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ABSTRACT

Residual stresses can be of great importance in bulk materials and coatings with respect to their effect on
the mechanical integrity and reliability. High residual stresses cause degradation of mechanical
properties and challenge the reliability (fatigue, fracture, corrosion and wear) of the bulk materials and
coatings. Compared to traditional techniques, the depth-sensing indentation technique provides a quick
and effective method to measure in-plane residual stresses. Literature shows that contact hardness,
stiffness and indentation work (obtained from indentation load-displacement curves) are sensitive to the
residual stress. A new experimental technique to verify the numerical simulations is presented here. It
involves conducting measurements of residual stresses using depth sensing micro-indentation and
studying its effect on the load-displacement behaviour. A special bi-axial loading fixture is designed and
developed to apply controlled biaxial tensile/compressive stresses on the specimen simulating in-plane
residual stresses. In-plane residual stresses are measured using strain measurement system. Instrumented
micro-indentation system is used to obtain the load-displacement behaviour for variable biaxial loading
on the specimen. It has been shown herethat residual stressfield affects the indentation behaviour of the
bulk materials.

Keyword: Residual stress, Indentation

L INTRODUCTION

It is a well known fact that the residual stress affects the mechanical integrity and reliability of bulk materials
and coatings ultimately causing fatigue, fracture, corrosion and wear type of failure. Thermal barrier coatings
generates residual stresses (commonly introduced by thermal mismatch or mechanical and thermal processing)
which affects the performance of mechanical structures. For a reliable engineering design, the actual level and
sign of residual stress in the specimen must be determined, frequently by measurements, since associated
material properties are many times unknown. Depth sensing indentation technique is a novel technique
developed in past two decades for measuring mechanical properties of materials such as Young’s modulus E
and yield strength o, and hardness for most engineering materials [1-2]. Different factors influencing the
measurement of mechanical properties by indentation are evaluated by few researchers like Bolshakov, Pharr,
Hey and Beck [3-6]. Some of them have tried to use this technique to measure residual stresses in bulk materials
experimentally and analytically. Most notables of them who used experimental technique are Swadner, Tsui,
Carlsson, Lee [7-12] and the one who used analytical technique are Bolshakov, Carlsson and Chen [13-16].

This experimental investigation is based on the earlier simulation attempt by Chen [16] to extend the
usefulness of this method to measure the residual stress, 6. In this study, the finite element analysis was used
to investigate the effect of in-plane equi-biaxial residual stress on hardness and stiffness measured from
indentation tests on a bulk material (or thick coating). By varying the material parameter and residual stress over
a large range, it was found that both hardness and stiffness vary with residual stress, especially for high-strength
materials with large yield strain [Fig. 1]. Both, the plastic pile-up (or elastic sink-in) and indentation work were
found to be very sensitive to the level of residual stress, which makes the determination of residual stress from
indentation test possible. Based on the functional forms of normalized contact hardness, stiffness, and
indentation work, a reverse algorithm was presented which may be used to measure the material yield stress,

DOI: 10.21817/ijet/2017/v912/170902213 Vol 9 No 2 Apr-May 2017 1139



ISSN (Print) :2319-8613
ISSN (Online) : 0975-4024 Prakash Jadhav / International Journal of Engineering and Technology (IJET)

modulus, and residual stress from one simple indentation test. The comparison between the material properties
predicted from reverse analysis and the input parameters used in numerical indentation experiments showed
good agreement. The effects of residual stress on indentation stress and plastic zone was also investigated. It
was found that the indentation compressive stress diminishes with residual tension, which leads to an enlarged
plastic zone and gives apparent lower hardness. On the other hand, with residual compression the maximum
indentation compressive stress was increased, causing less plastic deformation (with smaller plastic zone) and
gave rise to the hardness. It was also found that the elastic recovery upon unloading is very large for materials
with high yield strain, and the elastic recovery increases with increasing residual compression. Unlike many of
the previous studies, the new indentation technique proposed in this paper did not require a reference stress-free
material for comparison purposes. The present study attempts to validate the results of the simulation study.
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Fig 1: Residual stress effects on contact stiffness [Ref 16]

1L REVIEW OF INDENTATION TECHNIQUE

The indentation technique is based on high resolution instruments that continuously monitor the load and
displacements of indenter as it is pushed into and withdrawn from the material. The load-displacement curve
obtained contains valuable information like elastic/plastic deformation which enables to derive mechanical
properties from it. Instrumented indentation is characterized by a sharp rigid indenter (with a half apex angle ¢ )
penetrating normally into a homogeneous solid where the indentation load, P, and displacement, O, are
continuously recorded during one complete cycle of loading and unloading (Fig. 2a,b). In this case, the conical
indenter used has a rigid cone with half cone angle a = 60°. By neglecting friction and the finite compliance of
the measuring system and the indenter tip, the equations used to extract the hardness A and indentation
modulus M are

H=P/A=c,0, (1)

and

S= ;ﬁ%M\/Z @

DOI: 10.21817/ijet/2017/v912/170902213 Vol 9 No 2 Apr-May 2017 1140



ISSN (Print) :2319-8613
ISSN (Online) : 0975-4024 Prakash Jadhav / International Journal of Engineering and Technology (IJET)

(a) Pl ) Displacement (8)

Deformed
surface

Loading

max

Force (P)

Unloading
Projected

Original
surface

contact area A

A
v

5”’!.1\

Fig 2: Indentation - a. contact area and contact depth notations, b. load-displacement plot [Ref 16]

Here, the hardness H is defined as the ratio between indentation load P, projected contact area 4 and yield
stress 0, . The indentation modulus M is given by the plane-strain modulus, E= E/ (1 —Vz) , for isotropic
materials and by a more complicated weighted average of the elastic constants for anisotropic materials, where
E and v are the Young’s modulus and Poisson’s ratio of the bulk material, respectively. The contact stiffness
S=dP/dod is obtained from the slope of initial portion of the elastic unloading curve (Fig.2b).

As the indenter penetrates the specimen, the materials either produce plastic pile-up at the crater rim (when the
yield strain, O, / E , is small), or exhibit the elastic sink-in effect (when o B / E is large). The amount of pile-

up/sink-in is denoted as 5p . For conical indenters, the projected contact area A4 is given by:

A=rnd* =r(tana)’ 87 =24.557, 3)
where the contact depth,

5,=5+0, (4)

Eq. (4) contains contributions of both plastic pile-up around the indenter and elastic sink-in, which is counted
negative. It is obvious from Eqgs. (3) and (4), that the projected contact area depends on 5p . Oliver and Pharr

[1-2] proposed an elastic model for determining the contact area in which plastic pile-up is neglected:

16, = €Pnne / S )

where £€=0.75 for a conical indenter. Alternatively, the pile-up and contact area can be measured
experimentally or determined from the numerical analysis (such as the finite element method or molecular
dynamics). Once A is determined properly, the hardness is then obtained from Eq. (1) and the stiffness can be

derived from Eq. (2), which allows one to measure E and 0 , by using the indentation technique.

I1I. EXPERIMENTS

Indentation experiments were conducted in a specially designed test set up as shown in the Figure 3. A MTS
858 mini-bionix instrumented test system was used to perform indentation testing and acquire the load
displacement data. A specially designed biaxial loading fixture [17] was mounted on the base plate of machine.
The fixture has two screw driven loading systems to apply in-plane tensile/compressive load to the specimen in
x and y direction and indentation test was conducted in vertical z direction. Anticlockwise rotation of screw
applies in-plane compressive loading and clockwise rotation of screw applies in-plane tensile loading to the
specimen. To evaluate large range of modulus to yield strength ratio materials, common commercial Aluminium
alloys like 1100-H14, 5052-H32, 6061-T6, 7075-T6 and common plastics like polycarbonate and nylon were
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used for the specimen materials [Fig. 4]. Two ends of the octagonal specimens are clamped to the fixture using
set screws and remaining two ends are clamped to the moving members of the loading system. The whole upper
plate having specimen, can slide on the bottom plate which is fixed to base of test system to allow specimen
movement in one axis enabling test at different locations. A Rockwell testing indenter (Newage make model
8110C) with 120 degree cone angle and with a diamond tip was used for Micro-indentation tests. General
purpose uni-axial strain gages (Vishay Inc, EA-13-125AD-120) were installed on the specimens to measure the
in-plane residual stresses in x and y axis directions. The axial force, displacement and strain data was acquired
using MTS Flex SE controller. The strain signal was processed through digital strain indicator using half bridge
circuit (Vishay Inc, P3) [Fig. 5]. In addition to the load and displacement data generated by load cell and LVDT
in MTS system, additional high resolution laser displacement sensor (Micro-Epsilon make opto-control 1200-2)
was also used as shown in the set up. Laser band transmitted by transmitter head is absorbed by receiving head
of receiver unit. Vertical movement of indenter is calibrated in terms of percentage blockage of laser band by
edge of indenter. Octagonal specimens of 72 x 72 x 3 mm size approximately were used for indentation tests.
Total 12 specimens were tested for each material (uni-axial tensile and compressive loading and bi-axial tensile
and compressive loading). The specimen surfaces to be indented were mechanically polished with successively
finer grit materials to create a smooth surface for micro-indentation test and for installing strain gages.

vy

Fig 4: Specimens for indentation testing
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Fig 5: Indentation test set up with strain indicator

Iv. DESIGN PARAMETERS

The new experimental indentation technique used here to measure the mechanical properties has presented
many problems. For designing the micro-indentation experiment which can measure in-plane residual stresses,
various factors had to be considered like biaxial loading fixture, specimen, instrumented test system, strain
measurement system and others. Experiment design considerations are discussed here.

The shape of the indenter is very important in indentation testing. The indenter can be spherical, pyramid or
conical. Change in shape of hardness impression due to elastic recovery in unloading process causes non
linearity in unloading curves. A geometric parameter &, which varies from 0.74 to 0.79, is used to estimate
correct modulus and hardness. For the study presented here conical indenter with 60° half included angle is
used. For conical indenter pile-up of material around the contact impression causes errors in contact area
estimation and in turn errors in modulus and hardness measurement by as much as 50% [4]. The pile-up errors
can be removed by the use of load over stiffness squared parameter which is independent of contact area. As the
specimens used here are only 3 mm thick, the specimen bending could cause errors in displacement
measurement. These errors were removed by using thick rigid support for the thin specimens and the tightly
clamping the specimen at the ends. As the proposed depth of indentation tests is less than 0.3 mm, the size effect
for thin specimens is negligible. Some of these errors can be removed by using high resolution sensor for
displacement measurement.

The trial simulations were performed on the specimen model in FEA to study the stress contour pattern in the
central specimen region due to applied tensile/compressive loading. Constant stress contours were found in the
interest area of specimen where indentation test would be carried out and strain gauges will be installed. The
specimen boundary condition effect has been studied and it was found that peak load (and in turn hardness) is
sensitive to changes in specimen boundary condition, however, contact stiffness does not change with it.

The main cause of underestimation of modulus in micro-indentation testing is the machine compliance or load
frame compliance [1-2, 5]. In case of higher indentation depth tests, compliance of system set up comes into
picture and causes errors in displacement measurements. The calibration for the load frame compliance can be
performed using the following equation for total compliance C [1-2].

Vo1

C=CT-|‘E\/—Z

(6)

If area function is known, the load frame compliance C; can be determined as the intercept of a plot of C vs A
12" At shallow depths contact compliance dominates total compliance while at larger depths the load frame
compliance becomes the dominant factor. The accurate measurement of load frame compliance becomes
essential for larger depths. One of the most important improvements in the calibration procedure was suggested
by Oliver and Pharr. The ratio of load to the stiffness squared, P/S% is a directly measurable experimental
parameter that is independent of the penetration depth or contact area.

DOI: 10.21817/ijet/2017/v912/170902213 Vol 9 No 2 Apr-May 2017 1143



ISSN (Print) :2319-8613
ISSN (Online) : 0975-4024 Prakash Jadhav / International Journal of Engineering and Technology (IJET)

P m H

s2 2B E?

(7

Area independence of P/S?, helps in determining machine compliance or load-frame compliance. At larger
contact depths, P/S? should be constant. Another useful feature of P/S?is that it does not depend on the pile-up
or sink-in behaviour. If modulus is known, above equation can be used to find hardness and vice versa
irrespective of the amount of pile-up.

Use of rigid and stiffer components in the test system reduces the machine compliance effect in a considerable
extent. Finally last but not the least the test equipment should meet the following criteria [5]. The tolerance for
the force measurement should be less than 1.5 %. The error in the indentation depth measurement should be
less than 1 %. The repeatability of testing equipment should be less than 5 %. The error of testing equipment
should be smaller than 5 %. The uncertainty of test result depends on the accuracy of testing equipment, on the
properties of testing item and on the testing range as well. Surface roughness has a strong influence too.

V. RESULTS AND DISCUSSIONS
A. Experimental Errors

Figure 6 shows the typical indentation behaviour (load-displacement plot) obtained from trial indentation tests
of 5 mm thick aluminium 6061 plate at different indentation depths. The indentation modulus (measured from
the slope of unloading curve) seems to decrease with increasing indentation depth. At lower indentation depth
the modulus estimation seems to be closer to correct value. The test system compliance (load-frame compliance)
seems to affect the indentation behaviour at higher indentation depths. A trial study showed that use of soft
materials like aluminium as the load frame components introduces compliance in the system. Therefore highly
stiff materials like steel were used in manufacturing the load frame components. An attempt has been made to
estimate experimental load frame compliance by plotting the total compliance against the contact area as shown
in equation 6 for the same aluminium specimen test results (Fig. 7). The y-intercept of the plot is the
experimental load frame compliance. Corresponding load over stiffness squared parameter values were also
plotted against the indentation depths in Fig. 8 where non-linearity of the plot is clearly visible. The correct
value of the experimental load frame compliance would be the one which provides almost constant P/S*[1]. The
experimental load frame compliance was varied arbitrarily from its original value to get the constant load over
stiffness parameter plot. As can be seen from the Figures 6 and 7, corrected load frame compliance (25% of
experimental value) provides constant load over stiffness squared value against indentation depth. This correct
value of load frame compliance can be used for estimation of correct modulus at higher indentation depths using
equations 6 and 7.

Indentation Test- Aluminum
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Fig 6: Compliance effect on indentation behaviour of Aluminium 6061
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Fig 8: Load over stiffness squared parameter

B. Residual Stress Effects

As seen in Figure 9 and 10, tests were conducted on different materials like PC, Nylon and different grades of
Aluminium (with increasing order of yield strength to get different modulus to yield strength ratios) to study the
effect of induced residual stresses. In-plane biaxial tensile and compressive loading was applied using the
fixture as shown earlier. These indentation tests were conducted for range of indentation depths 0.05, 0.1 and
0.2 mm. Hardness and contact stiffness were computed from the experimental load displacement plots and
normalized using equations mentioned by Chen [16]. The hardness was normalized by yield stress and contact
stiffness was normalized by modulus of the material. The residual stress was also computed from the
experimentally measured strain and normalized with yield stress. It was noted that indentation test depth has no
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real effect on the increasing or decreasing trend of normalized hardness and contact stiffness. Only effect it has
is on the amplitude of these parameters. As can be seen from Figure 9 and 10, the contact stiffness and hardness
do vary with the variation of the residual stress in the material. For the low yield strength materials, as the
residual stress increases, hardness and contact stiffness increases. For the high yield strength material, as the
residual stress increases, hardness and contact stiffness kind of levels off (does not change significantly). There
are slight experimental errors which will be removed completely in the next set of experiments. Thus we can say
that indentation behaviour is greatly affected by the internal residual stress in the material and hence it can be
safely said that for any material, especially thermal barrier coatings, just a simple indentation test response can
tell the existence of level of residual stresses in it.
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VL CONCLUSIONS

Micro-indentation experiment has been designed and developed to study the effect of varying in-plane biaxial
residual stress on the mechanical properties of bulk materials. An attempt has been made to identify, quantify
and remove the experimental errors in micro-indentation testing. The load frame compliance was estimated from
the results of typical variable depth indentation tests on Aluminium specimen. The load over stiffness parameter
was plotted against the indentation depth for the correct load frame compliance and was used to correct the
modulus at higher indentation depths. From the test results obtained from indentation testing of different grades
of Aluminium and plastics, it is observed that the in-plane biaxial tensile and compressive residual stresses have
a visible effect on the mechanical properties (hardness and modulus) of the bulk materials measured using
indentation tests. This can be used in the applications such as thermal barrier coatings where residual stresses
are important due to material mismatch between coating and substrate. A simple micro-indentation test can tell
exact information about the level of residual stresses in the thin coating surface.
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