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1. Introduction 

 

9—12%Cr Ferritic Martensitic Steel (FMS), such as 

HT9, possess excellent high-temperature strength and 

corrosion resistance suitable for use in turbines and 

boilers for fossil-fired, coal, and gas power plants [1-3]. 

FMS also exhibit higher thermal conductivity and 

excellent void swelling resistance under neutron 

irradiation compared to those of austenitic steel leading 

to a candidate material for nuclear fuel cladding in 

Sodium-cooled Fast Reactor (SFR) and Small Modular 

Reactors (SMRs). Over the past few decades, the 

selection of cladding materials has been performed. HT9, 

in particular, was tested as a nuclear fuel cladding 

material in the experimental reactors such as 

Experimental Breeder Reactor-II (EBR-II) and Fast Flus 

Test Facility (FFTF) in the United States during the 

1970s, with irradiation levels reaching up to 200 dpa [4]. 

The creep resistance of nuclear fuel cladding is a key 

factor determining the mechanical strength and life-

limiting of fuel rod. In this study, the thermal creep strain 

for HT9 cladding composed primarily of 12% Cr and 1% 

Mo, produced by the Korea Atomic Energy Research 

Institute (KAERI). The thermal creep tests were 

conducted for up to 20,000-h. These data were compared 

with that of publications and correlation models. Rather 

than comparing the performance of the developed fuel 

claddings, the objective is to validate the mechanical 

performance of manufactured HT9. 

 

2. Methods and Results 

 

The HT9 ingot was manufactured by SeAH Special 

Steel Co., Ltd. through a vacuum induction melting 

(VIM) and electro-slag re-melting (ESR) process. The 

produced ingot was heated and hot-forged at 1170 ℃, 

followed by processing into a round bar with a diameter 

of 160 mm. After hot extrusion at 1170 ℃, cold drawing, 

intermediate heat-treatment, and cold pilering were 

performed to produce a mother tube with an outer 

diameter of 19.05 mm and a thickness of 1.24 mm. The 

mother tube was then transferred to Iljin Steel co., Ltd., 

where it underwent four cycles of clod drawing and 

intermediate heat-treatment to manufacture HT9 

cladding with an outer diameter of 7.4 mm and a 

thickness of 0.56 mm. The chemical composition of the 

manufactured HT9 cladding is shown in Table 1. The 

final heat-treatment conditions were normalizing at 

1038 ℃ for 6 minutes and tempering at 760 ℃ for 40 

minutes 

 

Table 1. The chemical elements of manufactured HT9 

cladding in wt.%. 

Element Fe C Si Mn Ni Cr Mo 

Wt.% Bal. 0.18 0.2 0.59 0.59 11.99 1.00 

Standard 

deviations 
Bal. ±0.01 ±0.05 ±0.05 ±0.05 ±0.2 ±0.05 

Element W V Nb Al P S  

Wt.% 0.54 0.30 0.008 0.01 0.005 0.003  

Standard 

deviations 
±0.2 ±0.05      

 

2.1 Thermal creep test and measurement method 

 

The specimens used for the thermal creep test were 

prepared by cutting the manufactured HT9 cladding into 

47 mm lengths and arc welding both ends with HT9 end 

caps. A gas channel was designed in one of the end caps 

to allow for pressure injection, and pressure was applied 

using a pressurization welding system according to the 

test stress. The prepared thermal creep specimens were 

sealed in a quartz with tantalum foil to prevent oxidation 

and then laded into a furnace set to the test temperature. 

After lading, the specimens were removed from the 

furnace every 1,000 hours, and the diameter was 

measured using a laser diameter measurement system at 
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5 mm intervals of thermal creep specimen, excluding the 

welded areas. And the thermal creep specimen was 

rotated 90 degrees for a total of four diameter 

measurements. Detailed information on the thermal 

creep strain measurement has been previously reported 

in a prior study [5]. 

The thermal creep test was conducted under the 

effective stress ranging from 9 to 102 MPa, and the 

temperature ranging from 600 to 650 ℃, considering the 

operating environments of the generation IV reactors, 

specifically the Sodium-cooled Fast Reactor (SFR) and 

the globally developed Small Modular Reactors (SMRs), 

as well as the need to enhance reactor efficiency. To 

achieve high efficiency in these reactors. Fig. 1 shows 

the creep strain curves up to 20,000-h obtained from the 

thermal creep test. 

 

 
 

 

 

 

2.2 Thermal creep strain and correlations 

 

There are available thermal creep strain data and 

correlations of HT9 in the literatures. First, the theta 

projection concept, developed by Evans [6], uses the 

theta function to mathematically evaluate creep behavior. 

Lewis and Chuang [7] proposed the theta projection 

method (TPM) for HT9 thermal creep. The theta 

projection method is given by the following equation: 

 

𝜀𝑇 = 𝜃1(1 − 𝑒−𝜃2𝑡) + 𝜃3(𝑒
𝜃4𝑡 − 1)   (1) 

 

where 𝜀𝑇 is the total creep strain, 𝜃1 and 𝜃3 are scaling 

parameters for describing the primary and tertiary stages 

with respect to a strain. 𝜃2 and 𝜃4 are rate parameters for 

characterizing the curvatures of the primary and tertiary 

stages. t is absolutely time in sec. Each θ value is 

expressed as a function of stress and temperature. 

 

log 𝜃𝑖 = 𝑎𝑖 + 𝑏𝑖𝜎 + 𝑐𝑖𝑇 + 𝑑𝑖𝜎𝑇    (2) 

 

where 𝑎𝑖 , 𝑏𝑖 , 𝑐𝑖 , and, 𝑑𝑖  are the coefficients. 𝜎  is 

the tress in MPa. T is the temperature in K. 

The second thermal creep correlation to be compared 

is the modified Garofalo’s equation [8], which utilizes 

the power law [9], Arrhenius equation [10], and 

Garofalo’s equation [11]. This correlation was developed 

based on thermal creep data obtained from experiments 

conducted by Briggs et al [8]. 

 

𝜀𝑇̅ = 𝜀𝑇̅𝑃 + 𝜀𝑇̅𝑆 + 𝜀𝑇̅𝑇     (3) 

𝜀𝑇̅𝑃 = [𝐶1 𝑒𝑥𝑝 (
−𝑄1

𝑅𝑇
) 𝜎 + 𝐶2 𝑒𝑥𝑝 (

−𝑄2

𝑅𝑇
) 𝜎4 +

𝐶3 𝑒𝑥𝑝 (
−𝑄3

𝑅𝑇
) 𝜎0.5] ∙ (1 − 𝑒𝑥𝑝[−𝐶4𝑡])   (4) 

𝜀𝑇̅𝑆 = [𝐶5 𝑒𝑥𝑝 (
−𝑄4

𝑅𝑇
) 𝜎2 + 𝐶6 𝑒𝑥𝑝 (

−𝑄5

𝑅𝑇
) 𝜎5] ∙ 𝑡  (5) 

𝜀𝑇̅𝑇 = 𝐶7 𝑒𝑥𝑝 (
−𝑄6

𝑅𝑇
) 𝜎10𝑡̅4     (6) 

 

where 𝜀𝑇̅ , 𝜀𝑇̅𝑃 , 𝜀𝑇̅𝑆 , and, 𝜀𝑇̅𝑇  are total, primary, 

secondary, and tertiary creep. C, Q, R, T, t, and, 𝜎are 

material constant, activation energy, gas constant, 

temperature K, time s, and effective stress MPa. 

 

2.3 Comparison between thermal creep data and 

correlations 

 

The thermal creep data for HT9 cladding obtained by 

Toloczko et al [12], Sandvik Steel [13], and from this 

study conducted at KAERI were compared based on the 

TPM [7] and modified Garofalo’s equation (MGE) [ref]. 

In Fig. 2, the thermal creep data were primarily compared 

at 600 ℃, as this was the common temperature across the 

studies. However, for the Sandvik data [13], creep strain 

curve at three different temperatures were presented 

since only on stress data was available at each 

temperature. The dashed lines represent the TPM, while 

the solid lines represent the MGE. The KAERI thermal 

creep strain curves in Fig. 2(c) predominantly exhibit 

secondary creep strain, so the equations were applied 

only to primary and secondary creep. Among the three 

thermal creep datasets in Fig. 2, only the Sandvik [13]  

creep data in Fig. 2(b) match well with the TPM. The 

other thermal creep data and correlations do not match 

well, particularly in the transition from primary to 

secondary creep, and in the creep strain behavior. 

Although the KAERI thermal creep strain curves in Fig 

2(c) appears similar to the MGE [8], the differing stress 

levels indicate that this match is also not accurate. 

 

Figure 1. The obtained thermal creep strain curves of 

manufactured HT9 cladding in effective stress ranges of 

9—102MPan at (a) 600℃, (b) 620℃, and (c) 650℃ 
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Figure 2. Comparison graphs of thermal creep strain curves and 

correlations (a) Toloczko et al [12] data at 600 ℃, (b) Sandvik 

Steel [13] data at 500 ℃, 550 ℃, and 600 ℃, and (c) 

experimentally obtained thermal creep data (KAERI) at 600 ℃. 

 

 

2.4 Steady-state creep rate 

 

The behavior and life-time of thermal creep, as well as 

the mechanisms of creep strengthening, could be 

evaluated through the secondary creep rate. Since the 

experimentally obtained data in this study exhibit 

secondary creep in the thermal creep strain curves, the 

secondary creep rates were compared. The TPM was 

excluded from the comparison because it was developed 

based on the behavior of primary and tertiary creep. 

Instead, the creep rates were compared with those 

predicted by the MGE [8]. Fig. 3 shows a log-scale graph 

of the effective strain rate versus effective stress in the 

600—650 ℃ range. The MGE utilized the creep rate 

equation shown in Equation (5). The experimentally 

obtained creep rates were determined by selecting the 

linear regime of the thermal creep strain curve and 

calculating the slope. 

The increasing creep rate with increasing stress shows 

the same trend in both the experimentally obtained data 

and the MGE [8]. However, differences in the rate of 

increase and the absolute rate values were observed 

across the stress rages. These differences in slope 

indicate variation in the creep strengthening mechanisms 

[14]. 

 
Figure 3. Log-scale effective strain rate versus of 

experimentally obtained dada and modified Garofalo's equation 

[8] in the 600—650 ℃ range 

 

3. Conclusions 

 

This study evaluated the thermal creep properties of 

HT9 cladding developed by the Korea Atomic Energy 

Research Institute (KAERI). HT9 cladding, a 9—12% Cr 

Ferritic Martensitic Steel (FMS) with excellent high-

temperature strength and corrosion resistance, is a 

promising candidate for nuclear fuel cladding in Sodium-

cooled Fast Reactor (SFR) and small modular reactors 

(SMRs). The study assessed thermal creep behavior 

based on thermal creep experimental data, focusing on 

the correlation between creep rate and stress within the 

temperature range of 600—650 ℃. 

In this process, the experimental data were analyzed 

using the Theta Projection Method (TPM) and modified 

Garofalo’s equation (MGE), and differences in thermal 

creep behavior were identified through comparisons with 

existing literature. The MGE, which includes creep 

strengthening mechanisms, provided a physically 

meaningful relationship and demonstrated behavior 

similar to the experimentally obtained data. However, 

differences in the slope between the experimental data 

and the correlation indicated variations in the creep 

strengthening mechanisms. This suggests the need to 

recalibrate existing thermal creep correlation or develop 

new one. 

In conclusion, this study validated the mechanical 

performance of HT9 cladding and contributed to 

providing essential baseline data for the safe and reliable 

operation of nuclear reactors. 
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