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Abstract In the pressure vessel of a very-high-temperature reactor (VHTR), creep dam-
age, which has a fatal adverse effect on safe operation, occurs due to long-term operation at a
higher temperature. In this paper, only the small punch creep test (SPCT) was used to evaluate
the creep properties of modified 9Cr-1Mo steel, which is considered a suitable candidate mate-
rial for VHTR pressure vessels. Since the test outputs of SPCT are displacement and load, we
converted those outputs into the strain and stress of conventional uniaxial creep tests (UCTSs).
The Norton, Larson-Miller and Monkman-Grant creep models were constructed using the con-
version data from SPCT and the triangular relationship among the three creep models was
successfully demonstrated. Finally, those three models were constructed using long-term UCT
with the same material and temperature, and the validity of this study was verified by compar-
ing it with SPCT resullts.

1. Introduction

Today, as technology advances and the number of people around the world increases, the
demand for energy is rapidly increasing. According to a 2020 report published by the Interna-
tional Energy Agency (IEA), most energy is currently produced by fossil fuels such as coal, oil,
and natural gas to meet global energy needs, accounting for about 81 % of global energy pro-
duction in 2018 [1]. Fossil fuels are widely used today as the primary energy resource in vari-
ous industries, transportation modes, and homes, thanks to their convenient transportability,
storage, and excellent energy efficiency. However, the sources of fossil fuels are currently rap-
idly diminishing and the fuels themselves cause serious environmental pollution problems such
as greenhouse gases, ozone hole generation, and production of acid rain. Due to such fatal
disadvantages of fossil fuels, the development of sustainable and eco-friendly energy re-
sources that can replace fossil fuels is a very important issue worldwide.

Nuclear energy is expected to be an alternative to fossil fuels as an eco-friendly energy re-
source while meeting the rapidly increasing energy demand around the world. According to a
report published in 2019 by the International Atomic Energy Agency (IAEA), there were about
450 nuclear power plants in operation worldwide as of 2018, accounting for about 10 % of
global energy production [2]. However, those plants need improvement or replacement to ad-
dress the safety concerns of aging and to also take on a larger share of global energy produc-
tion.

Accordingly, research on and development of the next-generation nuclear plant (NGNP),
known as the generation-V nuclear power reactor, is being carried out by the IAEA and the
Organisation for Economic Co-operation and Development's Nuclear Energy Agency (OECD
NEA) [3, 4]. There are currently six types of NGNPs: gas-cooled fast reactor (GFR), lead-
cooled reactor (LFR), molten salt reactor (MSR), sodium-cooled fast reactor (SFR), very-high-
temperature reactor (VHTR), and super-critical water-cooled reactor (SCWR), according to the
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neutron energy spectrum. Among them, the VHTR is currently
being developed with the highest priority as it is considered to
be closest to utilization [3-5]. The VHTR is designed to operate
at higher temperatures than currently-operating nuclear power
plants to increase its energy efficiency and have a longer ser-
vice life (60 years or more) [5]. However, due to operating con-
ditions in which components are exposed to a high-
temperature environment for a long time, creep damage that
occurs in the pressure vessel of a VHTR can adversely affect
its stable operation.

Creep damage occurs when a metallic material is exposed to
a high-temperature environment where stress occurs for a long
time. Damage accumulates internally even though the stress
applied to the metallic material is less than the yield stress,
resulting in deformation and cracking over time. Therefore,
creep damage is considered very important in evaluating the
integrity of facilities exposed to high-temperature environments
where stress occurs for a long time. Many researchers have
studied creep property evaluation methods for metallic materi-
als. In general, such evaluations are conducted through the
uniaxial creep test (UCT) proposed in ASTM E139-11 [6]. The
UCT is a test method for evaluating creep properties over time
by applying a constant load below the yield stress of the metal-
lic material at both ends of the uniaxial test specimen in a high-
temperature environment, resulting in strain over time at spe-
cific temperature and stress conditions. The UCT has the ad-
vantage of being able to immediately assess the integrity of
various facilities, as the strain and stress values are directly
derived from the test results. However, there is a fundamental
limitation that the test process consumes a substantial amount
of materials and takes a long time to produce results. There-
fore, the UCT has a disadvantage in that it cannot evaluate
real-time properties reflecting the operating history of facilities
in operation.

As an alternative to overcome these fundamental limitations
of the UCT method, a method for evaluating the properties of
metallic materials using small specimens was proposed in the
1980s [7, 8]. Initially, this small punch test method was devel-
oped to evaluate the post-irradiation effects in nuclear power
plants [7, 8], and was then expanded to evaluating the straight-
forward properties of metallic materials such as tensile strength
[9, 10] and creep deformation [11]. The small punch creep test
(SPCT) utilizes very thin specimens to evaluate the creep
properties of metallic materials, and is largely composed of four
elements: the metallic specimen which is 1/200 in volumetric
size compared to that needed for the UCT; a punch ball that
directly contacts the specimen and applies a constant supplied
load to it; a punch that delivers a constant load generated from
the testing machine to the punch ball; and an upper and lower
die for fixing the specimen. Because SPCT uses much smaller
specimens compared to UCT, it has the advantage that very
little material is consumed and it takes relatively little time to
obtain test results. Thanks to these advantages, with SPCT it is
possible to evaluate real-time material properties that reflect
the operating history of facilities.

However, unlike UCT, wherein strain and stress data are de-
rived from the test results, SPCT derives displacement and
load data from the test results, making it difficult to directly ap-
ply SPCT to evaluate the integrity of a facility. In order to utilize
SPCT for integrity evaluation, it is essential to establish the
correlation between the strain and stress of UCT and the dis-
placement and load of SPCT. However, because SPCT
specimens are in a multi-axial stress state, this correlation is a
very complicated process. To date, several researchers have
used various means to establish the correlation(s) between
UCT and SPCT test result data [12-20]. Among these studies,
based on Chakrabarty’s membrane stretching theory [21], Lee
et al. [19] proposed a methodology for converting the dis-
placement of SPCT into the strain of UCT, and Kim et al. [20]
proposed a methodology for converting the load of SPCT into
the stress of UCT.

Therefore, the main objective of this paper is to evaluate
creep properties of modified 9Cr-1Mo steel, which is a candi-
date material for VHTR pressure vessels, using only SPCT.
First, SPCT was carried out at 550 °C, the target operating
temperature of a given VHTR. Then the displacement data of
SPCT was converted into the strain data of UCT using the
methodology proposed by Lee et al. [19], and the load data of
SPCT was converted into the stress data of UCT using the
methodology proposed by Kim et al. [20]. Based on these con-
verted data, and following the approaches of Norton [22], Lar-
son-Miller [23], and Monkman-Grant [24], creep property
evaluation models using only SPCT for modified 9Cr-1Mo steel
at a temperature 550 °C were constructed and a triangular
relationship among the creep property evaluation models was
successfully demonstrated. Finally, those creep property
evaluation models were reconstructed using long-term UCT
data at the same material and temperature provided by the
(Japan) National Institute for Materials Science (NIMS) [25].
The validity of this study was verified by comparing the results
with the creep property evaluation models constructed through
the SPCT data.

2. Methods
2.1 Equivalent strain formulation

Lee et al. [19] proposed an equivalent strain formulation that
converts the displacement of SPCT into the strain of UCT. In
this study, based on Chakrabarty’'s membrane stretching the-
ory [21], the equivalent strain, ¢, can be expressed in the
following form:

£, :\/%g{f/. (€, :\/%gv. €, :\/%(892 +e+g7)

T
=‘€T‘:ln(?‘)j

where g;/ is the deviatoric strain tensor, g, is the plastic
strain tensor, ¢, is the circumferential strain, £, is the merid-

(1)
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ional strain, ¢, is the radial strain, which is in the direction of
thickness, T is the thickness of the specimen, and 7, is the
initial thickness of the specimen. Next, based on Mao’s empiri-
cal equation [26], the thickness of the specimen at the specific
punch displacement, T'(4), is defined as:

r(ny=re @

where # is the punch displacement. Finally, by substituting
Eq. (2), which defines the thickness of the specimen at a spe-
cific punch displacement, into Eq. (1), the equivalent strain is
expressed in the following form:

. - 12@ @

where 7 is the punch displacement. Through Eq. (3), the
equivalent strain formulation proposed by Lee et al., the strain
data of UCT required for creep properties evaluation can be
successfully obtained through only the punch displacement of
SPCT.

2.2 Equivalent stress formulation

Kim et al. [20] proposed an equivalent stress formulation that
converts the load of SPCT into the stress of UCT. In this study,
based on Chakrabarty’s membrane stretching theory [21], the
equivalent stress, o,,, can be expressed in the following form:

o, = \/%S] S, = \/%(20; +20,-20,0,)
(4)
F
‘0-9‘ = 5 .
7 RTsin ¢
where S, is the deviatoric stress tensor, o, is the circum-
ferential stress, o, is the meridional stress, F is the load of
SPCT, R is the punch ball radius, and T is the thickness of
the specimen. Unlike the equivalent strain formulation, which
only considers the thickness of the specimen, in the equivalent
stress formulation both the thickness of the specimen and the
contact angle between the specimen and the punch ball should
be considered. Therefore, based on Chakrabarty's membrane
stretching theory [21], the punch displacement at a specific
contact angle, #(¢), can be expressed in the following form:

2sin* 2
h(p)=Rsin’pln 2 gnm/a—z—sin“(p +2Rsin? 2
sin'p (R R 2

©)

where ¢ is the contact angle between the specimen and the
punch ball and « is the inner radius of the lower die. Since

the equivalent stress in Eq. (4) uses the contact angle as a
variable, the contact angle, which is the inverse form of Eq. (5),
should be derived as a function of the punch displacement. It is
very difficult to directly derive the inverse form due to the com-
plexity of Eq. (5). So, by applying non-linear fitting, an approxi-
mation of the inverse form is expressed in the following form:

o(h)=In(1+1.3h) (6)

where % is the punch displacement. Finally, by substituting
Eq. (2) expressing the thickness of the specimen using Mao’s
empirical equation, and Eq. (6) expressing the contact angle
using Charkrabarty's membrane stretching theory, into Eq. (4),
the equivalent stress is expressed in the following form:

o, = F ")

eq —l,z[ﬁjls B
2zRTe ' sin’{In(1+1.3h)}

where F s the load of SPCT.

Eq. (7) expressing the equivalent stress was derived under
the assumption that there was no frictional force between the
specimen and the punch ball. However, in actual SPCT it is
known that the frictional force between the specimen and the
punch ball significantly affects the test results. Specifically, a
study on the effect of frictional force between the specimen and
the punch ball on small punch creep behavior conducted by
Kim et al. [27] showed that the minimum punch displacement
rate decreased as the frictional force increased and thus the
failure time increased. Therefore, in order to increase the accu-
racy of the equivalent stress formulation, the frictional effect
must be included. In this study, the stress distribution and the
contact area variation are investigated at five types of friction
coefficients (« = 0, 0.2, 0.4, 0.6, 0.8) for contact between the
specimen and the punch ball through finite element analysis
(FEA). From these results, the frictional effect was simulated
through a non-dimensional correction factor, o(x), which is
expressed in the following form:

a(p)=0.95¢ (8)

where u is the friction coefficient. Finally, by multiplying the
non-dimensional correction factor that simulates the frictional
effect expressed in Eq. (8) and the equivalent stress formula-
tion without the frictional effect expressed in Eq. (7), the
equivalent stress, o , including the frictional effect, is ex-

eq !

pressed in the following form:

o, =a(u)xo, =(095"")xo, )

eq

where u is the friction coefficient. Through Eq. (9), the
equivalent stress formulation proposed by Kim et al., the stress
data of UCT required for creep properties evaluation can be
successfully obtained through the punch displacement and
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load of SPCT.

2.3 Creep property evaluation models

The Norton model [22] is used to evaluate the creep proper-
ties of metallic materials utilizing the minimum strain rate, ¢, ,
and stress, o, and is expressed in the following form:

win = A" (10)
where 4, and n are temperature-dependent material prop-
erties. The secondary creep stage, known as steady-state
creep, accounts for most of the total creep life and has a con-
stant and minimum strain rate due to the balance between
strain hardening and thermal softening. Therefore, this model
can evaluate the overall creep properties by evaluating the
minimum strain rate at each stress condition. Also, this model
is usually used to evaluate the creep properties after conver-
sion to logarithmic scale:

logé,, =nlogo +log 4, . (11)
After conversion to logarithmic scale as in Eq. (11), logé,,,
and logo have a linear relationship with a slope of » . Fi-
nally, we can evaluate the properties of long-term creep by
constructing the Norton model through short-term creep tests
and then performing linear approximation to the linear relation-
ship in the logarithmic scale.

The Larson-Miller model [23] based on the Arrhenius equa-
tion is usually used to evaluate the effect of stress and tem-
perature on the creep life of metallic materials. Assuming that
the activation energy is a function of stress, the Larson-Miller
parameter is expressed in the following form:

LMP=T(C,, +logt,) (12)

where LMP is the Larson-Miller parameter, T is the abso-
lute temperature, C,,, is a material constant that usually has
a value of 20 (but varies from 10 to 40 depending on the mate-
rial), and ¢, is the creep life. This model evaluates the creep
properties of metallic materials through the characteristic that
LMP (including temperature and creep life) and stress have a
linear relationship. This linear relationship is expressed in the
following form:

o=4,,*LMP+B,, (13)

where 4,,, and B,, are the material constants. Finally, we
can successfully predict the long-term creep life of metallic
materials as a function of temperature and stress by construct-
ing the Larson-Miller model using the short-term creep life
measured at high stress.

The Monkman-Grant model [24] is used to predict the creep
life, ¢, , as a function of the minimum strain rate, £ for

min 7

metallic materials, and is expressed in the following form:

t€."=C (14)

£ min

where m and C,, are the material constants that depend
on the temperature. In general, the material constant m has a
value between 0.8 and 0.95 and C,,, has a value between 3
and 20. This model is usually used to evaluate creep properties
after conversion to logarithmic scale:

logt, =—mlogé,, +1logC,,; . (15)

min

After conversion to logarithmic scale as in Eq. (15), logz, and
logé,, have a linear relationship with a slope of —m . Finally,
we can predict long-term creep life by constructing the Monk-
man-Grant model through short-term creep tests and then
performing a linear approximation of the linear relationship in

the logarithmic scale.

2.4 Triangular relationship among the creep
property evaluation models

As mentioned earlier, the Norton, Larson-Miller, and Monk-
man-Grant models are used to evaluate the creep properties of
metallic materials. The Norton model consists of minimum
strain rate and stress, the Larson-Miller model consists of
stress and creep life, and the Monkman-Grant model consists
of creep life and minimum strain rate. Therefore, the Norton
and Larson-Miller models have stress, the Larson-Miller and
Monkman-Grant models have creep life, and the Monkman-
Grant and Norton models have minimum strain rate as a com-
mon variable. Given the fact that binary sets of these models
share common variables, these three creep property evalua-
tion models can be said to constitute a triangular relationship.
Specifically, the remaining models can be obtained by redefin-
ing the two types of models among the three types of creep
property evaluation models with respect to common variables.
For example, the common variable of the Norton and Larson-
Miller models is stress, and these two models can be redefined
for that common variable. Then, based on the two redefined
models for stress, the Monkman-Grant model can be derived.

3. Experimental
3.1 Material

In this study, modified 9Cr-1Mo steel was the SPCT speci-
men. As mentioned earlier, since NGNPs are expected to op-
erate for a longer time under elevated operating conditions
compared to previous-generation nuclear power plants, creep
damage that has a fatal adverse effect on plant safety occurs.
Therefore, modified 9Cr-1Mo steel, which shows excellent
resistance to creep damage at high temperatures, is being
considered as a candidate material for the pressure vessels of
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VHTRs, which are being developed as the top priority among
NGNPs. The specific chemical composition and mechanical
properties of the modified 9Cr-1Mo steel are shown in Tables 1
[28] and 2 [29], respectively.

3.2 SPCT procedure

SPCT is a test method to evaluate the creep properties of
metallic materials by measuring the punch displacement over
time by applying constant load to very thin specimen sheets
with a punch ball. Here, SPCT was carried out at 550 °C, the
target operating temperature of VHTR pressure vessels. The
spherical punch ball was made of Si,N, with a radius of
1.2 mm, and the specimen sheet was 10x10 with a thickness
of 0.5 mm, as shown in Fig. 1(a). Because SPCT specimens
are necessarily much thinner than UCT specimens, foreign
substances such as oxides generated on the surface of the
specimen during processing and storage can significantly un-
dermine the reliability of the SPCT results. Therefore, the origi-
nal specimen size of 10x10 with a thickness of 0.6 mm was

Table 1. Chemical composition of modified 9Cr-1Mo steel [28].

Element Nominal
Cr 8.00-9.50
Mo 0.85-1.05
Y 0.18-0.25
Nb 0.06-0.10
Cc 0.08-0.12
Mn 0.30-0.60
Cu 0.40 (max.)
Si 0.20-0.50
N 0.03-0.07
Ni 0.40 (max.)
P 0.02 (max.)
S 0.01 (max.)
Ti 0.01 (max.)
Al 0.02 (max.)
Zr 0.01 (max.)
Fe Balance

Table 2. Mechanical properties of modified 9Cr-1Mo steel at 550 °C [29].

Mechanical property Value
YS (MPa) 336

UTS (MPa) 375

E (GPa) 125

EL (%) 25

RA (%) 91

Strength coefficient (MPa) 671
Strain hardening exponent 0.12

polished to a thickness of 0.5 mm to remove all foreign sub-
stances. Additionally, as shown in Fig. 1(b), slippage between
the specimen and the punch ball was prevented by securely
installing the specimen between the upper and lower dies of
the jig, and the load generated from the test device was trans-
ferred to the specimen through the punch and the punch ball.
The punch and upper and lower dies were made of Inconel
alloy 617 which has high strength, oxidation resistance and
corrosion resistance even at temperatures above 980 °C to
secure the reliability and stability of SPCT.

We carried out the SPCT at high temperature using the test
machine as shown in Fig. 2(a), which consisted of a gas flow
controller, a loading frame, and a chiller. The chamber of the
loading frame is a cylindrical shape with a radius of 150 mm
and a height of 200 mm, and is made of SUS304 to perform
SPCT stably at high temperatures. Also, the design pressure is
10 bar, the heating element is Kanthal A1, the heating power is
220V, 1 Ph, 3 kW, and the maximum operating temperature is
1000 °C. The jig holding the specimen was placed inside the
chamber of the loading frame, as shown in Fig. 2(b). The tem-
perature of the specimen is measured by directly contacting
the specimen with a type K thermocouple attached to the in-
side of the chamber. Because SPCT is carried out at high tem-
peratures (~550 °C), high-temperature oxidation and overheat-
ing problems in the chamber during the test can prevent stable
test progress. Therefore, prior to the test, the rotary pump was
operated through the control panel of the gas flow controller to
establish a near-vacuum inside the chamber. Inert argon gas

(a) 10 mm

0.5 mm |

(b)

Constant load

;

Fig. 1. Schematics of small punch creep test: (a) specimen; (b) jig.
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was injected to create an appropriate gas atmosphere during
the test, and cooling water was supplied through the chiller to
prevent overheating inside the chamber. Then the target test
temperature was set through the temperature indicator of the
gas flow controller, and the temperature of the specimen was
slowly increased over about 3 hours through the thermocouple
inside the chamber.

After completing all these preparations, a load cell consisting
of a servo motor that could impose a maximum load of 200 kgf

on the loading frame, and a velocity reducer of 1:30, applied a
constant load to the specimen by pushing the load into the
chamber. The specimen delivering a constant load through the
punch ball is stretched to cover the open bottom of the jig, and
the punch displacement is derived over time as the output of
the test. This punch displacement was measured with high
precision using a 12-mm length gauge in the loading frame and
a linear variable displacement transducer (LVDT) with 0.005-
um resolution.

Low.
water
indicator

Fig. 2. Small punch creep test machine: (a) gas flow controller, loading frame, and chiller; (b) inside the chamber.
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Fig. 3. Small punch creep test curves of modified 9Cr-1Mo steel at 550 °C: (a) 62.5 kgf; (b) 65 kgf; (c) 70 kgf; (d) 75 kgf.
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4. Results and discussion
4.1 SPCT for modified 9Cr-1Mo steel

SPCT was performed on modified 9Cr-1Mo steel at the high
temperature of 550 °C under a total of four different loading
conditions: 62.5 kgf, 65 kgf, 70 kgf, and 75 kgf. In order to se-
cure the reliability of the test results, it was repeated three
times under each loading condition. Fig. 3 shows the punch

Table 3. Small punch creep test results of modified 9Cr-1Mo steel at 550 °C.

Load (kgf) Failure time (hour)
166.79
194.44
210.34
78.68
110.93
126.91
53.46
64.42
98.18
19.34
22.00
24.04

62.5

65

70

75

Modified 9Cr-1Mo Steel 62.5kgf_1
—— Equivalent Strain

Equivalent Strain Rate
—— Equivalent Stress

o
o
@

=)
T

o
o
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0.021
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0.001
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displacement curve over time, which resembles the UCT strain
curve over time. In general terms, the strain vs. time graph
consists of four stages: the instantaneous deformation stage in
which the strain rapidly increases at a constant rate at the be-
ginning of the test; the primary creep stage in which the strain
rate decreases and the creep resistance increases due to the
self-strain of the material; the secondary creep stage in which
the strain rate is constant and most of the creep life is covered
due to the balance between the strain hardening and recovery;
and the tertiary creep stage in which the strain rate rapidly
increases, the cross-sectional area is reduced, and the mate-
rial is broken due to the occurrence of necking. From Fig. 3, the
tendency of the displacement change in SPCT is very similar to
that of the strain change in each stage of UCT. The failure
times measured under each loading condition can be con-
firmed in detail in Table 3: the average failure times were
190.52 hour, 105.51 hour, 72.02 hour, and 21.79 hour under
each loading condition. The next section describes our analysis
to convert the punch displacement and load output of SPCT
into the strain and stress of UCT, in order to directly utilize
SPCT to evaluate the creep properties of metallic materials.

4.2 Equivalent strain & stress analysis

Using Eq. (3), the equivalent strain formulation proposed by
Lee et al. [19], the punch displacement of SPCT was converted
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Fig. 4. Equivalent strain, strain rate, and stress curves of modified 9Cr-1Mo steel at 550 °C: (a)-(c) 62.5 kgf; (d)-(f) 65 kgdf; (9)-(i) 70 kgf; (j)-(I) 75 kgf (contin-

ued).
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Fig. 4. (Continued).

—_
()
~

025 1.0
5 0.20F ~
§ £08
= &
g £
Q
Lo1s-E
] Zo06
x £
£ [
© =
=0.10L%2
o €04
< Ko}
s |3
Soo0s35
Z B
S w02
w
0.00F
0.0

Modified 9Cr-1Mo Steel 65kgf_2

—— Equivalent Strain
Equivalent Strain Rate

—— Equivalent Stress

1
IS
8
Equivalent Stress (MPa)

L
@
&
S

L
@
=3
1S3

500

L
I
a
S

N
a
3

(8)

Time (hour)

1

200
20

Modified 9Cr-1Mo Steel 70kgf_1

—— Equivalent Strain
Equivalent Strain Rate

—— Equivalent Stress

L
N
S
=3

500

L
IS
a
S

w
&
3

Equivalent Stress (MPa)

)
<3
=3

250

Time (hour)

Modified 9Cr-1Mo Steel 70kgf_3
—— Equivalent Strain

Equivalent Strain Rate
—— Equivalent Stress

L
i
E]
Equivalent Stress (MPa)

L
@
&
3

'
w
S
S

500

'
IS
o
3

- 250

Time (hour)

030 10
co02sf
5 =08
2 I
Toz0lE
2 Eog
14 c
= 01505
£ |3
® =
= 0.101 5 %
(7} ©
IS 2
2 El
3005w 0.2
w
0.001
0.0
(i)
030 12
=025
= 10
NE
So20E
g |E%
% E
€ 015§
c U f©
@ xa-().s
a =
=
=010 &
5 TO4
© 2
S 3
5 0,08
w
il 0.2
0.00-
00
05 12
0.4f_10F

o
@
T

o
[
T
Equivalent Strain (mm/mm)
.

Equivalent Strain Rate (1/hour)
o
T

0.2

Modified 9Cr-1Mo Steel 75kgf_2
—— Equivalent Strain

Equivalent Strain Rate
—— Equivalent Stress

s P
s @ g9
s & 3

w
i
3

Equivalent Stress (MPa)

300

250

Time (hour)

into the strain of UCT; the resulting equivalent strain is ex-
pressed as curve as shown in Fig. 4. Like the strain curve of
UCT, this equivalent strain curve consists of four stages: the
instantaneous deformation, primary creep, secondary creep,
and tertiary creep stages. The Norton and Monkman-Grant
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models use the minimum strain rate, not the strain, to evaluate
the creep properties of metallic materials, so an additional
process of selecting the minimum strain rate from the equiva-
lent strain curve is required. Therefore, the equivalent strain
rate is expressed as shown in Fig. 4 by differentiating each
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equivalent strain point. As mentioned earlier, the creep strain
rate at the secondary creep stage, which accounts for most of
the creep life, is minimal and constant, whereas there is con-
siderable noise in the equivalent strain rate values because an
excessive amount of data is generated in the creep test over a
long period of time. To solve this noise problem, the average
value of the equivalent strain rate in the range of 30 %-70 %
based on the creep life was selected as the representative
minimum equivalent strain rate.

Next, using the equivalent stress formulation proposed by
Kim et al. [20], the load of SPCT was converted into the stress
of UCT. The equivalent stress was derived by applying the load
and punch displacement data of SPCT to Eq. (7). However,
since the previously derived equivalent stress did not include
the frictional effect between the punch ball and the specimen, a
non-dimensional correction factor, a(x) that included the
friction coefficient u, as in Eq. (8), was introduced to derive
the equivalent stress including the frictional effect. Jeong et al.
[30] conducted a study on SPCT behaviors with various friction

coefficients using the elastoplastic finite element method (FEM).

That study found that the friction coefficient value that ade-
quately simulates the actual SPCT behaviors of the modified
9Cr-1Mo steel is 0.7. Therefore, we derived the equivalent
stress (including the frictional effect) by applying the equivalent
stress without the frictional effect and 0.7, the friction coefficient
value of the modified 9Cr-1Mo steel, to Eq. (9); the equivalent
stress is expressed as a curve as shown in Fig. 4.

UCT has a constant stress value for the entire time that the
stress is applied because the specimen is in a uniaxial stress
state. However, unlike UCT, the SPCT equivalent stress value
rapidly decreases at the beginning of the stress application and
rapidly increases just before the specimen fractures because
the specimen is in a multi-axial stress state. Since the Norton
and Larson-Miller models use stress to evaluate the creep
properties of metallic materials, it is essential to select a repre-
sentative value among the changing equivalent stress values.
Therefore, based on the creep life we selected the average
value of the equivalent stress in the region of 30 %-70 % as the
representative equivalent stress.

Finally, the values of the representative equivalent minimum
strain rate and representative equivalent stress derived only
through SPCT for each loading condition are shown in Table 4.
The representative equivalent minimum strain rate and repre-
sentative equivalent stress were consistently derived at each
loading condition, and the minimum strain rate increased as
the stress increased. This means that the SPCT showed that
the creep life of the metallic material was shortened, as shown
with the conventional creep test method UCT.

4.3 Creep property evaluation models through
SPCT

The Norton, Larson-Miller and Monkman-Grant creep prop-
erty evaluation models were constructed using the equivalent
minimum strain rate and equivalent stress derived only through

Table 4. Equivalent strain and stress analysis results of modified 9Cr-1Mo
steel at 550 °C.

Load 'R'epresentetive Representative

(kgf) Number mlnlmum equivalent equivalent stress
strain rate (1/hour) (MPa)
1 0.002171 301.7
62.5 2 0.001462 2955
3 0.001784 295.6
1 0.006908 3104
65 2 0.006043 3101
3 0.004634 308.8
1 0.010069 3334
70 2 0.008494 330.6
3 0.004062 344.2
1 0.02492 355.2
75 2 0.01967 357.6
3 0.01740 369.0

SPCT. Thereafter, the validity of these models was verified by
establishing a triangular relationship among the three models.

First, the Norton was constructed using the equivalent mini-
mum strain rate data at each equivalent stress derived through
SPCT. After plotting the equivalent minimum strain rate and
equivalent stress, the Norton model expressed as Eq. (10) was
constructed by performing non-linear fitting. Next, the Larson-
Miller model was constructed using the rupture time data at
each equivalent stress derived through SPCT. This model does
not directly utilize the rupture time to evaluate the creep proper-
ties, but simultaneously evaluates the effect of temperature on
the failure time of metallic materials by converting the rupture
time into LMP expressed as Eq. (12). The material constant,
C,, » included in the LMP generally has a value of 20, but
can vary between 10 and 40 depending on the material type.
Therefore, in order to accurately construct the Larson-Miller
model it is essential to use the C,,, value appropriate for the
target material. Through probabilistic and statistical analysis of
the creep rupture data of modified 9Cr-1Mo steel, Choudhary et
al. [31] proposed 35 as the C,,, value for that material. There-
fore, using 35 as the value of C,,, , we calculated the LMP
value of each failure time at the temperature of 550 °C. After
plotting the equivalent stress and LMP, linear fitting was per-
formed to construct the Larson-Miller model expressed as Eq.
(13). Finally, the Monkman-Grant model was constructed using
the failure time and minimum strain rate data derived through
SPCT. After plotting the failure time and equivalent minimum
strain rate, non-linear fitting was performed to construct the
Monkman-Grant model expressed as Eq. (14).

Next, a triangular relationship was established among the
three creep property evaluation models constructed through
SPCT data. As mentioned earlier, the Norton and Larson-Miller
models have stress as a common variable, Larson-Miller and
Monkman-Grant models have creep life, and Monkman-Grant
and Norton models have minimum strain rate. Through a trian-
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Miller; (c) Monkman-Grant.

0.028

gular relationship with the common variables in these binary
sets, the final model was constructed by redefining each set of
two models with respect to their common variable.

Finally, the three creep property evaluation models con-
structed through SPCT are expressed as ‘experiment’ in Fig. 5,
and the models constructed considering a triangular relation-
ship of these models are expressed as ‘equation’ in Fig. 5. The

specific material constants of each model are shown in Table 5.

The creep property evaluation models constructed through

Table 5. Material constants of modified 9Cr-1Mo steel at 550 °C for com-
parison between experiment and equation.

Creep model (':\gant;gilt Experiment Equation
Norton creep model Ay 1.428E-24 6.355E-49
= Ay0” n 8.344 18.33
Larson-Miller creep model A4, -0.07858 -0.1544
0 =4, *LMP+B,, » 2711 5012
Monkman-Grant creep m 0.6674 1.297
model ¢,£;, =Cq Cro 2.790 0.1287

SPCT and the triangular relationship show quite similar results.
This demonstrates that appropriate creep property evaluation
models can be constructed using only SPCT.

4.4 Creep property evaluation models through
ucTt

NIMS [25] performed long-term UCT on modified 9Cr-1Mo
steel under various stress conditions with fracture times be-
tween 200 and 50000 hours at 550 °C, and provided the failure
time and minimum strain rate data for each stress condition
derived from those results. We constructed Norton, Larson-
Miller, and Monkman-Grant creep property evaluation models
using the data derived through UCT, and verified the validity of
the data derived through SPCT by comparing it with models
constructed through UCT.

First, the Norton model was constructed using the minimum
strain rate data at each stress measured by UCT. Since the
range of the minimum strain rate measured by UCT was much
wider than that of SPCT, the Norton model expressed as Eq.
(11) was constructed by converting the stress and minimum
strain rate to logarithmic scale and then performing linear fitting.
Next, the Larson-Miller model was constructed using the failure
time data at each load measured by UCT. In the same manner
as we previously calculated ZMP through SPCT, the LMP
value of each failure time at the temperature of 550 °C was
calculated, using 35 as the C,,, value for the modified 9Cr-
1Mo steel. Then the material constants of the Larson-Miller
model expressed as Eq. (13) were calculated through linear
fitting between stress and LMP . Finally, the Monkman-Grant
model was constructed using the failure time and minimum
strain rate data measured through UCT. Since the range of the
failure time and minimum strain rate measured by UCT was
much wider than that of SPCT, the Monkman-Grant model
expressed as Eq. (15) was constructed by converting the fail-
ure time and minimum strain rate to logarithmic scale and then
performing linear fitting.

The three creep property evaluation models constructed with
UCT and SPCT are shown in Fig. 6 and the specific material
constants of each model are shown in Table 6. Tables 5 and 6
show the material constants of the creep property evaluation
models constructed from the same SPCT data; in both cases
the Larson-Miller model was constructed by directly applying
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Table 6. Material constants of modified 9Cr-1Mo steel at 550 °C for com-
parison between uniaxial and small punch creep test.

Creep model miftgi't uct SPCT
Norton creep model Ay 3.715E-34 6.026E-29
£y = 4,0" n 13.01 10.36
Larson-Miller creep model A, -0.05655 -0.07858
o=4,, *LMP+B,, B,, 2005 2711
Monkman-Grant creep m 0.6883 0.8736
model #,£), = Cy Cyo 20.18 0.8706
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Fig. 6. Creep properties evaluation models of modified 9Cr-1Mo steel for
comparison between small punch and uniaxial creep test: (a) Norton; (b)
Larson-Miller; (c) Monkman-Grant.

linear fitting to the test data, so the material constants were the
same. However, the Norton and Monkman-Grant models were
constructed by directly applying non-linear fitting to the test
data (as described in the previous section) and the test data
were converted to logarithmic scale and then constructed by
applying linear fitting. Due to the difference in the fitting method,
there was a slight difference in the material constant results in
the Norton and Monkman-Grant models. Nevertheless, it can
be seen from Fig. 6 that each of the creep property evaluation
models constructed using UCT and SPCT showed consistent
tendencies. With the Norton and Larson-Miller models, since
the results were quite similar between the two test methods, it
was possible to successfully predict the creep properties of the
long-term UCT by constructing the models using only the short-
term SPCT. With the Monkman-Grant model, however, there
was a difference between the UCT and SPCT methods, which
we presumed was because the failure time was underesti-
mated compared to the minimum strain rate due to the SPCT
methodology in which a very thin specimen is placed in a multi-
axial stress state. In the case of the Larson-Miller model, which
includes the failure time such as the Monkman-Grant model,
because the failure time was not directly used but instead con-
verted to LMP before use, it is judged that a small error oc-
curred between the two test methods compared to the Monk-
man-Grant model.

5. Conclusion

This paper evaluates the creep properties of modified 9Cr-
1Mo steel at 550 °C using only SPCT. SPCT was performed
under four different loading conditions: 62.5 kgf, 65 kgf, 70 kgf,
and 75 kgf, and was repeated three times under each loading
condition to ensure the reliability of the test results. During
SPCT the average failure times were measured as 190.52
hour, 105.51 hour, 72.02 hour, and 21.79 hour under each
loading condition. In order to evaluate the creep properties of
metallic materials using SPCT, wherein the displacement and
load are derived as outputs, it is necessary to convert these
data into the strain and stress of the conventional test method
UCT. The displacement of SPCT was converted into the strain
of UCT using the equivalent strain formulation proposed by Lee
et al. [19], and the load of SPCT was converted into the stress
of UCT using the equivalent stress formulation proposed by
Kim et al. [20]. Using the data converted from SPCT, the Nor-
ton, Larson-Miller, and Monkman-Grant models were con-
structed to evaluate the creep properties of the modified 9Cr-
1Mo steel. Each model was reconstructed using a triangular
relationship with common variables among the models. The
three models constructed through SPCT and the triangular
relationship among them showed very similar results. These
results demonstrate that the creep property evaluation models
can be successfully constructed using only SPCT. The same
creep property evaluation models were constructed using long-
term UCT data of modified 9Cr-1Mo steel with creep life be-
tween 200 and 50000 hours at the same temperature used by
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NIMS [25]. Each of the three models constructed using short-
term SPCT and long-term UCT data showed consistent ten-
dencies. In particular, the Norton and Larson-Miller models
showed considerable agreement between the two test meth-
ods. However, in the Monkman-Grant model, a discrepancy
occurred between the two test methods, probably because the
failure time was underestimated compared to the minimum
strain rate due to the SPCT methodology in which a very thin
specimen is placed in a multi-axial stress state.
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Nomenclature

a : Lower die inner radius
F : SPCT load
h : SPCT displacement

LMP : Larson-Miller parameter

R : Punch ball radius

S, : Deviatoric stress tensor

t, : Creep life

T : Absolute temperature

T : Specimen thickness

T, : Specimen initial thickness
Greek symbols

a : Non-dimensional correction factor
€. - Minimum strain rate

g : Deviatoric strain tensor

€0 : Equivalent strain

g : Plastic strain tensor

& : Radial strain

& : Circumferential strain

g, : Meridional strain

u : Friction coefficient

o - UCT stress

o : Equivalent stress including frictional effect
o, - Equivalent stress

o, : Circumferential stress

g, : Meridional stress

@ : Contact angle between specimen and punch ball
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