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Abstract 

Plastic deformation behavior of electrodeposited copper films with thickness of 12 m was investigated by using a testing system 
employed an electro-dynamic actuator. During the fatigue tests, cyclic plastic strain and ratcheting strain were measured 
continuously with high precision by using the capacitance extensometer. Since the displacement gage is stable and its response is
so fast, the deformation can be measured in real time during fatigue tests as well as tensile tests. The cyclic plastic strain range 
and monotonic plastic strain increase with loading cycles and they are similar to the conventional creep curve. The monotonic 
plastic strain at fracture is nearly constant, irrespective of mean stress, indicating that the monotonic plastic strain can be used as 
an indicator of damage. Based on these results, a prediction method for the monotonic plastic strain is proposed. It could be 
found from the prediction results that the monotonic plastic strain is well predicted. 
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1. Introduction 

The fatigue properties as well as mechanical properties of thin films widely used in electronic devices are 
essential to evaluate performance and reliability of the devices, and it is well known that mechanical properties of 
thin films are different from those of bulk materials and vary depending on fabrication method and film thickness 
[1-5]. Accordingly, a number of studies on the mechanical behavior of thin films have been reported by many 
investigators [6-10], while the studies of fatigue behavior of thin films [1,11-16] are not so much due to difficulties 
in performing fatigue tests. Fatigue testing of thin films is usually performed under tension–tension loading 
conditions since compressive load cannot apply to thin film, so that assessment of the tensile mean stress effect on 
fatigue life is very important. However, there are only two investigations discussing the effect on fatigue life, by 
Schweiger and Kraft [14], and by Park et al. [15]. Schweiger and Kraft performed fatigue tests, varying the mean 
stress only for a very limited range of stress amplitudes on a 0.6 m thick Ag film and concluded that the data could 
be described by Morrow’s law. However, their conclusion was based on very limited data. Park et al. tested a 15 m
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thick electrodeposited copper film for a relatively wide range of stress amplitudes at two levels of mean stresses and 
reported that the modified Goodman equation can consider well the mean stress effect. The tensile mean stress is 
very likely to lead to occurrence of the so-called ratcheting deformation that may influence fatigue life. There is 
little work [11,15] on the ratcheting behavior of thin films. Hong and Weil [11] reported only the fatigue fracture 
strain in low cycle fatigue of thin copper foils and Park et al. [28] observed the ratcheting deformation during high 
cycle fatigue tests of a thin copper film. The authors [16] also studied the mechanical and fatigue behavior of a 
copper film which can be easily obtained and tested under free standing conditions. In the work, behavior of cyclic 
plastic deformation and ratcheting deformation were investigated in detail, performing fatigue tests and tensile tests 
were also carried out to obtain the reference mechanical properties of the testing copper film. In this study, effect of 
mean stress and plastic deformation behavior of copper films during cyclic loading was discussed based on the 
previous work [16] and a prediction method of the monotonic plastic strain behavior was proposed. 

2. Experimental details 

2.1. Material and specimen 

The material used is an electrodeposited copper foil of 12 m thickness fabricated by Furukawa Circuit Foil Co., 
Ltd, which is mainly used for flexible multilayer wiring boards. Fig.1 shows surface images of the foil by a scanning 
electron microscope (SEM). Owing to the manufacturing process, the roughness of the both surfaces is very 
different on its two surfaces, the drum side and the outer side surfaces: The drum side surface which is peeled off 
from the cathode drum is called ‘shiny side’ and is lustrous and smooth and has a longitudinally liny pattern, as 
shown in Fig. 1(a). The outer side surface which shows the end of the crystals is called ‘matte side’ and is lusterless 
and very bumpy, as shown in Fig. 1(b). For both surfaces, the grain size varies in a wide range and the grain shape is 
also significantly varied from grain to grain. The grain of the matte surface is larger than that of the shiny surface 
and the averaged grain size is about 0.6 m. Fig. 2 shows schematic configurations of the specimen fabricated by 
etching. The specimen is a dog-bone type, which has a gage section 0.5 mm wide by 5 mm long.  

(a) (b)

Fig. 1  SEM images of (a) shiny, and (b) matt surface. 

Fig. 2  Schematic configurations of the specimen (unit: mm) 
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2.2. Testing system 

Fig. 3(a) shows the testing system used. The testing machine is a home-made, electro-dynamic, vertical-type 
axial loading one of small capacity (5 N), which is an improved model of the previous developed one [17]. The load 
is measured by a commercial load cell (Sentotec Ltd.) of strain gage type with a load capacity of 2.45 N. The 
displacement of specimen is measured by a home-made, capacitive extensometer (sensitivity: 11.3 mV/ m, 
linearity: 0.13 %) shown in Fig. 3(b), which is an improved model of the previous developed one [17]. The 
capacitive type gage is a kind of non-contact measurement method with high resolution. The capacitive 
extensometer consists of a frame, an upper and lower electrode, and a ground electrode. The frame supporting two 
electrodes is fastened to the upper grip of the testing machine and the ground electrode connected to the lower grip 
is initially located at the middle of the two electrodes, so that the extensometer measures the relative displacement 
between the two grips. The response of the capacitive gage is so fast that real time measurement is possible without 
any restriction on the testing frequency.  

Fig. 3  Schematic configurations of (a) testing system and (b) capacitance extensometer 

Monotonic tensile tests were performed at initial loading rate of 5 MPa/s. Fatigue tests were conducted at a 
frequency of 13 Hz under load control. The fatigue load signal is monitored cycle by cycle and if the mean load or 
the load amplitude is not within an allowable error band (±0.1 %), the command input signal to the testing machine 
is adjusted by a control program in a computer. Both the mean load and the load amplitude were successfully 
controlled within the maximum error of about 0.25 %. 

2.3. Calculation of strain  

The capacitive extensometer measures the relative displacement between the upper and lower grips, so that the 
measured displacement involves not only the deformation component of the gage section but also the deformation 
component of the two fillet areas. Therefore, in order to calculate the strain of the specimen from the displacement 
data obtained by the capacitive extensometer, the displacement on the fillet portion of specimen should be taken into 
account, and in this study, is considered by introducing equivalent gage lengths leq. The equivalent gage lengths for 
the elastic and plastic deformation, leq.e and leq.p, were calculated because the equivalent gage length is different 
depending on elastic or plastic deformation [16].  

When the specimen shown in Fig. 2(b) deforms elastically, the elastic displacement e for the total length l which 
includes the fillet portions of specimen can be calculated as 

ll l
dx

xwEtE 00 0e )(
Pdxdx 1     (1) 
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where E is the elastic modulus, P is load, A is cross-sectional area, and t and w(x) are the thickness and width of 
specimen, respectively. Since the elastic strain on the gage length, 0e, is P/(Etw0), Eq.(1) will be 

l
e w(x)w(x) 00e000ee

l
dxwdxw 0  /      1 . (2) 

If we define the elastic equivalent gage length as 

l
dx

w(x)0eq.e
wl 0 , (3)

the elastic strain on the gage length can be calculated from the elastic displacement for the length l as 

eq.ee0e / l . (4)

On the other hand, if the stress-plastic strain curve is represented as 

nk p , (5)

the plastic displacement p can be obtained as 

l nnl nl
dxxwktPdxkdx

0
1/1/

0
1/

0 pp  )}(/1{/  /  , (6) 

where k and n are the strength coefficient and strain-hardening exponent, respectively. Because the plastic strain on 
the gage length, 0p, is ( /k)1/n, the plastic equivalent gage length can be obtained as 

l n dxxwwll 1/  )(/      ,/
0

0eq.peq.pp0p . (7) 

Using the elastic and plastic equivalent gage length, the elastic and plastic strains on the gage length of specimen 
can be easily calculated from the output of the extensometer. For the specimen shown in Fig. 2(a) where the gage 
length is 5 mm and the total length l is 6 mm, the elastic equivalent gage length is leq.e = 5.76 mm. The value of 
plastic equivalent gage length varies depending on strain-hardening exponent n. The strain-hardening exponent n is 
about 0.1 as described later, so the elastic equivalent gage length of leq.p = 5.28 mm was obtained from Eq. (7). 

3. Experimental results 

3.1. Tensile test results 

Fig. 4 shows stress-strain curves, S-e, obtained from the monotonic tensile tests, where the strain was calculated 
using the elastic equivalent gage length leq.e described in the previous section, to conveniently calculate the elastic 
modulus of material. The elastic modulus is about 85 GPa. The 0.2 % offset and 0.5 % extension-under-load yield 
strengths were 235 and 234 MPa, respectively. The two yield strengths are almost the same. This may mean that the 
yield strength of thin films can be determined easily by the 0.5 % extension-under-load instead of 0.2 % offset yield 
strength. Since the initial loading portions of the stress-strain curves is non-linear and the slope of the liner portion 
varied widely, it is obscure and difficult to determine the offset yield stress which is usually used to identify the 
yield strength of a material. The tensile strength is 317 MPa. The elongation is 13.2 % for a gage length of 5 mm of 
the specimen shown in Fig. 2(a). The strain-hardening exponent n is obtained by repeating computation along with 
the plastic equivalent gage length leq.p described in the previous section, till their values converge. The value of n is 
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0.097 nearly close to 0.1. It has been reported [2,18] that the elastic modulus of copper thin films is significantly 
influenced by fabrication method, film thickness and microstructure, and is below the bulk published values. For 
electrodeposited copper films, the reported values were 92 GPa (35 m thickness) and 102 GPa (105 m thickness) 
by Klein et al. [2] and 72 GPa (15 m thickness) by Park et al. [15]. The value of 94 GPa is the elastic modulus 
measured under elastically cyclic loading. The value under cyclic loading is about 11% higher than that under 
tensile testing. The value of elastic modulus obtained under cyclic loading can be considered to be more reliable 
than that under tensile testing. 
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Fig. 4  Stress-strain curve 

3.2. Fatigue test results 

3.2.1.  S-N curve 
Fig. 5(a) shows fatigue test results obtained at mean stresses of Sm= 190, 200, 210, and 220 MPa. The range of 

mean stress corresponds to 0.60~0.69Su and 0.82~0.95Sy and all the maximum stress Smax is greater than the yield 
stress of Sy= 235 MPa and ranges from 0.77 to 0.90Su. Although the stress level is very high as a whole, all fatigue 
life is longer than 104 cycles corresponding to the lower limit of high cycle fatigue region, indicating that the copper 
film tested may be said fatigue-resistant. The slopes of S-N curves range only from -0.09 to -0.10 and are hardly 
influenced by the mean stress. Fig. 5(b) shows the data of the maximum stress Smax versus life. Irrespective of mean 
stress, fatigue life can be well represented by the maximum stress Smax. These results are different from the result of 
Park et al. [15] that fatigue life can be well represented by the modified Goodman equation rather than the maximum 
stress.
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3.2.2. Cyclic deformation behavior 
Fig. 6(a) shows variations of load-displacement curves with loading cycles. The load-displacement curve shifts in 

the positive direction of displacement with increasing number of cycles, indicating that the ratcheting occurs, and 
also the hysteresis loop representing the cyclic plastic deformation can be found in the curve. It is important for 
discussing fatigue of the testing material to precisely measure the cyclic plastic strain and ratcheting strain. However, 
as can be seen from the load-displacement curve in Fig. 6(a), since the cyclic plastic strain is very small compared 
with the cyclic elastic strain, it is difficult to accurately measure the plastic strain directly from the load-
displacement curve. This difficulty can be solved by measuring the plastic strain separately from the elastic strain 
[19]. The plastic strain signal can be obtained by subtracting the output of load cell (proportional to the elastic 
strain) from the output of extensometer through the subtraction circuit, as illustrated in Figs. 7(a) and (b). In 
particular, by making the subtraction analogously rather than digitally in a computer, the differential signal can be 
thereafter amplified sufficiently to measure the plastic strain with very high precision. Separate measurement of the 
plastic strain is also important in using the specimen where the equivalent gage length is varied depending on 
whether elastic or plastic deformation. In this study, the plastic strain as small as 0.001 % could be measured.  

Fig. 6(b) shows examples of load versus differential displacement (or stress–plastic strain) curves corresponding 
to Fig. 6(a). With load cycling, the mean plastic strain p,mea n, in other words, the so-called ratcheting strain, 
increases greatly. For convenience, the mean plastic strain p,mea n will be hereafter referred to as the monotonic 
plastic strain. The cyclic plastic strain range p also increases, but the linear elastic portion of the load-differential 
displacement hysteresis loop gradually reduces to disappear in the late stages of life. This means that the material 
behaves almost wholly nonlinearly, particularly in the latter portions of life. 
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Fig. 7  (a) Load-displacement and (b) load-differential displacement curve 

Fig. 8 shows examples of the cyclic plastic strain range p and the monotonic plastic strain p,mean curves against 
the number of cycles. All curves are similar to the conventional creep curve which consists of the three stages, 
namely, primary, steady-state and tertiary ones. The cyclic plastic strain range p varies only for small ranges from 
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about 0.01% at the initial stage to the value less than 0.1% at fracture, while the monotonic plastic strain p,mean
varies from 1% to about 10%. The monotonic plastic strain p,mean is nearly ten times larger than the cyclic plastic 
strain range p. In Fig. 9, the cyclic plastic strain range and the monotonic plastic strain at fracture, p,fracture and 

pmean,fracture, are represented against the fatigue life Nf. In the p,fracture-Nf plot, the mean stress effect still remains. 
These results indicate that fatigue life can be hardly represented in terms of cyclic plastic strain. On the other hand, 
the value of pmean,fracture is nearly constant around 9.43%, irrespective of mean stress. This result implies that the 
copper film used in this study fails when the monotonic plastic strain pmean reaches a limited value, pmean,fracture and 
consequently, also infers that the value of pmean may be utilized as an indicator of damage. 
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Fig. 8  Variations of (a) cyclic plastic strain range and (b) monotonic plastic strain 
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Fig. 9  Cyclic plastic strain range and monotonic plastic strain at fracture vs. life 

3.3. Prediction of the monotonic plastic strain curve 

Fig. 10(a) shows a typical example of the normalized monotonic plastic strain rate vs. normalized number of 
cycles curves, (d p,mean/dN)normalized-N/Nf, obtained from the monotonic plastic strain curve shown in Fig. 8(b), where 
both axes are normalized by using the maximum monotonic plastic strain rate (d p,mean/dN)max and the fatigue life Nf.
The strain rate curve shown in Fig. 10(a) is similar to the failure rate curve which can be represented by using the 
Weibull distribution [20] as follows 

mmmNdNd // 1
meanp, , (8) 
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 as 

where m represents the shape parameter and  is the scale parameter. This implies that a monotonic plastic strain rate 
curve can be approximated by the Weibull distribution function and the monotonic plastic strain may be obtained 
from the approximated function. In order to obtain the two parameters, m and , the monotonic plastic strain rate 
curve was appropriately divided into three regions as shown in Fig. 10(b), and then the curve for each region was 
approximated by using the Eq. (8). Fig. 10(b) shows an example of the approximated curves for three regions and 
the values of the two parameters obtained from the approximated curves were noted in the figure. Fig. 11 shows the 
calculated results of m and  for all experimental curves of the region 1 against the maximum stress Smax. It can be 
seen from this figure that, for the region 1, the shape parameter m is nearly constant around m = 0.5, irrespective of 
Smax, and the scale parameter  can be represented by the regression line of  = (349.5/Smax)39.86. Similarly, the 
values of m and  for the other regions can be obtained, and the results for all regions are listed in Table 1. From Eq. 
(8), the monotonic plastic strain can be obtained

dNmNd
Nii

/meanp,
pmean,

mm
i

m
i NN /)( 1

pmean,meanp,

N mm 1meanp, , (9) 

. (10)

From Eq. (10) and the parameters listed in Table 1, the monotonic plastic strain curves for three regions can be 
obtained as  

5.093.19
maxpmean,0meanp, )5.349/( NS

)()7.363/( 07.39 NNS

                      for region 1 

1maxpmean,1meanp,

()9.373/( 8.291.110
maxpmean,2meanp, NNS

             for region 2 (11) 

)8.2
2        for region 3 

The values of N1 and N2, which represent number of cycles at the boundary between regions, were determined at 
the points where the slopes of the curve of region 1 and 3 equal to the slope of region 2, respectively. Fig. 12 shows 
examples of the predicted monotonic plastic strain curve, where the circle mark is the experimental data and the line 
represents the predicted result. It can be seen from this figure that the monotonic plastic strain curve is well 
predicted by using Eq. (11). The prediction results for all experimental data are represented in Fig. 13, where the 
solid lines represent the scatter band of factor 2 and the dashed lines represent scatter band of factor 2. The 
prediction life Npred shown in Fig. 13 is the fatigue life corresponding to the monotonic plastic strain of p,mea n=
9.43 % which is monotonic plastic strain at fracture, as shown in Fig. 11(a). It can be found from Fig. 13 that most 
prediction results are within the scatter band of factor 2, indicating that the prediction results by the Eq. (8) agree 
with the experimental data.
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Table 1. The calculated results of m and 
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4. Conclusion 

In this study, plastic deformation behavior of electrodeposited copper films with thickness of 12 m was 
investigated, using a fatigue testing system capable of performing load controlled tension-tension fatigue tests even 
for ductile thin films by using an electro-dynamic actuator. During the fatigue tests, cyclic plastic strain and 
ratcheting strain were measured continuously with high precision by using a home-made capacitance extensometer. 
Since the displacement gage is stable and its response is so fast, the deformation can be measured in real time during 
fatigue tests as well as tensile tests.  

Although the level of stress applied is so high that all the maximum stress is greater than the yield stress, all 
fatigue life is longer than 104 cycles and belongs in high cycle fatigue region, implying that the copper film is 
fatigue resistant. The mean stress effect on fatigue life can be well described by the maximum stress. The cyclic 
plastic strain range and monotonic plastic strain increase with loading cycles and they are similar to the conventional 
creep curve. The monotonic plastic strain at fracture is nearly constant, irrespective of mean stress, indicating that 
the plastic strain can be used as an indicator of damage. Based on these results, a prediction method for the 
monotonic plastic strain is proposed. It could be found from the prediction results that the monotonic plastic strain 
can be well predicted within the scatter band of factor 2. 
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