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Abstract: The influence of pile-up on the nanoindentation measurements in Cu−2wt.%Be samples with precipitates was carefully 
studied. The precipitates were formed by aging treatments for 1 h at different temperatures between 540 and 680 K. The load−depth 
curves were analyzed using the classical Oliver and Pharr method, and the obtained elastic modulus and hardness were compared 
with values estimated by other techniques. An important level of pile-up was found in samples with precipitates and differences in 
the load−depth curves were observed between the unaged and aged samples. A correction of the contact depth considering the pile-up 
proposed by Loubet was used for hardness estimation. For the determination of the elastic modulus, an approach based on the 
relation between the ratio of unloading work to indentation total work, with the ratio H/Er (H is the hardness; Er is the reduced 
modulus), was employed. A specific relation between both parameters was developed. 
Key words: pile-up; nanoindentation measurement; copper alloy; precipitation; microstructure; mechanical properties 
                                                                                                             
 
 
1 Introduction 
 

The instrumented nanoindentation is a technique 
that allows the study and resolution of problems in the 
field of material science at nanometric scale. By this 
technique, the load−depth curve of each indentation can 
be obtained. The use of atomic force microscopy as a 
complement of the instrumented nanoindentation allows 
to obtain images of the surface after the indentation, 
which gives important information about the behavior of 
the material. Other authors have also performed finite 
element simulations of the indentations on a material to 
study the indentation response [1,2]. The analysis of the 
load−depth curves obtained from instrumented nano- 
indentation is usually done using the well-known method 
of Oliver and Pharr. The Oliver and Pharr method (O−P 
method) was developed to determine hardness and elastic 
modulus from instrumented indentation measurements.  
It was introduced in 1992 [3], and subsequently 
improved [4−6]. This method allows to determine the 

mechanical properties of a material directly from the 
load−depth (P−h) curve, without needing the imprint 
image of hardness. It is assumed that the deformation 
during loading is elastic and plastic in nature, while the 
unloading is only elastic. The unloading curves can be 
well approximated by the power law relationship: 
 
P=A(h−hf)m                                  (1) 
 
where A is a constant, m is the unloading exponent, 
which is constant for a sample under specific test 
conditions and hf is the final depth (see Fig. 1). The 
elastic unloading stiffness, S, is defined as the slope of 
the unloading curve in the upper portion [3]. Then, the 
contact depth, hc, can be determined as follows: 
 

max
c max

P
h h

S
∈= −                             (2) 

 
where hmax is the maximum depth (see Fig. 1), and ∈  is 
a constant that depends on the geometry of the indenter 
and takes the value of 0.75 for a Berkovich indenter.   
In this way, the reduced modulus, Er, can be obtained as 
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follows:  

r
c2

E S
Aβ

π=                               (3) 

 
where β is a dimensionless correction factor, which 
considers the lateral displacement within the indentation 
and is slightly greater than unity, and Ac is the projected 
contact area, which depends on the contact depth and is 
determined from the calibration tip function. Thus, the 
elastic modulus estimated from the Oliver and Pharr 
method (EO−P) can be obtained from the value of Er, 
using the Poisson ratio of the indenter and the    
sample [3]. 

Knowing the projected contact area and the 
maximum load, Pmax, the hardness, H is estimated from  

max

c

P
H

A
=                                    (4) 

 
The hardness obtained from this method is based on 

the contact area under load, unlike the traditional 
hardness determined from the area of the residual 
impression. The values determined by both methods can 
be different, especially for materials with significant 
elastic recovery during unloading. 

At this point, it is important to mention that, 
although the O−P method is widely used, there are some 
issues in which this method cannot be used in its original 
form. One of them is that the method assumes an elastic 
unloading. Other problem that will be explained later is 
the presence of pile-up in the indentation. CHEN et al [5] 
found that the presence of pile-up is very sensitive to the 
loading rate in polycrystalline copper, with larger pile-up 
for tests at higher rates. 

The Cu−2wt.%Be alloy is a material with special 
properties due to its high strength and hardness, good 
corrosion resistance, non-magnetic and non-sparking 
characteristics. These qualities are based on the 
improvement of their properties through the formation of 
precipitates by aging treatments from the Cu solid 
solution α phase [7−10]. The precipitation sequence has 
been extensively studied and includes the formation of at 
least three stages before the formation of the stable γ 
phase [11−14]: 

Solid solution → Guinier−Preston zones → γ″ 
phase → γ′ phase → γ phase 

The Guinier−Preston zones are formed by coherent 
monolayers of beryllium [11,12]. Pile-up of these zones 
takes place for longer aging time and metastable γ″ phase 
with spherical shape is formed [12,15]. With increasing 
the aging time, the size of spherical γ″ precipitates 
increases, their shape changes to ellipsoids and they 
transform to metastable γ′ phase [11,15]. The stable γ 
phase formation with B2 structure occurs for longer 
aging time [11,13]. 

Several studies have reported the modification of 
the physical properties of Cu−2wt.%Be alloys with  
aging treatments and the formation of different 
precipitates [7−10]. Generally, these modifications are 
characterized by the mechanical behavior of the material 
and the determination of some parameters like the 
hardness and the elastic modulus. In a recent work, the 
influence of the microstructure on the elastic modulus 
determined by the impulse excitation technique and 
Vickers hardness has been studied in an alloy submitted 
to thermal aging at different time up to 5 h, and 
temperatures in the range of 540 and 680 K [8]. To the 
best of our knowledge, no rigorous studies have been 
reported regarding microscale mechanical properties 
modifications in high-strength CuBe alloys through 
instrumented nanoindentation. 

On the other hand, the interpretation of the 
nanoindentation curves and the determination of the 
elastic modulus and hardness using the commonly used 
Oliver and Pharr model are complex in age-hardenable 
materials due to the possible presence of pile-ups during 
nanoindentation. 

In this study, the influence of pile-up on the 
nanoindentation measurements in Cu−2wt.%Be samples 
with precipitates was carefully studied. The precipitates 
were formed by aging treatments for 1 h at different 
temperatures between 540 and 680 K. A careful analysis 
was developed considering the properties of the material. 
Images of the topography of the indentations were 
collected and the presence of pile-up was observed. In 
order to analyze the results obtained from O−P method, a 
comparison with results obtained by other techniques 
was done. While the hardness was obtained using a 
Vickers microdurometer, and the elastic modulus was 
determined by the non-destructive dynamic method, the 
impulse excitation technique, IET. This technique allows 
to accurately obtain the elastic modulus of different 
materials. Some corrections were done to the application 
of the O−P method on the studied samples for the correct 
determination of the elastic modulus and hardness. 
 
2 Experimental 
 

A Cu−2wt.%Be commercial alloy with some 
impurity elements (Ni, Co and Si, with contents lower 
than 0.5%) was used in this work. The unified numbering 
system (UNS) number of the material was C17200. It 
was provided by Roberto Cordes S. A. as polycrystalline 
bars with 6 and 10 mm in diameter. Prior to the aging 
treatments, the samples were kept at 1113 K during    
10 min and quenched into water at room temperature 
(around 293 K). The aging treatments consisted of 
heating at 540, 580, 623 and 676 K for 1 h followed by 



S. MONTECINOS, et al/Trans. Nonferrous Met. Soc. China 29(2019) 2340−2350 

 

2342

quenching into water at room temperature. 
For indentation measurements, samples around    

2 mm in thickness were cut using an Isomet speed saw 
with a diamond disc from the bars with a diameter of  
10 mm. The specimens were smoothened with 600 and 
1000 grit emery paper and polished with alumina powder 
with 0.3 μm in size. Then, they were washed and 
subjected to an ultrasound treatment to eliminate 
superficial impurities. 

Instrumented indentation was realized in accordance 
with ISO 14577−1 test method, with a Hysitron 
triboindenter using a Berkovich diamond indenter with 
an included angle of 142.3°. The measurements were 
done at room temperature under load control. For each 
sample, at least six tests separated by 10 μm from each 
other were performed on four different zones of each 
sample, obtaining at least 24 indentations for each 
sample. With this procedure, tests were carried out on 
different grains of the samples. No significant differences 
were found between measurements realized on different 
grains, therefore, average values will be reported. On 
each test, indentations with a maximum load of 9 mN, 
loading and unloading rates of 300 μN/s and without 
holding time were performed. The maximum load was 
determined considering that the roughness of the samples 
does not exceed 10% of the depth of indentation. The 
load−depth curves were obtained for each indentation. 
Micrographs of the samples after unloading were 
obtained by atomic force microscopy (AFM) using the 
Hysitron triboindenter. The projected contact area was 
determined using the calibration tip function performed 
on fused quartz for hc between 150 and 600 nm as 
follows: 
 
Ac(hc)=24.5 2

ch +1635.8hc                                    (5) 
 

Conventional Vickers microhardness indentations 
were carried out using a Mitutoyo MVK−H11 under 
different loads. 

The elastic modulus was determined from IET 
measurements, using a specifically developed device 
(more details in Ref. [16]) and longitudinal mode. A 
sample with a length of 132.5 mm and a diameter of    
6 mm was used. It was previously heated at 1113 K for 
3.5 h and then submitted to different aging treatments. 
After each treatment, the sample was homogenized at 
1113 K for 10 min. This dynamic technique is based on 
the determination of the fundamental frequency (f) of the 
material applying Fourier analysis, and the calculation of 
the elastic modulus (E) from f. The vibration excitation 
was produced by the impact of a small ball at one end of 
the sample, and the signal was recorded using a 
commercial microphone, a system of amplification and a 
digital oscilloscope. 

 
3 Results and discussion 
 

Instrumented nanoindentation measurements were 
performed on samples unaged and aged at different 
temperatures for 1 h. According to a previous study of 
the same authors [8], the microstructure of the samples 
submitted to different aging temperatures carried out in 
the present work is known. The specimen with a 
previous heat treatment at 1113 K and without aging is in 
α phase, which corresponds to a FCC solid solution of 
Cu. 

In samples aged for 1 h at 540, 580 and 623 K, the 
presence of the metastable γ″ phase is expectable. 
However, the precipitates would present some slight 
differences in the morphology and crystal structure for 
different temperatures. These differences were identified 
by MONTECINOS et al [8] using differential scanning 
calorimetry as a shift in the temperature of dissolution of 
γ″ phase. At higher aging temperatures, γ″ phase would 
grow and gradually change the shape from spheres to 
plates [8,15,17]. In the sample aged at 676 K for 1 h, the 
formation of metastable γ′ precipitates is expected, which 
is reflected in the maximum Vickers microhardness value 
reached after aging for 45 min [8]. 

Some representative load−depth (P−h) curves of the 
samples unaged and aged at different temperatures for  
1 h are presented in Fig. 1. At a maximum load of 9 mN, 
the small recovery depth reached for the samples with 
precipitates, of almost half of the specimen without  
aging, agrees with the hardening induced in the material 
by the presence of nanometric metastable precipitates γ″ 
and γ′ [8]. At aging temperatures (Taging) of 580 K and 
623 K the curves are similar to those obtained at Taging of 
540 and 676 K, which are not included in Fig. 1. 
 

 
Fig. 1 Representative P−h curves obtained by instrumented 
nanoindentation of Cu−2wt.%Be specimens unaged and aged at 
540 and 676 K for 1 h (hmax and hf are indicated for unaged 
sample) 
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3.1 Pile-up 
To analyze the accuracy and reliability of the elastic 

modulus and hardness values obtained by nano- 
indentation measurements and using the Oliver and Pharr 
method, a detailed analysis was performed, taking into 
account the considerations and limitations of this 
method. 

The method proposed by OLIVER and PHARR [3,4] 
did not consider the pile-up of material that could occur 
at the contact periphery. In samples with pile-up in the 
indents, the real contact area would be larger than the 
projected contact area (Ac) estimated by the OLIVER and 
PHARR method [4]. That underestimation of the real 
contact area would lead to an overestimation of the 
elastic modulus and hardness [18]. 

Figures 2 and 3 show representative topographic 
images obtained by AFM of indentations performed on 
the samples unaged and aged at 580 K for 1 h, 
respectively. The sample without aging does not present 
pile-up (Fig. 2), while the presence of pile-up can be 
observed in all the specimens with precipitates. A 
representative indentation in an aged sample (at 580 K) 
is shown in Fig. 3. Following the procedure used by KIM 
et al [19], a quantification of the degree of pile-up in the 
samples can be estimated from the topographic images 
obtained by AFM, where hrp is the indentation depth 
considering the deformed surface and hm is the 
indentation depth with respect to the original surface, 
both after unloading (Fig. 3(b)). Both indentation depths 
were obtained as the average of the three sides for each 
indentation and in at least three representative zones of 

each sample. Therefore, the degree of pile-up of each 
sample was estimated as the average value of the ratio 
hrp/hm, and is presented in Fig. 4. 

CHENG and CHENG [20,21] studied the validity of 
the Oliver and Pharr estimation for nanoindentation 
measurements. They found that this procedure can be 
used with confidence only for highly elastic materials, 
and should be used with caution for materials with a ratio 
Y/E<10−2, where Y is the yield strength and E is the 
elastic modulus. For large Y/E values, sink-in would 
occur, while for small Y/E, both sink-in and pile-up may 
occur, depending on the work-hardening degree [20]. To 
estimate the Y/E ratio of each sample, reported values of 
the yield strength [7] and engineering stress−strain 
curves [22] for Cu−2wt.%Be samples were used. The 
elastic modulus was measured by IET (EIET) for each 
sample. For the sample without aging, Y of 187 MPa was 
estimated as an average of the data from the literature. 
By a comparison of the Vickers microhardness 
determined for each sample and the yield strength values 
reported in the literature for the samples with precipitates 
and comparable aging treatments [7,22], an empirical 
relationship between hardness HV and Y was estimated: 
HV/Y≈3.2. Other authors have reported values between 2 
and 8 for this ratio in different materials, but values close 
to 3 are generally used [23−25]. It is important to note 
that in the sample without precipitates a higher ratio is 
obtained, and for the samples submitted to different 
aging treatments similar ratios are estimated. The values 
of Y/EIET determined using the reported yield strengths 
are similar to those using the estimation of Y from HV, 

 

 
Fig. 2 Representative topographic image obtained by AFM on sample without aging after indentation (a), surface depth profile along 
selected line (b) and 3D image (c) of (a) 
 

 
Fig. 3 Representative topographic image obtained by AFM on sample aged at 580 K for 1 h after indentation (a), surface depth 
profile along selected line (b) and 3D image (c) of (a) 
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Fig. 4 hrp/hm ratios obtained from topographic images of 
Cu−2wt.%Be specimens unaged and aged at different Taging for 
1 h 
 

 
Fig. 5 Variation of Y/EIET ratio with aging temperature for 
Cu−2wt.%Be specimens unaged and aged at different 
temperatures for 1 h (Y was estimated from the empirical 
relationship with HV. The values of Y/EIET with the yield 
strength obtained from Refs. [7,22] are also included) 
 
and all of them are included in Fig. 5. For all the 
specimens Y/EIET is approximately in the range of 
10−3−10−2. The small values of Y/E for the studied alloy 
would cause errors in the application of the Oliver and    
Pharr procedure, which would be more significant due to 
the occurrence of pile-up in the specimens with 
precipitates [20]. 

Otherwise, the σ−ε (stress−strain) behavior of an 
elastoplastic metal under uniaxial tension is commonly 
assumed as  

,

,

 

 n

E Y

K Y

σ ε σ

σ ε σ

= ≤


= >
                           (6) 

 
where K is the strength coefficient, and n is the 
work-hardening exponent. By using the engineering 
stress−strain curves of Cu−2wt.%Be samples reported by 

PANG et al [22], and using Eq. (6), values of n=0.25 and 
n=0.16 were obtained for the solution-treated specimen 
and that aged at 553 K for 20 min, respectively. These 
values indicate that the sample with hard precipitates 
exhibits a lower level of work-hardening with respect to 
the solution-treated sample. CHENG and CHENG [20,21] 
reported the relationship between Y/E, n and the pile-up 
level, which were obtained from the finite element 
method. They found that in samples with lower n, a 
higher pile-up is obtained, and for a given n a higher 
pile-up is observed for materials with lower Y/E ratio. 
However, the exact relationship between those 
parameters is still under discussion and most of the 
conclusions in the literature are based on element finite 
simulations. Nevertheless, the authors agree that at n 
values around 0.3 there is no pile-up or sink-in at 
Y/E≈0.01. This would be the case of the Cu−2wt.%Be 
sample without aging. For aged samples, the Y/E ratio 
increases, as is observed in Fig. 5. If a proportionality 
between HV and Y is assumed, the Y/E ratio is expected 
to be more than twice that of the sample without aging. 
Following the results given by some authors [6,20,21], 
the value of n should decrease strongly to achieve a 
pile-up as that shown in Fig. 4. 

According to these results, Cu−2wt.%Be specimens 
without precipitates do not exhibit pile-up or sink-in after 
the indentations. This behavior agrees with that reported 
for annealed polycrystalline Cu under slow loading   
rate [5,24]. On the other hand, the samples with 
precipitates exhibit the presence of pile-up after the 
indentations. The precipitates would act as a barrier 
against the dislocation motion, which results in an 
increase of hardness. During indentation, plastic 
deformation could not be accommodated into the bulk 
volume of the material due to this barrier effect, and the 
plastic zone is confined to the area near the indentation, 
which results in the presence of pile-up. 
 
3.2 Hardness 

From the nanoindentation curves, hardness (HO−P) 
was determined using the Oliver and Pharr method [3,4]. 
OLIVER and PHARR [3,4] estimated hc from Eq. (2). In 
Fig. 6, the Vickers microhardness values for a load of 
300 g (HV0.3) and HO−P for a sample unaged and samples 
aged at different temperatures for 1 h are presented. Both 
measurements exhibit similar behavior as a function of 
the aging temperature. It is worth noting that it is not 
expected that both measurements give the same values, 
because the hardness is determined from different 
methods and the levels of maximum applied load are also 
very different. For samples aged up to 623 K, the Vickers 
microhardness increases with the increase of the aging 
time due to the increase of the γ″ precipitates volume 
fraction up to 1 h [16]. For aging time more than 1 h, the 
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hardness is approximately constant. On the other hand, 
the sample aged at 676 K reaches a maximum of Vickers 
microhardness after 45 min, and for longer time, the 
hardness decreases with the increase of aging time, as 
was reported by MONTECINOS et al [8]. As a result, the 
sample aged at 676 K for 1 h exhibits a lower hardness 
value than that aged at 623 K. 
 

 
Fig. 6 Hardness values estimated using hc (HO−P), hc

* (HLoubet), 
and those obtained from Vickers measurements (HV0.3) for 
Cu−2wt.%Be specimens unaged and aged at different 
temperatures for 1 h 
 

For all the samples, higher values are obtained using 
the nanoindentation measurements with respect to 
Vickers microhardness. This fact has been previously 
reported by other authors [4,23]. It is important to note 
that HO−P is defined as the mean pressure, of which the 
material will support under load [3], while the Vickers 
microhardness is based on the residual hardness 
impression. 

The Oliver and Pharr method [3,4] can be used to 
calculate hc of samples with sink-in between the 
specimen and the tip. As discussed above, the use of hc 
calculated from the Oliver and Pharr method in the 
studied Cu−2wt.%Be alloy would cause errors in     
the estimation of the parameters of the material. 
Alternatively, LOUBET et al [26] proposed a model to 
calculate the contact depth in samples with pile-up 
deformation mode:  

* max
c max( )P

h h
S

α= −                           (7) 
 
where α is a constant that depends on the indenter 
geometry and takes the value of 1.2 for a Berkovich   
tip [27−29]. The contact depth values obtained using the 
Oliver and Pharr method and those estimated from the 
Loubet model for the samples unaged and aged at 
different temperatures for 1 h are presented in Fig. 7. 
hmax is also included in this figure. As is expected, for all 
the samples, hc

* presents values higher than hc. In the 

samples with precipitates, hc
* even takes values almost as 

high as hmax, which agrees with the presence of pile-up. 
For the sample unaged, hc

* is higher than hmax, which 
indicates that the estimation by Loubet model would 
overestimate the value of the contact depth. This agrees 
with the observations with AFM, where pile-up almost 
does not occur in this sample. 
 

 
Fig. 7 Contact depth values obtained from Oliver and Pharr 
method (hc,O−P), Loubet model (hc

*,Loubet), and hmax for 
Cu−2wt.%Be specimens unaged and aged at different 
temperatures for 1 h 
 

The hardness values obtained using Eq. (4), but 
determining the projected area as Ac(hc

*) from Eq. (5), are 
presented in Fig. 6 as HLoubet along with the values of 
HO−P. The hardness obtained considering the pile-up of 
the material, HLoubet, presents values closer to those 
determined from the traditional method (HV0.3). It is 
needed to mention that the definition of hardness 
obtained from Eq. (4) is different from the traditional 
hardness estimated from the imprint image, and some 
differences between both values would be expected, 
especially in materials with small Y/E ratio values [4]. 
Another effect that could influence the differences 
between both estimations of hardness is the dependence 
of H on the applied load. A load of 9 mN was employed 
for the nanoindentation curves, while a load of 3000 mN 
was used for Vickers measurements. According to   
Refs. [3,23,28], especially in copper-based alloys, it is 
expectable that the hardness decreases for higher loads 
due to the indentation size effect. This has been 
attributed to the increase of the geometrically necessary 
dislocations in small indentations which present large 
strain gradients. For example, the Vickers microhardness 
of the sample without aging treatment is decreased    
by 10% when the applied load changes from 500 to  
3000 mN. 

For the determination of the hardness in the 
Cu−2wt.%Be alloy, the Oliver and Pharr method would 
be the most appropriate for the sample without aging, 
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while HLoubet would be a better estimation of the hardness 
for the samples with precipitates exhibiting pile-up. 

 
3.3 Elastic modulus 

The reduced elastic modulus of each sample (Er) 
was estimated from the unloading curves using the 
Oliver and Pharr method and the software Hysitron 
Triboscan. From the values of Er and using the 
relationship reported in Ref. [3], the elastic modulus 
(EO−P) of each specimen was calculated. The following 
parameters associated to the indenter, which correspond 
to those of the diamond, were used: Ei =1141 GPa and 
νi=0.07 [3]. The Poisson ratio for Cu−2wt.%Be is 
assumed as ν=0.35 [8]. The values of EO−P obtained for 
the specimen without aging and samples aged at  
different temperatures for 1 h are presented in Fig. 8(a). 
EO−P exhibits a non-monotonic behavior with aging 
temperature. 

The elastic modulus measured by IET (EIET) for 
each sample is also included in Fig. 8(a). Each value 
corresponds to the average of at least 10 measurements. 
It can be observed that the modulus increases linearly 
with the increase of the aging temperature. This behavior 
 

 
Fig. 8 Elastic modulus obtained by nanoindentation using 
Oliver and Pharr method (EO−P), Loubet correction (ELoubet) and 
by IET (EIET) in Cu−2wt.%Be specimens unaged and aged at 
different temperatures for 1 h (a) and elastic unloading stiffness 
(S) determined for same specimens (b) 

is associated with the increase of the fraction of 
precipitates for aging treatments at a fixed time and 
higher aging temperatures, as reported in Ref. [8]. 

To analyze the differences of the elastic modulus 
estimated from the Oliver and Pharr method and that 
obtained by IET, it is worth noting that the reduced 
modulus is calculated from S and Ac using Eq. (3) for the 
first method. As noted above, the Cu−2wt.%Be samples, 
especially those with precipitates, exhibit pile-up and the 
Loubet model is the most appropriate to determine the 
contact depth and with this value to obtain Ac. The 
modulus determined using this correction, ELoubet, is 
presented in Fig. 8(a) to compare with EO−P and EIET. 
Even with the Loubet contact depth correction, the 
elastic modulus presents a behavior with the aging 
temperature different from that shown by the IET 
measurements. The elastic unloading stiffness (S) 
determined from the load−depth curves as a function of 
aging temperature is presented in Fig. 8(b), with a 
behavior similar to that of EO−P for the samples with 
precipitates. The values of S shown in Fig. 8(b) were 
determined from an adjustment of the unloading curve 
using Eq. (1) and the subsequent calculation of the 
derivative. On the other hand, to discard possible 
numerical errors, S was also obtained from a linear 
fitting of the upper portion of the unloading curves, 
observing that both methods give similar values. These 
results suggest that the assumption that the unloading is 
completely elastic cannot be used in the studied material, 
especially in the samples with precipitates. On the other 
hand, the presence of a negative slope at start of 
unloading, in a small scale in our case, has been 
observed as a problem for the calculation of S [27]. 

On the other hand, CHENG and CHENG [21] 
studied the relationship between hardness, elastic 
modulus, and the work of indentation. The work of 
indentation can be obtained from the areas under 
loading−unloading curves of instrumented indentation 
measurements, where Wtot is the total work done by   
the indenter, and Wu is the work done by the solid to  
the indenter during unloading. Based on numerical 
simulations, some studies have proposed a correlation 
between the ratio of elastic recovery work to total work, 
Wu/Wtot, and the ratio of hardness to the reduced elastic 
modulus, H/Er [21,29,30]:  

u

tot r

W HC
W Eθ

 
=  

 
                              (8) 

 
where Cθ is a dimensionless function, which depends on 
the indenter angle. This correlation for the Cu−2wt.%Be 
alloy and considering the values of HLoubet for the 
samples with precipitates and HO−P for the sample in α 
phase, and the reduced modulus obtained by IET, Er-IET, 
is presented in Fig. 9. A linear dependence is observed 
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between the data of the sample in α phase and those with 
precipitates, being in agreement with the relationship 
presented in Eq. (8). A value of Cθ≈10 is obtained. Using 
finite element simulations of a wide variety of elastic− 
plastic materials and conical indenter, CHENG and 
CHENG [21] reported a single value of Cθ≈5, while 
N′JOCK et al [29] found Cθ values of 5.17 and 7.30, 
depending on the ratio Wu/Wtot, using a Vickers indenter 
on several materials. The importance of this method is 
that it is proposed to be used for samples where pile-up is 
large, instead of the traditional method developed by 
Oliver and Pharr, and the value of Cθ is independent of 
the work-hardening behavior [21]. 
 

 
Fig. 9 Relationship between Wu/Wtot and H/Er-IET for 
Cu−2wt.%Be specimens in α phase and with precipitates 
(Dotted line corresponds to Eq. (8) for Cθ=10) 
 

To know the conditions under which Eq. (8) is valid 
and understand the differences observed in the values of 
Cθ, a detailed analysis of the relationship between 
Wu/Wtot and H/Er is done. CHEN and BULL [30] 
reported the following expression obtained for conical 
indenters:  

u c

tot max r

3 tan
2( 1)

W hm H
W m h E

θ
β

π=
+

                 (9) 

 
where θ is the half-included angle of the conical indenter. 
Assuming that m is a constant with the value of 2 and the 
ratio hc/hmax=2/π [30] (according to the estimation given 
by Sneddon for an elastic contact), Eq. (9) can be 
simplified to the following:  

u

tot r

2 tanW H
W E

θ
β

=                             (10) 

 
For a conical indenter with θ=70.3° and using the 

value of β=1.065, CHEN and BULL [30] obtained a 
parameter Cθ≈5.25 from Eq. (10), similar to the value 
reported by other authors. 

To obtain the relationship between Wu/Wtot and H/Er 
for the Cu−2wt.%Be alloy under study and using a 

Berkovich indenter, a methodology similar to that used 
to derive Eq. (10) will be used. It is commonly accepted 
that after plastic deformation occurs during loading with 
sharp indenters, the load−depth curve follows Kick’s  
law [21,30,31]:  
Pload=Ch2                                                     (11)  
while the unloading curves can be accurately described 
by the power law defined in Eq. (1). Wtot and Wu can be 
derived by integrating Eq. (11) and (1), respectively:  
Wtot=1/3Pmaxhmax                                            (12)  

max max f
u

( )
1

P h h
W

m
−

=
+

                        (13) 
 

Thus,  
u max f

tot max

3
1

W h h
W m h

 −
=  +  

                      (14) 

 
On the other hand, the loading stiffness, Sl, and the 

unloading stiffness, Su, at peak load can be obtained by 
differentiating Eqs. (11) and (1), respectively, with 
respect to h and evaluating at the maximum depth. In this 
way, the ratio between Sl and Su is given by  

max fl

u max

2 h hS
S m h

 −
=  

 
                         (15) 

 
According to Ref. [4] and based on Sneddon’s 

analysis, Su can be also obtained through the following 
relationship:  

u r c
2S E Aβ=
π

                          (16) 
 

Thus, the ratio between Sl and Su can be also given 
by 
 

maxl

u max r c

2
2

PS
S h E Aβ

π= =                      (17) 

 
Combining Eqs. (14), (15) and (17), and the 

definition of hardness given in Eq. (4), we obtain 
 

cu

tot max r r

3
2( 1)

AW m H HC
W m h E Eθβ

π
= =

+
               (18) 

 
It is important to note that the expression in Eq. (18) 

can be applied to any indenter, taking care to make 
necessary corrections in the calculation of the contact 
area. 

Because the estimation of m from the experimental 
curves is too sensitive to the estimation procedure, we 
considered the sample without precipitates and chose the 
value of m=1.7, from which the value of the elastic 
modulus is the same using Eq. (18) and from IET 
measurements. If we assume that β=1.05 (as was 
determined by OLIVER and PHARR [4]), hmax is 
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determined from the P−h curves, and Ac is determined 
using the calibration tip function, Eq. (5), evaluated in 
the contact depth obtained by Loubet method, Eq. (7), 
for the samples with precipitates, and by the Oliver and 
Pharr method, Eq. (2), for the sample in α phase, Cθ is 
determined for each sample. The obtained Cθ values are 
presented in Fig. 10(a). These values are close to those 
obtained from experimental data in Fig. 9 of Cθ≈10. It 
can be observed that specimens with higher differences 
and variability exhibit pile-up, which indicates that even 
with the corrections, this effect has some influence on the 
function Cθ estimated. The pile-up would affect the shape 
of the load−depth curves, deviating them from the 
behavior of the ideal elastic−plastic curves, especially in 
the unloading curves. The values of the elastic modulus 
calculated using Cθ for each sample according to     
Eq. (18) for the reduced modulus and then using     
the Oliver and Pharr relationship reported in Ref. [3]   
to determine elastic modulus ECθ, are presented in  
 

 
Fig. 10 Cθ obtained for each sample from Eq. (18) using m=1.7, 
β=1.05 and Ac(hc

*) for samples with precipitates and Ac(hc) for 
sample in α phase, and hmax of each P−h curve (a) and elastic 
modulus obtained from Eq. (18) and Oliver and Pharr 
relationship reported in Ref. [3] (ECθ) and compared with EIET 
and EO−P (b) 

Fig. 10(b). The values of ECθ are near to EIET, obtaining 
an improvement with respect to the values determined 
from Oliver and Pharr method. However, some 
variability can be observed in the samples with pile-up, 
with the highest deviation respect to EIET for the sample 
aged at 580 and 623 K. This deviation could be attributed 
to the differences in the microstructure of the samples. 
The specimens aged at 540, 580 and 623 K for 1 h have 
γ″ precipitates, while the sample aged at 676 K has main 
γ′ precipitates [8]. The measurements indicate that when 
indentation is developed in samples containing γ′ phase, 
the ECθ determination is closer to EIET than those 
containing γ″ precipitates. However, a good estimation is 
obtained in the sample aged at 540 K, probably because 
the volume fraction of γ″ phase (around 5%) is lower 
than that of the samples aged at 580 and 623 K (around 
12%) [8]. One of the factors that have influence on the 
better determination of the elastic modulus in the 
samples with γ′ phase is that they have an ellipsoid or 
plate shape with respect to the γ″ precipitates, which 
have sphere-shape [15]. This has influence on the better 
estimation of the modulus in the sample aged at 623 K 
with respect to that aged at 580 K because the shape of 
the precipitates formed at the highest aging temperature 
would be more similar to the ellipsoidal shape, according 
to Ref. [8]. However, more work is needed in order to 
understand the effect of different types of precipitates 
(shape and orientation) on the variability of the 
determined elastic modulus. 
 
4 Conclusions 
 

(1) Important differences in the load−depth curves 
were observed between the Cu−2wt.%Be samples 
unaged and aged. The surface after the indentation was 
analyzed. It is found that there is an important level of 
pile-up in samples with precipitates. This behavior is 
associated with a decrease of the work-hardening 
exponent in the samples with precipitates with respect to 
the others without aging. 

(2) The hardness was estimated from the load−depth 
curves using the correction in the determination of the 
contact depth proposed by Loubet considering the 
pile-up. With this correction the hardness behavior was 
similar to that of Vickers microhardness for the samples 
with precipitates. 

(3) A different approach was employed for elastic 
modulus (E) determination, based on the relationship 
between the ratio of unloading work to indentation total 
work, with the ratio H/Er. A specific relationship between 
both parameters was developed and E was determined 
taking the area as input under the curve and the contact 
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area determined using the Loubet correction for the 
samples that exhibit pile-up. The values determined are 
close to those obtained using IET, mainly in the samples 
without aging and those with γ′ precipitates. 
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摘  要：研究凸起对具有纳米析出相的 Cu−2wt.%Be 纳米压痕测量分析的影响。将样品在 540~680 K 之间的不同

温度下时效 1 h，析出相形成。用经典的 Oliver 和 Pharr 法对载荷−深度曲线进行分析，并将得到的弹性模量和硬

度值与其他技术估算的值进行比较。在具有析出相的样品中发现了重要的凸起水平，且观察到时效和未时效处理

样品的载荷−深度曲线也不同。用 Loubet 模型估算硬度值，该模型在考虑有凸起的情况下，对接触深度进行修正。

利用卸载功与压痕总功之比与 H/Er(H 为硬度，E 为折合模量)比之间的关系确定弹性模量，并建立这两个参数间

的特殊关系。 

关键词：凸起；纳米压痕测量；铜合金；析出；显微组织；力学性能 
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