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On the Thermal Stress of Ingots during Heating Process.

(Study of thermal stress cracks in steel ingots—II)

Synopsis:

Takahivo HARA

During the heating process thermal stress arises in the steel ingot because of two main
causes; i. e. the temperature difference within the ingot and the volume change caused by

the transformation. .

In this report author tried te relate theoretically the method of calculating the thermal
stress under high temperature. As the deformation under high temperature is accompanied
by not only elastic strain but plastic strain also, it is very difficult to determine the thermal
stress. Here the author denotes the deformation in elastic-plastic range by a nonlinear
integral equations and by introducing the conception of equivalent total strain he calculates
the stress and the plastic strain through a comparatively easy successive integration.

For the calculation of the stress during transformation range the author regards the curve
of the expansion values as three straight lines and these three lines denote the three stages
of transformation i. e. the pre-, mid- and post-transformation stage and so he makes calcula-
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tion. according to these three stéges

And-he calculates. the stress and plastlc stram thch.f »

occur when the transformatlon progresses. from the surface to the core. R
Two. calculated examples are shown of h1gh—carbon—chrom1um steel c1rcu1ar mgots at two
‘stages; ‘one is where the ingot 1s undergomg the transformatmn and the other is~ where the“

: mgot has no relation- with transformation.

‘The following facts have been discovered by th1s theoretical calculatlon, . ,
(1) As for the stress distribution there is compression stress (¢,=0, O't‘_‘O'z) in the outer.. ‘
. part of the ingot and tension stress (6:=20,=20;) near its core and the stress is greatest at

the core in the heating: process, because of high surface temperature. T _—

(2) Durmg the transformation the tension stress which has. been greatest at the core
decreases in accordance - with ‘the progress of transformation for the time, but from the
beginning of transformation of the core till its completion there occurs a violent increase .of
the stress and plastic strain and the elastic stress becomes the greatest of all the stages. E

- So if some crackings take place in this case, it can be inferred that discus-form cracklngs ’
will oceur normal to theé axis near the ‘core when the core completes the transformation.’

I % f] B

m%mmagn5@&r%iﬁeemn%§%%%¢’

D72, BIEHD ceic\/\*c %ﬁi}ﬁl’\?“&@mf?%ﬁ&%%
P LA, ARIE T, Z OEESTRIC L DB
- DURERBIC L D BRELIC X o CRETBEUS 12 8
RS 5 IR DOV TR B |

O BIRCBYAEISE, O, EECEET S 2
 ARHERETH D, FEETEH & DBERESKREL, i)
@ﬁ@%ﬁﬂtﬁﬁ%%ﬁb&ﬁh@&%?y FV@

BTHLCRESS V. L2 T, ChODRERR -

X7 BIE B AT . %% Vi, SOBIBE BT 5
B X OBHENEE 2 +AE I L R B B 1 B I
N5 SO BEB ORI X D, Bk HIRESHOS

LA X UZRE ﬁékﬁ?eeerourﬁe%ﬁﬁ”

o BT, FEAERCCHET S
L B—EBMEOE 5L BEEOHE
W—EBMERIC S BT, REBOMAHER T

<5 E&zﬁ%%ﬁﬂ) 5T EBES TR VIS HER

L%, ENEREELHICER Shi-sE R E5n
5V5&mwwkaéﬁ,%wwemﬁﬁmm%ue
CO#B. © oTE, H U Feayxos® kIO A.
Mwmme®ﬁ&%%%LL K%LIéﬂﬁﬁ%%
ﬁ?%ﬁﬁéﬁibﬁv o

%ﬁ%;@ﬁ&ﬁﬁ@b?h®%A% é<HL%A;
Wis OB ADFURDBBILT 5. TRbbAEOME
LB —BOBRR BRI CHs. Lﬁbﬁwe,j'
BT R T B AT, SRS SRR SN S

DT, Zhe i TIERARSFRRNCERL, RWTL

N BIHS OBENT 7 = » 710 X DL &

(Recelved 13 Oct: 1962)

V5 I éﬁﬁﬁk;@kbé &k#é
- FEFEELT, iéﬁﬁkﬁﬁ%ﬁ%%?éﬁv¢e'

EMEOT <, 3SHBTREOLDE2E LS. 48
ANCYONIE Mo S P e R %%wlbsfﬁfﬁ®é§
ﬁW®x9ﬁ&%ﬁ&ﬁ®%L%<e&mr%é
er:f(7’)+j; g(?’,er,et,ez, Erpy Etp)y @y oo :(1)

El2, et FIXY e kOVWTHRE B ICEIND. T
TS (r )R TS PRI X 5 0Th
WHEE &G — %@ﬁmﬁélﬂfﬁ@%@m,
B3R DERBRIC X0 CHIMICRDED 23, EWEDBATE2
O SO NIREETH D, £ T, mééﬁﬁéwﬁ

%ﬁ)\@‘é Licky Z_Efﬁiébﬁw"ﬁtt Zaﬁfd)/\%?b &t

BT 5o &8 TED. ‘
T D EE m;emxwt,i§®fmﬁimﬁ®ﬁm

—&?é EIGUTER O LB EITRTE oS

» T U CHEER TRAEREE—ETHD 0D 320D

'ﬁeﬁéﬁﬁ%%<.

CHEEBRIRRC L2 TEESND.

‘EetELE:\/(ér—ét)z+ (er—‘ez)z;‘i‘ (et_ez)Z' B

L7eiioT, MEBEROT ELEbINE.
e C -
€rp%'_é" ::’ (2er—er—ez)
Stp‘—‘i Ee‘b'(zret"_er—ez)' -(3)
~3 et - ’

ezp=—(erp-+¢€tp) S

T, 1 EEE D RBRIC & U RIS — T &
HUES oe 36 X O SIHET ep BRDED DT, 4
UABEIRORCHETHL LBTES. v

—_— 16 —

T e :



MEL O MBGBRIC IS 3 BSSE IOV T : ' 1767

D TRDEBRRSRLT S D LT 5.

i 8

Oe

lQ"“ b ____ﬁ‘tress ' o —

E

Eee Eep
— fe Strain

Fig. 1. Typical schematic diagram of stress-

strain curve at high temperature.

2(1+v) o '
set=_(_zl__2-—Ee- +eep"""""“""""“"(4 )

Wwic, BECX VISH—BMBESELTErL, 0
2L Ik 5 LR D B . TR ORG —EBREER
CVRERENTE D O T H B4, BEISFMICKE <LVEl
BT Fig. | 0Z L<EMRWCEVTIRELRV DD
LEZ NG, X T, WMEERLH-EEABD 20
OEBICHEIL, FhFhe=Ee¢, c=ae+blif
X, MRS IOERK a, b BREOCERK T H5 LT
5. ohz (4) ROBERICARATE Z LIt X koM
Fatasko b5, | -

cop=Aeet—B (Fo72L €,5p=0) RN ED)

Z ORRA DA X BaREC X VLT H 00, Hil

BEEDEERIC X T, % OMEOREZE(LE KT R

Erwnwo &iTinb. . ) ’
Ch OB b, M YEATARIC ST 5

N—BOHERTRE LB FHEFEE, (ROLE

CoWT, EFCoENl (BEEROR) &, BAEE

EIBLTHRDD. LEROT, & 13 f () TELVD
D EEL, WEHETBOMEEPD 520, ¥ il

er, €1, ¢z % (2), (5), (3) REMERARAL, Wik
B ey ctp BHRETD, TOEEFC (1) RiCRAT
52 LItk VATBOE RSk NG, Lo E
435 U T VAT F T O 2 b i B

&5

IIL. RN (SR rhsE AY) DBAS 7]

FEC R ST B HBRIL T, —ficR St
BO3IBULTHDE D, BEROICNES X DG

VI, MRAEMELEZ T IV, ERRESMIIMAE

HICH LA TH Y, WEREEOLOEK LEX, /i

BECLDT, COBRPLIENERDED BT

(1) ZRESLVEEOBUS NERR

th S P OEE A B B8V ORITRO S L L,

or—ai+rder/dr=0 _

* 7-, £7VL e;=dw/dz=const, e,=du/dr,
er=ulr TH5. IRIIGT & OBRIX ‘

er="[0or—v(0t+02)1/E+erpt+at

B, e, e BABICKRDENS. ThSHOBERND

W HFRRERDD EROT ELEDLINS.
duw 1 du __u_
jdi’z" v dr 72
_i+v dat i—2ﬂ?&[+hﬁ~ﬂﬁw
l—y dr - 1—v L . dr r
COFBRERML T LT X VISR LOEEDRG S
BASELND. RBRBEORSEROWRE, =
LOZLERH 0T, KED o HO0THDEES, 0z &
*%6%@@%@&LTanamnﬁ=o&§vt&

0

SBOFTHEBRZRCTT -

- 1—3u 1 f4 i+v L 7 '_
er= ¥ ——f atrdr— 2 f atrdry
1—y a% Jo 1—yv 72 Jo

) 1
+1+.v at+Pr

. 1—3 1 a
ep= d f atrdr
0

11—y a?

1 "
x> L atrdr-+ Py
1—y 72 Jo

Y e
——[" atrar+P,
| a

ez
a?

ORI VR OLEEEROLRNTHS. 2T
THHY TROBEFAOR (10) ZAND T LITX
D, EhEkoBs. RESMEEE (10) XX KD
TEn5.
Ct=Tti/{Jo(A) — 131 - {JoQur/a)—1} oo (7))

F IR o TRD RS

or=FEe,+ Es(et+e;) —Eserp—Esat
o;=E1et+E2(er+ez) —'E:’,Stp*‘EALC(t
o.=Eie;+ Es(er+et) +Es(erptetp) —Esat

(2) ZREENOFHER
_AEOMRTIE, A— AT FA NERREE TSRO,
C OEEEREE TS & X A AEELIT X BIE 0N m

bl L. WAWATLIEDER DO IKIIFig. 2

CRT T e 2ok kBENS. COBRLEFETH

i3, ZOFETCHFETLLEBRTAETHE, L, B

—_— 17 —=




1768

B & M 549 4 (1963) E12E

Area ,‘«zm = Area am

ar - : . (h)

- Fig. 2. Typical schematic diagrams of thermal
' expansion in the neighbourhood of trans-
formation point. :

Where (a) type of low-carbon steel,
(b) type of high-carbon steel and alloy
steel. ' :

CRT L ERTHEAR DD LIREL CHET 5.
Fiz, BRCEIEEONT 245D THY, The
Bk L TR 7K, ik X OHLRED 3 A2 T
VI TEREIREE 0 O RAs kD BRI, S DIRENE
ML, 3HARMETIREZ (7) ApBALE.
hEMRESET LS MBS N S, MK, BEXD
ZEEDMEE 0, LD CTHETT 5. Las2T,
BB LI L CHIN T 5 LEL 20T, %

Temp. difference

" Thermol apa}m’on (at)

c.a

g Cz 4
Center Rudius Surface ’

Fig. 3.
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of long solid cylinder in heating process;
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‘middle transf. stage as @ and center
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Fig. 4. Temperature distribution on the radius
of circular ingot. ‘

Table 1. The calculating conditions for determination _of stress, totai strain and
plastic strain in elastic-plastic range at high temperature. :

~ S G g
g Temperature I PP N S &) .
Eo B8 |8 ' S g e "’.&o%\ E g % Not
T | S3.| B uface-| , Y<|WSE El 05, | B L4 , ote
8= | 3 8| & |Surface| Center | Mean | .-\ sd 1855 g 223 RS
w8 | 3 4 ol On  |aife. g8 ;Ex 38 ga 3
S °C) | CC)Y | C°C) [fieey |63 S~ | A o8
a | — | — 970 | 760 865 | 210 |3*70| 1*01 | 0°332| 32°0 E (A)
1 |25z | 740 | 639 | 6% 101 | 1°50 | 1*50 | 0°383 | 175 7 (A)
2 288 | 760 659 l 708 104 | 1°37 | 1442 | 0°324 L ly=0"177m 7 (B)
— = 1775
3 ‘3-12( 815 \ 702 759 113 |00 | 124 | 0°326 nTo 7O
b _ : @s=—70°0/12=
4 ‘3'28! 868 ' 740 l 804 128 | 0°05 | 1°12 | 0-328 | 72=0°076 7 (D)
i : ag= 32°0| " ’
5 [73-.42’ 915 ’ 750 833 ’ 165 | 1°70 | 1+06 | 0°330 | 7220046 7 (D)
6 } 354 { 952 l 760 | 856 192 | 375 | 1702 | 0-331 | 320 7 (A)

Note 1) Steel: High-carbon-chromium steel (SUJ2). 2) Ingot section: 400mm §.

3) Transf temp: 6;=740°C 6,=760°C
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point, where (D and (@) are just before
and just aftér the transformation of the

" surface; (B transforming stage of the
intermediate part between surface and
core; @, B and @ are just before, during
and just after the transformation of the
core. :
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Fig. 7. The calculated results of the change of stresses and plastic
strains when an ingot passes the transformation point under

the condition of Table 1 (b).
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