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Role of Combined Addition of Niobium and Boron and of Molyb-
denum and Boron on Hardnenability in Low Carbon Steels
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Effects of the combined addition of niobium (Nb) and boron (B) and of molybdenum (Mo) and B on hard-
enability were investigated using low carbon steels. Strength synergically increases due to the combined
addition of Nb and B and that of Mo and B. It is thought that strength increases due to these combined ad-
ditions because austenite (y) to ferrite () transformation is retarded and bainite transformation is promoted
due to the increase in the segregated B along the y grain boundary before ¥ to « transformation. The mech-
anism for the increase in the segregated boron along the ¥ grain boundary by these combined additions is
considered below. Fe,;(C, B), precipitates formed along the y grain boundary are suppressed by these com-
bined additions because of the suppression of C diffusion towards the y grain boundary due to the precipita-
tion of the fine dispersive niobium-titanium carbonnitride (Nb, Ti)(C, N) or titanium-molybdenum carbonnitride
(Ti, Mo)(C,N) and the formation of C clusters of Nb and Mo during rolling or during cooling after rolling.
Therefore, the segregated B along the y grain boundary increases and y to o transformation is retarded. The
combined addition of Nb and B or that of Mo and B in low C bainitic steel is effective for increasing strength
without deteriorating low temperature toughness. It is clarified that the increments of hardenability by the
combined addition of Nb and B is different from that of Mo and B due to the difference of the amount of
carbide precipitates.

KEY WORDS: low carbon bainite; boron; niobium; molybdenum; v to « transformation; combined additions.

Introduction

authors.''® Hardenability by the combined addition of Mo

Much research on the effect of B has been carried out
and published. For example, it is well known that harden-
ability remarkably increases through the addition of boron.'™®
Moreover, B has been utilized in controlled-rolled steels.
Low C bainitic steels and ultra low C bainitic steels have
been developed.”!'® Adding Nb and B is an effective way
to achieve a good balance of strength and low tempera-
ture toughness in Thermo-Mechanical Controlled Process
(TMCP) plates. Much research on low C bainitic steels, es-
pecially the combined addition of Nb and B, has been car-
ried out, and manufacturing technology on these steels up
to 30 mm thickness used for large diameter linepipes was
developed.”'® The role of the combined addition of Nb and
B was investigated and summarized as follows. The recrys-
tallization stop temperature of ¥ is elevated by the combined
addition of Nb and B. Coarse B precipitates Fe,;(CB), were
suppressed and the segregated B increased along the y
grain boundary, as a results, y to « transformation is sup-
pressed. It is assumed that the coarse B precipitates, that is
Fe,;(CB),, are suppressed because strain induced precipita-
tion of niobium carbide (NbC) or titanium carbide (TiC) re-
duces the supply of C required for these precipitates.'¥

Hardenability due to the combined addition of Mo and B
was also investigated by Karlsson et al.'> and one of the
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and B synergically increases. However, few researches have
been carried out on hardenability due to combined addition
of Nb and B and that of Mo and B in low C steels. The pur-
pose of this study is to clarify the role of these combined
additions on hardnenability in low carbon steels and to
make clear the reasons of remarkable increase in harden-
ability for the combined additions from the viewpoint of the
precipitates along the prior ¥ grain boundary and in the
prior Y grain.

2. Experimental Procedure

2.1. Material

Table 1 shows the chemical compositions of used steels.
Low C aluminum (Al) killed steels were used in order
to obtain the bainite microstructure by adding alloying
elements, such as Nb, Mo and B. The steels with single
addition and combined addition of Nb, Mo and B, of
which base chemical composition is 0.015%C—0.20%Si—
1.5%Mn-0.020%A1-0.015%Ti—0.0020%N (mass%), were
melted using a 300 kg vacuum induction melting furnace
(VIM) in a laboratory and cast into 100 kg ingots. The ingot
size was 160mm in thickness, 140mm in width, and
300 mm in length. Six ingots were reheated at 1200°C for
1 h and controlled-rolled between 880 and 800°C, then air
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Table 1. Chemical compositions of laboratory melted steels
(mass%, * ppm).

Steel ¢ &8 Mn P* S Mo Nb Ti Al B* N° O

Base 0.014 020 154 <20 6 — — 0.0150020 — 21 12

B steel 0.014 020 154 <20 6 — -— 0.0150020 8 21 11

Nbsteel  0.015 0.20 1.52 <20 — 0.040 0.015 0.021 — 22 18

(=2}

Nb-B steel 0.014 020 154 <20 6 — 0.037 0.015 0.020 9 23 10
Mosteel 0.015 0.21 153 <20 6 035 — 0.014 0.023— 21 14
Mo-Bsteel 0.015 0.21 154 <20 6 035 — 0.013 0.022 8 23 13
-60
0.015%C-1.55%Mn-0.015%Ti steel
8ol Reheating temp. : 1200°C
Thickness : 20 mm
-100}
0.0008%B
9 0.35%M >
- L . oIVIO
%) 120 OMo-B steel
=
-140r Nb-B steel
0.040%Nb
-160+
-180 L i 1
300 400 500 600 700
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Fig. 1. Relationship between Charpy impact transition tempera-
ture and strength.

cooled to room temperature. An average cooling rate in the
mid-thickness between 800 and 500°C was 20°C/s. The cu-
mulative reduction below 880°C was 80 %.

2.2. Mechanical Properties

Mechanical properties were examined by using full-
thickness rectangular tensile specimens in the longitudinal
direction and full-size 2 mm V-notch Charpy impact speci-
mens in the transverse direction in order to evaluate the ef-
fect of alloying elements such as Nb, Mo and B on the bal-
ance of strength and low temperature toughness.

2.3. Transformation Behavior after Hot Working

Transformation behavior after hot working was measured
using a hot-rolling simulator. The cylindrical specimens,
which were 8 mm in diameter and 12 mm long, were taken
from the mid-thickness. Specimens were worked with 15%
reduction twice at 850°C after being reheated at 1200°C
for 20 min and then cooled by Helium (He) gas (The cool-
ing rate was approximately 60°C/s). The strain rate was
10/s and the interpass time was 10s. The effect of cooling
rate after reduction on transformation behavior was also in-
vestigated in comparison with ¥ to o transformation behav-
ior of 20 mm thick rolled plates.

2.4. Microstructure and Precipitates Analysis
Microstructure was observed by a scanning electron
microscope (SEM). The distribution of B was observed by
the c-ray track etching (ATE) method.'*?" B content as
precipitates was measured on the residue prepared by
electrolytic extraction. Precipitates along a prior y grain
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Fig. 2. Effect of the combined addition of niobium and boron or
molybdenum and boron on tensile strength.

boundary and those in a prior ¥ grain were identified using
a transmission electron microscope (TEM) and an atom
probe field ion microscope (AP-FIM). TEM observation
was performed on an extraction replica after electrolytic
etching. Precipitates were identified by analysis of electron
beam diffraction pattern and energy dispersive X-ray
spectroscopy (EDS) analysis. The needle specimen of AP-
FIM, of which the radius of top curvature was 50 nm, was
made by electropolishing. The electropolishing solution
was chromic acid saturated with phosphoric acid. Ne gas
was used as image gas. Pulse fraction was 16 % and its fre-
quency was 250 Hz.2?3)

3. Results

3.1. Mechanical Properties and Microstructure of
20 mm Thick Plates

3.1.1. Relationship between Strength and Low Tempera-
ture Toughness

The relationship between strength and Charpy impact
transition temperature (vTrs) was plotted in Fig. 1. Tensile
strengths were in the range of 400 to 550 MPa. Strength in-
creases in the order of single addition of B (B steel), Mo
(Mo steel), Nb (Nb steel), the combined addition of Nb and
B (Nb-B steel) and of Mo and B (Mo-B steel). Tensile
strength drastically increased for Nb-B steel and Mo-B
steel. Nb addition tended to decrease vIrs and B addition
increased vIrs. The vTrs of Nb and Nb-B steels were
—145 and —135°C, respectively and were extremely low.
The single addition of Mo steel did not change the vTrs,
however, the combined addition of Mo and B slightly in-
creased vTrs as compared with the base steel. But, the vTrs
was very low of —120°C. The vTrs of Mo-B steel was
10°C higher than that of Mo steel. The reason was sup-
posed to be the large increase in tensile strength due to the
combined additions. Figure 2 shows the effect of the com-
bined addition of Nb and B and that of Mo and B on tensile
strength. The increase in strength due to the combined addi-
tion of Nb and B was greater than the summation of in-
creases in strength due to the single additions of Nb and B.
The increase in strength due to the combined addition of
Mo and B was also larger than the summation of increases
in strength due to the single addition of Mo and B. The ten-
sile strengths increased by 80 and 130 MPa by the single
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Nb steel

Mo steel

Fig. 3. Scanning electron micrographs of 20 mm thick plates.

addition of Nb and the combined addition of Nb and B, re-
spectively from that of the base steel. On the other hand, the
increment of tensile strength by the single addition of Mo
was 40 MPa and lower than that by the single addition of
Nb although the tensile strength of Mo-B steel was the
same level as that of Nb—B steel.

3.1.2. Microstructure Observation of Rolling Plates
Scanning electron micrographs of six tested steels are
shown in Fig. 3. The microstructure and morphology of
bainite of Nb steel, Mo steel and B steel were different
from those of Nb—B steel and Mo-B steel. Ferrite with little
cementite in a grain, was dominant in the microstructure of
the base steel with the tensile strength of 410 MPa as indi-
cated in Fig. 1. In Mo steel, much ferrite and a little bainite
were formed. Deformed ferrite and bainite were formed in
B steel. This result indicates that this steel was rolled in the
non-recrystallization region. Bainite fraction in B steel was
larger than that in the base and Mo steels. Deformed fine
ferrite and bainite were formed in Nb steel. This result indi-
cates that total reduction in the non-recrystallization area

increases in Nb steel. Fine bainite, which had laths partially,
was formed in Nb-B and Mo-B steels. These fine mi-
crostructures affected the balance of strength and low tem-
perature toughness as indicated in Fig. 1. Bainite fraction in
Nb-B and Mo-B steels were higher than that of Nb steel.
These microstructures of the combined addition affected
the tensile strength indicated in Fig. 1. From these results,
the combined addition of Nb and B or that of Mo and B
was very effective for achieving high strength and high
toughness. The combined additions were the concept to ob-
tain a good balance of tensile strength and low temperature
toughness on utilizing low C- B bearing steels.

3.1.3. a-Ray Track Etching (ATE)

Figure 4 shows the distribution of B in plates revealed
by ATE method. B along the ferrite grain boundaries was
recognized in B steel. On the other hand, B along the elon-
gated prior ¥ grain boundaries was recognized in Nb-B and
Mo-B steels. Elongated ¥ grains were observed in Nb—B
and Mo-B steels. On the other hand, few elongated grains
in B steel were observed. B was observed along the ferrite
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grain boundary and was found in coarse precipitates in B
steel. These results indicated that the segregated B in y
grain boundary suppressed ferrite transformation and resul-
tantly developed bainitic microstructure, that is, it con-
tributed to the increase in hardenability.

3.1.4. B Content from Electrolytic Extraction Residue

Table 2 shows B content measured on residue prepared
by electrolytic extraction. B content in residue was 2.1 ppm
in B steel and was out of detection in Nb—B and Mo-B
steels respectively (<0.5 ppm). A lot of B precipitates ex-
isted in B steel, however, almost no B precipitates were
formed in Nb-B and Mo-B steels. However, fine B precipi-
tates less than 0.2 um might not be collected in the elec-
trolytic extraction residue.

3.1.5. TEM Observation
Figure 5 shows the transmission electron micrographs of
extraction replica for B bearing steels. Precipitates shown

Nb-B steel

44 (2004), No. 8

in this figure were identified using EDS and electron beam
diffraction patterns. The constitution and distribution of
precipitates of B steel were different from those of Nb—B
and Mo-B steels. The fine cementites precipitated along the
prior ¥ grain boundaries in the Nb-B and Mo-B steels. On
the other hand, a large amount of coarse cementite precipi-
tates in B steel, that is, the formation of the coarse cemen-
tite was suppressed by the combined addition of Nb and B
or that of Mo and B. Moreover, a lot of Fe,,(C,B), precipi-

Table 2. Boron content measured from residual generated of
electrolytic extraction in 20 mm thick plate.

B steel 2.1ppm
Nb-B steel <0.5ppm
Mo-B steel <0.5ppm
Note) 0.2 um mesh
Mo-B steel

Fig. 4. ATE images of 20 mm thick plates.
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Fig. 5. TEM images of extraction
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tate was observed in B steel. However, no Fe,;(C,B), pre-
cipitate was observed in Nb—B and Mo-B steels. TiN and
fine dispersive precipitates with about 10 to 30 nm in length
along the prior ¥ grain boundaries or in the prior y grains
were observed in Nb—B and Mo-B steels. The precipitates
in Nb-B steel were identified as Nb(C,N), (Nb,Ti)(C,N)
and those in Mo-B steel were identified as Ti(C,N) and
(Ti,Mo)(C,N). TiN also precipitated in B steel.

3.1.6. AP-FIM Observation

FIM observation was carried out in order to investigate
the ultra fine precipitates which were not be able to be de-
tected by TEM. The FIM images of complex precipitates of
TiN and Nb(C,N) in Nb-B added steel are shown in Fig. 6.
The size of complex precipitates of TiN and Nb(C,N) were

Nb-B steel

TIN+NB{(C,N)

Fig. 6. FIM images of complex precipitates of TiN+Nb(C,N).

B steel

Mo-B steel

the same as that observed in TEM. The TiN were also ob-
served in B and Mo-B steels using FIM. Figure 7 shows
the FIM images of B, Nb—-B and Mo-B steels. Two continu-
ous images in Mo—B steel were taken by using field evapo-
ration method.?” The ultra fine dispersive precipitates less
than 1 to 3 nm were observed in Mo-B steels. Four precipi-
tates were formed in FIM image in Mo-B steel, on the
other hand, fine precipitates similar to that observed in
Nb-B steel were confirmed in the center of FIM image.
These precipitates were identified as metal (Nb or Mo)-C
cluster by AP analysis.

3.2. Transformation Behavior after Hot Working Using

Hot-rolling Simulator

Transformation behavior after hot working using hot-
rolling simulator was investigated in B bearing steels in
order to confirm whether B precipitates in the ¥ region in B
steel or not as compared with ¥ to o transformation behav-
ior of 20 mm thick plates.

3.2.1. Effect of Cooling Rate on Transformation Behavior

The effect of cooling rate on transformation temperature
of B, Nb-B and Mo-B steels after hot-working at 850°C is
indicated in Fig. 8. The y to o transformation temperature
decreased with increasing cooling rate. The ¥ to « transfor-
mation temperature of B steel was higher than that of Nb-B
and Mo-B steels at any cooling rate. The y to « transfor-
mation temperature of Nb—B steel was higher than that of
Mo-B steel. Hardness of B steel was the lowest and that of
Mo-B steel was the highest of all B bearing steels at any
cooling rates. Hardness had a large dependence on chemi-
cal composition and also on a cooling rate at 10°C/s or
higher. Hardness did not depend on a cooling rate at 10°C/s

Nb-B steel

Fig. 7. FIM images showing the soluble atoms and ultra-fine precipitates (M—C cluster).
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Fig. 8. Effect of cooling rate on transformation temperature.
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B steel

Fig. 9.

B steel

or lower.

3.2.2. Microstructure Observation

SEM images of B, Nb—B and Mo-B steels cooled by He
gas after hot working at 850°C are shown in Fig. 9. Bainite
single phase was observed in all steels, that is, no ferrite
phase was formed. Optical micrographs of these steels
cooled at 10°C/s were indicated in Fig. 10. Bainite single
phase was observed in Nb-B and Mo-B steels cooled at
10°C/s, although ferrite phase was partially formed in B
steel. The microstructure cooled at 10°C/s indicated in Fig.
10 was similar to that of 20 mm thick rolled plates indicated
in Fig. 1. The hardness results cooled at 10°C/s was also
close to the tensile strength of 20 mm plates as mentioned
before.

3.2.3. a-ray Track Etching (ATE)
ATE images of B bearing steels cooled by He gas were

Nb-B steel Mo-B steel

Scanning electron micrographs quenched by He gas after hot working at 850°C.

Vi

Nb-B steel Mo-B steel

s

working direction

plbEe IR B SR

Fig. 10. Optical micrographs cooled at 10°C/s hot working at 850°C.
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investigated in order to evaluate the segregation of B in ¥
region. Figure 11 shows the distribution of B revealed by
the ATE method in B, Nb—B and Mo-B steels cooled by He
gas after hot working at 850°C. B segregated along the
prior ¥ grain boundary in Nb—B and Mo-B steels. On the
other hand, B was found in coarse precipitates in B steel as
indicated by the arrows, while the segregated B along the
elongated prior y grain boundaries was recognized. This re-
sult showed that a lot of B precipitates were formed in the y
region in B steel. This result indicates that the segregated B
along the y grain boundary affected to the y to o transfor-
mation behavior and the microstructures.

3.2.4. B Content from Electrolytic Extraction

Table 3 shows B content measured in residue prepared
by electrolytic extraction. B content was 1.0 ppm in B steel
and was out of detection in Nb—B and Mo-B steels respec-
tively (<0.5 ppm). B precipitates existed in B steel, howev-
er, B precipitates were not almost formed in Nb—B and
Mo-B steels. The B precipitate contents measured for spec-
imens cooled by He gas were smaller than that measured

B steel

Nb-B steel

from 20mm thick plates in B steel. This result indicates
that some of B precipitates were formed after the ¥ to o
transformation.

3.2.5. TEM Observation

Figure 12 shows the transmission electron micrographs
of extraction replica in B steel cooled by He gas after
hot working at 850°C. A lot of precipitates whose size was
0.2 um were observed. That is, these precipitates were
formed along the prior ¥ grain boundary. These precipitates
were identified as Fe,(C,B), from diffraction patterns.
However, no Fe,;(C,B), was observed in Nb—B and Mo-B

Table 3. Boron content measured from residual generated of
electrolytic extraction in quenched by He gas from
austenite region.

B steel 1.0ppm
Nb-B steel <0.5ppm
Mo-B steel <0.5ppm
Note} 0.2 4 m mesh
Mo-B steel

SEALTET

: %z-! j‘-}j‘%’a

<«—» working direction

Fig. 11. ATE images quenched by He gas after hot working at 850°C.
B steel
(@) (b)
> .

1 um

Fig. 12.
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0.2 pm

TEM images of extraction replica quenched by He gas after hot working at 850°C.
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steels. It was shown that a lot of B precipitates in the y re-
gion in B steel as shown in 3.2.3. Fe,;(C,B), formed in the
Yy region decreased the B segregated along the y grain
boundary. The segregated B along the y grain boundary
was lowered, as a result, promoted the ferrite transforma-
tion in B steel.

4. Discussions

4.1. Effect of the Segregated B on the Bainite Trans-
formation

Strength increased remarkably by the combined addition
of Nb and B or that of Mo and B in 20 mm thick plates.
This result is supported by the microstructure indicated in
Fig. 3 and 7y to « transformation behavior indicated in Fig.
8. This result is attributed to the retardation of y to o trans-
formation, that is, the promotion of bainite transformation.
The mechanism of the retardation of y to ¢ transformation
by the combined additions was considered. It is thought that
the increase in the segregated B content in the y region re-
tards the ¥ to « transformation because the segregated B
along the y grain boundary in Nb-B and Mo-B steels
seems to distribute more largely than that of B steel. A lot
of coarse B precipitates were formed in B steel, however,
coarse B precipitates along the prior y grain boundary were
not observed in the combined additions in the ATE images.
The precipitated B content measured on the residue pre-
pared by the electrolytic extraction decreased markedly
due to the combined additions. From TEM observation,
these B precipitates were identified as Fe,(C,B), in B steel.
Therefore, the formation of Fe,;(C,B), along the y grain
boundary was suppressed by the combined additions, as a
result, the segregated B along the prior ¥ grain boundary
increased.

4.2. B Distribution in B Steel

Bainite transformation occurred, that is, grain boundary
ferrite was not formed because almost all B segregated in
the y grain boundary in case of combined additions.
Therefore, B segregated only along the prior y grain bound-
ary that was ferrite grain boundary in the combined addi-
tion steels. On the other hand, a lot of B precipitates were
formed along the ferrite grain boundary in 20 mm thick
plate of B steel. As shown before, B existed along the fer-
rite grain boundary, however, a lot of B and some B precipi-
tates existed along the y grain boundary for a rapid cooled
specimen of hot rolling simulation. These results indicate
that the segregated B along the y grain boundary in B steel
was smaller than that in the combined addition steels. As
the results, the grain boundary ferrite was formed because y
to o transformation was not suppressed by B in B steel.
The segregated B in ¥ grain boundary moved to the ¢ grain
boundary because prior y grain boundary disappeared by
the nucleation and growth of grain boundary ferrite and B
precipitates were formed along the ¢ grain boundary dur-
ing cooling after y to o transformation. These suggest that
a lot of B segregated dominantly along ¥ grain boundary
during ¥ region in case of B steel.

Therefore, it is necessary to confirm whether B precipi-
tated in the y region in B steel or not. For the steels cooled
by He gas from ¥ region, no ferrite phase was formed, that
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is, bainite single phase were formed in all the steels. The ¥
to « transformation temperature for B steel was 20°C high-
er than that of Nb-B and Mo-B steels. That is, the ¥ to o
transformation was retarded by the combined additions. No
Fe,;(C,B), in the ¥ region were formed in Nb-B and Mo—B
steels. On the other hand, Fe,;(C,B), were formed along the
prior ¥ grain boundary in B steel cooled by He gas after hot
working from TEM observation of extraction replica (Fig.
12) and the ATE image (Fig. 11). Moreover, the precipitat-
ed B content of B steel cooled by He gas after hot working
at 850°C was 1.0 ppm, although that of Nb-B and Mo-B
steels were less than the detection limit in the same condi-
tion as that of B steel. This result corresponds to TEM ob-
servation. That is, Fe,;(C,B), was formed in the ¥ region in
B steel. In other words, the formation of Fe,;(C,B), in the y
region was suppressed by the combined additions, as a re-
sult, the segregated B along the y grain boundary increased.

4.3. Effect of Combined Additions on B Precipitates in
Combined Additions

The reason why the formation of Fe,;(C,B), was sup-
pressed in y region by the combined additions is consid-
ered. Reducing C content is effective for suppressing the
formation of Fe,;(C,B),. That is, Fe,;(C,B), content in-
creases with increasing C content because the driving force
of nucleation is drastically elevated. In the present study, C
content is 0.015 % and the same in B steel , Nb-B steel and
Mo-B steel.

From the results of TEM observation, the fine dispersive
precipitates such as (Nb,Ti)(C,N) or (Ti,Nb)(C,N) were
formed by the combined addition of Nb and B. In AP-FIM
observation, the ultra fine dispersive precipitates such as
Nb—C cluster were observed. On the other hand, due to the
combined addition of Mo and B, (Ti,Mo)(C,N) and Mo—C
clusters were observed in 20mm thick plates. The fine
carbide precipitates and C clusters are easy to be formed
because Mo and C, as well as Nb and C, have a strong
affinity. From these results, the reason why the formation of
Fe,;(C,B), was suppressed by the combined additions is
thought that C precipitates and C clusters by the additions
of Nb and Mo retard the C diffusion to the ¥ grain bound-
ary. As a result, the formation of Fe,;(C,B), was suppressed
because the segregation of C along the ¥ grain boundary
was suppressed. Tanaka et al.*¥ has already reported that
the diffusion rate of C at 900°C or lower was lowered by
the addition of Nb and Mo in 0.1 % C steel.

4.4. Relationship between Segregated B and C Precipi-
tates in Combined Additions

It is necessary to indicate whether the precipitates such
as Nb and Mo carbide or Nb—C and Mo—C cluster were
formed in the y region. At first, the relationship between
the interaction of Nb—C and the segregated B along the
grain boundary and that of Mo—C and the B segregated was
considered. It is necessary to consider the interaction be-
havior of Nb and C or that of Mo and C in the y region at
temperatures from y to ¢ transformation temperature to
1200°C. The effect of heating temperature on the solute Nb
content was calculated by the equation of Irvine et al.*> It
is assumed that all nitrogen content is fixed with Ti.
Nb(C,N) begins to precipitate less than 960°C. It is easy
to form the Nb—C cluster or Nb(C,N) during hot rolling
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because Nb and C have a strong affinity as mentioned
above. Actually, Nb—C cluster or Nb precitipates, such as
(Nb,Ti)(C,N) or (Ti,Nb)(C,N), were observed in TEM or
AP-FIM. This leads to that C diffusion toward the ¥ grain
boundary reduced, as a result, the formation of Fe,;(C,B),
was depressed because of the reduced C content in solution.

Mo carbonnitride is supposed to precipitate less than
900°C.*® Mo-C cluster or Mo carbonnitride during hot
rolling or before ¥ to o transformation is easy to precipitate
because Mo and C, as well as Nb and C, have a strong
affinity. Actually, Mo—C cluster and (Ti,Mo)(C,N) were ob-
served in TEM and AP-FIM. C diffusion to the y grain
boundary were suppressed because Mo-cluster and Mo car-
bonnitride were formed.

There might be another reason why the formation of
Fe,;(C,B), in the y region was suppressed by the combined
addition of Nb and B and that of Mo and B because Nb and
Mo are soluble above 960°C.%*29 It is possible for C con-
tents supplied to the y grain boundary to be reduced be-
cause Nb and C or Mo and C have a strong affinity even in
the temperature range from 960 to 1200°C.

4.5. Mechanism of Improvement of Hardenability by
the Combined Additions

The mechanism of the improvement of hardenability by
the combined additions was considered. The increase in the
segregated B along ¥ grain boundary retards ¥ to ¢ trans-
formation. In other words, the increase in the segregated B
decreases ¥ to o transformation temperature. The segregat-
ed B along ¥ grain boundary decreases if B precipitates are
formed there because of the excessive B segregation.
Therefore, the formation of B precipitates along 7 grain
boundary accelerates ¥ to « transformation.

Three factors to suppress the formation of B precipitates
which is Fey;(C,B), are considered. The effectiveness for
the suppression of formation of Fe,;(C,B), is (1) the de-
crease in C content, (2) the suppression of segregated C
along the y grain boundary due to the retardation of C dif-
fusion by the C precipitates or C cluster during rolling, and

(a) B steel

(b) Nb and B steel

(3) the depression of the segregated C along ¥ grain bound-
ary during reheating.

The difference in the hardenability by the combined ad-
dition was discussed in Nb-B and Mo-B steels. The in-
crease in tensile strength per Nb atomic weight percent in
Nb-B steel (4900MPa/at%) was approximately 8 times
higher than that in Mo—B steel (630 MPa/at%) because Mo
content for atomic weight was 10 times higher than Nb con-
tent for atomic weight, and the increases in tensile strength
in Nb-B and Mo-B steel were 120 and 130 MPa, respec-
tively being almost the same. It is reasonable that the sup-
pression of Fe,;(C,B), is due to the decrease in the segre-
gated C content along the y grain boundary by the retarda-
tion of C diffusion due to the formation of the C precipi-
tates and C clusters, considering that the increase in harden-
ability due to the combined addition of Nb and B is 8 times
higher than that of Mo and B and considering that C precip-
itates and C clusters were formed in Nb-B much larger
than in Mo-B steel as indicated from TEM observation
(Fig. 5).

From these results, it is suggested that the lowering of C
diffusion towards the y grain boundary due to the formation
of C precipitates and C cluster suppressed the formation of
Fe,;(C,B), along the y grain boundary by the combined ad-
ditions, as the results, the segregated B along the y grain
boundary increased.

Reduced C content in solution due to the precipitation of
Nb or Mo carbide and Nb and Mo clusters did increase
hardenbility in B bearing steels. In other words, the y to o
transformation was retarded because of the suppression of
C diffusion toward the y grain boundary by lowering C
content in B bearing steels. It is thought that lowering C
content is equivalent to the suppression of C diffusion to-
wards the y grain boundary because carbide or C cluster
precipitate due to the combined addition of Nb and B or
that of Mo and B.

Finally, in the present study, it was not observed that the
direct interaction of Mo and B or that of Nb and B affect
the suppression of Fe,;(C,B),. The mechanism of suppress-

(C) Mo and B steel

Nb-C cluster \
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as well as segregation of B

Fig. 13.
Nb and B or Mo and B.

segregation of B
Suppression of C to grain boundary
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segregation of B
Suppression of C to grain boundary

Schematic diagram showing mechanism for suppression of formation of Fe,;(C,B), due to combined addition of
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ing Fe,;(C,B), is schematically indicated in Fig. 13.

(1) B single addition: B as well as C segregated in ¥
grain boundary and Fe,;(C,B), were partially formed (Fig.
13(a)).

(2) Combined addition of Nb and B: The reason of the
suppression of Fe,;(C,B), by the combined addition is that
the supplement of C contents to the y grain boundary was
suppressed by the precipitation of Nb—C clusters or Nb car-
bonnitride (Fig. 13(b)).

(3) Combined addition of Mo and B: The reason of the
suppression of Fe,;(C,B)¢ by the combined addition is that
the supplement of C contents to the ¥ grain boundary was
suppressed by the precipitation of Mo—C clusters or Mo
carbonnitride (Fig. 13(c)).

Therefore, since the formation of Fe,;(C,B)¢ is sup-
pressed by the combined additions, as a result, the segregat-
ed B along the y grain boundary increased. Then, ¥ to o
transformation was retarded and hardenability increased
due to the combined additions.

5. Conclusions

The mechanical properties of the combined additions of
Nb and B and that of Mo and B in the low C steels and the
mechanism of increase in hardenability by the combined
additions were investigated. The main conclusions were as
follows. The strength remarkably increases due to the com-
bined addition of Nb and B or that of Mo and B because y
to o transformation is retarded, that is, bainite transforma-
tion is promoted. This is caused by the increase in the seg-
regated B along the y grain boundary before y to « trans-
formation. The mechanism is attributed to the suppression
of the formation of Fe,,(C,B), precipitates by the combined
additions because C diffusion towards the y grain boundary
is suppressed due to the precipitation of the fine dispersive
(Nb,Ti)(C,N) and the formation of C clusters of Nb and Mo
during rolling or during cooling after rolling in ¥ region.

© 2004 ISIJ
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