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Instrumented indentation testing is more advanced than conventional hardness testing in measuring
various mechanical properties of materials. To evaluate these mechanical properties, information about
indentation contact area is required. In particular, the deformation behavior of metals at high-tem-
peratures seems to differ from that at room temperature, and thus for accurate evaluation of mechanical
characteristics at high-temperatures, the high-temperature contact area should be used. In this study, an
instrumented indentation system for high-temperatures was developed and measurement-errors caused
by equipment temperature were calibrated. In addition, the pileup effect during indentation was studied
at different temperatures. A new equation for the high-temperature contact area is proposed. For ver-
ification, conventional hardness testing was performed to compare the results with high-temperature
instrumented indentation testing.
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1. Introduction

Instrumented indentation testing (IIT) improves on conven-
tional hardness testing by allowing various mechanical properties
to be evaluated by analysis of the load-depth curve during in-
dentation. IIT has a simple procedure and the advantage of mea-
suring a local area such as a weldment, so it has been used ex-
tensively to evaluate in-field safety of power and petrochemical
plants [1-4]. In recent years, IIT has also evaluated not only
hardness and elastic modulus but also strength, fracture tough-
ness, and residual stress. Evaluating all these mechanical char-
acteristics requires knowledge of the contact area [5-11]; this is
obtained by measuring a penetration depth from the material
surface in loading and reflects the geometrical shape of the in-
denter, whereas the contact area in conventional hardness testing
is obtained by observing the indentation mark [1,2].

Studies to determine contact area have performed through fi-
nite element analysis or experiments considering the elastic—
plastic behavior of several materials. However, most of these stu-
dies have been limited to room temperature [12-16]; the high-
temperature contact area has been determined by using the
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equation developed at room temperature or a modified equation
reflecting high-temperature effects. The difficulty is that most
high-temperature studies entail development and calibration of
equipment. In addition, previous studies have been performed on
the nano scale and at relatively low temperatures, usually below
200 °C [17-21].

In this study, a high-temperature instrumented indentation
system (HTIIS), available on macro scale up to 650 °C, was devel-
oped. In addition, frame compliance (Cgame), i-e. the mechanical
measurement-errors occurring at high-temperatures, was cali-
brated. To determine the contact area accurately using this new
equipment, the pileup phenomenon occurring around the contact
area during indentation, was quantified and its physical meaning
was analyzed. A new calibration factor fir) is suggested to correct
for the pileup effect at high-temperatures, and conventional high-
temperature Vickers testing was conducted to verify the reliability
of HTIIS and the contact area from fr).

2. Experiments

To carry out the high-temperature indentation experiments, a
high-temperature chamber was constructed and IIT equipment
was attached. The inside of the chamber contained a halogen
lamp, thermocouples and stage. Specimen oxidation and thermal
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Fig. 1. Structure of HTIIS.

Table 1
Specifications.

Specification

1T Load Maximum 300 kgf
Resolution 5.6 gf
Depth Stroke 40 mm
Resolution 0.1 um
IIT shaft Length 192 mm
H.T chamber  Vacuum Rotary pump  0.01 Torr
Heat Source Halogen lamp
Range 0-650 °C
Thermal couple  K-type Indenter; Specimen; Stage

draft, reported in previous research, were prevented by vacuum
conditions [17-19]. A radiation shield and cool water circulation
were set up around the stage and around the connecting shaft of
IIT. All specimen faces were heated equally by the halogen lamp.
Thermocouples enabled real-time temperature detection in the
indenter, specimen surface, and stage, and the movement of the
stage was controlled externally. Fig. 1 and Table 1 show the fea-
tures of the HTIIS and its specifications.

One experiment was performed to calibrate the frame com-
pliance, as caused by elastic deformation of HTIIS during in-
dentation [1,2]. A standard hardness specimen (HV300) was used,
and the Vickers indenter had face-to-face angle 136°. The in-
dentation rate was constant at 0.3 mm/min [8,15,16] and the in-
dentation depth was 80 pm. The temperature was varied at 100 °C
intervals from room temperature to 600 °C in vacuum condition,
and the indentation load-depth curve was measured five times at
each temperature. Stiffness was determined from the data at the
start of the unloading curve.Table 2.

Another experiment was performed under the same conditions

Table 2
Mechanical properties of specimens.

E (GPa) YS (MPa) UTS (MPa) n HV
SKS3 210 435 756 0.22 195
545C 212 363 774 0.26 171
SKH51 223 295 784 0.26 222
Suj2 217 404 822 0.24 199
SKD61 214 371 781 024 201
SK3 207 315 707 0.26 165
SKD11 217 343 808 0.26 230
SCM4 235 723 994 0.13 229
SCM21 194 271 653 0.22 137

to evaluate the contact area using HTIIS for nine kinds of carbon
steels: SKS3, S45C, SKH51, SUJ2, SKD61, SK3, SKD11, SCM4 and
SCM21 at 25 °C, 200 °C, 400 °C and 600 °C. The specimen surface
was polished to 1 pm.

Lastly conventional high-temperature Vickers hardness testing
was performed to verify HTIIS experimental results for the same
nine carbon steels. AVK-HF (Akashi, Japan) was used for conven-
tional Vickers hardness testing at 25 °C, 200 °C, 400 °C and 600 °C
at the Technology Innovation Center for Fine Ceramics (FCTIC,
Korea).

3. Results and discussion

The measured indentation depth when the load is applied is
affected by forces acting normal to the specimen and by forces of
the same size acting in the opposite direction to the equipment.
Hence errors can arise in the measured indentation depth. De-
termining the deformation from the forces acting normal to spe-
cimen is called calibration of frame compliance.

Fig. 2 shows the total frame compliance (Cia) of the HTIIS
from room temperature to 600 °C. Following in Oliver and Pharr's
footsteps [1,2], Ciotar can be determined from the stiffness by
analyzing data from the unloading curve. The value of Cyya in-
creases with increasing temperature because the shaft of HTIIS and
the specimen are heated at the same time by the halogen lamp, so
the elastic modulus of shaft and specimen are reduced to facilitate
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Fig. 2. Total frame compliance Cioa (pm/kgf) at 25-600 °C.
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the deformation. In other words, the elastic modulus of both shaft
and specimen decreases with increasing temperature: Ciotq has an
inverse relationship with elastic modulus and thus tends to in-
crease linearly. (Oliver and Pharr could consider Cioa as constant
because their work was performed only at room temperature.)
Thus, through the relationship between the calculated Cio, and
the observed contact area, the indentation depth can be calibrated
by calculating the frame compliance (Cgame) as in Eq. (1) [1,2]:

N7
Co..=C T2
total frame T 2Er /_Ac (_1)

where Cioa is the total frame compliance of the equipment, E; is
the reduced elastic modulus and A. is the contact area. Extension
of this method in this study confirms that the value of G is
linear with temperature, so the indentation depth at high-tem-
peratures can be corrected using Eq. (2) derived from the data
fitting in Fig. 2:

Ciotal = 6.763 x 107°-T(C) + 0.172 @

Eq. (2), proposed in this study, gives the compliance change of
all modules of HTIIS as a function of temperature. In addition, it
was difficult to observe the contact area directly in the chamber
during the high-temperature experiments. Therefore, assuming
that the hardness value that normalizes the load to the contact
area is always constant, it is applied to the equation as in Eq. (3),
by replacing A. with the ratio of the hardness (H) and maximum
load (Lmax):

@ JH

Ciotal = G +—
total frame 2Er Lmax (3)

Another issue in studying HTIIS is precise determination of the
contact area, since this is used as a basic parameter in evaluating
mechanical properties.

Fig. 3 shows that h. is the vertical depth along which contact is
made, and hy, is the depth at maximum load. h¢ is the final depth
which occurs after unloading; elastic recovery of material. Contact
area is derived from indentation depth. Thus, to determine an
accurate indentation depth, it is important not only to calibrate the
frame compliance but also to quantify the effect of pileup, i.e.
atoms accumulating on the periphery of the indenter during
plastic deformation. According to previous studies, ignoring the
pileup effect can lead to differences in contact area of up to fifty
percents [22,23]. Various studies have been conducted to quantify
the pileup effect. Among these are studies using f as a pileup ca-
libration factor, where f is defined in Eq. (4) and it is a di-
mensionless factor:

h.
I=n, 4)

The factor f expresses the height of the pileup as the ratio of the
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Fig. 3. Contact morphology with pile-up.
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Fig. 4. Relationship of f and hy,/(hy,— hg) at 25 °C, 200 °C, 400 °C, 600 °C.

real indentation depth (h.), which is considered to be from plastic
accumulation, and the maximum indentation depth (hy,), which
can be measured from the equipment. Previous studies have re-
ported that f is associated with material properties and can be
expressed using tensile parameters as well as indentation para-
meter as in Eq. (5) [3,12,14-16]:

H W __hy

o
fr MAPVELAPY _m
E E ‘/Vtotal hm - hf )

However, so far, only at room temperature have studies of pi-
leup been performed for quantification. At high-temperatures,
yield strength, elastic modulus, and work-hardening values are
generally reduced, so it can be inferred that the effect of increasing
temperature should be reflected.

Fig. 4 shows the increase in pileup with increasing temperature
and the relation between pileup and the indentation parameter
and demonstrates the linearity between pileup and indentation
parameter, as found in previous room-temperature studies. How-
ever, what happens when temperature increases? As temperature
increases, the slope of this linearity gradually decreases and the
values of intercept increase dramatically:

h
foy = A(T)’(%hf) + B

h,, ®)

Here h,, is maximum indentation depth and hf is final in-
dentation depth. As shown in Eq. (6), the slope (A(r)) is the ratio of
the variation of indentation parameter against the variation of
increasing pileup with increasing temperature. In this study, hy, is
constant at 80 pm. Thus, the A is related to the indentation
variable (hy, — hg), which represents the amount of elastic recovery
after unloading. Fig. 5 shows that the change of slope at each
temperature in Fig. 4 relates to the amount of elastic recovery in
the specimen; in other words, at each temperature the slope could
change depending on whether or not the specimens show large
elastic recovery. For instance, comparing the slope and elastic re-
covery at each temperature in SCM21 and SKD61 in Figs. 4 and 5
show that the amount of elastic recovery decreases with increas-
ing temperature. The decrease in elastic recovery is related to pi-
leup, so this confirms that the slope is gradually decreased.

Note that in the case of S45C and SK3 in Fig. 6, the relation of
pileup and indentation parameter does not seem to be linear,
unlike in Fig. 4. The S45C and SK3 specimens undergo a phe-
nomenon called blue shortness or blue brittleness, which usually
occurs from 200 °C to 400 °C: the surface color becomes blue and
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hardness or strength temporarily increases. The results in Fig. 6
may confirm the experimental results of Riaz and Atigah [24]. This
phenomenon is relevant to deformation behavior of metal at high-
temperatures. Metals under short-term deformation at high-
temperatures can be hardened due to easy dislocation prolifera-
tion and cross-slip, and can at the same time recover due to re-
crystallization or dislocation extinction or rearrangement. Hard-
ening and recovery offset each other at once during high-tem-
perature deformation, so that elastic-plastic deformation proceeds
in balance. However, in this specific temperature range, the offset
and the balance no longer occur, hardening dominates recovery,
and consequently the metal is strengthened [25]. Therefore, the
hardness value of S45C and SK3 at 400 °C becomes higher than the
value at 200 °C.

Fig. 4 shows that the value of the intercept (B(ty) increases with
increasing temperature. This is because fitting is carried out in one
dimension, as in Eq. (6). The increase in pileup with increasing
temperature could be also represented as an increase of Bty Thus,
this study proposes a new equation calibrating pileup effect by
taking temperature into account:
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Fig. 7. Comparison of hardness results by conventional method and by HTIIS using
Eq. 7.

Where, [a-(°C)+ /] is [ —4.225-10%.(°C)+0.004] and, [y - (°C)+
8] is [2.322-10~%.(°C)+0.989]. Eq. (7) is derived by fitting from
the data in Fig. 4 about a decreased slope and an increased in-
tercept aspect with increasing temperature. Using Eq. (7) yields
the real indentation depth (h.), and thus makes it possible to de-
termine the real contact area at high-temperature.

Fig. 7 shows hardness results as evaluated by HTIIS using Eq. (7)
and by conventional methods (optical observation). Conventional
Vickers hardness is defined in Eqgs. (8) and (9) by considering the
geometrical shape of indenter [16,26]:

L
HV oC — max
o 26.43-(h?) )
ho— d
€T 22 tan#r )

where L. is the maximum load, and @ is the half angle of the
Vickers indenter here 68 * and d is the diagonal length of the in-
dentation mark. The relationship between the diagonal and con-
tact depth at high-temperature is defined here by using Eq. (7) and
fery; where (hc=fr1)- hmax). Generally HV can be evaluated by
measuring diagonal length of indentation mark directly even high-
temperature.

However, HV can also be evaluated by measuring indentation
depth and considering geometrical shape of indenter. Because
contact area is a function of indentation depth and HV is a function
of the maximum load and contact area. It can be seen that the
Fig. 7 compares HV resulting from calibrated and un-calibrated
indentation depth (h.). In other words, if he=hpax is derived from
d by optical observation at high-temperature, the conventional
method is indicated. But, if hc=f(1)- hmax is derived from Eq. (7),
the pileup calibration method at high-temperature studied here is
meant.

The results match within 10% error. It is difficult, however, to
agree that Eq. (7) describes the pileup behavior completely at
high-temperature, even though the hardness results agree well.
Because a peculiar hardening behavior occurs at high-temperature
(blue brittleness in Fig. 6), in order to solve this problem, the effect
of temperature on the hardening behavior, which has been ig-
nored in some in previous studies, must be studied in more detail.
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4. Conclusions

This study investigates the real contact area, which is a basic
indentation parameter in evaluating various mechanical proper-
ties at high-temperatures, using a newly constructed high-tem-
perature instrumented indentation system (HTIIS). The elastic
deformation of the HTIIS was calibrated according to increasing
temperature. Pileup behavior was measured with changing tem-
perature and was quantified using an indentation parameter. The
hardness value yielded by the proposed pileup calibration factor
firy for high-temperatures is in agreement within 10% error with
conventional high-temperature hardness testing.
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