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INDENTATION CHARACTERISTIC STRAIN DETERMINED BASED ON METALLIC MATERIAL DAMAGE

Characteristic strain is a key parameter connecting the hardness and flow stress for indentation experiments. However, there are
significant difference between the characteristic strains obtained from previous models. In this work, the indentation characteristic
strain is determined based on continuum damage mechanics for Al 5052. Combined indentation tests with the repeated loading-
-unloading tensile experiments, the indentation characteristic strain is deduced from the reduced Young’s modulus. The relation-
ship between indentation characteristic strain and indent depth is established, and the limitation of indentation characteristic strain
is determined as 0.12703. From the simulation study, average equivalent plastic strain (PEEQ) is calculated, which also is a func-
tion of indent depth. The limitation of average PEEQ is 0.11168, which well agrees with Tekkaya’s result (0.112). Furthermore,
the relationship between indentation characteristic strain and average PEEQ is deduced.
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1. Introduction

It is known that the indentation hardness (Hy,,,) is related
to the representative stress (o,) o, as Hy,,, = ko,.(¢), where o,.(¢)
is the corresponding flow stress on the uniaxial stress-strain
curve of a certain representative strain, in the range 0.08-0.10 [1].
The representative strain is a key parameter for the indentation
hardness, which is also called characteristic strain, effective
strain, or average strain [2]. According to Atkins and Tabor
[3,4], the representative strains depend only on the cone angle.
They revealed that the characteristic strains for metals are 0.3,
0.25,0.17,0.11, 0.08 and 0.04 for indenter angles of 30, 45, 60,
68, 75 and 85, respectively. Later, by using expanding cavity
model (ECM), Johnson derived the relationship between the
representative strain and the indenter angles as ¢,.= 0.2coté [5].
With numerical analysis method application, Jayaraman et al.
[6] suggested that the representative strains are 0.070 and 0.225
for the Berkovich and cube-corner indenters, respectively. Cheng
et al. [8] suggested that the representative strain has a function
of indenter angles which expressed as ¢, = —0.00616 + 0.5344
(for 45° < 0 < 80°) through dimensionless analysis.

With the development of computer technology, finite ele-
ment simulation is increasingly used for studying the indenta-
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tion experiments, such as the materials stress-strain relationship
[7,8], representative strain [9,10] and etc. [11-13]. Dao et al.
[9] has proposed a representative strains as 0.033 for inverse
problem, which has “no physical basis”. Ogasawara et al. took
g.= 0.0115 for the case of Vickers indentation [10]. Actually,
Ogasawara argued that the dimensional analysis used by Dao
et al. is questionable because £/Y > 900, rather in the range of
25-900 used by Dao et al, for most engineering materials. There-
fore, the representative strains depend on not only the indenter
angle, but also the material properties and the loading conditions.
Representative strain becomes o, /E (the ratio between yield
stress, o,, and Young’s modulus, £') independent only when the
o, /E is with small value [3]. The similar conclusions were found
by Bolshakov and Pharr [14].

Furthermore, there are more factors relating to the inden-
tation characteristic strain, such as friction, material dependent
[2,15], ratio of loading curvature to reduced modulus. Antunes
et al. [15] studied the influence of friction and found that the
representative plastic strain is 0.034, which is very near that
(0.033) reported by Dao et al. [9]. However, with increasing
the material’s Young’s modulus, it reaches a maximum value,
0.042. Nathan et al. [2] defined the representative plastic strain
as the volume average plastic strain within the plastic zone of
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Vickers indentation, which is independent on the amount of
prior plastic deformation of the indented material. Through
experiments, the predicted indentation hardness is very close to
the experimentally measured micro-Vickers indent mapping for
the plastic zones of P675 SS and 303 SS. Cao and Huber [16]
found that the representative plastic strain is dependent on the
ratio of loading curvature to reduced modulus, and they gave the
values in the range 0.023-0.095. Chaudhri [17] suggested that
the representative plastic strain should be the maximum plastic
strain in the plastic zone, which is in the range 0.25-0.36. In fact,
there is much higher maximum plastic strains in the indention
plastic zone [18,19]. Prasad et al. [20] has studied the influ-
ence of indenter angle on the plastic deformation underneath
a sharp indenter and on representative strains, and they defined
the representative plastic strain as the volume average strain
within the elastic-plastic boundary, which is a strong function
of indenter angle. They figured out that the universal definition
of representative strain determined by ¢, = 0.2cot# is not valid
to determine the values for all conical indentations.

In this study, the indentation characteristic strain under
sharp indent is determined based on the damage theory inspired
by our previous studies [21-24]. The repeated loading-unloading
tests and indention test of 5052 aluminum alloy was coupled to
explore the relationship between indention strain and damage.
Furthermore, the correlation between the indentation charac-
teristic strain and equivalent plastic strain from finite element
method (FEM) was investigated as well.

2. Experimental

The 5052 Aluminum alloy with the chemical composition
listed in TABLE 1 was used in this work. Before indentation tests,
the specimens were treated by vacuum annealing at a heating
temperature of 350°C for 2 hours and cooling to room tempera-
ture in the furnace. The samples were ground on 180 #, 400 #,
800 #, 1200 #, and 2000 # sandpaper, respectively. After samples’
surface grounding on 2000 # sandpaper, the samples were pol-
ished using SiO, polishing fluid. Agilent Nano Indenter G200
Tester with a Berkovich diamond indenter was adopted to carry
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Fig. 1. The P-h curves with load range from 100-450 mN in Al 5052

out the Nano-indentation test at room temperature. The tested
specimens were separately loaded with maximum indenter loads
of 10 mN, 20 mN, 30 mN, 40 mN, 50 mN, 100 mN, 200 mN,
300 mN, 400 mN and 450 mN. The time to load is 15 seconds.
Repeated experiments were carried out to obtain data reproduc-
ibility which then were analyzed through loading unloading
curves. To study the correlation between the strain distribution
during indentation, a three-dimensional finite element model
was constructed to simulate the indentation process. Finite ele-
ment method (FEM) was constructed to simulate the indentation
process by ABAQUS software (Version 6.14).

TABLE 1

Chemical composition of 5052 Aluminum alloy (wt.%)

Element Mg | Cu |Mn | Si | Fe | Cr | Ni | Al
Content (wt.%) | 2.27 | 0.14 | 0.32 | 0.51 | 0.31 | 0.27 | 0.24 | Bal.

3. Results and discussions
3.1. Indentation damage

The P-h curves under different loads were depicted as
shown in Fig. 1. The loading curves shown similar trend, which
indicates a better repeatability of the indentation tests. With the
indentation P-% curves (Fig. 1), the Young’s modulus can be cal-
culated by Oliver-Pharr method [25,26]. The Young’s modulus £
is depicted in Fig. 2. It can be found that the Young’s modulus is
approximately decreasing with increasing the indentation load
(Fig. 2(a)). According to the previous studies, the decreasing
Young’s modulus was related to indentation damage, which is
caused by localized shear stresses during indentation [27-29].
With increasing the indentation load, damage occurs in the
material during tests. After unloading, the elastic properties of
the tested material decline due to damage accumulation. The
unloading curve reflects the damaged material properties with
decreased E. In Fig. 2(b), the relationship between Young’s
modulus and indenter displacement is determined from linear
fitting. It exhibits good linear relation.
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Fig. 2. The Young’s modulus of Al 5052 at different (a) peak load; (b) indenter displacement

According to the continuum damage mechanics (CDM),
the damage (Dg) for materials is usually determined based on
the Young’s modulus as [30]:

E
Dp=1-— 1
E ) ©)

Where E| is the Young’s modulus of the material, and E is ef-
fective elastic modulus of the damaged material. Accordingly,
the indentation damage can be calculated from Young’s modulus
based on CDM. The results are plotted in Fig. 3, which exhib-
its significant damage increasing with the indentation load.
However, it is noted that the relationship between damage and
peak load is not linear. From the view of fracture toughness,
the indentation is regarded as a circular crack in the material.
According to the fracture toughness equation, K} = o Jra s
where Kj is plain fracture toughness (a material contant). From
this equation, there is a relationship between the maximum stress
for a material with certain crack length, or the maximum crack
length for material under stress. Actually, the maximum stress
is contant for a definite material, and it can be considered as
the fracture stress. For this, when the indentation depth (crack)
increases continuously within the critical depth a,, the residual
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Fig. 3. The Young’s modulus damage of Al 5052 under different in-
dentation loads

bearing depth (a.-a) is becoming smaller. Meanwhile, the dam-
age increases continuously.

3.2. The indentation characteristic strain determined
based on damage

According to the previous work [22] on the repeated
loading-unloading tensile carried out on Al 5052, the damage
parameter of this alloy was expressed as:

D=1-exp(-A¢) (2)

where 4 = 15.30. One can find that the damage increases with
increasing strain.

Assuming equivalent damage for both tensile and inden-
tation, the indentation characteristic strain can be determined
from repeated loading-unloading tensile tests. Based on the
above indentation damage results, the corresponding strain can
be calculated by Eq. (2). Fig. 4 shows the damage and corre-
sponding strain (considered as plastic strain). The damage error
bars reflect the damage from repeated indentation test results,
and the strain error bars are the corresponding results according
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Fig. 4. The damage from indentation experiments versus the correspond-
ing strain from repeated loading-unloading tensile for Al 5052
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to damage. It is shown that the strain increases with increasing
damage. This reflects the common sense that increasing strain
would induce greater damage.

With the determined strain, the indentation displacements
with the corresponding strain are plotted in Fig. 5. In addition,
the nonlinear fitting was carried out, which shows a good cor-
relation between damage strain and fitting line. The strain can
be expressed as a function of indentation depth / (nm) according
to the fitting results:

£=0.12703-0.13192exp(-9.17 10> ) 3)

As seen in Fig. 5, the Eq. (3) is a positive function with
indenter depth, which increases with increasing the 4. When the
indentation depth is shallow, the strain is small. While the indent
depth is deep, the strain increases. However, the maximum limit
of Eq. (3) can be deduced as 0.12703, when /4 has a very great
value. So, when the limit strain obtained can be considered as
the characteristic strain at macroscopic scale. Furthermore,
it is found that the value of the limit strain is greater than the
characteristic strains from Tabor [1] (¢. = 0.08) and Johnson
[31] (e- = 0.2cotf = 0.07), but it is close to Tekkaya’s result
(e,=0.112 [32]).
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Fig. 5. The strain vs. the corresponding indenter displacement for
Al5052

From the relationship between the strain and the indenter
displacement, the relationship between damage and indenter
displacement can be rewritten as:

DE,Indentation =1- exp (—Ag)
0.12703-0.13192

=1-exp| -4 4

P17 exp(-9.17x107 ) @

For further deduction, it can be known that the damage is
zero when the indenter displacement is 0 nm. This means that
when the indenter permeates the sample, the damage has started.
With increasing the indentation displacement, damage further
takes place. This implies that there is no threshold value for the

damage in 5052Al to begin during indentation experiment with
Berkovich indenter, because damage is always accompanied by
indentation process.

Based on Eq. (4), the indentation damage can be depicted
as Fig. 6. As shown, the indentation damage increases with
increasing the indentation displacement. The value of damage
is 0.85 when the indentation displacement is at least greater
than 40000 nm (40 pm) from Fig. 6. When the damage is 1, the
material under indenter should fail according the damage theory.
However, the limit of indentation damage is less than 1 with large
indentation displacement. It means that Al 5052 would not fail.
That is why many ductile materials, such as Al and Cu, hardly
show indentation crack. From Eq. (4), the indentation damage
at different indenter displacement can be predicted. Fig. 7 shows
the comparison between predicted damage from Eq. (4) and

E

damage from Young’s modulus (DE =1 N ) It can be found
0

that the predicted damage is very close to the Young’s modulus

damage, and the value of predicted damage is within the error
range of Young’s modulus damage.
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To some extent, the elastoplastic properties of metals
are reflected as the degree of metal interatomic bonding force
to resist external forces. The elastic modulus of a material is
a macroscopic manifestation of the interaction between atoms.
Plastic deformation is the result of internal defect movement,
especially for dislocations and twins. Dislocations and twins are
the barrier of plastic deformation of most ductile metal materi-
als. When the local stress concentration is equal to or greater
than the atomic bonding force after initiation of dislocations or
twins and movement reaches the critical state, the microdam-
age would nucleate under a low external stress. In the process
of material deformation, a large number of slip or twin would
be produced. Dispositional motion (slip or climb) [33-35],
atomic surfaces arranged in regular pairs separate and recom-
bine, which would load to numbers of mismatched micro atoms.
With deformation propagates, mismatches would increase and
the accumulation of mismatches would lead to microscopic
defects, such as holes and micro-cracks. This affects the atomic
rebound deformation, thereby declining the resilience from the
original regular arrangement of materials and the performance
of in elastic modulus. Plastic deformation damage of a material
is a process of cumulative evolution across scales [36]. To some
extent, there is a positive correlation between the deformation
degree of material and the atomic mismatch. With the increase
in deformation, the atomic mismatch increases, which leads to
a proportional increase in the numbers of holes or cracks and to
indirectly degrade the elastic modulus.

3.3. The strain determined from FEM

The size of specimen was @100 %50 um. As shown in Fig. §,
the designed model contains 37400 elements using 8-node linear
brick elements (C3D8) and the Berkovich indenter part includes
344 elements using discrete rigid (R3D4). During simulation,
the frictionless tangential behavior was applied to the contact
between indenter and material. In simulation, the adopted plastic
stress-strain relation of specimen was adopted from the repeated
stress-strain curve. The bottom of the model was fixed during

Fig. 8. The designed simulation model
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indenter loading. Five displacement loads were given accord-
ing to the above indentation experiments as 2.07 pm (100 mN),
2.92 um (200 mN), 3.60 pm (300 mN), 4.26 um (400 mN) and
4.74 um(450 mN). Fig. 10 shows the distribution of simulation
results for 300 mN. It can be found the shapes of the isoline of
equivalent plastic strain (PEEQ) distribution at maximum depth
are similar.
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Fig. 9. The PEEQ results of 300 mN at maximum depth

For quantitative analysis of strain distribution in simulation
results, a statistical method has been introduced. Based on the
simulation results, PEEQ of the model can be obtained using the
following algorithm [37]:

112
=7{Zk‘,skak} (%)

Ny
Ve = l:Z Vk:l s Epg
k s
In Eq. (5), ¥, and ¢, are the total volume and the average
PEEQ in the plastic zone, where the PEEQ is greater than 0;
Vi and ¢, are the volume and the PEEQ of the k™ element,
respectively; and N; is the total element number. The average
PEEQ for the selected elements were calculated based on the
post-process simulation results via the ABAQUS script language
Python. The statistical average PEEQ is shown in Fig. 10 for
different maximum loads. With increasing the indentation dis-
placement, the average PEEQ basically increases, and these five
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Fig. 10. The average PEEQ with different peak loads
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curves are coincided. Actually, the plastic strain region increases
linearly with the increase in indentation depth [38], so the curves
have the same trajectory for greater loads.

Furthermore, the average PEEQ at different indentation
depth were calculated, and the results are shown in Fig. 11. It seen
from Fig. 11, with increasing the indentation depth, the results of
average PEEQ increase continuously, which are well consistent
with the results shown in Fig. 11. In addition, it can be found
that this increasing trend presents a nonlinear increase with the
increase in indentation depth, and the increasing degree gradually
slows down after 4500 nm. The nonlinear relationship between
the average PEEQ and the indentation depth can be regressed
using an exponential function. The equation can be expressed as:

PEEQpg (h) =
=0.11168-0.10939exp(~3.00083x10~*h)  (6)

As per Eq. (6), the average PEEQ is a function of indenter
displacement, which is increasing with increased indentation
depth. Furthermore, one can find from Fig. 10 that the minimum
limit of average PEEQ is 0, when the indentation depth is 0.
As the indenter penetrates into the material, the PEEQ begins to
produce. Also, it can be found that the maximum limit of average
PEEQ is 0.11168 when the indentation depth is much great, which
is much close to Tekkaya’s result ¢, = 0.112 [32]. The average
PEEQ and Tekkaya’s result are identical, even though they are
obtained from different simulation methods. The maximum limit
of average PEEQ is the result for much great indentation depth.
The great indentation depth can be considered as the macro
indentation, where most materials show a depth independent
hardness with the indentation depth greater than 10 pm [39,40].
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Fig. 11. The fitting results of average PEEQ

Fig. 12 compares the indentation characteristic strain from
damage and average PEEQ. Both show the same change trend
with increasing the indentation depth, but the average PEEQ

has greater values than indentation characteristic strain in the
indentation depth range from 0 to 11000 nm. According to Eq.
(3) and (6), there is a same parameter 4, so it can be induced
the relationship between strain and PEEQ. The expression can
be written as below:

)0.3056

& =0.12703-0.25941(0.11168 — PEEQ;,, (7)
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Fig. 12. Predicted strain for different indenter displacement

4. Conclusions

In this work, the indentation characteristic strain was studied
on Al 5052 based on damage. The indentation simulation was
carried out for strain statistics. Some conclusion can be drawn
as follows.

(1) The indentation characteristic strain can be determined from
damage. A function of indentation characteristic strain on
indentation depth is determined. According to this function,
the limitation of indentation characteristic strain is 0.12703.
Also, the damage with the indentation depth is rewritten,
which has a limitation of 0.85 for A15052. This indicates that
failure would not occur in this material at great indentation
depth.

(2) The average PEEQ is calculated from simulation results.
The average PEEQ is a function of indentation depth, which
increases with increasing the indentation depth. The limita-
tion of average PEEQ is 0.11168, which well agrees with
the Tekkaya’s result.

(3) Comparison between the indentation characteristic strain
from damage and average PEEQ indicates that they show
the same changing trend with increasing the indentation
depth. The average PEEQ is greater than the indentation
characteristic strain when the indentation depth is less than
12 um. Furthermore, the relationship between the indenta-
tion characteristic strain and the average PEEQ have be
deduced.
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