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Abstract: Creep testing is time-consuming and costly, leading institutions to limit the number of tests conducted to the
minimum necessary for their specific objectives. By pooling data from each institution, it is anticipated that
predictive models can be developed for a wide range of materials, including welded joints and degraded mate-
rials exposed to service conditions. However, the data obtained by each institution is often highly confidential,
making it challenging to share with others. Federated learning, a type of privacy-preserving computation tech-
nology, allows for learning while keeping data confidential. Utilizing this approach, it is possible to develop
creep life prediction models by leveraging data from various institutions. In this paper, we constructed global
deep neural network models for predicting the creep rupture life
of heat-resistant ferritic steels in collaboration with eight institu- = )

. . . A ederated learning
tions using the federated learning system we developed for this 1) Send the client models it ool
purpose. Each institution built a local model using only its own
data for comparison. While these local models demonstrated good
predictive accuracy for their respective datasets, their predictive
performance declined when applied to data from other institu-
tions. In contrast, the global model constructed using federated
learning showed reasonably good predictive performance across DS ik dotal wode il
all institutions. The distance between each institution's data was
defined in the space of explanatory variables, with the NIMS data,
which had the largest dataset, serving as the reference point. The
global model maintained high predictive accuracy regardless of
the distance from the NIMS data, whereas the predictive accuracy
of the NIMS local model significantly decreased as the distance
increased.
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3) Send back the global model to clients

Fig. 1. Schematic of federated learning. (Online version in color.)

1 B.Ma, X.Yin, X.Ban, H.Huang, N.Zhang, H.-Wang and W.Xue, https://doi.org/10.48550/arXiv.2111.07892
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Table 1. Required libraries and versions.

cairosvg (==2.5.2)

grpcio (==1.31.0)
grpcio-tools (==1.31.0)
mordred (==1.2.0)
numpy (==1.19.1)

opacus (==0.11.0)

optuna (==2.10.0)

pandas (==1.3.2)
pyhumps (==3.0.2)
rdkit-pypi (==2021.3.5.1)
scikit-learn (==0.24.2)
torch (==1.8.2+cpu)
torch-cluster (==1.5.9)
torch-geometric (==1.6.0)
torch-scatter (==2.0.7)
torch-sparse (==0.6.12)
torch-spline-conv (==1.2.1)

torchvision (==0.9.2+cpu)
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Table 2. Example of items in model configuration.

Key Description

model Model Structure

loader How to load data file and specify input/output variables.
featureizer features to use

splitter How to split training/test data

criterion Loss function

optimizer Optimization method

scheduler Way to tune learning rate

epochs Number of epochs

batch_size Batch size

test_metrics Evaluation criterion for test data

Table 3. Contents of server config file and client config file.

Server Client

config config Key Description
o task_configuration_file ~ Model config file
o aggregator_type Model aggregation method
o aggregator _options Options for model aggregation.
(e.g. weights)
o rounds_count Number of rounds
o o ssl private_key Path of private key for SSL
o o target Server IP address
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Table 4. Input variables used when validating federated learning.

C [mass%]

Si [mass%]

P [mass%]

S [mass%]

N [mass%]

B [mass%]

Mn [mass%]

Ni [mass%]

Cr [mass%]

Mo [mass%]

Cu [mass%]

Al [mass%]

Ti [mass%]
Nb+Ta [mass%]
V [mass%]

W [mass%]

Co [mass%]

Fe [mass%]

Nb [mass%]
Test temperature [K]
Test stress [MPa]
0.2% proof stress [MPa]
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Table 5. Relationship between number of clients and prediction
accuracy.

Number of clients  score

0.184 £0.0216
0.2 +0.0208

0.203 £0.0186
0.215+0.0221
0.218 £0.0192
0.225 +0.0196
0.231 £0.0151

O 0 9 N W B W

0.239+0.0218

—_
(=}

0.261 £0.0148

12 ILoshchilov and F.Hutter, https://doi.org/10.48550/arXiv.1711.05101
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Table 6. Prediction accuracy depending on the balance of the
number of data among clients and the aggregation

method.

Balance Plain aggregator Weighted aggregator
60-40 0.182 +0.0205 0.177 £ 0.0205
67-33 0.191 £0.0198 0.175+0.0195
75-25 0.2+ 0.0206 0.178 £0.0165
80-20 0.202 +0.0246 0.179+£0.0174
40-30-30 0.192 +0.0209 0.185+0.0197
60-20-20 0.2+0.0181 0.18+0.017
60-30-10 0.2£0.0203 0.18£0.0186
80-10-10 0.209 + 0.0249 0.181+0.0172
30-30-15-15-10 0.224 +£0.0231 0.203 £0.0192
60-10-10-10-10 0.233+£0.0149 0.19+0.0183
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2R HERES R B & I 7 ais AT, 2 —
FHRAIT YR, T 5, Lo T, (k71 il
AT B, FATHIR TIIHEH O £ 22 HHICf Tk
WETM AR & LT 220 bk 2z T+ aTth - 7%
M, GO ESIZT T v b THAINZTERED » 3 iR
HEN BT FEHDR 21 TPl 5 2 LIRS &
AbNB, EEE EATRY ICBWTE, LKA E—
THEULELD AHFE 7 % CDS53 M2 b — MIxf LT, b3
HURDATE PRI TH S Z L2 WMEL TS, &5
12, 2O KD BEATY, MBRREIZE T 5 02%M0 % 3
MZRICIA 2 Z L iIck ) PRIBASGECE D Z 2 RINL
T3, B O EN RIS 2 785513 0.2%10 123
I o OEL EREMICRHA L 22 81k ->Té 25
SN LR TE B,

AF4ET Y, 44, [HRRIZ0.2%0 1 & HV T, BEBORY
Okk% 75 I 7 afiliiE G4 57 — 2 RIS 2R TOF
WISV TBZ A2 TPELTCW, L2L, #EXD0.2%
WhoF =203 bkpo-Zens, REBELELTXDF—
ADLNVERYE v 7 — A0 BSFIHTREH & Mg L7z, T
fHAIZNIMS 7 ) — 7°F — 2 % W T 02% I b b
IRy h— AW EMATEE L2 5, Lido
CDS53M2k — MBI LT, 02%MhAaHLEZET L E
FIFEEICPRWEEL 5225 2 L &R CE 2, 2078, K
WD 2 ) — THEWRERE 7€ 7L OFEITIEERE v
B — 2R E BRSO FPAZ L LT A 72,

BB D T — 2 1IN 72 T <, IBESE, A
DT 4 ¥ — % deposited metal & L 723k B F, THELHAZH,
M (REMEE) NEENI RS 572, Thb
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MM & Oy 7 — 2 T¥E$ 5 aTRETE R MORHE O fi5
EANELTEHW S TRENE 2 FE L T, MR %
MlAaAer T & & U7, BRI, MORRE S & 0% 8 x H
BLUT Z4 9250312548 L50EARB025415%

One-hot ZHL A LA L 7=,

DEoBOAEbLEOERE N2 ) — Tl T — &

D7+ -~y b B KLOERGERRT -2 HOT — 4
T =~y MIBLT, ZZNICEENEE L% Table 7
IINY . BBDETIMER K ZhEh Tlibh s ANZE
¥ (in) 5 XOCHMZEK (out) & HEEHITRL 7=,
32 gL

F— A EEFIIHNBICH R 0ERD X r — VA%

Table 7. Variables included in the input data format for creep rupture and high temperature tensile testdata and the handling of each
value and the variables used in each modeling condition.

creep_std tensile_std .
Variable name Type If inexist Specific handling creep_weld ereep tensile_weld tensile
creep_used —all tensile used ~all
C [mass%] Numeric  Fill 0 in in in in
Si [mass%] Numeric  Fill 0 in in in in
P [mass%] Numeric ~ Fill 0 in in in in
S [mass%] Numeric ~ Fill 0 in in in in
N [mass%] Numeric ~ Fill 0 in in in in
B [mass%] Numeric ~ Fill 0 in in in in
Mn [mass%] Numeric ~ Fill 0 in in in in
Ni [mass%] Numeric ~ Fill 0 in in in in
Cr [mass%] Numeric  Fill 0 in in in in
Mo [mass%] Numeric  Fill 0 in in in in
Cu [mass%] Numeric  Fill 0 in in in in
Al [mass%] Numeric  Fill 0 in in in in
Ti [mass%] Numeric ~ Fill 0 in in in in
Nb+Ta [mass%] Numeric ~ Fill 0 Input only one of Nb+Ta [mass%] of Nb [mass%] in in in in
V [mass%] Numeric ~ Fill 0 in in in in
W [mass%] Numeric  Fill 0 in in in in
Co [mass%] Numeric ~ Fill 0 in in in in
Fe [mass%] Numeric Calculate 100 - (Sum of other compositions) in in in in
Nb [mass%] Numeric  Fill 0 Input only one of Nb+Ta [mass%] of Nb [mass%] in in in in
Sn [mass%] Numeric  Fill 0 in in in in
O [mass%] Numeric  Fill 0 in in in in
Ru [mass%] Numeric  Fill 0 in in
Re [mass%] Numeric ~ Fill 0 in in in in
O_est [mass%] Numeric Ezﬁ;}; t(;rd value
Vickers hardness at RT [HV] ~ Numeric ~ Empty Allow conversion from other hardness in in in in
Test temperature [K] Numeric  (Neccesary) Absolute temperature t +273.15 K for t °C. in in in in
Test stress [MPa] Numeric  (Neccesary) in in
0.2% proof stress [MPa] Numeric ~ Empty
Time to rupture [h] Numeric  (Neccesary)
log10 timetorupture [h] Numeric  (Neccesary) out out
Tensile strength [MPa] Numeric  (Neccesary) out out
Elongation [%] Numeric  (Neccesary)
Standard material (matrix) Oorl One-hot (one of them is 1, 0 for others) in in
Weld metal Oorl One-hot (one of them is 1, 0 for others) in in
Deposited metal Oorl One-hot (one of them is 1, 0 for others)
Simulated HAZ Oorl One-hot (one of them is 1, 0 for others)
Used sample Oorl One-hot (one of them is 1, 0 for others) in in
Inner pressure creep test Oorl
Hoop stress [MPa] Numeric ~ Empty Input only if Inner pressure creep test is 1
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Fully-connected layer
L J
Output y

Fig. 2. Structure of the model consisting of 5 fully connected
layers used for training. (Online version in color.)
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Send model config

if (roundz2) )
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of previous round

Scale conversion)
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Fig. 3. Flowchart for federated and individual learning. (a) Federated learning; (b) Individual learning. (Online version in color.)
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72— N BETILDISNT A X 5 TOHBREL-INT — 4
KTIMEYEE L2279 — N LE T #/EKT 5 (Federated
Averaging (FedAvg)”) . ¥X D round 13 & #1332 13 HL > 7=
Ja—=)NLETNETUSFEERE L, 20X 5 e &3
ICKBEHES =N ETOETIAMAEDY A 7L DBIEE
round B 72 DR XN B, Fedéround TR 7z 7 1 —
INLE T % T UHIDREEE S B U 72 (i o551
f87E epoch B 72 13 € TN D F#EDHEA, Fei% epoch TR &
N7 T N PR RHM S h 5,

THEE OFIiE 7 0 — N LETF L, ZEHES OO —
ANETFLBLUNIMSE — AL ETFIIZHR L T & >
e TNEFNDEFLIZOVWTEBBEO T — 2 5LV
NIMS 7 — & & IV CEHIi L, fi4 DA LB TR %E
Wt L7z,

FEROFNILLTOMED Th 5, #idd &b <R H
50977y M onfi%A%01“%ibtoﬁ&
DHBH10% D/ — FEEES v &2 L1581 LEEICSNX
&V, 8T X X OEADOREAIZE AdamW" % L,
RO Ay Y 2 — ) Y 7121E OneCycleLR™ % W 72, Z
DAT Y 2—7 & T, YO EEL4e—an6—HT
= =1 Y2 &Y epoch &R D 30% % H 1 TR DEEHR
le—2F CTHEMX &, Z2ZhoINDEEFEL4e — T\ 0%
PIBEIWEL TS,

T HIDKE S Sl O FE I IX RMSE % FH W,
N7-FEOHMEBIZREL TR L 7=,
3.4 EFIEBZH

Table 81Z/8 ¢ 7 ) — 7/ i e & ikl iy fdifH & 527

A — VAR

NZNIZB L TETILOEREAT I A EE &AfH7
FHTHIE U 72| TR S % 3% %) A3 epoch B D A H 42
D, EAFE Tldround B & epoch F D Tl 2 A 7 O
epoch B & R % K HFREL T %, T T IIAER A
SN =T Eims RO, A EE ER R E ORI, A
NZEROM, BZER, /¥y F 3 A X, epoch B, 1Tl 5
ﬁﬁﬁihéotfb?gjﬁfﬁéﬁi%ﬁ”ﬁﬁﬁé
T—ADBDBPENKDL, MAT, EEFEIZRINT S
KBS, Yk or—42%H55 ﬁ‘luﬁ?f?‘§> o
Table 8 1Z&E T MEREMFONE 28§, Il &M
3+ 1 TR EHE A % 9 one hot BIIZHIB L 728 D &
7¢ - Ty %, batch_size, epochs, rounds ISP L CTid3 -3 -2
Tl X7z, in_features (I A NEF O TH O, {5MICE
T 2R OFHNIE Table 712N U 72, A DO F24T ATREMEIZ 4T
I E 7 — 2 ITRAF L, SIEl&E 7 ARG T
FEEE D DS EHIIBIM U AR L 72,
MRHRE & U TS (Standard material (matrix)), VA%
% JE (Weld metal), i 44 (Used sample) 28 0, T Z
Fone hot RBIOZEFMEEL L7z, ZHSIXKO2EY D
L TCHIF U 72, creep std, creep weld, creep used, tensile std,
tensile_weld, tensile used T % FKJE TR & 1 % M FHE
TEILT— 2RO L L 2T L EES 20 L,
creep_all, tensile_all TIZFHZ K E LTRIFH L 72,
35 FEKD9# (Principal component analysis)
AWETIEIRNRE T £ T4 P RWMEENIZREL TW5 8
DO, THTE 250 MR CHETEICIAR D 23 ) 5,
IAK 2RO T, BRI RD < T—2 &IRA L

B ARREE OME DE 5 75 5D T T IARRSGA né%ﬂi%z_<u HEFEHTEHEVOT — 2 %/
Table 8. Modeling Conditions and Number of Institutions.
Eﬁgif:::f ;(C;Zl Row extraction condition batch_size  epochs rounds in_features i‘:zzz:f
creep_std local "Standard material (matrix)" == 1 260 500 25 6
creep_std global "Standard material (matrix)" == 260 10 50 25 6
creep_weld local "Weld metal" == 1 260 500 25 1
creep_weld global "Weld metal" == 1 260 10 50 25 1
creep_used local "Used sample" == 1 260 500 25 1
creep_used global "Used sample" == 1 260 10 50 25 1
creep_all local 260 500 28 8
creep_all global 260 10 50 28 8
tensile std local "Standard material (matrix)" == 1 140 500 25 5
tensile_std global "Standard material (matrix)" == 1 140 10 50 25 5
tensile weld local "Weld metal" == 1 140 500 25 1
tensile weld global "Weld metal" == 140 10 50 25 1
tensile used local "Used sample" == 1 140 500 25 1
tensile_used global "Used sample" == 1 140 10 50 25 1
tensile_all local 140 500 28 7
tensile_all global 140 10 50 28 7

13 L.N.Smith and N.Topin, https://doi.org/10.48550/arXiv.1708.07120
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Table 9. Evaluation results based on each institution's own data for local model and global model.

Training data Test data
Modeling condition local/global Institution

N MSE RMSE N MSE RMSE
creep_std local A 180 0.2024 0.4499 46 0.2613 0.5111
creep_std local B 292 0.0479 0.2189 74 0.1065 0.3263
creep_std local C 116 0.2223 0.4715 29 0.1721 0.4148
creep_std local D 38 0.0251 0.1585 10 0.0604 0.2458
creep_std local E 109 0.0249 0.1579 28 0.017 0.1303
creep_std local NIMS 4525 0.0032 0.0568 1132 0.0479 0.2189
creep_std global A 180 0.7275 0.8529 46 0.5938 0.7706
creep_std global B 292 0.4448 0.6669 74 0.5499 0.7415
creep_std global C 116 0.8152 0.9029 29 0.5891 0.7675
creep_std global D 38 0.655 0.8093 10 0.3609 0.6008
creep_std global E 109 0.3692 0.6076 28 0.4453 0.6673
creep_std global NIMS 4525 0.0386 0.1966 1132 0.075 0.2738
creep_weld local G 173 0.003 0.0543 44 0.0184 0.1355
creep_weld global G 173 0.0366 0.1914 44 0.0529 0.23
creep_used local F 64 0.0173 0.1317 16 0.0215 0.1465
creep_used global F 64 0.0616 0.2482 16 0.071 0.2664
creep_all local A 180 0.0542 0.2329 46 0.1204 0.347
creep_all local B 292 0.0753 0.2744 74 0.12 0.3464
creep_all local C 116 0.8013 0.8951 29 0.5188 0.7202
creep_all local D 38 0.0139 0.1179 10 0.0422 0.2055
creep_all local E 109 0.0233 0.1527 28 0.0172 0.1313
creep_all local F 68 0.009 0.0948 17 0.0073 0.0853
creep_all local G 173 0.0024 0.0493 44 0.0158 0.1256
creep_all local NIMS 4525 0.0034 0.0579 1132 0.0414 0.2036
creep_all global A 180 0.2992 0.547 46 0.2452 0.4952
creep_all global B 292 0.5059 0.7113 74 0.5401 0.7349
creep_all global C 116 0.4626 0.6801 29 0.4686 0.6845
creep_all global D 38 0.496 0.7043 10 0.325 0.5701
creep_all global E 109 0.5748 0.7581 28 0.5801 0.7616
creep_all global F 68 0.0914 0.3023 17 0.0053 0.0729
creep_all global G 173 0.1212 0.3482 44 0.1437 0.379
creep_all global NIMS 4525 0.0483 0.2197 1132 0.0861 0.2935
tensile_std local B 387 0.0023 0.0476 97 0.005 0.0709
tensile_std local C 15 0.0714 0.2672 4 0.237 0.4868
tensile_std local D 26 0.0142 0.1192 7 0.0238 0.1543
tensile_std local E 20 0.0061 0.078 6 0.0456 0.2135
tensile std local NIMS 1720 0.001 0.0311 431 0.0125 0.112
tensile_std global B 387 0.0572 0.2392 97 0.0468 0.2164
tensile_std global C 15 6.7107 2.5905 4 8.3064 2.8821
tensile_std global D 26 1.3612 1.1667 7 1.0897 1.0439
tensile_std global E 20 0.3387 0.582 6 0.4768 0.6905
tensile_std global NIMS 1720 0.0211 0.1452 431 0.0322 0.1796
tensile_weld local G 73 0.0028 0.0532 19 0.0013 0.0356
tensile_weld global G 73 0.0097 0.0986 19 0.0075 0.0865
tensile_used local F 64 0.0825 0.2873 16 0.0603 0.2455
tensile used global F 64 0.1057 0.3251 16 0.0933 0.3055
tensile_all local B 387 0.0245 0.1564 97 0.0227 0.1505
tensile_all local C 15 0.0256 0.1602 4 0.1395 0.3735
tensile all local D 26 0.0017 0.0417 7 0.0039 0.0627
tensile_all local E 20 0.0072 0.0848 6 0.0466 0.2158
tensile_all local F 68 0.0873 0.2954 17 0.1022 0.3197
tensile_all local G 73 0.002 0.0446 19 0.0152 0.1232
tensile_all local NIMS 1720 0.001 0.0323 431 0.0131 0.1145
tensile_all global B 387 0.0532 0.2306 97 0.0488 0.2209
tensile_all global C 15 11.8621 3.4441 4 15.2857 3.9097
tensile_all global D 26 1.1415 1.0684 7 0.9217 0.96
tensile_all global E 20 0.2985 0.5464 6 0.549 0.7409
tensile_all global F 68 3.0349 1.7421 17 2.857 1.6903
tensile_all global G 73 0.3775 0.6144 19 0.4735 0.6881
tensile_all global NIMS 1720 0.0184 0.1355 431 0.0256 0.1601
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