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Abstract: We have attempted to predict creep rupture time for a wide range of ferritic heat resistant steels with
machine learning methods using the NIMS Creep Data Sheet (CDS). The dataset consisted of commer-
cial steel data from 27 sheets in the CDS, covering various grades of carbon steels, low alloy steels, and
high Cr steels. The prediction models were constructed using three methods, support vector regression
(SVR), random forest, and gradient tree boosting with 5132 training data in order to predict log rupture
time from chemical composition (19 elements), test temperature, and stress. Evaluation with 451 test
data proved that all three models exhibited high predictivity of creep rupture time; in particular, the per-
formance of the SVR model was the highest with a root mean squared error as low as 0.14 over the log
rupture time, which value means that, on average, the prediction error was factor 1.38 (=10°'*). The high
predictivity achieved with no use of
information on microstructure was pre- 6

sumably because the data used was for
commercial steels in which there should
be a correlation between the composi-
tion and the microstructure. We con-

N
1

firmed that the prediction did not work
well exceptionally for two heats having
the same composition but different mi-
crostructures with and without stress re-
lief annealing. The predictivity could be
drastically improved by adding the 0.2%
proof stress at the creep test temperature
as one of the explanatory variables. As
a use case of the prediction model, the
effect of elements was evaluated for 0-
modified 9Cr 1Mo steels. T T T
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Table 2. The number of data points used in this study.

Category Sheets Heats Conditions
Ferrite/Pearlite 8 71 1734
Ferrite/Pearlite/Bainite 9 85 2047
Martensite/Bainite 9 56 1802
others (CDS53) 1 2 74
Total 27 212 5657

Table 1. List of NIMS Creep Data Sheet used in this study.

CDS Category Material Standard Structure
7B Carbon Steels 0.2C STB 410 Ferrite/Pearlite
17B Carbon Steels 0.3C SB 480 Ferrite/Pearlite
40A Carbon Steels 0.2C-1.3Mn STB 510 Ferrite/Pearlite
25B Carbon Steels High Strength Steel (Class 590 MPa) SPV 490; SM 570 Ferrite/Pearlite/Bainite
8B Low Alloy Steels 0.5Mo STBA 12 Ferrite/Pearlite
18B Low Alloy Steels 1.3Mn-0.5Mo-0.5Ni SBV 2 Ferrite/Pearlite/Bainite
20B Low Alloy Steels 0.5Cr-0.5Mo STBA 20 Ferrite/Pearlite
1B Low Alloy Steels 1Cr-0.5Mo STBA 22 Ferrite/Pearlite
35B Low Alloy Steels 1Cr-0.5Mo SCMV 2 NT Ferrite/Pearlite
9B Low Alloy Steels 1Cr-1Mo-0.25V A470-8 Ferrite/Pearlite/Bainite
31B Low Alloy Steels 1Cr-1Mo-0.25V A356/A356M-9 Ferrite/Pearlite/Bainite
2B Low Alloy Steels 1.25Cr-0.5Mo-Si STBA 23 Ferrite/Pearlite/Bainite
21B Low Alloy Steels 1.25Cr-0.5Mo-Si SCMV 3 NT Ferrite/Pearlite/Bainite
3B Low Alloy Steels 2.25Cr-1Mo STBA 24 Ferrite/Pearlite
11B Low Alloy Steels 2.25Cr-1Mo SCMV 4 NT Ferrite/Pearlite/Bainite
36B Low Alloy Steels 2.25Cr-1Mo A542/A542M Martensite/Bainite
53 Low Alloy Steels 2.25Cr-1Mo-0.3V SFVCM F22V
S4A Low Alloy Steels 2.25Cr-1.6W KA-STBA 24]1; Ferrite/Pearlite/Bainite
KA-STPA 24J1
12B Low Alloy Steels 5Cr-0.5Mo STBA 25 Ferrite/Pearlite/Bainite
19B High Cr Steels 9Cr-1Mo STBA 26 Martensite/Bainite
43A High Cr Steels 9Cr-1Mo-V-Nb SA-213/SA-213M Grade T91; Martensite/Bainite
SA-387/SA-387M Grade 91;
SA-335/SA-335M Grade P91
46A High Cr Steels 9Cr-2Mo KA-STBA 27 Martensite/Bainite
48B High Cr Steels 9Cr-0.5Mo-1.8W-V-Nb SA-213/SA-213M Grade T92; Martensite/Bainite
SA-335/SA-335M Grade P92
S1A High Cr Steels 11Cr-2W-0.4Mo-1Cu-Nb-V KA-SUS 41013 TP; Martensite/Bainite
KA-SUS410J3;
KA-SUS410J3TB
13B High Cr Steels 12Cr SUS 403-B Martensite/Bainite
10B High Cr Steels 12Cr-1Mo-1W-0.3V SUH 616-B Martensite/Bainite
52A High Cr Steels 12Cr-2W-0.4Mo-1Cu-Nb-V KA-SUS 410J3 DTB Martensite/Bainite
Table 3. Explanatory and objective variables used in this study.
Category Variable

Explanatory variable

Objective variable

{C, Si, P, S, N, B, Mn, Ni, Cr, Mo, Cu, Al, Ti, Nb+Ta, V, W, Co, Fe, Nb, Sn} [mass%]

Test temperature[K]
Test stress[MPa]

0.2% proof stress[MPa]
log,t,
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Table 4. RMSE for the test data (451 data) for each method.

method RMSE
Support vector regression 0.14
Random forest 0.28
Gradient tree boosting 0.22

Table 5. The conditions that the absolute value of the difference
between the predicted and observed value is greater
than log10(2) for all methods.
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LMK ZZ T TE PR TE S, THZET S 72801135 208 MFG 82315 294 178 0.08 085
LG K AT A . FUT 2B MhX 82315 294 275 071 110
*ﬂ%ﬁi@ Iﬁ%ﬁ?ﬂz DROBEAD Do MAT, {LFRRO) 43A  MgA 77315 300 374 280 334
fins 7 =TI TNB LRI RHEHBL TS L $BA MGC 77315 270 421 480 449
ZibN%, CDSOMBHIME T LIz —TFLah Tk 54A  MLA 848.15 160 354 457 395
0, ALFEMBOIHE A R S Y — PRITRELS By, B 88 LAF 72315 373 192 389 289
(a) Support vector regression (b) Random forest (c) Gradient tree boosting
6
..-16— % . .’o.' ¢
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go) : .. . .
9 Y . .....O 2 4
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Fig. 1. Comparisons between observations and predictions for test data (451 data points) for each method: (a) SVR; (b) RF; (c) GTB.

(Online version in color.)
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Table 6. Number of training data, hyperparameters tuned, and
predictivity for each condition.

Number of hyperparameter tuning prediction error
training data C sigma  5-fold RMSE ~ RMSE (test)
5132 300 0.15 0.183 0.141
4621 350 0.15 0.193 0.150
4111 250 0.15 0.216 0.159
3588 350 0.10 0.215 0.166
3080 450 0.08 0.230 0.169
2573 350 0.08 0.250 0.188
2056 350 0.10 0.284 0.209
1542 350 0.04 0.301 0.242
1028 250 0.04 0.361 0.265
530 150 0.04 0.509 0.391

48

T — 2 B ADIIZ BT A RMSEIZH L TF — 2 ¥
3000 TIZRMSE230.03F2 ) Kk & <, 7 — # $1000F2 /& T
1E RMSE 23 0.12 F2J% Kk Z Wy, factor 1.4 2% &9 S ElD &
WPHIMEBE DRI F — 2 DB EXIZLkoTe 263
T3 ZEenbhrd, THREEIZT — 2 2BML T3 ER
ALK S EDOTIEAL, T2 BT VIl
JERZIUZEBIML 2y, Wb b 7 — 2 BB O &N
IR BB S K< R oh b, Fig2 OXEGEIT — 4 &
RELRMSE OB I EARBI R 25588 6 1, Z OBIRIZ AR
T = ARRKDORMETEMFF SN TS, 2OZEIET—
ZOBINZ & > TEIZPHIKE 20 ECX 2 /b2 d 5 Z
EAEREL TS,
3+1-3 BHABORL 5T — & N\ORHL

BB O FHIE 7L TIEAK & GBS 2 O CORSE R
WPl Z 1T A2 T2 2%, CDS53I2& £ 52k — b VdA,
VABIZH L TiE, THIAS £< Wbk, CDS53 & &8 T
bl e FARIZSVRICK > TTPRIET L A/ER L 728 2 A,
Fig.3 (a) 12789 & 912, VAA, VABIZBE L TIX TIPS A
b TG, ZOMMEIZENERICHNON2EDTH
D, IBERICIBHRED OB X 5 E LAREINTH
%, Table 712D E N AR T K 512, VAA ITFEM £ —
H—=IlK> T NZZBANBERLOATH D, VdB Tid
ZHIZINIBRERE X LANBINTHR XM T\, VdB i
IGHBREREE R E LIk > THRIL L, £ < ORBRS&MT
TSR s — MLl BAY, T 0729, VAAICK L TIRED
(4A) OFHE &, VABIZH L TidE® (JEMl) o
FHlE 5T W3, 31 1 CRMETAGRE R 5 2 5L
L PMTE MR E 7 — &Yy b IHK - SR AR oo %t
BB H B2 ER LM, TD2e — bk TiEE—
MU T d D 228 6 BAUBIC K > TR e 5 72728
12, FHECZZ U TR IR fr D 2 V) — T EREZE A& R
ko LTRSS,

ZD2k — M OWREZE 2 KRBT 5 &0 ) BRI, B

0404 4
2.4
0.35 1 2.2
0.30 2.0
° -
w B 1.80Q
) 0.25 . f
E =
wn
. 16 m
0.20 A .
.
® .
.
0.15 . L bia

1000 2000 3000 40005000
Number of training data

Fig. 2. Effect of data size on the predictivity for the SVR model.
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Table 7. Heat treatments for the two heats included in CDS53.

heat processing and thermal history
VdA

Forged
1020°C/7Th WQ
695°C/11h AC

VdB Forged
1020°C/7Th WQ
695°C/11h AC
625°C/10h AC
705°C /30h AC

(a) without 0.2% proof stress (b) with 0.2% proof stress
® VdA , e
4 VdB 5 >
7 % y
3 7o o
o /. * o >
o e
2 34 . ". o 5
3] : % o0 o
S 2 ] (" @) v
(&) . 4
o 4
24 - 9
2 3 4 2 3 4

Experimental log4otr

Fig. 3. Observations and predictions of log creep rupture time for the two heats, VdA and VdB in CDS 53. Their compositions are the
same but heat treatments are different. (a): Explanatory variables are composition and test conditions; (b): 0.2% proof stress is

additionally used together with composition and test conditions. (Online version in color.)
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Fig. 4. Flow diagram to evaluate the effect of splitting data group based on the initial microstructures of Ferrite/Pearlite, Ferrite/
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Table 8. RMSE evaluated on the corresponding test data for the unsplit data model, the models for each initial
microstructure, and the combined model.

Ferrite/Pearlite Ferrite/Pearlite/Bainite Martensite/Bainite
All data

data data data
Unsplit data model 0.14 0.17 0.13 0.13
Ferrite/Pearlite model &
Ferrite/Pearlite/Bainite model & 0.15 - - -
Martensite/Bainite model
Ferrite/Pearlite model - 0.18 - -
Ferrite/Pearlite/Bainite model - - 0.13 -
Martensite/Bainite model - - - 0.13
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Table 9. The composition and loglOtr at 873K-110MPa for each heat in CDS43 (Gr.91).

Heat C Si P S N Mn Ni Cr Mo Cu Al Ti A% Nb logiot:
MGA 0.1 0.38 0.015  0.001  0.05 0.4 0.12 8.53 0.96 0.022  0.014 0 0.21 0.076 4.39
MgA 0.08 0.34 0.005  0.004 0.059 0.49 0.09 8.34 0.89 0.02 0.012 0 0.23 0.07 3.92
MGB 0.09 0.34 0.015  0.001  0.042 0.45 0.2 8.51 0.9 0.026  0.016 0.001 0.205  0.076 4.42
MgB 0.08 0.34 0.005  0.004  0.059 0.49 0.09 8.34 0.89 0.02 0.012 0 0.23 0.07 4.03
MGC 0.09 0.29 0.009  0.002 0.044 0.35 0.28 8.7 0.9 0.032  0.001 0 0.22 0.072 4.33
MgC 0.1 0.24 0.005  0.001 0.0582  0.44 0.04 8.74 0.94 0.012  0.014 0 0.21 0.076 4.55
MGD 0.1 0.29 0.01 0.001  0.048 0.41 0.1 8.41 0.9 0 0.016 0.001 0.185  0.07 4.14
MgD 0.11 0.29 0.008  0.001  0.05 0.45 0.08 8.44 0.99 0 0.023 0.001 0.21 0.09 4.22
MGF 0.11 0.25 0.013 0.001  0.053 0.42 0.06 8.41 0.91 0 0.001 0.006 0.2 0.08 4.28
MGG 0.1 0.38 0.018  0.002 0.0458  0.37 0.12 8.6 0.95 0 0.002 0 0.19 0.08 4.27
MGQ 0.11 0.24 0.014  0.002 0.046 0.43 0.08 8.31 0.92 0 0.001 0.005  0.19 0.07 4.38
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Fig. 5. Predictions of log rupture time at 873K 100MPa for compositional conditions in which the amount of each element is shifted
from the original compositions of the heats in CDS43 (Gr.91). (Online version in color.)
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Table Al. List of parameters used to construct each prediction model. Tuned parameters are denoted as T (True) and other parameters
with default values are denoted as F (False).

Method Parameter Tuned Value Description
SVR (kernlab::ksvm)  type F nu-svr specify a method for classification/regression
kernel F rbfdot the kernel function used in training predicting
nu F 0.2 nu sets the upper bound on the training error and the lower bound on the
fraction of data point to become Suppport Vectors
C T 300 regularization term
sigma T 0.2 inverse kernel width for the radial basis kernel function
epsilon F 0.1 insensitive-loss function
RF (ranger::ranger)  importance F impurity Variable importance mode. impurity: the variance for regression
splitrule F variance splitting rule
num.trees F 5000 number of trees
mtry T 20 Number of variables to possibly split at in each node
min.node.size T 1 minimal node size
GTB (xgboost.train)  booster F gbtree king of booster (specified gbtree for GTB)
objective F reg:linear loss function
eval metric F rmse Evaluation metrics for validation data
eta T 0.02 Step size shrinkage used in update to prevents overfitting (learning rate)
max.depth T 4 Maximum depth of a tree
min_child weight T 1 Minimum sum of instance weight needed in a child
colsample bytree T 1 subsample ratio of columns when constructing each tree
subsample T 0.6 Subsample ratio of the training instances
gamma T 0.5 Minimum loss reduction required to make a further partition on a leaf

node of the tree
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