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A New Tempering Parameter and Its Application to the
Integration of Tempering Effect of Continuous Heat Cycle

Tsuyoshi INOUE

Synopsis:

A new tempering parameter (A-value) has been defined basing on Arrhenius’ equation 50 as to express the
degree of tempering and to maintain the equivalence of time and temperature over a wide range of tem-
pering conditions.

Activation energy of the tempering process governing the changes in such mechanical properities as ten-
sile and yield strength and hardness was determined by using a plain carbon steel and low alloy steels con-
taining manganese, chromium and molybdenum. The activation energies obtained were to be 70 kcal/
mol (295 kJ/mol) in carbon steel and about 100 kcal/mol (420 kJ/mol) in Cr-Mo steel, increasing with
alloy contents.

Using these activation energies, mechanical properties of tempered steel can be approximately expressed
as a function of A-value in a linear fashion for any combination of temperature and time, ranging from 400
°c to 700 °C and from 0.01 h to 1000 h, respectively.

In addition, making use of the parameter, an analytical method of tempering effect is applied to a practical
heat program by summarization of the tempering effects of two individual processes or integration of the
tempering effect over a whole process of heat cylce in which temperature steadily changes. Predicted me-

chanical properties by this method were in good accordance with observed values.
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Fig. 1. Analytical method of tempering effect over

a whole process of continuous heat cycle.
Tempering effect of each divided interval,

4t, can be summed up using eq. (13).
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Table 1. Chemical composition of steels (wt%).

G|sijMa| P |'s |cr|mo| Al
S40C 0.43|0.23/0.78/0.023/0.017/0.04/0.02/0.033
SMn443 0.410.27/1.490.019/0.019/0.09(0.02/0.039
SCr 440 0.40/0.29/0.78/0.024,0.012(1.05(0.02(0.032
SCM440  (0.400.2

0. 610.750.023 0.015/1.04/0.20i0.030
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Fig. 2. Change in tensile strength with tempering
time in SCM440, showing that tensile
strength obeys individual line characteristic

to temperature.
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Table 2. Mechanical properties after tempering treatment.
Temp(?ring S40C SMn 443 SCr 440 SCM 440

conditions YP | TS YP [ TS YP | TS YP | TS

ccy| (ny | By |(ke/ (kg/ Hv |(kg/ |(kg/ | Hv [(kg/ |(kg/ | Hv |(kg/ |(kg/
mm?) | mm?) mm?) | mm?) mm?) | mm?2) mm?) | mm?2)
450 0.01] 411.7| 102.1 120.1 | 447.0] 142.8 152.7 | 484.3 147.2 | 163.7 | 480.3| 152.9 | 167.7
0.1]377.7, 110.6 119.9 | 417.3] 130.5 138.3 | 465.0, 135.6 | 148.0 | 479.3| 144.8 | 157.4
1. 340.3| 87.3 102.3 | 388.3] 119.5 127.7 | 423.3| 122.5 | 134.3 | 452.3| 133.6 | 145.7
8. |318.3] 82.9 98.9 | 381.3] 117.8 | 126.2 | 394.7| 119.6 | 128.9 | 435.3| 128.2 | 140.0
100. 295.7] 83.6 94.3 | 348.3| 104.8 | 112.9 | 363.7| 104.6 | 114.9 | 406.3| 122.6 | 132.5
1000. 263.3] 71.6 84.0 | 321.3] 97.3 104.2 | 326.0f 92.3 104.0 | 387.0 112.9| 126.3
500 0.01} 356.7] 89.6 | 105.0 | 403.3| 125.4 | 134.3 | 463.7| 136.0 | 145.7 | 457.0f 141.9 152.3
0.1]304.7, 94.9 108.2 | 383.0| 219.2 127.3 | 398.7| 118.7 | 132.8 | 406.0| 136.7 145.6
1. 301.0, 78.7 95.2 | 348.0| 106.6 | 114.9 | 374.3| 112.0 | 120.8 | 414.7] 123.7 134.2
8. 289.3] 79.0 92.1 | 340.3] 104.2 112.3 | 340.0, 98.1 108.2 | 385.7) 117.6 | 127.3
100. 262.0l 76.1 86.4 | 311.3] 92.9 | 100.3 | 309.7, 87.4 99.4 | 371.7) 110.0 | 120.4
1000. 220.3] 55.9 71.4 | 283.6] 83.5 91.3 | 285.3] 79.7 92.1)333.00 96.6| 109.3
550 0.01| 339.3] 88.9 103.7 | 363.0) 114.8 | 122.2 | 389.3| 111.0 | 120.7 | 424.3| 124.2 133.0
0.1 1294.3] 90.0| 100.7 | 332.3| 105.3 115.3 | 351.3| 106.8 | 116.9 | 397.7| 121.7 130.4
1. 266.3| 70.4 86.8 | 313.00 97.4 | 103.8|321.00 91.6 | 102.9|359.3| 108.8 | 118.9
8. 255.0f 68.8 82.0 | 301.3] 89.6 98.6 | 300.3| 85.4 97.1 | 342.3| 100.3 110.7
100. 227.3] 61.4 72.5 | 267.00 72.2 86.2 | 272.3| 74.7 87.7 | 314.3) 90.7 102.4
1000. | 175.7| 45.1 57.6 | 235.3 67.4 75.3 | 239.7] 64.0 76.6 | 287.7| 82.7 93.4
600 0.01| 306.7| 77.9 94.5 | 343.3| 102.7 111.6 | 351.7 99.6 | 110.7 | 367.0| 114.7 124.0
0.11270.7) 76.9 89.8 | 310.7| 91.5 101.7 | 314.7) 91.0 | 103.3 | 354.0 104.1 115.0
1. 245.00 69.1 79.4 | 284.0| 84.2 93.6 | 297.7 83.2 95.0 | 326.3] 95.2 105.7
8. 224.00 56.4 72.3 | 269.3| 80.6 89.8 | 271.7) 74.5 87.3 | 298.3] 86.6 98.0
100. 212.3| 54.4 65.8 | 231.7| 64.6 74.5 | 237.3] 63.0 76.2 | 271.0f 76.4 88.2
650 0.01] 286.3] 75.5 87.8 | 314.7) 91.0| 100.9 | 325.0, 88.5 101.9 | 346.0] 102.5 113.1
0.1247.0 66.9 79.1 | 284.3| 83.8 93.9 | 294.7 83.1 96.3 | 321.3] 85.8 | 107.6
1. 223.00 54.9 71.0 | 256.0f 74.7 84.8 | 277.7| 75.1 87.9 | 297.0f 82.9 95.2
8. 206.7| 55.2 66.0 | 234.0f 68.5 76.7 | 243.7| 64.8 78.0 | 261.7, 73.5 85.4
100. 171.3] 45.3 56.8 | 202.7| 57.2 65.1 | 203.0] 52.7 65.4 | 216.7| 60.8 70.6
700 1 201.7 53.5 64.6 | 228.7| 63.7 73.5 | 244.3| 64.1 77.9 ] 255.3] 70.8 82.4

Table 3. Activation energy (Q) in eq. (3). BELERLTS.

These energies were calculated by
statistical method given in egs. (5)-(7).

Q (kcal/mol)
Steel

Hv YP TS

S40C 67.6 70.7 69.3

SMn 443 85.9 84.7 81.7

SCr 440 78.2 80.8 79.0

SCM 440 104.0 95.6 98.5
$1C H B S40C T4 70 kecal/mol (295 kJ/mol) & 7r
D, BETEI W2 B ohTkAkE iy, Cr-Mo

TH%B SCM 440 T3 100 kcal/mol (420 kJ/mol) 2R
DIELTIeS. TR LEHOMBENT, Zhb 3 DO
HEOE(L T B EM b= 2 A F2NRIER UE & 725
DL, =S OEHBAIEE 028k CREME RIS
ShTwaledbEz bh, FMERTRERSZ &1
CORIGDERAL =R AL FNEETRC X h FELZT

43 FUHEIRLECNTIESTEZODE
TZTHAWR4AMEIZE iz 0.4%C IR b
b, CEDENPNIVEDIC ORI DT C
& 7ehofchs, Mn, Cr, Mo HMASLTERCOWTE
b= 2V Fet 3 5B @HT L. Table 3 1R L
TeiEE =R A FOfEE, ChbDES&TLERBRE LT
HERDITEIT ORGSR, o CcRW4EE LT
0=50.12+20.99 (Mn) + 10.03 (Cr)

+ 115.85(Mo) «ereeeeveemmsnnieecennennnnnninnn (14)
TRTZENTE, Mo ODFEENFIREL, DT
Mn, Cr DL/ 5. fHEOLDIE, ThFThoFED
st Mo 4E (Mo eq.) £ LT

Mn Cr
Mo eq.=Mo+ T + 10
EHETHE, HEHfb=FA1¥F L Moeq. & OBEFEIL
Fig. 3 X 5wicy, WX, 3RS, BRECxT3

Efb= R 12, ¥ Lo CRERRET 5 ER L
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Fig. 3. Activation energy (Q) in eq. (3) for
changs of tensile strength (TS), vyield
strength (YP) and hardness (Hv) can be
expressed as a function of Mo equivalent.

Table 4. Mechanical properties for various tem-
pering conditions in SCM440, showing
that conditions with close A-values give
almost same properties.

Tempering 2-value (‘kg/mm?)
condition Hv vP TS
450C* 100h |1 =20.6| 406 122.6 132.5
500C* 1h |2=20.7 415 123.7 134.2
550C* 36s |2=20.4 424 124.2 133.0
550C*#1000h |1 =25.4] 288 82.7 93.4
650C* 1h |2=25.4 297 82.9 95.2

FAFELTKRRARL L VAL RD 5.
Q=114.69(Mo eq.) +46.64 «+-+ecvvevenenenn (16)
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Fig. 4. Tensile strength vs. tempering parameter
(2-value) defined in eq. (3) for SCM
440. Comparison with Fig. 2 indicates
that tensile strength follows simple rela-
tion to 2-value, irrespective of tempering

temperature.
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Fig. 5. Hardness vs. tempering parameter (1-value)
for steels investigated.

S LPED L LINEIOBREE Lic Fig. 2 Ry, 2
BOBMRTEX B Lcb0Ths. WMROLED D,
AEEDBIRTCRABARTIE, B S LEEDOLIHAR
b LT —DODEMTCTERTEL I EERLT 5.
BT O\WT, T LhOEBHMEE & 2 EoBIR
HRD TR, BdE LEHD» DAEE OMBOEER
ZFRTH ERTE, FTAELHEBAEEYE S
DOPEL L LEMHFEFEETHZ &2 TES. Fig. b &
B OW X & A{EOEFRERTE, foMBAE >
W BIERBROERERE R L. £4(8)Ro 1k
AP LIz E EDEY a, §, FIOMHBEEE(r) %
Table 5 xR7.

P R

i

I R s, . YR




HLVELELARAF A - EL0HE

Table 5. Coefficients (@, ) of mechanical properties vs. A-value relationship (eq. 8)

and correlation coefficients (r).

1 23 4 56 78 910

Mfchani— S40C SMn 433 SCr 440 SCM 440
ca
properties a B r « B «a B r a B r
}ﬁgx“ —26.85 |1134.9/—0.986 |—24.78 | 990.0/—0.996 |—30.77 |1230.37 |- 0.993 |—24.18 900.58/—0.990
(kg}(f;mz) — 7.22 (299.1/—0.958 |— 8.83 | 338.2|—0.994 |—10.05 | 381.20 |—0.995 |— 8.83 |324.67|—0.993
(k;rsnmz) — 7.70 | 330.4/—0.984 |— 8.90 | 356.2|—0.996 |—10.02 | 397.35 |—0.992 |— 8.68 325.30/—0.995
-~ heat program
(&)
s 60¢ ¢
2400t \WC wo
& 200k
/2 3 4 6789/0 |
T 120F W\ G009 1350 L/
g)//o- Q\ {300 3 —
L2100t 1250
% 90} \\\ % Hy
- 8ot \
Q &8 7S
> 70} -o- Cal. \ﬁ\
60f --o-Obs. Syp
T N L 3 N " L " I 1 N ]’
0

Elapsed time (h)

. Comparison of the calculated mechanical
properties and the observed ones for S40C.
Observations were made with the speci-
mens quenched at times indicated by arrows
during heat program shown above.
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Fig. 7. (Above) Real heat cycles controlled to
various heating rates. (Below) Changes
of the predicted tensile strength for heat
cycles 2, 4, 5. The precicted results show
that the difference of tensile strength
between cycles 2 and 4 reaches within
5kg/mm? after 3.5h and that of between
2 and 5 within 8 kg/ mm? after 5h.
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ZEbx SOC K DOWTFRI Lich OxRT. & DT
B ksl, @p 550°C H|zE L 3.5hBredCr
@L®r» TS DT 5kg/mm? BERKLDOTED,
®2% 550°C 1705 5 hiBCli® L ®DEH 8 kg/mm?
BELiooTCn5%. EBCEERRFEN 2O, @, ®
OB > TAUE LI &0 S40C DEJHIfEITTh
Zh 81.3 kg/mm?, 83.3 kg/mm?, 85.3 kg/mm? Th
D, THORFEBEYRLTWS. t&ziE, KBy
DESUE CREI & hOMOAREECEL D 2HHT
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2 > i oB
@2 + X% B
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gl oL@ g
S o@g @ |
=4 3 ol
§ T T T T —T T T T L S T T T T T T T 1
200.00 260.00 320.00 38C.00 440.00 5G0. 40.00 68.00 96.00 124.00 1562.00 180.
CALCULATED CALCULATED
[e]
S TS
" . x Marks (0),(A), (+) and (X)
E_ % represent steels S40C,
2 HaA
| y SMn443, Scr440 and SCM440,
o P-4
o . respectively.
o«

OBSERVED
. 10? oo .
%
di%é
o e
S

84]00
Gg

60.00

T T T T T LI
108.00 132.00 156.00 180.

CALCULATED

T T
60.00 84.00

Fig. 9. Comparisons between calculated and observed mechanical properties of hardness
(Hv), yield strength (YP) and tensile strength (TS) after about thirty different

tempering treatments.

i, WESRED E LRERZADTH LI LICER L
DRFERELIOIDZ EAHBH, Lo X 57Tl
EERIGHTRE, EREECE U Ol e S Ty
5% 2 &3 CEHEL e BIIEREE OEBHEHTHE & 7a
5HDEEBIhb.

(i) JERB (3)

B#e, KABEKFLH-, JRRBAFEM2O# T
FHKCILLeb D, QRANTHE L0, OB
OFIED I D, @I DI LDOWHEY AN THEH DI

b0, IR EDORBTHERPE S, FifEs onBesHE
ETEBfELL. 20X5C1L7T,33 BhoRicoie —
otz — v E X IR DRBA R EE U CEERER
BIOEIWELT2N. —H,33 Bo DL — b+t x —
VIEDOWT REEC X ) BRpEE o Ty 7o%.
Fig. 8 1o L7C 33 3 b DA% D FRIME & FRE O Mk
7, M 4MEC OO EY F LD TRT.
T DFERD D, FHMEEERBEEL A L VW—FRE S
, RIPCBRNIBED E LT 2 — 2 & FhE 108

— 80 —

R

T




R U R G R i A it 2R Saiac® ~ cama RS N

ﬁbm%%gbﬁix~ﬂ&%®%ﬁ%ﬁmﬁmm0t%%EL%%@E$E~@Em 1539

b E LR OBESC X 5 TRk, Ao
FECIEATE R LRt LD EBbRS.

5. # =

5.1 EMETRIEDORBIFEIC DT

CTTH, BED E LI X R E 02 LA B L
T BIEEL= 2 v F % 2.2 BRI X 5 A et 5
ETRDI, B DX 57T — 25 LIEM L= %1
FERDDZFEE L, FA—olBnEss s 558
B (1) ERE (T) o#fx Ao logr &
T %Wt +2 2757 k7w, b L, 20N
QEHETS, Whdb7ern, FEXSS. 22T
ACIBERECR TS, ol 2l (5) R\ @
ER—EDLEW b/a 1% logt L 1/T OEL 7 = 4
FLAEEZDEBOARCIHLE LT WEMhD, Z7r2p
y MELRIUEREZ L OTWB L\ 2%, EL, A—
OEBHIEEL 5 2% (AUEL S LBELE2 T X
W)t T D& OfAEHER ABICERC AN TE
DZI7RCRDBD LD BB CEBIT L b &
PIIRTE BN, TORE, SNLEERN CIELLEE
MRS LWL, 77 7 HECIREEOI R
DI EDBTHBEI IR DA, FEH s st
LB T U E 5 7, SR B 0 BE i34
BEELTALENRDD. &2 TlE, —f 450°C~700°C
DTEBREFIRCHFAE H S —T& 5 X 5l S e
ELTZzmad, VERBRA L, oOBEREAN L
(EE— DOIEHALBEEI T 5 & & 2D 7. Fig. 9

1.0 1.1 1.2 13 14
Temperature, 10%/T (K1)

Fig. 9. Log t vs. 1/T plot for time (¢) and tem-~
perature (T') to obtain the same hardness
(Hv=330) for tempering SCM440, showing
the solpe gives activation energy Q=103.5
kcal/mol. This value is very close to the
statically calculated one shown in Table 3.

HlE LT SCM 440 T Hv=360 % k¥ (EEHRE
470~630°C) & Licz A%y MEEOEERRT. 1

Z DEFLH BRD IR = 2 LT Q=103.5 kcal/
mol (435 kJ/mol) L7z D, HERE 5 KD Q=
104.0 kcal/mol (437 kJ/mol) » » ¢ —3( LT\ 3.

5:2 FEMETRILEDERICDNT

Table 3 iR Lkl = % Lo T 4~ &
Sl WS, BRI, BRAE U TERERON
BATEE-RLCEY R LT3 Th5. cox
&1, ThD 3 OO E OB b F Ul S
SRTHBZ LERET 20 TH D LILHNIC &R~
7.

BEd & LI B8 0ME 02T, B OH
RCFURCTHM, BALA OB 7s U1 4 Ol B e
LB 2BM/GBETHS. 2 0hd, WHRHEED
BAED HLRDIEMAL = 3 A ¥ 128 4 OEBENEE L
TR OFEBAE= XA F R BH IS - Ltk s, *
72, ThbHOFBEOERMNTRTH Bhixts &+
HBEh & LRERBEIC L2 CTEHoTL 3 L Bbhs.

ABFECrL 450~700°C DR EFHEY RS L LT3
T2, KR TR OFEFILHIRC & 2 A 5
DWIDZEM EE 2 bh, = 0B&OEBERGY &
DIERAL = R A F 1T §k D BB O T RIS ME &
LT ENHIRFING. Migko B EIEEC BTz 57.3
kcal/mol 7y 67.2 kcal/mol® v DEPRE IR TE
D, RIRM (S40C) THE BRIz 70 kcal/mol 130
TEWETH S Lo TV, FASTEORING &
DEDENRKREL BT L, BREOMBIGEE I
CERNIETHEEZ LRSS, Mo ek, 100
keal/mol L\ 5 KE/RMEL I L0 s, H5d & Lok
BLe EDOFIOFBBVERE LT &b+ s
bh, ZODEBETOEREI=RAF L Lk
EXRBEH IR DEBbhs. —h b DOEE DEBE
PEET2HEUL, ThEhoRR ORI Bt
THFGRHFD TAPWR TR LD & LR
BTN T D LERD ) SBOMETH 5. It
B, (49 TR TR LIt REG oFE b 2L+
CRIIETESTLRONRI, =2 CHAME LcHL
24 WD HRDID D TCR Nife L DB &
WOERRTIZIR. S ORRDOWTIRSES L ORI
DN TCDRIEDCRENTPLETHS 5.

5:-3 RERDISA—4 (P) HICDNT

RERFEDE LT 2 =2 L LB BVWBR T3P

fErx

P=T{(logt+k) e (17)
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LEHEIRTWA., o CERERTHY, —BICE
ged ¥ LEER I £=20 234 AvbhTn 5.
HorroMon 50tk OfEixC B X oT#kL

k=21.3—-5.8% (ZC) ++rerrvesrrrrarreeseneee (18)

MICAD EHMELT 5. =T, PEOCHWENENR
LN TELTHS.

P{EmifH 1, Arrhenius ORMBHFELTH D, (2)
RAELEH LT logd/C=k L LRAEHES.

2.??R =T (logt + k) B Y € 12))
AT (HROELER UTH B b, fEHPER
Q
P=2.3R T T PPN A1)

LIy, WEECIEPERERL=R L F DL OERE
BRLTC\BC el h. —iie, EiRFED & LR TR
gyic k=20 r UP{f% 15~20x10® BEOEE LT\
B b, coBELE LoFEE =Rz FE 20)RLD
0 =70~90kcal/mol & LT\ % Z &RIENTEBIgL.
% - HoLLomon LA (I8)RERT X 51T, CENEZ
2R Lk DERPNISTRETHDELTDHDWE, C
B2 53 EHES S L X BB SETEN LT, &AL
e EOWER L v bR O IR EDFER K & 1%
n, HEFoOEEL=R ¥R BT EEHIGL
TWwBsDEELDND.

PENEMEI=FIAFLODOEHELT V2 T &
13, PECEED & VBRERRT &S WEIERS
CLThD, BbELAT A —2 L LTHWS &EEIK
D 2onkEREERDS. T2k, HEb=xr
FORHMER TS L LBERZ K T5C &0 Tis
Wo EThD. F—RREC I\ TR P EDK E T IEEE
L ELGRDEA TS EEXTHE LI LIEND,
E%mx*»¥@£té%ﬁmmP@®ﬁma%%EL
RS LR E BTG Uik, Bz R CIREE CR CRlka
L ELEFLEPERVCOLRACEE 52, HRIEH
b=k AFORERMEORED & LERINS VI LI
%, FTibb, PEZAVSEZFEAT)ROF OfE
BER L= A AFEIE U THELCRSDENDH T LI
5.

35 1, A—ED & LSR5z 5RE LRHO
F#akoRETHS. WEERL=ZAF (Q) B
LLTh (IDRCRE (T) LR (¢) oHE#ENS
2 b DO QCORTEL bR PEOERE T TH
p, CoENBAERehick s TRT &t DEH
BEERR D e Te %, FliE 0Q =70 kcal/mol DFED
LRI TR (20) R B P=15.4x108 DEEECIEER

PR Do T, (I7)RT k=20 & LAk E1,
500°C ¢ 1 h ofedh & L4HIz 600°C T 18s O#)R
LEU (b P=15.4x10%) vz %, LaLl, 600
°C =1 h & r P=17.4x102 Lichh b, ALP
% %> 500°C T 387h L LR LV TD
EaOEME (1)R D Arrhenius DEARXA D,
EE T, Bt OBES & LR EBEE T. FH & O
BT & e B DR AREBRETHZ L TH 5.

2 sexp[%< 7{1 ;_711_2>:| @1)

(21) s BEET B & 600°C ¢ 1 hix 500°C ¢ 188h
LE&Milin ) PECLAERERNESERS.

—75, A{EE ks EmEAERC QDR EFRTTH
25 500°Cx1h & 600°Cx18s (2(3)AnbLd
. 2=30.1 %, %7z 600°Cx1h & 500°Cx188h i
Lile 1=32.4 ®E2%H. TDLOICPELIDDL—TE
DIE DT Uh EBEER R &1, PE%ZIA
WEE ORE LM oEA G bR ERTER WS LE
Zok L, JGABICR L S, BENKHLE L DEH
(b3 5 EfE R R Aokl b ¥ LR o BB HEA
cExhwborEbhb.

6. %

HoLrLoMoN B S F L 25 2 —& (PfE) i
BEDOELT, Pb L UEELEEHEL, Lrdbhw
e & B e b e D Tl E O O BEES RN D
Iofcis A—% (2E) ZEFELE. ZhzAVT
B b & UG OIEAE = 5 v ¥ OBRE I X OV EBE T BE
3 & LBULER ORI E O TFRE~DIGA &\ 5 8
B SO ETVOED & 5 RiEREE .

(1) Hed & Lo E o2 bx 2R3 %88
b B EE L = R A R 0 JIS MRS T2
WO, FUMENTE, B, BRE FIER
B i\ CIRIER UESE bh, KZEM Tk 70 keal/
mol +7cV, HA&TEDEME L bekxky Cr-
Mo §f-Ciz# 100 kcal/mol Lig%. &ML= % L FIT
W HEETEOREE Mo 2K b AE<L, Mn, Cr
FRFER Mo 0 1/5, 1/10 oFRTcH 2. Lo
Lz offiz, =& TR 4MBEOMITERIC XD
&, C, Ni, Si 7¢ & DHFCOV TS EHAAN D LR
B5b.

(2) AfEEFAVBC LI D, 450~700°C DR
%5 X0t 0.01h ~1000h oRRIGEFEPICIL, PR EEE
OHEHRERD D, BX, BRE SRR ORI A {E

i

DIRRCTEBTES.
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