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Abstract: Structural materials under various mechanical
loads are damaged as a result of their plastic deformation
and subsequent nucleation and propagation of cracks.
Detection of damage in its initial phase is crucial to ensure
safety and durability of construction elements. In this
work, we proposed contact stiffness (S) determined using
the instrumented indentation technique as the damage
indicator. New procedure for deformation-induced damage
investigation is proposed and the indentation tests were
performed in the specially designed specimens made
from Inconel 718 alloy, which was previously subjected
to mechanical loads. Damage parameter (D) determined
on the basis of Johnson-Cook damage model was used as
a reference measure of damage degree. Fracture analysis
was carried out to investigate the early stage of damage
development in the tested specimens. The value of contact
stiffness determined from the instrumented indentation
shows linear correlation with the value of damage para-
meter. This innovative approach was used in the presented
investigation.
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1 Introduction

There are a lot of damage mechanisms related to the con-
ditions in which the material is working [1]. In many cases,
damage mechanism caused by the mechanical load is
related to the plastic deformation of the material. In early
development stage, damage takes place at microscopic
level and is related to growth of the structure defects in
material crystal lattice during plastic deformation. This is
manifested at macroscopic level of observation by increase
in the hysteresis loop [2,3]. It is commonly accepted that
interactions between these structures and the other ele-
ments of material structure like grain and phase bound-
aries correspond to incubation micro cracks and micro
voids. Growth and coalescence of this micro discontinu-
ities lead to the formation of dominant crack and final
rupture. Incubation of micro discontinuities can take main
part of the damage development. That state of affair is
especially evident in the case of construction element
made from metal alloys which are under cyclic loads. In
such cases, the incubation of damage can be responsible
for 90% of failure live in the construction element [4-6].
That is why the possibility to detect damage in its early
stage is important to ensure the safety and reliability of the
constructions. There are many methods to measure the
damage introduced into the material. In general such
methods rely on measurements of changes in some phy-
sical quantity [7-10]. This physical quantity is sometimes
called damage indicator. Damage indicators can be divided
into categories [7] such as metallurgical, mechanical, phy-
sical and parameters related to surface crack quantifica-
tions. Most of the mechanical indicators like, for example,
strain energy or elastic moduli can be determined only by
making specimens from inspected object and laboratory
tests. This is serious a disadvantage of such indicators since
they cannot be measured for engineering structure under
service conditions. On the other hand, such indicators can
be the best way to determine progress of damage due to
their direct relation with the material ability to carry load.
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One of the methods which can be used to measure mechan-
ical properties of material without significantly affecting the
element made of this material is the hardness measure-
ments. Use of hardness measurements to determine the
material damage has been previously proposed in other
publications [8]. In this work indentation tests were used
to quantify the damage of Inconel 718 introduced by mono-
tonic and cyclic plastic deformations.

Hardness measurements are performed in small mate-
rial area which allows one to investigate local changes in
the material properties. Since damage process is often lim-
ited to a certain volume (especially fatigue damage pro-
cess), it can be regarded as an additional advantage. In the
presented investigation, contact stiffness was used as the
damage indicator (S). The reason why we use contact stiff-
ness is the fact that it is related to the indentation modulus
E;r [11], which is also a function of Young modulus [12].
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Furthermore, Young’s modulus is one of the basic
mechanical parameters influenced by the material dis-
continuities [10]. So, Er should also be influenced by
damage progress. Assuming that the Poisson ratio v;
and elasticity modulus E; of the indenter material and
parameter f3 related to the shape of the indenter are con-
stant during the measurements, relation between E;; and
measured contact stiffness S can be reduced to the formula,
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where v; is the Poisson ratio of the tested material, and A

is the projected contact area between the indentation and
tested material.
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2 Materials and methods

2.1 Materials

The material under investigation is Inconel 718. The che-
mical composition of this alloy is presented in Table 1.
This high-strength and heat-resistant nickel-based alloy
is commonly used for components working in the hot
sections of rocket and jet engine. One of the reasons of
high strength of this alloy is the ability to undergo age
hardening process. During this process, fine and hard
precipitations of intermetallic y”’ and less significantly
v’ phases are formed in the alloy matrix. The structure
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Table 1: Chemical composition of the tested material

C Mn P S Si Cr Ni Al
0.05 0.01 0.008 0.0002 0.10 17.98 52.30 0.60
Mo Cu Nb Ta Ti Co B Fe
2.88 0.02 4.97 0.01 1.02 0,04 0.002 19.96

of the material is typical for annealing process and con-
sists of equiaxed grains with metal carbides (MCs) type
primary carbides evenly spaced in the matrix. Recrystal-
lization twins can be seen in Figure 1. The material is not
age hardened. It means that the contents of y’/ and y’ are
low which makes the material more ductile.

2.2 Experimental procedure and design of
specimen

For quantifying damage and validating S as a damage
indicator, the damage parameter D, proposed by Johson—Cook
was selected as the reference quantity. D, is defined by the
formula [13] given by

D.- Y, 3)
where Ae denotes the increments of the plastic strain
intensity during deformation process and &f denotes
the final value of the accumulated plastic strain intensity
corresponding to the failure of the material. This simple
definition can be extended to be used in the case of arbi-
trary deformation along the non-proportional path under
complex stress by replacement of the sum of plastic strain
intensity increments with the so-called Odqvist’s para-
meter €7 [14]. In this case, damage indicator is defined
as the integral,

Ae = &P = j de?, )

where dep is the infinitesimal increment of plastic strain
intensity. Validation of the proposed damage indicators
was performed according to the procedure described in
the paper [15]. The idea behind this procedure was to pro-
duce in single test plastic strain intensity field varying
from zero (undamaged state) to that corresponding to
the failure, equation (3), in the gage part of the specimen
shown in Figure 2. Plastic strain in the gage part cross-
sections vary with respect to this cross-section areas and is
determined by measuring the geometry of the selected cross-
section before and after test, assuming incompressibility of
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Figure 1: Image of the alloy used in the test. Before (a) and after (b) etching.

the material. Plastic strain intensity in the vicinity of the
fractured section is regarded as the failure strain £/. Damage
parameter as proposed by Johnson-Cook and modified in
the paper [16] changes with the progressing accumulation of
plastic strain intensity. In the general case of arbitrary
loading path in the stress space, it can be used for any
mechanism of damage as suggested in the paper [16]. Ratch-
etting is responsible for damage progress for the applied
load scheme, in the case of low cycle fatigue (LCF) and
high cycle fatigue (HCF) tests and monotonic deformation
in the case of static tension. To verify the usefulness of
indentation tests for damage assessment, three specimens
as shown in Figure 2 were prepared. If such a specimen is
subjected to uniaxial load, non-zero strain tensor compo-
nents can be identified as principal strains. In terms of prin-
cipal strain increments, def, def and def strain intensity
increment def (see equation (3)) can be expressed by the
following formula [17-19]:

de? = \/ g[(dslp ~ deP)? + (def - deP)? + (de? - dep)?]. (5)

In the case of uniaxial loading along the proportional
strain path (simple tension or ratchetting), applying the
principle of incompressibility of the material during strain
increment

dg? = —(de,? + desP),

(6)
and for further simplifying the state of strain assuming that

@)
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dezp = d£3p = —Edelp.

The equations (5) and (4) can be reduced, respectively, to
simple formulas as follows:

P _ deb
def = def,
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Figure 2: Specimen with varying cross-sections of the gage part used for the investigation.
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where ¢f is a plastic strain in a direction parallel to the
direction of main load applied during the mechanical tests.
Reference damage parameter (D, ) can be now defined as the
ratio of plastic strain intensity at a given spot of the material
to the value of plastic strain intensity corresponding to the
failure of the material using the formula given by

(10)

The value of D, can be easily calculated on the basis
of the measurements of initial and deformed geometry of
the specimens gage part cross-sections marked as shown
in Figure 2. One of prepared specimens has been sub-
jected to static tensile test at the room temperature
(Figure 3a). Testing machine cross-head displacement
rate was initially 0.1 mm/min and after reaching strain
equal to 0.015 mm/mm, it was increased to 1.2 mm/min
and kept constant during the rest of the test till the rup-
ture of the specimen. Damage parameter was calculated
using equation (10) for the gage part sections marked in
Figure 2. Another two specimens were subjected to oscil-
lating loads (Figure 3b) to introduce the material fatigue
damage.

The first specimen was loaded with a maximum
stress of 600 MPa at the smallest cross-section of the
gage part and cycle asymmetry ratio R = 0.05 (frequency
20 Hz, room temperature) to attain failure at Nf = 125,742
cycles. This corresponds to HCF regime. Second specimen
was loaded with a maximum stress of 700 MPa (fre-
quency 20 Hz, room temperature, asymmetry ratio R =
0.05) to rupture at Nf = 60,851 cycles, which corresponds
to LCF conditions. For those two specimens, applied
stress amplitude for the i-th section of the gage part was
lower than that for the smallest cross-section according to
the formula (Figure 4) given by
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Figure 4: Stress distribution in specimen gage part.

Oimax = Mamaxa (1)
b;

where b; is the width of the i-th specimen cross-section.
Damage in this section corresponds to that introduced by
N cycles applied with this amplitude. As mentioned,
ratchetting is the main mechanism behind the progress
of damage in the case of applied LCF and HCF loading
program.

2.3 Equipment used for indentation tests

Indentation tests were performed on a test set-up spe-
cially designed and produced for this purpose. This test
set-up is shown in Figure 5.

The device is equipped with 2kN force sensor with a
sensitivity of 2.02mV/V and summary error of measured
force <0.2% and incremental displacement gauge with
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Figure 3: Load scheme for mechanical test performed on speciemns used for the investigation. Tensile test (a) and fatigue test (b).
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Figure 5: Device for instrumented indentation test.

0.03pum, typically short-range displacement measure-
ment accuracy. Data from force sensor and displacement
gauge were acquired by LabVIEW software using acquisi-
tion card with a frequency of 100 Hz and resolution of 0.1 N
for force sensor and 0.05um for displacement gauge.
Tungsten carbide ball with 2.5 mm diameter was used as
an intender. The intender was moved by a servo motor. To
achieve high positioning accuracy, this move was carried
out via a leverage system and ball screw with a diameter of
25 mm and thread pitch of 2mm. During the indentation
tests, displacement (D) of the indenter and acting force
(F) were recorded continuously. Test force was limited
to 1,600 N. Typical recorded force-displacement plot is
shown in Figure 6. Contact stiffness is the slope of the
line tangential to the test force removal curve evaluated
at maximum test force (Fyax) [20].

S= (%) =tg(A).

Frax

(12)

Ball size and maximum indentation force have been
selected in such a way that the diameter of indentation
was greater than at least 100 grains (Figure 7).

0,10
Displacement [mm)]

0,00

Figure 6: Force—displacement plot from indentation test.
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Figure 7: Estimated indentation size with respect to the elements of
material structure.

3 Results and discussion

3.1 Damage distribution

For all three kinds of tests (static tension, LCF and HCF)
measurement of the width and thickness at marked sec-
tions were performed to calculate the plastic strain inten-
sity at the corresponding sections. Using equation (10), the
value of damage parameter was calculated and plotted as
the function of distance from the ruptured surface (data
points correspond to marked sections). Results of the cal-
culations are shown in Figure 8 for all the performed
mechanical tests. As it can be seen, value of the damage
parameter is the highest for the specimen ruptured under
static tension for all the sections of the gage part except
fracture surface (where it must be equal to 1 by definition).
Also, elongation of the specimen gage part is the highest.
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Figure 8: Distribution of the damage parameter in the gage part of
the specimens after tests.

DE GRUYTER

The reason for this is the fact that fatigue damage decreases
the ability of the alloy to achieve plastic deformation
preceding the final rupture of the material. This phenom-
enon can be attributed to the discontinuities appearing in
the material in the form of micro cracks. Their creation and
growth limits ratchetting which itself is the result of dis-
locations formation and their movement in the relatively
high material volume (with respect to the size of micro
cracks). Such micro-discontinuities grow with the applied
load cycles and finally achieve the size enabling triggering
of the uncontrolled crack extension leading to final quasi-
static rupture of the specimen.

3.2 Fracture analysis

Surface of the specimen’s gage part was examined after
tests for all three kinds of the applied load program using
SEM. Results of the examinations are shown in Figures 9-11.
All the images are annotated by the value of the damage
parameter calculated according to the procedure described
above. As it can be seen, damage of the material at the
specimen’s gage part surface is run by deformation of
the plastic matrix and creation of physical discontinuities
at the interface between the matrix and hard inclusions
(niobium carbide) due to strain incompatibility. For the
fatigue tests, this phenomenon is followed by crack growth
(Figures 10 and 11). For all the cases of load, one can see
that the progressing damage results in deformation of the
material. This deformation is clearly visible, especially in
the case of static tension. In the case of fatigue loading,
deformation of the surface of gage part can be seen near
the neck. For the rest of the gage part, this deformation is
hardly visible. This effect can be attributed to the fact that
load level comparing to static tension test is much lower
and only very localized yielding can be observed.

For the specimen after fatigue test, the fracture sur-
face analysis was performed to define what value of para-
meter D, and contact stiffness S correspond to early stage
of fatigue damage. Fracture surfaces are located in the
smallest cross-section of specimens. Origin area, fatigue
fracture area and final rupture area are visible on the
fracture surface of the specimens (Figures 12 and 13).
Each of these areas have a different topography. Topo-
graphy of the origins have crystallographic character
which is typical for early stage of fatigue damage devel-
opment. Origin of the fracture in both the specimens is
located in the specimens’ surfaces and are about >100 pm
in width. There is a MC type carbide right in the center of
origin of fracture after HCF test (Figure 13b).
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Figure 9: Surface of the gage part — static tension.

In the fatigue area, there are visible fatigue striations crack propagation. Topography with dimples present in
which have varying size with respect to the distance from final rupture areas is typical for ductile fracture. These
origin. Fatigue areas correspond to the stable fatigue

areas correspond to nonstable sudden crack propagation.
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Figure 10: Surface of the gage part — LCF.

Thickness of the striations was measured in different
fatigue area for each of the two specimens. The chart pre-

sented in Figure 14 is based on these measurements.

Curves in this chart represent the approximated crack
growth rate function. This function is denoted in Figure 14
as f(Lir) and f(Lny), and its values are simply the



DE GRUYTER

Early-stage detection of ductile and fatigue damages in Inconel 718 alloy =— 999

20 ym Mag= 1.50KX EHT=20.00kY  Signal A=CZBSD Date :2 Jun 2021 ZEISS| 10 um Mag= 150KX EHT=20.00kV  Signal A=CZBSD Date :2 Jun 2021 ZEISS
WD=130mm  PhotoNo.=741  Time :15:52:57 WD=125mm  PhotoNo.=746  Time :15:68:16
D, = 0,72 D, = 0,25
-3
-
»5 ?
>~ T —
»
a
20 ym Mag= 150KX EHT=2000KkY  Signal A=CZ BSD Date 2 Jun 2021 f— 20pm Mag= 150KX EHT=20.00Kk/  Signal A=CZBSD Date :2 Jun 2021 ZEISS
WD=125mm  PhotoNo.=751  Time :16:03:28 WD=135mm  PhotoNo.=756  Time :16:07:47
D, ~ 0,18 D, ~ 0,15

Figure 11: Surface of the gage part — HCF.

thickness of the striations. Using this function and recur-
sive formula (13) (Figure 15) it is possible to estimate the
number of load cycles Nuucir and Nnucner corresponding
to the nucleation of fatigue crack. These estimations
showed that approximately 74% (45,000 cycles) of fatigue
life for LCF test and approximately 87% (109,000 cycles)
of fatigue life for HCF test correspond to the crack incu-
bations phase. For specimen after LCF test, there are
cross-sections where the stress level is the same or
smaller than in the damage cross-sections of the spe-
cimen after HCF. Combining above assumption with
the fact that the specimen after LCF test breaks after
60,851 cycles (which is much lesser than the number
of cycles needed for incubation of fatigue crack in speci-
mens after HCF test), a conclusion can be drawn.

The conclusion is that in some cross-sections of the
specimen, after LCF test, conditions for fatigue damage
incubation are satisfied. This cross-section corresponds
to the value of damage parameter D, <0.24 (Figure 10).

For values of damage parameter D, ranging from 0.22
to 0.27, there are visible cracks propagating from MC
type carbides. Similar source of crack is also visible in
areas where D, values are higher and damage develop-
ment is more advance. This indicates that the main
mechanism of fatigue damage for LCF and HCF tests is
crack propagation and delamination of MC type carbides
accompanying ratchetting.

Li=Lo - f(Lo),

Ln+l = Ln - f(Ln),
If

Ly < 100 pm, then Nuucier,  Nuucher = Nf — n, (13)

where f(Lo), f(L1), f(L,) and f(L,,1), are the values of
functions f(L,y) and f(hcf) calculated for crack length
Lo, L1, Ly, Lys1, respectively, and Ny is the number of
cycles to attain failure.



1000 — Maciej Malicki et al.

EHT =20.00 kv
WD = 15.0 mm

Mag= 43X

DE GRUYTER

Signal A=CZ BSD Date :5 May 2021
Photo No. =434 Time :16:17:50

WD = 18,0 mm

PhotoNo.=2133  Time :11:28:33

WD = 16.6 mm Photo No. =475 Time :16:38:58

Figure 12: Fracture surface (a), origin area (b) and fatigue zone (c) of the specimen after LCF test.

3.3 Contact stiffness

Based on the indentation measurement performed on the
tested specimens, contact stiffness (S) determined from
equation (12) decreases with the increase in the damage
parameter (Figure 16). Such a tendency is also main-
tained for the early stage of damage developed in spe-
cimen after LCF test, which was defined before with
respect to the values of damage parameter (D, < 0.24,
green area in Figure 16). However, contact stiffness
determined from equation (12) does not refer only to the
properties of the specimen material but also to the frame
stiffness and in general case is a total stiffness (S.t). Total
stiffness can be described as inversion of the sum of the
frame compliance (Cg) and the inverse of stiffness related
to specimen (Sspec) [21] (formula (13) and Figure 17).

-1 -1
1 1
Stot = (Cfr + —) = (Cconst + Cindent + S—) . (14)
spec spec
Moreover, frame compliance can be taken as a sum of
constant compliance component (Cconst) Of machine frame
and indentation compliance (Cingent) Which vary depending

on the depth of the indentation. The main task in our inves-
tigations is to find the changes in contact stiffness related
to the material damage and so we can disregard the value
of Sgpec. That is why the Ceonst component of the frame
compliance can be neglected assuming that it is the same
for all indentation measurements. Using this assumption
and formula (13), the relative specimens stiffness S¢pe. can
be introduce and simply described by equation:

1 -1
Ss’pec = (S_ - Cindent) .

tot
Based on the investigations presented in paper [21],
the Cingent can be expressed by the equation as follows:

1)) (16)

where E is the modulus of elasticity of indenter material,
R is the radius of the intender, [ is the total height of the
indentation, h. is the indentation depth. Using equations
(15) and (16), the stiffness related with the specimen can
be expressed by the formula as follows:

(15)

1 I (2R
e Inf ]2
En2R ((ZR—I)(hC

Cindent =
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Figure 13: Fracture surface (a), origin area (b) and fatigue zone (c) of
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Figure 14: Chart representing the fatigue crack growth rate for
specimens after LCF and HCF tests.
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According to this equation, the highest impact of
Cindent ONn changes in the total contact stiffness is for
indentations with relatively small depth where greater
part of the indenter is not involved in their creation

the specimen after HCF test.

(Figure 18). Indentations made in the tested specimens
have depth in the range from 0.060 to 0.094 mm.
That means changes in Ciygent are in the range from
9.09 x 107 to 7.94 x 107" mm/N (Figure 18).

The impact of Cipgene On the contact stiffness of Ss'pec is
manifested by the increase in its values with respect to
the values of S (Figure 19). The impact of contact stiff-
ness changing tendency with respect to the damage
parameter is insignificant. In the measuring machine
displacement measurement system was based on a surface
of measuring table. This means that on the value of spe-
cimen stiffness will have impact not only the volume
related with indentation but also volume of the material
behind indentation area.

This is another source of measuring bias due to var-
iation in specimen thickness inducted by plastic defor-
mation which are results of earlier performed tensile and
fatigue tests. This bias can be estimated and reduced
using the finite element analysis and selection of the
base for displacement measurement. To estimate the
specimen thickness effect on the determined contact
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Figure 15: Diagram of notation used in the recursive formula (10).
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Figure 16: Results of contact stiffness measured for specimens after
tensile test and fatigue test in areas with different values of damage
parameter D;.

stiffness, the modification of displacement measured
system was made. After this modification, the base of
the displacement measurement was upper specimen
surface. It was found that contact stiffness S;,; mea-
sured on modified set-up for undamaged tested material
is =20% higher than in the previous one (Figure 20).

Figure 18: Estimated changes (using equation (16)) in compliance
Cingent With respect to the indentation depth for ball indenter with
2.5 mm diameter made from tungsten carbides.

It means that reduction in specimen thickness caused
by specimen deformation during mechanical tests has
the influence on changes in Sy, depending on the
damage parameter presented in Figure 19.
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Figure 17: Illustration of machine frame contact stiffness components.
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Figure 19: Results of contact stiffness measured for specimens after
tensile test and fatigue test in areas with different values of damage
parameter D.. As shown in Figure 16, green area correspond to early
stage of damage developed in specimen after LCF test.
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Figure 20: Force—displacement plot from indentation test before and
after modification of displacement measuring system.

4 Conclusion

Damage introduced into the tested material by conducted

mechanical tests results in changes in the selected damage

indicator. Damage of the material was quantified by
reference damage parameter proposed by Johnson—Cook.

Analysis of investigation results leads to the following

conclusions:

1. Damage process in the case of static tension of Inconel
718 is run by increased density of dislocations, their
movement and nucleation and growth of micro-dis-
continuities at the interface between the ductile matrix
and hard inclusions (niobium carbide). Occurrence of
all these phenomena was found at an early and late
stage of damage development.

2. Damage process in the case of cyclically loaded Inconel
718 is run by nucleation and growth of micro cracks
which is accompanied by the ratchetting phenomenon.

3. It has been found that the measured contact stiffness
decreases during the increase in damage parameter
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D.. The tendency of these changes is the same for early
and later stage of damage development.

4. Using displacement measurement system based on
the specimen upper surface is a possible way for the
development of the proposed technique for measured
contact stiffness

5. In the future work, it is possible to simulate the force—
displacement curves obtained from instrumented inden-
tation by using a phenomenological approach using
models that can be found in the literature [22]. It is
also possible to evaluate elastoplastic properties of the
material (including elastic modulus, yield strength and
strain hardening exponent) from these curves [23-25].
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