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Theoretical Study of the Deformation of Quenched Steel Bar

Synopsis:

Yasutsugu TOSHIOKA

The deformation of quenched steel bar was theoretically studied by the finite element method. The findings

are as follows:

1) In the austenite steel, a convex type plastic deformation proceeds owing to shrinking of the case in

the initial stage of the cooling where the temperature difference between the case and the core of the bar
increases. As the cooling proceeds and the temperature difference decreases, a concave type plastic deforma-
tion proceeds, cancelling the convex, owing to the shrinking of the core. As the latter concave does not
fully cancell the convex, some convex type deformation remains at room temperature.

2) Transformation to martensite andfor bainite enhance the concave type deformation of the latter
stage because of their higher rigidity. Therefore, the concave type deformation results when the bar ‘was
water—quenched and the steel transformed into the low temperature products.

3) When the bar was quenched in oil the martensite transformation has less effect on the concave type

deformation than in the case of water—quenching, because of smaller temperature defference at low temper-

ature range.

The deformations obtained by theoretical and experimental study were in reasonable agreement.
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Fig. 1. Mesh pattern of elements for a round bar.
Temperature change was calculated for
square cells made with holizontal and ver-
tical lines. Displacement and stresses were
calculated for triangle elements. The part
shown with dotted line was used just for
the calculation of displacement of joints,
otherwise it is symmetry with the part
shown with solid line.
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Fig. 3. Flow chart of quench-deformation
calculation.
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Table 1. Physical data used for temperature calculation.
Data at intermediate temperature are given by linear interpolation.

Water °C 0 100 110 300 500 1000 Ref.
Heat transfer ate a 0.015 0.02 0.21 0.21 0.15 0.005 10
coefficient, «
(cal/ cm?/ sec/°C) oil °C 0 200 750 1000 10
! a 0.005 0.005 0.045 0.045
_ i;g;%; °C 0 200 400 800 1000 11, 12
Heat conduction Martensite A 0.125 0.120 0.100 (0.065) (0.035)
coeflicient, 2
(cal/ cm/ sec/°C) . °C 0 1000 11, 12, 13, 14
Austenite 2 | 0.035 0.065
‘ Sermite °C 0O 420 700 800 1000 11, 12
Specific heat, ¢ Martensite c 0.110 0.150 0.200 0.240 0.450
(cal/g/°C) . °C 0 500 1000 11, 12, 13, 14
Austenite c | 0.120 0.150 0.155
Density (g/cm?) 7.85
{;a::x}trhcatt_ of Austenite—Ferrite : 18, Aus.—Bainite : 15, Except
a s(gail;g)lon Aus,— Martensite : 20 Aus.—Bainite

Table 2. Physical data used for displacement and stress calculation
Data at intermediate temperature are given by linear interpolation.

Young’s modulus, E °QG 0 400 550 700 1 000 Ref.
( kg/cm?) x 108 E 2,15 1.88 1.68 1.40 0.60 16
Temp. °C 0 550 800 1000
Yiel th
teld streng Austenite 20 10 5 3 N
k 2 102 Ferrite 30 10 3
(kg/em?) x Bainite 40 35
Martensite 50 40
Strain-hardening ?::rtﬁgitc 883; g *
cgefﬁ;xent, kH . Bainite 0.5 XE
(da/de), (kg/cm?) Martensite 0.6 XE
Linear thermal Austenite a=11.9x10-6+8.14x10-97 7 : Temperature 12
expansion coeff., a (1/°C) Ferrite a=16.5%10-6+7.06x 10-°2T &(0))
Lincar transformation | 4. _7 155 10-3-0.460%10-5T +0.540x 10-9T 2 .
cxpansion, = fe T : Temperature of transformation finish
(mm/ mm)
Poisson’s ratio 0.3

* These data were obtained experimentally, but were not refined.
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Fig. 4. Calculated results for water-quenched aus-
tenite steel bar of 200 mm in diameter and
400 mm in length.

(a) Temperature change at the corner
and at the middle section of the bar.

(b) Axial stress distribution at the mid-
dle section.

(c) Deformation of the bar.

Numbers attached to curves are the elapsed

time(sec) after dipping the bar into cool-

ant.
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Fig. 5. Two expressions of quench-deformation.
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Fig. 6. Continuous cooling transformtion diagram
used for the calculation of Fig. 7.
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Fig. 7. Calculated results for water-quenchd steel
bar of 200 mm in diameter and 400 mm in
length. Continuous cooling transformation
diagram used for this case 1s shown at Fig.
6. The resultant transformed phase was
martensite.

(a) Temperature change at the middle
section of the bar.

(b) Axial stress distributicn at the mid-
dle section.

(¢ ) Deformation of the bar.

Numbers attached to curves are the elapsed

time(sec.) after dipping the bar into

coolant.

MLz Table 3 17R9. FEESGAE S38CHH, SNCM
8L iz, (a) 650°C x1.5hr 7k#, (b) 850°C X
1.5hr 7k¥#y, (c) 680°C X2hr {5 TH 5. HijLHE L
LC, 680°C x2hr 28 & 77\, (a)~(c) e L
THVER L7, JAHNT X BERIL, MR TEEN S
skebe. EEREEE% Fig. 10 & Fig. 11 R&$. 650
°C 5 5 DOWHIHERES R VB S DL, 850°C 5
DOEHWIHELREN D DIHAEDOLR, T LT 680°C »5H
DEEHVEEEANREIC T ORI > AR E e h T hif~
B DITITI D FERTH 5. LR WEHITVT
NHOBIOER TH 505, HEEI D 556813 S38CH
TR, SNCMS8 fFTMBOER LIEDOTWS. Zh
OB OEEHEBEEAS IV WD, FBk X
CUESSHZER,» BT LT, &R 7 = 74 bg,

1=}

BERINALFAL FETNT A PO 2HCER L&

Table 3. Chemical compositions (%) of quench-deformation test specimens.

Mark c Si Mn P [ S Ni Cr 1 Mo
$38C 0.37 0.27 0.76 0.006 | 0033 | 0053 | 0.140 | 0.029
SNCMS8 0.39 0.27 0.77 0.015 | 0.031 1.73 0.80 0.17
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Fig. 8. Calculated results for oil-quenched steel bar
of 50mm in diameter and 100 mm in length.
Continuous cooling transformation diagram
used for this case is shown at Fig. 6. The
resultant transformed phase was martensite.
(a) Temperature change at the corner and

at the middle section of the bar.
(b) Axial stress distribution at the middle
section.
(c) Deformation of the bar.
Numbers attached to curves are the elapsed
time(sec.) after dipping the bar into coolant.
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Fig. 9. Calculated results for water-quenched steel

Change of diameter(%)

bar of 200mm in diameter and 400mm in
length. Continuous transformation diagram
used in this case was the one which trans-
formation curves were moved left side by
0.8 in logalithmic time from these of Fig.
6. The resultant transfomed phase was
martensite and bainite as shown at figure
(b).
(2) Axial stress distribution at the middle
section
(b) Transformed phase ratio at the middle
section
(c) Deformation of the bar
See Fig. 7 for the temperature change.
Numbers attached to curves are the elapsed
time(sec.) after dipping the bar into coo-
lant.
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10. Experimentally obtained deformation of

S38C steel bar of 200mm in diameter and

500mm in length.

(a) Dipped into water from 650 C ver-
tically.

(b) Dipped into water from 850°C ver- -

tically. )

(¢) Deformation due to the relieving of
residual stresses induced by treatment
(b)

Length changes of the bar were;

(a) —0.039%, (b) 0. 04%, and

(c) —0.045%.

Center

change of diometer (%)
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Fig. 1l. Experimentally obtained deformation of
SNCMS8 steel bar of 200mm in diameter
and 500mm in length.

(a) Dipped into water from 650°C
vertically.

(b) Dipped into water from 850°C
vertically.

(¢ ) Deformation due to the relieving ot
residual stresses induced by treat-
ment (b).

Length changes of the bar were;

(a) —0.039%, (b) 0.5%, and (c)
—0.05%.
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Fig. 12. Elastic or plastic state of elements ot
austenite steel bar during water-quenching.
Shadowed elements are plastic. See the
explanation of Fig. 4 for detail.
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Fig. 13. Calculated diameter changing at the edge
and at the middle of the bar vs. temper-
ature of the outermost element.

(a) Austenite steel bar.

(b) Steel bar transformed to martensite.
See the explanations of Fig. 4and Fig. 7
for detail.

FLE is the abbreviation of ‘Free Linear
Expansion’.
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