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a b s t r a c t

SA508 Gr.4N Ni–Mo–Cr low alloy steel has improved fracture toughness and strength compared to com-
mercial low alloy steels such as SA508 Gr.3 Mn–Mo–Ni low alloy steel, which has less than 1% Ni. Higher
strength and fracture toughness of low alloy steels can be achieved by increasing the Ni and Cr contents.
In this study, the effects of the alloying elements of Ni and Cr on the microstructural characteristics and
mechanical properties of SA508 Gr.4N Ni–Mo–Cr low alloy steel are evaluated. Changes in the stable
phases of SA508 Gr.4N low alloy steel with these alloying elements were evaluated using thermodynamic
calculation software. These values were then compared with the observed microstructural results. Addi-
tionally, tensile tests and Charpy impact test were carried out to evaluate the mechanical properties. The
thermodynamic calculations show that Ni mainly affects the change of the matrix phase of c and a rather
than the carbide phase. Contrary to the Ni effect, Cr and Mo primarily affect the precipitation behavior of
the carbide phases of Cr23C6, Cr7C3 and Mo2C. In the microscopic observations, the lath martensitic struc-
ture becomes finer as the Ni content increases without affecting the carbides. When the Cr content
decreases, the Cr carbide becomes unstable and carbide coarsening occurs. Carbide Mo2C in the form
of fine needles were observed in the high-Mo alloy. Greater strength was obtained after additions of
Ni and Mo and the transition properties were improved as the Ni and Cr contents increased. These results
were correlated with the thermodynamic calculation results.

� 2010 Elsevier B.V. All rights reserved.
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1. Introduction

Low alloy steels, used for nuclear pressure vessels, steam gener-
ators and in other applications, constitute a large fraction of the
ll rights reserved.
materials used in nuclear power plants. In this regard, they are
very important materials in that they determine the safety and
the life span of nuclear power plants [1–5]. Currently, nuclear
power plants are being built on a larger scale to raise their power
generation efficiency. However, if commercial pressure vessel
steels are used in a larger pressure vessel, it is necessary to increase
the thickness of these components to satisfy the required
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Table 2
Heat treatment condition.

Heat treatment Homogenization Austenitizing Tempering

Condition (�C, h) 1200 �C, 10 h/FCa 880 �C, 2 h/ACb 660 �C, 10 h/FCa

a FC: Furnace cooling.
b AC: Air cooling.
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endurance strength. However, increasing the thickness may cause
productivity and weldability problems. To solve these problems,
nuclear pressure vessel steel should be stronger than SA508 Gr.3
commercial pressure vessel steel. Moreover, considering the loss
of toughness due to the weakening effects of neutron irradiation
during long-term operation, improving the toughness is very
important when a pressure vessel is initially fabricated.

It is known that a higher strength and fracture toughness of low
alloy steels can be achieved by increasing the Ni and Cr contents
[6]. SA508 Gr.4N Ni–Mo–Cr low alloy steel, which has higher Ni
and Cr contents compared to SA508 Gr.3 Mn–Mo–Ni low alloy
steel, also has much better mechanical properties. Ni is an element
that effectively enhances the strength and toughness. Moreover,
the addition of these types of elements increases the hardenability
of a low alloy steel. Therefore, the microstructure of SA508 Gr.4N
low alloy steel after quenching is a mixture of martensite and low-
er bainite microstructures. These microstructural changes cause an
improvement in the mechanical properties. In spite of the superior
mechanical properties of SA 508 Gr.4N Ni–Mo–Cr low alloy steel, it
has yet to be used in a commercial nuclear power plant, as Ni is
considered to be an element that is susceptible to irradiation, not
unlike Cu [7,8]. However, the greater strength and toughness from
steels that contain Ni is very attractive to those that require RPV
steel. As a result, several researchers have investigated the poten-
tial use of SA508 Gr.4N low alloy steel in NPP applications. For this
reason, the design of optimum chemical compositions within the
ASME specification of SA508 Gr.4N low alloy steel is required. In
order to achieve the optimum composition, it is necessary to study
alloying effects in SA508 Gr.4N low alloy steel.

In this study, the effects of three alloying elements (Ni, Cr and
Mo) on the mechanical properties of Ni–Mo–Cr low alloy steels
are systematically investigated. Thermodynamic calculation is a
well-known efficient method [9] in the design of an alloy. In this
study, thermodynamic calculations were carried out to estimate
the stable phase and its fraction. The microstructures of the model
alloys were then examined and compared with the results of the
thermodynamic calculations. The tensile properties and ductile–
brittle transition behaviors were also characterized according to
the alloying element type and amounts. Based on the microstruc-
ture/mechanical property relationships obtained from the litera-
ture and from experimental works on SA508 Gr.4N Ni–Mo–Cr
low alloy steels, and with correlations with the results of the ther-
modynamic calculations, fundamental information regarding alloy
designs is discussed.
2. Experimental details

The chemical compositions of the model alloys used in this
study are given in Table 1. A model alloy, K4-Ref, with the typical
composition of SA508 Gr.4N steel as described within the ASME
specified composition, was prepared as a reference alloy. In order
to characterize the effect of each element quantitatively, ingots
of the model alloys were prepared with various Ni, Cr and Mo con-
Table 1
Chemical compositions of model alloys (wt%).

C Mn Ni Cr Mo P S Fe

K4-Ref 0.19 0.29 3.59 1.79 0.49 0.002 0.002 Bal.
K4-Ni1 0.21 0.33 2.66 1.81 0.53 0.002 0.002 Bal.
K4-Ni2 0.20 0.35 4.82 1.83 0.53 0.002 0.002 Bal.
K4-Cr1 0.21 0.32 3.65 1.04 0.54 0.002 0.002 Bal.
K4-Cr2 0.21 0.32 3.63 2.47 0.53 0.002 0.002 Bal.
K4-Mo1 0.20 0.33 3.57 1.87 0.10 0.002 0.002 Bal.
K4-Mo2 0.20 0.32 3.70 1.86 1.02 0.002 0.002 Bal.
tents. The heat treatment condition for the model alloys is de-
scribed in Table 2.

Microstructure observations were made using an optical micro-
scope and a scanning electron microscope (SEM). Specimens for
these observations were prepared by grinding and polishing up
to 0.25 lm followed by etching in a 3% Nital solution. To investi-
gate the overall distribution of the carbides and to analyze the indi-
vidual carbide particles in detail, a carbon extraction replica
technique was employed. Carbon extraction replicas were exam-
ined using a JEOL JEM-2000FX2 and a FB-2100F transmission elec-
tron microscope. To evaluate the changes in the stable phases and
related fractions depending on the content of the alloying ele-
ments, thermodynamic calculations were carried out using Ther-
mo-Calc Classic version R from Thermocalc with the TCFE5
database.

The tensile properties of the alloys were evaluated using a MTS
universal static testing machine at a stain rate of 1.11 � 10�3/s at
room temperature. The yield strength was determined by a 0.2%
strain offset stress, or by the lower yield stress. Impact energy tran-
sition curves were obtained using standard Charpy V-notched
specimens in accordance with ASTM E23. Impact tests were con-
ducted using the SATEC-S1 impact test machine with a maximum
capacity of 406 J in a temperature range of �196 �C to 100 �C. The
index temperatures were determined from fitted Charpy curves as
the temperature corresponding to the Charpy energy values of 41 J
and 68 J.
3. Results and discussion

3.1. Thermodynamic calculation for stable phase with alloy
composition

Fig. 1 shows the results of the thermodynamic calculations for
K4-Ref, K4-Ni1, and K4-Ni2. The austenite phase region was ex-
tended toward a low temperature range, which indicates that the
fraction of austenite increased due to the stabilization effect of aus-
tenite [10]. However, it was found that an addition of Ni does not
significantly affect the formation of carbide. There were no changes
observed in the carbide phase region between K4-Ni1, K4-Ref and
K4-Ni2.

Fig. 2a shows the calculation result for K4-Cr1, which has a low-
er Cr content than K4-Ref. In this case, the stable M23C6 and M7C3

phase in the range of 600–700 �C became unstable and the frac-
tions of M23C6 and M7C3 were decreased with a decrease in the
temperature, whereas the fraction of the M23C6 phase in K4-Ref re-
mained constant over the entire temperature range. However,
upon the addition of more Cr, as was done with K4-Cr2, a signifi-
cant difference in the precipitation behavior was not noted in
K4-Ref. In addition, the austenite region was reduced in the low
temperature range. This may have been caused by a change of
the fractions of the carbide phases in the model alloy. As the frac-
tions of the carbides are decreased, the fraction of the other phase
(austenite) will increase as a result.

The calculation results as the Mo contents varied are presented
in Fig. 3. This figure shows that the addition of Mo into SA508 Gr.3
Mn–Mo–Ni low alloy steel promotes the precipitation of fine nee-
dle-type M2C [11]. In the case of SA508 Gr.4N Ni–Mo–Cr low alloy
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Fig. 1. Thermodynamic calculation results of: (a) K4-Ni1, (b) K4-Ref and (c) K4-Ni2.
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Fig. 2. Thermodynamic calculation results of: (a) K4-Cr1, (b) K4-Cr2.
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steel, remarkable changes were observed in terms of the formation
of stable carbide. It was predicted in the calculation that M2C
would not be precipitated in the cases of K4-Ref and K4-Mo1,
which have lower Mo contents, whereas it was precipitated at
approximately 600 �C in K4-Mo2. Instead, K4-Mo2 did not show
the M7C3 phase over the entire temperature region. In addition,
the amount of M7C3 was much higher than that of M23C6 in K4-
Mo1 compared to K4-Ref. This result shows that M7C3 becomes
unstable as the Mo content increases. Therefore, the addition of
Mo suppresses the precipitation of the M7C3 phase and enhances
the fractions of M23C6 and M2C in the calculation results.
3.2. Microstructural changes with alloying elements

Scanning electron microscope (SEM) images of model alloys
with different Ni contents are presented in Fig. 4. K4-Ref and K4-
Ni2 have a mixture of tempered martensite and lower bainite
structures, which is the typical microstructure of SA508 Gr.4N
Ni–Mo–Cr low alloy steel. However, as the Ni content increases,
the subgrains of the ferrite packets become finer, as shown in
Fig. 4. It is generally known that Ni increases the hardenability of
steels, which implies the ability of steel to form martensite upon
quenching. Thus, an increased fraction of martensite can be ob-
tained via the addition of Ni. It has been reported that the size of
the bainite sheaf is two or three times larger than that of the mar-
tensite packet [12]. Therefore, it is likely that the fractions of mar-
tensite will be significantly increased with an addition of Ni and



MnS

M23C6

M7C3

Temperature(oC) 

M
ol

e 
fr

ac
tio

n 

MnS

M23C6

M2C

Temperature(oC) 

M
ol

e 
fr

ac
tio

n 
(a)

(b)

Fig. 3. Thermodynamic calculation results of: (a) K4-Mo1 and (b) K4-Mo2.

Fig. 4. SEM images of: (a) K4-Ni1, (b) K4-Ref and (c) K4-Ni2.
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that this will reduce the size of the subgrains after the tempering
process. In fact, the sizes of the subgrains decreased with an in-
crease of the Ni contents. The grain refinement effect of Ni was re-
ported previously [13,14], and the change in the microstructure
with different Ni contents may be caused by a combination of
the grain refinement and increased hardenability of Ni [15]. In con-
trast, there were no noticeable differences in the morphology and
distribution behavior of the precipitates, even when observed by
TEM. This finding is in very good agreement with the thermody-
namic calculations.

In the case of model alloys with different Cr contents, changes
in the carbide precipitation of M23C6 and M7C3 were investigated,
as the calculation results suggested that the carbide phases would
change significantly with variations in the Cr content. In order to
observe the changes in the precipitation behavior with the Cr con-
tent, microstructure characterizations were carried out using
transmission electron microscopy (TEM). Fig. 5 shows the distribu-
tion of the precipitates in thin foil specimens with different Cr con-
tents. Relatively coarse carbides were observed in the K4-Cr1
(1.0 wt% Cr) which were not distributed evenly, whereas small car-
bides were observed to be distributed homogeneously in K4-Ref
(1.8 wt% Cr) and K4-Cr2 (2.5 wt% Cr). To characterize the carbide
distributions of the model alloys more accurately, a quantitative
analysis of the carbides was conducted using an image analyzer.
The result of this analysis is presented in Fig. 6. As shown in
Fig. 6a–c, the size of the carbide decreased with an increase of
the Cr content. The mean carbides size of the K4-Cr1, K4-Ref and
K4-Cr2 are 0.408 lm, 0.312 lm and 0.267 lm, respectively. In
addition, the mean size of the carbides above the top 1%, 5%, and
10% are summarized in Fig. 6d where the coarse carbides of each
model alloy were compared. According to this result, significant
carbide coarsening occurred in K4-Cr1. In the low-Cr alloy, the
thermodynamic calculation result revealed that the amount of
chromium carbide decreased at approximately 420 �C. Therefore,
the Cr carbide becomes unstable and then dissolves into matrix un-
der this temperature. Excessive carbon produced by carbide disso-
lution diffused into the neighboring carbide and coarsening
occurred, as shown in Fig. 5. The fractions of the carbide phases re-



Fig. 5. Carbide distribution observed by TEM: (a) K4-Cr1, (b) K4-Ref and (c) K4-Cr2.
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mained unchanged in these two model alloys in the thermody-
namic calculations. However, additional Cr increases the possibil-
ity of carbide nucleation; thus, more carbides are present in the
K4-Cr2 than in K4-Ref but are smaller due to the equivalent frac-
tion of the carbide phase.

Fig. 7 shows the precipitate distribution in the thin foil speci-
mens of K4-Mo1 (0.1 wt% Mo) and K4-Mo2 (1.0 wt% Mo). K4-
Mo1 (0.1 wt% Mo) shows similar precipitation characteristics to
K4-Ref (0.5 wt% Mo), whereas fine needle-type carbides are ob-
served in K4-Mo2 (1.0 wt% Mo). To identify the carbides of the
model alloys, selective area diffraction patterns of the carbides
were obtained from the TEM images. These are shown in Fig. 8.
The globular-type carbide is identified as chromium carbide
M23C6, which has an FCC structure, and the parallelogram-shaped
carbide is M7C3-type chromium carbide with an HCP structure.
Generally, most of the precipitates in the model alloys are chro-
mium carbide. However, the needle-type carbide observed in the
K4-Mo2 specimen was too small to facilitate observation of the
selective area diffraction pattern directly. For this reason, a diffrac-
tion pattern was analyzed from a high-resolution image via Fourier
transformation [16], as shown in Fig. 9. Based on the diffraction
pattern and on the results of prior research [17], this type of pre-
cipitate with an HCP structure is M2C, which is molybdenum car-
bide. It can be concluded that the main precipitates types in K4-
Mo2 (1. 0wt% Mo) are both chromium carbide of the M23C6 type
and molybdenum carbide of the M2C type.

From the results of the thermodynamic calculations and from
microscopic observation, the microstructures of the model alloys
show a very similar tendency with the calculation results. There-
fore, 10 h of tempering time seems to be enough to build stabilized
microstructure. In addition, the following effects of alloying ele-
ments on the precipitation behavior of SA508 Gr.4N Ni–Cr–Mo
low alloy steel were deduced from the calculation and observation
results.

(1) Ni refines the sizes of both prior austenite grains and the
martensitic structure. It also increases the fraction of mar-
tensite after quenching. However, it does not affect the pre-
cipitation behavior.

(2) An addition of Cr enhances the precipitation of the M23C6

and M7C3 carbides considerably, and carbide coarsening is
observed in the low-Cr model alloy.

(3) Additional Mo promotes the formation of the fine needle-
type carbide (M2C) instead of chromium carbide M7C3.

3.3. Tensile properties

Fig. 10 shows the tensile test results of the model alloys. The
test results were also described in Table 3. In the model alloys with
different Ni contents, the yield strength of K4-Ni1 (2.5 wt% Ni) was
decreased by 50 MPa as compared to 580 MPa in K4-Ref (3.5 wt%
Ni), and that of K4-Ni2 (4.5 wt% Ni) was increased to 680 MPa.
Consequently, the strength was increased with an increase in the
Ni content. A similar tendency in the strength was observed in
the model alloys with different Mo contents. In this case, the yield
strengths of the K4-Mo1, K4-Ref and K4-Mo2 specimens were
530 MPa, 580 MPa and 650 MPa, respectively. In general, it is
known that Ni and Mo create a solid solution with a ferrite single
phase which brings about a solid solution strengthening effect in
steel. Moreover, it has been reported that the solid solution
strengthening is proportional to the concentration [18,19]. In the
concentration range of 2.5–3.5 wt% Ni, it appeared that the yield
strength of model alloys were mainly affected by solid solution
strengthening of Ni. However, there is more of an increment of
the yield strength compared to what was expected by solid solu-
tion strengthening when the content of Ni exceeds 3.5 wt%. As ob-
served earlier, the sizes of the grains decreased with an increase of
the Ni content. In addition, the fractions of the martensite, with its
higher yield strength compared to lower bainite, [12] increased in
the K4-Ni2 specimen. Consequently, the reduced grain size and the
increased fraction of martensite cause the additional strengthening
effect in K4-Ni2. In the case of the model alloys with different Mo
contents, the yield strengths of the model alloys changed linearly.
This is also affected by the solid solution strengthening of Mo.
Moreover, small needle-type carbide M2C as observed in K4-Mo2
also increases the yield strength of the steel due to its precipitation
strengthening effect [11,20].

On the other hand, only slight changes were observed in the
yield strength as the Cr content varied. Compared to K4-Ref
(1.8 wt% Cr), the differences in the yield strengths of the model al-
loys with different Cr contents were less than 10 MPa. The thermo-
dynamic calculation result confirmed that the addition of Cr
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increased the formation of chromium carbides in the SA508 Gr.4N
low alloy steel. Thus, the amount of Cr solved into the steel may be
lower than that added to the steel. Therefore, the solid solution
hardening effect of Cr would be smaller than that of Ni or Mo.
The shapes of the Cr carbides are globular and have no orientation
relationship with the matrix; consequently, they do not have a pre-
cipitation strengthening effect [21]. In conclusion, the change of
the carbide distribution with different levels of Cr does not affect
the strength of SA508 Gr.4N low alloy steel.

3.4. Transition behavior

The Charpy impact test results are shown in Fig. 11. The index
temperatures and upper shelf energies were presented in Table
3. In Fig. 11a, K4-Ni1 (2.5 wt% Ni) showed the highest index tem-
perature, T41J. It was elevated 40 �C more than the �127 �C reading
of K4-Ref (3.5 wt%), whereas the T41J value of K4-Ni2 (4.5 wt% Ni) is
lower by 25 �C compared with that of K4-Ref (3.5 wt%). Many
researchers have reported that additional Ni increases the tough-
ness of low alloy steel [12,15,22–26]. One cause of this improve-
ment due to the addition of Ni is the refinement of the
martensite packets. It is generally known that the toughness of
the tempered martensitic steel is largely affected by the size of
the martensite packets and laths. As was mentioned in Section
3.2, an addition of Ni enhances the ability of the steels to harden,
which increases the martensite fraction and packet size reduction
[12,15]. The tendency of the packet size refinement by Ni addition
is also shown in Fig. 4. However, the size of the laths did not
change much with the increase in Ni contents in the TEM observa-
tion. Therefore, the reduced packet size may cause the model alloys
to improve in toughness [23]. Moreover, it has been reported that
an addition of Ni affects the ability of the dislocations to cross slip
in the bcc iron lattice and makes these cross slips easier [24].
Fig. 11b shows the Charpy impact test result of the K4-Cr1, K4-
Ref and K4-Cr2 specimens. K4-Cr1 (1.0 wt% Cr) shows the lowest
Charpy impact properties. Its index temperature, T41J, was elevated
by nearly 60 �C relative to the �127 �C reading of K4-Ref (1.8 wt%
Cr), and the Upper shelf energy (USE) value was decreased by 30 J
from the 224 J value of K4-Ref. The transition temperatures also
decreased with the addition of Cr. This result may have resulted
from the difference in the carbide distribution behavior. As ob-
served earlier, the Cr carbides of M23C6 and M7C3 were coarsened
in K4-Cr1. It has been reported that coarse carbides can cause a de-
crease in the Charpy impact characteristics [27]. Additional Cr over
1.8 wt% in the model alloys improves Charpy impact properties.
This result also can be explained in terms of the carbide size refine-
ment with an increase of the Cr content. Thus, the smaller carbides
in K4-Cr2 compared to those of K4-Ref may have improved the
transition behavior in the model alloys. The Charpy impact proper-
ties with differing amounts of Mo are shown in Fig. 11c. In general,
T41J increased as the Mo content increased. The T41J value of K4-
Mo2 (1.0 wt% Mo) was elevated by nearly 10 �C while the USE va-
lue was reduced by 40 J compared to those values of K4-Ref
(0.5 wt% Mo). The toughness of K4-Mo1 (0.1 wt% Mo) showed a
slight improvement. Though the addition of Mo was effective in
improving the strength, it was not as effective in terms of the
toughness. It was reported that additional Mo improves the tough-
ness of SA508 Gr.3 Mn–Mo–Ni low alloy steel due to the enhance-
ment of the fine M2C precipitation as opposed to coarse cementite,
which precipitates between the bainitic ferrite laths and reduces
the toughness of the steel significantly [1,17]. However, effective
carbide size refinement with an addition of Mo was not observed
in the case of the SA508 Gr.4N Ni–Mo–Cr low alloy steel due to
its completely different carbide phase and morphology.



Fig. 7. Carbide distribution observed by TEM: (a) K4-Mo1 and (b) K4-Mo2.
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Fig. 8. Diffraction patterns of the precipitates: (a) M23C6, (b) M7C3.
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Fig. 9. HREM images of M2C carbide and its converted diffraction pattern by Fourier
transformation: (a) HR image of M2C, (b) converted diffraction pattern.
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Fig. 10. Tensile properties of the model alloys: (a) Yield strength, (b) Tensile
strength.
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3.5. Correlation between the thermodynamic calculation and
experimental results

In the previous section, it was concluded that the change of the
stable phase is closely associated with the change of microstruc-
ture, which is especially true for the change in the precipitation
behavior. In addition, these properties were found to be related
to the mechanical properties. For this reason, the change in the
microstructure (especially the change of the precipitation behav-
ior) and the mechanical properties of Ni–Mo–Cr low alloy steel
with different Cr and Mo contents may be deduced from the ther-
modynamic calculation results. The calculation results with varia-
tion of Cr and Mo contents are shown in Fig. 12 [28].



Table 3
Mechanical properties of model alloys.

YS (MPa) UTS (MPa) EL (%) T41J (�C) T68J (�C) USE (J)

K4-Ref 580 750 18 �127 �111 224
K4-Ni1 530 700 17 �88 �78 263
K4-Ni2 680 760 17 �160 �138 207
K4-Cr1 585 760 17 �65 �49 189
K4-Cr2 590 760 16 �139 �123 216
K4-Mo1 530 735 17 �138 �121 243
K4-Mo2 650 805 15 �122 �101 184
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Fig. 11. Charpy impact energy transition curves of the model alloys: (a) Ni effects,
(b) Cr effects and (c) Mo effects.
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In the region of 1.0 wt% of Cr, M7C3 represents the only stable
carbide phase in 0.1 wt% Mo. Its fraction decreases as well and
shows a sigmoidal shape at approximately 500 �C. When the Mo
content is increased to 0.5 wt%, the M23C6 phase appears with
the M7C3 phase, and both fractions of the phases are also de-
creased, showing a sigmoidal shape in the temperature range close
to 500 �C. These types of reductions of the carbide fraction result in
carbide coarsening, as observed in the microstructure of K4-Cr1.
This will lower the transition behavior of the model alloys.

When the Mo content exceeds 1.0 wt%, the M2C carbide phase
appears with M23C6 in the range of 1.0–1.8 wt% Cr, and M2C precip-
itates in the low alloy steel. This will increase the strength of the
model alloy while it lowers the toughness due to the hardening
of the precipitation. However, the M2C phase disappears as the
Cr content increases to 2.5 wt%, and the M23C6 carbide becomes
the only stable phase in this system. As we observed before, the
mean size of the M23C6 and M7C3 carbides in K4-Ref are about
250–350 nm, and they distributed homogeneously in both bound-
aries and inside the grains. In addition, there are no big differences
in morphology between M23C6 and M7C3 carbides. Hence, though
the 1.0 wt% Mo and 2.5 wt% Cr does not have M7C3, overall precip-
itation behavior (size and distribution) will be similar to that of K4-
Ref. In the region of 2.5 wt% of Cr, the behaviors of carbide phases
varied depending on the Mo content. The M7C3 phase is the only
stable phase in the case of 0.1 wt% Mo initially. However, the
M7C3 phase grows gradually unstable and its fraction is reduced
with an increase of the Mo content, as shown with 0.5 wt% Mo.
In contrast, the stability of the M23C6 phase is enhanced and the
M23C6 phase appears with the M7C3 phase with 0.5 wt% Mo. Final-
ly, with 1.0 wt% Mo, the M7C3 phase disappears and the M23C6 car-
bide is the only stable phase. Though the types of stable carbide
phases change depending on the Mo content, the model alloys with
0.1–1.0 wt% Mo will show precipitation behavior that is similar to
that of K4-Ref due to the similar size and distribution of M7C3 and
M23C6. Moreover, it is expected that these model alloys also show
transition characteristics that are similar to those of K4-Ref due to
the similarity of precipitation behavior. The changes in the precip-
itation behavior and mechanical properties with changes of the Cr
and Mo contents are summarized in Fig. 13.
4. Conclusions

The microstructure and mechanical properties in SA508 Gr.4N
low alloy steel with different Ni, Cr contents were evaluated.

(1) From the results of the thermodynamic calculations and
microstructure observations, the addition of Ni mainly
affects the matrix, whereas it has little effect on the precip-
itation behavior. The strength of the alloys was increased
with an increase of the Ni content as a result of both solid
solution strengthening and a reduction of the subgrain size.
The addition of Ni is the most effective method for improv-
ing both the strength and toughness of low alloy steel. Ni
creates a solid solution with the ferrite matrix and improves
the intrinsic toughness of the ferrite.

(2) Cr additions mostly affect the precipitation behavior. An
addition of Cr suppresses the precipitation of cementite,
reduces the carbide size, and distributes the carbides homo-
geneously. However, additional Cr causes a slight difference
in the strength of the alloy. The variation of the Cr content
affects the Charpy impact property by changing the precipi-
tation behavior. Carbide coarsening occurred in low-Cr
model alloy, which lowered the transition property.

(3) An addition of Mo decreases the stability of M7C3 and
enhances the precipitation of the fine needle-type M2C car-
bide. The strength of the alloys was increased with an
increase of the Mo content. An addition of Mo strengthens
low alloy steel due to a combination of a solid solution hard-
ening effect and a precipitation hardening effect. Mo also



Fig. 12. Thermodynamic calculation results with various Cr and Mo contents [28].

Fig. 13. Change of microstructure and mechanical properties of SA508 Gr.4N low
alloy steel change with Cr and Mo contents.
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affects the Charpy impact property by changing the precipi-
tation behavior, though it is less effective than Ni and Cr.
(4) The changes in the microstructure and mechanical proper-
ties were correlated with the thermodynamic calculations.
The change in both the precipitation behavior and the
mechanical properties caused by variation of the Cr and
Mo contents could be estimated by the thermodynamic cal-
culation results.
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