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Abstract

This paper presents the effects of thermal treatment conditions
on the mechanical properties of 9Cr-1Mo steel. Each sample was
normalized at 1,040 °C for 1 h prior to tempering at different
temperatures for 2 hours. Three levels of tempering conditions,
600, 650, and 700 °C, were tested in this study. After treatment,
the metallurgical structures of the samples were observed and
characterized by optical microscope (OM), scanning electron
microscope (SEM), energy dispersive X-ray spectrometer (EDS)
and X-ray diffraction (XRD). Hardness and static tensile of the
samples at room and elevated temperatures were also measured
and analyzed. Non-destructive testing (NDT) associated with the
eddy current method was employed to detect the microstructural
changes of samples. The results revealed that the lath martensitic
structure, lath boundaries, coarse precipitates, and prior austenite
grain boundaries were found at grain boundaries and inside the
matrix region. The average size of the particle and area fraction
of carbide precipitates decreased with tempering temperature
increases from 600 — 650 °C. The true yield stress and true
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ultimate tensile stress decreased while true strain increased when the tempering process was applied after the normalization.
In addition, the use of the eddy current method at 100 kHz with proper conductivity could more accurately detect the
microstructural changes of 9Cr-1Mo steel specimens than using the phase angle approach. The correlation coefficient of
conductivity and true ultimate tensile strength was found to be 0.9459, indicating a high correlation between them.
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Introduction

9Cr-1Mo steel is frequently used in the chemical and
thermal power plant industry, particularly in pressure vessels
used at high temperature and high pressure [1]. 9Cr-1Mo
steel has remarkable creep strength, good thermal
conductivity, good resistance to stress corrosion, and other
beneficial mechanical properties [2 — 4]. Under an extended
period of service, the operating temperature ranges from
560 — 630 °C and pressure of 220 — 300 bars [5 — 10]. This
metal is usually heat-treated by the normalization and
tempering (N&T) process prior to usage [11 — 12].
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9Cr-1Mo steel is used in service with time as a function
of operating temperature and stress. It affects various
properties of the material changing due to microstructure
changes which result in reduced performance during
applications such as mechanical properties, rust, corrosion
and other forms of heat and mass transfer in the
manufacturing process [13].

For industrial, the replica technique is frequently
employed to confirm the surface's microstructure of interest
that can be replicated for indirect light-microscopy
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inspection later. Often, field or in-situ metallography is not
practical, and in some situations, it may not even be
advisable to cut up the material or specimen for laboratory
analysis [14 — 16]. Thus, replicas are very helpful in these
situations. However, the replica technique testing procedure
is highly constrained, and the tester faces chemical risks.
Although this technique falls under the NDT category, the
surface must be polished and ready for etching before being
replicated for microscopy as part of the examination. Due to
the surface preparation, especially at difficult test locations
in the field, this is a relatively laborious method.
Furthermore, there are obvious limitations to the surface
replication technique in terms of surface, coverage, and
optical resolution. In addition to the replica technique, other
tests are used to evaluate materials, including the Positive
Material Identification test (PMI) and portable hardness.
The PMI test analyzes the chemical composition only to
identify the type and grade of various types of materials, it
is unable to evaluate and present the material's mechanical
properties. The portable hardness test only measures the
material's hardness; it is unable to evaluate and show the
material's other mechanical properties.

The NDT technique with the electromagnetic method
was used in the test. The eddy current method is an
electromagnetic technique that has been considered a
potential NDT technique for the micro-structure because the
response of the magnetic field has the sensitivity to detect
the microstructure of 9Cr-1Mo steel. Evaluation of
microstructural changes in ferromagnetic materials, such as
carbon steel, could be possible with eddy current testing.
Any variation in the pearlite phase or percentage may have
an impact on the material’s magnetic and electric properties.
The technique is conceptually based on the examination of
variations in the impedance of one or more coils positioned
close to the workpiece to be tested. Many researchers have
studied the impact of residual stresses [17 —22], while others
have concentrated on understanding how the eddy current
testing responds to microstructure changes in a variety of
materials [23 — 24]. C. S. Kim [18] used the eddy current
techniqgue by measuring the reversible magnetic
permeability (PMP) to evaluate of mechanical softening of
the structure of ferritic 9Cr steel materials.

From previous studies, most of the engineering
properties of 9Cr-1Mo steel after thermal treatment were
only studied at room temperature. Additionally, there is no
research that has been found to investigate the
microstructural effects of 9Cr-1Mo steel after thermal
treatment utilizing the phase angle and electrical
conductivity technique. In the present work, the eddy current
response is studied with respect to 9Cr-1Mo steel
transformed during different stages of thermal treatment in
each condition. The 9Cr-1Mo steel in as-received
(As-received) was transformed to a different microstructure
by normalizing (N) and different tempering (T) temperature
conditions. Subsequently, the specimens were subjected to
microstructure analysis, mechanical properties (static tensile
testing at room temperature and elevated temperature
tensile), and electromagnetic analysis. The results were
interpreted in terms of the eddy current evaluation of
microstructural changes of the steel by phase angle and
electrical conductivity technique, that is indirect testing for
evaluating the microstructure and mechanical properties of
9C-1Mo steel. Interpretation of the results can further be
used to evaluate in-service 9Cr-1Mo steel structures.

Materials and Methods
Material and thermal treatment

This experimental study was conducted on chromium-
based steel, modified 9Cr-1Mo steel (ASTM SA-213 - 9Cr-
1Mo). An optical emission spectrometer (Thermo electron
corporation: APL 3460) was used to analyze the 9Cr-1Mo
steel chemical composition with the result detailed in Table
1 in weight percent [25 — 26]. This conforms with the ASTM
A213M standard for 9Cr-1Mo steel [27].

The “as-received” 9Cr-1Mo steel tube was subjected to
various thermal treatment conditions. Normalizing at
1,040 °C for 1 h, at which point a fully austenitic structure is
achieved and all carbides are dissolved and then air-cooled
[28 — 32]. Tempering was carried out at three different
temperatures at 600, 650, and 700 °C for 2 h at a heating rate
of 10 °C min! and then air-cooled to ambient temperature.
Table 2 presents the normalizing and tempering heat
treatment process for the specimen exposure of the test
material.

Table 1 Chemical composition of 9Cr-1Mo steel tube in as-received (wt%).

Fe C Mn P S Si

Cr Mo \Y Cb/Nb Ni Al

88.86 0.112 0447 0.011 0.004 0.294

8.667

0.861 0.232 0.083 0.131 0.012
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Structural analysis setup

This research integrated the physical and mechanical
properties of 9Cr-1Mo steel with thermal treatment and
thermal testing using OM, SEM, hardness, tensile and
electromagnetic with the commercial eddy current (CEC)
technique. The microstructure characterization of the 9Cr-
1Mo steel specimen was analyzed using the OM and SEM
(JEOL: JSM-6610 LV) with energy-dispersive X-ray
spectroscopy (EDS) (OXFORD: INCAXx-act). The 9Cr-1Mo
steel was polished using emery paper up to a grit size number
1,200, then removing the emery paper scratches using
alumina powder-coated cloth polishing. After polishing, all
samples were etched by 3% Nital. The fraction area of
carbide precipitates and particle size of carbide was
measured using the Image-J software. For phase
determination of 9Cr-1Mo steel in various normalizing and
tempering conditions, a D-2 phaser Bruker X-ray
diffractometer was employed to conduct X-ray diffraction
(XRD) analysis by using the Cu-target, and the working
voltage and current were 30 kV and 10 mA, respectively.

Table 2 The thermal treatment of 9Cr-1Mo steel in each
material condition.

Material Normalization Tempering
condition temperature temperature
As-received - -

N 1,040°Cfor1lh -
N&T600 1,040°C for 1 h 600°C for 2 h
N&T650 1,040°C for 1 h 650°C for 2 h
N&T700 1,040°C for 1 h 700°C for 2 h

Mechanical analysis setup

The hardness of the entire sample of 9Cr-1Mo steel was
measured using a Vickers microhardness testing machine
(INNOVA TEST) with an applied load of 0.30 kgf and 10 s
of dwell time, an average of 5 samples was used for each
condition. The tensile test specimen (as per ASTM E8/E8M)
was prepared [33]. The gauge length and width of the tensile
specimens were determined to be 6 mm and
25 mm, respectively. The specimen was made of 9Cr-1Mo
steel tubes with an outside diameter of 45 mm and a wall
thickness of 3.20 mm. A universal testing machine (Chun
Yen) was utilized for static tensile testing at room
temperature (STR) and elevated temperature tensile (ETT)
testing at a constant cross-head speed of 1 mm min™.
The temperature of the furnace was controlled and
maintained within 3 °C for the ETT testing, and the
specimen holed the temperature test for 20 min.

Electromagnetic analysis setup

The CEC method may allow evaluation of micro-
structural transformation in ferromagnetic material. Any
change in structural phase or percentage may affect the
electromagnetic characteristics of the materials. In this case,
the phase angle and electrical conductivity were measured
by the microstructure change. This parameter of the CEC
signal is dependent on various factors including
microstructure change, local change in the composition and
residual stress in the material [17 — 24]. CEC was measured
with an OLYMPUS (NORTEC 600) Eddy Current Flow
Detector model, which used probe models NEC-2236 / 7L
to detect microstructure by phase angle and probe model
SPO-887L to detect microstructure by conductivity. The
signal phase angles and electroconductivity of the CEC
method were measured in the impedance plane, and to
statistically improve the results, the measurements were
taken from each sample of thermal treatment condition and
an average was calculated by obtaining the value for each
sample. Finally, the obtained phase angles and
electroconductivity were correlated with the grain size,
TUTS, and hardness.

Results and Discussions
Microstructure characterization

9Cr-1Mo  steel (As-received) microstructure is
composed of a variety of components such as grain
boundary, laths, blocks, packets, sub grains, carbide
precipitates, and other precipitates. The grain boundaries are
decorated with fine MxCs in a variety of different
morphologies. The fine MX [M: V, Nb, and X: C, N]
precipitates were confirmed by the matrix region. The black
dotted line in the SEM micrograph, as depicted in Fig. 1(a)
and (b), clearly denotes the grain boundaries. In the SEM
micrographs shown in Fig. 1(a) and (b) at lower and higher
magnifications, the red circles indicate the locations where
M,3Cs carbide precipitates and fine MX precipitates
are found decorated along grain boundaries and in the matrix
region. EDS was used to examine the white precipitates that
decorate the grain boundaries. The white particles
represented in the grain boundary and within the matrix were
examined by EDS spectra as shown in Fig. 1(c) and (d). The
white particles at the sub grain boundaries were found to
contain complementary Cr, Fe, Mo, and Mn compositions,
which formed the M23C6 type of carbide precipitation [34],
the EDS spectra of the EDS-spotl as shown in Fig. 1(c).
The Cr/Fe ratio of the white particles found at grain
boundaries is about 0.297 which suggests that Cr is M23Cs
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carbide precipitates [34]. In Fig 1(d), the EDS spectra of the
EDS-spot2, which exists in the matrix region, demonstrate
the formation of fine M23C6 precipitates at the grain
boundaries that are lean in Cr, Mo, Mn, and Nb in
comparison to Mj3Cg precipitates at the grain boundaries.
The Cr/Fe particle ratio in the matrix was also calculated to
be very low at about 0.103. The small particle (MX) that
precipitates within the matrix is difficult to identify with the
EDS spectra, according to C. Pandey and others [34].

Fig. 2 (a) — (e) presents an optical micrograph of 9Cr-
1Mo steel with thermal treatments. The microstructure of the
As-received condition using OM that homogeneously
dispersed ferrite with C1 + C2 (Cl: MxCg, C2: MC)
[35 — 36] close to the grain boundary of sized approximately
162.48 um as shown in Fig. 2(a). The N condition shows the
lath martensite structure in form of packets inside of the
prior austenite grain boundaries, small upper bainite and the
lower bainite as shown in Fig. 2(b). The small particle is
observed around the prior austenite grain boundaries.
The average grain size was approximately at about 136.83
um. Fig. 2(c) — (e), shows the OM of samples with N&T
conditions. The grain size decreased with increased
tempering temperature. The grain size is reduced and
measured to be approximately 120.67, 87.81 and 78.30 um

x2,500  10pm

respectively. The small particles are clearly observed form
along with the prior austenite grain and the lath boundaries
in optical micrographs. The distribution of the small
particles is observed in the microstructure of N&T
conditions, the dense dispersion was observed with
increasing tempering temperature.

The SEM morphology of 9Cr-1Mo steel for different
thermal treatment conditions are shown in Fig. 3(a) — (e). For
the microstructure of 9Cr-1Mo steel in the As condition, the
morphology consists of a ferrite matrix and distribution of
carbides precipitates on grain boundaries that are shown in
Fig. 3(a). The microstructure in the N condition shows the
lath martensitic structure in the form of packets oriented in
one direction within prior austenite grain boundaries and
coarse precipitates (white particles) distributed on grain
boundaries, while inside the matrix region coarser grain are
observed, as shown in Fig. 3(b). The thermal treatment
condition of 9Cr-1Mo steel results in average particle size
and area fraction as shown in Fig. 4. The average particle
size and area fraction of carbide precipitates in the N
condition were measured to be about 0.735 pm and 17.36%,
respectively. In the N&T conditions shown in Fig. 3(c) — (e),
the micrographs consist of prior austenite grain boundaries
and small boundaries. The average particle size and area

(©) Particle at the grain boundaries

Fe Element
Mn (o] 14.17

Weight (%)

Cr 18.79

63.26

2.49

0.03

0.97

0.32
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Particle in matrix
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)

e

Fig. 1 SEM morphology of 9Cr-1Mo (As-received) at different magnifications indicating carbide precipitates
and grain boundaries: (a) at 2500 X, (b) at 5000 X, (c) EDS spectra of white particles present at the grain boundary
(EDS-spotl) and (d) EDS spectra of white particles present within the matrix (EDS-spot2).
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fraction of carbide precipitates were found to decrease with fraction of carbide precipitates increased and measured to be
increased tempering temperature from 600 — 650 °C. For the approximately 0.13 um and 15.15%, respectively.
N&T condition at 700 °C, the average particle size and area

50 um

50 um

Fig. 2 Optical micrograph of 9Cr-1Mo samples obtained after the different treatments: (a) As, (b) N, (c) N&T600,
(d) N&T650, and (e) N&T700.
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Fig. 3 SEM morphology of 9Cr-1Mo samples obtained after the different treatments: (a) As, (b) N, (c) N&T600,
(d) N&T650, and (e) N&T700.
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The XRD patterns for 9Cr-1Mo steel as received
(As condition) and each thermal treatment condition are
shown in Fig. 5. Carbides or carbonitride MsC, M (C, N), M;
(C, N), M;C3, M23Cs (M stands for metallic solute atoms
such as Fe, Cr, Mn, V, Nb, Mo), and other intermetallic
precipitates may be observed in 9Cr-1Mo steel. The
precipitation sequence for 9Cr-1Mo steel is as follows in
equation (1) [37 - 38].

M3C+MC - M30+MC+M23C6 -

M23C +MC + M23C6 +M7C3—>

MC+M23C6 + M7C3

)

The XRD pattern indicated in Fig. 4, Mn and Cr-rich
M23Cs, Fe, Cr, and Mn-rich M;Cs, Fe - rich MsC, and Cr-
rich M>X are the phases identified in the As condition of
9Cr-1Mo steel. The XRD pattern remains unchanged after
normalization (N condition), but the peak intensity and the
number of peaks are reduced. At the lath boundaries, the
XRD pattern of the N&T condition resulted in the
precipitation of Fe-rich MsC particles. Further tempering of
N&T600 and N&T650 conditions meant that a more stable
phase M7C3z was observed, which further converted into a
stable structure of Mj3Cs. As tempering progressed, the
phase M7Csz became more stable, eventually converting to
the stable structure M23Cs. MX carbonitride, M23Cs carbides,
M-Cs carbides, and M2X carbonitride precipitates were
observed in the final stage of the N&T700 condition. In
N&T650 and N&T700, the peaks were seen at the same
angles as the As condition, but the MnyCs phase had
dissolved and no peaks of MnyxCs could be seen.

The Vicker's microhardness of 9Cr-1Mo steel is shown
in Fig. 6. The As condition was measured about
159.84 £ 6.49 HV. The hardness of 9Cr-1Mo steel depends
on various terms such as precipitate size, grain size, the
density of dislocation in the material, presence of C and N in
the solution, and solid solution strengthening [39]. The N
condition was found to increase with heat treatment from as-
received material. In the N&T conditions, an increase in
temperature of tempering after normalizing from
600 — 700 °C resulted in a continuous decrease in hardness
of the 9Cr-1Mo steel. However, increased hardness levels of
the As and N condition were found to be relatively high
compared to samples of N&T conditions in the temperature
range from 600 — 700 °C. This may be due to the presence
of microstructure transforming the homogeneously
dispersed ferrite with C1+C2 (C1: M23Cs, C2: MC) in the As
condition to have a martensitic structure with the distribution
of precipitates and include the higher average particle size

and area fraction of precipitates in N condition. In the N&T
condition, the variation in hardness with tempering
temperature depend on many factors such as the existence of
MX type fine precipitates, the size of the grain, the density
of the fine precipitates, and the solid solution strengthening
caused by the presence of C and N in the solution [40 — 41].
For the N&T condition, an increase in temperature of
tempering resulted in a continuous decreased in hardness.
Maximum and minimum hardness was measured in the
N&T condition about 242.14 and 196.59 HV with tempering
temperatures of 600 °C and 700 °C, respectively. Carbides
precipitates were seen at the prior austenite grain boundaries,
lath boundaries, and in the matrix region as the tempered
martensitic structure formed, resulting in a reduction in the
solid solution strengthening which reduced the hardness of
9Cr-1Mo steel. The variation in hardness of N&T conditions
is fairly well which may be due to the lower average particle
size and area fraction of precipitates in the N&T condition.

¢ —Cr,,C;, * —Fe,C
o —Cr,C; V —Fe,C;
A —Mn,,C, © —Cr,N
o —Mn.C, s —VN
* —VC
o %
ollo o « 0O
. * 2 v < <
A hé — B g
\4
o <
1% A o * O %
9)|° . *|o Nor OB
7~~~
j
-
=
=
S v
; olv * o ¢
= *|lo oo A_LO ?N&T@JO
=
)
-
-
=
=]
*
ov ¢ o
¢/0 ¢ o V.o
¥ o
o) % * Vv * 0O
o XE §F evermee
T T T 1
40 60 80 100 120

20 (in degrees)

Fig. 5 X-ray diffraction patterns of the 9Cr-1Mo steel: As-
received, N condition, N&T600 condition, N&T650
condition, and N&T700 condition.
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Fig. 6 Hardness of 9Cr-1Mo samples subjected to different
material conditions.

Mechanical analysis

The behavior of static tensile testing at room
temperature (STR) of 9Cr-1Mo steel with thermal treatment
are shown in Fig. 7. The As condition had true yield stress
(TYS), true ultimate tensile stress (TUTS), and true strain
(TS) were measured about 641.2, 831 MPa, and 0.23,
respectively. The trend of TYS and TUTS decreased while
TS increased when the thermal treatment condition was
used. For the N condition, the effect of TYS and TUTS were
about 395.56 and 716.15 MPa, respectively. TYS and TUTS
decreased while TS values increased after normalizing
because of normalizing reaction, which includes the lath
grain boundaries, coarse precipitates on boundaries and in
the matrix region coarser grain. For the N&T conditions,
TYS, TUTS, and TS decreased in the N&T conditions in the
temperature range from 600 — 650 °C, while the N&T700.
For tempering temperature from 600 — 650 °C, martensite
underwent temperature, and as a result of the tempering
reaction, carbides precipitated across prior austenite grain
boundaries and lath boundaries. As a result, there was less
C and N available in the matrix, which decreased the TYS
and TUTS of 9Cr-1Mo steel in the N&T650 condition when
compared with the N&T600 condition. This is due to the
smaller particle size precipitate and increased precipitate
distribution. Centers the matrix and strengthens the solid
solution. Asaresult, the TYS, TUTS, and TS in the N&T700
condition were enhanced, as shown in Fig. 8. The tempering
temperature has had a significant impact on the TYS and
TUTS. The TYS and TUTS decreased as the tempering
temperature increased. Grain size and precipitate size at
grain borders have a significant impact on the reduction.

800 1 _— A
— N
=700 1 —— N&T600
| \ - N&T650
%600 } \ N&T700
2 500 4
= V)
@ 400 -
]
2 300 //
E 300 -
200
100 /
0

0 0.1 0.2 0.3 04 0.5 0.6
True Strain

Fig. 7 True stress and true strain of the As-received and
thermal treatment conditions of 9Cr-1Mo samples.
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N&T600 N&T650 N&T700
Material conditions

Fig. 8 Static tensile testing of TYS, TUTS, and TS as a
function of thermal treatment condition for the 9Cr-1Mo
steel at room temperature.

After the tensile test at room temperature, the specimens
in each thermal treatment condition were used to study the
fracture behavior of specimens using low and high
magnification using the SEM technique. The fracture
surface of 9Cr-1Mo steel after room temperature static
tensile test as shown in Fig. 9. The top right section in each
figure represents an overall top view at a magnification of
30X level by using SEM for each thermal treatment
condition, as shown in Fig. 9(a) — (g). For the As condition,
shown in Fig. 9(a), numerous cracks are noticeable at the
fracture surfaces. Large cracks, known as primary cracks,
can be seen the radial cracks around the center which are
commonly referred to as "splitting" [34, 42] and were also
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found at the fracture surface. In the N condition, there was
no significant impact on the fracture surface, small
secondary cracks were predicted the fracture surface as
shown in Fig. 9(b). For the N&T600 condition, a small
number of secondary fractures are predicted to have a
macroscopic fracture surface as shown in Fig. 9(c).
However, after Normalizing (1,040 °C) and tempering at
650 °C, a small secondary fracture was found at the
macroscopic fracture surface as shown in Fig. 9(d). When
the tempering temperature increased from 650 — 700 °C,
very few primary and secondary cracks were seen at the
fracture surface as shown in Fig. 9(e).

Fig. 9(a) — (e) provides a detailed view of the fracture
surface of 9Cr-1Mo steel after the room temperature static
tensile test for each thermal treatment conditions. The
appearance of the fracture surface in each thermal treatment
condition shows the trans granular with ductile dimples as a
result of the incorporation of a microvoids, the fracture of
9Cr-1Mo occurs in ductile material and failed by shear at 45°
to an applied load. In every condition, many small particles
(inclusions) are observed. When testing by EDS, the
inclusions were found to be calcium carbonate which come
from the manufacturing process to improve material
properties.

The 9Cr-1Mo steel, after undergoing thermal treatment
at various conditions and STR testing, was carried out to
determine its tensile strength at high temperatures. The test
temperatures were 500°C, 550°C, and 600 °C. The behavior
of elevated temperature tensile testing (ETT) of 9Cr-1Mo
steel with thermal treatment to studies are shown in Fig.
10(a) — (c). The ETT at 500 °C shown in Fig. 10(a) shows
that the As condition did not have a very high TUTS
compared to the highest TS, while the N condition had the
highest TUTS but the least TS. For the N&T condition
(600 —700 °C), the TUTS continuously decreased. While the
N&T700 has TS is greater than N&T600 and N&T650.
Fig. 10(b) shows the elevated temperature tensile testing at
550°C, which shows that the As condition has the greatest
elongation compared to other conditions, however it can be
seen that where the N condition is greater than TUTS value.
Similarly, with N&T Condition's TUTS which continued to
decline. INETT at 600 °C shown in Fig. 10(c), the specimens
in the As condition have the highest TUTS and TS compared
to the other specimens which were tested at the same
temperature, in which it is evident that the N and N&T
specimens have less TUTS when tested at 600 °C.
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Fig. 10 True stress-strain curve of 9Cr-1MO steel when the
tensile test was conducted at (a) 500 °C, (b) 550 °C, and (c)
600 °C.

Electromagnetic analysis

Prior to using electromagnetic analysis with eddy
current techniques, the 9Cr-1Mo steel must be evaluated to
find an appropriate frequency to recognize and distinguish
the resulting eddy current signal by increasing the frequency
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in the range of 50 — 150 kHz. Table 3 shows the change in
the phase angle signal of the eddy current signal.

Table 3 The signal phase angle changes in each material
condition

Material Frequency (kHz)
condition 50 100 150
As 60.12 49.22 15.21
N 41.95 44.10 31.65
N&T600 48.10 47.12 31.04
N&T650 39.07 48.19 31.57
N&T700 40.63 50.72 30.14

In this situation, the frequency of 100 kHz was selected
since it indicates the maximum association between the
microstructure of each thermal treatment condition. The
structure of 9Cr-1Mo steel when it transformed the
microstructure was verified by the CEC. The CEC signal
was compared between the two parameters using a phase
angle change and conductivity versus grain size of 9Cr-1Mo
in each thermal treatment condition at a frequency of
100 kHz, as shown in Fig. 11. The results show that using
the CEC test at the same frequency to detect the grain size.
The conductivity change in the material was more accurate
than testing by measuring with phase angle. The signal of
conductivity and phase angle increases with the increasing
the grain size of 9Cr-1Mo in each thermal treatment
condition. The correlation coefficient is 0.9224 and 0.847,
respectively. Since the signals phase angle, conductivity,
and TUTS are associated with changes that occur in the
microstructure of 9Cr-1Mo steel in each thermal treatment
condition specimen during increases the thermal treatment.

Fig. 13 shows the change in phase angle and
conductivity of the CEC signal as a function of hardness
properties in each thermal treatment affected in terms of N
and N&T conditions. The signal of phase angle and
conductivity decreases with increasing microhardness.
Signal phase angle and conductivity have a correlation value
of 0.8826 and 0.8885, respectively.

The relationships between signal phase angle,
conductivity, and TUTS are shown in Fig. 12. When the
material is subjected to increasing thermal treatment (N and
N&T), the area fraction of carbide in 9Cr-1Mo steel
increases while the dispersed carbide size decreases,
resulting in enhanced TUTS. The signal phase angle and the
TUTS of the materials were found to have a high signal
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fluctuation that could not be interpreted in the test results,
although the signal conductivity in each condition grows as
the TUTS of the material conditions increases. The
correlation coefficient of signal phase angle and
conductivity are 0.4066 and 0.9459, respectively.

52 - ‘ - 30
y=0.2744x - 12.812 N&T700
- R? = 0.9224 N&T650 ! 25 &
& 2V A .7 Q
S0 /e x =
5 ,//7 = 20 s
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3 ,/’ | )
< 46 1 27 y=0.0912x + 37.803 10 k>
W > z :
z A R-0s47 A E
£ 44 x 2 | & o
N o Q
4: T T T T T U
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Grain size (pm)

Fig. 11 Signal phase angle and conductivity versus grain
size.
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Fig. 12 The signal phase angle, conductivity, and TUTS of
9Cr-1Mo steel.
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Fig. 13 The signal phase angle and conductivity versus
microhardness with a load of 300 g.
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This study investigated the effects of different thermal
treatments on the microstructures and hardness of 9Cr-1Mo
steel. The microstructures of the as-received steel were
changed from the ferrite with C1+C2 (C1: M23Cs, C2: MC)
structures to the lath martensite, prior austenite grain
boundaries, small upper bainite and lower bainite after being
tempered.

When increasing the tempering temperature, the size of
carbide precipitates and area fraction of precipitates
decreased dramatically. However, the area fraction of
precipitates began to increase when a tempering temperature
of 700°C was employed. Hence, the tempering temperature
had to be lower than 700°C keep the area fraction of carbide
precipitate small.

In the XRD pattern, carbides precipitate of M3Cg and
M-Cs structures were also observed in each state of thermal
treatment condition. With increasing tempering time, the
MzX phase is gradually replaced by more thermally stable
Ma3Cs particles. In each state of heat treatment, the M3C
phase was found, but the number of counts in XRD analysis
was found to be reduced after the N&T650 condition.

In addition, the hardness and stresses of 9Cr-1Mo steel
were found to decrease with increases in tempering
temperature. The eddy current method was used in the
investigation to characterize the metal structures. The use of
CEC with a proper conductivity was able to more accurately
detect the microstructural changes of 9Cr-1Mo samples
examined in this study than using the phase angle approach.
Thus, the proposed NDT technique could replace the replica
method which is detrimental to the sample surface during the
test.
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