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Martensite

50 CrMo 4 (SAE 4150)

Composition: 0.50% C - 0.80% Mn - 0.32% Si - 0.017% P -
0.022% S - 1.04% Cr - 0.17% Cu - 0.24% Mo - 0.11% Ni -
<0.01% V Austenitized at 850°C (15662°F)
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Martensite start (M ) temperature versus Carbon content
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Fra. 9. Martensite transformation start temperatures (M) vs earbon content. The range of compositions in which the various types
of martensite exist is also shown.

Courtesy: Marder and Krauss (1967)
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Effect of Austenite Grain Size on M
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Schematic of the modeling approach

@ Modeling the effect of Don M T, model derivation.i
adding the terms Y}, and W-to | ’

the Ghosh model. B Nearby M ;

| AGJdT = 7.22 J/molK|:

W,p : Hall-Petch strengthening

)
. : ‘
of ygrains : — -
W, :to account for change ir AG, = 7-2¢2 (h,— MY

aspect ratio of laths below
a critical L

f_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'I_'_'_'_'_'_'_'_'ff_'_'_'_'_'_'_'_'_'_'_'_'_'_'ffi__:f_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'l_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'i

§ @ Schematic of the new model to calculatg M

T, =f (composition)

composition [— T, model
— » M=T,—(AG,./ 7.22)
composition |- AG,=K; +W,
DY | Wip+ We

____________________________________________________________________________________________________



The definition of T |

A T=T, (AG=0)

Free Energy

Bulk carbon content

Carbon concentration >
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Martensitic transformations require large undercool iIng below T

M, <T<T, (AG>0,but AG <AG)

Free Energy

Bulk carbon content

v

Carbon concentration



Definition of the critical driving force ~ AG,

T=M, (AG=AG,)

o + strain

Free Energy

Bulk carbon content

v

Carbon concentration



Ghosh and Olson model (1994)

AG, =K, +W, (K , %)
L uxc +\/Z(K This work:

j = Mn, Si, Cr, Ni or Mo

Modelling approach of Ghosh:
» W, :athermal interfacial frictional work
» Specific superposition law (Phythagorean)

» K, 's found by model optimization

Modification/improvements:
% Account for Austenite Grain Size effects
% Validate model with M, data of AHSS/UHSS grades

& Make model calculations without dependence on specific thermodynamic databases
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Modified Ghosh model capturing M . dependence on D Y

AG, = Ky + W, + W, + W,

Austenite strengthening, Hall Petch mechanism (Ansell)
& Higher YS of austenite - more resistance to shape deformation

( a) 300

200 ~

Critical Austenite Grain Size, D, ~ 15 micron (MPIE/AMMZ)

% Change in aspect ratio laths = change in stored
energy (Christian)

Whp, We [J/mol

100 ~

0 20 40 60 80 100

DY [um]

D, = 15um
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Observations of lath aspect ratio (c/a)

Base alloy : coarse grains Base + Nb alloy : small grains
Lutz Morsdorf: 0.10 AN /
MPIE o\
( ) c 008{  PAGS>D,
B 0.06 1 e Length of packets is
E PAGS <D, constrained by small PAGS.
S 0.041 « Lath thickness is ~ 200 nm
< for both alloys.
0.02
0.00 -

00 02 04 06 08 10

Lath aspect ratio
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Ghosh model capturing M dependence on D VY

(b) 330
- D7 < D¢g: W( contribution
_ 300 - ',,'" ///z——*’"“k
g) ,,." D7 > Dg: only W p contribution
> .-"
270 A
------- W__C contribution
-—-W_HP contribution
—combined W_HP and W_C
240 7 : I : I : I :
0 20 40 60 80 100

DY [um]
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Validation of the model for D Yeffect on M ¢

(a) 370 (b) 340
m Fe-0.13C-2.3Mn-5Ni (Yang, 2009) A Fe-0.33C-0.6Mn-0.2Si-0.8Cr-3.3Ni (Sastri, 1965)
—Calc. Ms vs PAGS for Dc = 12 micron —Calc. Ms vs PAGS for Dc = 28 micron
350 - 320
—
O 330
2.
cEly 2009
L ang,
=
N
290 =
1]
9
[a]
270 l T r T
0 20 40 60 80
DY [m]
(C) 430
+ Fe-0.15C-1.9Mn-0.2Si-2Cr (Garcia-Junceda, 2008)
—Calc. Ms vs PAGS for Dc = 10 micron
410

i
:Garcia-Junceda, =

¢ 2008 | =

0 10 20 30 4 0 20 40 60 80
DY [um] DY [um]

/1 ToolMart pro

O Base alloy

% Base +Nb alloy (shifted 0 °C)

4 Base +Si alloy (shifted + 2 °C)

o Base +Cr alloy (shifted + 12 °C)
——Calc. Ms vs PAGS for D¢ = 15 micron
——-Calc. Ms vs PAGS for Dc = 5 micron
-==-Calc. Ms vs PAGS for Dc = 30 micron

jlect, 2016

350

330

K =370 J/mol, K= 350 um®mol
D = 10 - 20pum for most alloys
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Schematic of the modeling approach

___________________________________________________________________________________________________

@ Modeling the effect of Don M T, model derivation.i

adding the terms Y}, and W-to |
/i the Ghosh model. B Nearby M ;
= —1 | AGJAT =7.22 IJ/molK|:
Wr : Hall-Petch strengthening | : / T i
of ygrains i —
W, :to account for change in | G = 7'2¢2 (h—MJ
aspect ratio of laths belo : | — — ;
a critical D/ B 1 = f (composition) |:

f_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'I_'_'_'_'_'_'_'_'ff_'_'_'_'_'_'_'_'_'_'_'_'_'_'ffi__:f_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'l_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'i

§ @ Schematic of the new model to calculatg M

composition [— T, model
— » M=T,—(AG,./ 7.22)
composition |- AG,=K; +W,
DY | Wip+ We

____________________________________________________________________________________________________



Tata Steel Slide 16

Calculations for Base alloy (0.22C-2.5Mn-0.2Cr-0.2S i)

Comparison of FactSage, MTData & JMatPro

5.0 [
4.0 -
=
£ 30 ¢
2 L
Q 20
MTData: TO = 651°C
- — DG 0.22C (FactSage) FactSage: T0 = 652°C
1.0 - JMatPro: TO = 645°C
~ | —DG 0.22C (JMatPro)
- —DG 0.22C (MTData)
0.0 ‘ ‘ ‘ w ‘
0 100 200 300 400 500 600 700

T [°C]
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Calculations for Base alloy (0.22C-2.5Mn-0.2Si-0.2C 1)

Relative differences in AG, are a few percent

— DG 0.22C (FactSage)
— DG 0.22C (JMatPro)
— DG 0.22C (MTData)

S &o

20 )/SMALL
’ O, L&y

=
(o]
T

=
o

4G [kJ/mol]

| If Ms = 365°C, then:
- AG = 1.63 kJ/mol (FactSage)
1.4 | AG =1.62 kJ/mol (MTData)

50 AG = 1.60 kJ/mol (JMatPro)
I L Ms = 365°C| (empirical prediction)
40 - 300 320 340 360 380 400
’ T [°C]
5
£ 30
g
=
Q 20|
I ata: TO = 651°C
| — DG 0.22C (FactSage) FactSage: T0 = 652°C
1.0 - JMatPro: TO = 645°C
~ | —DG 0.22C (JMatPro)
| —DG 0.22C (MTData)
0.0 ‘ ‘ ‘ ‘ :
0 100 200 300 400 500 600 700

T [°C]



Linear approximation of

BG [J/mol

Tata Steel

Slide 18

AG curves is valid nearby Ms

Calculations of AG were performed with FactSage

4000
Fe-0.45C-0.1Mn-0.1Si
— Linear fit with 7.22 J/molK and T1 = 585.1 °C
3000 A
adequate fitin a
temperature range of
\ +/- 50 °C around Ms NG =7.22 (T — MS)
- C . 1
2000 A
AG, ~ 1740 J/mol T, =627 °C
10001 T, =585°C
M, ~345°C
0 1 \ 1 \ 1
100 200 300 400 500 600 700
T [°C]

T, has no physical meaning,
it is a mathematical parameter
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Linear approximation of AG curves

4000

- Fe-0.10C-0.1Mn-0.1Si

- Fe-0.35C-0.1Mn-0.1Si

- Fe-0.70C-0.1Mn-0.1Si
—— Linear fit with 7.22 J/molK and T1 = 686.3 °C
—— Linear fit with 7.22 J/molK and T1 =613.5°C
—— Linear fit with 7.22 J/molK and T1 =512.1 °C

Ms ~ 280 °C
1500
Fe-0.7C
1000
500
0 T T T T
100 200 300 400 500 600 700 800

T [°C]

» The linear dependence with slope of 7.22 J/molK seems valid for Fe-C alloys
in general.
» Arigorous investigation was started to
1. Confirm that linearity with a slope of 7.22 J/molK is applicable for all steels
2. Correlate T, temperatures to the chemical composition of steels
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T, temperatures against C content

Determined with FactSage for plain carbon steels QvitM n and 0.1S

(a 850
4+ Fe-0.1Mn-0.1Si + |

mo | T T,=715-291C
o i o
TEI 650 -
=

550

T,=715°C - 291°C/wt% C
450 ! \ \ \
0.00 0.20 0.40 0.60 0.80

C [Wt%]
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T, temperatures against C content

(b) 800

T4, To [°C]

Determined with FactSage for alloys wildMn, 0.2Si and 0.2Cr

700

600 -

500 -

T, =668°C - 291°C/wt% C

400 \ ‘ ‘

X Fe-2.0Mn-0.2Si-0.2Cr +

0.00 0.20 0.40 0.60
C [Wt%]

0.80

T, =668 — 291C

» T,dependency on Carbon is not
affected by other alloying
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T, temperatures against Mn content

( a) 650

600

T1, To [°C]

450

400

550

T, = Constant — 24Mn

(b) 750
Fe-0.47C-0.28Si + M
700 ~
'Q_)‘ 650
e,
o
l:' 600
T, = 581°C - 24.2°C/wt% Mn >0
T T T T 500
0.0 1.0 2.0 3.0 4.0 5.0
Mn [wt%o]

X

Fe-0.22C-0.2Si-0.2Cr + N

T, =652°C - 23.9°C/wt% Mn

0.0

1.0 2.0 3.0

Mn [wt%o]

4.0
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Tata Steel

T, temperatures against Si, Cr, Ni and Mo contents

(a 620

580 -

T4 [°C]

500

460

540 -

Fe-0.47C-0.35Mn-0.28Si +
Si: -2.5°C/wit%
Cr: -4.1°C/wt%
Ni: -19.3°C/wt¥
0.0 1.0 2.0 3.0 4.0 5.0 6.0
X [Wt%]

(b) 620

600 -

580 ~

T, [°C]

560 -

Fe-0.22C-2.0Mn-0.2Si-0.2Cr +

&—o6
Si: -0.5°C/wit%

Cr: -6.0°C/wt%

Ni: -17.8°C/wtY

540
0.0

2.0 3.0 4.0

X [Wi%]

1.0

5.0

T,=718-291C- 24Mn - 1.5Si- 5.0Cr- 18.5Ni + 3.5Mo
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Validation T ; equation with literature data

T, =7183-291x. —24x,,, —1.8X;, —5.6X., —18.4X,, +3.5%,,

650
o 1-3: Refs. [13-15]
+ 4-6: ToolMart all .
. 7-16: Ref. [4] (Grange) T, model benchmarked against
600 1 o 17-38: Refs. [5] [18] :
. . > :
- » 63.75: C-Mn-Si.Cr alloys FactSage res.ult.s of > 70 alloys
O —1:1 ratio  Largest deviations ~ 3 °C
s +g=1.2°C
)
O
S 500 A
S
D)
S
o,
450 A
400 T I I T
400 450 500 550 600 650

thermodynamic T, [°C]
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Schematic of the modeling approach

___________________________________________________________________________________________________

Modeling the effect of Don M T, model derivation.i

adding the terms \jyand W, to : /
/i the Ghosh model. ! Nearby M; 5

AG/dT = 7.22 J/molK|:

W,p : Hall-Petch strengthening

)
. : *
of ygrains | -
W, :to account for change ir AG, = 7-2¢2 (T.—My)

aspect ratio of laths below
a critical L

ff_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'f_'_'_'_'_'_'_'f_'_'_'_lf_':_'_'_'_'_f_'_'_'_'_'_'_f_'_'_'_'_'_'_f_'i__:f_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'l_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'i

§ @ Schematic of the new model to calculate M

T, =f (composition)

composition [— T, model
— H M=T, - (AG,./7.22)
composition |- AG,=K; +W,
DY | Wip+ We

____________________________________________________________________________________________________



Table 1. Data of alloys used for the validation
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Table 2. Data of 62-121 alloys used for the validation of the My model.

of the models for T, D¥ (G) and M.

no. Ref. arade exp calc calc exp calc no. Ref. grade calc calc exp calc
C Mn Si C N Mo G G T T1 Ms Me Mn  Si Ccr Ni Mo Tae tau G T Me  Ms
W%  Wi% Wi% wi%  wit% wit% °C__°C _°C °C W%  Wi% Wt% W% wit% wi%  °C  min. °C °C °C
1 [16] Sastr 0.3: 057 02¢ 08 326 00¢ 72 62 545( 54337 29¢ 31C 62 [20] 046 071 026 016 014 880 2 72 563 531 324
2 [14] Yanc 013 23 5 7.6 74 5362 5333 325 308 63  [20] 0.66 069 030 017 0.0 880 2 7.4 506 526 254
3 [15] Garcie 0.15 19 0.2 2 7.6 65 6148 6175 392 382 64 0.13 200 025 055 880 2 9.1 629 400 399
65 017  17C  0.4C 88C 2 83 627 40C  40C
4 Bast 0.22 215928 337 343 66 021 170 150 920 2 88 614 380 376
5 Base+Cr 022 TO o I M d rt ( 20 1 6) -4 5827 328 325 67 022 200 010 061 860 2 96 603 365 362
6 Base+Si 0.2 »2 5919 356 339 68 021 200 127 900 2 94 607 370 367
7 4 SAE-2340 037 068 0.21 3.41 75 83 53185312 305 300 sg (21] g'gg g'gg 1’32 ggg g ;02'5 g;g ggg g;f
8 [4 SAE-3140 038 072 021 049 132 75 69 5640 5630 33227 3 - : . -
71 031 1.66 147 900 3 90 58 335 339
9 [4 SAE-4130 029 6113 611.8 37776 3 7 040 167 148 000 3 o1 8o 00 308
10 [4] SAE-4140 0.37 87.8 587.1 338 346 - : - -
11 [4 SAE-4340 042 ( G ran ge ( 1946 5412 540.788 2 295 73 058 154 142 900 3 90 510 240 246
12 [4 SAE-4640 036 ( 565.4 5650 33833 3 7 95C 2 6¢ 601 360 367
13[4 SAE-5140 042 Gwo  vau  v.oo o 1w 5755 5743 332 334 75 Tat a Ste e I 950 2 75 600 360 363
14 [4] SAE-614( 043 074 023 092 8 71 5712 569.8 327 325 76 950 2 8.0 598 355 358
15 [4] NE-8630 030 091 031 052 061 017 95 69 5949 595166 3 356 77 950 2 8.6 597 350 354
16 [4] NE-9442 038 1.08 070 040 034 011 105 7.6 5721 572327 321 78 ( 200 8_20 1 6) 880 2 95 599 365 358
79 88C 2 9€ 60z 37C 361
17 [18]p.96  En16 (6) 033 148 018 016 026 0275 7.6 5815 5817 340 340 80 880 2 96 605 375 365
18 [18]p.96  En17(7) 038 149 025 014 024 041 8 81 5677 567.7 32820 81 025 225 115 880 2 101 589 340 342
19 [5] En18 (8) 039 089 016 088 025 55 66 5747 5736 32035 3 82 019 197 020 059 900 4 82 612 380 378
20 [18]p.96  Eni8 (9) 048 086 025 098 018 00465 69 550.6 5489 300 302 83 019 217 020 0.0 900 4 85 607 370 370
21 [5] En19 (10) 041 064 031 124 0.18 0.38 8.5 7.9 574.1 574.120 3 325 84 0.19 1.59 0.20 0.81 900 4 79 620 380 388
22 [18]p.98 En19 (11) 041 067 023 101 020 0.23 8.5 72 5740 574.00 3 328 85 0.19 1.79 0.20 0.77 900 4 8.1 615 375 381
23 [18]p.98  En21(12) 033 nva NP2 AN7 247 AN1 TR 72 5308 5402 310 309 86 019 216 020 900 4 77 el 380 379
24 [18]p.101 En24 (17 038 558.7 557.20 3 315 87 019 199 020 030 900 4 79 613 380 381
gg %?] p-100 ;”2265((2109) 8-3; : Steve n ( 19 5 6) Sgg-g gjg-gzo go 33577 88 01¢ 208 007 0.6C 90C 4 81 61  38C  37€
n . A R
27 [18]p.101 En26(21)  0.42 ( 5205 5305 29285 89 020 204 019 060 900 4 83 609 %0 373
28 [18]p.100 En30B (26) 0.32 047 029 121 413 030 7 95 5305 5317 29294
29 [18]p.99 En40B(27) 026 055 021 334 025 054 75 95 607.1 607.660 3 361 g? {ﬂ ;m g‘j; ggg g‘zg ggg ig ‘7‘2 ggi 2;8 gé;
30 [18]p.101 En100(30) 0.40 134 021 053 1.03 022 6 80 5490 5482 29803 @ oyl oat a4 one o8 w0 oz ar 8 197
31 [5] En110(32) 044 058 023 126 140 041 7.5 7.4 5457 543500 3 297 ! - : < < <
32 [18]p.100 En110(33) 039 062 023 111 144 018 7.5 7.8 5590 557.20 3 315 9 [ isi 047 040  1.06 962 15 41 50 321 334
33 [18]p.100 En23 (35) 032 061 028 063 322220. 7 82 547.6 5480 310 314 94 [ INi 045 036 031 1.16 927 30 40 557 310329
34 [18]p.109 En39B (45) 015 038 020 116 433 017 7 76 5810 5796 36362 95 [ 3Ni 046 034 028 3.36 927 30 46 514 282 286
35 [18]p.110 En39B (0.6C) 0.56 0.47 0.8 1.16 425 018 8 8.1 4584 4597 19206 9% [ 5Ni 046 035 030 4.83 927 30 50 487 257258
36 [18]p.96  En45 055 087 174 010 0.16 002 75 65 5321 530.80 2 273 97 [1] 1Cr 050 N2> N97  noa 1260 3 12 559 313320
37 [18]p.9€  Enll 059 066 034 065 017 002 8 69 5248 5235 28a71 98 [l 1Mo 0.50 3 25 568 330323
38 [18]p.106 ENn36(0.70C) 0.70 035 0.16 0.96 3.24 006 85 7.3 440.1 441.185 1 183 9 [ 3Mo 0.4¢ Payso n ( 1944) 3 75 580 30t 30¢
100 [1]  3Ni-1Cr  0.46 5 13. 509 260 272
39 [18]p.380 1-3/4 Mn 030 1.8 0.5 7 71 587.5 350 350 101 [1] 1Mn 047  ___ . L 30 58 556 310 631
40 [18]p.381 1-1/2Mn 036 150 0.20 75 70 772 330 337 102 [1] 1Mn 047 102 034 982 10 43 556 310 731
41 [18]p.382 1-3/4Mn 038 180 025 7 73 5641 325 320 103 [1] 1Mn 047 102 034 1093 10 25 556 313 193
42 [18]p.382 1-3/4Mn 046 180 0.15 65 75 5410 295 292 104 [1] 3Ni 0.4€ 034/ 0.2¢ 3.3¢ 927 30 46 514 28 28€
43 [18]p.384  1-3/4 SiMn 040 085 175 9 6.8 5784 340 329 105  [1] 3Ni 046 034 028 3.36 982 20 38 514 228 287
44  [18]p.385 2SiMn 054 085 190 010 016 0.02 75 73 5339 285 6 27 106 [1] 3Ni 046 034 028 3.36 1093 10 25 514 802 288
45 [18]p.385 2SiMn 059 085 1.90 7 71 5228 260 263 107 [1] 4042 043 090 023 027 023 026 816 10 6 8 566 321 320
46 [18]p.387 1Ni 0.43 080 020 0.85 75 64 588 335 321 108 [1] 4063 064 085 029 024 019 027 816 10 9 8 507 230 248
:g Eg} g-gg; 33'\2/2 i g-gg 051 032 007 303 75 67-3 55%-2 ?é‘ig 3;3[')2 109 [1] 8442 040 143 022 029 023 032 816 106 9 562 316 310
- e N : o : : 10  [1] 8949 049 101 020 056 054 038 816 10 6 9 539 280 282
gg Eg} E'ggg i/;/ (2:er g'ig TTT d 1a g rams 71'3 5‘231241 éﬁo 4 332 111 [ 8749 052 08 021 050 053 026 86 10.0 9 535 282 280
51 [18]p304 1Cr 03 s 188 335 340 12 [1] 4142 041 086 030 106 011 023 816 10 5 9 571 310 318
52 [18]p395 12Cr 059 " coad 260 273 18 [1 416¢ 061 05¢ 02/ 094 01€ 037 857 10 84  5i¢ 26  25¢
53 [18]p403 1-U2MnMo 027 AS M ( 199 1) 9 0032 370 366 14 [1] 4342 042 068 018 081 174 029 816 10 5 9 544 277 295
54 [18]p403 1-1/2MnMo 0.30 9 5944 355 356 115 [1]  special 030 163 049 044 000 033 899 0 182 590 346 344
55 [18]p.404 1-1/2MnMo 0.32 150 U.18 vz 1b (8 589.8 350 350
56 [18]p.404 1-1/2MnMo 035 155 0.20 028 57. 80 5799 335 337 116 [19] B 0 nmoonnn At nTe o e "t 74558 311 323
57 [18]p.405 1-1/2MnMo 037 150 0.18 027 8 7.9 5753 330 331 117 [19] c 0. 7 49¢ 24€ 251
58 [18]p.40¢ 1-1/2MnMo 038 150 0.25 045 8 85 5728 330 326 118 [19] D 0. ROWIa n d ( 1946) 7.9 444 185 184
59 [18]p.443 4NiCrMo 015 040 025 115 410 020 8 9.3 5834 365 364 119 [19] 5 0 72 596 354 359
60 [18]p.44: 4NiCrMc 030 060 025 125 410 030 7 102 534.8 300 298 120 [19] 2 Oov  veoe  vou  amo ueo oo . 75 534285 282
61 [18]p443 4NiCrMo 034 050 020 1.80 4.00 035 9  10.0 5245 275 278 121 [19] 6 078 033 002 142 027 1066 15 33 047 210 211
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Validation of the new M  model

Yy
AG—K+W+HP+Ke GDJ

N2

Ky =1015 J/mol W, = 670x2° +,/(195x%)? + (140x%°)? + (170x%)? + (5x%°)? + (205x35)°

450
*  1-3: Refs. [13-15
Kyp = 350 im®-/mol © 28 Toolar aIIc]>ys 7
K = 370 J/mol o s Res e A
c J/mo o 39-61: '%ef ['1%] - P
— Ty s 62-89: C-Mn r alloys
Dc=11pm O 350 { . 90115 Ref (1] AF
p - 116:121: Ref. [19] .2
>SS [— 1+1S|gtma i
Alloying ranges tested: B O
2 Yz
0.1-0.7C 3 om0
0-2Si 277" Largest deviations = 20 °C
O-5Ni 150 L , ]
O -1 Mo 150 250 350 450

experimental M, [°C]



Tata Steel Slide 28

Benckmarking to other models

Table: standard errors associated with different mo dels tested against alloys 1-121

Overall model performance alloys 90-115: Payson data
Model o (e) o (°C) evaluated for various datasets (alloy series)
1-121 1-6 7-16 17-38 39-61 62-89 90-115 116-121
Payson (1944) 17 37 15 22 13 18 (9 16
Carapella (1944) 23 48 14 23 16 31 12 21
Nehrenberg (1946) 14 25 6 15 11 12 17 21
Grange (1946) 19 35 7 26 16 15 18 20
Steven (1956) 18 20 6 15 9 22 18 39
Andrews (1965) 11 16 5 10 10 12 10 23
Eldis (1977) 16 32 13 16 14 14 16 20
Van Bohemen (2012) 11 20 5 7 9 13 10 9
JMatPro 6.1 14 19 15 12 10 12 18 7

WEWKMMMMMNSE 7 3 5 7 6 6 3
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Thank you for your attention!

Do you have any questions?



