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Fig. 1. Possible combinations of structures in steels.
F: ferrite, P: pearlite, B: bainite, and M:

martensite
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Table 1. Numerical Expressions of tensile properties of single-microstructure steels.

Microstructure | Property vs structure + composition relation Workers : Ref.
YS = 15.4{3.5 + 2.1Mn + 5.4Si + 23N¢ "2+ 1.13d(mm) *?)| Pickering 197 | (33)

Ferrite U.El = 0.28 - 0.2C - 0.25Mn - 0.044Si - 0.039Sn - 1.2N¢f Pickering (1971) |(33) (34)
n = 5/{10 + de(mm)" 12} Morrison (1966){ (35)

YS = 139 + 46.4So(um) !

Marder & Branfitt (1976) | (14)

Pearlit
cartite YS = - 85.9 + 262So(jum)- 172 Heller a978)| (15)
YS = 15.4{- 12.6 + 1.13dB(mm)" V2 + 0.98np(1/mm?) **} | Honeycombe & Pickeing (29)
(1972)
Bainite YS =30+ 1900(C + Np) 122 + 1.22X 10~ 4¢ ((m)™" Brozzo et al a91n| @n
TS = 15.4(16 + 125C + 15(Mn + Cr) + 12Mo + 6W Pickering (1978)| (36)
+ 8Ni + 4Cu + 25(V + Ti)

Martensite YS = 158 + 3.51 X 10" 2\(cm) " '+ 1.68 £ (cm) 2 Kunitake 1967 | (30
(Tempered) | YS =550+ 1.23X 10" ' W(mm) '+ 4.13X 10" 2Ap(mm) ! | Smith & Heheman (1971)| (32)

YS, TS(N/mmz), C, Mn, Si, Cr, Mo, W, Ni, Cu, V, Ti(wt%), Nt : nitrogen in solution(wt%),
dr : ferrite grain diameter, So : interlamellar spacing, dB : bainitic ferrite grain size,

np : number of carbide particles, ¢ :: transverse lath width, A : inter carbide distance,

¢ : ferrite-mean-free path, W : average cell size, Ap : average planar interparticle spacing

Table 2. Numerical expressions of tensile properties of single microstructure steels.

Mechanical properties

YS (N/mm?2), TS (N/mm2), U.Ei(%), T.EI(%)

YS =-9246C + 10600Cs + 44.2Si - 130P + 1592Nb + 1128d #(um)-12 + 81.3
TS =-5718C + 8836Cs + 74.6Si + 521P + 961Nb + 558d r(um)-12 + 226
U.El =1743C - 4141Cs + 0.340Si + 53.3P - 218Nb - 91.0d r(um)12 + 32.8
T.El =2627C - 5382Cs - 4.50Si + 39.6P - 149Nb - 137d (um)12 + 54.0

YS = 251Soqum) 12 + 1730Fo - 257
TS =201So(um)12 + 3720F0 + 19.3

P UEI =-2.3650um) 2 - 164Fe +17.5
T.El = - 5.10So(um)1/2 - 23.5Fe + 32.8

YS =-0.0226TY(C) - 1.90Tu(T) + 613C + 1.98Si + 15.8Mn - 113Nb + 308Ti + 149V + 1281

TS =-0.172TKTC) - 1.94T(T) + 929C + 61.1Si - 41.1Mn - 288Nb + 415Ti + 163V + 1668

B U.El =-2.16 X10-3T( ) + 0.0214Tu(TC) - 2.02C + 0.945Si - 0.818Mn + 29.0Nb + 3.05Ti - 4.20V + 2.34
T.El =-7.67X103T(TC) + 0.0455Ti(C) - 6.66C + 0.774Si - 0.995Mn + 58.5Nb - 22.8Ti - 14.5V +7.50

YS = 1288C - 476Cs - 38.5Mn + 1.83Ni - 0.107d(um) - 16.91 + 937
TS =1301C + 1089Cs - 38.2Mn + 3.90Ni - 0.124d«um) - 17.51 + 1008

U.El = - 3.10C + 21.4Cs + 1.36Mn + 0.188Ni - 1.65 X 10-3dy(um) + 0.318I + 0.0933
TEl =-12.4C + 34.1Cs + 2.09Mn + 0.311Ni - 2.89 X 10-3dy(um) + 0.4711 + 2.89

d : ferrite grain diameter, Cs : carbon in solution, So : lamellar spacing, Fe : cementite volume fraction,
Ty : austenitization temperature, Tir ; transformation temperature, dy : prior austenite grain diameter,
1: tempering parameter, C, Si, P, Nb, Ti, V in wt%
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Fig. 2. YR vs. TS for various single structure steels.
F : ferrite, P: pearlite, B: bainite, and M :
martensite
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Table 3. Relationship between the fundamental
mechanical properties and the coeffi-
cients a, b, and N in Swift’s equation.

Mechanical properties Equations
Elastic limit Ge=a " bN
0.2% proof stress YS(true) =a (b + 0.002)"
Tensile strength TS(rue) =a - NN
Uniform elongation U.El(true) =N -b
Vickers hardness Hv = const. * 00.08
Work hardening coefficient n~N-b

Table 4. ‘a’, ‘b’ and ‘N’ for various single strcture steels.

b=0.002

a=7.19%10°C- 275X 10°Cs +133Si + 2.1X10°P - 1.01 X10’Nb + 230dr(pum) 24459 (N/mm?)

0.001=C=0.01,0.02=8i=<1.07, 0.04 =Mn=0.08, 0.003=P=0.048, 0<Nb=0.02

a =423 + 97.9So(um) "+ 7909Fe
b =0.001
P | N=0.260-5.71 X 10So(um) "+ 0.469Fo

(N/mm?)

-196T(T) +1.31X10>  (N/mm?)

b = 0.0005

-2.85X10 “Ttr(T)+ 0.087

a=1.37X10°C +143Si - 32,7Mn +17.6Nb + 556Ti + 321V + 0.312T(C)

B | N=-0.01C +0.012Si - 0.008Mn- 0.021Nb - 0.076Ti - 0.111V- 8.69 X 10° T«(C)

0.009=C=0.62, 0.04=8i=0.26, 1.00=Mn=2.04, 0<Ti=0.053, 0<Nb=0.049, 0<V =0.101

b=10"

a=4.16X10°Cs + 1.06 X 10”(C-Cs) + 1.24 X 10°Mn + 1.0Ni - 0.07dy(um) - 34.91 +1.10X 10° (N/mm?)

M1 N =0.397Cs + 0.040(C-Cs) + 0.02Mn + 1.2X10° Ni - 1.7X 10 dpm) - 1.2X10*1 +0.0181

0.039=C=0.40, 0.50=Mn=2.01, 0.20=<Si=0.76, 2.94 <Ni<3.06

C, Si, P, Nb, Ti, V(wt%), dF : ferrite grain diameter, Cs : carbon in solution,
So : lamellar spacing, Fe : cementite volume fraction, Ty : austenitization temperature,
Twr : transformation temperature, dy : prior austenite grain diameter, I : tempering parameter
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Table 5. Numerical expressions of tensile properties of multi structure steels.

Steel

Relation between property, microstructure and chemical composition.

Plain carbon steel

‘éOF‘Z%)hovcn YS = 52.96F + (372.4 + 92.1Mn)fp + 70.6Si + 25.5frdr(mm)” '

1.

Middle and hi

Middlo and B | v§ = 15,418 " (2.3 + 3.8Mn + 1.13dr(mm)" *2) + (1 - fF Y2){11.6 + 0.25So(mm) ¥

pearlite steel +4.18i +27.6Nt 113)

gg“d?z‘?)l; etal TS = 15416 (16 + 74.2N¢ 2+ 1.18dr(mm) 2} + (1 - fr17)(46.7 +0.23So(mm)” 2} + 6.35i)

Carbon Manganese

Esaka et al
Ref. (54)

YS = 9.8(- 7.96 + 0.104K + 11.9fp12 + 8.45f8 12 + 2.60fm 2 + 1.99d(m)" 12}

steel TS = 9.8(4.65 + 0.15THFF + 0.246Hp{p + 0.222HBfB + 44.03fM + 1.99d(um)" 12}

U.EI = 35.6 - 0.057HF{F - 0.105HpfP - 0.115HsfB - 0.055HMEM - 0.351d(umy %+ 0.571h

TEl = 68.4 - 0.112HFfF - 0.212Hpfp - 0.072HsfB - 28.08fM Y% 28.9f¢fB - 1.13d(um) %+ 0.449h

Carbon Manganese | TS = 3.04Hv
steel Suehiro et al
Ref. (55)

Hv = fF(361 + 50Si + 2.55dF(mm)’ 2. 0.357TF(C)} + feHp + f8{508 + 50Si - 0.588TB(C)}

(fo > 50%)

Plain carbon steel
Campbell et al

Ref. (4) (fo. < 50%)

YS = fF{132 + 11.8d7(m) " Y3} + (1 - fF) {408 + 92.2Mn + 0.400So(m) " 7} +79.7Si
TS = f£{197 + 15.9dF(m)" 2} + (1 - fF) {592 + 0.791S0o(m)" 2} + 5008i

YS = fr-13{136 + 58.5Mn + 13.2dr(m) Y2} + (1 - fr~ ') {8.76 + 8.00So(m)" 112} + 63.1Si
TS = 7 13{197 + 19.7de(m)" 12} + (1 - fF- 13) {421 + 9.19S0o(m)" 12} + 150Si

YS, TS(N/mm?), U.El, T.El(%), C, Si, Mn(wt%), Nt : free nitrogen(wt%),

dr : ferrite grain diameter, So : interlamellar spacing

K = (HFHpHeHM)/{(frHPHBHM) + (fPHFHBHM) + (fBHFHPHM) + (fMHFHPHB)}

d = (dFfF + dpfe + dBfB + dMfM)/(fF + fp + fB + fM)

H : Vickers hardness, f : volume fraction, d : grain size, h : specimen thickness(mm)
F : ferrite, P : pearlite, B : bainite, M : martensite

TF, T8 : average trnsformation temp. for ferrite and bainite respectively.
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Fig. 3. Stress-strain curve of a ferrite - martensite
steel and those of the component ferrite and
martensite phases.
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Fig. 4. Strain partition coefficient M* for the com-
ponent ferrite and martensite phases as a
function of plastic strain.
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Fig. 6. Schematic diagram showing the size of
microstructure vs. time required for mea-
surement.
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