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Computation of Internal Stress for Steel Bar during and after Quenching

Yasutsugu "TOSHIOKA, Munemitsu FUKAGAWA, and Yoshinori SAIGA

Synopsis:

To draw benefits from fast quenching to strengthen and toughen as well as to increase the fatigue
strength by taking advantage of residual stress, the stresses given rise to in steels during and after
quenching were computed.

The quenching stress, which is due to thermal strain and transformation strain, was presented -as a
function of changes of temperature distribution, while the method of quenching and the sizes of steel
articles were conceived as the factors that determined the temperature distribution. For the steel arti-
cles state during quenching, elastic parts and plastic parts were discriminated on the basis of the max-
imum shear stress theory, and the transient stress distributions were obtained by integrating the stress
from’ the quenching temperature down to an instantanius temperature.

The computations revealed:

1) The superficial tensile stress becomes maximum during quenching just before the transformation
at the center is completed, whereas, in cases of imperfect quench, the central tensile stress becomes
maximum when the steel as a whole is cooled to the room temperature.

2) For the case of perfect quench, the superficial tensile stress is the greater the severer the quen-

ching, though it decreases beyond a certain limit of quenching speed even becoming comperession.

3) For imperfect quench, the stress distribution, though much depends on the quenched structure
and the severity of quenching, is generally such that the superficial stress is compressive and often a
sharp peak of tensile stress exists at just below the surface.

A few practical applications have been presented and discussed.

(Received Feb. 13, 1971)
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Fig. 2. Temperature distribution in the cross section of a steel quenched (a) in oil from

850°C. (b) in water from 900°C .
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Physical data of steel for computation.

Strain due to bainitic transformation (d:p)

Strain due to martensitic transformation (dey)
Starting point of bainitic transformation (7 gs)
Finishing point of bainitic transformation {{'gf)
Starting point of martensitic transformation (7'ys)
Finishing point of martensitic transformation (T yr)

Linean expansion coefficient (&)
Elastic limit in shear of bainite (dzg)

Elastic limit in shear of martensite (dzy)

Quenching temperature (Q. T.)

40% 10-4 mm/ mm
50 104 mm/ mm
500°C

450°C *

300°C

250°C *

14 x10-6°C

20 kg / mm?

30 kg / mm?

850°C

# Although Tgp, and Tyry were measured as 400°C and 200°C respectively, they were corrected as listed above for computation.
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Table 2. Thermal stresses induced in a steel as the temperature at center is lowered from
250°C to room temperature.
Data for computation are given in Table 1.
Temperature Position, (r/R)
gradient Direction* 1'0 0-8 06 0-4 0-2 0-0
ffici
coefficient, A Stress (kg/mm?)
01 T —4:8 —-34 —1'9 —0-5 1-0 24
Z —4-8 —-2'9 —1-0 1'0 2:9 4-8
0-2 T —-9-7 —6'8 -39 —1:0 1'9 4-8
z -9-7 - —5'8 —-1'9 1-9 58 9-7
03 T —14-4 —10°1 —58 —1-4 29 7-2
z —14:4 —87 —2-9 29 87 145
04 - T —19:3 | —135 —7'7 —-19 3-9 9-7
zZ —19-3 Bl S S -39 37 115 19-3
' 015 ' T C gl T 1609 —-97 —2°4 48 12-0
Z —24-1 —14-4 —4-8 4-8 14:4 24-0
06 T —928-9 —20-2 ~11°5 —29 5-8 14-4
z —28-9 —-17-3 —5'8 58 17-3 28-8
07 T —33-8 —23°6 —135 |, —34 6-8 16-9
Z —33-8 —20-2 —6-8 68 20-2 337
08 T —38'6 —27-0 —15-4 —3-9 77 19-3
Z —38-6 —23-1 —7-7 77 23-1 38-5
09 T —43-4 —30-4 —17-3 —4-3 87 21-7
z —43-4 —26°0 —87 87 26°0 43-3

* T : Tangential; Z : axial
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Radial -stress
--—-— Tangential stress
———Axial stress

(a) : Standard as shown in Table 1;

(b) and (c¢) : Transformation strain is varied, 0°39% vs 0°7%;
(d) and (e) : Elastic shearing strength is varied, 20kg/mm? vs 40kg/mm?2;
(f) and (g): TMs and Tm¢ are varied, while keeping the difference constant, 400°C and 350°C vs 200°C and 150°C;
(h): The difference between Tmg and Tap is varied, Tmg=300°C and Ty¢=200°C.
Fig. 8. Influence of physical properties of steel on the stress distribution as the

transformation at the center is completed.
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Fig. 9. Transient stress distributions in the case of incomplete quenching from 856°C as the
center temperature C; becomes as designated. Data for computation are given in
Table | with 4=0'5, /=04, and K=0-4.
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(o)

250mm in diometer

400 mm in digmeter
) 800mm in length

500mm in jength

)

Broken to four pieces ~
photograph are shown at (b)

N

(a) Sketch of the fracture.
(b) A portion that was broken into four blocks; and

(¢) A close-up view', where the dark areas are the primary-quench-cracks.

Photo. 1.

Fracture of a medium carbon Cr-Mo steel.

The steel was water-quenched from

850°C, No quench-crack was observed with naked eye, but after laying it
outdoors about two weeks, severe cracks grew in it.
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Fig. 11.

pieces for quench-cracking test.
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