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Study on Numerical and Experimental Failure Criterion for Formability
Prediction of Hastelloy-X Using GTN Model
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Hastelloy-X material is widely used in aircraft engines, furaces, and chemical process components due to its excellent oxidation
resistance and high-temperature strength. In the case of making plate-shaped parts, its quality can be improved by forming limit
diagram (FLD), which can predict crack and failure of a product. However, experimental-based FLD can be costly and time-
consuming. In this paper, we tried to predict the formability of Hastelloy-X through FE simulations using the GTN (Gurson-Tvergaard-
Needleman) model. First, appropriate values for GTN model parameters were derived from RSM using tensile test. FLD based on
GTN model was then obtained by applying derived parameters to FLD simulations. These obtained parameters can be used to
predict the formability of sheet metal undergoing severe deformation processes in aircraft and gas turbine engine manufacturing.
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1. A2
NOMENCLATURE

D = Gurson Plastic Potential ZHG3a2 700°C o] aL2oMe 7AH ZFert =il
oy = von Mises Stress =13 (Creep) ;qﬁo“éol S ads 4?“% ﬁh—/]' 71 ¥ Hastelloy-X
oy = Hydrostatic Stress = YA 7Rk e s WEAd, WA, Wakskdol S5t
oy = Yield Stress o] FEgAofAY EﬂEw_(Retort), HZ(Muffle), 12|E
7 = Void Volume Fraction (Grid) Fofl AH&= glom, 74 9 a2 7} <=5t
Funcieation = Void Growth Rate due to Nucleation 20N 2 S HRE dh= o ZE[H|U|(After Burner),
ferown = Void Growth Rate due to Growth 7] (Duct), $A427] 7H(Combustor Can) 5 7FEH] <llxlo]
fe = Critical Value of Void Volume Fraction A7) Fof 9 93 Aol A He] 2Aofx]aL Qlet.

fr = Final Void Volume Fraction 7EAERD QRIS Aar] REE FHVF EFska =R
g = Strain (Draw) Zlo]7} Zx‘g Holzt 3ol o8& A= Holth. o]y
€ = Plastic Strain Tensor o IR AES A A A9 Rl So= st
& = Plastic Strain Rate Vector of 171¢] é‘JHﬂ- FHlE= Ae7E gon, o] &ol7] fls
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Fig. 1 Schematic diagram of ductile damage process
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3. RSM

3.1 Tensile Test

Fig. 2= Hastelloy-X QIAFA|H (t1.2)S UERd Ao & ASTM
EO08-M [10]o] wet Altalgict. dnbael 71414 EAat <1y
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Fig. 2 Test specimen and its simulation model (t1.2)

Table 1 Mechanical properties of Hastelloy-X sheet

YS UTS Poisson’s  Elastic modulus  Elongation
[MPa] [MPa] ratio [GPa] [%]
431 834 0.32 205 45

Q1AA
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3 471¢] o] A= em, o]« Fig. 3of A= <] 3t
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Fig. 3 Responses from load-displacement curve
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4. Determination of GTN Model Parameters

4.1 Regression Model

317K 2ol ek WREH(R), R, Ry, RYES Table 20f
et ANOVA 2419 Aul= Tables 31} 49} Zt}. P-
value= O] AFdS UERHH P-value7} 0.1 o]l 735
ol fraskA edrhal 7Ptk frashA| o2 e AlA
& urte HEA o 27 39 mde =&t

R, =6,778-58,893-£,—17,699-£,+81,604-£f,  (7)

R, = 10.832-62.24 £, + 111.5£,+226.1 -£.f,— 1,356 -£.f. (8)
Ry =5,380+268,731 -/, +850f— 1,731,854 £,  (9)

R,=11380-74.48-1,+114.6f, 10
+0.932/,+274.6 -1,f,— 1,293 -f.f. (10

4.2 Optimization GTN Model Parameters
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Table 2 RSM-CCD arrangement and responses

Experiment number Factors Responses
fo /, /. 5 R, R, R, R,
1 0.001 0.08 0.036 0.368 5,837.29 6.52728 5,194.37 9.94556
2 0.0013 0.056 0.0468 0.161 5,908.03 10.0942 5,460.68 10.5591
3 0.0013 0.056 0.0468 0.299 5,908.02 10.1508 5,103.33 10.7178
4 0.001 0.08 0.036 0.23 5,837.29 9.52728 5,345.75 9.83019
5 0.0007 0.104 0.0252 0.299 5,777.62 8.93141 5,392.34 9.09419
6 0.001 0.032 0.036 0.23 6,340.10 11.3276 5,400.47 11.9994
7 0.0013 0.104 0.0252 0.161 5,769.23 8.86203 5,276.53 8.9314
8 0.001 0.08 0.0576 0.23 5,837.29 9.52728 5,442.74 9.95705
9 0.001 0.08 0.036 0.23 5,836.91 9.50673 5,660.49 9.78512
10 0.0004 0.08 0.036 0.23 5,844.86 9.51557 5,504.78 9.83018
11 0.001 0.08 0.036 0.23 5,837.29 9.52728 5,508.99 9.81861
12 0.001 0.08 0.036 0.23 5,837.29 9.52728 5,508.99 9.81861
13 0.0013 0.104 0.0468 0.161 5,770.81 9.04756 5,598.88 9.3047
14 0.001 0.08 0.0144 0.23 5,781.26 8.13755 5,407.18 8.409
15 0.0007 0.104 0.0468 0.161 5,915.76 9.04756 5,522.06 9.31642
16 0.0007 0.056 0.0252 0.299 5,777.62 10.1508 5,548.14 10.4944
17 0.0007 0.104 0.0252 0.161 5,778.26 8.93141 5,563.21 8.97779
18 0.0007 0.104 0.0468 0.299 5,837.26 9.04756 5,530.69 9.36328
19 0.001 0.08 0.036 0.23 5,837.29 9.52728 5,508.53 9.81861
20 0.001 0.08 0.036 0.23 5,837.29 9.52728 5,508.53 9.81861
21 0.0013 0.104 0.0468 0.299 5,770.81 9.04756 5,486.27 9.36329
22 0.0016 0.08 0.036 0.23 5,829.72 9.52728 5,508.13 9.80702
23 0.001 0.08 0.036 0.092 5,837.29 9.52728 5,634.59 9.74898
24 0.0013 0.056 0.0252 0.161 5,908.02 10.1508 5,500.76 10.3631
25 0.0013 0.056 0.0252 0.299 5,908.02 10.1508 5,389.95 10.5052
26 0.0013 0.104 0.0252 0.299 5,769.47 8.87357 5,280.74 9.04757
27 0.0007 0.056 0.0252 0.161 5,915.76 10.1508 5,485.36 10.38520
28 0.0007 0.056 0.0468 0.161 5,915.76 10.1508 5,449.32 10.6231
29 0.001 0.128 0.036 0.23 5,720.20 8.6445 5,195.82 8.83897
30 0.0007 0.056 0.0468 0.299 6,247.12 10.4387 5,545.81 11.02590
31 0.001 0.08 0.036 0.23 5,837.29 9.52728 5,345.75 9.83019
Table 3 ANOVA of the responses
df SS MS
R, R, R, R, R, R, R, R, R, R, R, R,
Total 30 30 30 30 2,229.83  0.010438 45,859.6 0.212016
Regression 14 14 14 14 2,208.14 0.009794 37,017.7 0.203741 157.725  0.0007  2,644.12 0.014553
Residual error 16 16 16 16 26.6 0.000646 8,841.9 0.008275  1.356 0.00004  552.62  0.000517
Lack of fit 10 10 10 10 21.68  0.000639 8215  0.006636  2.168  0.000064  821.5  0.000664
Pure error 6 6 6 6 0.01 0.000004 6269 0.001639  0.002  0.000001 104.48 0.000273
R? [%)] 99.03 93.83 80.72 96.10
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Table 4 Calculated regression coefficient for responses

Independent factor Regression coefficient -value
R, R, R; R, R, R, R; R,
Regression 0 0 0.026 0
Constant 6,052 11.39 5,708 11.55 0.211 0.013 0.3 0.003
Jo 225,148 -300 -229,208 -175 0.196 0.773 0.805 0.648
L . -14,507 -65.3 130 -74.6 0.144 0.973 0.059 0.670
inear
- 13,817 100.2 -12,169 112.5 0.450 0.001 0.706 0
5 1,439 -0.96 2,301 0.68 0.197 0.665 0.711 0.733
folo -27,447,586 195,326 127,309,689 119,826 0.836 0.663 0.619 0.717
. T 79,418 2322 -70,520 279.4 0.001 0.002 0.091 0
Quadratic
A -80,689 -1,326 -76,439 -1,270 0.435 0.001 0.698 0
Ity -519 4 -2,420 3.77 0.836 0.605 0.617 0.548
folu 2,872,135 1,886 1,805,816 2,419 0.207 0.782 0.19 0.662
fofe -6,360,147 -4,191 2,745,949 -5,392 0.208 0.782 0.09 0.661
. foly -999,789 -664 -1,731,854 -603 0.206 0.780 1.41 0.754
Interactive
A -78,889 87 238,751 29 0.212 0.647 4.19 0.852
Ity -12,497 -12.6 1,444 -17.9 0.206 0.672 0.01 0.459
1.ty 27,770 279 -12,593 154 0.206 0.672 0.10 0.774

Table 5 Optimized values of the GTN parameters

fo / fe Vi
0.0016 0.0364523 0.0144 0.368
q, 9> & Sn
1.5 1.0 0.3 0.1

Table 6 Comparison of tensile test results at fracture

Exp. Sim.
Load [N] 5,092.927 4,855.6
Difference [%] 4.66
Displacement [mm] 11.345 10.912
Difference [%] 3.82
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displacement curve
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