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The Influence of Hot Rolling and Heat Treatments on the
Distribution of Boron in Steel

Seiichi WATANABE, Hiroo OHTANI, and Tafsuro KUNITAKE

Synopsis:

The distribution of boron affected by hot rolling and heat treatments has been studied in an 80 kg/
mm? grade high tensile strength steel using the technique of boron autoradiography, which can distin-
guish boron-rich precipitates (BN) from atomic boron segregated to grain boundaries.

A much faster velocity of moving grain boundaries due to hot rolling than that of the migration of
boron atoms in austenite does not allow boron atoms to follow the moving boundaries to segregate and
thus only widely-spread distribution of boron along the deformed boundaries results. Since the velozity
of the boundary migration due to recrystallization after hot rolling is not so high as that of the
boundary deformation, the boundaries sweeping the matrix may trap the boron atoms which have
spread widely along the boundaries before the boundaries sweep. Consequently boron atoms segregate
intensively along the austenite grain boundaries after the recrystallization.

In specimens quenched from 1300°C, boron atoms are observed to segregate to austenite grain
boundaries but direct observations of thin foils prove no boron-precipitates on the boundaries. Re-
heating above Ac, after quenching from 1300°C, boron-rich precipitates (BN) form on the prior
austenite grain boundaries. The intensity of fission tracks of those precipitates in low nitrogen (30 ppm)
steel is much weaker than those in high nitrogen steel. At this stage the segregation of boron to the
boundaries of austenite grains formed by reaustenitizing is not observed in high nitrogen steel while it
is done in low nitrogen steel.

Reheating, to 1000°C, the high nitrogen steel containing an adequate amount of Al after quenching
from 1 300°C results in the reduction of the intensity and density of fission tracks of boron-rich
precipitates (BN) and the segregation of boron atoms to the boundaries of austenite grains. Taking
the results of previous paper into account, it is considered that heating at 10J3°C results in the dis-
sociation of boron precipitates (BN) on the prior austenite grain boundaries by the reaction of Al+
BN=AIN+B and thus boron segregates austenite grain boundaries.
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Table 1. Chemical composition of materials (wt9%).

Steel | ¢ | si | Ma| P |'S | Cu| Ni

Sol B Character—

Cr Mo v Al N istics

A58 |0.11]0.29 ;0.85|0.009 0.008 0.25 | 1.02
A59 [ 0.11]0.2910.88 | 0.006] 0.009{ 0.21 | 1.30
A61 | 0.11[0.330.86|0.008 0.008/ 0.25 | 1.02
A8 | 0.11(0.25|0.80 | 0.010] 0.011} 0.22 | 0.93

0.39 | 0.46 | 0.03 | 0.074/0.0107/0.0025 High N
0.50 | 0.49 | 0.03 | 0.064(0.0027/0.0018] Low N
0.39 | 0.45 | 0.03 | 0.076(0.0023/0.0022] Low N
0.44 | 0.39 | 0.025| 0.074/0.0074/0.0020] High N
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Photo. 1. Images of fission tracks of boron atoms in steels A89 and A59. Heat treatments:
(A) : A89 (N : 74ppm, B : 20ppm)
B : 18ppm)

1 300°C x 1hr WQ.

(B) : A39 (N : 27ppm,

2. R B A FE

EEBC AV LMK EZ Table 1 7R3 . A58
(N : 107 ppm) % XF A89 (N : 74 ppm) & NEEIX
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Photo. 2. The transmission electron micrograph of
the boundary regions of steel A89 quench-
ed from 1 300°C.
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Photo. 3. Images of fission tracks of boron atoms in steels A89 and A59. Heat treatment:
1300°C x 1hr WQ+930°C X 20 min WQ. (A) : A89 (N : 74ppm, B : 20ppm)

(B) : A59 (N : 27ppm, B : 18ppm).
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Photo. 4. Images of fission tracks of boron atoms in steels A89 and A59. HMeat treatment:

1000°Cx 1hr WQ +930°C %X 20 min WQ.
: 18ppm).

(B) : A59 (N : 27ppm,- B
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Photo. 5. Images of fission tracks of boron atoms in steel A58 (N : 107ppm, B : 25ppm).
(A) : 1300°C x 1hr rolling (30t —»5t) WQ. As rolled. (B) : 1300°Cxlhr
- rolling (30t —=5t) WQ+4+930°C %20 min WQ.
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Photo. 6. Images of fission tracks of boron atoms.

| Tgraln boun-
danes a 930°

(D)

(A) and (B)
steel A6l (N :23ppm, B: 22ppm). Hot rolling and

: steel A58 (N : 107ppm,

4 000°Cx 1hr rolling (30t -—»5t) WQ. As rolled.
1 000°C: X 1hr rollmg (30t —51t) WQ-1+930°Cx20 min WQ.
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Table 2. Distribution of boron atoms observed |in fission track etching images.

Hot rolling and heat
treatment

Distribution of boron atoms

1300°C X lhr WQ

. Segregate to y grain boundaries.

1000°C X Lhr WQ

. Segregate to y grain boundaries.
. Random distribution of precipitates.

1300°C X 1hr WQ
4+930°C X 20 min WQ

. Precipitate on prior y grain (at 1-300°C) boundaries. The inténsity of fission

tracks of these precipitates in high N steel is stronger than that in low N steel.

. Segregate to newly formed y grain (at 930°C) boundaries in low N steel while

in high N steel they do not segregate.

1000°C % lhr WQ
+930°C X 20 min WQ

. Segregate to newly formed y grain (at 930°C) boundaries.
. Random distribution of precipitates.

1300°C % lhr WQ
4 1000°C X 20 min WQ

. Reduction of the intensity and density of fission tracks of precipitates on prior

y grain boundaries.

. Segregate to newly formed 7 grain (at 1000°C) boundaries.

1 300°C X lhr
—rolling WQ

. Segregate to the boundaries of equiaxed y grains which resulted from recrystal-

lization after hot rolling.

1000°C % lhr
—rolling WQ

. Distribute widely along the elongated 7 grain boundaries.
. Precipitates in low N steel distribute randomly while those in high N steel

line into rows.

1 300°C X 1hr—rolling
WQ +930°C %X 20 minWQ

. Precipitate on prior recrystallized 7 grain boundaries. The intensity of fission

tracks of these precipitates in high N steel is stronger than that in low N steel.

. Segregate to newly formed 7 grain (at 930°C) boundaries in”_low N steel

while in high N steel they do not.

1000°C X lhr—rolling
WQ +930°C x 20 minWQ|

. Segregate to newly formed 7 grain (at 930°C) boundaries.
. Preciptiates in low N steel distribute randomly while in high N steel line

Into rows.
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direction
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. Schematic representations of distribution of

boron atoms (A) during hot rolling where
moving velocity of boundary is much high-
er than boron atoms (B) just after hot
deformation and (C) after boundary mig-
ration due to recrystallization.
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Photo. 7. Images of fission tracks of boron atoms. (A) and (B) :steel A89 (N : 74ppm,
B : 20ppm) (C) and (D) : steel A59 (N : 27ppm, B : 18ppm)
Heat treatment : (A) and (C) 1300°Cx1hrWQ +1000°C % 20 min WQ. (B) and
(D) :1300°Cx1hr WQ +1100°C X 20 min WQ.
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Photo. 8. Images of fission tracks of boron atoms in steel A89 (N : 74ppm, B : 20ppm).
Heat treatment : (A) : 1300°C x 1hr WQ +930°C x 20 min WQ (1st) +930°C x 20
min WQ (final). (B) : 1300°Cx1hr WQ +1 000°C x 20 min WQ (Ist) +-930°C x

20 min WQ (final).,

ty
low hardenability

partial recovery
in hardenability

segregation of boron

3
full recovery
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Fig. 2. Schematic representations of boron distributions in course of reheating
above Ac, after cooling from 1300°C. ‘
Holding time above Ac, point: ¢, <t;<lts.
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