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1. Introduction 

 
Ferritic/martensitic steels (FMS) is widely used for 

structural components in power plants such as turbines 

and boilers [1], due to its high strength, excellent 

corrosion resistance, and neutron irradiation resistance. 

HT9, which includes major elements 12Cr and 1Mo in 

FMS, has been developed in the 1960s in Europe for use 

in fossil-fire power generators [2]. HT9 is one of the 

candidate materials for nuclear fuel cladding in sodium-

cooled fast reactors (SFRs) and small modular fast 

reactors (SMFRs), with irradiation experiences up to 200 

dpa in reactor [3]. In this study, creep resistance 

experiments were conducted to evaluate the mechanical 

properties of manufactured HT9 by the Korea Atomic 

Energy Research Institute (KAERI). The creep 

resistance is a crucial factor in evaluating the mechanical 

properties and can estimate creep deformation and the 

life-time. Nuclear fuel cladding was manufactured 

through several cold working and heat treatment process, 

followed by applying target pressures to the tube at target 

temperature range. In this study, creep resistance of 

manufactured HT9 cladding was measured at three 

different temperatures (873K, 893K, and 923K) with 

various stress levels (17–102 MPa). Creep prediction 

correlation was also developed by the comparison to 

known reference models including modified Garofalo’s 

equation and the theta projection. 

 

2. Methods and Results 

 

2.1 Materials. 

 

The HT9 cladding was manufactured through 

collaboration with SeAH Special Steel Co., Ltd, and Iljin 

Steel Co., Ltd. The ingot was prepared by vacuum 

induction melting (VIM) and electro-slag remelting 

(ESR) to enhance purity and compositional uniformity. 

Intermediate tubes were produced from ingots through 

hot-forged, hot-extrusion, and cold working processes. 

Cold drawing and intermediate heat treatment were 

employed to manufacture tubes with a diameter of 7.4 

mm and a thickness of 0.56 mm. It was conducted final 

heat treatment to normalizing at 1311 K for 6 minutes 

followed by air-cooling and tempering at 1033 K for 40 

minutes followed by air-cooling. The chemical 

composition of HT9 cladding tubes is presented in Table 

1. 

 
Table 1. The chemical elements of manufactured HT9 

cladding (KAERI) 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      

 

It was necessary to analyze whether the manufactured 

HT9 exhibited a typical ferritic-martensitic structure. 

The cross-section of the HT9 cladding polished with SiC 

abrasive papers up to 2,400 grit and a 0.25 μm diamond 

suspension. The specimen was chemically etched for 

approximately 10 seconds in an etchant solution of 

hydrofluoric acid, nitric acid, and deionized water with a 

weight ratio of 2:3:95, then cleaned with deionized water 

and dried in an oven at 283 K. To identify precipitates 

formed during the heat treatment process, specimens 

were prepared using a focused ion beam (FIB; FEI Scios 

2 Dual Beam, Themo Fisher Scientific Inc., 

Massachusetts, USA) and carbon extraction replica 

method [4] for transmission electron microscopy (TEM; 

JEM-2100F, JEOL Ltd., Tokyo) and energy-dispersive 

X-ray spectroscopy (EDS; X-Maxn, Oxford Instruments 

PLC., Oxfordshire, UK) analysis.  

Fig. 1 shows Optical microscopy (OM; DMI 5000 M, 

Leica Microsystems, Wetzlar, Germany) and TEM 

micrographs of initial HT9 cladding. The microstructure 

of manufactured HT9 was tempered martensite and 

organized with martensite laths, packets, and blocks in 

prior austenite grain boundary (PAGs) in Fig. 1(a). 

Generally, the M23C6 and MX precipitates are observed 

in HT9 [5]. Fig. 1(b) shows a TEM imaging aligned laths 

and precipitates distributed at the lath boundaries. Fig. 

1(c) shows a TEM image from a specimen prepared by 

carbon extraction replica method. According the TEM-
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EDS results, M23C6 (Cr-rich) precipitates were observed, 

while MX precipitates were too small to be observed [6]. 

 

 
Figure 1. The cross-sectional (a) OM and (b), (c) TEM 

micrograph of the initial HT9 cladding with tempered 

marensite microstructure and M23C6 precipitate at lath 

boundaries. 

 

2.2 Thermal Creep measurement. 

 

Thermal creep tests were conducted considering the 

operating conditions of SFRs and SMFRs at effective 

stresses of 17–120MPa and temperatures of 873–923 K. 

The preparation and measurement of thermal creep tests 

referred to ASTM E139 and E8/E8M standards [7–8]. 

The HT9 cladding were enclosed at both ends with end 

caps made of the HT9, with one end cap equipped with a 

passage for pressure gas. A pressurization welding 

system capable of injecting pressure and arc welding was 

manufactured to fabricate the thermal creep specimens. 

The specimens were inserted into the pressurization 

welding system, and the internal chamber was evacuated 

to 1x10-3 torr before injecting argon, Ar gas up to the test 

pressure. After maintaining pressure for 30 minutes to 

ensure sufficient injection, the gas injection port was arc-

welded to seal the specimen. The weight of the fabricated 

specimens was measured before and after fabrication, 

and the injection pressure was calculated using the ideal 

gas equation. For thermal creep testing, the specimens 

were sealed in vacuum quartz along with tantalum, Ta 

foil for oxidation protection and heat-treated in furnace. 

Every 1,000-h, the specimens were removed from 

furnace and measured the outer diameter using a laser 

diameter measurement system, rotating the specimen 

360° and measuring at 5mm intervals along the length 

direction. The stress was calculated as the 

circumferential stress and Von Mises equation [9] to 

determine the effective stress, and the diameter strain 

obtained from the test was converted to effective stress 

considering mid-wall strain [10]. 

Fig. 2 presented thermal creep strain curves obtained 

from the thermal creep tests up to 20,000-h within the 

stress range of 17–120MPa at three temperatures (873, 

893, and 923K). Generally, creep strain curves exhibit 

three distinct regimes over time: primary (transient), 

secondary (steady-state), and tertiary (acceleration), with 

some conditions transitioning from the primary to 

tertiary regime [11]. Furthermore, both creep strain and 

creep rate increase with increasing temperature and 

stress. In this study, most conditions significantly 

showed primary and secondary regimes in the creep tests, 

with some specimens experiencing tertiary creep and 

rupture at high stress levels at each temperature. The 

minimum strain for rupture occurred when the strain 

exceeded 1%. The conditions of 102 MPa–873 K, and 

68MPa–893K are representative examples. Since strain 

measurements were conducted every 1,000-h, the 

primary creep regime could not be distinctly identified, 

however, due to the clear representation of secondary 

creep strain curves, the creep stages were determined 

focusing on secondary creep. Primary creep is 

characterized by a linear increase in the secondary creep 

strain curve, indicating a constant creep rate. For instance, 

in Fig. 3, the segment where the creep rate remains 

constant in both the creep strain curve (see Fig 3(a)) and 

creep rate curve (see Fig 3(b)) is determined as the 

secondary creep regime. For example, at 81 MPa–873 K, 

the secondary creep rate is maintained at 5.4x10-5 %/h. 

By representing this segment as a linear line on the creep 

strain curve, the primary creep deformation rate can be 

calculated. Tertiary creep is characterized by a rapid 

increase in strain, but the selection of segments was 

challenging due to the 1,000-h measurement interval. 

 

 
Figure 2. Experimentally obtained thermal creep strain curves 

of manufactured HT9 cladding in the stress rages of 10–120 

MPa at (a) 873 K, (b) 893 K, and (c) 923 K. 

 

2.3 Thermal creep correlations 

 

In evaluating the thermal creep properties of the 

manufactured HT9 cladding by KAERI, it is essential to 

compare them with reported creep prediction 

correlations. Widely used creep correlations include 

Norton's power law [12], the theta projection [13], and 

Garofalo's equation [14]. The theta projection was 

developed by Evans [13], and Lewis and Chung [15] 

developed the creep correlation for HT9. This correlation 

is based on the parameters of primary and tertiary creep; 

however, since the creep strain obtained in this study 

primarily exhibits secondary creep over a long duration,  
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Figure 3. (a) Thermal creep strain and (b) creep rate curves of 

manufactured HT9 cladding up to 20,000-h at 81 MPa and 873 

K showing the classification of primary and secondary creep 

regimes. 

 

it is not suitable. Therefore, comparison was made with 

modified Garofalo's equation [16], which includes 

Norton's power law [12], Arrhenius equation [17], and 

Garofalo's equation [14]. The modified Garofalo's 

equation [16] is the following equation, where the 

primary strain is composed of a power law and 

exponential function. The stress exponent, denoted as n, 

represents the creep mechanism, where values below 2 

indicate diffusion creep and values above 2 indicate 

dislocation creep [18]. 

 
𝜀𝑇 = 𝜀𝑝 + 𝜀𝑠 + 𝜀𝑡  (1) 

𝜀𝑝 = [𝐶1 𝑒𝑥𝑝 (
−𝑄1

𝑅𝑇
) ∙ 𝜎𝑛1 + 𝐶2 𝑒𝑥𝑝 (

−𝑄2

𝑅𝑇
) 𝜎𝑛2 +

𝐶3 𝑒𝑥𝑝 (
−𝑄3

𝑅𝑇
) ∙ 𝜎𝑛3] ∙ [1 − 𝑒𝑥𝑝(−𝐶4𝑡)]  

(2) 

𝜀𝑠 = (𝐶5 𝑒𝑥𝑝 (
−𝑄4

𝑅𝑇
)𝜎𝑛3 + 𝐶6 𝑒𝑥𝑝 (

−𝑄5

𝑅𝑇
) 𝜎𝑛5) ∙ 𝑡  (3) 

𝜀𝑡 = 𝐶7 𝑒𝑥𝑝 (
−𝑄6

𝑅𝑇
)𝜎𝑛6𝑡𝑛7  (4) 

 

where 𝜀𝑇 , 𝜀𝑝 , 𝜀𝑠 , and 𝜀𝑡  are total, primary, secondary, 

and tertiary creep strains, respectively. C, Q, R, T, σ and 

n are material constant, activation energy, gas constant, 

temperature, effective stress, and exponent of stress and 

time, respectively. 

Fig. 4 shows comparison between the modified 

Garofalo's equation [16] and the experimentally obtained 

thermal creep strain at 873K. Although the creep 

behavior is similar, there are differences in strain with 

respect to stress. To predict the thermal creep behavior 

of manufactured HT9 cladding, a new creep prediction 

correlation was derived utilizing this equation. Based on 

the creep rate, when plotted on a log-form graph as 

shown in Fig. 5(a) and (b), the creep rates and stresses of 

primary and secondary creep can be represented as linear 

lines. For primary creep, n took values of 1 and 2, while 

for secondary creep, it takes values of 2 and 4. Material 

constants C and activation energy Q can be derived from 

the linear function of the log-form creep rate and 

reciprocal temperature graph in Fig 5(c) and (d). 

Garofalo's equation [14], as a function of time for 

primary creep, represents the transition from primary to 

secondary creep, with the material constant C4 calculated 

from the time it takes for the transition from primary to 

secondary creep. For the tertiary creep correlation, due to 

the limited number of specimens showing tertiary creep 

in this study and the error introduced by the 1,000-h 

measurement interval, it was difficult to derive. A new 

creep correlation derived in this study including primary 

and secondary creep equation is as follows: 

 

𝜀𝑝 = (1.55 ∙ 104𝑒𝑥𝑝 (−
27792

𝑅𝑇
) 𝜎0.95 + 3.68 ∙

106𝑒𝑥𝑝 (−
45241

𝑅𝑇
) 𝜎2.04) ∙ (1 − 𝑒𝑥𝑝(−4 ∙ 10−7 ∙ 𝑡)  

(5) 

 

𝜀𝑠 = (1.15 ∙ 105𝑒𝑥𝑝 (−
70582

𝑅𝑇
) 𝜎2.10 + 8.12 ∙

1012𝑒𝑥𝑝 (−
116669

𝑅𝑇
) 𝜎4.40) ∙ 𝑡  

(6) 

 

 
Figure 4. Comparison between modified Garofalo's equation 

[16] and experimentally obtained thermal creep strains at 873 

K. 

 

 
Figure 5. Log-forms of primary and secondary creep rate as 

function of a log-form of effective stress and reciprocal 

temperature. Curves to derive the stress exponent, n of (a) 

primary and (b) secondary creep, and derive the constants 

including activation, Q of (c) primary and (d) secondary creep. 
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Fig. 6 presents the newly derived creep correlation 

with experimentally obtained thermal creep strains. The 

discrepancies observed at 923 K is attributed to the 

absence of tertiary creep. However, most of the derived 

creep correlation matches well the thermal creep strains.  

 

 
Figure 6. Comparison of the developed creep correlation and 

experimentally obtained thermal creep strains of manufactured 

HT9 cladding as function of the time at stress and temperature 

rages of 17–120 MPa and 873–923 K, respectively. 

 

3. Conclusions 

 

The research team at KAERI successfully 

manufactured HT9 cladding, candidate materials for 

SFRs and SMFRs, through cold working, hot working, 

and heat treatment processes. The microstructure of the 

manufactured HT9 consists of typical tempered 

martensite, with M23C6 precipitates also observed at the 

interfaces. Creep strength is a key factor in determining 

the mechanical properties and life-time of nuclear fuel 

cladding. Therefore, thermal creep tests were conducted 

based on various operating conditions ranging from 17–

120MPa and 873–923K for advanced reactor. To 

perform thermal creep tests, a pressurization welding 

system for manufacturing thermal creep specimens and a 

laser diameter measurement system for measuring 

diameter changes were designed. Thermal creep strain 

curves up to 20,000-h primarily showed primary and 

secondary creep regimes, with tertiary creep and rupture 

occurring at some high stresses. To compare creep 

strength and develop a creep prediction correlation, 

experimentally obtained thermal creep strains were 

compared with creep prediction correlations. Predicting 

the creep strain of the manufactured HT9 cladding 

difficult from reported creep correlations, thus a new 

correlation based on the modified Garofalo's equation 

[16] was derived. Due to the absence of tertiary creep and 

rupture time data, a tertiary creep correlation could not 

be derived. However, the newly derived correlation 

matches well with the experimental data. Future works 

involve minimizing errors in creep strain curves by 

shortening the measurement interval using in-situ creep 

strain measurement equipment and developing tertiary 

creep and rupture correlations 
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