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Study of Predictive Equations of Thermal Factor and Hardness
Relatated with Weld Cold Cracking

Toshio TERASAKI

Synopsis :

This report deals with the relationship of welding conditions, such as cooling times, chemical compo~
sitions, vs. the maximum hardness at the neighbourhood of bond line in the heat affected zone and the
thermal factor, which is connected with the residual diffusible hydrogen content accepted welding thermal
cycle, being main factors for cold cracking. Relationships of thermal factor and hardness vs. cooling times
and chemical compositions are not able to be shown as function formulae. Therefore, the regression equa~
tions are derived by the stagewise regression analysis from many data of thermal cycles and CCT diagrams
containing hardness data. The results are summarized as following :

TN
(1) The predicted value (3.Dd¢) 4, of thermal factor is connected with cooling times by following for—

mula.

S

(2 Ddt) 190= (4 .2t309+2.73835—13) x10-5(cm?)
ts; cooling time from melting temperature to 6°C at the neighbourhood of bond line (sec)
(2) The relationship of predicted value of hardness Hv vs. cooling time and chemical compositions

is estimated by following formula.
c<ry Hv—812C-+203

t>tm fi;==(9920——230PV—F250)exp{

Btg00.-~
_ﬁﬂLﬁﬂL}.+188Pv-F80

T (310) Py

where T={g99-50; cooling time from 800°C to 500°C at the bond line

log ryy=2.5Py—1.21

Py=C+Mn/3+Ni/8+Cr/124+Mo/2 +Cu/5

The unit of chemical compositions is weight %.
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Table 2. Range of chemical compositions of steel
used for regression analysis.

Chemical composition Range (wt%)
C 0.05~0.40
S 0 ~0.14
P 0 ~0.15
Si 0 ~1.76
Mn 0 ~1.52
Ni 0 ~9.33
Cr 0 ~4.75
Mo 0 ~1.24
v 0 ~0.56
Cu 0 ~1.42
Nb 0 ~0.05
Al 0 ~0.72
B 0 ~0.004
Ti 0 ~0.04
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Fig. 9. Experimental results vs. predicted values of hardness.
Table 3. Experimental conditions and results of thermal factor.
Specimen |Thickness [Heat input fe‘;ff;‘fa‘ taoo | tise | troo | (Z DALY 10| (3 DALY }o| (Z DAL)¥Y (X DAt) k>
No. k (mm) | Q(J/cm) 8,(°C) (s) | (s) | (s (em?) (cm?) (cm?) (cm?)
1 25 17 000 25 52 70 115§ 3.0x10-3 4.0x10-3 3.6x10-3 2.0x10-3
2 32 50 1151 2.3 2.6 2.7 2.0
3 100 83 | 279 | 1211 {13.6 11.0 13.0 23.4
4 82| 482 | 1546 [18.3 16.5 22.2 29.9
5 150 373 | 1057 | 2245 |43.8 44 .4 48.1 43.6
6 581 | 1189 | 2253 (55.7 56.7 54.0 43.7
7 33 000 25 98 180 | 842 |11.2 8.9 8.5 16.2
8 80 158 | 781 | 9.3 7.5 7.5 15.0
9 100 209 | 608 | 1625 (26.2 25.2 27.8 31.5
10 252 | 948 | 2262 |36.6 36.3 43.2 43.9
11 150 480 | 1282 | 2626 (53.8 55.0 58.2 51.0
12 648 | 1434 | 2796 [64.3 66 .4 65.1 54.3
13 50 17 000 25 33 44 701 2.0 2.5 2.4 1.2
14 35 46 711 2.0 3.3 2.5 1.2
15 100 54 186 | 1978 {13.8 7.2 8.8 38.4
16 59 { 339 2211 |17.7 11.6 15.7 42.9
17 150 456 | 1668 | 2992 159.4 64.6 75.6 58.1
18 104 | 992 | 2912 34.6 31.5 45.2 56.6
19 33 000 25 49 67 163 | 3.8 3.8 3.4 3.0
20 49 70 133 | 3.4 4.0 3.6 2.4
21 100 94 | 428 | 2508 22.1 15.5 19.7 48.7
22 102 | 474 | 2690 (23.8 19.2 21.8 52.3
23 150 348 | 1696 | 3912 |59.9 60.8 76.9 76.1
24 \ 213 | 1289 | 3461 145.9 44 .1 58.5 67.3

(ZD40Th0=(4.20300 +2.73¢150—13) X 10-5
(33D4tY140 : Experimental result

(S04, = (4.510150+41) X 10-5

— 150 —

(DDA TE* = (1.95¢1 90— 20) X 10-5
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FoEEHER(3), (5)RBIVHAZ oREBFEXOE
R A RR(8) DT UME BN T 5.

4-1 #ETF

Table 3 12ER? MF oKL&Y, ERERKIV
#£(3), (4), ) IABETOFIETHS. Ak
#13Fig. 10 oRF R X 5k & 200,48 150, #iR/E
25, 50 OIFT, WEEY A 7 V3RO PR SMAW T
150mm DE—VF -4V - Fr— VEEXTOC, BE
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Table 4. Experimental data used for examinations.

Steel|C | S | P |Si |Mn|Ni [Cr | Mo|lV |cu|Nblal 8 [ By | P | H Faog- s
| ! [ f
1 |0.210.0510.013 0.05 0.42 0.06! 0.03 0.01 0.31 196 0.43 | 221| 7
2 | 0.3200.0180.027 0.22/ 0.67/ 0.02 0.03| 0.01 0.01 357 (0.56 | 374 | 7
3 | 0.490.0260.028 021/ 0.78) 0.02| 0.03| 0.01 0.02 627 | 0.76 | 652 | 7
4 | 0.16/0.009/0.012 0.50| 1.38| 0.02] 0.01 0.02 342 | 0.63 | 348 | 7
5 | 0.130.0040.011| 0.27| 0.86| 1.08| 0.50| 0.43/0.04 | 0.25 405 0.86 | 397 | 7
6 | 0.140.0150.015/ 0.31| 1.28 0.02 0.03|  |0.05 | 0.02 344 | 0.58 | 310 | 7
7 | 0.11/0.0090.004| 0.31) 0.84 4.93{ 0.50| 0.46/0.06 | 0.04 394 | 1.29 | 390 | 7
8 | 0.080.0090.008 025 0.61| 3.49| 0.14| 0.01 0.23 326 | 0.78 | 344 | 7
9 | 0.040.007,0.008 023! 0.55 8.76| 0.04] 0.01 0.03 332 | 1.33| 325| 7
10 | 0.150.0030.010f 0.60| 0.55 0.03| 1.38 0.55 0.01 429 10.73 | 385 | 7
11 | 0.080.0040.009| 0.23] 0.50 0.15( 2.5 0.96 0.03 358 | 0.94 | 358 | 7
12 | 0.540.021/0.022( 0.31| 0.79| 0.05| 0.13 0.02 707 | 0.83 | 730 | 7
13| 0.52(0.013/0.019f 0.25| 0.84 0.02| 0.11] 0.01 0.02 698 | 0.82 | 715| 7
14 | 0.380.002/0.018! 0.19| 0.69] 0.02| 0.94 0.17 0.03 599 | 0.78 | 579 | 7
15 | 0.420.0250.017| 0.31) 0.70| 1.71| 0.75| 0.15 0.14 655 | 1.03| 634| 7
16 [0.109/0.014/0.005! 0.43] 1.61 0.021[0.032 200 0.65| 332| 6.6
19 10.1400.016{0.005| 0.42] 1.57 0.021/0.034 340 | 0.66 | 355 | 6.6
T I N R B v 20| 7 | 30| 56
22 10.170[0.014/0.005 0.43| 1.59 0.021/0.030 365 | 0.70 | 392 | 6.6
AR AR
25 (0.2150.014/0.005 0.43| 1.59 0.0210.035 440 [ 0.75 | 443 | 6.6
26 450 457 | 5.1
o7 | TP 77 455 | 7 | 468 | 3.6
28 | 0.17/0.0190.028| 0.40| 1.28 0.19 310 | 0.63 | 320 10
29 | 0.14/0.0230.015( 0.36 1.20 0.18 360 | 0.58 | 330 | 5.5
30 | 0.180.0220.022( 0.50 1.540.04 || 0.40| 0.010.01 | 0.20  (0.047 300 | 0.78 | 332 | 25
31 | 0.20/0.006/0.017| 0.23 1.3800.10 | 0.04 0.15 290 | 0.71 | 327 | 18
32 | 0.21/0.007/0.011( 0.53 0.6200.18 | 0.08)  [0.10 | 0.24  |0.016 300 | 0.49 | 253 | 8
33 | 0.16/0.0150.021| 0.46/ 1.120.19 | 0.11  l0.09 | 0.17| |0 025 350 | 0.60 | 338 | 6.5
34 | 0.140.0110.029| 0.38 1.2600.18 | 0.12  [0.10 | 0.21]  [0.037 310 | 0.63 | 326| 8
35 | 0.150.0100.011| 0.94 1.150.03 | 0.07 0.010.01 | 0.13 315 0.57 | 289 | 8.5
36 | 0.150.0110.023( 0.47| 1.270.03 | 0.07| 0.020.02 | 0.15 290 (062 | 315| 9
37 | 0.13)0.0100.024| 0.28 1.510.03 | 0.07/ 0.01/0.01 | 0.11 340 | 0.67 | 336 | 8.5
38 | 0.130.0100.020| 0.69 1.490.03 | 0.07| 0.01[0.01 | 0.11 365 | 0.66 | 319 | 10
39 | 0.120.0100.023( 0.82 1.48/0.03 | 0.06 0.01/0.01 | 0.14 325 | 0.66 | 341 | 6.7
40 | 0.11/0.01000.018| 037 1.340.07 | 0.07| 0.010.01 | 0.14 305 | 0.60 | 311| 6.5
41 | 0.15/0.0140.021| 040 1.3000.04 | 0.08| 0.010.01 | 0.11 310 | 0.62 | 315| 9
42 | 0.17/0.012(0.022| 0.40| 1.66/0.04 | 0.06| 0.01[0.01 | 0.15 340 | 0.77 | 387 | 11
43 | 0.160.009/0.010 0.36 1.06/0-60 | 0.24] 0.150.14 | 0.20|  |0.027 300 | 0.72 | 299 | 22
44 | 0.160.01000.012] 0.53) 1.34/0.45 | 0.08| 0.01/0.10 | 0.20,  |0.024 330 |0.72 | 317 | 18
45 | 0.100.0030.013| 0.40, 0.98/0.81 0.23 0.59  0.010 350 | 0.76 | 352 | 7.8
46 | 0.100.007/0.014/ 0.45/ 1.620.08 | 0.08/ 0.320.016 380 | 0.82 | 333 | 18
47 | 0.150.0110.013( 0.35 1.1010.065| 0.19; 0.21 0.24 370 {069 | 363| 7.8
48 | 0.15/0.0110.009/ 0.45 1.27/0.07 | 0.05| 0.02 021 825 | 0.64 | 339| 7.8
49 | 0.15/0.014/0.011| 0.33 1.03/0.80 | 0.38| 0.44 0.25 360 | 0.90 | 410 10
50 | 0.150.00810.010( 035 1.06/0.81 | 0.43| 0.40 0.25 405 | 0.89 | 406 | 11
51 | 0.16/0.031(0.025 0.26) 0.75p.79 | 0.51| 0.46/0.05 | 0.32 0.005 395|0.85| 415 8.5
52 | 0.140.00810.004| 0.27/ 0.77/0.91 | 0.49| 0.450.08 | 0.19 0.003 385 |0.81 | 393 8
53 | 0.150.0180.016/ 0.28 0.920.80 | 0.49| 0.46/0.04 | 0.32 0.006| 380 [0.89 | 413 | 8.7
5¢ | 0.120.0150.015/ 0.25 0.870.85 | 0.5 0.450.08 | 0.25 0.008 390 | 0.84 | 375 | 10

BHRROA v FECHE S hi. EREIT A 3 Q=
17,33k]/cm, ROFRE (F2HiEE) 6,=25, 100,
150°C, HRIE 725,50 mm A3 25 L Lz b OREEh T 5.
Fig. 10 34l FHE (2 D4e) o 2 HL D, Hilhiz
EPfE (X DAt) e HE>T, Table 3DEES 7w,
PLCHDTHB. Fig. 10(a)iZAHEER fise XD

FRKR(3)DFERTH Y, Fig. 10(b) 12AHER tie
CX5FHRM@G)OERTHY, Fig. 10(c) 128 HRFRT
200, biso WX B FHIEDOERTHB. Fig. 10(b) L
PERH LBEBEY 1 7 VM EOKFBEY R TRFEEL
BT IR too XBET (2 D4t) 100 DFHI
#BLTuwigwz &, Fig. 10 (a), (b) 0 B X b KBRS
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tiso BRVIFEIR (3 )X tio TAVALTRHR(4) X
ht<hTwbz &, Fig. 10(c) X b &HEFRE tz0,
tiso ZHWIFHIEK(5)2 b X BETETRHILT
WBHZ LD,

42 B K

Table 4 13FETFHEIZ (8 ) o @H Lok
sy, WIE S hiBE Hv, FREE AV, & 56K
tgoo~s00 KR LTV 5, 1256 15 offix#AHEY @, 16
~27 O Evans® o, 28~54 OITEAAKD O
EETHB., BAROERERETIT tsso~s00 DRI T
F, 540°C TOBHEE R bR dh T, F2°T,
HARC X vEINRTI Row & tsoo-so0 OBEREYAVT,
tsoo-~s00 % ERME L 7.

Fig. 11 i Table 4 oOEEORNE & THIEDRK
BRLT B, R Hv=Hvi30 %RLTL»
5. WE Hv 2 FRIR(8)ic X hkkirha £30 DfEzE
TFHRIZHRTWBE Z & Abhrd.,

5. # i

1) #EHBETOF i ThH 5 Stagewise regression pro-
cedure L& DHFEHEDOT — 2 AT, kAT T
BAT, B & AR, [EFEROBR T E T

BT (2 D4t) 0 OFHIA

TN
(ZDAt) 100= (4.2 t2“o+2.73 tlSﬂ— 13) X IO_S(sz)
R Hy oF ik
S
e>1y Hv=(992C—230P, +250)

3300 ~ 500 1
exp{ (310) 7, f+188Pv—|—80

P

r<tm Hv=812C 4293
727U (log ty=2.5P,—1.21
Mn Ni Cr Mo L Cu

3 T8 T12 72 75

2)  EBHIEER tio IXEEAT (2 D4t) 00 L HEELHEES
BRA U Tosh, BEBY 1 7 A B0 XKKEBE LY RTH
FLLTIZHEL TV,

P,= C+

3) WETFHRIFEES +30 oBETRBUhTH
LT\ 5.

4) FevBREEOCEELRTFTHEH, SEHEW
BRI TIEBOSEEY R LT — 2547, BET
BIHeEE Py W MBI LFERS & UTEIR I high ot
Lal, 5%, Br4A CCTRoF—sx04< ki
i, BETHREE PygithsbolBhbhs.

CCT ROBERSVWTHAX LTTFEWELE, K
KIFOEMI B TR L 7.
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