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Summary 

 

A Direct Methodology for Prediction of Creep Life Based 

on Small Punch Creep Test 

 

 

   Small punch creep test (SPCT) is a method to evaluate creep properties of 

metallic material instead of uniaxial creep test  which is a conventional creep test 

method. SPCT shows practical advantages compared with the traditional uniaxial 

creep test since a small sheet specimen (10 × 10 × 0.5 mm) can be obtained from in-

service facilities or mechanical parts without damage. In addition, relatively shorter 

rupture time in SPCT is another merit. SPCT results, however, cannot be directly 

used because stress state of an SPCT specimen during deformation is not uniaxial 

stress state. In other words, a complicated stress state of the SPCT specimen 

prevents not only comparison with uniaxial creep test but also registration to a 

standard creep methodology. In order to overcome the obstacle, a novel methodology 

is suggested to directly analyze SPCT results in consideration of Chakrabarty 's 

membrane stretching theory, which provides strain and stress analysis on thin sheet 

material forced by large punch ball , and it is applied to derive von-Mises equivalent 

strain and strain rate from thickness change of the specimen. Therefore, general 

creep curves can be plotted only by using SPCT results. Furthermore, the Monkman-

Grant model, which is an extrapolation method for evaluation of creep life, is 

investigated by using von-Mises equivalent strain and strain rate data calculated 

from the Chakrabarty's membrane stretching theory. To verify this methodology, 

both SPCT and uniaxial creep test results of STS 316L at 650 ℃  are used. 
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Displacement and time data in SPCT were converted into von-Mises equivalent 

strain and strain rate. The Monkman-Grant models derived from two different creep 

tests show a great potential such that SPCT with the proposed methodology can be 

substituted for uniaxial creep test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Keywords: Small Punch Creep Test, Membrane stretching theory, Creep life 

expectation, Monkman-Grant model, STS 316L 
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1 Introduction 

 

 

1.1 Background 

 

   Recently, most of countries have great concern about how to maximize energy 

efficiency due to not only their official duty to reduce carbon dioxide emission but 

also disappointing return on investment to renewable energy business. According to 

the International Energy Agency (IEA)'s report of the G8 Summit in 2008, operating 

efficiency of coal-fired power plants should be enhanced above 40% in order to 

reduce the amount of carbon dioxide emission and the volume of coal consumption 

[1]. Since Korea is also a member of the IEA, many Korean engineers focus on how 

to enhance operating efficiency of coal-fired power plants, and, as a result, that is 

increased like Figure 1.1. If the temperature of main steam in coal -fired power plant 

increases by 20℃, thermal efficiency will also increase up to about 1%. 

 

 

Figure 1.1 Change of operating efficiency of Korean coal -fired power plant during 

past decades 
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However, inherent creep property of metallic materials is the principal obstacle 

which prevents improvement of operating efficiency. In general, metallic materials 

at temperature above a half of their melting temperature on absolute scale show 

significant creep deformation which cannot be explained by mechanical properties at 

room temperature. In any facilities or mechanical components operated at high 

temperature, therefore, creep deformation must be taken into account critically. 

Thanks to many great senior researchers, experiment methods and microscopic 

analyses on creep issues have been well studied, and especially uniaxial creep test, 

suggested by ASTM E139-11 [2], has been used to obtain creep properties of 

metallic material universally. However, as uniaxial creep test needs bulk of 

materials, this test cannot be applied to in -service facilities or components for real-

time monitoring on creep deformation.  

   To overcome this limitation, Small Punch Creep Test (SPCT) has been 

alternatively suggested to evaluate creep properties of in -service material [3, 4]. 

Since SPCT just needs a thin sheet of material (10×10×0.5 mm), it is well fitted to 

determine creep properties of in-service components at high temperature  without 

damage. Furthermore, SPCT has an advantage in test time because rupture in SPCT 

happens very quickly compared to the conventional uniaxial creep test. 

   Although SPCT shows strong advantages and potentials, it does not become a 

standard creep test method like uniaxial creep test.  This is because stress state of 

SPCT is very different with that of uniaxial creep tes t, and therefore a direct 

comparison between SPCT and uniaxial creep test has not been possible . An SPCT 

specimen is deformed at multi axial stresses, while that of uniaxial creep test is 

deformed at a uniaxial stress. In other words, it is difficult to obtain a representative 

value of stress and strain in SPCT. For this reason, Finite Element (FE) analysis on 
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SPCT should be accompanied to derive equivalent stress and strain value , and those 

are simply compared with stress and strain in uniaxial creep test . This process, 

however, also results in another problem that  data in other researcher's papers cannot 

be effectively cited since FE models from each researcher cannot be exactly same. 

Hence, fundamental and essential understanding on deformation mechanism of SPCT 

specimen is definitely needed to better use SPCT.  
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1.2 Previous study 

 

   Various studies on SPCT have been carried out during several decades. 

Chakrabarty [5] has suggested an analytical solution through membrane stretching 

theory. Although the author has investigated deformation characteristics of small 

punch test specimen at room temperature  with a specific material and a perfect 

lubrication condition, the analytical solution is very practical even for SPCT at high 

temperature and used for various materials by other researchers. Yang and Wang [6] 

have provided an empirical relationship between strain and central deflection of 

SPCT specimen by using Chakrabarty's membrane stretching theory. Chen [7] has 

investigated non-dimensional analysis to obtain creep properties of material. Hyde 

[8] has developed general strain analysis using membrane stre tching theory and FE 

method. Also, the European Committee for Standardization has carried out a Code of 

Practice for SPCT [9]. 

Furthermore, lots of researchers have studied on how to interpret SPCT results in 

order to compare with uniaxial creep test results [9 -12]. Not only 2-dimensional or 

3-dimensional FE models [13-16] have been developed to obtain local strain and 

stress data, but also microscopic analysis [17, 18] on specimen has validated creep 

phenomenon within an SPCT specimen. From these diverse studies, certain empirical 

equations about stress and strain of SPCT have been derived [9], and stress 

distribution on SPCT specimen in the process of experiment is revealed by FE 

analysis [19]. In addition, many studies on boundary conditions, factors, and 

parameters affecting SPCT results have been carried out [6, 13, 17].  

To better understand a ruptured SPCT specimen, there have been several studies 

on a failure position. Park [17] has investigated thickness decrease of every position 
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on an SPCT specimen right before failure and compared it with FE analysis result. It 

has suggested that the thinnest point on a specimen is a dominant position to cause 

total failure of SPCT with the highest stress concentration. Other studies have also 

provided that rupture occurs near the thinnest point of the specimen and its location 

does not change during the test, and therefore investi gation of the thinnest point has 

been carried out in order to obtain creep properties through FE analysis [7, 16, 17]. 

Especially, Lee's observation of fracture surface shows microscopic evidence such as 

growth and coalescence of crack at the thinnest point and occurrence of intergranular 

fracture caused by intergranular cavity crack at that point [18]. Lee 's study not only 

provides creep deformation mechanism on SPCT specimen, but also explains why 

the thinnest point is important to procure  creep properties from SPCT. 

For more practical purpose, SPCT results have been applied to the Monkman-

Grant model [20] which is a method to predict material's creep life. Lots of studies 

have suggested that SPCT has a possibility to build the Monkman-Grant model [21-

25]. Besides, the Monkman-Grant model derived by SPCT has been compared with 

that derived by uniaxial creep test [10, 26]. Although above studies related to the 

Monkman-Grant model of SPCT have already shown the possibility to assess creep 

life, those are also insufficient because not only understanding on deformation 

mechanism of SPCT specimen is deficient, but also a correction factor between 

SPCT and uniaxial creep test is always required with respect to type of materials.  
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1.3 Objectives 

 

It is obvious that SPCT has a strong potential for practical use to assess creep 

life of fossil fired power plant components in that SPCT specimen can be procured 

from in-service components without damage. To realize this advantage, SPCT must 

be an independent test method without uniaxial creep test result as well  as FE 

analysis. In this regard, I suggest a direct methodology, which is based on an 

analytical solution in Chakrabarty's membrane stretching theory, for creep life 

prediction of material.  Especially, I connect Chakrabarty's membrane stretching 

theory to the Monkman-Grant model. 

Furthermore, how to procure creep properties such as equivalent strain and strain 

rate is also suggested in this paper. To be specific, Chakrabarty's membrane 

stretching theory is directly applied to SPCT results, and equivalent strain and strain 

rate diagrams of SPCT are illustrated from the analytical solution. Both uniaxial 

creep test and SPCT results using STS 316L at the test temperature of 650℃  [27, 

28], which is operation condition in power plants , are cited to validate the proposed 

methodology. 

Based on the results of equivalent strain analysis, the Monkman-Grant model for 

SPCT is derived, and that for uniaxial creep test is also obtained. I will show that the 

Monkman-Grant model of SPCT results is compatible with that of uniaxial creep test 

since dimensional problem is solved by equivalent strain analysis. Finally, 

comparison of the Monkman-Grant models provides a good correlation between 

uniaxial creep test and the direct methodology using SPCT results.  
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2 Theoretical background 

 

 

2.1 Creep 

 

   Mechanical properties of most metallic materials at room temperature are 

independent of time. However, at elevated temperature, the mechanical properties 

become very dependent on both time and strain rate. If metallic materials are 

subjected to a static tensile load at above a half of melting temperature , 𝑇𝑚, on an 

absolute temperature scale, the metallic materials undergo a time-dependent 

deformation even below yield strength. This phenomenon is called creep and it is a 

critical issue in power plant where mechanical equipment such as boilers and steam 

turbines is operated with high temperature and pressure condition.  

   In order to investigate creep deformation of metallic materials , there are two 

general tests which are creep test and stress-rupture test. The creep test measures  the 

amount of deformation which results from elevated temperature exposure and the 

stress-rupture test, on the other hand, assesses the effect of temperature on the load-

bearing capability. For evaluation on creep characteristics of metallic materials,  

ASTM E139-11 [2] suggests a standard test method called a uniaxial creep test that a 

constant load is applied to a tensile specimen maintained at a constant temperature 

and the strain of the specimen is obtained with respect to time. The creep test is 

similar to the stress-rupture test in that both tests are performed by the uniaxial 

creep test. The former, however, is often carried out to less than 0.5 percent strain, 

while the latter is carried out to the failure of the material. Higher loads are used in 

the stress-rupture test than in the creep test, and hence the creep rates are higher.  
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   Figure 2.1 shows the idealized creep curve at a constant load and there are three 

stages which are primary creep, secondary creep, and tertiary creep. Primary creep 

stage shows initial large and rapid strain, 𝜀0 , including elastic and plastic 

deformation. Following initial strain 𝜀0, creep rate,  
dε

dt
, which is the slope of creep 

curve, is decreased continuously due to increase of creep resistance results from its 

own deformation. Then the creep rate reaches minimum value and becomes a steady 

state in which the creep rate changes little with respect to time. This is because work 

hardening speed by increase of dislocation density in material from plastic 

deformation is balanced with recovery speed by dynamic softening and local 

diffusion of atoms. Secondary creep stage occupies most of creep test  as shown in 

Figure 2.1. Finally, tertiary creep stage shows sudden increase of creep rate and, 

after all, material is fractured with a reduction in cross-sectional area results from 

necking or void coalescence. If constant stress creep test is carried out, tertiary 

creep stage is delayed since effect of reduction in cross -sectional area is neglected. 

Most engineering components, however, are usually subjected to load not a constant 

stress and therefore constant load creep test is more practical  [29]. And the initial 

stress applied to specimen is generally labeled for the value of stress.  

   Once creep curve is obtained like Figure 2.1, creep rate curve is also dra wn as 

Figure 2.2 in which creep rate is plotted with respect to time. This curve shows 

dramatic change in creep rate and obvious division.  From comparing Figure 2.2 with 

Figure 2.1, creep rate has a minimum value only in secondary creep stage. To 

determine minimum creep rate, 𝜀𝑠̇, in Figure 2.2, the average value of the creep ra te 

during secondary creep is calculated and used. 

   In a range of metals, 𝜀𝑠̇ at temperature above 0.5𝑇𝑚 is simply formulated by a 

power law relation [29, 30] 



11 

 

𝜀𝑠̇ = 𝐵𝜎𝑛𝑒−
𝑄

𝑘𝑇                         (2.1.1) 

 

Where B is a constant, 𝜎 is applied stress, Q is activation energy,  k is Boltzmann's 

constant, and T is temperature on absolute scale.  This power law relation can be used 

for both high and low temperature condition.  

 

 

Figure 2.1 General creep curve with a constant load 

  

 

Figure 2.2 Creep rate curve with respect to time  
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2.2 Creep mechanism 

 

   Since applied stress and temperature are constant, time -dependent creep 

deformation results from metallurgical changes in material.  Solid state diffusion 

results from thermal activation and slip or glide processes of plastic deformation are 

dominant factors to yield creep deformation. If temperature is high enough, diffusion 

is a dominant mechanism of creep deformation, while if temperature is relatively low, 

slip or glide processes are a dominant mechanism of creep deformation. Hence, 

according to the prevailing temperature and stress, creep mechanisms can be divided 

in deformation mechanism map in which x-axis means homologous temperature, 
𝑇

𝑇𝑚
, 

and y-axis has normalized shear stress, 
𝜎

𝐺
, where G is shear modulus [31, 32]. Based 

on deformation mechanism map, creep mechanisms are mainly classified as 

dislocation creep, dislocation glide creep, and diffusion creep [29]. 

   Dislocation creep occurs at relatively high stress and temperature , and diffusion 

of vacancies or interstitials assists movement of dislocation so that dislocation 

overcomes barriers [31, 32]. 

   Dislocation glide creep occurs at much higher stress and lower temperature than 

those ordinarily expected to yield creep deformation  [33]. Thermal activation helps 

dislocation move along slip planes and overcome obstacles, and therefore material is 

deformed [29]. 

Diffusion creep is prevalent at high temperature and relatively low stress in 

deformation mechanism map. Depending on stress level, diffusion creep is group as 

Nabarro-Herring creep, Coble creep, and Harper-Dorn creep. Firstly, Nabarro [34] 

and Herring [35] suggested that creep at high temperature and low stress was 

controlled by atomic diffusion in bulk, and creep rate was formulated as:  
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𝜀𝑠̇ =
𝐴𝑁𝐻𝜎𝐷𝑙Ω

𝑘𝑇𝑑2                          (2.2.1) 

 

Where 𝐴𝑁𝐻  is a geometric constant, 𝐷𝑙  is lattice diffusion coefficient, Ω  is 

vacancy volume, and d is grain diameter. Second, at lower temperature, grain 

boundary diffusion is dominant in material and creep rate is represented by Coble 

[36] as: 

 

𝜀𝑠̇ =
𝐴𝑐𝜎𝐷𝑔𝑏𝛿Ω

𝑘𝑇𝑑3                         (2.2.2) 

 

Where 𝐴𝑐 is a geometric constant, 𝐷𝑔𝑏 is grain boundary diffusion coefficient , and 

𝛿 is grain boundary width. Coble creep does not maintain if grain boundary sliding 

does not occur simultaneously [29, 37]. Lastly, at relatively low stress, diffusion 

assisted by dislocation climb can be a determinant of creep rate [38, 39]. Harper and 

Dorn provided relation of creep rate like:  

 

𝜀𝑠̇ =
𝐴𝐻𝐷𝜎𝐷𝑙𝑏

𝑘𝑇
                        (2.2.3) 

 

Where 𝐴𝐻𝐷 is a constant and b is Burgers vector of the dislocation.  
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2.3 Membrane stretching theory 

 

   Chakrabarty's study provided a general analytical solution on plastic deformation 

of stretching forming over hemispherical punch heads , and the analytical solution 

with selective materials under perfect lubrication assumption between the punch and 

material showed a good agreement with experimental results  [5, 40]. Figure 2.3 

shows a spherical pressure vessel in a spherical coordinate and represents the stress 

state of an infinitesimal element and Figure 2.4 shows a schematic of Chakrabarty 's 

membrane stretching model in 2-dimensional cross section view including z-axis in 

Figure 2.3. 

In Figure 2.3, the spherical pressure vessel forms a surface of revolution with 

respect to z-axis and the element, which has a thickness, t, is defined by spherical 

coordinate system. Radial direction component is R, circumferential direction is 𝜃 

and meridional direction is 𝜙. The stress state of the element is also represented by 

spherical coordinate system and the component of the stress state shows radial stress, 

p, in radial direction, circumferential stress, 𝜎𝜃 , in 𝜃  direction and meridional 

stress, 𝜎𝜙, in 𝜙 direction. Basically, when the element is located apart from r, 

which is a vertical distance from z-axis, the circumferential and meridional radii of 

curvature are formulated like:  

 

𝜌𝜃 = 𝑟 cosec 𝜙 , 𝜌𝜙 =
𝜕𝑟

𝜕𝜙
sec 𝜙                  (2.3.1) 

 

𝜌𝜃 is the circumferential radius of curvature and 𝜌𝜙 is the meridional radius of 

curvature. And due to exact spherical shape, 𝜌𝜃 and 𝜌𝜙 should be defined like: 
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𝜌𝜃 = 𝜌𝜙 = 𝑅                         (2.3.2) 

 

 

Figure 2.3 Spherical coordinate for hemispherical pressured vessel  

 

 

 

Figure 2.4 A schematic of Chakrabarty's membrane stretching model in SPCT 
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   In order to derive the meridional equilibrium equation, meridional components of 

the circumferential and meridional stress are used. The meridional components of 

meridional and circumferential stress are as follows, respectively,  

 

(𝜎𝜙𝑡𝑟𝑑𝜃) cos
𝑑𝜙

2
− {(𝜎𝜙𝑡𝑟𝑑𝜃) +

𝜕(𝜎𝜙𝑡𝑟𝑑𝜃)

𝜕𝑟
𝑑𝑟} cos

𝑑𝜙

2
         (2.3.3) 

 

 (𝜎𝜃𝑡𝑅𝑑𝜙) sin
𝑑𝜃

2
sin(

𝜋

2
− (𝜙 +

𝑑𝜙

2
)) + {(𝜎𝜃𝑡𝑅𝑑𝜙) +

𝜕(𝜎𝜃𝑡𝑅𝑑𝜙)

𝜕𝜃
𝑑𝜃} sin

𝑑𝜃

2
sin(

𝜋

2
− (𝜙 +

𝑑𝜙

2
))                 

(2.3.4) 

 

   Figure 2.5 (a) shows all stress components of infinitesimal element on the 

spherical thin vessel, and Figure 2.5 (b) and (c) show direction of meridional stress 

and circumferential stress, respectively. As geometric condition, which is exactly 

spherical, R and r have the relationship like equation. 2.3.1 and 2.3.2. Also, for 

small angle of 𝑑𝜙 and 𝑑𝜃, sin
𝑑𝜙

2
 and sin

𝑑𝜃

2
 can be approximated to 

𝑑𝜙

2
 and 

𝑑𝜃

2
. 

Likewise, cos
𝑑𝜙

2
 and cos

𝑑𝜃

2
 are to be 0. Each stress component is tilted by 

𝑑𝜙

2
 and 

𝑑𝜃

2
, respectively, as shown in Figure 2.5. The meridional stress is tilted by 

𝑑𝜙

2
 to the 

meridional direction while the circumferential stress is tiled by 
𝑑𝜃

2
 to the 

circumferential direction due to the curvature. Summation of equation 2.3.3 and 

2.3.4 is equal to 0 because the element is in stress equilibrium state and, thus, the 

result of summation is like: 

 

∂

∂𝑟
(𝑡𝜎𝜙) =

𝑡

𝑟
(𝜎𝜃 −  𝜎𝜙)                     (2.3.5) 

 

   Normal equilibrium can be simply derived by manipulating  of equation 2.3.3 and 

2.3.4 because meridional direction is vertical to the normal direction, which is p 
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direction. The normal component of meridional and circumferential stress is 

respectively as: 

 

(𝜎𝜙𝑡𝑟𝑑𝜃) sin
𝑑𝜙

2
− {(𝜎𝜙𝑡𝑟𝑑𝜃) +

𝜕(𝜎𝜙𝑡𝑟𝑑𝜃)

𝜕𝑟
𝑑𝑟} sin

𝑑𝜙

2
            (2.3.6) 

 

(𝜎𝜃𝑡𝑅𝑑𝜙) sin
𝑑𝜃

2
cos(

𝜋

2
− (𝜙 +

𝑑𝜙

2
)) + {(𝜎𝜃𝑡𝑅𝑑𝜙) +

𝜕(𝜎𝜃𝑡𝑅𝑑𝜙)

𝜕𝜃
𝑑𝜃} sin

𝑑𝜃

2
cos(

𝜋

2
− (𝜙 +

𝑑𝜙

2
)) 

(2.3.7) 

 

Summation of equation 2.3.6 and 2.3.7 is equal to 𝑝𝑑𝜙𝑅𝑑𝜃𝑟 and thus, the normal 

equilibrium is like: 

 

𝑝 =
𝑡

𝑅
(𝜎𝜃 + 𝜎𝜙)                        (2.3.8) 

 

 

Figure 2.5 Stress state of infinitesimal element on the spherical  thin vessel: (a) All 

stress components; (b) Meridional stress; and (c) Circumferential stress 
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2.4 von-Mises equivalent strain 

 

   Based on Chakrabarty's membrane stretching theory [5], the element undergoes 

only three normal stresses since a material is assumed to be perfectly lubricated. 

Therefore, the state of the material is principal stress state and each current stress 

direction means the principal direction of stress for that element. And a material is 

postulated to experience ideally plastic deformation  with a constant yield stress in 

accordance with Levy-Mises flow rule [5, 40], in which elastic deformation is 

neglected since it is relatively very small. Also, Poisson’s ratio of material is set to 

be 0.5 in incompressible condition and the principal direction of stress is assumed to 

be equal to direction of strain increment or strain rate. Hence, incompressible 

condition can be expressed such that  

 

𝜀𝑘𝑘 = 𝐽1 = 3𝜀𝑚 = 𝜀11 + 𝜀22 + 𝜀33 = 𝜀𝜃 + 𝜀𝜙 + 𝜀𝑡 = 0          (2.4.1) 

 

𝜀′
𝑖𝑗 = 𝜀𝑖𝑗 − 𝜀𝑚𝛿𝑖𝑗 = 𝜀𝑖𝑗                     (2.4.2) 

 

In this case, the first plastic strain invariant, 𝐽1, is 0 and thus, the deviatoric strain 

tensor, 𝜀′
𝑖𝑗, is equal to the plastic strain tensor, 𝜀𝑖𝑗, since the mean strain, 𝜀𝑚, is 

also 0. 𝜀𝜃, 𝜀𝜙, 𝜀𝑡, and 𝛿𝑖𝑗 mean the circumferential strain, meridional strain , radial 

strain which is direction of thickness, and Kronecker delta, respectively. Each strain 

term means the principal strain as well.  

True strain calculation is derived as logarithmic expression,  

 

∫
𝑑𝑥

𝑥

𝑙

𝑙0
= ln

𝑙

𝑙0
                          (2.4.3) 
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Where 𝑙0 and l is the initial and final length, respectively. If 𝑟0 is initial position 

of the element which is located apart from r, 𝜀𝜃 can be considered change of hoop 

circumference like: 

 

𝜀𝜃 = ln
2𝜋𝑟

2𝜋𝑟0
= ln (

𝑟

𝑟0
)                      (2.4.4) 

 

Likewise, 𝜀𝜙 is regarded as that initial length 𝑑𝑟0 is changed to 𝑑𝑟 sec 𝜙. 𝜀𝑡  is 

also simply calculated by thickness change, 𝑡0 to t. 

 

 𝜀𝜙 = ln (
𝜕𝑟

𝜕𝑟0
sec 𝜙),     𝜀𝑡 = ln (

𝑡

𝑡0
)                 (2.4.5) 

 

   Biaxial tension on the element provides 𝜎𝜃 = 𝜎𝜙 and therefore, 𝜀𝜃 is also equal 

to 𝜀𝜙. From this relationship, the von-Mises equivalent strain,  𝜀𝑞, is represented as: 

 

𝜀𝑞 = √
2

3
𝜀′

𝑖𝑗𝜀′
𝑖𝑗 = √

2

3
𝜀𝑖𝑗𝜀𝑖𝑗 = √

2

3
(𝜀𝜃

2 + 𝜀𝜙
2 + 𝜀𝑡

2) = |𝜀𝑡| = 𝑙𝑛(
𝑡0

𝑡
)      (2.4.6) 

 

Hence, the von-Mises equivalent strain can be obtained directly by measuring the 

thickness of a specimen. 
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2.5 Monkman-Grant model 

 

   The Monkman-Grant model, a method to predict the creep life of metallic 

material, is composed of the creep failure time 𝑡𝑓, minimum creep rate 𝜀𝑠̇, and 

constants m and C such that 

 

𝑡𝑓𝜀𝑠̇
𝑚 = 𝐶                         (2.5.1) 

 

   Depending on metals, the constant m varies between 0.8 and 0.95, while the 

constant C varies between 3 and 20 when 𝑡𝑓 has unit of hour and 𝜀𝑠̇ has unit of 

percent over hour respectively [20]. It is also reported that the constant m depends 

on the microstructure of material such as grain size [41]. In general, equation 2.5.1 

is used after it is converted into logarithmic scale. After conversion, it is plotted as a 

straight linear graph, which has m slope. Using this linear graph, long term creep life 

can be expected by using linear approximation. In this paper, the Monkman-Grant 

models of uniaxial creep test and SPCT are examined and compared to each other. 

The results of SPCT mostly have a shorter rupture time rather than those of uniaxial 

creep test in the Monkman-Grant model. 
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3 Experimental procedure 

 

 

3.1 Material and specimen 

 

   STS 316L, which is an austenite type stainless steel, is widely used in fossi l and 

atomic power plant since it is representative steel including good heat -resistant 

property. “L” in the word of STS 316L means low carbon content in the material and, 

therefore, STS 316L does not suffer from intergranular corrosion since carbon plays 

a strong role to reduce the resistance to intergranular corrosion resulted from carbide 

formation [42]. Melting temperature of STS 316L is 1375 to 1400 ℃ [43] and 

specific compositions of STS 316L are shown in Table 3.1. 

 

Table 3.1 Chemical compositions of STS 316L [28] 

C Si Mn P S Ni Cr Mo Fe 

0.02 0.62 0.69 0.021 0.002 12.23 17.37 2.16 Bal. 

 

   A uniaxial creep test needs round bar shaped specimen with the gage section 

diameter of 6 mm and gage length of 30 mm as shown in Figure 3.1  (a). In contrast, 

as shown in Figure 3.1 (b), SPCT needs a very thin sheet specimen (10 × 10 × 0.5 

mm), which is much smaller than a typical uniaxial creep specimen. Better 

comparison between uniaxial creep specimen and SPCT specimen is depicted in 

Figure 3.2. One uniaxial creep specimen requires material for more than two 

hundreds of SPCT specimens. 
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Figure 3.1 Type of creep test specimen: (a) Uniaxial creep test and (b) SPCT [44] 

 

 

Figure 3.2 Comparison between uniaxial creep specimen and SPCT specimen  [44] 
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3.2 Test equipment 

 

   Both 2-D and 3-D Schematics of an SPCT tester are shown in Figure 3.3. 𝑅 is a 

radius of punch ball (1.2 mm), 𝑎 is an inner radius of lower die (2 mm), 𝑏 is a 

fillet radius (0.2 mm) of lower die, and 𝑡0 is an initial thickness of specimen (0.5 

mm). As shown in Figure 3.3 (a), each central vertical axis of punch, punch ball and 

specimen should coincide with one another in order to avoid anisotropic effect. In 

other words, punch ball should convey force through the exact center point of 

specimen and then eventually penetrate it. Hence, 𝑡0 has to be uniform in order to 

prevent deviation of force direction. To make a flat specimen with a constant 

thickness, every SPCT specimen is polished by coarse to micro fine polishing paper. 

Also, the surface of specimen must be flawless. This is the reason why SPCT is 

normally performed in argon gas condition to prevent oxidation. The upper and the 

lower die also play an important role in hampering slip between specimen and punch 

ball. Without appropriate force transmission, membrane stretching theory cannot be 

applied to SPCT. Thus, each test should accompany all the above requirements.  

Overall picture of SPCT equipment is like Figure 3.4  and 3.5 which are for constant 

and dynamic load condition, respectively.  The equipment in Figure 3.4 can perform 

SPCT only, while the tester in Figure 3.5 is able to carry out small punch test at 

room temperature as well as high temperature.  And both testing machines measure 

punch displacement recorded by a linear variable differential transformer (LVDT) 

which has the capacity to measure the change of  1 μm. 
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Figure 3.3 Schematics of SPCT: (a) 2-D model and (b) 3-D model [44] 

 

 

Figure 3.4 SPCT equipment for constant load condition 



25 

 

 

Figure 3.5 Small punch tester  for dynamic load condition 
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3.3 Experimental method 

 

3.3.1 SPCT 

 

SPCT specimen is polished to be flat and have an initial thickness  of 0.5 mm. 

Then, the specimen is placed between the upper and lower die in chamber which is 

with argon gas. This condition is to prevent oxidation of specimen. Temperature in 

the chamber is increased up to an objective temperature, and a punch ball is loaded 

on the specimen once it reaches to a test temperature. Punch displacement is 

measured by an LVDT with respect to time.  

Kim [28] has carried out SPCT for STS 316L at 650℃, homologous temperature 

𝑇

𝑇𝑚
 is about 0.5, by using two different punch balls which are Si3N4 punch ball and 

Al2O3  punch ball. The author has experimented with four different loading 

conditions such as 421.83, 470.88, 549.36 and 598.41 N and investigated friction 

effect of punch ball. In this paper, Kim's results are cited for equivalent strain 

analysis. 
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3.3.2 Small punch test 

 

   General equipment and process of small punch test are mostly same with SPCT 

except loading and temperature condition. Small punch test is carried out at a 

dynamic load, while SPCT is performed at a constant load . Also, small punch test is 

conducted at room temperature, whereas SPCT is continued at temperature above 

0.5𝑇𝑚. 

   To generate dynamic load, a servo motor, which is top part in Figure 3.5, 

controls displacement or load. In this study, punch displacement is regulated to 0.5 

mm/min and measured by an LVDT likewise.  
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3.3.3 Thickness measurement 

 

   Once SPCT is carried out at certain test condition, a variation of punch 

displacement with respect to time is also obtained. Based on the punch displacement, 

each SPCT is interrupted to measure the least thickness of specimen at prescribed 

interval as shown in Figure 3.6, and this process is repeated until rupture. To be 

specific, center position of each stopped specimen is cut by a diamond cutting 

machine, and the half of specimen is treated by hot mounting process. Then, the 

least thickness is measured by optical micro scope. From this investigation, 

thickness value with respect to punch displacement can be procured.  

Mao [45] has carried out small punch test using seven different materials which 

are HT-60, HT-9, 9Cr, A533B, A508, Cu-Be-Co, and STS 304. Especially, the 

author has investigated thickness change at the local necking and crack initiation 

position. He has also reported that loading capacity of the specimen is deteriorated 

by significant decrease of thickness and the circumferential crack propagation.  In 

this paper, Mao's results are cited for equivalent strain analysis.  

 

 

Figure 3.6 Measurement of thickness at the thinnest point [45] 
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4 Experimental results 

 

 

4.1 Small punch test results 

 

Small punch test is carried out by using STS 316L at room temperature, and 

applied load and punch displacement are recorded like Figure 4.1. Data is saved 

until fracture occurs like Figure 4.2. General graph of small punch test shows elastic, 

elastic and plastic, plastic deformation, and final failure [46]. Roughly speaking, a 

region near about 0.5 mm of punch displacement, which means the initial thickness 

of the specimen, is a transition from elastic to pure plastic as well as bending to 

membrane stretching deformation [45, 46]. Above separations of deformation 

features are based on shape of curve, and therefore each curve should be investigated 

carefully. 

To be specific, the transition from bending to membrane stretching is elucidated 

both theoretically and experimentally. Chakrabarty [47] has provided an analytical 

solution on membrane stretching deformation as well as  bending deformation, and he 

has suggested that membrane stretching deformation is dominant when punch 

displacement exceeds the initial thickness of specimen. 

Figure 4.1 also shows a general curve of small punch test, and  thus the perfect 

plastic deformation seems to occur after about 0.75 mm of punch displacement.  In 

other words, the equivalent strain analysis in which the perfect plastic deformation 

is an assumption can be carried out after about 0.75 mm of punch displac ement. 

Based on this information, data of SPCT above 0.75 mm of punch displacement is 

used to derive strain value in “equivalent strain analysis” section.  



30 

 

 

Figure 4.1 Small punch test result of STS 316L under 0.5 mm/min displacement 

control at room temperature 

 

 

Figure 4.2 Cross sectional view of a fractured small punch test specimen. Scale bar, 

1 mm 
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4.2 SPCT results 

 

4.2.1 SPCT curves [28] 

 

Figure 4.3 [28] represents SPCT curves, which show variation of punch 

displacement with respect to time, for STS 316L at 650℃ and, especially, the SPCT 

is carried out using different punch balls, one is  Si3N4 and the other is Al2O3. Punch 

displacement is recorded until a punch ball passes completely thro ugh the specimen 

like Figure 4.4. Rupture in the specimen occurs along circumferential direction with 

respect to the punch ball movement, and feature of necking at the rupture position is 

also shown with the naked eye. An intensive decrease of thickness at certain position 

is directly used for equivalent strain analysis. 

Kim [28] has investigated effect of friction of two different punch balls and 

showed that the difference of friction coefficient affects minimum punch 

displacement rate ℎ̇ and failure time 𝑡𝑓 as shown in Figure 4.3. Also, the author 

determined that Si3N4  and Al2O3  have the friction coefficient, 0.5 and 0.4, 

respectively [28]. Although ℎ̇ and 𝑡𝑓 vary depending on the type of punch ball,  

very typical creep behaviors consisting of initial rise, steady state increase, and 

rupture with necking are observed in both cases. These two different SPCT results 

are used to validate equivalent strain analysis, and the effect of friction coefficient 

of punch ball is discussed when creep life expectation is carried out.  
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Figure 4.3 SPCT curves of STS 316L at 650℃: (a) Si3N4 punch ball and (b) Al2O3 

punch ball [28] 

 

 

Figure 4.4 A ruptured SPCT specimen at 706.32 N and 650℃ 
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4.2.2 Thickness change observation 

 

   Thickness change can be directly measured at the least thickness position. To do 

this study, interrupted SPCT specimens are investigated by using an optical 

microscope as shown in Figure 4.5. To be specific, SPCT is carried out at 706.32 N 

and 650℃. Each SPCT specimen is stopped when punch displacement is 1.12, 1.22, 

1.26, 1.36, and 1.41 mm, respectively. Cross section of the specimen with solidified 

hot mounting resin not only facilitates work of the measurement of thickness, but 

also enhances accuracy of the measurement. In Figure 4.5, it is obvious that 

thickness of certain location is significant ly decreased even though I myself do not 

conduct to measure the thickness. Hence, the least thickness position is not only a 

main deformation position but also a principal place in which creep rupture occurs.  

In this paper, Mao 's results [45] are cited for equivalent strain analysis. This is 

because Mao's results have been developed by various materials including stainless 

steel, and therefore I suppose that his results are reliable and suitable for a general 

application and validation of equivalent strain analysis. Furthermore, my 

experimental dimensions in SPCT are exactly same with Mao 's that. From thickness 

change investigation at thinnest point, Mao [45] suggested an empirical equation of 

thickness t as a function of punch displacement h and the thickness t such that 

 

𝑡

𝑡0
= 𝑒−1.2(

ℎ

2
)1.5

                         (4.2.1) 

 

Note that this is only valid when experimental conditions such as dimension of 

specimen, punch ball size, and inner diameter of lower die are identical to Mao 's 

experiment. 
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   Even though Mao 's empirical equation is derived from small punch test at room 

temperature not SPCT at high temperature, I assume that the change of the least 

thickness in a specimen is little different in both small punch test and SPCT since 

each specimen is strongly constrained until rupture. In other words, if boundary 

conditions in both tests are same, the deformation aspect would be little different. 

Based on this assumption, I have directly used equation 4.2.1 in equivalent strain 

analysis. 

 

 

           (d)                     (e)                    (f)  

Figure 4.5 Cross sectional image of interrupted specimen with respect to punch 

displacement: (a) 1.12 mm, (b) 1.22 mm, (c) 1.26 mm, (d) 1.36 mm, (e) 1.41 mm, 

and (f) rupture. Scale bar, 1 mm. 
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4.3 Equivalent strain analysis 

4.3.1 Assumptions 

 

In order to obtain strain data of the material from SPCT, the equivalent strain 

analysis in Chakrabarty's membrane stretching theory [5] is applied since stress state 

of an SPCT specimen during deformation is not simple  and, therefore, SPCT results 

are incompatible with results of conventional uniaxial creep test.  In other words, raw 

data of SPCT results cannot be directly used to assess creep life of material in that 

punch displacement is not the same with strain. Hence , additional interpretation on 

SPCT results should be followed and, in this regard, Chakrabarty's membrane 

stretching theory is used in this paper. Before the equivalent strain analysis is 

carried out, two significant assumptions in Chakrabarty 's membrane stretching 

theory should be discussed. 

First, material is assumed to not only be isotropic, but also undergo pure plastic 

deformation explained in theory of plasticity [5]. Based on these assumptions, 

material shows incompressible characteristics and, therefore, plastic deformation 

equations such as the von-Mises equivalent strain are simplified. However, an SPCT 

specimen undergoes “creep” deformation not perfect plastic deformation. 

Nevertheless, it is reasonable that the equivalent strain analysis is used to interpret 

SPCT results since the above simple assumptions of plasticity theory hold 

reasonably even during steady state creep at high temperature unless there is 

metallurgical changes in material [29, 48, 49]. 

Also, Chakrabarty's membrane stretching theory does not consider friction effect 

between punch ball and specimen, while  the SPCT, in reality, is affected by friction 
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force [28]. Besides, the author has suggested that only a few certain materials are 

suitable for the equivalent strain analysis.  Although not only the perfect lubrication 

is not a real situation but also feasible materials are limited, the equivalent strain 

analysis is meaningful enough for a simple approximate solution. Moreover, 

outcomes resulted from the equivalent strain analysis are applied to the Monkman -

Grant model in which an overall trend is more important than single data.  In this 

regard, the whole SPCT results by Si3N4 and Al2O3 punch balls in Figure 4.3 are 

used to build the Monkman-Grant model and the effect of friction is also discussed.  
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4.3.2 Graphical method 

 

The equivalent strain in equation 2.4.6 can be derived from the direct 

investigation of the least thickness change in an SPCT specimen. Substituting 

equation 4.2.1 into equation 2.4.6 yields the equivalent strain with respect to the 

punch displacement [45]. 

 

𝜀𝑞 = 1.2(
ℎ

2
)1.5                        (4.3.1) 

 

   Since the equivalent strain is obtained directly from small punch test result by 

using equation 4.3.1, no more FE analysis is required to investigate stress and strain 

equivalent to uniaxial test results. 

   This direct analytical solution to small punch test can be also applied to SPCT 

because the main fracture occurs near the thinnest point and thickness change versus 

the punch displacement shows the similar trend in both tests although test condi tion 

and microscopic deformation mechanism are not exactly the same. Under this 

assumption, substitution of the displacement results of SPCT in Figure 4.3 into 

equation 4.3.1 yields the conversion of punch displacement into the equivalent strain 

𝜀𝑞 . The equivalent strain rate 𝜀𝑞̇  can be also obtained simply by taking time 

derivative of the equivalent strain 𝜀𝑞. Especially, MATLAB, commercial software, is 

used to acquire a time derivative between two consecutive data points. Hence, the 

proposed method enables us to investigate creep properties directly from SPCT 

without any aid of FE simulation and reference data from uniaxial creep test as 

shown in Figure 4.6 which is derived by applying 470.88 N with Si3N4 punch ball.  

Note that there are lots of noises in Figure 4.6 (a) because creep test usually 
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takes long time and produces a plethora of data. In contrast, equivalent strain 𝜀𝑞 

and rate 𝜀𝑞̇ curves in Figure 4.6 (b) and (c) look more stabilized by data filtering. 

Due to this reason, data filtering in creep test is generally allowed to procure 

constant minimum creep rate 𝜀𝑠̇ [12]. Thus, data filtering of SPCT is carried out and 

the results are shown in Appendix. Steady state region is determined in Figure 4.6 

(c), and minimum equivalent strain rate 𝜀𝑞̇,𝑚𝑖𝑛 is calculated by average value of 𝜀𝑞̇ 

in the steady state region in Figure 4.6 (a). 

The minimum equivalent strain rate 𝜀𝑞̇,𝑚𝑖𝑛 and the corresponding failure time 𝑡𝑓 

for all SPCT results [28] are listed in Table 4.1 and Table 4.2. Both tables show a 

similar trend to the standard uniaxial creep test such that the minimum equivalent 

strain rate 𝜀𝑞̇,𝑚𝑖𝑛 is inversely proportional to failure time 𝑡𝑓. Besides, the friction 

effect of punch ball, which not only affects the minimum punch displacement rate 

ℎ̇𝑚𝑖𝑛  but also the minimum equivalent strain rate 𝜀𝑞̇,𝑚𝑖𝑛 , can be elucidated 

quantitatively. The bigger friction coefficient of Si3N4  punch ball in Table 4.1 

causes the smaller minimum equivalent strain rate 𝜀𝑞̇,𝑚𝑖𝑛 compared to the case of 

Al2O3  punch ball in Table 4.2 under the same loading condition. These results 

suggest that friction effect between punch ball and specimen should be also 

considered as an important factor in SPCT.  

In Figure 4.6, the equivalent strain curve is divided into three parts, one is initial 

stage including large deformation, another is steady state region and the other is 

tertiary stage showing sudden increase of equivalent strain 𝜀𝑞 and final failure time 

𝑡𝑓. The steady state region also provides minimum equivalent strain rate 𝜀𝑞̇,𝑚𝑖𝑛. This 

information is indispensable to creep life evaluation with the Monkman -Grant model 

which will be discussed in the next section. All equivalent strain and st rain rate 

curves for SPCT results in Figure 4.3 are shown in Figure 4.7 and Figure 4.8. 
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Figure 4.6 Equivalent strain and strain rate curves based on SPCT of STS 316L 

under 470.88 N with Si3N4 punch ball: (a) 100% data, (b) 50% data, and (c) 25% 

data 
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Table 4.1 Equivalent strain analysis results  for SPCT using Si3N4 punch ball 

Load (N) 
Min. equivalent strain rate, 

𝜀𝑞̇,𝑚𝑖𝑛 (1/h) 

Failure time, 𝑡𝑓 (h) 

421.83 0.0035 43.9 

470.88 0.0043 32.0 

549.36 0.0086 19.1 

598.41 0.0172 15.0 

 

Table 4.2 Equivalent strain analysis results  for SPCT using Al2O3 punch ball 

Load (N) 

Min. equivalent strain rate, 

𝜀𝑞̇,𝑚𝑖𝑛 (1/h) 
Failure time, 𝑡𝑓 (h) 

421.83 0.0045 33.1 

470.88 0.0054 26.8 

549.36 0.0090 17.4 

598.41 0.0188 11.5 
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Figure 4.7 Equivalent strain and equivalent strain rate using Si3N4 punch ball for 

four different load conditions: (a) 421.83 N; (b) 470.88 N; (c) 549.36 N; and (d) 

598.41 N 
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Figure 4.8 Equivalent strain and equivalent strain rate using Al2O3 punch ball for 

four different load conditions: (a) 421.83 N; (b) 470.88 N; (c) 549.36 N; and (d) 

598.41 N 
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4.4 Derivation of Monkman-Grant model 

 

The Monkman-Grant model in equation 2.5.1 is used to substantiate the 

equivalent strain analysis of SPCT results. From Figure 4.7 and 4.8, the minimum 

equivalent strain rate 𝜀𝑞̇,𝑚𝑖𝑛  and failure time 𝑡𝑓  can be obtained to make the 

Monkman-Grant model for SPCT. 

For validation of the proposed direct methodology in this paper, Im's results [27] 

in which the uniaxial creep test for STS 316L has been carried out at 65 0℃ are also 

used to build the Monkman-Grant model. Im has conducted four different stress 

conditions which are 210, 230, 250, and 270 MPa. Creep properties of STS 316L at 

650℃ such as minimum creep rate 𝜀𝑠̇, failure time 𝑡𝑓, and total strain to failure 𝜀𝑓  

are also provided in Table 4.3. Especially, 𝜀𝑠̇  and 𝑡𝑓  are used to make the 

Monkman-Grant model for the uniaxial creep test.  

 

Table 4.3 Creep properties of STS 316L at 650℃ [27] 

Stress (MPa) 𝜀𝑓 𝜀𝑠̇ (1/h) 𝑡𝑓 (h) 

210 0.4038 0.00029 205.2 

230 0.2577 0.00201 67.8 

250 0.3328 0.00613 27.0 

270 0.2688 0.00843 18.4 

 

Figure 4.9 shows three Monkman-Grant models, one is for the uniaxial creep test 

and others are for SPCT. Their parameters are summarized in Table 4.4. Since these 

three Monkman-Grant models show a close similarity to one another, the direct 

solution from the equivalent strain concept using the membrane stretching theory has 
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a strong potential for a novel and unique interpretation without any additional 

endeavor such as uniaxial creep test and FE analysis. Distribution of the Monkman -

Grant model from SPCT and uniaxial creep test results also explains another 

advantage of SPCT which is shorter test time than uniaxial creep test. This is 

because SPCT results show faster minimum strain rate and shorter failure time than 

uniaxial creep test results.  

   And two different punch balls, which are Si3N4 and Al2O3, do not significantly 

affect the Monkman-Grant model for SPCT. Not only from comparing uniaxial  creep 

test with SPCT but also comparing each SPCT result, there is little effect of friction 

coefficient of punch ball in the Monkman-Grant model. Therefore, creep life 

prediction using the Monkman-Grant model is independent in effect of punch ball.  

 

Table 4.4 Parameters for Monkman-Grant model of each test type 

Test type m C 

Uniaxial creep test 0.700 0.738 

SPCT (Si3N4 punch ball) 0.686 0.878 

SPCT (Al2O3 punch ball) 0.784 0.513 
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Figure 4.9 Comparison of the Monkman-Grant models of STS 316L for uniaxial 

creep test and SPCT with different punch balls at 650 ℃ [44] 
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5 Discussion 

 

 

5.1 Overview of direct methodology 

 

Figure 5.1 illustrates a direct procedure to obtain strain and strain rate only using 

SPCT. This flow chart provides a standard manual of SPCT for creep life estimation. 

Anyone can easily follow the flow chart step by step and, as a result, procure the 

Monkman-Grant model derived by SPCT. 

 

 

Figure 5.1 A flowchart of creep life prediction using SPCT [44] 
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First, an SPCT is carried out at elevated temperature using 10 × 10 × 0.5 mm 

specimen to acquire a general SPCT curve which shows variation of punch 

displacement with respect to time. Based on the curve, interval to interrupt an SPCT 

is determined and, as following the interval,  an SPCT is interrupted to measure 

thickness t at the thinnest point. How to measure the thickness t is explained in 3.3.3 

thickness measurement section. The thickness change at the thinnest point is applied 

to the equivalent strain in equation 2.4.6, and then the equivalent strain rate 𝜀𝑞̇ is 

derived with respect to time. In the equivalent strain rate 𝜀𝑞̇ curve, the minimum 

equivalent strain rate 𝜀𝑞̇,𝑚𝑖𝑛 should be calculated as average of 𝜀𝑞̇ on steady-state 

stage. As a result, the minimum equivalent strain rate 𝜀𝑞̇,𝑚𝑖𝑛 and failure time 𝑡𝑓 are 

obtained. Finally, the Monkman-Grant model can be drawn like Figure 4.9. 

   This direct methodology is very straightforward and practical. This is because 

the equivalent strain analysis can be applied to simple  measurement of the least 

thickness on specimen, and therefore FE analysis is not needed to derive strain value.  

Furthermore, the direct methodology is very useful since previous studies cannot 

be easily matched to other researchers ' study due to difference of FE model. In other 

words, if FE model is different, FE analysis to derive strain value can yield different 

results even though material is same. For this reason, a correction factor, which is 

needed to compare SPCT with uniaxial creep test, is differe nt as each study of SPCT 

and, therefore, referring to other outcomes is difficult. In this regard, the direct 

methodology will play a strong role to make SPCT results more compatible with 

others since the methodology needs no correction factor.  

Besides, the direct methodology is robust and reasonable because a physical 

understanding on deformation of an SPCT specimen is underlain in the methodology. 

In a great deal of previous studies on SPCT, however, a correction factor is usually 
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used without understanding of mechanical deformation. In other words, the 

correction factor is a tool to adjust results rather than a fundamental solution. 

However, in this paper, understanding on deformation of SPCT specimen is firstly 

carried out and, thus, equivalent strain ra te 𝜀𝑞̇ for SPCT is obtained analytically and 

graphically. 

In conclusion, the direct methodology can make SPCT more practical. For 

further application, a real -time monitoring of creep life for in-service component can 

be realized. To fulfill it, not only a great deal of material should be used to validate 

the direct methodology, but also effect of temperature should be investigated.  
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5.2 Review of direct methodology-complementary investigation 

5.2.1 Validation process 

 

In this paper, Mao's result, equation 4.3.1 obtained by small punch test at room 

temperature, is used to derive the equivalent strain value. Although  the outcome 

shown in Figure 4.9 is good, variation of the least thickness at high temperature 

must be investigated and substantiated whether there is difference between Mao 's 

result and the variation of the least thickness at creep condition. To be specific, 

temperature and load dependency should be elucidated in the variation of the least 

thickness. 

In this study, however, mechanical viewpoint rather than metallurgical 

viewpoint is strongly underlain to develop the direct methodology in which 

reasonable assumptions of plasticity theory exist. Based on these assumptions such 

as perfect plastic deformation, citation of Mao 's result is acceptable even though it 

is an approximation. 

Furthermore, a main objective of this paper is to suggest a possibility to 

overcome limitations in previous studies on SPCT. In this regard, the direct 

methodology is worthwhile enough.  

As already mentioned above, a plethora of previous studies on SPCT have to use 

a correction factor in which physical meaning exists little, while no correction 

factor is needed in this study. However, no correction factor just might mean that a 

correction factor for STS 316L is 1 since only STS 316L is used to validate the 

direct methodology. For instance, the Monkman-Grant model by another material 's 

SPCT result might not be similar with that by same material 's uniaxial creep test. 

Additional investigation, therefore, should be carried out with various materials. 



50 

 

5.2.2 Metallurgical change 

 

In this paper, metallurgical change in STS 316L at 650 ℃ for short test time is 

assumed to be little based on a reference [50], and therefore simple assumptions of 

plasticity theory can be applied to an SPCT specimen. However, various experiment 

conditions such as extremely high temperature, low load, and long test time are 

recommended to carry out since metallurgical change in STS 316L at  these 

conditions is obvious [51]. In other words, equivalent strain analysis may be invalid 

because simple assumptions in theory of plasticity cannot be used if there is 

metallurgical change. This is a very sensitive issue in the direct methodology in that 

SPCT is not small punch test but small punch “creep” test at elevated temperat ure. 

Hence, a metallurgical investigation will play an important role to determine a 

feasible range in which the direct methodology is valid.  

Furthermore, a metallurgical study is needed to carry out a real -time monitoring 

of creep life of in-service materials because the materials undergo aging at high 

temperature for long time and, thus, metallurgical change occurs. Therefore, the 

Monkman-Grant model derived by no aged material also can be affected. In this 

regard, investigation on how an aged material af fects the Monkman-Grant model 

developed by the direct methodology would be highly meaningful for further 

practical use of the direct methodology.  
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6 Conclusion 

 

 

   Chakrabarty's membrane stretching theory is applied to obtain the equivalent 

strain from SPCT result. From this equivalent strain analysis, SPCT data, which is 

punch displacement and time, can be converted into strain and time. In order to 

compare results of SPCT with uniaxial creep test, creep properties and SPCT results 

of STS 316L are referred in this investigation. This comparison uses the Monkman -

Grant model for uniaxial creep test and SPCT at same test temperature. As a result, 

each step in whole investigation is well explained and the step by step process is 

organized as a direct methodology for small punch creep test. Conclusions for this 

research are drawn. 

(1) Chakrabarty's membrane stretching theory provides the equivalent strain data 

at the thinnest point even in the SPCT specimen. This can be obtained from 

investigation of thickness change at the thinnest point in the specimen and 

provides creep curve for SPCT. 

(2) The Monkman-Grant model of SPCT result, which is obtained from the 

equivalent strain analysis, shows an excellent agreement with that of 

uniaxial creep test. Dispersion in the Monkman-Grant model of SPCT 

indicates faster minimum strain rate and shorter failure time than the 

uniaxial creep test and suggests SPCT can be substituted for uniaxial creep 

test. Hence, a real-time monitoring of in-service material 's creep life is 

expected in the future. 

(3) The Monkman-Grant models of SPCT from different punch balls, which are  

Si3N4 and Al2O3, show a similar trend with each other. This means that 
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effect of punch ball is not critical in the Monkman -Grant model of SPCT. 

(4) In this paper, an empirical relation which is thickness change along punch 

displacement is used to apply the equivalent strain analysis. But, because 

this empirical relation is derived for small punch test not for small punch 

“creep” test, thickness measurement at the thinnest point of SPCT is, in the 

future, needed for more concrete validation of the direct solution.  

(5) The used material for validation in this study is only STS 316L, and 

therefore additional investigation using various materials is also needed for 

more concrete validation. Furthermore, experimental conditions such as 

temperature, load, and test time should be considered likewise since these 

conditions can yield metallurgical change in the material.  
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Appendix 

 

 

1. Equivalent strain analysis results and data sampling 

 

   Equivalent strain analysis yields general creep diagram in which important 

creep properties can be procured directly. However, creep test including SPCT 

generates a plethora of data and, therefore, data sampling is needed to better 

understand creep properties of materials. Figure A1 to A7 show effect of data 

sampling with respect to 100%, 50%, and 25% data. From this additional wo rk, 

equivalent strain rate line becomes much smoother. Figure A1 to A3 are derived by 

SPCT of STS 316L with Si3N4 punch ball [28] and each figure means different load 

conditions as 421.83, 549.36, and 598.41 N, respectively. Likewise, Figure A4 to A7 

are illustrated by SPCT of STS 316L with Al2O3 punch ball [28] and each figure 

means different load conditions as 421.83, 470.88, 549.36, and 598.41 N, 

respectively. 
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Figure A1 Equivalent strain and strain rate curves  under 421.83 N with Si3N4 punch 

ball: (a) 100% raw data, (b) sampling by 50%, and (c) sampling by 25% 
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Figure A2 Equivalent strain and strain rate curves under 549.36 N with Si3N4 punch 

ball: (a) 100% raw data, (b) sampling by 50%, and (c) sampling by 25% 
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Figure A3 Equivalent strain and strain rate curves under 598.41 N with Si3N4 punch 

ball: (a) 100% raw data, (b) sampling by 50%, and (c) sampling by 25% 
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Figure A4 Equivalent strain and strain rate curves under 421.83 N with Al2O3 punch 

ball: (a) 100% raw data, (b) sampling by 50%, and (c) sampling by 25% 
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Figure A5 Equivalent strain and strain rate curves under 470.88 N with Al2O3 punch 

ball: (a) 100% raw data, (b) sampling by 50%, and (c) sampling by 25% 
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Figure A6 Equivalent strain and strain rate curves under 549.36 N with Al2O3 punch 

ball: (a) 100% raw data, (b) sampling by 50%,  and (c) sampling by 25% 
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Figure A7 Equivalent strain and strain rate curves under 598.41 N with Al2O3 punch 

ball: (a) 100% raw data, (b) sampling by 50%, and (c) sampling by 25% 
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Abstract 

 

소형 펀치 크리프 시험법에 기반한 

크리프 수명 예측의 직접적 방법론 연구 

 

성균관대학교 기계공학과 

이 택 상 

 

 

   소형 펀치 크리프 시험법은 손톱만 한 크기(𝟏𝟎 × 𝟏𝟎 × 𝟎. 𝟓 mm)의 시편만

으로 재료의 크리프 물성을 평가할 수 있는 잠재력이 있는 차세대 크리프 

시험법이다. 작은 크기의 시편이란 장점으로 현재 운용 중인 발전소 설비에

서 직접 시편을 채취하여 실시간으로 크리프 물성을 모니터링할 수 있다는 

가능성을 가지고 있다. 하지만 소형 펀치 크리프 시험법은 시편 변형이 다축 

응력 상태 하에서 발생하므로 기존 일축 크리프 시험법의 결과와 직접적으

로 비교하는 것이 불가하다. 소형 펀치 크리프 시험법의 물리량은 하중(N)과 

펀치 변위(mm)인 반면, 일축 크리프 시험법의 물리량은 응력(𝐍/𝐦𝟐)과 변형

률(mm/mm)이다. 두 크리프 시험법의 물리량 차이를 극복하기 위해서는 소

형 펀치 크리프 시편의 변형 메커니즘에 대한 이해가 선행되어야 하는데, 본 

논문에서는 박막 스트레칭 이론을 적용하여 소형 펀치 크리프 시편의 변형 

메커니즘을 분석하였다. 이에 따라 소형 펀치 크리프 시편의 유효변형률은 

두께 방향의 진변형률의 크기로 단순화가 되며 시편의 가장 얇은 부분인 파

단 부위의 두께 측정을 통해 유효변형률을 도출할 수 있다. 이 결과는 몬크

만 그랜트 모델(Monkman-Grant model)에 적용되며 장시간 크리프 수명 

예측을 위해 사용될 수 있다. 이를 실증하기 위해서 STS 316L의 일축 크리
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프 실험 결과와 소형 펀치 크리프 실험 결과가 함께 인용되며 몬크만 그랜

트 선도에서 상호 비교된다. 같은 재료와 온도에서 수행된 일축 크리프 실험

과 소형 펀치 크리프 실험의 몬크만 그랜트 모델은 서로 상당히 유사하게 

나타나는 것을 확인하였으며, 이를 통해 박막 스트레칭 이론을 적용한 유효

변형률 분석이 소형 펀치 크리프 시험법에 유효하다는 것도 확인할 수 있었

다. 또한, 소형 펀치 크리프 실험만으로 몬크만 그랜트 모델을 만들 수 있고 

단시간 크리프 수명 영역을 통해 외삽법을 이용한 장시간 크리프 수명 예측 

역시 가능하다는 것을 확인하였다. 
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