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In this study, test materials with several different degradation levels were prepared by
isothermal aging heat treatment at 630 ◦C up to 1820 h. Tensile and fracture tests were
performed and those were compared with BI tests and DC potential drop method. These results
show that normalized Brinell hardness agrees well with normalized tensile strength at the
viewpoint of material degradation and the tensile strength and fracture toughness of degraded
material can be determined by Brinell hardness or resistivity.
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1. Introduction
Material degradation is usually observed in deterioration
of mechanical properties due to the changes in micro-
structure of materials on long-terms exposure at high tem-
peratures. Because this degradation of mechanical prop-
erties is an important factor that affects the safe operation
of facilities, it’s required to estimate the extent of degra-
dation [1–3]. But since it is difficult to take specimens
from the operating components to evaluate mechanical
properties of components, non-destructive techniques are
needed to estimate the degradation.

The BI (Ball Indentation) tests [4] have the potential
to assess the mechanical and fracture properties non-
destructively and to replace conventional fracture tests.
These tests were shown to yield σ−ε curves that corre-
lated well with the standard destructive tensile tests.

One of non-destructive methods widely used is DC
potential drop method which has a strong point in view
of applicability to in-service facilities. In particular, it
is known that the resistivity is sensitive to not only the
variation of macroscopic structure but also that of the
micro-structure due to material degradation. The four-
point probe has proven to be a convenient method for
measuring resistivity [5].

In this study, test materials with several different degra-
dation levels were prepared by isothermal aging heat treat-
ment at 630◦C up to 1820 h. The effects of aging on the
mechanical properties of each specimen were investigated
by tensile test and fracture toughness test. Then those were
compared with BI tests and DC potential drop method.
These results show that these methods are useful to esti-

mate the extent of degradation. In particular, it has been
seen that normalized Brinell hardness agrees well with
normalized tensile strength at the viewpoint of material
degradation and tensile strength and fracture toughness of
degraded material can be determined by Brinell hardness
or resistivity.

2. Fracture toughness test, ball indentation
method, and DC potential drop method

2.1. Fracture toughness test
Fracture toughness test by the ASTM E399-90 [6] is to
find the lower limiting value of the plane-strain fracture
toughness, and the overall dimensions of the compact ten-
sion (CT) specimen for various measurement capacities
are specified by the standards. The length of the crack, a,
consists of two elements. One is the notch (with a taper
section) and the other is a sharp length of precracking
created by cyclic loading and unloading of the specimen.

The specimen dimensions must be sufficiently large in
comparison with the plastic zone dimensions. The three
relevant dimensions are crack length, a, specimen thick-
ness, B, and uncracked ligament length, w-a, the following
size requirements are normally specified:

a, B > 2.5

(
KIc

Sy

)2

(1)

where KIc is the fracture toughness and Sy denotes the
yield strength.
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If the clip gauge is placed at the mouth of the notch, the
cracking opening can be measured and the corresponding
load can be recorded to develop a load displacement curve
with a straight line portion. The usual testing procedure
is to increase the tensile load, P, until fast fracture is
initiated, as indicated by a gross non-linearity in the load-
displacement record. Theprocedure by which the exact
load at fast fracture, PQ, is determined is clearly explained
in the standards.

Finally, the stress intensity factor at failure, KQ, may be
determined via the following equation,

K I = P

B(w)1/2

[
29.6

(
a

w

)0.5

− 185.5

(
a

w

)1.5

+655.7

(
a

w

)2.5

− 1017

(
a

w

)3.5

+ 639

(
a

w

)4.5]

(2)

where w is the width of plate. If the size criteria of Equa-
tion 1 are satisfied, KQ may be accepted as a valid plane
strain fracture toughness.

2.2. Ball indentation method
The Ball indentation (BI) test is based on strain-controlled
multiple indentations of a polished surface by a spherical
indenter at a single penetration location. The indenta-
tion loads and penetration depths are measured during the
test, and are used to calculate the stress-strain values from
elasticity and plasticity theories and semi-empirical re-
lationships which govern the behavior of material under
multiaxial indentation loading. By analyzing the stress-
strain curve, tensile parameters of material such as yield
strength, tensile strength, strength coefficient, and strain
hardening exponent as well as fracture toughness can be
evaluated [7]. Mathew and Murty [8] studied on tensile
and fracture properties of molybdenum using the ball in-
dentation technique. Tests have been carried out at several
temperatures in the range of 148 to 423 K at a constant
strain rate. They reported that tensile properties deter-
mined from these tests agreed well with published results
from conventional tensile tests.

Using the Hertzian equation the plastic depth hp, is
converted into plastic indentation diameter dp (Fig. 1),

dp = 3

√√√√ 0.5C D
[
h2

p + (dp/2)2
]

[
h2

p + (dp/2)2 − hp D
] (3)

where D is the indenter diameter and
C=5.47P(1/E1+1/E2). P is the load and E1 and E2

are the elastic moduli of indenter and specimen respec-
tively. True plastic strain εp can be obtained from the
following equation.

εp = 0.2dp/D (4)

The true plastic stress σ can be calculated from the Hertz
theory for normal contact between elastic solids,

σ = 4P/πd2
pδ (5)

where δ is a constraint factor that depends on the mate-
rial parameters such as strain-rate sensitivity. The stress
is smaller than the mean indentation pressure because the
plastic deformation of the materials is constrained by the
surrounding elastic material. The true stress versus true
strain curve can be represented by the power law equa-
tion.

s = K εn
p (6)

where n is the strain hardening exponent and K is the
strength coefficient (provided the plot of the data ln σ

versus ln εp is linear). Values of K and n are determined
by linear regression analysis of the data. For εp = n [8],
Equation 6 will provide the expression for true ultimate
tensile strength. The engineering value of ultimate tensile
strength can be obtained from the following equation.

SUTS = K

(
n

e

)n

(7)

where e = 2.71.
Yield strength is estimated from the relationship be-

tween the mean pressure and impression diameter as de-
veloped by Meyer [4]. Data points from all loading cycles
(maximum value of dt/D = 1.0) are fit by linear regression
analysis to the following relationship:

P

d2
t

= A

(
dt

D

)m−2

(8)

where dt is the total diameter of the impression and m is
the Meyer’s exponent (m generally has a value between
2 and 2.5) and A is a material yield parameter obtained
from the regression analysis. The value of dt is determined
from total depth of penetration (Fig. 1) using the following
equation.

dt = 2
√

Dht − h2
t (9)

Figure 1 Schematic diagram of a ball indentation profile.
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where ht is the total depth of the indentation. The
yield strength (σ y) is proportional to the Meyer hardness
(4P/πd2). d is the final impression diameter and can be
calculated using the following equation.

σy = βm A (10)

Here βm and A are constants for a given materials. The
value of βm is determined from yield strength obtained
from standard tensile tests.

2.3. DC potential drop method
In this study, resistivity was gotten on the basis of “Stan-
dard Test Method for Measuring Resistivity of Silicon
Wafers with an In-Line Four-Point Probe (ASTM F84-
93, 1993)”. The potential, V is given at the distance r
from the electrode, when the current I flows through the
electrode:

V = ρ I

2πr
(11)

where ρ is resistivity. The basic model for four point probe
measurement is shown in Fig. 2. Four probes are placed
on a flat surface of the material to be measured. Current
is passed through the two outer probes, and the potential
is measured across the inner pair [9, 10]. Based on the
relative magnitudes of the specimen thickness (t) and the
probe spacing(s), the resistivity is computed as follows.

ρ = 2πs

(
V

I

)
, for t � s (12)

and

ρ = π t

ln2

(
V

I

)
, for t � s. (13)

Equations (12) and (13) are derived from the presump-
tions for thick and thin specimen respectively, but the real

Figure 2 Configuration of specimen boundary and 4 point probe.

specimen is different. Since an error for resistivity is actu-
ally occurred at measurement by dimensional constraints,
a correction factor k is used to take into account the shape
of the specimen and probe.

ρs = k

(
V

I

)
. (14)

The correction factor k consists with the correction fac-
tor F for corresponding thickness of specimen (t/s) and
correction factor C for corresponding width of specimen
(d/s, a/d) to consider the shape of specimen and probe.
F and C are found from referring to Smits’ table [5].
The probes, which take maintenance over the distance 4 s
from each edge of the boundaries of the specimen, must
be placed at the center of the specimen surface [11, 12].

Masahiko Ikeda et al. [13] compared tensile strength
with Vickers hardness(HV) of Ti-15Mo-5Zr-3Al alloy
with isothermal aging at 673 and 773 K, and reported that
the increment in HV is roughly proportional to decrement
in resistivity ratio. Also, since it was reported that ten-
sile strength increases almost linearly with the increase
in HV, they indirectly verified the relationship between
resistivity and tensile strength.

3. Experiment
3.1. Aging materials
Low-alloy ferritic steel, 1Cr-1Mo-0.25V, is widely used as
high temperature structural components in electric power
generation industries. The chemical composition of mate-
rials is given in Table I. In this study, the aging materials
were prepared to simulate the field conditions by acceler-
ated aging method. The temperature of aging was selected
to be 630◦C that is higher than that under the operating
conditions of around 538◦C.

Aging times were determined by the diffusion theory
of Fe at the operating (538◦C) and aging temperatures
(630◦C) [14, 15],

t2 = t1exp

[
Q

R

(
1

T2
− 1

T1

)]
(15)

where R is the gas constant t (8.314 J/kmol/K) and Q is the
activation energy (65 kcal/mol) for the self diffusion of Fe
and T1, T2 are operating and aging temperatures, t1 and t2
are the corresponding aging times at T1 and T2. The ob-
tained aging time at 630◦C for equivalent microstructure
at 538◦C are given in Table II.

Microstructure of the virgin and degraded materials
was characterized using an optical microscope. Accord-

T AB L E I Chemical composition of 1Cr-1Mo-0.25 V (Wt.%)

C Si Mn S P Ni Cr Mo V Sn

0.29 0.01 0.74 0.004 0.007 0.060 1.29 1.24 0.25 0.0047
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T AB L E I I Aging time at 630◦C for equivalent micro-structure serviced
at 538◦C

Aging time at
538◦C (hour) 0 25,000 50,000 100,000

Aging time at
630◦C (hour)

0 453 933 1,820

T AB L E I I I Results of tensile tests and fracture toughness tests

Aging time
(hour)

Yield strength
(0.2% offset)
(MPa)

Tensile strength
(MPa) KQ (Nmm−3/2)

0 711 844 3,863
453 533 676 3,304
933 481 615 2,761
1,820 450 582 1,771

ing to ASTM E8-95, tensile tests were performed using a
universal test machine at room temperature. The fracture
toughness (KIC) test was carried out using a 25 ton hy-
draulic dynamic tester (Instron Model 1332) according to
ASTM E 399-90. CT typed specimens in 25.4 mm thick
were used. The test was conducted with an A/D converter
and a PC to control the test and analyze data. First, PQ was
determined according to ASTM E 399 and then, KQ was
determined. But because the tests didn’t satisfy the size re-
quirements for a valid KIC, B ≥ 2.5(KQ/σys)2, the results
of toughness tests were transcribed as KQ (Table III).

3.2. BI and DC potential drop method
experiment

Ball indentation tests were performed on materials de-
graded at the laboratory. A tungsten carbide spherical
indenter of 0.508 mm diameter was used for the BI tests.
The tests were carried out with an indenter velocity of
0.005 mm/s at room temperature. The loading-unloading
process was carried out in seven steps.

The instrument for measuring resistivity consists of the
four probes, the current meter, the voltage meter and
Whiston bridge, which can control the direction of the
current. The distance between the probes was 1.59 mm.

When measuring for resistivity, it requires that the
proper current be supplied because heating at the con-
tact points causes a fluctuation of measurement. In this
experiment, the current of 1A was supplied for the speci-
men and the experimental temperature was maintained at
13.5◦C in the insulation box to eliminate the effect of the
external temperature. After getting a stable condition for
measuring resistivity, and then the voltage meter and the
current meter were fixed on the reference voltage and the
reference current set to zero. Data were obtained with 3 to
4 measurements for each specimen after appropriate cor-
rections for electrode thermoelectromotive force caused
by the thermal effect at the contact points. The error in

the resistivity was estimated to be less than 0.2% while it
is around 0.1% in majority of the cases.

4. Result and correlations
The results from the non-destructive methods, that is, BI
and resistivity, are now correlated with the mechanical
properties measured using standard tensile and fracture
tests.

Fig. 3 shows the microstructure of the material for each
degradation time. Coarsening of carbides is noted along
with precipitation at the grain boundaries with aging time.
These changes of microstructure are expected to decrease
in strength with increasing aging time.

Fig. 4 shows the effect of aging time on σ−ε curves
from tensile testing results. We note that strength de-
creased and ductility increased with aging time.

The true stress vs. strain curves derived from BI tests
are included in Fig. 5 for the virgin and aged materials and
we note strength decreased with aging as was observed in
the standard tensile tests (Fig. 4).

Fig. 6 shows the effect of degradation time on electri-
cal resistivity. We can note that the electrical resistivity
decreased with increasing aging time.

Fig. 7 shows the effect of aging time on normalized
factors, i.e., Brinell hardness, yield strength, and tensile
strength of tensile and BI tests at in-service temperature,
538◦C, respectively. Normalized factors are the values
of aged materials divided by those of virgin. This result
shows that normalized Brinell hardness has a little devi-
ation from normalized yield strength by tensile test but
agrees well with others. Hence, it can be seen that the
effect of degradation time on tensile strength can be esti-
mated by Brinell hardness.

Fig. 8 shows the effect of degradation time on normal-
ized factors, i.e., yield strength, Brinell hardness, frac-
ture toughness, and electrical resistivity at in-service tem-
perature, 538◦C. Normalized Brinell hardness and yield
strength were similarly decreased with respect to degrada-
tion time and electrical resistivity was decreased slightly.
While Tensile strength, yield strength and electrical resis-
tivity are not linearly related, fracture toughness is linearly
related with degradation time. Hence fracture toughness
is a useful factor for evaluating the degree of material
degradation. That is,

K Q

K Q0
= Adt + 1 (16)

where t is the degradation time and KQ0 are fracture tough-
ness of virgin material and Ad=−5×10−6.

The decrease of the fracture toughness can be inter-
preted as the weakness of material due to intergranular
brittleness as degraded.

Fig. 9 shows the exponential relation between normal-
ized fracture toughness and normalized Brinell hardness.
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Figure 3 Microstructure (×400) for each material after aging for (a) 0 h (b) 453 h (c) 933 h and (d) 1820 h at 630◦C.

Figure 4 Effect of aging time on σ−ε curves.

That is,

K Q

K Q0
= Dd − Ede−Fd z (17)

where z = H B
H B0

and Dd=1.048 and Ed=129.435 and
Fd=8.097. If normalized Brinell hardness can be obtained

Figure 5 True stress-strain curves derived from BI tests.

by BI test, normalized fracture toughness can be deter-
mined by Equation (17) and it means that also the degree
of material degradation can be determined by BI test.

The BI test is a quasi-nondestructive method to get
material properties without the destruction of the material.
This method has the strong points of being applicable to
in-service facilities and being able to get reliable data
without the influence of an experimentalist’s skill and so
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Figure 6 Effect of degradation time on resistivity.

Figure 7 Effect of degradation time on normalized factors by BI and tensile
tests.

Figure 8 Effect of degradation time on normalized factors.

on. It is expected to be able to estimate not only general
mechanical properties like tensile strength and hardness
but also fracture properties like fracture toughness at the
viewpoint of material degradation.

Fig. 10 shows the relation of normalized tensile strength
and normalized resistivity. There is the linear interrelation
between them as follow.

σTS

σTS0
= Bd

ρ

ρ0
− Cd (18)

where σ TS0 are tensile strength of virgin material and
Bd=4.038 and Cd=3.033 and ρ/ρ0 is normalized resistiv-

Figure 9 Relation between normalized Brinell hardness and normalized
fracture toughness at service temperature.

Figure 10 Relation between normalized tensile strength and normalized
electrical resistivity.

Figure 11 Relation between normalized fracture toughness and normalized
electrical resistivity.

ity, the rate of aged resistivity (ρ) divided by the reference
resistivity (ρ0). By using Equation 18, tensile strength
of degraded material of 1Cr-1Mo-0.25V can be obtained
from resistivity at in-service temperature, 538◦C.

Fig. 11 shows the relation of normalized fracture tough-
ness and normalized resistivity. There is the interrelation
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between them as follow.

K Q

K Q0
= A1 − A2

1 + e(x−x0)/dx
+ A2 (19)

where x=ρ/ρ0 and x0=0.903 and A1=−3.748 and A2=1
and dx=0.011. Fracture toughness can be calculated
from resistivity by using Equation 19 in the same
condition. Hence, we can see that it is possible to
evaluate material degradation using DC potential drop
method.

5. Conclusion
In this study, the effect of aging on the mechanical be-
havior of 1Cr-1Mo-0.25V steels has been studied using
tensile test, fracture toughness test, ball indentation test
and DC potential drop method. Since the results are about
the aged materials of 1Cr-1Mo-0.25V steels, those have a
limit but are summarized as follows:

(1) Normalized Brinell hardness agrees well with nor-
malized tensile strength at the viewpoint of material
degradation.

(2) Because fracture toughness is linearly related with
in-service degradation time, fracture toughness is a
useful factor for evaluating the degree of material
degradation.

(3) The tensile strength and fracture toughness of de-
graded material can be determined by Brinell hardness or
electrical resistivity.
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