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Experimental and numerical procedure

The aim of activity was to build up a numerical model of boriding process.The modeling of the process was
performed on the basis of experimental results, which were collected In a database and processed In
modeFRONTIER® in order to obtain metamodels in the form of analytical formula by using the ED algorithm. Then
the physical models have been calibrated and validated through a detailed analysis in modeFRONTIER®. The
relative error between experimental and numerical results has been calculated. The analysis led to the prediction of
surface hardened layers dimensions and hardness in commercial steels.

COrP Paor_ GAS Pr_GAs t T I spes_ layer | He 0 05 |He 0 075 Hu 0 15!]I
BCI3 HZ (115] Ith mm Hg h T pm
0.0666 40 200 1 el ar 15230 1400 300
w 0.066E 40 300 1 et 105 1400 1400 300
DATA BAS E 0.0666 40 00 1 el 10 1625 1580 B30
0.0666 40 200 2 el 13 1620 1410 300
0.0666 40 300 2 el 15 1700 1=00 G638
85 DESIGN 0.0666 40 00 2 el 15 1600 1=00 Tal
0.0666 40 200 0.5 el 17 1580 1210 300
0.0666 40 200 1 el 1268 1700 1700 1700
0.0666 40 200 3 el 131 1700 1700 1550
0.0666 40 200 4 et s 1500 1200 1400
0.0666 40 200 o et B0 1700 1650 1550
0.0666 40 200 B et 30 1560 1200 1400
TRAI N I N G S ET VALI DATI O N S ET 0.06EE 40 200 2 To0 35 1625 1580 B30
0.0666 40 200 2 a0 15 1625 1580 B30
0.0666 40 200 2 a0 a0 1625 1580 B30
‘ 0.0666 40 200 2 00 65 1625 1580 B30
0.0666 40 200 2 350 20 1625 1580 B30
0.0666 40 200 2 To0 45 1625 1580 B30
EXP E RI M E NTAI— 0.0666 40 200 2 a0 120 1625 1550 B30
0.0666 40 200 2 a0 140 1625 1410 B30
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— 3 DELTA ERROR .
The analytical instrument used for the OUTPUTS MSE M_MSE | RAD.Q. MSE RAD. Q. M_MSE
calculation of the error between output O
numerically and experimentally has been the [Spes_layer 23.25 4.48
Mean Square Error (MSE) applied on the
points of measurement of the specific size of LETE 23.50 i > gj HARDNESS
output and in turn mediated on 4 different Qv 0o 75 26.85| 26.08 512 5.10 -
design of the validation set (M_MSE: - > gj LAYER THICKNESS
Mean_Mean Square Error). Hv 0 15 28.85 5.33 /
< ATIONS BORIDING PROCESS

Through the numerical implementation has been carried out the pre-
processing of the data in order to reproduce a code via FEM results H
obtained with the response surfaces. This Is done using the software<
ANSYS through the programming language APDL (Ansys Parametric
Design Language) with which have been implemented numerically |!

Hv_00 5 = 1607.3717315298804 + ((((((p_C / p_P) / cos(Pr__GAS)) - (((t_- cos (Pr__GAS))

systems of equations representative of phenomenological models of the | /cost -sintm + - cost) - )+ (C/p_P)/ cos(((p_Mn * 10) (sin() + (p_Mn

o /1) * (Pr_GAS * p_C))))))) + ((p_Mn * 10) / cos(((p_Mn * 10) / (sin(t_) + (p_Mn /[t ) *

(Pr_GAS*p O)))) + ((((t_-((p_C/p P)!(Pr_GAS *cos(Pr__GAS)))) - sin((((p_P * 10)

process Of borldlng - | cos(Pr__GAS)) + (t_ - (cos(1) / Pr__GAS))))) - sin((((p_P * 10) / cos(Pr__GAS)) + (t_ -

] N cos(Pr__GAYS))))) / sin((sin(sin((sin(sin(t_)) + ((p_Mn / t ) * cos(p_Mn))))) + (sin(((sin(t )/

. 3 26 201: cos(Pr__GAS)) + (t_ - exp(p_P))) / Pr__GAS)))) + ((p_C / p_P) / cos((cos((exp(sin(0.1)) +

L?Ef“f‘a s 0:32:2¢ ((t_- (p_Mn /0.1)) * (Pr__GAS * Pr__GAS)))) / (sin(t) + (p_Mn / t.) * cos(Pr__GAS)))))) /

QMAX=1589.79 ((cos(((p_Mn / (Pr__GAS * cos(Pr__GAS))) / cos(Pr__GAS))) + ((t_/sin(t ) / cos((t_- ((p_Mn

*10) / cos(Pr__GAS)))))) + ((cos((cos((t_ - cos(Pr__GAS))) + (Pr_GAS*p C)*(Pr_GAS *

Pr_GAS)))) / Pr__GAS) / cos((((sin(t ) *((p_.C/p P)/Pr_GAS)*(t_ -(0.1/(p_Mn=*10)))
+(((p_Mn/t)*(Pr_GAS *p _C)) *cos(Pr__GAS)))))

Vickers hardness 0.05 mm of thickness of hardened layer
00_75 = Vickers hardness at 0.075 mm layer thickness

5 = Vickers hardness 0.15 mm layer thickness

thickness of hardened layer Layer in um

Analytical formulations by Evolutionary Design

ELEMENTS

The advantage of
this procedure was
to obtain as output a
contour plot of the
desired size on a
three-dimensional
model.

\’

spess_layer = -52.33770322754191 + ((((((((p. P - (0.2 * T)) - exp(t)) / (sin(T) *
In(Pr__GAS))) - (cos((((T-1)/p_Fe)-1)) *((cos(t_ +1)*{(T+p Fe)/(0.1*T)) + (0.1*
T)))) * (cos((cos(sin(t )) * (((t_-1) + (0.1 * T)) + cos(sin(t ))))) + (sin(((In(Pr_GAS) + (0.1 *
T)) * Pr__GAS)) + cos(((exp(t ) * p_Fe) * 1))))) - exp(t)) / (sin(T) * In(Pr_GAS))) + (sin(T) *
((((cos((((T+0.1) / p Fe)-1)) *(cos(((0.2*T)*(p.C-1))) + ((In(Pr_GAS) + (0.1 *T)) +
cos(t )))) + (sin(((In(Pr_GAS) + (0.1 *T)) * Pr__GAS)) + cos(((p_Fe *p_Fe) * (In(Pr_GAS) *
(P_C - 1)))))) + ((cos((((T - p_Fe) * In(Pr__GAS)) - sin(tL)))) / cos((((T - 1) / p_Fe) - 1))) +
(sin(((sin(t ) + (T + p_Fe)) * Pr__GAS)) + (cos(sin(t )) * (cos(t ) + (0.2 *T))))) -((p.C-1)*
p_Fe))))

_ 1446.07

1589.79

Vickers hardness in three-dimensional Boriding model



