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A B S T R A C T   

A new method has been proposed and verified to measure the viscoelastic properties of polymers by nano-
indentation tests. With the mechanical response of load–displacement curves at different loading rates, the pa-
rameters of creep compliance and relaxation modulus are calculated through the viscoelastic contact model. 
Dynamic thermomechanical analysis (DMA) tests are conducted to compare the results by the proposed tech-
nique. The results show that the correlation coefficients between DMA tests and the new method are above 0.9 in 
the entire range, which verified the feasibility of the method. The loading curves fitted by the model are identical 
to the experimental curves within the discrete points and so it shows that this technique is more suitable for 
general linear viscoelastic materials. Numerical creep tests are carried out to examine the effectiveness of the 
proposed method by input the Prony series calculated by the three-element Maxwell model and the viscoelastic 
contact model. The good agreement shows that the proposed technique can be applied in practice.   

1. Introduction 

With the increasing use of very small structures, nanocomposites, 
and other micromaterials in various engineering areas such as optic, 
mechanical, electric, and microelectromechanical systems, a critical 
evaluation of the mechanical behavior is needed to predict the reliability 
of such materials [1–5]. Traditional mechanical testing is not suitable 
for small-scale or local performance testing due to the limitations of 
sample size, experimental conditions, and test resolution [6–10]. 
Nanoindentation has become one of the most important methods for 
small-scale measurement because of its advantages of high resolution, 
simple sample preparation, and nondestructive testing [11–15]. For 
general materials, the nanoindentation test can easily acquire hardness 
and elastic modulus, and, more importantly, in the plastic region, the 
inversion calculation of constitutive relation can be carried out by 
dimensional analysis [16–18]. However, for time-dependent materials, 
the viscoelastic parameters cannot be directly measured, and the 
inversion calculation method proposed by previous researchers is not 
suitable, so there is a need to explore how to obtain the mechanical 
properties of viscoelastic materials. Unfortunately, there are few studies 

on the calculation of viscoelastic parameters using nanoindentation. 
Wei et al. [19] proposed a combination of one dashpot in series with 

1 K model and 2 K models with distinct time constants in series to 
describe the deformation of polymers under indentation tests. A coupled 
experimental/numerical approach for the characterization of the local 
mechanical behavior of epoxy polymer materials was proposed by 
Minervino et al. They found that the pure viscoelastic constitutive law 
cannot reproduce the local polymer behavior and needs to be enhanced 
by adding material-softening behavior [20]. Men�cík et al. [21] proposed 
a model consisting of spring, plastic element, dashpot, and 2 K–Voigt 
bodies to calculate the load response of viscoelastic-plastic materials, 
including biological and restorative biomaterials. Some other models for 
viscoelastic polymers have been proposed as well [22–27]. Although 
efforts have been made to explain the viscoelastic properties of poly-
mers, the models suggested in the previous studies are either very 
complex, resulting in time-consuming calculations, or based on complex 
input data, such as complex loading profiles. In addition, the parameters 
obtained cannot be directly applied to engineering mechanical calcu-
lations, especially for simulation calculations. 

The paper proposes and validates a method to directly calculate 
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viscoelastic parameters using nanoindentation tests. Polyimide (PI) thin 
film was used to validate this method. The method can acquire creep 
compliance and relaxation modulus based on nanoindentation experi-
ments at different loading rates. For comparison, dynamical mechanical 
analysis (DMA) creep experiments were carried out, and then the 
viscoelastic parameters were fitted by the generalized Kelvin/Maxwell 
model, so that they could be used to compare with the results of the 
nanoindentation method. Finally, Prony series calculated by the two 
methods were used in the creep simulation to verify the method. 

2. Theoretical background 

The nanoindentation test can be regarded as a process in which a 
rigid indenter is gradually pressed into an elastic half-space (Supporting 
Information Section I). For a conical indenter, the relationship between 
load and displacement can be obtained by the Sneddon contact model 
[28,29]: 

P¼
4

πð1 � υÞtan α Gh2 (1)  

where P is the indentation load, h is the indentation depth, G is the shear 
modulus and G ¼ E=2ð1 þ υÞ, E is the elastic modulus, υ is Poisson’s 
ratio, and α is the angle of the indenter. 

Similarly, according to this line of thought, when testing viscoelastic 
materials, the experimental process can be regarded as a quasi-static 
boundary issue between rigid indenter and semi-infinite space mate-
rials with time dependence (Supporting Information Section II). The 
difference between them is that viscoelastic materials have creep or 
relaxation characteristics due to their time-dependence properties, and 
can cause the moving boundary problem. Therefore, how to introduce 
time variables into the contact model is a key question. The load- 
displacement curve involves time factors such as loading rate, holding 
time, unloading rate, etc. In this paper, loading rate was used to express 
time variables. 

According to Riande’s research [30], the hereditary integral operator 
introduced into Equation (1) leads to the relationship between 
displacement and load: 

h2ðtÞ¼
πð1 � νÞtan α

4

Z t

0
Jðt � τÞ

�
dpðτÞ

dτ

�

dτ (2)  

where JðtÞ is the creep compliance function in shear, t is the time vari-
able, and τ is the retardation time in the model. 

The indentation load can be shown as PðtÞ ¼ v0tHðtÞ by the constant 
loading rate, where υ0 is the loading rate and HðtÞ is the Heaviside step 
function. Substituting PðtÞ into Equation (2), we have 

h2ðtÞ¼
πð1 � νÞv0 tan α

4

Z t

0
Jðt � τÞdτ (3) 

Differentiating Equation (3) with respect to t, we have 

JðtÞ¼
8h

πð1 � νÞtan α
dh
dp

(4) 

The general representation of creep compliance based on the Kelvin 
model is 

JðtÞ¼ J0 þ
XN

i¼1
Ji
�
1 � e� t=τi

�
(5)  

where J0; J1; J2; :::Jn are compliance numbers, τ1; τ2; :::τn are retardation 
times, and N is a positive integer. 

Similarly, the general representation of the relaxation modulus based 
on the Maxwell model is 

EðtÞ¼E0 þ
XN

i¼1
Eie� t=τi (6)  

where E0; E1; E2; :::En are relaxation modulus numbers, τ1; τ2; :::τn are 
retardation times, and N is a positive integer. 

Substituting Equation (5) into Equation (4), we have 

h2

 

t

!
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1
4

π
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!

tan α
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J0þ
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i¼1
Ji

!

P

 

t

!

�
XN
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Jiv0τi

�
1 � e� PðtÞ=ðv0τiÞ

�
#

(7) 

Equation (7) is the viscoelastic contact model based on nano-
indentation. Applying the nanoindentation experiment at different 
loading rates, the relationship between loads and displacement squares 
can be obtained, and different creep parameters can be fitted. Therefore, 
the equation can analyze the viscoelastic relationship of time-dependent 
materials. According to the Laplace transformation, there is a conversion 
relationship between creep compliance and relaxation modulus in the 
Laplace domain, as shown in Equation (8), hence the relaxation modulus 
can be obtained by creep compliance [30,31]: 

E
�

t
�

¼ L� 1
�

eE
�

s
��

¼L� 1
�

1
s2eJðsÞ

�

(8)  

where EðtÞ is the relaxation modulus, Lfg is the Laplace operator, s is the 
Laplace variable, eJðsÞ and eEðsÞ are the functions obtained by Laplace 
transformation, and eJðsÞeEðsÞ ¼ 1=s2. 

3. Experiments 

A commercial polyimide (PI) thin film (CENPI, Ningbo, CHN) was 
adopted in our study. The specimen surface was cleaned ultrasonically 
several times and all specimens were aged for approximately 48 h before 
nanoindentation tests. Samples of 15 � 10 � 0.05 mm size were directly 
glued onto a metallic holder to perform the nanoindentation tests. The 
tests were performed with a nanoindenter (Keysight G200) provided 
with continuous stiffness measurement (CSM). A Berkovich diamond tip 
was employed and all experiments were performed at room temperature 
(20 �C). Nanoindentation experiments were carried out in a stress- 
loading manner with constant loading of 10 mN. Five fixed loading 
rates of 2, 1, 0.5, 0.1 and 0.05 mN/s were tested. For each sample, at 
least five tests were conducted to calculate the average value of the 
mechanical parameters. 

Similarly, after the surface cleaning, samples of 30 � 10 � 0.05 mm 
size were prepared by mechanical cutting for DMA creep tests. The creep 
tests of PI film were performed with film tension mode using a DMA 
Q800 dynamic mechanical analyzer (TA Instruments, New Castle, DE, 
USA). The DMA tests were performed under controlled stress. In order to 
improve the accuracy of the tests, a preliminary test was carried out at 
room temperature with constant stress equal to 0.1 MPa. Immediately 
after the preliminary test, the samples were kept for 30 min at the test 
temperature (20 �C). The initial stress was 5 MPa. When the stress 
reached the setting point, the value of strain with time change was 
recorded, and then the creep curves were obtained. 

4. Results and discussion 

The load-displacement curves by nanoindentation experiments are 
shown in Fig. 1. It can be seen that when the maximum load has the same 
value, different maximum displacement appears. It is worth noting that 
when the loading rate becomes larger, the curves obtained by the 
experiment are statistically insignificant with each other. The differ-
ences of the maximum force measured from nanoindentation with the 
loading rates of 0.5, 1 and 2 mN/s are below 5%.With the loading rate 
decreasing, the load-displacement curve begins to discrete. This is 
because the polyimide thin film is a type of viscoelastic material, which 
is time-dependent. Therefore, the loading time increases when the 
loading rate decreases, and then lead to the increase of creep value. It 
means that the creep phenomenon is more pronounced during the low 
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loading rate, which has also been observed in other studies [32–34]. 
According to the nanoindentation test and the viscoelastic contact 

model using Equation (7), the relationship between h2ðtÞ and PðtÞ under 
different loading rates can be obtained, as well as the creep compliance. 

Because the angle between the indenter and the measured material 
plane is 19:7�, Equation (7) can be simplified as follows: 

h2

 

t

!

¼ 0:1883

" 

J0þ
XN

i¼1
Ji

!

P

 

t

!

�
XN

i¼1
Jiv0τi

�
1 � e� PðtÞ=ðv0τiÞ

�
#

(9) 

The data of load-displacement curves at five loading rates are 
introduced into Equation (9) for fitting calculation and then the relevant 
parameters for calculating creep compliance can be obtained, as shown 
in Table 1. 

Substituting parameters in Table 1 into Equation (5), the function of 
creep compliance for polyimide film can be deduced: 

JðtÞ¼ 0:0009397þ 0:0001712
�
1 � e� t=9:23�þ 0:00003104

�
1 � e� t=86:21�

þ 0:0001534
�
1 � e� t=1000�

(10) 

Fig. 2 shows a comparison of creep compliance between the visco-
elastic contact model and DMA creep experiments. The correlation co-
efficient is 0.9578 in the entire range. It can be concluded that the two 
curves have the similar development trend and good fitting degree over 
time. Note that, at the early creep stage (~ ¼ 15s), the creep compliance 
obtained by DMA creep experiment is slightly higher than that obtained 
by viscoelastic contact model, and the maximum difference is 7.6%. The 
viscoelastic contact model is based on the Herz model that requires an 
ideal contact between the two solids. Thus, the deviation observed at the 
early stage is likely caused by the thermal drift or size effect [14,16]. 
Although the slight difference at the early stage, as the creep time in-
creases, they are basically the same in the overall rage (Supporting In-
formation). It proves that the viscoelastic contact model based on 
nanoindentation is reasonable and the creep compliance calculated by 
the nanoindentation experiment is feasible. 

The parameters in Table 1 are re-introduced into Equation (9) to 
obtain the relationship between load and displacement at different 
loading rates. When the loading rate is 2 mN/s, we can get 

h2ðtÞ¼ 0:1883
�
0:0012953PðtÞ � 0:00319

�
1 � e� PðtÞ=18:46�

� 0:0054
�
1 � e� PðtÞ=172:42� � 0:3068

�
1 � e� PðtÞ=2000�� (11) 

Similarly, equations for other loading rates can be obtained in this 
manner, and the relevant parameters are shown in Table 2. 

The fitted loading curve can be inverted by parameters in Table 2, 
and then compared with the nanoindentation experiment, as shown in 
Fig. 3. It can be seen that the correlation coefficients between the two 
sets of data are all above 0.95 within the discrete points, which verifies 
the validity of the function based on nanoindentation. And with the 
increased loading rate, the positions of discrete points in the loading 
curve are larger concomitantly, as shown in Fig. 3f. However, it can also 
be seen that with the increased indent displacement, the fitted curves 
and experimental curves have certain discrete deviation. 

In this paper, as an approximation, we use discrete points as the limit 
of linearity for polyimide thin film. As mentioned in Section 2, the 
viscoelastic contact model in this paper is based on Hertz contact and a 
quasi-static boundary value problem with moving boundary [35,36]. 
This requires that the area of contact is small compared with the di-
mensions of the bodies and small strains are assumed. Moreover, both 
bodies in contact are linearly viscoelastic, and the material properties 
can be characterized by creep or relaxation functions. In fact, the 
indentation process of nanoindentation is three-dimensional nonlinear 
mechanical behavior and can induce deformations in both the linear and 
nonlinear viscoelastic regimes. If the indentation load or depth is small, 
indentation on a viscoelastic half-space can be considered as a linear 
viscoelastic problem. Therefore, the function proposed in this paper is 
applicable to shallow indent experiments of nanodentation, and with the 
increased indentation depth, the nonlinear contact model may be 
developed. 

According to Equation (8), the calculated creep compliance can be 
converted into a relaxation modulus, we can get 

EðtÞ¼ 775þ 104:4e� t=20 þ 40:85e� t=200 þ 76:44e� t=1200 (12) 

Similarly, creep compliance calculated by the DMA experiment can 
be transformed for the relaxation modulus. By introducing the param-
eters into the three-element generalized Maxwell model (Supporting 
Information), the equation can be obtained: 

EðtÞ¼ 771:4þ 45:93e� t=20 þ 45:58e� t=300 þ 76:67e� t=1200 (13) 

Fig. 4 shows a comparison of relaxation modulus between the three- 

Fig. 1. Load-displacement curves for polyimide (PI) materials by nano-
indentation under different loading rates. 

Table 1 
Parameters for calculating creep compliance.  

Parameter J0=MPa� 1  J1=MPa� 1  J2=MPa� 1  J3=MPa� 1  τ1=s  τ2=s  τ3=s  

Value 9.397e-04 1.712e-4 3.104e-5 1.534e-4 9.23 86.21 1000  

Fig. 2. The comparison of creep compliance between the contact model and 
DMA test. 
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element Maxwell model and the viscoelastic contact model. Similar to 
Fig. 2, the deviation at the early relaxation stage (~ ¼ 30 s) is observed 
in the curves. This is also likely caused by reasons mentioned in the 
creep phenomenon. The maximum difference between two set of data is 
4.9%, and the correlation coefficients is 0.9011. With the time 
increased, the two types of data have a good fitting degree in the overall 
range (Supporting Information). It can also prove the method proposed 

in this paper. 
To conclude, the viscoelastic contact model based on nano-

indentation can calculate both the relaxation modulus and creep 
compliance. The calculated results are basically consistent with the 
traditional experiments, it provide a new method to acquire viscoelastic 
properties. 

5. FEM simulation 

In order to further verify the viscoelastic parameters obtained by 
nanoindentation, FEM was used to simulate a creep test. All simulation 
studies were performed using the commercial finite element software 
Abaqus version 6.11 (Dassault Systems, France). The same size sample 
as the DMA test was selected to establish the geometric model, as shown 
in Fig. 5. In this model, a three-dimensional C3D8R element and hex-
ahedral mesh were used. One end of the finite element geometric model 
was fully constrained and the opposite side had initial stress imposed 
without constraint for other aspects. 

The simulation was carried out in two steps. The first step was quasi- 
static loading with the purpose of exerting initial stress; the second step 
was viscous loading, keeping the initial stress for 30 min, and observing 
the occurrence of creep phenomenon in this time range. The parameters 
input to the model were Prony series converted by the creep compliance, 
as shown in Table 3. 

Fig. 6 shows the creep results between the simulations by two types 

Table 2 
Parameters of relationship between h2ðtÞ and PðtÞ.  

Loading rate υ0  J0 þ
P3

i¼1Ji  J1υ0τ1  J2υ0τ2  J3υ0τ3  υ0τ1  υ0τ2  υ0τ3  

2 mN/s 1.2953e-3 3.19e-3 5.4e-3 0.3068 18.46 172.42 2000 
1 mN/s 1.2953e-3 1.596e-3 2.7e-3 0.1534 9.32 86.21 1000 
0.5 mN/s 1.2953e-3 7.98e-4 1.35e-3 0.0766 4.66 43.105 500 
0.1 mN/s 1.2953e-3 1.596e-4 2.7e-4 0.01532 0.932 8.621 100 
0.05 mN/s 1.2953e-3 7.98e-5 1.35e-4 7.66e-3 0.456 4.315 50  

Fig. 3. Fitting curves and discrete points at different loading rates: (a) 2 mN/s, (b) 1 mN/s, (c) 0.5 mN/s, (d) 0.1 mN/s, (e) 0.05 mN/s; and (f) discrete points at 
different loading velocities. 

Fig. 4. Curves of relaxation modulus by the three-element Maxwell model and 
viscoelastic contact model. 

Y. Wang et al.                                                                                                                                                                                                                                   



Polymer Testing 83 (2020) 106353

5

of Prony series and the traditional experiment. It can be seen that the 
simulation curves obtained by the two methods are consistent with the 
experimental curves of DMA in the overall time, which verifies the ac-
curacy of the method. The experimental data curves are slightly lower 
than the simulated data curves. The maximum difference is 15% be-
tween the simulations and the DMA tests, which is mainly caused by the 
precision and astringency of the algorithm of the simulation. And the 
maximum difference between two types of Prony series is 9.2%, 
respectively. With the time increased, the three type’s curves have a 
good fitting degree in the entire range. It is further proved that the 
viscoelastic contact model based on nanoindentation can be applied to 
polyimide materials, and it also provides a calculation method for other 
viscoelastic polymers. 

6. Conclusion 

A new technique for measuring viscoelastic parameters based on 
nanoindentation has been proposed and validated. Creep compliance 
and relaxation modulus are calculated through the viscoelastic contact 
model by nanoindentation experiments at different loading rates. The 
correlation coefficient between curves by the proposed method and 
DMA experiment is 0.9578 for creep compliance and 0.9011 for relax-
ation modulus, respectively, which confirmed the rationality of the 
method. Loading curves fitted by the proposed model at five different 
rates are basically consistent with the nanoindentation experiments 
before the discrete points. The discrete phenomenon appears when the 
indentation depth is large, which indicates that the method is expected 
to be applicable to general linear viscoelastic materials. Based on the 
Prony series of the generalized Kelvin/Maxwell model, numerical 
simulation are conducted, further confirmed the feasibility of this 
method and providing a new idea for viscoelastic polymer materials at a 
small scale. 
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