculated by dividing the fatigue limit of the notched specimens by
that of the smooth specimen(results of heat exchanger operating temperature of 125 °C), was 0.60, resulting
in a fatigue notch factor (Kf ) of 1.67 that is an inverse of the notch modification factor.

3.3.2 Determination of material constant

By deriving the material constant (a) from the Peterson equation, we can estimate the fatigue notch factor
(Kf ) under different notch conditions. First, the stress concentration factor was obtained for notched tubes
through a structural analysis in ANSYS (V19.1, USA). V-notches, measuring notch angle of 90 @, 0.02 mm
in notch radius, and 0.115 mm in depth, were introduced onto standard smooth specimens, and a bending
moment of 300 N·mm was applied to one end of the tubes. The results of the structural analysis showed
that the notched specimens had a maximum stress of 13.69 MPa (Fig. 10). The stress concentration factor,
which was calculated using the ratio of the average stress (5.02 MPa) in standard un-notched specimens to
that of notched specimens, was found to be 2.73.

5
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When the stress concentration factor (Kt = 2.73) of the notched tube specimens was obtained through
structural analysis, and the notch radius (r = 0.02 mm ) and the fatigue notch factor, which were calculated
based on the results of fatigue tests (Kf = 1.67), were substituted into the Peterson equation (Eq. (8)), the
material constant (a) was found to be 0.03mm. Therefore, because Kf in relation to the notch radius (r)
can be easily obtained by the Peterson equation,

Kf = 1 +
(
Kt−1
1+ a

r

)
(8)

it is possible to predict the decrease in the fatigue limit due to various notch sizes.

4. Discussion

The purpose of this study was to analyze the effects of surface defects (notches), operating temperature, and
the number of re-welding on the static strength and fatigue characteristics of the aluminum tubes (Al3003-
O) used in heat exchangers of air conditioners. In the present study, the grain size grew and hardness
decreased as the number of re-welding increased because a heat-affected zone was created in the specimens
due to a welding temperature of approximately 600 and multiple weldings. The result that the correlation
between the grain size and the hardness was observed to be nonlinear suggests that the heat-affected area
of the aluminum tubes shows a significant deterioration in the hardness even when welded only once; this
is expected to be accompanied by a decrease in the mechanical strength. As repeated welding causes the
strength of the aluminum tubes to decrease further, in order to avoid the creation of more heat-affected
zones, it is better to add new tubes or to extend existing ones instead of repeatedly welding the same area.
Regarding the underlying mechanism of the relation between the hardness and the grain size, the density of
the grain boundary generally decreases with increasing grain size, and hence, the hardness decreases owing
to the increased mobility of dislocation. In other words, grain boundary acts as an obstacle to dislocation
movement. The smaller the grain size, the more grain boundary exists. As a result, the movement of
dislocation is disturbed and the hardness increases.

Moreover, the relation between the mechanical strength (i.e., yield stress) and grain size of a metal has
previously been formulated by the Hall-Petch equation, σy = σo + kyd

−0.5 whereσy is the yield stress,
σo is the stress for dislocation motion, ky is a material constant, and dis the grain size. In the absence of
considerable work hardening effect of material, this equation can be modified to relate the hardness (Hv) and
grain size (d) by Hv = Ho + kHd

−0.5 where Ho andkH are material constants. According to the Hall-Petch
equation, the mechanical strength can be directly converted to the hardness. Therefore, a decrease in the
hardness with increasing number of re-welding makes the material less strong and more ductile. This result
can affect the fatigue strength of the material. It has been well known that ductile material generally provides
a good fatigue resistance in the low-cycle fatigue region where most of the fatigue life is occupied by the 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 materials with heat history (0, 1 and 5 times re-weldings) are re-crystallized, thus the hardness values
are related only to the grain size. Nevertheless, the current results showed a poor correlation (R2 = 0.866)
between the hardness (Hv) and grain size (d−0.5) by the Hall-Petch equation, indicating that the hardness
would be better related to the grain size by the equation,Hv = Ho + kHd

−α which has three parameters
(Ho, kH , and α).

The effects of temperature and notched conditions on the fatigue of the Al3003-O aluminum tubes used
in heat exchangers of air conditioners were also observed. The fatigue limit of 49.02 MPa measured in
a heat exchanger operating temperature of 125 degC was lower than that obtained from those with at a
room temperature of 25 degC, resulting in a temperature modification factor of 0.86 that the fatigue life
of aluminum tubes of are affected even when the operating temperature (125degC) is maintained. The
kinetic energy of molecules in the aluminum tube rises whose generates an active molecular motion when
the temperature increases. In particular, the spacing between molecules is increased which results in a

6
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lower binding force, the probability of breaking the bond between molecules increases when an external
load is applied. Therefore, the grain size increases at the high temperatures a thereby the slip deformation
accelerates and a significant deterioration of fatigue strength of aluminum tubes. However, the fatigue limit
of notched specimens was lower than that of un-notched specimens, thus resulting in a fatigue notch factor
of approximatelyKf= 1.67. From this fatigue notch factor obtained from experimental measurements and
the stress concentration factor (Kt = 2.73) of the notched tube specimens (r = 0.02 mm ) obtained from
structural analysis, the material constant a = 0.03 mm that could be used in the Peterson equation was
computed. Therefore, for Al3003-O aluminum tubes with diverse notch sizes, it is possible to predict Kf

that leads to calculations of decreased fatigue limits due to various notch sizes. For example, for another
notch size of r= 0.5 mm , Kt can be computed from structural analysis. Then, by inserting this Kt, r = 0.5
mm , and a = 0.03 mm into the Peterson equation, Kf for this notch size can be calculated. By using the
material constant a of the aluminum tubes (Al3003-O) calculated in this study, the fatigue notch factorKf

can be re-calculated for the aluminum tubes with varying notch sizes (r), and hence a decrease in the fatigue
limit can also be predicted for those aluminum tubes with diverse notches.

5. Conclusions

The current study addressed how the static and fatigue strength of Al3003-O aluminum tubes used in air
conditioner heat exchangers could be affected by their multiple weldings, operating temperatures, and surface
notches. A nonlinear decrease in the hardness of the aluminum tubes with increasing number of re-welding
observed experimentally suggests a decrease in their fatigue limits with multiple weldings. The fatigue lives
of an aluminum tube at heat exchanger operating temperature (125 degC) were lower than that of room
temperature. Moreover, a decrease in the fatigue limit of the aluminum tubes was experimentally measured
in the presence of a surface notch and, combined with this experimental measurement, a method to predict
a decrease in the fatigue limits for other surface notch sizes was also presented.
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Table captions

Table 1 Chemical compositions(wt%) of Al3003-O

Al Cu Fe Mn Si Zn

96.70 ˜ 99.00 0.05 – 0.20 [?]0.70 1.00 – 1.50 [?]0.60 [?]0.10

Table 2 Mean ± standard deviation values of hardness and grain size in relation to the number of re-weldings
of the Al3003-O tubes

Cycles Hardness, Hv Grain size [d, μμ]

0 40.72±0.45 99.82±9.72
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Cycles Hardness, Hv Grain size [d, μμ]

1 36.61±0.41 122.87±7.33
5 34.49±0.40 174.31±36.45

Figure captions

Figure 1 Cross-sectional view of a aluminum tube specimen and its torched region for repeated welding cycles
and cross-sectional view of epoxy molded specimen for hardness measurements

Figure 2 Ten positions of upper and lower regions of aluminum tube specimen for micro-Vickers hardness
(Hv) measurements

Figure 3 Grain size images for multiple welding cycles: (a) 0 cycle, (b) 1 cycle, and (c) 5 cycles

Figure 4 Correlation between hardness and grain size for repeated welding cycles

Figure 5 Finite element model and boundary conditions of aluminum tube specimen for fatigue tests

Figure 6 Results of structural analysis under bending moment condition with cutting thicknesses:

(a) Selection of cutting thickness in the unprocessed state (t=0.94mm ), (b) Designed as a concave test
specimen (R200 mm ) whose tube center thickness was reduced to 0.94 mm

Figure 7 Measurement of notch shape and size

Figure 8 Rotary bending fatigue test machine and representative fractured specimen after fatigue tests

Figure 9 (a) Fatigue test results at 25degC (black diamond, *) and 125degC (black triangle,
)(b)Fatiguetestresultsforsmoothspecimens(blacktriangle, )andnotchedspecimens(whitetriangle, )at125degC

Figure 10 Maximum principal stress of notched tube specimen used to calculate material constant (a) of the
Peterson equation
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