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Assessing flow property degradation and microstructure of heat-aged T92 
steel using the Hollomon and Jaffe parameter
Jung-Jun Lee, JunSang Lee, KyungYul Lee and Dongil Kwon

School of Materials Science and Engineering, Seoul National University, Seoul, Korea

ABSTRACT
SA213 T92 steel is generally used in power plants as a high-temperature structural material. In 
order to evaluate the degradation of the flow properties of T92 by heat, accelerated tests were 
conducted at various time-temperature combinations reflecting actual service conditions, and 
hardness and tensile tests were performed. Observation of the microstructure of accelerated 
test specimens confirmed that the microstructural change is related to the degradation of flow 
properties, which can be described by the Hollomon and Jaffe equation.
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Introduction

More than 20 years have passed since high-temperature 
power plant facilities began to operate, and proper repla
cement and repair of these facilities is an increasingly 
important issue. Therefore, techniques are needed to 
assess the safety of high-temperature power plant mate
rials and predict residual life according to quantitative 
criteria. Creep and stress-rupture tests are ways to eval
uate the residual life of high-temperature materials [1] 
and the Larson-Miller parameter is generally used as 
a creep parameter to quantify damage by considering 
temperature and service exposure time [2]. However, the 
creep rupture test does not sufficiently reflect the physical 
meaning of the change in flow properties, and it is 
necessary to use factors that can take into account 
changes in material properties due to degradation.

Several studies have been conducted to predict 
residual life using hardness and yield strength, which 
indicates resistance to plastic deformation [3–7]. 
These studies describe the degraded properties 
through the relationship with Larson-Miller para
meters as a tempering parameter, and have the limita
tion that it is not possible to predict quantitatively 
when fracture begins.

In order to overcome this limitation, the present 
study considers a method of evaluating the residual 
life of the high-temperature structural material SA213 
T92 based on the degraded ultimate tensile strength, 
i.e. the tensile strength at which fracture begins. 
Hollomon and Jaffe parameters (HJPs) were obtained 
through heat-treatment testing for several hours at 
high temperature, and the degraded material proper
ties were evaluated through hardness and uniaxial 
tensile testing. Then the specimen microstructure 
was observed by optical microscope to derive 

a relationship between Hollomon and Jaffe parameters 
and the degraded tensile properties, and the residual 
life of T92 steel was estimated.

Experiments

The material tested in the study was SA213 T92 steel 
from a boiler tube; its chemical composition is shown 
in Table 1.

The SA213 T23 tube was cut into 100-mm seg
ments and was divided into four equal parts in the 
circumferential direction. Accelerated degradation 
experiments were carried out in steps at 600, 
650,700, 750, 800 °C for 1 to 2000 hours, taking into 
account the actual operating temperature of the tube 
material. The Hollomon and Jaffe parameter was used 
to indicate the degree of degradation [3,8]: 

PH ¼ TCðC þ log tÞ � 10� 3 (1) 

where:
PH =  tempering parameter
TC = experimental temperature (Kelvin)
t = tempering time (hr),
C = Hollomon-Jaffe constant, which is a material 

constant
The most commonly reported forms of this equation 

use a value of about 20 typically, but Grange and 
Baughman recommended the value of C = 18 for all 
carbon and low-alloy steels, so 18 was used here [3,9,10].

To evaluate the mechanical properties of the 
degraded material, a uniaxial tensile test was per
formed using a commercial tensile tester, Instron 
5584. Using the KS B 0802, ASTM A370 standards, 
specimens had a 25-mm gage length and the tensile 
speed was 1 mm/min. Three specimens for each 
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temperature condition were tested and the average 
value was used as the final result.

The material microstructure, grain size, and crack 
propagation pattern were observed by optical micro
scope. The surface of the material was polished using 
#220 to #2000 abrasive paper and then polished to 
1 µm with diamond paste. After polishing, the material 
surface was etched with a Villela reagent (45 ml gly
cerine + 15 ml nitric acid + 30 ml hydrochloric acid) 
and the microstructure was observed after washing for 
2–3 minutes in alcohol.

Results and discussion

Figure 1 shows the degraded mechanical properties – 
hardness, yield strength, tensile strength, and work- 
hardening exponent – of the SA213 T92 material 
evaluated by hardness and uniaxial tensile testing.

The maximum hardness of the T92 material was Hv 
257, the minimum value was 220, and the hardness value 
decreased as the Hollomon and Jaffe parameter (HJP) 
increased. Yield strength and tensile strength also tend to 
decrease as the HJP increases, in good agreement with 
previous studies showing that hardness is proportional to 
strength characteristics [11–13]. In addition, the yield 

strength and tensile strength values remain constant at 
the initial stage; however, when the HJP value increases 
to 17.5 or more, they tend to decrease linearly, and the 
scatter in the yield and tensile strength is similar.

The reason that the strength properties decrease as 
degradation progresses is that carbide coarsening occurs 
when the steel material is heat-treated in the annealing 
temperature range or higher, and the dislocation struc
ture is rearranged so as to reduce interference with dis
location movement [4,14]. In addition, the crystals 
coarsened and yield strength decreased with increasing 
crystal size, as expected from Hall-Petch theory [15,16]. 
The work-hardening exponent increased slightly as the 
HJP increased but showed no specific trend with extent 
of degradation.

Therefore, the ultimate tensile strength (UTS) was 
explored here as a factor in evaluating the residual life 
of high-temperature structural materials, since it may 
reflect more physical meaning than the yield strength.

Figure 2 shows optical micrographs of SA213 T92 
degraded at 600, 650, 700 °C for 1 hr and 1000 hrs. The 
microstructure of T92 is generally described as a lath- 
shaped tempered martensitic structure in which black 
and white needle tissues are superimposed; it can be seen 
that the lath spacing in the martensite increases and the 
laths coarsen with long-time heat treatment. In addition, 
the carbides appear either individually or connected to 
each other in the form of a film, and morphology and 
diffraction pattern analysis by TEM have been reported 
as M23C6 [17].

Table 1. Chemical composition of SA213 T92.
Steel grade C Si Mn Cr Mo Ni V Cb W

SA213 T92 0.10 0.5 0.45 9.0 0.5 0.20 0.25 0.06 1.7

Figure 1. Change in mechanical properties of the degraded SA213 T92 materials at high temperatures: (a) hardness, (b) yield 
strength, (c) ultimate tensile strength, and (d) work-hardening exponent.
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Figure 3 shows the master curve for the T92 mate
rial representing the relation of HJP and degraded 
ultimate tensile strength. The UTS remains constant 
in the initial stage, but when the HJP increases to 17.5 
or more, it tends to decrease linearly, so the master 
curve for residual life is expressed using the polyno
mial fitting method [18]. Since current methods of 
predicting residual life cannot quantitatively predict 
the time of fracture, the present model applies a failure 
criterion to define the point at which failure occurs 
virtually. This failure criterion is shown in Table 2 as 
an international standard tensile demand that has 
a creep strength of 100,000 hours or more applied 
when the T92 material is produced [19].

Residual life was evaluated for 382,242 hours apply
ing the criterion of 1.2 times UTS in a 565°C service 
environment according to ASME-NH and RCC-MR, 
which considers a safety factor under the assumption 
of no defects [20,21]. Comparison with the results of 

life-prediction studies of Cr-Mo steels of similar com
position confirms that the residual life as evaluated by 

Figure 2. Degraded microstructure of SA213 T92 materials at 600, 650, 700°C (optical microscope): (a) 600°C, 10 hr, (b) 600°C, 
1000 hr, (c) 650°C, 10 hr, (d) 650°C, 1000 hr, (e) 700°C, 10 hr, (f) 700°C, 1000 hr.

Figure 3. The master curve for residual life fitted by degraded 
UTS of SA213 T92.
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the model in this study is reasonably consistent with 
the residual life in other studies [17,22,23].

Conclusion

The model for evaluating residual life developed 
using the degraded ultimate tensile strength was 
applied to the SA213 T92 material. After accelera
tion testing under various temperature and time 
conditions, the degraded mechanical properties 
were measured using hardness and tensile testing 
and the microstructure of the degraded specimen 
was observed with an optical microscope. The spe
cific conclusions of this study are:

(1) The SA213 T92 material showed a pattern of 
decreasing hardness as the Hollomon and Jaffe 
parameter increased, and yield strength and 
tensile strength also decreased. The work- 
hardening exponent appeared to be unrelated 
to the degree of degradation.

(2) It was confirmed that lath spacing in martensite 
increased and lath coarsening occurred in 
SA213 T92 with long-time heat treatment. It 
is suggested that the carbide spacing increases 
due to carbide coarsening; hence dislocation 
mobility increases and the strength of SA213 
T92 decreases.

(3) Residual life was evaluated by applying the 
international standard tensile demand to the 
master life curve expressing the relation of the 
degraded ultimate tensile strength with HJP. It 
was confirmed that the residual life evaluated 
by the model developed in this study was rea
sonably consistent with the residual life found 
in other studies.
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Table 2. Tensile requirements of standard code.

Grade Standard

Yield 
strength 

(MPa)
Ultimate tensile 
strength (MPa)

Elongation 
(%)

SA213 
T92

ASME B&PV 
Code: SA- 
213

440 620 20
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