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First-principles Calculations on Co-segregation of P and Transition Metal
Elements at Fe Grain Boundaries

Shinya MORITA
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Abstract

The first-principles (ab-initio) calculations based on the FeX3(111) grain boundary model have been used to
study the effects of transition metal elements, Cr, Mn, and Mo, on the grain-boundary co-segregation and of P
contained in the steel and on the grain-boundary embrittlement. It has been found that Cr, Mn, and Mo indicate
repulsive interactions with P at the grain boundaries of Fe and that the shorter the distance to the P atom, the
stronger the repulsive interactions become. The interactions have turned out to be small relative to the grain-
boundary segregation energy of P, causing only a small effect on the segregation behavior of P. However, Mo,
when segregated on the grain boundaries, increases the binding energy of the grain boundaries, and is expected
to suppress the grain-boundary embrittlement due to P.
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Fig.4 Relationship between co-segregation energy and interaction
energy with P and X [X=(a)Cr, (b)Mn, (c)Mo] atoms at Fe
grain boundary
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Multiscale Elasto-plastic Finite Element Analysis of Dual-phase Steel
Based on Homogenization Method

Dr. Eisuke KUROSAWA

EE5

Dual-phase i Z R ETHHBENFM IS T LT LPHTHAINTWS, 2O L) REEN#EMICH LT, #
BLIY 72 PIEBAIARTEZ 1 & FOARIG 20 BEAR IO 451 & OARBI O MERIC IS 72282 R E3 N T b, ARFEITIX, 7=
FGA M NVTF YA A5 7% 5 Dual-phase il B8 X OV ZF N2 W 5 & A & 45 0451 % 459 5 HAHA B 2 5%
L, MERERICE - THMIVEE T — 2 # TS L72e CORBT— 524 A=V R—ZFFY Y Z7ICE D IEKR L
=X 7 BHIRRONTET VIS &2 & & 512, HEALEBERGEICER OV THEL/ZFEMa— FxHwT~
WF AT —VIREY I 2 b—2 a3 Y &2E L7z, MIERE EFHRE AR LA, KHBFLEOZ LY
EHMMENERR T E 72

Abstract

High tensile steel, such as dual-phase steel consisting of ferrite and martensite, is still widely used in several
industries. From a research and development point of view, it is important to clarify the relationship between
microstructure and macroscopic mechanical properties. In this study, samples of dual- or single-phase steel
consisting of similar constituent phases were experimentally produced, and their tensile properties were
obtained by material testing. These data were introduced into the microstructure model generated by an
image-based modeling method using SEM observation imaging. Using this model, multiscale FE simulation
based on homogenization elasto-plasticity theory was conducted, and validation was investigated by comparison

FEATURE : Prediction and measurement of microstructures and properties in materials

with experimental results.
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Technology for Predicting Residual Stress in Extruded Members of 7000
series Aluminum alloy Considering Heat Treatment Process

Hiroaki HOSOI
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Abstract

Extruded members of 7000 series aluminum alloy, which has the highest 0.2% proof stress among aluminum
alloys, is effective for automotive weight reduction. However, its high sensitivity to stress corrosion cracking
(SCC) makes it important to manage residual tensile stress in the members. This paper describes an equation to
predict residual stress after artificial aging treatment or after the paint baking process from the residual stress
caused by plastic forming during T1 tempering of 7000 series aluminum alloy on the basis of the creep test
results of 2 types of newly developed alloys and an extruded material made of standard 7003 alloy. It has been
clarified that the artificial aging and paint baking process for extruded members of 7000 series alloy significantly
reduce the tensile residual stress caused by plastic forming during the T1 tempering, reducing the risk of SCC.
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Fig.1 Typical manufacturing process of 7000 series aluminum alloy extrusion parts for automotive
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Table 1 Typical mechanical properties in longitudinal direction
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Fig.2 Dimension of test pieces for creep test W) —=THEL, FOTA0ERKLEELTLE, FOT
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Table 2 Creep test conditions
Creep test 1 ( artificial aging process ) Creep test 2 ( paint baking process )
Temper of . Applied stress N Temper of | Temperature Applied stress N
Alloy test pieces Temperature (MPa) Note test pieces (C) (MPa) Note
Artificial aging 100, 150, Pre-strain 0.01, 0.02, 0.05, 0.1 60, 90, 120,
Alloy A T temperature for T5 190, 220 conditions are added in 220 MPa. s 170 150, 180 :
: - Artificial aging 150, 190, Pre-strain 0.01, 0.02,0.05, 0.1 . 60, 90, 120,
Alloy B r temperature for T7 220, 250 conditions are added in 220 MPa. 7 170 150, 180 )
Artificial aging 90, 120, 150, Pre-strain 0.005, 0.01, 0.03, 0.05 120, 150, 180,
7003 m temperature for TS 180, 200 conditions are added in 150 MPa. s 170 200,210 °
0.005 0.10 0.03
~---100MPa ----150MPa - 90MPa
—---150MPa ----190MPa -===120MPa
5 —— 190MPa . —220MPa ----150MPa
; —220MPa w ——230MPa <002 ——180MPa
g £ 8 —200MPa
@ E 0.05 =
a, =%
S 2 5 o001
0.000 0.00 000 fesmrmmmnmmmammz :
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Time ¢ (h)
(a) Alloy A -T1 (T5 aging temperature) (b) Alloy B- T1 (T7 aging temperature)
3 BEEONTHRRETH 7 ) —7 0§ & - oMK
(POT A0, BAFEA S AL TS RN, BISSEE 4 BIE T7RRDEEE , 7003 & 451 TS5 Rexhil i)
Fig.3 Creep strain - time relationships at each alloy’s artificial aging temperatures in which pre-strain are not applied
(Alloy A: artificial aging temperature for T5, Alloy B: artificial aging temperature for T7, 7003: artificial aging temperature for T5)

Time ¢ (h)
(c) 7003-T1 (T5 aging temperature)

Time ¢ (h)

RsD #1784l 43%# /Vol. 71 No. 1 (Jul. 2021) 15



0.02

0.002

0.15

...... 60M Pa - 60MPa e 120MPa
=== 90MPa --- 90MPa === 150MPa
s === 120MPa 5 ---120MPa ‘ === 180MPa
© — 150MPa “ —150MPa RT ~200MPa
.8 g o —210MPa
! — 180MPa s — |§0MPa i
% 001 Z 0.001 & !
g 5 g /
2 2 e S
S S 5 005 7
—"
0.00 -E====SEEEIIocoozIoooooootoniiin. 0,000 0.00 - —
0 ! 2 3 4 2 3 4 0 2 3 4
Time ¢ (h) Time ¢ (h) Time ¢ (h)
(a) Alloy A-T5 (b) Alloy B-T7 (c) 7003-T5

4 BERMNTHEZEELZIT0CTOEEED 2 ) =T 0T A -HHOBER (FOFH04%M)
Fig.4 Creep strain-time relationships at 170C which is estimated to be the temperature of the paint baking process (zero pre-strain conditions)
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Table 3 Steady state creep rate &, for each condition (Unit: h ™)

(a) Artificial aging temperature

Applied stress (MPa)
Alloy and temper Temperature
90 100 120 150 180 190 200 220 250
Alloy A-TI Artificial aging 766606 . |1seE-05| - |a33E0s| - | 1.03E-04
temperarture for T5 . . . .
Alloy B-T1 Artificial aging | 32405 142E-04 | | 3.14E-04 | 1LOIE-03
temperature for T7 N ) .
7003-T1 Artificialaging ) oop 05| | 6.26E-05 | 6.66E-05 | 2.08E-04 | - |7.45E-04|
temperature for TS
(b) Paint baking temperature (170°C)
o Applied str MP
Alloy and temper | Temperature ('C) pplied stress (MPa)
60 90 120 150 180 200 210
Alloy A-T5 5.45E-05 | 5.91E-05 | 1.67E-04 | 6.20E-04 | 4.62E-03 h
Alloy B-T7 170 1.08E-05 | 6.02E-05 | 8.54E-05 | 2.11E-04 | 2.67E-04 ]
7003-T5 . 7 1.08E-04 | 9.14E-04 | 1.18E-02 | 2.43E-02 | 4.18E-01
F4 NTHHEEICBI2FOTAEERZ ) —THEOMGR (FOT A0 OMETELITLIL)
Table 4 Steady state creep rate &, for each pre-strain at artificial aging temperature
(Dimensionless are applied by the value at no pre-strain, &, )
Alloy and t T 1t Applied stress (MP Pre-strain
oy anciemper | femperatire pplied stress tMPa) ™5T0005 | 001 | 0.02 | 0.03 | 005 | 01
Alloy A-T1 Artificial aging 100 | | 240 | 2908 | | 419 | 475
temperature for T5 AN .
PP . 220 . - N -
Alloy B-T1 Artificial aging 100 | o | n1o | roa | | 293 | 3.05
temperature for T7 N
e - . ™\ \\
7003-T1 Artificial aging 150 00 | 075 | 1s7 | o | 1o | 210 |
temperature for T3 . N
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Fig.5 Effect of pre-strain on steady state creep rate at artificial
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aging temperature

16

BHShL I L TEEL, BRIELL A Gtk
VDT AEZ)—=TOTAORIEIC—E) o

(b) FIEH OIS K BT 20 % HT 2BA
1 OGRS Z OO FISIIHEE RLITS T,

o

R:D KOBE STEEL ENGINEERING REPORTS/Vol. 71 No. 1 (Jul. 2021)



FTART G IR & FERICHR D o InJIRRANE A
ML B EISTIr S LA U TR 50 JERVE
[ 22 JEITREFINC & 0 NICARGEAE L, BRI
PRI AE U2 W HEE D & A4S, 02 M4
E

() 7V =703 AHEEDOFRFIS RN, & FHl
TRIHTE D, REMTHET 2720, BHZ Y —
TOREEBL, EBZ)—TEMEZ Y —F 3%
LR, F72, NEFEOIHIERICIZTOT A
A% E BT %,

(d) 72V —=FOFTAEEIIKIZTTTFOTAOBEL, #A
TS SRR KSR L e v A LRI O F O3 A
OB, NTHERHROBBEREMN TRICBWTLZ
DF FHEFEIND, FLTFOTARIE, HLEWEOT
ARELTOLLEDEE L L, T AR T AR
DI T 5,

¥, 2T Lo TBRIELL VW EEZ DL

Ehn, 70 —=70FTARHEE, LHEDT ARDE L

B e DL 0 &% D,

G €y = () rerrree (1)

BHPE O Boe, i3V ¥ VR E LREIE S0, BB (2)
THZ 5N %o

Y VT ROBEMAFEIZEELET, BIRTOY V7
EHET Do 7)) =TT AMEE &, DI IJELF LK
(3) OREFEAITEIT 5,
10 sl \"
E
2N, midnHIEE (REF) THD BEICTIHE
HEH T OBGEICHWNIETEDL LT 720, BREEH
O, WX U CHEKE EE 5| 0,0 & 555 B B sgn % W 72,
R (3) 1ZBWT, A(e,.) BT OTARITHIG L2 T
HY, K5z RBRIFeRECHBICRITL 4) 25
Z %o

éw-=14(aw)-sgn(0m)'<

Alg,) = Ay (LHkg,) s, (4)

T, 4ETFOT AR, K00LEDRMTH S, &k,
nZPOT AL RB T 28 TH 5. 413658
HEZ X, bk n3EE&TiEhZPRRET 5. X
(2) zEpffo L, X (3) &1k (1) 1TRAT

5L, 0. BT AWM TR EONSE, e A
G (t=07T00 =0, PHETHLZETRK (5)
AT B,

_1) 1/(1-m)
q t

1-m n (m
(o ([> =sgn (Jre.v, 0> |O-rw, 0| +A0 * (1+k. gp)'é’ ) : Em

X (5) VLI EICED, ANTHRREBEREN T
FAC X BN B2l c& 2, 72, ANLHRhE
DFEBIS N 2 MIMEICT A2 12k, ATHR)E &
Bt LA K7 ORBIN I 2 3T & 5. FEBHE R H
O /NI RS CTHE L4, m, k, n®E5I12F
L5,

4. WHEMFFEDETE

K (5) BXUES 2 HWCOSHEMEEZ2 58 L 72,
NTLR RIS, BER o X9 IR E 4 Al THLFEE
HEMr, B GSBIE T7T LB #ESAE, 7003 44513 T5
WFRREAE S & L7z, D0 S BEREM FMIE3RTI70
CT20min& L7z Y Y IR EIXTRTT70GPa% 5 2
72o FOFHe, 030, 001, 010 3KiEE L, ATH
AT X BRBICHZEALZR 6 1R T A LR
B X OWEREMN TR X 2REISNZELER 712K
o M6I2BWT, xBllid A LRI OIS, vl
NLEERIEZ ORI 2 ENZnELTwD, MT7IZE
W, xild NIRRT OIS, v ld A TIRR) & %
FERN OBOEAIRN 2 ZNENEL TS, KO
vEEOEE, By =xbt Dy Fn O, B
W2 & BRI ICH ST 5,

NTHRER, AN TRERhE X OB X A6 18RRI
&, BEIRNEVIEE, FTFOTFANKEVITEH
F e DA ONDL, BILBLE ORI, B
HET OB IS RN, B & 13T 80T
505, BB O ICTIAE L B ICONT—EDMH
WS AMEINCH B S OMEIIE, FISEE 4 BR 7003
BENLVEETH S, LT HFEBISIETFOTAIC
BAEL, FOFHRPREVIIEEME RS, M6 LT
DLy, FRAEEBE 700354 A LRI & %
IBJIREAATKR & <, BWEBEA TR TORTIEINIIER 12
NSV, F BRAEEAL BHRBRAEEBR 7003441
AT ATRERIC & 2 I6TIRAI 2SR B/ S,

x5 ICHRARETFHAD/ T X =5~

Table 5 Parameter list of stress relaxation characteristic prediction equations

Alloy Temper Temperature Ao (]—.") m k "
T1 Artificial aging temperature for TS 0.66E+03 3.16
Alloy A - 9.81 0.404
TS 170°C (paint baking process) 1.48E+07 3.84
T1 Artificial aging temperature for T7 9.47E+12 6.55
Alloy B - 8.64 0.583
7 170°C (paint baking process) 9.25E+03 2.88
T1 Artificial aging temperature for T5 6.09E+04 3.23
7003 - 13.43 0.809
TS 170°C (paint baking process) 3.76E+32 13.28
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Fig.6 Changes in residual stress due to artificial aging process (estimate results using Eq. (5))
300 300 300
F = =
E 200 A, 200 AL 200
< ] 2 2
© 100 & 100 ey & 100
epre=0 === £pre=0.01
=== epre=0.01 s ppre=0.1 e=() ===gpre=0.01
e gpre=0.1 = = —Y
—VY=X — epre=0.1 Y=X
0 . : 0 ‘ . 0 . .
0 100 200 300 0 100 200 300 0 100 200 300
G es.before (Mpa) O es. before (MPa)

(a)Alloy A (T5 aging—170°C X 20min)

CITO=L47000 %G @ 2HB L BB EETH S
7003 e O MBI LT, AR MLEL R % 3 BEf)
THREOMWERGZEE L2 ) — T R Z1T 5 72, 3R
fik 2 T, TIHER QBT TA L 25 M ok
RIS 5, NI LB R BB TR O %O IG
NZTFHS 2IEERIELZ,

(1) BZE4EA, HEAEB, 7003841l T, AL
FERDALEE R SR B BEAT TR 2 A L - inE STt o
= 7O F AR 2 ARSI R F 0T ADK
T — % 2 HUE L7,

(2) Hie DWED D & T, N LEFRIILEL L B3 Beft TR
2 X BB IBEAEEE O PR Z R L7ze A TRER)
RUFRE X O A T RERDARLEE + YA LB X 5 )6 7)
ANE, WOERRIENEVIEE, FTF0TA
BREVITEHFETH D, RIS IIE— I Wi
T RMEIANCDH 5o

(3) VLo R 5, 7000 7% 6 a8 E 1205 5 2k
ALEE (N IR RhALEE > S S ey 8% ) 1%, T1FE

18

(b) Alloy B(T7 aging—170°C X 20min)

Ores. before (Mpa)
(c) 7003 (TS5 aging—170°C X 20min)
7 RIS O N TRERILELE X O EReA TR X 228 (X (5) & 723 AR
Fig.7 Changes in residual stress due to artificial aging treatment and paint baking process (estimate results using equation (5))
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Technology for Predicting Hardness of Cast Iron Parts

Kazuyuki TSUTSUMI - Dr. Keisuke OKITA * Yusaku TAKAGAWA - Shota TSUBAKI + Keisuke NISHIMOTO
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S B & L TRV 5E, Sl OBEE DB X OV HIEAE T U2 A —MISER S 2 56 2 & DD
B L CTREE 23N &2 RET 2L EFDH 5. AT, HHEYO T AVBSIZERL, &4
B3R AT A D88k T ) AN S 2 T T 2720 DHEEXE WO Lz, 72, W (GA L))
V7 P IT7 Abaqus EHHWT 7 =274 b EX—TF 4 F OMERGHRGA Z TS5 FEZRIEL, EMERET —
Y T G FEMEA Lo 155 NIk E & i ORI L A 5 R EREY 7 AOVRE S 2 Tl L 726 2 A1
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FTREPEIZ RSN T WD LRI L7z

Abstract

When castings are used as strength members, it is necessary to design or set the machining conditions
in consideration of the difference in strength for each part due to non-uniformity that occurs during the
solidification and the cooling process. This paper focuses on the Brinell hardness of iron castings and introduces
several estimation formulas for predicting the Brinell hardness of cast iron from alloy content and eutectoid
structure. A general-purpose software, Abaqus, has been used to develop a method for predicting the structural
fraction distribution of ferrite and pearlite, and the method has been applied to the casting for a compressor
body. An example has been introduced to illustrate the prediction of local Brinell hardness from an obtained
microstructural fraction and the cooling rate during casting. Although means are being developed for predicting
the microstructure and non-uniformity in hardness of cast material, many problems still remain to be solved for
general-purpose applications, as explained in this paper.
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FEATURE : Prediction and measurement of microstructures and properties in materials
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Table 1 Chemical compositions of FC250 specimens

(wt%)

Material C Si Mn P S Cu Ni Cr Mo
A 3.22 1.97 0.63 0.048 0.052 0.091 0.009 0.025 0.004
B 3.18 2.08 0.59 0.034 0.046 0.020 0.010 0.030 <0.01
C 2.96 1.90 0.83 0.032 0.056 — — - —
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Table 2 Average cooling rates at center of specimens

(Kfs)
Diameter Evaluation section No. in FI92
(mm) @ @ ® @
20 0.626 0.761 0.624 0.740
50 0.592 0.303 0.202 0.228
100 0.188 0.098 0.066 0.075
200 0.102 0.040 0.022 0.026
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Fig.3 Microstructure at center of each specimen
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Table 3 Distribution of microstructure and predicted Brinell
hardness within same product

Position
a b c d
Cooling rate (K/s) 0.10 0.11 0.80 0.05
) Ferrite 5.70 5.20 0.50 16.8
Volume fraction (%) -
Pearlite 84.3 84.8 89.5 73.2
Brinell hardness (HB) 121 122 178 108
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Analysis of Hot Crack and Welding Deformation during One-side Butt
Welding Using Idealized Explicit FEM

Tsuyoshi MIWA - Dr. Kei YAMAZAKI - Kensaku NISHIHARA - Dr. Masakazu SHIBAHARA

=B

AFTIlE, BALR S FEM 2 v 72 B 224 ¢ B O miR B AT 0 B X OB AT 2 8 L ™
BT CTlX, BTRIWNTHRAT 2O TAOMGES L EAR (2951 Xv) X7 Mz EimEngsERs
BEE LCEHMiL, SO E2RBEBBERELKTAILICLY, RFEFFEIC L 2 EiRE N ET IO Y1 &
AR Lz F72, BRI CIE, FHY 7=V 7 — 7 EHEE FCB™E) BXOKHNATY v ¥
YFE AR IR (HT-MAG™ ) 12k L CTEMEW Y A4 X LAXVOME 2175720 KN TEZEHTLZ &
12D, INEFTHETD > 72 KBBERTCTHo THLEEP OBREICEE TN TE L2 L 2R LT,

Abstract

This paper reports on the analyses by idealized explicit FEM of hot crack and welding deformation during one-
side butt welding. In the hot crack analysis, the incremental value of the plastic strain generated in the brittle
temperature range (BTR) and the temperature gradient vector have been evaluated as the occurrence index
of hot cracks. By comparing these with the results of welding experimentation, the validity and effectiveness
of the hot crack occurrence forecast by this analysis method have been examined. In the deformation analysis,
the actual structure size level has been examined for one-side submerged arc welding (FCB™ method) and one-
side tandem welding (HT-MAG™ method). It has been shown that the application of these analysis methods has
enabled deformation forecast at high speed and with high accuracy even in large-scale analyses, which hitherto

FEATURE : Prediction and measurement of microstructures and properties in materials

have been difficult.
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Table 1 Welding conditions
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Fig.5 Schematic illustration of one side tandem welding method
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@: Specific heat (102J/kgK)
@: Density (103g/mm?)
A : Thermal conductivity (102W/mmK)
: Heat transfer coefficient (10-5W/mmK?)

@: Yield stress (MPa)

#: Young’s modulus (GPa)

A: Thermal expansion coefficient (1077/K)
: Poisson’s ratio (10°7)
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Table 2 Analysis conditions of FCB™ and HT-MAG™

Leading Trailing Trailing Welding Total Number of | Number of
electrode electrode 1 | electrode 2 speed heat input nodes elements
FCB™ 1020 A-33 V 700 A-40 V [700 A-45 V| 800 mm/min | 6.99 kJ/mm | 1,300,605 905,554
HT-MAG'™ 460 A-32 V 250 A-28V — 600 mm/min | 2.14 kJ/mm | 1,257,447 963,202
I)isp]acementlo;' SZ (mm) HT-MAG™ Displacementio;' SZ (mm) HLMAG™
108 108 )
82 82
55 55
29 29
2 15,800 £ 15,800
-24 & -24 2
=51 -51
-77 -77
-104 -104
-134 L -134 | S
| 12,000 | (mm) | 12,000 | (mm)

B 15 MU AR (14 HiE#%%)

Fig.15 Displacement of thickness direction after first pass welding

X116 ME AN (34 HE#ER)
Fig.16 Displacement of thickness direction after third pass welding
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Construction of Phase Transformation Model for Heat-affected Zone of
Steel Plate Welds and Toughness Prediction
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Abstract

For the purpose of making calculable the microstructure feature value required for predicting the Charpy
absorption energy of the heat-affected zones (HAZs) of steel-plate welds with a brittle fracture model based
on weakest link theory, a phase transformation model has been constructed on the basis of the phase
transformation data on a quaternary model steel and the previously reported model formula. It has been
confirmed that the phase transformation behavior of HAZs at various cooling rates can be reproduced by the
model calculation for steel plates with different chemical compositions, mainly HT570 grade and HT780 grade
steels. Calculations based on this phase transformation model have confirmed that the Charpy absorption
energy of HAZ can be consistently predicted, and the calculated values agree well with the experimental
results. In addition, the predicted transition curve of Charpy absorption energy corresponds to the experimental
results in which the transition temperature shifts due to the difference in cooling rate.
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K1 EF VOIS
Table 1 Chemical compositions of model steels

(mass%)
Steel C Si Mn Cu Ni Cr Mo \Y% Nb B N

1 0.065 - 1.52 - - - - - - - 0.0032
2 0.071 - 1.50 0.50 - - - - - - 0.0015
3 0.073 - 153 - 1.00 - - - - - 0.0026
4 0.065 - 1.51 - - 0.51 - - - - 0.0030
5 0.067 - 151 - - 1.51 - - - - 0.0031
6 0.066 - 1.50 - - - 0.21 - - - 0.0027
7 0.070 - 148 - - - 0.59 - - - 0.0026
8 0.073 - 1.51 - - - - 0.06 - - 0.0025
9 0.065 - 1.48 - - - - - 0.029 - 0.0027
10 0.066 - 1.46 - - - - - - 0.0007 0.0032
11 0.067 0.40 1.47 - - - - - - - 0.0023
12 0.072 0.16 1.51 - - - - - - 00013 0.0026
13 0.155 - 0.80 - - - - - - - 0.0034
14 0.152 - 1.51 - - - - - - - 0.0018
15 0.142 - 1.51 - 1.50 - - - - 0.0010 | 0.0031
16 0.154 - 1.53 - 3.01 - - - - 0.0011 0.0032
17 0.158 - 1.52 - - 0.54 - - - - 0.0020
18 0.147 - 1.49 - - 1.50 - - - - 0.0007
19 0.151 - 1.53 - - - 0.19 - - - 0.0021
20 0.143 - 1.49 - - - 0.63 - - - 0.0008
21 0.149 - 1.50 - - - - 0.06 - - 0.0009
22 0.156 - 1.52 - - - - - 0.030 - 0.0021
23 0.151 - 1.55 - - - - - - 0.0010 | 0.0027
24 0.130 0.30 091 0.20 0.78 051 0.40 0.04 - 00003 | 00031
25 0.130 0.30 0.03 0.20 0.79 0.51 0.40 0.04 - 0.0014 | 0.0037
26 0.130 0.29 0.91 0.19 0.77 0.51 0.38 0.04 - 0.0014 0.0071
27 0.134 0.30 124 - - 021 - 0.04 - - 0.0028
28 0.067 0.29 1.29 020 0.59 0.21 - 0.04 - - 0.0029
29 0.125 0.30 0.90 0.19 151 0.50 0.40 0.04 - 00012 | 00033

Other elements: 0.03~0.06Al, 0.001~0.007P, 0.001~0.003S, 0.001~0.0030

i

B 1 Steel 27D 3 7 Tl

WHIMEE (a) 1T/s, (b) 3T/s, (¢) 10C/s, (d) 30C/s

Fig.1 Optical micrographs of steel 27 cooled at cooling rate (a) 1°C/s, (b) 3C/s, (c) 10C/s and (d) 30C /s
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Abstract

Measurement informatics, which combines many physical and chemical analysis techniques required for
material development with machine learning, is expected to realize unprecedented analysis speed and creation
of added values. This paper exemplifies a case where the measurement time has been shortened by combining
a synchrotron radiation experiment with Bayesian optimization, a case where labor saving in image analysis
has been realized by deep learning, and a case where data quality has been improved by super-resolution
imaging. Also introduced is an in-house preparation of infrastructure allowing everyone to use Al technology.
Measurement informatics is an interdisciplinary technology involving domain knowledge (here, expertise in the
field of analysis), data science, and information engineering. The importance of efforts that combine these three

FEATURE : Prediction and measurement of microstructures and properties in materials

technical fields has been demonstrated.
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Fig.1 Experimental (left) and predicted (right) feature map of
X-ray diffraction pattern obtained from Si-Ge film
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Table 1 3-dimentional structure analysis (volume)

(um’)
Object Conventional SR
Oxides 145.3 150.5
Carbon 24.7 26.4
Void 113.9 106.8
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Table 2 3-dimentional structure analysis (contact surface area)

(um?)
Object1 Object2 Conventional SR
Oxides Carbon 55.1 68.9
Oxides Void 252.2 329.5
Carbon Void 332.4 556.2
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Optimal Design of Mesoscale Structure for Li-ion Battery Electrode Using
Artificial Neural Networks
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Abstract

A scheme has been proposed for optimizing the mesoscale structure of lithium-ion battery electrodes using
machine learning approaches and numerical simulations. Two types of optimization applications have been
assumed: (i) optimization of the structure only, and (ii) optimization including the structure, material selection,
and cell design. Appropriate physical models for each have been applied to the proposed scheme. Hundreds to
thousands of mesoscale structures have been generated and their internal resistances have been evaluated using
the respective physical models to build a data set. This has been injected into (and regressed by) an artificial
neural network (ANN) to build a model that instantly forecasts the internal resistance for a given input. In the
cases of both (i) and (ii), the porosity has been found to be the most sensitive among the structural parameters,
and the porosity-optimized structure shows lower internal resistance than the typical structure. It has been
confirmed that the proposed scheme is applicable to two types of optimization problems, with useful results.
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FEATURE : Prediction and measurement of microstructures and properties in materials
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Table 1 Comparative table for features of conventional 1D models, high-throughput models, and 3D models

Item Convectional 1D model

High-throughput model 3D model

Sphere only
(Uniformity within
electrode)

Spatial distribution of Li 1D distribution
concentration in active (Radial direction of
material sphere)
Spatial distribution of 1D distribution
electrical potential in (Electrode thickness
active material direction)
Spatial distribution of 1D distribution
electrical potential in (Electrode thickness
electrolyte direction)
Spatial distribution of 1D distribution
electrochemical reactions (Electrode thickness

Structure of active
material

No restriction No restriction
1D distribution
(Radial direction of
equivalent sphere)

3D distribution
Not taken into account 3D distribution
3D distribution 3D distribution

3D distribution 3D distribution

on interfaces
Computation costs

direction)
A few seconds
Focus on comprehensive

Suitable applications
battery

phenomena of the entire

A few hours
Focus on multiple factors
such as 3D structure and

material properties

Dozens of minutes

Focus only on 3D
structure
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Table 2 Polynomial coefficients of open circuit voltage (OCV)

function
Coefficient Value
Ps —-43.8299
bs 109.273
D4 —99.9523
p3 39.8270
P2 -5.52739
P —1.00539
Po 4.19987
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Table 3 Dataset for learning and testing, including predictors and descriptors

Descriptors Predictors
Active material I(3]|(;|.d.e v/ Electrolyte Compactio
" additives N process Reaction Electrolyte  Diffusion
resistance resistance resistanc
:m]l:!ne Radius Volume Conductivity Pressure (©2-m) (£2:m) e (Q'm)
raction (nm) ratio (%) (S/m) (MPa)
(%)
1 77.8 10.5 28.5 0.77 3.12 1.03 291 9.68
2 85.4 11.5 0.254 0.35 232 1.71 20.4 4.02
2100 85.4 11.5 0.852 0.35 14.6 1.75 80.7 2.49
£ 4 WGET— 710 B ULERR®
Table 4 Determination coefficients, R? for validation data
Number of Number of Neurons
Hidden
Layers 2 4 6 8 10
1 0.326 0.788 0.834 0.810 0.790
2 0.330 0.795 0.822 0.863 0.827
e Training value ¢ Testvalue
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Fig.3 Scatter plots between specific resistances calculated by simplified physico-chemical models and predicted by various artificial neural

network (ANN) models with training data and test data
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Fig.4 Summations of weight coefficient magnitudes of the first
layer neurons for various design parameters
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Table 5 Optimized process parameters for total specific resistance

Active Material Binder/Additives Electrolyte ‘Compaction

Volume fraction (%) Radius (um) Volume ratio (%)  Conductivity (8/m)  Pressure (MPa)

504 6.00 0.0820 1.00 590
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Battery Degradation Modeling Based on FIB-SEM Image Features
Extracted by Deep Neural Network

Dr. Yoichi TAKAGISHI - Dr. Tatsuya YAMAUE
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Abstract

Attention is being paid to attempts at predicting the deterioration and life of lithium-ion batteries. This
paper focuses on the examination conducted on the features, advantages, disadvantages, etc., of a data driven
prediction model that combines feature extraction and regression by deep learning. Also described is a physico-
chemical model that predicts deterioration progress by electrochemical reaction formula and the like. As a
result, it was found that in the physico-chemical model, the prediction accuracy is high when the deterioration
phenomena are relatively clear, but its application is difficult when the phenomena are complicated or unknown.
On the other hand, data-driven modeling can be done even when the phenomena are not sufficiently clear and
is considered to have a great advantage in predicting deterioration accurately. Further consideration of the
constructed model has also turned out to be useful for elucidating hidden phenomena.
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Technology for Analyzing Solute Carbon in Retained Austenite Using Soft
X-ray Emission Spectroscopy
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Abstract

The weight reduction of transportation equipment is an effective means to reduce the amount of CO, emissions,
and Kobe Steel is promoting the development of steels that have both high strength and high formability. In
order to achieve both strength and formability, it is important to control the amount of solute carbon in the
steel. The X-ray diffraction method, a conventional method for quantitatively analyzing carbon content, can
determine the average distribution of carbon concentration in steel, but has difficulty in determining the carbon
concentration distribution in each grain of retained austenite. Hence, an attempt has been made to measure
the microscopic distribution of carbon concentration and to analyze the results by a soft X-ray emission
spectroscopy analyzer installed in a scanning electron microscope. The obstacle to accomplishing this was the
organic substances adhering to the sample surfaces and acting as contaminants. However, a technique has been
established for analyzing while removing contamination by gas-cluster ion beam irradiation, which has enabled
carbon distribution measurement focusing on the microstructure in steel. It has also been suggested that this
technique may be used for the analysis of the binding state of carbon contained in steel.
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Fig.1 Configuration of soft X-ray emission spectroscopic analyzer
with scanning electron microscope

WEGHT 5 FENSXESTH 5, BTFOERT AL
e (B ENDL XL AN F—) FETHEICEA OfE
b, $72, BTFEROD bR S NRICERT
LHEFIL, BFONBEELRML 72 ANVEF—NRA
MY Z2Fo, TOZEHL, SXESIHEZALF— |2
— 7 ZROBTRE O, EF O G IRRERHi 25 HE &
whhTwz ¥ Y,

ARFFETIE, B\2ZEH e T SXES /i 2179 720
12 SEM (Scanning Electron Microscopy) ##% o SXES
Weigd (SEM : JEOL # JSM-7100F, SXES : JEOL #
SS-94000) % V72 ARWFZETH 72 SXES 0 %6 18 1 ik
FRITRT Y BB RAIRG L, 54 L X
D) LI X2 BIETICE D Ho0EL, 2 RICHIZIEEA
72CCD A A7 T 5, BITETFIZX5000L Eih
JEOCCD A A FI2XY, WAV F— 4 EEE Tk X
WMEDNTAHIENTE D,

AW TIE, S O EE R 3RO E B T LEOME %
HEL72. LAL, SXESHPERICIRG T 2 ETFHIC X
DRBERHICREE S IV Y I A= ay (5 »
BETHIENHSONTVS Y, ZOFERICETND R
ENLOBENUNEZWIF 5, £ T, HREEDZD
2 SXES %£1# |2 Gas Cluster Ion Beam (GCIB) g2 &
(IONOPTIKA # GCIB10S) #f#i 477",

SXESTEDZMF1E, & ATFRHA % WA 1T nEE
5 kV, HERM 5 min/point THEHti L 720

2. PIEHAORE EMM IR

2.1 RBETEFMEERERIER

ARE TR RFEEA R L SXES AT M VIREE O G
fili B & OMERAER 2 1T 5 720 REHCIE Ferh o #E S
HE & HH L7z Fe-C iR 2 v 720 BURME R H#E
RERBEDES R A Sy ¥ ) ¥ 7% #IR L, Fe
LCHF—=Fy FEMWIFEKEA Ny ) ¥ 712X ) R
L7zo &5 =7 M6 OMREIE (KF) HEIS
B Lo RFEEARIZZN21000, 1.00, 1.10, 1.19, 1.40,
158, 247 mass% T&H - 720 Fe-C#ifiid SXES A X~ h
W5 C Ka2 RO REZ BUG$ 572012, Fediffil
FNZENDFe-CHED SXESHIERHFDEGEEY, C
Ka 2 RIEDOFE 3 RIE 2 PG Lz AP oRFEGH =
& SXESDC Ka 2 RBEOFITIRE DR ER 2 127R7 5,
RFEEHEE C Ka2 KROS5 0B IZAR T B FR 2532
DHN, MEMEMERT S EATE 7,

MM OBAGE TV COEERE e %X (1) 12k

3.5x 105

3.0x10°
2.5x10°

.
1.5x105 | _,}
1.0x 1085

(counts/5 min)

5.0x 104

2nd order C K, integrated intensity

OO a 1 L 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0
C concentration (mass%)
2 TFe-CHBMEIZL VRDAC Ka2 REFIEGEE & CEAH
OB
Fig.2 Standard curve between 2nd order C Ka integrated intensity
and C concentration for Fe-C film

DR, REhoOREEFEOISDEZHEL LT
DIRFOERIEE . 22X (2) 12Xk,

o :/\/271 Hy: __((A;"'Bxi)}zj ........................ (1)

GC:%ZO.oglwt% .................................... (2)

2 yIRIFHOF—FDOC Ka2kiEoHh o v MK,
GIREBEHO y R, BIEBEHHR OB E (count/
mass%), x\XiFHOT—F OpFEEE (mass%), nlx
WERBTH S,

HEBORFEAHRDOITSDE HHE L7 L ToEEK
F£130.091 mass% & 72 ), SXESIZ X 1) 0.1 mass% & C =
EEHNTE LI LD bh oz,

2.2 RREFFEKBREEFIY -y ECTRMA

ARHTIE SXESHIE IS5 T 5 IR FES A TG YD
2T e Wl ORI T 720D LA & AT
bo HRBEZWBE RO FE LA METT 5 720102, Sk
DRI S 7 5 TRIPS (AS) Z3EHIH W7z, Wl
EHIIAIAE T B RRZICH LT, A s ) —=>
TIZHW LN S GCIB % #Et L 720

9, GCIBIZ X 2HEBREMBROMED /2D,
GCIBIWETA Y - M L& TSXESIZE D 54 VB
L OSEMBgi 2 Ehi L7z W AT o okl (k%K
W 0.02 mass% L) ICBRE L, B oREREE
LD EZHR L2 T4 ¥ 0H M ERM X150 nm
L, MERESIEAFT2 umE L7,

X3 () 12GCIB#E L, M3 (b) ICGCIBAH Y @
SXES 7 4 ¥ 53 Mt O kKMo SEM % %2 7R3, X3
TOHEMIZTA Y HHEFEZRLTWwS, K3 (a)
TIET A Y HHEIT O )i & HEW S L5 WA
BDHOOLND, VolE), K3 (b) TIEAEEREIZAAE
WZEED B,

SXES T 4 ¥ A2 BT 5 C Ka 2 AR 7558 1 o il
ERERER 412", GCIBEE L TidillE 2 M HLL%T
C Ka2RMOMEZRES 2L, WEHTETHETL
Bholze WolZ), GCIBA D TIEC Ka2RMOFES
BREEIZIZIZZAL L e o 720 MBI Wz a RN Tl

54 R:D KOBE STEEL ENGINEERING REPORTS/Vol. 71 No. 1 (Jul. 2021)



(a) Without GCIB

Y

* * Measurement
line

K3 #HXMTA >

AR OFEKEE O SEM & (a) GCIBH#EL, (b) GCIBA Y

(b) With GCIB

in

e

*  Measurement
line
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Zeta-factor Determination for Quantification of Grain Boundary
Segregation of Trace Elements in Steel by STEM-EDS

Keiko YAMADA - Dr. Yuya MURATA - Dr. Kazushi HAYASHI - Dr. Toru HARA
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Abstract

In controlling the mechanical properties of steel, it is important to quantify the amount of grain boundary
segregation elements that cause brittle fracture. The measurement of grain boundary elements requires
nanometer-sized spatial resolution, hence a scanning transmission electron microscope equipped with an energy-
dispersive X-ray spectrometer is often used. The conventional quantification method, however, does not account
for X-ray absorption, making it difficult to accurately quantify the amount of grain boundary segregation
elements. In order to solve this problem, a zeta-factor method taking the X-ray absorption correction into
account has been developed in recent years. This paper relates to two types of standard samples for { factor
measurement, these samples being prepared by combining semiconductor microfabrication techniques with
various analytical techniques, and verifies the validity of the { factor obtained. As a result, it has been found
that the ¢ factor can actually be measured by using a thin film sample prepared by the direct film deposition

FEATURE : Prediction and measurement of microstructures and properties in materials

method with reduced waviness.
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Table 1 Comparison of {-factor method and Cliff-Lorimer method

E-factor method

Cliff-Lorimer method

Absorption Possible
correction

Impossible
Error serious for light elements

Standard  Pure-element or multielement

sample  sample with known

composition and thickness

Multielement sample with
known composition

Results  Composition (mass%) and mass Composition (mass%)

thickness (kg/nm?)

—Boundary coverage”- 1%

(atoms/nm?)
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Fig.1 Preparation flow of a Fe or Mn thin film by “lift-off method”.
Cross-section and the corresponding optical images are also
shown
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Fig.2 Closs sectional view of Fe or Mn thin film deposited on a
TEM grid mesh with carbon-supporting film (left) and optical
image of the Mn film on copper grid (right)
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Table 2 Results of the calculated {-factors for pure-element films and standard sample (SRM2063a)

Deposition Sample Thickness Thickness {-factor Error of the
method measurement (nm) (kg/m?)
method

(e Lift-off Fe XRR 109.37 217.8 0.6
Surface profiler 114 227.0 4.2
Direct deposition Fe Surface profiler 99 235.9 5.0
Direct deposition SRM2063a  Surface profiler 76 238.9 54
Cuin Lift-off Mn XRR 116.91 166.4 0.5
Surface profiler 127 180.8 3.5
Lift-off Mn/Fe Deposition rate 100 195.4 4.7
Direct deposition Mn Surface profiler 115 201.5 4.2
Direct deposition SRM2063a  Surface profiler 76 233.0 5.3
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Table 3 Density, thickness and roughness of (a) the Fe film and (b) the Mn film on Si substrates obtained by XRR

(a)

(b)

Density  Thickness Roughness Density  Thickness Roughness
(g/cm?) (nm) (nm) (g/cm?) (nm) (nm)
Surface Surface
layer 5.00 2.56 0.46 layer 5.59 6.71 2.04
Fe layer 8.01 109.37 0.75 Mn layer 7.20 116.91 1.50
Si (2.33) 0.80 Si (2.33) 0.57
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Fig.3 (a) RBS results of Fe/Si (black dots) and Mn/Si (red dots), estimated film depth vs. elemental profiles of (b) Fe, O, and Si in Fe film, and

(¢c) Mn, O, and Si in Mn film
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Table 4 Composition (at%) of the Fe and Mn films
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In-situ Measurement of High-temperature Reaction Behavior of Scale and
Zinc Coating Layer on High-strength Steel

Ryosuke OTOMO - Yohei YAMADA - Dr. Amane KITAHARA
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Abstract

Various elements are added to automotive steel sheets to increase their strength. The addition of Si affects the
manufacturing process of steel sheets and causes surface quality defects such as poor descaling during hot
rolling and insufficient coating alloying of hot-dip galvanized steel sheets. To establish a guideline to avoid such
defects, investigations have been carried out by high-temperature in-situ X-ray diffraction using synchrotron
radiation to determine the effect of Si in steel on the composition change of scale film and internal stress at high
temperature. The effect of the same on the alloying reaction between the galvanized layer and the base steel
sheet has also been determined. The results have clarified that the addition of Si raises the temperature range
in which Fe;O, transformation of the scale and internal stress accumulation occur as the temperature of the
FeO scale drops, and that the addition especially delays the growth of { phase and the generation of ¢ ,, phase

FEATURE : Prediction and measurement of microstructures and properties in materials

in the alloying reaction of galvanization.
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Fig.5 Cross-sectional SEM images of plating layer after alloying treatment
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Element EG1 EG2 EG3 £ 350 / \
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Fe 1.1 25.8 10.1 12.0 25.7 F 150
Zn 83.6 69.4 84.5 83.0 69.4 100
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Fig.6 Temperature history of alloying treatment
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Fig.7 XRD pattern of EG1 (pure Fe material) during alloying heat treatment ((a) at 75 seconds, and (b) at 250 seconds)
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Technology of Evaluating Minute TiN Inclusions in High-carbon Steel
Wire Rod for Advanced Applications

Takashi SUGITANI + Atsuhiko TAKEDA - Takehiro SHUDO - Dr. Hiroki OTA + Masaki SHIMAMOTO - Yoshiki TAKEDA

E: 34
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BIZoWTHERT S,

Abstract

In high-carbon steel wire rod to be drawn into fine diameters, it is necessary to suppress breakage caused by
inclusions during the wire drawing process. In the past, breakage in high carbon steel wires was mainly due
to alumina inclusions. However, with the higher reduction in the diameter of wires, breakage started from
titanium nitride (hereinafter referred to as TiN), which is more minute than alumina, has become remarkable.
To study the means for suppressing TiN and to verify their effects, it is necessary to establish both a technique
to analyze the ultra-low Ti concentration dissolved in steel and a technique to evaluate the number of TiN
inclusions. This paper describes a method for quantifying dissolved Ti concentration using a secondary ion
mass spectrometer owned by the Kobelco Group and a technique for evaluating the number of TiN particles,
which has been newly developed by applying a chemical extraction method. This paper also describes how the
correlation between the number of TiN particles and the frequency of wire breakage has made it possible to
predict the quality of extra fine wires.
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Fig.1 Fracture surface of extra fine wire starting from TiN
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Table 1 Parameters for numerical calculation of micro segregation )

Elements K" DY(m’/s)
C 0.33 7.61%107%exp(-1.35x10°/(R=T) )
Si 0.52 3.00%107°exp(-2.51%10°/(R-T) )
Mn 0.13 5.50x 10 exp(-1.83x10°/(R*T) )
P 0.79 1.00% 10 °exp(-2.49% 10°/(R-T) )
S 0.035 7.50% 107 exp(-2.23%10°/(R-T) )
Ti 0.07 1.50%107exp(-2.51x10°/(R-T) )
N 0.48 3.60%107°exp(-1.69x 10°/(R=T) )

K Equilibrium distribution coefficient between y phase and liquid
D7 Diffusion coefficients in y phase
R: Gas constant of 8.314 J+K'mol”!

T': Temperature in Kelvin
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Fig.3 Relation between initial Ti concentration and number of TiN
particles (index)
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Pore size of the filter : 10um
a) r : £

Filter

Silicon oxide

\ Carbon
@ O

X4 HFEIC X BMIEM%ORE (a: SEMBIZSHEE, b 74 V% LR ORRX)
Fig.4 Residue after acid treatment with HCl (a : SEM Image, b : Schematic diagram of residue on filter)
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Table 2 Procedure for evaluation of TiN particle number

Procedure

Purpose

Sample preparation -
!

Acid treatments with HCI
1

Filtration -

l
Heated in air atmospere

1
Treatment with
ammonium hydrogen fluoride

Treatment with mixed acid

1
Filtration —

!

SEM observation

Extraction of inclusion

Dissolution of residue derived from carbon
Modifing of TiN

Dissolution of residue derived from SiO,

Dissolution of residue derived from
Phosphorus

Evaluation of size and number of Ti oxide
derived from TiN

Pore size of filter: 10pm

H5 WREBLEBZOT 4V5 Eo Tilgbw
Fig.5 Ti oxide on filter after mixed acid treatment
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Table 3 Chemical compositions of production materials

(mass%)
C S$i | Mn | P s cr | Dissolved Ti
(index)
Steel A 1.05 0.20 0.29 0.004 | 0.005 0.22 1.2
Steel B 1.04 0.19 0.30 0.006 | 0.006 0.21 1.5
Steel C 1.04 0.20 0.31 0.008 | 0.004 0.22 1.0
Steel D 1.04 0.19 0.29 | 0.004 | 0.005 | 0.20 0.5
1.4
Steel C ._." Steel B
712 \N < &/
5] s
s} g s
> 1.0 .
1] g E
E s 0
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3
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Z.
= 0.6
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< 0 &
5 04
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Z 0.2 *
0.0 @
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Dissolved Ti (index)

6 VAEAETiIHEE & TINME & OBIFR (Steel COFREE : 1.0)
Fig.6 Relationship between dissolved Ti concentration and number
of TiN particles (both of index in Steel C: 1.0)
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Fig.7 Wire drawing process for evaluation of breakage rate
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Fig.8 Results of breakage rate of steel wire with wet drawing (index
in Steel C: 1.0)
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July 5, 2021
Kobe Steel Ltd.

Technical Development Group

RE: Delivery of R&D Kobe Steel Engineering Report, Vol.71, No.1

Dear Sir or Madam,
We would like to express our sincere gratitude for your continued support and cooperation.
Attached please find Vol.71, No. 1 of the R&D Kobe Steel Engineering Report.

If there is any correction or change of address, contact name, etc., please fill in the
required information in the change notification below and contact us by fax or by e-mail.

Best wishes for your continued success,

Attention:

R&D Office, Kobe Steel Engineering Report
Shinko Research Co., Ltd.

FAX: +81-78-261-7843

E-mail: rd-office@kobelco.com
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