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ABSTRACT

Fatigue characterization of metal alloys using thermography

Even though the use of thermography as a non-destructive testing method
is relatively well known, its use as a reliable tool for measuring the fatigue
properties of metals is not. However, analyzing the temperature rise on the
external surface of a structural component during cyclic loading can
provide a reliable measure of its fatigue limit, avoiding the need for
destructive tests and requiring much less time than standard test methods.
It’s also possible to determine the SN curve and the influence of the mean
stress on its behavior through the same methodology, correlating an
energy parameter with the assumption of its dependency on the stress
amplitude. For the accomplishment of this work two metallic alloys were
chosen, the C36000 brass alloy and 6351-T6 aluminium alloy. The results
presented here show good agreement between the predicted and
measured fatigue limits and mean stress influenced SN curves.

Keywords: IR Thermography, Fatigue, Thermographic Method, Fatigue
Limit, Fatigue curve.



RESUMO

Caracterização à fadiga de ligas metálicas por termografia

Embora o uso da termografia como um método de teste não destrutivo
seja relativamente conhecido, seu uso como ferramenta confiável para
medir as propriedades de fadiga dos metais não é. No entanto, a análise
do aumento de temperatura na superfície externa de um componente
estrutural durante o carregamento cíclico pode fornecer uma medida
confiável do seu limite de fadiga, evitando a necessidade de testes
destrutivos e exigindo muito menos tempo do que os métodos de teste
padrão. Também é possível determinar a curva SN e a influência da
tensão média em seu comportamento através da mesma metodologia,
correlacionando um parâmetro de energia com a suposição de sua
dependência na amplitude de tensão. Para a realização deste trabalho
foram escolhidas duas ligas metálicas, a C36000 liga de latão e 6351-T6
liga de alumínio. Os resultados apresentados aqui mostram boa
concordância entre os limites de fadiga previstos e medidos e as curvas
SN influenciadas pela tensão média.

Palavras chaves: Termografia Infravermelha, Fadiga, Método
Termográfico, Limite de Fadiga, Curva de Fadiga.
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1 Introduction

Reliable fatigue properties are almost indispensable when designing

structural components for long operational lives, as usual in many if not most

practical applications. However, measurements of such an important data are

so laborious that rarely, if ever, fatigue limits and fatigue curves are properly

measured by design engineers in practice. Traditional methodologies, like

Dixon's up-and down sequential method and Prot's incremental steps method

need to test many fatigue specimens that do not break after lives longer than

the lives estimated for the fatigue limits (Castro and Meggiolaro, 2016).

Therefore, even for steels, for which fatigue limits can be associated to lives in

the order of 106-107 cycles, but especially for many non-ferrous alloys, for which

they can be as long as 5108 cycles, the measurement of fatigue properties by

traditional tests are expensive and always take a long time. Analogously, the

conventional approach to determine fatigue curves requires a series of tests

under different stresses levels with many replications, due to the relatively high

dispersion of fatigue crack initiation data. Using this conventional approach, a

life span of fatigue for each stress level can be estimated to produce a group of

SN curves with varying levels of probability. Due to these difficulties, it is

probably a truism to affirm that most long life designs use estimated instead of

properly measured fatigue data, even for steel components, which tend to reach

fatigue limits at relatively short lives.

However, such laborious traditional tests are not the only way to reliably

measure fatigue properties. Indeed, since fatigue failures are associated to a

transition from a conservative and non-damaging state to a dissipative and

damaging one under cyclic loads, it can be expected that this transition can be

associated to an increase in temperature at the location where a fatigue crack is

in the process of being initiated. That is the basis for the thermographic method,

which uses a suitable thermal camera to measure small temperature

increments on the surface of fatigue specimens loaded under a series of

incremental constant amplitude load steps, to identify the transition from the
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non-damaging state, below the fatigue limit, to the damage accumulation state

above it. A methodology to perform such measurements has been recently

proposed and tested (Fargione et al., 2002; Freire et al., 2015; La Rosa and

Risitano, 1999; Vieira, 2016; Rego et al., 2017; Bandeira et al., 2017), and it is

used here to characterize the fatigue properties of a C36000 Cu alloy

(commercially known as Free-Cutting brass), commonly used in deep drawn

structural components, and a 6351-T6 Al alloy.

The thermographic method reduces the testing costs by decreasing the

quantity of required specimens, but it is especially useful because it significantly

decreases the testing time. Although realistic measurements of the fatigue limit

are often obtained, this approach may still generate questionable results, in

particular if used without the necessary precautions. Fatigue limits reported in

literature using thermography analyses show variations up to ~20% when

compared with Dixon's up-and-down method, depending on the material,

equipment and testing conditions, (Cura et al., 2005), but the variations may be

much smaller (Bandeira et al., 2017).
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2 IR Thermography Method

The IR thermography is a technique that allows the thermal mapping of the

surface of a body or a region through the use of a sensible thermal camera, with

the intention of distinguishing areas with different temperatures, in particular the

small ones. It is, therefore, a technique that allows artificial visualization of light

within the infrared spectrum. It is within the group of techniques known as

nondestructive (NDT), real-time and non-contact.

The methodology proposed by La Rosa and Risitano (1999), which is also

known as Risitano Rapid Method (RRM), states that it is possible to evaluate

the dynamic behavior of the component and to determine the fatigue limit of the

material by analyzing the external surface temperature of suitable specimens

during cyclic loading. This method does not need any particular testing machine

and obtains reliable results using a limited number of specimens in a very short

time, because it can detect incipient fatigue damage without needing to break

the fatigue specimens.

When the specimen is loaded below the fatigue limit, its temperature

varies very slightly due to the thermoelastic effect, but for stress amplitudes

above the fatigue limit the temperature variations are significant. The

temperature increments (ΔT) behavior has three phases. They increase during

the first part of the test (phase 1), then remain stable for a while (phase 2), and

finally rapidly increase prior to failure at a life of Nf cycles (phase 3), as shown in

Fig. 2.1.
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Figure 2.1: Phases of the thermal behavior of ΔT vs. N curve for a hot spot in the

specimen surface during typical fatigue tests, adapted from (Fargione et al., 2002).

Through the analysis of the temperature response curve under

incremental cyclic step loading, see Fig. 2.2 and 2.3, the fatigue limit can be

evaluated considering the heating rate (ΔT/ΔN) or the stabilized temperature

increment ΔTi (La Rosa and Risitano, 1999). Each stress amplitude level

corresponds to one stabilization temperature. Two linear regression lines are

used to approximate the thermal data and to determine graphically the fatigue

limit, as depicted in Fig. 2.3. The first line contains the data where the applied

stress is below the fatigue limit, and the second line fits the data located above

the limit. The fatigue limit is determined by the intersection of these two lines, as

shown in Fig. 2.3. For stress amplitudes below the fatigue limit, the small

temperature increments ΔT are caused by thermoelastic effects, thus they

increase only until a steady-state ΔTi is reached without failure (La Rosa and

Risitano, 1999).
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Figure 2.2: ΔT vs. N curve for various stress amplitudes Δσi, with the determination of

each ΔTi

Figure 2.3: ΔTi vs. Δσi curve for various incremental load steps.

Using the same line of analysis, Fargione et al. (2002) proposed a method to

determine the fatigue-life curve of the material using IR thermography. This

method is much faster than the traditional one and needs theoretically only one

specimen. In practice, three is the recommended minimum number of

specimens. This method correlates the plastic deformation energy density (EC)

with material failure, as seen in Eq. (2-1):


fN

PC dNEE
0 (2-1)
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where EC is the amount of micro-plastic strain energy to failure per unit of

volume (a property of the material), Nf is the number of cycles to failure, and EP

is the energy due to yielding per unit volume per cycle.

The work done over the system by the loading (EW), as presented in Eq. (2-2),

results from the stored internal energy (Ei) and the energy converted into heat

(Q).

QEE iW  (2-2)

Assuming Ei to be small compared to Q, and using Risitano’s results, which

have shown EW to be proportional to Ep, Fargione et al. (2002) proposed:


fT

C dQE
0 (2-3)

For small temperature variations (under 100K, implicating small loading

frequencies), the heat transferred from the specimen to the environment can be

considered proportional to the temperature difference ΔT. Because of that, Q

can be evaluated through a parameter  , which is the integral of the ΔT vs. N

curve in Fig. 1, Eq. (2-4):

  fN TdN
0

 (2-4)

In practice,  is assumed constant for given test conditions, such as the

specimen geometry and material, loading frequency and environment. This

critical value corresponds to fatigue failure and it is associated to the total area

under the curve in Fig. 2.1 (for one constant stress amplitude level), or the total

dashed area in Fig. 2.4 (for several stress amplitude levels). The  value can be

used together with measurements of ΔTi, ΔT0i, ΔNi at the various stress

amplitude levels for a single specimen, as depicted in Fig. 2.4 and modeled by

Eq. (2-5) and Eq. (2-6), to yield the whole fatigue SN curve. Each data point of

the SN curve is formed by the pair (Nfi, Δσi) where Nfi is calculated from Eq. (2-
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5). This equation is derived with the help of Fig.2.4 and the assumption that

phase 3 depicted in Fig. 2.1 is small and can be neglected. The value of Nsi is

determined from Eq. (2-6) with the help of Fig. 2.4.







 


2
si

fii
NNT (2-5)

ii

ii
si TT

TNN
0


 (2-6)

The partial damage value Di results from the partial integrated value  i

resulting from the application of each stress amplitude Δσi. The value  i is

calculated considering the number of cycles applied at each stress level, Npi.

The denominator of Eq. (2-7) gives the area under the curve ΔT vs. N

considering the interval Npi. The partial damage value of Eq. (2-7) assumes

Miner’s linear damage accumulation rule is valid.
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Figure 2.4: Stepped loading procedure for the determination of the fatigue limit and the

integral .
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3 Material and Experimental Procedure

3.1 C36000 copper alloy

Seven cylindrical specimens made from a C36000 Cu alloy, commercially

known as Free-Cutting brass, were tested to evaluate their fatigue behavior

using the proposed method. One specimen is presented in Fig. 3.1. The

diameter of the uniform gage test section was 10.0 mm, a value verified by the

mean of five measurements taken with a micrometer. The chemical composition

of this brass was furnished by its supplier, and it is presented in Tab. 3.1, while

its basic mechanical properties are shown in Tab. 3.2. These properties were

measured in a 100 kN machine with a crosshead speed of 0.9 mm/min

according to ASTM E 8M−13a standard (ASTM, 2013) procedures (Nóbrega,

2010).

Figure 3.1:Brass specimen tested.

Element Cu Zn Pb Fe Sn P Al Mn

(%) 61,63 35,10 2,92 0,14 0,10 0,010 <0,01 <0,01

Table 3.1: Chemical analysis according to ASTM E30 and ASTM E663, see (Nóbrega,

2010).

Properties Measured
Obtained from the literature

(Nationalbronze, 2017)

Tensile Strength [MPa] 436 450

Rockwell B Hardness 72 70

Table 3.2: Measured mechanical properties for C36000 copper alloy.
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Figure 3.2: Graphic obtained by the tensile test, adapted from (Nóbrega, 2010).

3.2 6351-T6 Aluminium alloy

Ten cylindrical specimens made from a 6351-T6 Aluminium alloy, were

designed according to ASTM E606 / E606M-12 (ASTM, 2012), they were tested

to evaluate their fatigue behavior using the proposed method. One specimen is

presented in Fig. 3.3. The diameter of the uniform gage test section was

6.35 mm, a value verified by the mean of five measurements taken with a

micrometer. The chemical composition of this Aluminium was obtained through

its datasheet, and it is presented in Tab. 3.3, while its basic mechanical

properties are shown in Tab. 3.4. These properties were measured in a 100 kN

machine with a crosshead speed of 0.9 mm/min according to ASTM E 8M−13a

standard (ASTM, 2013) procedures.

Figure 3.3: Aluminium specimen tested, after painted.
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Element Al Cu Fe Mg Mn Si Ti Zn

(%) 95,9 - 98,5 ≤0,10 ≤0,50 0,40 - 0,80 0,40 - 0,80 0,70 - 1,3 ≤0,20 <0,20

Table 3.3: Tested Al chemical composition , see (Matweb, 2017).

Properties Measured Obtained from the literature

Tensile Strength [MPa] 320 310

Vickers Hardness 99 107

Table 3.4: Measured mechanical properties for 6351-T6 aluminium alloy.

The preparation of specimens for thermographic analysis is described by

Charles et al. (1975). All specimens were painted with a thin layer of opaque

black paint to increase their emissivity, making it close to the value of a black

body. The specimens were fatigue tested in a 100 kN INSTRON 8501

servo−hydraulic machine, Fig. 3.4.

During each fatigue test, the surface temperature was recorded in real

time by a microbolometer thermocamera FLIR A655sc, see Fig. 3.5. It uses a

focal plane array (FPA) of 640480 pixels, and has spatial resolution of 17 m,

acquisition frequency of 50 Hz on full frame configuration, spectral range from

7.5 to 14 μm, and sensitivity below 30 mK. Temperature data was acquired and

analyzed using the ResearchIR software from FLIR. The thermal profile for the

first specimen is shown in Fig. 3.6. Environment temperature and heating

associated to the loading machine can contribute to increase the surface

temperature of specimen (De Finis et al., 2015). In this work, the later factor

could be neglected due to the large dimensions of the testing machine and of

the grips, the relatively low frequency of the tests, and the low number of cycles

for each load step (≈ 5 103). A reference body placed aside the specimen for

temperature compensation purposes confirmed the testing system had a

negligible effect on the fatigue specimens.
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Figure 3.4: INSTRON servo−hydraulic machine during the test.

Figure 3.5: Camera FLIR A655sc.
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Figure 3.6: Reference and specimen areas and thermal profile

used to measure the specimen surface temperature in the fatigue tests.

Based on the experimental methodology proposed by De Finis et al.

(2015), the specimens were tested under a step loading procedure, sequentially

applying to each specimen at a constant amplitude under force-control, with

stress ratios R= σmin/σmax equal to R= -1, 0.5, 0.1 and 0.5. At each load step, the

load amplitude was maintained fixed during blocks of 5103 cycles, a value that

was high enough to achieve a stable thermal behavior, as determined by

preliminary tests. Afterwards, the load was increased until the specimen failed.



22

4 Results and Discussion

The temperature variation with number of cycles and applied stress

amplitude are presented respectively in Fig. 4.1 and Fig. 4.2. These plots show

that the temperature undergoes a significant increase when it is submitted to

elevated stress levels, above the fatigue limit. Figure 4.1 shows that

temperature stabilizes around 1000 cycles for each stress level, completing the

transition from phase 1 to phase 2, as shown in Fig. 2.1. Fig. 4.1 shows that

after reaching temperature stabilization, the cyclic loading is kept for

approximately 5000 cycles until the test stress level is changed. This way the

specimen is consecutively loaded until it finally reaches phase 3 (failure).

Fig. 4.2 shows the stabilized temperatures, ΔTi, obtained from Fig.4.1,

plotted against their corresponding amplitude stress levels, Δσi. According to

Ristanos’ method, the fatigue limit SL can be determined graphically by the

intersection of two regression lines based on the data below and above the

fatigue limit, as illustrated in Fig. 4.2. When the specimen is subjected to a

stress amplitude above the fatigue limit, its temperature increases significantly

and damage begins to accumulate in the specimen until the formation of a crack

leads it to an eventual failure.

The fatigue limit SL = 139 MPa determined for C36000 copper alloy specimen

2 under R=-1 determined in Fig. 4.2 and showed in Tab. 4.1 may be compared

with typical values listed in Castro and Meggiolaro (2016), for copper alloys

from 25% to 50% of their tensile strength, 109 to 218MPa for the tested alloy.

The measured fatigue limit is inside this range.

Also the average fatigue limit SL = 134.26 MPa determined for 6351-T6

aluminium alloy under R=-1 showed in table Tab. 4.4 may be compared with the

one calculated by Juvinall’s estimation presented in Castro and

Meggiolaro (2016), for aluminium alloys with SR ≤ 325MPa, its fatigue limit is

40% of the tensile strength, 128MPa for the tested alloy.
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Figure 4.1: Average temperature variation measured during a test.

Figure 4.2: Intersecting lines showing the fatigue limit for C36000 copper alloy test 2 (R= -1).

Seven specimens of C36000 copper alloy were tested at four different stress

ratios (R = σmin/σmax). Test results are summarized in Tab. 4.1 and Tab. 4.2. As

shown by Guamán et al. (2017), the use of low test frequencies (between 5 and
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25Hz) do not affect the measured results. In the present case, three different

frequencies were used during the tests (5, 10, and 15Hz). The comparison

between the test results using different frequencies shows similar fatigue limits,

as it can be seen in Tab. 4.1.

Specimen Fatigue limit SL (MPa) R Frequency (Hz) Np (cycles)  (ºCcycles) D (from Eq. (7)

1* 135.01 1 15 - - -

2 139.39 1 5 71981 689389.90 0.96

3 122.10 0.1 10 55637 67347.96 0.99

4 119.17 0.1 15 56193 93736.32 0.99

5 131.72 0.5 15 71550 562041.37 0.97

6 79.95 0.5 15 60975 71292.08 0.99

7 84.21 0.5 15 63337 85012.16 0.94

Table 4.1:Measured results for each specimen of C36000 copper alloy.

*Specimen 1 was not tested until failure.

R Average Fatigue Limit

1 137.20

0.5 131.72

0.1 120.64

0.5 82.08

Table 4.2: C36000 copper alloy average fatigue limit for each tested R.

Ten specimens of 6351-T6 aluminium alloy were tested at four different

stress ratios. Test results are summarized in Tab. 4.3 and Tab. 4.4. In the

present case, two different frequencies were used during the tests (15, and

25Hz). The comparison between the test results using different frequencies

shows similar fatigue limits, as it can be seen in Tab. 4.3.
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Table 4.3: Measured results for each specimen of 6351-T6 aluminium alloy.

R Average Fatigue Limit

1 

0.5 

0.1 

0.5 

Table 4.4: 6351-T6 aluminium alloy average fatigue limit for each tested R.

Specimen Fatigue limit SL (MPa) R Frequency (Hz) Np (cycles)  (ºCcycles) D (from Eq. (7)

1 135.46 -1 15 68344 9096438.41 1

2 132.36 -1 15 73200 15537.47 1

3 104.44 0.1 15 59382 23537.47 0.99

4 115.52 0.1 25 79282 22888.44 0.99

5 125 -0.5 25 121438 27704.13 1

6 134.95 -1 25 113469 26062.67 1

7 105.70 0.1 25 84969 14517.44 1

8 77.26 0.5 25 41957 8409.06 1

9 121.06 -0.5 25 72532 15699.56 1

10 97.43 0.1 25 60469 14149.39 1
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Figure 4.3: Fatigue limit evaluation of the seven TS of C36000 copper alloy.

Figure 4.4: Fatigue limit evaluation of the ten TS of 6351-T6 Aluminium alloy.

Based on the average fatigue limit presented in Tab. 4.2 and Tab 4.4 each

applied R, data points formed by pairs of alternate stress amplitude values (σa)

and mean stress (σm) were calculated for each material tested and plotted in
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Fig. 4.4 and Fig. 4.5. The resulting data was adjusted by a parabolic fitting

equation presented in Eq. (4-1), the adjusting exponent α being equal to 1.65

for C36000 copper alloy and 1.86 for 6351-T6 aluminium alloy. It can be seen

that the data of the thermographic tests were well adjusted for the calculated

exponent, which is between the exponents given by the so called Goodman and

Gerber curves, respectively equal to 1 and 2 (Castro and Meggiolaro, 2016).

a m

L u
1

S S

    
  (4-1)

Figure 4.5: C36000 graphic alternate stress vs. mean stress for Gerber, Goodman and

thermographic.
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Figure 4.6: 6351-T6 graphic alternate stress vs. mean stress for Gerber, Goodman and

thermographic.

Having determined the values of  as presented in Eq. (2-5) and Eq. (2-7),

the SN fatigue curve can be determined using the process outlined in section 2.

The SN fatigue curves for each stress ratio R calculated in this way for each

material tested are presented in Fig. 4.6 and Fig. 4.7. For the C36000 copper

alloy the calculated curves encompass data fitted to the interval 104 to 106

cycles, also It can be seen that the fatigue curves for R =-1 and R=-0.5 are very

similar.
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Figure 4.7: C36000 Fatigue curve for each stress ratio.

Figure 4.8: 6351-T6 Fatigue curve for each stress ratio.
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5 CONCLUSION

This work confirms that Risitano’s method (La Rosa and Risitano, 1999)

is a practical and efficient tool that can provide a reliable and fast way to

determine the fatigue behavior of materials using few specimens. More

specifically, the work furnishes fatigue data for the C3600 free-cutting brass

alloy and 6351-T6 aluminium alloy, which is scarce in the literature. Moreover,

the influence of the stress ratio R was evaluated for this material and an

equation showing the influence of the mean applied stress on the fatigue limit

was given, which can be useful for design purpose.

With the results and conclusions obtained in this work, the paper entitled:

“Fatigue characterization of the C36000 copper alloy using the thermographic

method” was presented by the author at the 24th ABCM International Congress

of Mechanical Engineering, (COBEM 2017). It is shown in the APPENDIX A.
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APPENDIX B -

Macrography and Micrography tests made by photomechanical laboratory

For the presented Brass:

Test - A: Macrography
ASTM E 3 - 01 – “Standard Guide for Preparation of Metallographic Specimens”.

ASTM E 340-00 -“Standard Test Method for Macroteching Metals and Alloys”.

ASTM A 407-1987- Macroteching Metal and Alloys

Image 1: Position: Transverse / Attack: Nitric acid / Note: Structure with no apparent

deformation.

Test - B: Micrography
ASTM E 3 - 01 – “Standard Guide for Preparation of Metallographic Specimens”.

ASTM A 384-1987- Microteaching Metal and Alloys.

Image 2; 3: Position: Transverse / Attack:Reagent composed of 20g of Fecl3. 6 H2O, 60 ml of

HCl (37%) and 250 ml of ethanol (96%). / Remark: Matrix solution phase α with phase β /

Increase: 100X and 200X.
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Image 4; 5: Position: Transverse / Attack: Reagent composed of 20g of Fecl3. 6 H2O, 60 ml of

HCl (37%) and 250 ml of ethanol (96%). / Remark: Matrix solution phase α with phase β Minor

secretions of Pb and Fe/ Increase: 500X and 1000X.

Results
It deals with micrographic structure that has characteristics of copper, zinc

and lead alloy (Cu-Zn-Pb).In the brass that the Pb amount is up to 3% (content

is 0.3 to 3.0%) the Zn content is higher than 35% then a microstructural

characteristic and a biphasic alloy (α + β). Pb affects deformation, so they are

alloys in the manufacture of bolts and parts machined from bars and extruded

profiles. On the other hand, however, it is not a security service, but there is no

contract to guarantee interdisciplinary voids in the solidification improving the

tightness.

Note: These alloys are not used for cold plastic deformation processes.
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APPENDIX C -

Macrography and Micrography tests made by photomechanical laboratory

For the presented Aluminium:

Test - A: Macrography
ASTM E 3 - 01 – “Standard Guide for Preparation of Metallographic Specimens”.

ASTM E 340-00 -“Standard Test Method for Macroteching Metals and Alloys”.

ASTM A 407-1987- Macroteching Metal and Alloys

Image 1: Position: Transverse / Attack: Keller / Note: From the center to peripheral grains

equiaxial then columnar grains.

Test - B: Micrography
ASTM E 3 - 01 – “Standard Guide for Preparation of Metallographic Specimens”.

ASTM A 384-1987- Microteaching Metal and Alloys.

Image 2; 3: Position: Transverse / Attack: Keller / Note: Solid solution matrix α with dispersed or

coagulated precipitates of FeAl3, AlFeSi / Increase: 100X and 200X
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Image 4; 5: Position: Transverse / Attack: Keller / Note: Solid solution matrix α with dispersed or

coagulated precipitates of FeAl3, AlFeSi / Increase: 500X and 1000X

Results
It is an aluminum alloy that has macrographic characteristics of an

extruded or chilled alloy.

The micrographic aspect is of an alloy that has characteristics of

normalized material with dispersoids distributed in its texture.


