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Fig. 1 Twin roll strip casting machine

Table 1 Experimental conditions

Material Al-3 mass%Mg
Pouring temperature / “C 660,670,680
Liquidus temperature / “C 657
Initial roll gap / mm 1.5
Solidification length / mm 100
Roll speed / m*min’! 10 .
Fig. 6 Nozzles
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Fig. 7 Solidification cracks

Table 2 Strip thickness and rolling load

Pouring temperature / ‘C 660 670 680
Strip length / mm 1395 983 822
Strip thickness / mm 2.04 1.87 1.83
Rolling load / t 60.2 53.0 37.6

(©) 680/ C
Fig. 6 Produced strips
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Prediction of temperature field from a sparse data set
FEKILKRY: T =% « A 07 U V=V AEEMREN 2 Mo

FRRILRS: 2 AT L TEAEFTERE R fkfE

KR « BEQRIFRITET R BhE
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1. Introduction

Although the physical process of welding and the related temperature field can be simulated with the finite element method
(FEM), it is rather slow and not suitable for obtaining the time sequences of temperature fields of a huge set of welding parameters.
Since the temperature field can be considered as a smooth function of the position of the material, the welding parameters and
the time, the temperature, we propose an approach that can predict the temperature field very quickly and with enough accuracy

by combining FEM and a multiple dimension linear interpolation method.

2.Temperature field at grids of welding parameters space

There are three welding parameters: the welding current, the electrode force and the time. We divide the given range of each
parameter into segments of equal length and put the grid points at the boundaries of the segments. If the ranges of the welding
parameters are [[min, Imax), [Fmin, Fmax], [ Tmin, Tmax] and we divide them into n/, nF’, nT segments, then grids of the welding
parameters will be Eq. (1). The temperature at each grid point is simulated with FEM. Fig.1 shows an example of generated

temperature field.
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Figure 1: Sample temperature field at F=2450, [=0.45, T=4500.
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Figure 2: Generating smooth temperature field from a psedu color image.

The temperature fields obtained with the FEM method are described with a pseudo color image where a color corresponds to



a given range of temperature. To obtain a smooth temperature, we generate the temperature field from the pseudo color image
with linear interpolation. We determine the temperature by detecting the boundaries of pseudo color regions, then we calculate

the temperature between the boundary with linear interpolation with eq.2, as shown in Fig.2.

3. Multiple dimension linear interpolation of temperature field

A temperature field can be described by a function of the electrode force f, the current i and the time t as T(f, i, #). With the

method described in section 2, we can obtain a set of the result temperature fields at the grids of welding parameters:
To(j. k1) =T (f5.ir. 1) (3)

In order to get the temperature field of arbitrary parameters f, i, #, we first find out the neighbor grids j, &, / that satisfy

[i £F < fin
i <d<ldpgr o - (4)
f <t <t

The distance u, v, w between (7, i, ¢) to its smaller neighbor grid in each dimension is given by

F=1
.fj+1_—.f3'

=1 (
ipp1—ip

t—1t;
tit1—1

i =

o
P —

v =

! ==

Then the temperature field T(f i, 7) can be calculated with
T(f,i,t) = (1—u)(1—v)(1—-—w)Te(j,k!l) +u(l—v)(1 —w)Ty(j+1,k1)+
(1 —w)v(l —w)Te(j. k+1,1) fuv(l —w)Ty(j+1,k+ 1,1)+
(1—-u)(l —v)wTy(4,k1+1) Hu(l—v)wTe(j+1,k1+1)+
(1—w)owTy(j,k+1,1+1) +uvwTe(j+ 1,k + 1,14+ 1)
(6)
Fig.3 shows some example results of generated temperature fields. The results are visualized by converting the temperature

values to pseudo colors. Each column shows the results where only one parameter changes.
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Figure 3: Generating temperature field with multiple dimension linear interpolation.
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Fig. 1 Entire view of analysis model.
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2% 3R

1) H. Baba et al.: Welding in the World, 61 (2017), 963-969.

2) H. Komen et al.: Journal of Advanced Joining Processes, 1
(2020), 100019.

Table 1 Computational conditions.

0.1 ms
15,322 W
50, 100, 150 Hz

Time step

Heat input

Switching frequency of
metal transfer modes

Setting pressure 2,400 Pa
Pressure radius 2.0 mm
Heat source radius 7.5 mm

(=]
T

o0
T

(=2

~

Buried space diameter [mm]

= [\
T

L 1 L 1 L 1 L 1 L
290 292 294 296 298 3.00
Time [s]
Fig. 1 Time variation of buried space diameter
for each switching frequency.

Welding direction

Buried space

Weld pool

: Base metal
(a) t=2.9200 s

2 mm

(b) 1=2.9282s
Fig. 2 Collapse of buried space.
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) IPNLE CArH AR E AT 5 2 LTl Quench gas 80 Limin.
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%, ARFEERTIFHAEAAT A L L T80 L/min
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~OFENENTW E Lz, Bon-kEHIb Wb 7 a b o UBLSS2(@14keV) THIARXMREIIT 21T 5 =
EIZ X VFEFEIE L. SEM (JEOL,JSM-7800F) &TEM (JEOL. JEM-ARM200CF) (Z & 0 & AR DORIEE & i
F¥ A BEAT L 72,

1 Ar RAHZ X 2 (@mAE L & (o)ymHD » 056 OBIEX,
FBR T A —Z = TRNITEEH LT,
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XRDFEFR LV, K1D@)D X S IEMOEBEIA A 7s LOEAIZITZEF T H D ThoZn 1% % 459 5 Nd-Fe
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(a) :': 105 --------- Fe nucleation
A Fe condensation
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3510‘“ | g —p
5E i Nd-Fe ultrafine droplet :Nd-Fe ultrafine powder
2 w0 :
2 P : y P
$ ¥ 7000 0 : ... : o %&%
(b) ) o co-nucleation @ ® Ry i
Fe nucleation e ® .\‘4. ®° ® ® ° %% %y/ j
. = y 4 %
e e 9% @ 00°:7 4o
s . 7 L . 7 5
Simultaneous ..Q ® . A ‘7/%
Fe+Nd vapor condensations —_— —>
| | | |
i 1 T T
2300 K 2000 K 1740 K 1600 K

X 2 (a)Fe & Nd D ZNZNDIRKIEE EIRERIENE & 0)@C £S5 < F R FAR A 7 = X AOBEREX[6]
4. fEG
BT T ABEIZ L UNA-FeB& ) /bt a2 BRT 5 2 ENTET, 72, BWHHAEE (5x10°K/sec) %K
BT52LT, ZRETHONRD SR EMOT VMR EERT L Z LICkP Lz, HEFEICLY %
DA PR 2 FHM L7245 Nd-FeDWi# 2B 5 Z & T, 27 ¥ = /UiiE Tl e <R IR A O
RN R BRI NELND T E RN T,

5. ZE IR
[1]Y. Hirayama et al., Journal of Alloys and Compounds, 768 (2018) 608.[2] Y. Hirayama et al., Journal of Alloys and
Compounds, 792 (2019) 594-598. [3] Y. Hirayama et al., Scripta Materialia, 120 (2016) 27. [4] M. Shigeta et al.,
Nanomaterials, 6 (2016) 43.[5] S. Sakurada et al., J. Appl. Phys., 79 (1996) 4611-4613. [6]Y. Hirayama et al., Available
at SSRN: http://dx.doi.org/10.2139/ssrn.3692994
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Fig.2 Distribution of Magnetic current
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(b)Arc inclining backward.
Fig.3 Appearance of arc shape

Fig.4 Effect of magnetic field on arc shape
(I F135A, E=20'V, V=5 mm/s, Bx=-2 mT~6 mT,
=10 Hz).
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20 Hz

Fig.5 Effect of alternative magnetic field on bead
shape (/=135 A, E=20 'V, V=5 mmy/s).
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Fig. 1 Experimental setup.
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Fig. 2 Appearance of weld pool in plasma welding.

Fig. 3 Appearance of weld pool in plasma-MIG hybrid welding.
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[1] A. V. Nguyen, D. Wu, S. Tashiro, M. Tanaka, WELDING JOURNAL, 98 (2019) 204s-212s
[2] D. Wu, A. V. Nguyen, S. Tashiro, X. Hua, M. Tanaka, International Journal of Heat and
Mass Transfer, 131, (2019), 920-931

[3] D. Wu, S. Tashiro, X. Hua, M. Tanaka, Journal of Physics D: Applied Physics, 52 (2019)
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Fig. 1 Schematic diagram of experimental setup for SUS316L Fig. 2 Image of laser beam profile at the fabricating
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Fig. 1. Three-dimensional AFM images of single ablated spos produced by circularly polarized laser with laser fluences of 1.01 J/cm? and
(b) 2.76 J/cm?.

Fig. 2 Three-dimensional AFM image of ablated area (2.76 J/cm?, 2x10° pulses), generated withright circular
polarized pulse and revealing “dot-patterns” found by AFM. Arrow indicates the scan direction of the sample. This
pattern, produced with right circularly polarized light, consisted of nano-dots with diameter of about 220 nm

E EI +Ey Cirenlarly polarozed lig_htE
Linearly polarizedlight 4 :
— & I I
| ‘ )
Ripple A, Ripple A, Nano-dots

Fig. 3 Schematic showing nano-dots produced with circularly polarized light.
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Creation of nanotopographical patterns on titanium surface using femtosecond laser on which proliferation and
calcification of preosteoblastic cells are accelerated

Institute of Biomaterials and Bioengineering, Tokyo Medical and Dental University (TMDU)

Peng Chen

1. Introduction

The next generation surface modification on medical and dental implants is coatings of tissue or stem cells on them. To promote cellular
attachment and formation of tissues on artificial substrate, the control of patterned surface topography is an alternative method [1]. As in our
previous reports, the surface topography of a material govemns its biocompatibility; for example, in the case of titanium (T1), nanometer scale
topographical features influence cell spreading and micrometer scale topography promotes osteogenic differentiation [2-3], on the other
hand, a limit cell proliferation was observed by a Ti surface after laser irradiation [3]. In order to regulation of balance in cellular proliferation
and differentiation with designed surface topography, we investigated the cell growth and cellular calcification of mouse preosteoblastic
cells (MC3T3-E1) to Ti surfaces with pattemed surface nano-topographies fabricated by femtosecond laser scanning.

2. Materials and experimental method

Ti (grade 2) was mirror-polished (mT1) and the surface was scanned with a femtosecond laser. As a result, Ti surfaces with three patterned
micro/nano grooves topography were fabricated: full surface pattem (fTi), half surface pattern (hTi), and chessboard pattern (cTi). The
surface morphology and chemical state of the Ti surfaces before and after laser irradiation were characterized using scanning electron
microscope (SEM) and X-ray photoelectron spectroscope (XPS), respectively. The cell proliferation on Ti with surface patterns was counted
over five continuous days with Cell Counting Kit (CCK-8). The osteogenic differentiation was induced with induction medium.
Calcification of MC3T3-E1 cultured on Ti substrates was evaluated with alizarin red S staining,

3. Results and discussion

The surface morphologies of Ti specimens with and without pattemed surface nano topography were showed in Figure 1 with an optical
microscopy and SEM. A nano-ripples with 600 nm periodic interval was observed with SEM. In addition, the XPS results (not shown)
indicated that there was no significant difference of surface compositions and chemical states among Ti specimens with and without laser
irradiation.

mTi

Figure 1. The surface morphology of Ti with different nano-topographical pattemed surfaces. Upper: optical photos; Lower: SEM images.



The effects of surface nano-topography on proliferation of MC3T3-E1 were
evaluated with the attached cells’ numbers on each specimen. Figure 2 showed
that after 2-d culture, significant larger cell numbers were observed by hTi and
cTi, comparing with the cell number on mTi and fTi. This result indicated that
the Ti substrates with patterned surface nano topography are beneficial to
promote growth rate of MC3T3-E1.

To evaluate the calcification of MC3T3-E1 cultured on Ti with and without
patterned surface nano topography, calcified deposits in the cellular matrix of
osteoblasts were stained with alizarin red s after 21-day induction (Fig. 3). The
calcified deposits were appeared a crimson color. The calcified deposits formed
on all Ti specimens, whereas the entire surface of Ti with surface nano
topography was stained. In order to obtain a quantitative result, all images were
analyzed with Image]. It showed that larger extracellular calcified deposition
areas were observed by fTiand cTi compared with that observed bymTiand hTi
(Fig. 3). These results indicated that the periodic nano-ripples topography
promoted calcification in vitro. Interestingly, similar calcified deposition areas
were obtained by mTi and hTi, and also fTi and cTi, respectively.

4. Conclusions

In our current work, Ti with three surface patterned micro/nano grooves
topography was fabricated by femtosecond laser scanning. A high orientated
cellular morphology showed by cells on Ti surface with micro/nano grooves
topography. Notably, compared with mirror surface, cells cultured on the
micro/nano grooves topography showed a larger calcified area, which indicated
superior osteoconductivity. Moreover, the chessboard-pattemed Ti surface with
a better balance between proliferation and calcification is expected to provide a
basis for designing novel biomaterial-cell interfaces to promote the
osteoconductivity of metallic biomaterials.

5. References
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D, EREEANE L —PRIERE LTI A — 8K L —FOBRAED i, ITE, HAN100WE R 2 5%
EHEATRINDETICR -T2, £ T, AWML TIIHB L OME&F M ExtR L LI-BERERE~D 7 L —
YR L — Y O AT Z I SIS T 5720, FOMREMEL L TAEE B RO TR 42 0 ~7-,

2. EBAE

TR L — I K DR O TAMEZ, STRAMREER L —F & i UGl T, ERBRTIE,
JEX D72 5 HER (C1020) B L OWIT /LI (AIN3OH) ORIz x L T ZE 2 723 5 L—H¥ %0, 1sec
72 RS L, REEA B L-, ERICHWE 7 8k L — 3%, ST o~ L F £ —
LA T —ER L — N L% (ALPION type-Blue) TH Y, K 73445nm TR A H 71 A3100WD 7 /L—4-
IR —PRIERESHHERH L, 3RO E—LAN~y RIZTRUZEL L TR SN S, X1(2)iZOphirfl
OE—hL7r 7747 (SP620U) THIE L7z —AMESMHZRT, SROE—LAR—JIcELsh, =0
613 D40Te0.26mm TH 5, —J7, B
W72 AR AR BRI O -8R L — Y, Ao
< LVF B —AREER L — YN T (ALPION)
THY, EENITSnm TR A 11350W D -8k
L—HE Va2 — LB AIAT I, 6RO E— A
BRI LTI S5, RIOGIRT LS Q) ik — 4 (b) TR L —
IZHENAIID40Te0.28mmTH 5, 1 v—2a7ur7rAL

3. EER#HER

21z, MHFHRIZ LT, R445nm D 7 /L —H8K L — P4 0. 1secff] 72 1T FU L 72 & & OFS Rk RE
AR L, TOMREAEEITSnm DI RIMEER L — Pk & i U CORd, IR ok, #Ea—H
R L, ZOF EEREE LT IER RERMIEZIEAT 2 &M A2 R, —F, O TICET 2 FElE, &
T 2SR L 22 VBV R EH 2, W01 RICALE 3 D OR6EI0E, RSB ISR, £ OREE, BEELERFR TR
DR S T MBGB Z 4 2R LT 5, HRIF0.03mmD A, R AR % B 22 i/ N IR -8
KL —PHT26IWTH L DITK LT, TA—H8E KL — P TIIAW LD T/, ZDOMOREIZE
WTH TR L —F KO TR T/ISW, Ziuk, ST 2BIEROENNCLD O THD, —
75, B RERNR A TERCT D S OFPHIEIY, IEARAMEER L — PRI R T B8 R L — YD J



DRV, JEE230.1mmBL T OFRICHRT LT, EAENZN L0 EELLERE WD L — % W CTIE R 22 1A
EEUHT A2 L3 LV, ZRICHBEDL LT, 7—FEER L — P TIRE WS TR E L TIER
RERYRZ B FTRE ChH D L\ D Z &Ik, O ABRIBIMED T ARIMRASER L — PR TEW D & &R
LTEY, ZhiE, B T2RINEORSICERNLTWS EEXLND, £ LT, HMATEMAETMZ2KE
BIZINTT 258 I0RINEEZBE L L —PEEEZBINT 52 L O@REEMEZRIEZL TV D,

BT /b LRI DN T ORER & R T, EIRAMRAEER L — PRI R T T — 88K L — P 73
WU TR ) CHRM 2R CE 72, LnL, ZOERITENTHY, FIEHAOLSIZHONT HIZIZFRE T
Holz, THE, T ISR ZWRINERT, KR 445nm & FEREITAnm D TEN NS Wb EEZ B b,
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= = 800 —
., 250 | = With hole -, 250
£ 200 Molten trace Z 200 u No melt
a 150 ® No melt g 150
= 100 = 100 : ﬁ
g‘ 50 42' 50 [— . :
2 0 2 0
0.02 0.03 0.04 0.05 0.02 0.08 0.04 0.05

Thickness mm Thickness mm

(a) AR ER L — (J25E 975nm) (b) 7—FEAL—H (JE 445nm)
X 2 #igATEHR (C1020) 1Zx9 5 L —I LRGSR RE 5

117W 120W

o
=
o=

= = 300
= " ® With hola - - = With hole
= 250 Maolten trace ?a 25 Molten trace
£ 200 B No molt £ 200 m No melt
& 150 & 150
5 100 5 100
E‘ 50 % 50
S (S
0.02 0.03 0.04 0.05 0.02 0.03 0.04 0.05

Thickness mm Thickness mm

(a) AR ER L — (J2 5 975nm) (b) 7—FEAkL—H (JE 445nm)
X3 7L (AIN3OH) (Z%d 5 L — MR ZER 5 T

4. F&EDH

1) TR L — Y TIE, IR ARIMEE AR L — YR L R TR ) T 2 AR R RE T B

2) ND IR IEF 7R AR % TE R T RE 22 SRUFREPHIX, 7V — P8R L — D F IR,

3) TV I MR LT, T ER L — T L AR SER L — Y & TR O TRHEIC A TN &0,

5. SEXM

[1] L= =250 © L—P— 1 K7 v 7§20, 4 — A%k, (2005).

[2] Y. Funada, N. Abe and M. Tsukamoto : Micro Welding of Thin Stainless Steel Foil with a Direct Diode
Laser, Proc. ICALEO 2003, (2003).
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L—495 97 4 L8 & URMBR RO
“RLF E—AL—Y—SREREML = CoCr ARORBERH-
RIEPE S T2 7 T (5 T
SN

1. B8

AN E PN Z T BEEEO RO B RMNERICE L, &R ~0ISHN AlRe 7 fe = L ¥ —HEE O —F T
bbH LYV —EREHRIEICERT 5, L— —&BRHEETERIC L —F —Z2 AT 5720, ABORKBE
RHNAITO N TE D, ZO7D, EM~OBRABELF/NEETHZ LT, BEEN NS BRERME
BEREITH 2N TE D, AT, S LI cEMEr>REELEEEEZBfEL, L—V—%&
BHFEEOF D 1 T ThH~vNTFE— AL —W —&RHEEEZ AW TBEEE OO Of5| ik zR%RT
Do AR TIL, BEEEEZT2MAMELE LTAT T4 FNo2l IZEBT %5, A7 74 k No.2l i Co %+
%45y &3 % Co-Cr 54D 1 D THY . EEEDDMEME, MMEFREMEICENTWD 72D, BEOINDL 2 &G
JEASNVT e EIR EEEINH ST 5,

“NTFE— AL —YP—ERHEEE W THEBER AT BICAEL S b s 2 DORBEAIZ OV TR
FTAIVNERSH D, 1| DRIEEROEAETHD, v /VTE—L L —F—EBHRETITNRE T R LDk
KT D, ZOK, BIERNSZWVEA. TAOHLIADLND Z LIZL D W ADOHTEASLH KRB EOBINZL D
TEIROARZECIZ L 0 BB ET L AEER S D, 2 DHITERVORK~ORETH L, HEERE &
ViKT 9 Bz, EEMORAROHIEHAEZIC L KEEC2 0 RSB DR D 5,

Z 2 CAMFZE T, ERIMRER L — Y — 2 AW CREBEE 21TV, o B X > TERBMICE 25
WELZALNCL, BEREREIT O OMBI HEE2 B ST TEREITS, £, v L TFE—LL—F—
EGRHEREZ AW AT F 4 b No.2l OBELRBEEE 2TV, L —F—O ABRENEYOZER, IS
5.2 BN OV R A AT 5,

2. EEAE

ARFEER TR MB-LMD 25 (& OIS K % X 1 12797, & 915 nm OUT AR FER L —F —% 3 HRV,
M L7 L—F—k &I T~y RicmEL, BTS2 2O TONTAIC AR >y FE 280 pm (FWHM) (ZHE
B &YW, MT~y RHEODICHE LR EEE 2 XL 5 & EHRi£% 38 um D 27 T A |k No. 21 SR 2 ¥y Rk
fof 17 mg/s C SUS304 HARITRE U CEmE I fAa L7z, frg R 20 mm/s, 7] 120 W CL— ¥ — % fi 5| G
L. WK ZEREEE S, 10 BOEREITo72, WIZ, BHEFERILOTZDIZFR L —V—% HRE2MGEET
W2 120 W, 20mm/s CHRE LT, FmE U ALV S8k, ZOBEEZZRZAEIZITY 2 & T10x 10x 5 mm DOEF
wATo o, WERHZOBENT, KM S HIES X OWEBleE 41T -7,
z|

Powdery supply line
Delivery fiber
Nozzle

Focusing head

i
Stellite powder XY stage s
Laser beam — 8 Y / 5
£ 7y
y / X ~

Fs ./' ": A

| / 4 el
VA \

Substrate R ot e sl sl

1. FEEY LI 6 AEESEEMT RO E—LA7 07 7 AV
3. XEBRER

212 1 ORISR 1 DO BAMEHE &R T, (a) BRI LAY AL FEL TEA Y AL F SETRFOE
WERETH D, LEOEERETIIO)OBMETEL AL L. L= —OmGIEBAA B, £OREIZ—
BRSO RPN E L TWD Z B> Te, —J7, (@EERE FEO U AL FLCETIE, b—
Pl Lo TREBOBMRPER L CRBEZER L TWD 2 ERbhd, RICKREDFEELZNET D720
(CREM & &2 L— Y —BAREEIC THIE Lo, £ORER, ERHE TIEREH S Ra (3257 um THo7as, U A



JU R L7H Tl Ra 2% 17.2 pm & EBICAR 5 TWD Z & iibho Tz,

T

A Eﬂﬂﬂ' i b i
2. AT T4 b ORETEAE O IEED TR (a) ) AL ME L OEER. (b)Y A4 SMEFEER. (o) (a) D
MBS TEL (d) (b) DEAMREE T B
WIZEK 312 10x 10x Smm OFEFFCHEE L7 AT 74 NERYMOIMEKE X OWHEELZ R L, (a)V AL b
L O, (b)Y AL MFHEEZ7R", MB-LMD T 64 Efffg9 5 & BT DI >N TEE T h
WA, FEIZHMNRAE LT, NENIZZANELIN TWAE Z ERbroT-, —J., 10 BEIc) A/ LT
FEL723ECIE 10 x 10 x 5 mm OFRFHEICHKT LT, 9.62x 10.12x 4.8l mm &N TE /-, U AL FEGFH L
AELOWIEBERE R, ZHdb MBIy, BB REREN Tz,

3. A7 74 @ 3D EMOEHE.
(@)U AL NMEL, (b) () _EEROWIHE, (c) (a)D _EEROWr I,
(d)V A MERERY, (e) () _LEOWE. (f) (A FED KT

4. #EH

AHFIETIE, B CRME R EEEZ B L TR 915 nm O RIMR L — % —% 3 KA\ 72 MB-LMD
BILEDAT T4 VOERBERIZY AV MEEEATAIFEELZERLR L., AFELZHAVT 10 mmx 10 mm x
Smm OFEEEE 21T o7z, ETORR, ZARLEANEERFEEEE N TE, ZOMENDL, EERFORE
IRENEBERIIZEERRFTHLZ 00 SREEEEOREICEET o5,
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L — 5% F 7o BB RERI BB O B
AP RREIER I D L — 3 —IASHC X 2 s LA e
TR A T A
= BBER

1. EL»ic

HIAMEHNIANA F~T VT [1] & LT, F/, ALEREWELTIE~ORIE L 728U 1T X Y #FFehistIc
Re 7 CERHERR DR U CER I T 2, BRI RN, BOERSTH LI A FrF o To8x
A+ (Hydroxyapatite : AT, HA) #R&EMTH Y [2]. BIEIIECHREENR B ICRET 24 v 77 v M
BloREICHES NS, D HA IZAEERHNTOBEMBEZIIGIT 5720, FiftEsme 2 Lk bind, HA IE
—fRIC 7T R EPHETITO A, B um ORI X 22 5B NIEIRE L Trv, —5 T, 2SOV R L —FHER
(Pulse Laser Deposition: LAF, PLD) &%\ 2 & KM X 23 nm OFEEERH T 2 HAEA RS 2 2 L8
T¥% %, PLD i ClBIEEH-CAE R UIGHED 7- o MR 2 Ml B ICEN T 2 823 O . 77 AR S 2 2
LEERET D LRBEDOH BB S L AREETH 0B R b T L E S, $, HREERE B XS
WD, FEOEMEE AL 2 2 TR T, TSR BT 2 2 L RS CH B, B
HMEE LA OO N2 RS CH 2 77 2ic, LiloifEE WS 2 2 L8 TENIE, RS A AT
% HA MRHCHIERS 8 25T RE & 72 b . FIRFIC TS 2 9 JeE A 2 — 2 v 27" obbRl— Mlla S o 858 b m ke
7%, AWIFETIR, PLDKICL —FT7 = — A28 AT 5 2 & T, ARBETH o 74 7 AR L@t 2
T HA RE, v v R4 v M2 HA O ZNEVILE % 1T 5 BifIc o »TRET 217 9,

2. BAMREHEMNTZH VL —F =T = — L O TfiET

AT DTARfENT & LT, T2 ITARREEZREIC X 2 BT %2 FEhti L 72, HA OZWIMEISCRS [3] X0 A
KT AN L b, fEBINCERER 1.38 [Wm' K] 3 X OREEEEN 1.7 X106 [J m3 K] c—{bihE &
RE L =TT ARG TRIEZ T o 72, L —FIEEEA 200 um IS L 72 2 IE L. IS L —3 37 —D 10%
ICH725 5W & HAERIIR L, MBS & Lz, HEH L, oEF v cldL —FIHEHC X 2 20513
EAE 200 pm, ¥ 100 pm OFIHAD 5W EJHE L, 5mm fi, EX 1 mm OEBEEAGE~OBRITIZ 20 D
DE LT3, Hif 25°CTETHRRIEZAE L s R 2 X 1 10R 3, M1 (a) ro i MiEchdy, v—
FIGRREL DML AL T d 2 &30 5, K1 (a) ICBWTERIRET 600°CLA I X 412 f8iE %
M L7z, L —PRRERRELOIEAM Z X 1 (b) 10R T, F484T 400 um OERIRIC 600°CLA L IThnEh & 2 fE
BIEDE Z 0055, KESN S HA EDOE X (34 300 nm TH % 7=, HA EE 7 ZHARE 0 BES % &8
T3 L BITE S OBMIEIIIIRI NS 20, L VWL —F AN F—TT = — A0 EHT 3 LT 3,

®) RitoB& L

200 pm® x 100 pm" D FIE B4R

v 200 ym

il |
50W

600°CL L H0AA 1B
7% 400 pm ) IR

X 1. FREREIC X 5 EET
(a) fkEFA (b) L —FIRHEERREZ 600°CLA I odgmiH



3. PLDEIC X 2 IESE HA EERL

L —H—7 = — LD EIEICH W 3 HA JEOER % PLD #Eic X W £ L 7z, PLD T3, KifF =%y ~<L
— P =D TR BERRE T AR BEA L BT ¥ VAN—NICRE L2 VIE=A vy LK D 2 7
Ly MRE=7y MICIEE L, 207V — L HIICHES 25 L TEML 72, HERICIZ, AEST TR (A4
Z 010 mm, JEX 2mm) ZF72, fEK, PLD EIC X % HA BRI IZ 600~800°COIEMMENZ 1T 5 4 H DS B
2208, ARFEERTIIIEBOME T T, ERTOMEEL L,

B OFREZ X BREITIC X b, RO 2T - 72, K2 1Koz, X BEFZ <2 b v Zord, JEG
BARAWTEHNTAD 70— R A7 s ACH LT, #E2akEE HA o v — 2 555072, AMERGREHZS .
L—HF =T == AFfiEEAT LT, HTREIESEL LA ZDOHA DR —27 Dl L2729
DGR e LGRS 2 2 eiiiAEhn g,

16083
10083}

L) Vi,
WWWMFWWMN.wﬁu

1 QE

1.00w0]

20 40 &0 (]

28 e

2. Fi7s L PLD L 72577 7 X%*}ij: HA D X AREHT it 5

A
$ﬁnfi JEEVE HA BEofESALEAT e LCL —F =T =— L OB A RS L7, GRERECI T
ffETIc X v, L—¥F—BEhc X v+ o biRE 2 S o N3 RiAL #1572, £7-. PLDEICX Y GEH T 2

FMR Eic HAM@W&%%%T% & T, X R oFFii 2@ U<, FEarmsiatel e L iR & 250k
TERZSET L7z,

5. ke

AILFEEDEMT 2 1CH 72 0. BT AN, TG - 725N E OFABIZ., (FREHEIZICE L BILE L
EJE4, F72. PLD B EH T, TSR T2 B TR o) BRI g W77 & F Ls,
ZZICHEHEL BT ET,

6. ZEIHK

[1] L. L. Henchl, et al, J. Biomed. Mater. Res., 5(6) (1971) 117.
[2] AR, KK, ]J. Soc. Mater. Sci., 63(7) (2014) 563.
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1. BM

T A— "VF—F — ORI LA OBHFE . AR D SEhE 7 & Rt 2R BEE IR D 72D O Jiig b
L CHH S#L, BAICHIERE R ThTnDd, L—FIZ L 27 v XD IE, L—FEnET
LE R RN, WA=, ZOEFEHINTO—A & L THERIIThI TV DA, Lo IRA
2 & > TZERIREEITE O EREICH IR SN D ORETH D,

BN — o ZADT7 = A MNP (fs) L—HF L R EZFEERERICERERBNT 22120, L—F KoK
T 1/4~110 {5 D] 2 H 3 HREERSER S D[1-6], Z OJEHIVET fs 7SV AT L0 AR U7z @ B 1
Bl s bpRE 77 XEY - KT U R A(SPP)OZEMAAAICERNTHZ 2R LTEE[1], 61T,
A TN L—F L2 E WG IZIZ 100 fs 7OV A &2 W28 E12 T 1S 53R/ 60 nm) D JE 2 /55
Hi&a, ¥4 YEY NIRRFDOLO)EHEMICAR TE D Z L 2HilnR Lo, ORI AITH
5727 AWFFETIE, TORFEZHFET 5720, MIRBORELEEZHE L, BBEEEFBOERIC L
S TET DEMOET VR EIT Tz, ZOREER, B A 7 v b—H L 2 XEEREICEE 782 E
L. £ I S - EREHaR R 7 X' - AT U b (SR-SPP)AS L V) Bkl Ze i & £ T 5 =
LERLT,

2. MRAE

77 b— 3 EBRIZIL Tissapphire L— 706 ) &40 5 EAME YO SV A 0E 100 fs D L —H 9L 2 (800
nm, 10 Hz) & 7 fs @ L —H% /3L Z(680-940 nm, 81 MHz) % H V7=, Si HAKE M2 L 7= DLC I 2 E i
DIV A% B XU —] LB v 2 8L S THEN - B L, BKE#ZoRmEKRE SEM T, 6
EOEALEZBIL T ~ o TR L, W& R0 B & ik s &4 JE Lz,

3. MIRKER

X 112 7=1TW/ecm?, v=1pm/s T fs /)L A % BE L7= DLC #H > SEM Mg & D Z2ME ko A~<7
NERT, T fs 2SIV A TITRIGICTRE R T AN A H 60 nm OFEEANSAR Siz—J7. 100 fs 7L A TIEE
H1100-200 nm OFEERB AR STz, BT ~ 0t OFERIT, 100 fs 7V 2R ORIENTI AT T ZIRRFE
(GC) LRED AN M THoT2, —J7, T 7V ATIXGC & DLC EHFICHTZD L DAL T LT
B, THIIRELEEND R R TND I L ERLTND, FERIEERIN & E L 7= S RIS 53 A 0 &
TFEIL, 75 7V AEZ WGV BENEFEEER L TSI EER L,

B2 1%, EFEELREAKE LT ey b ULIEEEEREE (SPPIEED 1/2) 23, I X bl S 47z
GC NDOBEBFEEIX, 1-2x102ecm?* THDHZ ENRINETITHN->TWDH[], ETVHEOMIIL, E1E
& DLC Stii2 £ U % SPP Tl 150-250 nm OAE&E N AR S D — 17, BT EOE SN Snm F2E 1270 % & SR-
SPP DL [3]1Z & > T 50-100 nm OFEENERK S D 2 L 2R L TWD, 2 OFERRITFERER L
< —FELTn5,
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(a) 7-fs pulses _IHM _ (b) 100-fs pulses 3 nm
E it 5nm
- E 300 —— 10nm )
S - - ——25nm
@" | gﬁ 200 -~ - ex.GC/DLC
l | o
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>~‘§ r T T T T T ] F T T T T T ] 100 B
:E L J L 4
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REE o d R e 0
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B 1. (a)7 fs 7SV A | (b)100 fs 2V ARUNH O M 2. ETEEORBE LTCEE LT/ EiEDJE
DLC #[fi® SEM (L) & ZZHEEEOA~Y W, ®EEEFEORESR% 3,5,10,25nm (F#) &
RV(F), E R E, v I8l hazEshnesh L, +oBEWETRE ) ofa L ik Lz,

EN
4. ":I:IEEHH

B A 7 v L—H L 2% HWC DLC RN B HERHAIE 7 Z A€ AR 7 Y h(SR-SPP)Z 32 2
EIZEY ., 100fs L—HFEZANEAE XD b U565 (vl 60nm) O A2 A 2EREZ AR TE 72, BAK
T~ U ORER E . IERIE IR A RE U 7o SCE SR A O T OLEHRIZ L D . DLC R IZE nm DJih
FLJE & R L Tz, SR-SPP 2 {RE L7Z A0 TG EITERSER L K< &% L, B EORRIZ, 7=
LM L—WTEHE S D hEE O EA DT EHREE R O A 2 Rk 52 BER AT A =2 ThHY, 20D
JEBE A 7 L—P UL AL 0 L $5 2 L CEBEHMaiRRE T Xer KT Y b g L,
SHIWAMETELZ 2D TRTHEDOTH D,

SE 30k
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1. #E

COVID-19 O A AT 2 R IT, WYSE Y A 7 RICE T 2 HINBEE O A HERER LD
X0l ote, MR IZEREFIZR T 5 RIGEELHET 2 B ERSRLTWD,

iix, AME~OBWEEN, R#EARPE A7 My, EEFICTHEZ B S Wi EoE
NrtteEZ AT 5, KERERMET(EPAIC L 280 ZFHMERRE A (2008 4F) #HEEIC, A%
BAEDOIZD O - G EOEBHHICT T EBORM R & b &2, BEICHE) FLMEER,
BRI R EZERE LT, LD AARENTITEACITEBY R —mAH o7z, Lo LEL
EZORBIZEALDIIKLBAEOEND L IR TV D,

AL, FHOFCLERL —F—a—FT 4 77 av R L0, xR EH RIS R
SR 2 42 & T, R/ABROFERBLAIZEL D PLIE - 7 AV ARIGLHE R E A2t a 32T 5
oo~ T ) T OVEBERENOMEEZBRTLOTH S, BRMICE, OMEarEicER D% =
—T 47w AHERRROME, QL —V—a—7 1 7 HEilioRHFE/EmHEL, OFF
Ma—7 4 7 OERS L OB ERL, @a—T7 4 > 7 O RkRr (FLE/&E, v
AV ARTEACHERE) FEA, Ot EEoOMEEE M LKk, @6E - VA LV ARE(LO X
=X LOFW, CEbLIIEEEKRET D,

KRAEEEX, a3 —7 4 7 ORGSR RE RN, L EEOMEZ & L7z EFERR, P -
TANVARTEAD AT = X LRICED R FIEEBRT L7200 Tlidid s FEii L7,

2. HEDOHZID

ST EN - RAKEZA T2, SV IZMEHEE LSS, WHOEM (8% - 7V Rk
E) LoMEEIIREL, A MO BRI Ry, 22T, SoBEICERD FAE
KL —V—%2fHLIEa—T 7w rz2FEEE oA L AED, M REH~Oa—F
S T RBIBRIC X DA OMN G2 B L TIT<, BRIFRD A%, IHEGH, BT R
RECHEELEFHROGRBM KO L, a2 —T 477 vt R0FEMA, EEAELD 2 KIS
X, BITOHFAYEERL —Y—a—F7 1 v 77 a2, FMMoFEMEERT S,

HERE SR BT A O BUA FEANIE @ E SO 22196 ICHE SN D 7 4 VWV AEEBEETEBIND 2D, H
—REYR AR E LRI ST LE S, £z, KRKFCHEA I 2 BREHM O AT
EOTERE OKBRAZBEMIETZRECORR) REOMBERbEMIN TS, KRRFICEBWNT
X, ATHEICLDFHMICIEIT LT, qPCR X° NGS 72 KOs TN FE 42 A L7285 Assay
DEREBER LN, AEMOASEEICETI2MELEML W, EhlELHE T2 2
—T A THMITONWTIE, HRE~ORENAEEREMM A ER L, FEirRBR2EHL, itta®E
EOMBICET L2HRAOEEIIED L, @BFEM O U AV A RTECEREFEAMRERIX A ARENTIX
R - FEFEOHREMN R HPNEEL 2D HEVHEATHRVWERES 5,

SR OPEBREIXIEHRA A OETHBHEIND ZENRZ 0N, WEE A D =X L OFEMIT
T, B TERAmE»S1E, ERENENA T 0B0RIKET D ETh
X, MEOMAEE WIS BENGIILT LHAFELWNS DO TRV, IES, #i§d Contact Killing
EWVWIHIFHBNEREED TND, BHA AT VUANDOREE - LV ANV ARA T = XN EFEFET L,
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TN T 24T o 77, F77, WEF ORI 2 5
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Fig. 1 Appearance of the joints obtained under all conditions.
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Fig. 2 Tensile properties of joints.
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L EDRENT. Ko T, EEEORENE I REHEGERE Z AV CGHET S 2 E N LTH D L f
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BY =BT, BEHRNFE O A TEN S FE £ 1000k
L LT, BRI ORE A SR LTV 5 AR |
mENT. 800}
s mEHt 000y 01520 2550
- . Time, s
DAEHBE © SR Bt~ D 2 Z 8 L7z #:6 >y — v
HABOFIAM, KPR AR 3 R - SR (b) R —

RALFRIAFEHR S E, (2017), 91-92

WP« S B~ DB 2 B8 L #Es Y — L

FPEF OGS, KRR F A B AL RF A« FEAFFE

SARERFTE S, (2018), 81-82 1800

DNAEMBAE SRR EHHEES Y — VB O K — v | Measuring position

1 Tiﬁﬂéﬁxﬁij’oi@i’m AR — & iz
o e OO TR R AR IR E T 7 R

FOBHC X2 RO B, KB 52 A B2 2 R % 1600 som anns
)+ SEFRBFIEALAIERBTJE S5, (2019), 99-100 3, | Toutrotnonet areed: dsoorpm

® 1400} Penetration depth: 1.9mm
HAEMPAE « B EHHEES Y — A TRIRO A Y — L ‘g,_ | Plunging speed: 0.1mmis
FPEHCST 5 M D S23E, KB4 AR S R £ 12001 7
I+ SEIRIBFIE LA SE AR JC A 3, (2020), 98-99 21000l M
5) EEFZRAL, ARG, IHEE B ROMIEN R g X e es10tonl
PIRIERE 7 7 A N —IREFIC X D EEAR O 2 800} P2-50 tool
JERSE, WBE2EE, Vol 81, No. 7(2012), 17-21 goolhS 4, AS
6)ARENE, AR R, EUCHA, SRRIEA : A 3 2 4 0 1 2 3
SE KA, 107 42020), 96-97 Distance from interface, mm
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KA BRI T 1 & AT L D~ 712w DB O/MRKIE

HITIRSTA TBAE N KRB PE BT EAT
RICBEA

1. HBY

R a2 (FSP) VI, BEEEHHPEEG IR 2B OB b R 2 R E L EIISH L2 b DT
&%. FSP & AWM b AT FEE LY, REERICELHBM TN TOFSP?, I—ARrF /) Fa—
TEDT ) MBI OBEERHIE AL Y, BREGE 2 U U LS A BRI HH S8 DR EA (L 9 DMRF ST
7o, IR SIE, Mg A4 AZ31 9 35 L OMERYE Mg &4 Mg—6A1-0.4Mn—2Ca ? & KA EEEEEE Y 1+
Z (Large-load FSP; LL-FSP) #JiidZ L2 &V, #HHEERICT  Mihds K OSE AL 25 2, fdn Lo 7
2 ST U TR R & A U, BRI OTRE & 3B & [RIRpZ M) B SW72. ARAFFECIE, AZ31ITxiL
REHE L OMRIAERIBHICIBWT LL-FSP &0 L, B OMREILZ S L O RochE S e 21772,

2. WFFEJTik

73k FSP (Conventional FSP; C-FSP), K& T O K HE FSP (LL-FSP) 35 X ONRIRZERIS T o mm Kir
& FSP (Liquid —nitrogen large-load FSP; LN-LL-FSP) D522 11779, KiESRMF (LL-FSP B LU
LN-LL-FSP) CiIfekik & s UClisds L OV A 1 Hi/h & <, mE% 2.5 f5ICERE Uiz, B
R, R (B2 20 ml, 88 1ml, =F L > 27U a—160ml, 7K 90 ml) ® | CHGHmHARRZ T
Lz, ZIRGEEE AR a—F a7 7 v ol Ay u vy h—A@EFRER S A7 & (FM-300 / ASV-90) %
/2. C-FSP, LL-FSP, LN-LL-FSP /LEq[D Mg &4 AZ31 R O 40 X (3224 70 HY, 58 HV, 64 HV
ThHolz.

3. RERBIOEBE

1A BRI OMOALEE (I FBEMEEE R, ) L 0N)IX SEM 55H) Zord . JEERTORF, O
FEERIE DT 25 um TH Y, C-FSPICk->T12pum, LL-FSP 2LV 6.1 um £ T L7-. LN-LL-FSP
TIHFE SRR DSBS 22N TAHRAR NS S 7=, BIFE FE-SEM/EBSD (Z X 5 ffib ST O Ui 218D T 5.

2 (ZHEFRERTI O IRIT & B — ARE 5547 & R O SR S 0 B D2 LR TRd. C-FSP Bt o
B ST REAA RO 20% (BeRAEE6 TR 30%) #kfb L7z, —J5, RIESM CIIEMmciE 28 A L7-. LL-FSP
BRI 10%  GRAELHEETHI 20%) ik L7z, LN-LL-FSP #kEHT, Y — /W K DMENZ L0305
T, WE (dmm) Oy OMEE TUE S, ) 30%E L L7z, Ry Tk 50% 8k L, HmiE ST
98 HV IZiEL7-.
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1 BEERHSET 0 25T

PEED EEIR NI AT EEERFOE SAKFEEERIOE
C-FSP LL-FSP LN-LL-FSP
[ElEREL 1600 rpm 200 rpm 200 rpm
EURE 200 mm/min 10 mm/min 10 mm/min
HE 1000 kgf (9.8 kN) 2500 kgf (25 kN) 2500 kgf (25 kN)
Y— LK EEEfFEY—IL mEfFEY—IL Fy—IL
~Tik (mm) $22-¢p10x2 ¢ 15-M6 x 3.5 12
FES A= K&H BAERATD

(a) C-FSP (BYLL-ESP " 25" ¥ (c) ELN-LL-FSP

D.=6..'1_ "pm. N

1 FEFRERIWT I ORI

(a) C-FSP

(b) LL-FSP

(¢) LN-LL-FSP

Evh—REIEILE (%)

2 TRERERIRT I O X 25 VR AT

CL[RRTTEST S« 220 SR 25 2F)



SREMAT B D BEEIR R EE A (FSW) & fk T O RS
(BRmE Y — V& W= S EI OB 3)

JE I W SL A BT AT FE BT
Sk B, fRZE B, RE BRE, IWE sEK

1. ¥#E

EHEDIE, INETEELELTTAI =T LAEELEMHOBERITOWTHIZERBE 217> TE72n
) EEMEICR LB~ 32T AAE B RBRICEREMELE LTI ST g, Lave,
< 7RV U A EBRITHEICEFE TR OB LIS KR E REN S D T DIEENIEF I
HLINTWD., £2C, TIAI=ULAEEMTINE T - Rkl — /v & v 72 B
RSN E~ 7 2 v A58 4 (AZ31) L8 (SPCC) DEAICIEAL, KEAKRTNE 2 DIk
FREOEE ~ DR 2 5] L 7=

2. EBE

AEBRTIX, Figl \ORTXHE, Y=ot T I v 7 2L UTERR 12.7mm OZE(LEESHE
R, BVE S D OREORNESE Smm & Lz, 2oV —LE RN, BS Imm O
AZ31 LJEE Imm @ SPCC DEHRGEHEGEITo 72, #481%, Fig2 -7 L9118, =7V oy
kizEy N LERBIZ BT 2 Y — UZifiATe Z & CHEE L. EH LT U U X IEEKR
12kN OEEMELZFEESEL I ENTE L. #ERML, Y —/VEEEE 1500rpm, Y — /LA
& (Plunge depth: Pd) 1.1~1.9mm, &KW 2.55s & L7z, GO =AM IZ oW TIE, JIS-Z3136
2P > CHIBRE AW ATV, BEEMHE OB A~ A 7 v 2 a— 7 R FBMEESE CHh L.

Rotating tool

Backing plate

11T Load cell
[

Cylinder equipment

:l‘ Compressed air

I

/7 /Substrate of the milling machine /7

Fig.1 Appearance of a spherical SisNyand a

tool for Friction Anchor Welding. Fig.2 Schematic illustration of the experimental setup.
35

3. ERERRUEER Z30} -
DigaHE §as) g

Fig.3 10 Y — /LA R & 3R AWREDOREE R §,,|
T Y —UHAR Llmm 2> B AAROHEME L bl 5 | 3
G185 A WTHRIE b BN L, AR 1.9mm (2 THRI29kN - 5 | I L
WZELT. 2" S
QU EHRH #os 3

Figd [CHEAY — /L OiAR 1.8mm (0B 2828 %o 12 14 16 18 20
EL O G H % 7Y, 72 Figs ICHEA Y — L OfliA Plunge depin. e, mm
# 1.2mm, 1.6mm, 1.8mm &X' 1.9mm (ZBIT HH#E 00 02 04 05 2810
Wit oOWE T EL2 Ry, TRHDEELRY, v 7 X% Plunge depth in the steel.mm
S LAEEFITTRO S I H RN S ¢ Fig.3 Relationship between the plunge depth and the
WD ERGING. Ei, HEE Y — L OFHARA N fensile shear strengfh



N}{a Hoy

Fig 4 Cross-sectional OM image of the specimen
(Pd:1.8mm).

T2~ T, MOEENPRE L 2>TNDZ
LMD,

WIZ, Fig6 \ZHEAY —/LOHAE 1.8mm O

FIRE AR OAMBLEE L Fig7 (A
—/LOFFIAR 1.8mm (31T % 5 5RE AR
DEEHFWIH T E 2R, 5lRE AWRERIZ X
D ZEEENCATE D - T2 B, ZSEEIZILRIBE  Fig.s Cross-sectional OM images of the specimens
F oM (Fig.7 OFM) & EMS 20 (Fig.7 DX with various plunge depths.
f) REETDLZENDND. E, IO
RITHEERTRAEL, TOREFEIED > TS
D ENMoT. ZOX D IRBIGITA RN
bV, REHORE INED->THE TR
Zhole. FRIIBETELO~ 7Y
LEENELERHEL T2, RSB RE D
EE ARSHENT 512E) BAMRD D
HEL R <7220, IR AMERER M E L7z d 0
LEZOND.

4. #WE
o AL s e NN ~N Fig.6 Appearance of the specimen after the initial crack
BAPRNEL NI~ IR T LERLE occurrence in the tensile shear strength test (Pd:1.8mm).

MOBESICEETY v h—FEGE#EA L. <
T xRy AL L TAZ3L, §il & L TSPCC%
MWTHEHEASEZR AR, #EETH Y, 5l
MR AR 1T B K THI2OKNZ ZERR TE 2 [ losdng deecion
T EAHB LT,

Fig 7 Cross-sectional OM image of the specimen
after the tensile shear strength test (Pd:1.8mm).

S5 X

1) M. Sakamura, K. Ohishi, K. Ota, Y. Takeyasu, S. Mizunari and H. Fujii: Dissimilar spot welding of three lapped
sheets of aluminum alloy and steels by metal flow, Journal of Light Metal Welding, 52-12 (2014), 453-461. (in
Japanese)

2) K. Ohishi, M. Sakamura, K. Ota and H. Fujii: Novel Dissimilar Spot Welding of Aluminum Alloy
and Steel Sheets by Friction Stirring, Q. J. Jpn Weld. Soc., 32-1 (2014), 1-7. (in Japanese)
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KA TNV = AT =Y 2 HWZER—=F AT )V =0 LADOEE
RER R REPEE T2 Fnneska) 5 pY
B B Ah

1. #%8
F B EL O RALIC L 0 R LS B T ERIE R L 2 M T X B, TEEA SR TV A R—F 273
= NI X OE RIS A LTV DS ILEMEITH Y, MR ~OEZRA RSN TS, K
R IPID 5 72 HE—T 2T I = AT UG DS E S NSRS LEL L 72 B8, K ORERE 1K % 25 4
DICHKRE R R MREL D, ZOBENAREE 20UE, —HABEELCHLFAT2 2 LT, A—F 2
FAI=TLOEA DA M EHIHCE %, ESUEEDRRUST LI = A7V B —H & F I 54 R
Shin, ZhE A L CAE CIERIaBHEER LKO Z L 2R 755,
(DIERLE T VS = A7 —H & OV CRIAEE 2179,
O EH SN RBR A IC DWW TR B E T O 00T 21TV MEBDIRIE 2 3 3 5.,
) EHE ST RBR A DU S P 3R B 2 £ 5 = & CIEMERE % 39 5.,

2. EBRAE

2.1 R—SRAFILEZ=HLDOHE Table 1 Mass fraction of precursors
M7V =0 LR, BPHAIE LTCT 1S (ALOs) Composition[mass%]

MARBIOREA E L TKFILT ¥ (TIH)M K E = ADC12 | Al ALOs | TiHs

NENRET 2. IRA MR E @RI FTIHE, 84773 K

(CAIE L 150 MPaC/ER) LT3 hiffE LiEf%25 mmoppy | Pure aluminum 0 96 3 1

FEARREE 7 ) 0 — Y %45 SR 7 ) 0 — iRl

ZINSOBMEL L HIZADCI2T VI =0 AE4HE Repair 93 3 3 1

precursor

PHWS, U —YORWESEERUTRT,

B 70 1 —H % 15x15x15 mm* 28I 0 L, A (RET1£16x16x50 mm?)~FHF AT 5, AE %2983 KIZE L
- ELFICAI, 7TminIBVRFF LR 7Y D —D 2 R0 S8 5, RIEAEOBEZE LKIEEEHT 5,
2.2 HBEHE

Stainless steal mold

FEYUEE OIS 2 X1 R T, B8 mmdD )& BT 72 i (15f1r;_;_u1r53‘:r:m:‘-) o
B RE—=F ATV =0 D& ET . RONIRICT 7 “_§ /
v ABBAT LTk, (BT Y B — 3 & R AN e = 3333!@53
WAEAT D, fAE A BRIFPIC AR TET3 KT20 min Bletmiohynges T
INEMRFET 5 NIBGRIE 2 S A 7 U b —F OfLL b N
BLUORMORMAUTIZT 5 LT, BM @RS e
ZEEEA TV I —Y 28 S ERAERT S BH S d TS

= - Conie e TR oL Repirmd
1 RBUT IR U ORI S OV AR A TR Zomn Spacen
(Scanning Electron Microscope((SEM))Z & 2 E1E &R %

DI EELEL S 1 O A R ER 51T 5 Fig. 1 Foam repairing process.

3. BRBLUER
3.1 R=3RF7NI=VLOBE

BRI LD ZHPR EIDRBIZRL TH D, WRLIZT VI =7 ABRHESMNIHIT 5 2 L7 <,
FRERAENICERCTHS NGB ON D RARKILEITI.6 % ThD, BYELILR-F ATV I=
U LADKRILRITIZS % THY, THIEENZ L6 T7 U I —FORJWIREITIRIF TH D,

3.2 akHE

fE1E S T BRR OB E 5 & OVEETE T BMEEIC & 2 B O "B R A MUR T, BE SR
BT OB OEREICSILDE 20 LT, BT Y =V ORIIRIEIE A 7ERTH D & HEX D
N5, ZOBME LTROZDOPERX BN D, 2 FILERES mmOHHREE A D 77—V 1% L TEAES mm
DORITIS L, BERT Y A=Y oRantiFsnsd 2, "o RFMEROEEM T Y 1 —3ofbiiE T



YA B R BN RN L Th b, General view Junction (a) Non junction (b)
B SRR oW E R 2 R &, 15 ”
HRATIE TR O ' ARG DM EE S U KRB LT
W5, BERAR—F AT LI =L EMOR
HLFIZBNT, BEHAR—F AT VI=U L
DR OKILIZIR AL, ADCI2HIZE £ 5Si
DERAICHE T2 Z & TRM OS2 TP,
B VBEDSER LILRE L7 b O L B2 BN 5, (o g =
PR RE & b D BT C R A RS T X 22V 200 (a) T - -
%, BEEATY D — OEBIES M A~MRA LR &S A VAL e v
L CRHREERENEOLN TS EEZBND, X20D(Db) . & f o
TIFHEA R TARA RBAR L, +oBE@Re ST
W, BEAREORLNDEFTOZ < ITELTRELOH KR
AA RDRWHERTE D720, ZNORFIK TR REREIRES
mEonsnktE26N5,

Fig. 2 SEM micrographs of repaired specimen

Fig. 3 Positions of component analysis

R & ADC12 & DR AR & OF M2 FERB 5 7291k :

T E T o T, S RERBTIC BT B AT %k b6 |
EHEERBICRL, SIOEHRERN AT, B SN 54_

SV VBE R ST LI, SIOEA RSB (M3

) (BRI LTV B, BT % R B S R (E L7 g2 |

ATEE £ o TH D, BIRLEADCIZBBHICRALT  § |

SIDILEIZ X D IREFRFEEN 2 ENTWS EEZBND,
HeF 2T AL = MIBEFTIE, K%OIEOFHT
TS DS S 3 B 72, A TORBUT THISRM A Sk Fig. 4 Si content ratio and positions

No.1 No.2 No.3 No.4

T B, SR ORI EE T < RO 8

W LTV, D AU b SRR OB RO S A P . o
DMTHES LRS- L E2 bN5, 0 T

BEHE, RS mmA R ZE T - B L OME M SR o b | .

U B EE A [R5 T, (SRR I 0 AR 1 b & it

Sl D, — OISR 10U AT R EE A B D 72 &

ML OIS, B8 SNERRAIERED T Do X AKX, 0

BRI 5 R O REA 2 VBE DO VSRS CHET L TR Y, Zo Base Metal Drilled Repaired
BRI ABEROR R LY, BMEDIEOLSEZAELSEDLEH Fig. 5 Results of four-points bending tests
DEEBEZHND,

4. $¥5
AT TIZADCI2T VR =0 DA T Y B —HY 2 AW TOSaBE s =R 2 8 UE L, B8 Szl
R OHIFHBER X OMEEIREZR~S Z &L TREEEOA 2O, BONTERIZIUTO®Y Th 5,
(DAR—=F AT =7 MIALSIGR THRTCEER ) 1 —Y 2 W TEETE 2,
QAL-SIA SRR RN LIEEFHNHE ST 5,
GYEE SR A O M B IMEERMORERF O iFMmE L k&<, IMoTREL RS TH D,

A
ABRFED I, ESERFAENKIRREALZE A FEAT L RBTERI O b &, BBz o ZHEIC LY
fThhE L7, ZZIRLTUEHOEERLET,
(GLFNFTETE « 26 R0 SR %)



RY T2V ANLNT 4 RETAI =T AEEOBEEBHRENES

W05 ASEAT BE N R BRPE S BAN A FE T
W - MEHIFSER
R =

1. B

RY 7= AT ¢ K (PPS) 1%, MEE, BEMAOIER, HEAME, TMEEMSMEEICEN DD, B
B F-OR B EICIE LI EN, TOFEIIIER L2255 2 L0 h, EROEREI & OHAH
iRk HILTWD. AWFFETIEL, CFRP ORI &7 0155 PPS &7V =0 A GG O RFEMEHES
ICEEERPE NG WA L, S OBBAMEE I KT A RO EIC OV TRE L.

2. Wk

140 mm X 75 mm X 2 mm @ PPS #kf & Rl A XD T VI =0 WG & - CERER PR
BEAToTZ. TV =0 LAEEWRMIZIE, A1050, A2017, A5052, A6061 O 4 FE¥H% FHu 7=, PPS HiAf
O RIZEANRE 26 mm & LTI VI =0 A58 2 BEA CTEERIPERES 21T 7. BHMIIX 1
DEIITEE L, V— A OEEEIEREE Y & Lz, JERA R Th 5EAE 15 mm O PR — L
R, Y — L ElEREE 500 rpm A5 2000 rpm F CTAL & 72, £V 3#E X 100 mm/min, R
X3° L L7 Al A&moBamal, #A%05 10 mm ONEIC K BIEGE 2 IR0 £ T, EEEE
HERESZ T Z & CRENEZ21T-o72. JIEEAWRBR A IZIEZ 10 mm & U CHEA T FICEEID
G L7z. BONTHEEMITHONT, BIREAKREER (n=23), B I5MHES L OEERE 7B
B XD WL e b NS R 21T - 72,

3. FER

A1050,A2017, A6061 % T, 1500 rpm DOEERH CHEA 21T > 7285 5121%, PPS L DG &215
L EMTERDST. A5052 H HWIZIGAICIIEEM 2B N TEL b OO0, HiA% 86.4ks %
WRITEE T m N O Lo, D72, HEEREHIZERSIZT 110CIZB W T 3.6 ks PrFf L7214,
P Uiz, BEVWVEEZ1T 5 2 & C, A5052 & PPS O#EGMMNES N2 2 L 20Hld 52 L8 T
x72. PPS/A5052 DA/ HLEIZEBWVT, 500 rpm & 2000 rpm DM CIIEAMEGEDL Z LN TE
7, 1000 rpm & 1500 rpm DG EITHEAM ZGDH 2 &N TE 2.

1500 rpm THH L7 PPS/A5052 H2A M OHEA M 2 X 2 123, HLERIZ 3BV T A5052 2% PPS
HNZIRY HF K5 ICER L, ZiUtiv PPS UM OJE S 23 LTz, 3ITHEA ER O W BLESHE R
R BEAEREORISEN T EDX 0 21T o 726,  A5052 Hisk & & 2 biud Mg, Al, PPS Hik &
EZHNDH CDIED, OBHHENZ., EITAB062 T Mg A0 ERISLIELDEEZ B,

PPS / A5052 B4 D5 3EE AVWraBR OFE R, 1500 rpm OHA LK 4 (TR T X 9 ICRBRA 1L 3 AL
t, PPS RAF TRl L7=. 1000 rpm THEG L7iBRA 12 3 AL b6 S Ol L7=. 5laRE AWk
H O W B A7 [X] 5 127797, 1000 rpm Tl AT E 474 N, 1500 rpm TIL 572 N 2/~ L, FlfEH%
b9 % 2 & ChlsRE ABRE LA LT,



6 12 PPS / A5052 O EEESFPE RS R O mBLERE 27~ 9. TG/DTA St OfES, PPS Ot
S 272CTH Y, BRI L% 450°CTE L. BAMEED Z £ AT 72 1000 rpm, 1500 rpm
DEMETIX Al BEOREEIFEIRE L, PPS Ol EASMIRELL T CHY, ZOREHETHEAL

552 ENgmnoT-.

K1 PPSETAI=UASEOEREGBEERES K2 PPSEAS0S2E BRI NS4 (1500 rpm) it O

10 an a8 [ L2 1 L

Lo HE DO AN Dek Ockne Bict Seor

43 PPSL g}5o52®%%ﬁﬁ|ﬁil*:ﬁmi(1500 rpm): (a) £25 51, K4 5|3 AW EREZ OPPS /A5052
(b) EDX %5 H7 il 4 #1500 rpm) 78
700 600
600 . 500 t
z e *
< 500 = 400 | ¢
Het
g 400 ﬂ'ia( 300 *
m -
2| 300 4
% =
200 mm 200
i ¢
100 mg 100 ©
0 - 0 : : : :
500 rpm 1000 rpm 1500 rpm 2000 rpm 0 500 1000 1500 2000 2500
v — )L [EERE] (rpm) Y — L [EIEREL (rpm)
(45 PPS/A5052825 4 O] okt AWt 5 X6 PPS/A50520 EEEHFP B A PO &
B R

(GLRINFFESTE 825 S b 20 BF)



=) Min i D FEERITHFPEE G Bl OMENT & 3 AT O
YOEL - BORIFSERERE B4

1. B®

UTHE Fe-Mn-Si JED A4 % ~_— A & L THH¥E S 4172 Fe-15Mn-10Cr-8Ni-4Si &4:(LL T FMS &4 & FES) T,
BETARY A 7 NPT FMEA LTRY | B2y v —ikt e L TR IR S Tnd, 72720
T — 7 BT EORRVEERETIX, A — AT A MM TERET 2720, BEEENSE T, Mg
DI DI T EOREA TR T 5 Z E L o TV D, —77., [EFHES Th 2 EEEBHE A (FSW) T
X, Y —VOBIEOES SR OREIZ L U . (RO Al 478 EORELERARTET T <, IREM, A
T LU AR E D Fe Bl LT IR EEFOFNREL 72> T\ D, £ 2 TAMIFETIL, TRl
Tl NEE 7 FMS A543 LT FSW IZ K D BFOERZITV, AR W TRHIZTT o7, £ 72,
FSW FOAHFIER L, B R R F— IR <AKMFET 2 2 LR BTN D, £ 2T Ag22 mim?) & [FfE
JEDIRWFEE K=/ ¥ —% AT D FMS 542517 5 FSW H COMHIFARR O EREE I >\ T H i %
1T-o7-0),

2. FEBGE

Fe-15Mn-10Cr-8Ni-4Si 1% D/E & 2 mm OB (100 mmx100 mm)iZ%} L C, Stir in plate T FSW 471>,
BEAPEIZOWCHIAR Lz, Y —/LOBERREIL 300 mm/min & L., Y —/LOEEGEE % 300, 500, 700, 900
pm D 4 TSI CEBR AT T2,

— 757 PSRRI B O FRANZ DU TIE FSW HIZHRIR CO, 25T U CRAME 2 BURE <1 2 S A FSW 1A,
AR L TS Y —/L & WRERIIZ 5| Z $1 < stop action 15, #BRA O E G ORI~ —I —ME 2 A L TH
BHREN ORI 2 AR5~ — I — B A GO TG Z{To 72, M 0wz, BX 02 mm O
WiNi v— N~ —h—pELe LTHRA LT, Y — /L OBEREET 100 mm/min TH Y . Y —/Lo[aliE e
400 rpm 33 K TO* 600 rpm O _FEFHDOHEG S CIERZAT o 7o, MR OBIEMEIL, #Bto ERE2 5 0.3 mm
DONLE D F— R — VAP 2 WA —5B & LTz, ~— I — B 554 (K] 2(2)D-8 7225 6)IZ9h > T, FE-
SEM/EBSD |Z J D@L, fhdb T oAn7s & O 21T > 72,

3. EBRERRUOEZ
X 1 (24 BEEUC 1T D FSW #2 T O M E i O~
7 BH R, Y —/LORERE 300 pm DOFET

(a} 300 rpm 7 61\ 7\,@?:%01 J: Z) }\ :/Z“/V%@Klgl/éb)ﬂéﬁi é ﬂf:
D3, Y — L D[AlEEEL 500 rpm LL_E DS CIIKao 72

(b) 500 rprn P MR TF AT 2 2 LSk, B 2()2 Y —

- — e i JLOBEHE 100 mm/min, [EHEZHEE 400 rpm D 4fF
ZRBITDAKFRO~ 7 n EBERT, ~— I —E
I, REAEx=-8)2> D F—R— LD JEFHIZ[A7) >
TOEFIZAE L TEY  F—F—/VHiH O x =-3
ITIZBNTY =T —MERRESER L T TV,
x=-3, -2 TO IPF BLOKI~ v 7% 2(b-e)l 7
T A—AT A MEOHEERLITBI AT 2517
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X2 (@/KFEHEO~Z 0 BE, x=-3, -2 TO(-c)IPF ¥ v 7 (d-e)hifit~ v 7 OB EW BT

LR RIS, LABARARIY) S L O TB(E3 MRk
BY . FRHRIIEE CIRARIROEIG RN ENZ ERDND, £, RIRTI - TR 7R e 2500 L
TEY R I Y T RIROIE Y U K > THAERIDER STV, DFE D | SROEH7 SREE R
ffa R /L —DIRVESED FSW T AICBIEE S 4L 2 AEiseBh ) Bk dals K o T fbdR RO ks i
TWDLZEBHLMNE Tz, Fo, K 20DORIROEN D, x=2 LI, BESIEOT AL &Rk 8l
HNZANT AL, FEERRIARIRIFIER—Th o 72,

4. Fhw
18 Mn SRR 2 N— B2V T FSW IZ L A FOE AT 5 7=, F£7=. stopaction £ & ~——fHA
BE G DR T 2R E FSW 2 FW TR s OfiFA 217V, LT Offsa a2 1572,

(1) BJE 2mm (23T —/VEREHEE 500rpm LA E, BEREEE 300mm/min D54 T TRIED 70y ML 70
BT OMERD T,

(2) I —MEBRREERT LY —/VOUEFHOFEBIZIBN T, fEdBRL ORI LA Z 57, AU,
B\ 2 A BR8N ) & T DRI SV o 7 b RN FE RS D O E AN 72 AR K B RS
HIFFAE SRR T2, FEfE R 1L —D AR OIS Ag & FERL LT R A & ok Lz,

(G) BAIREN LR & BESAEOEIG NI 508, KEOFGNRE VDAL, F
72 BRI 7SRRI, BEMD R O LRI E DA T VA TIRESND L B2 HIVD,

BE R
1) B, TlyaNikulin, WAF BESE, 80 2272, FE R, B SHR. 8 Mn RfilRY X
— &40 FSW BRI HRE 2021 FEEEERENRS, 2021 4£4 H 14 H-19 H.
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BT EEE AW R—F AT LI = AL BED#EES

FERRS: KRABEBE AT AnRERARAI R
FalGBESE, LT, PREE

1. Y

R—=F AT NI =05 (AD) 1T AINEBICEBOKILET T L2LEMECH D, ZD7280, BEMIZIT 28RN 28
Z DRI CH D, Fz, R—T AMLEATH Z & T, BERTINIECRFE, BEWER & O - e 2 R85 2
EMNTED, ZOXIRMREEAENL, BEHEDS T v v aRy 7 AR 3—Ta EOEM=e, HEEM, BighEls & ~o0mHn
RSN T3,

VTAE,  HENEESCHRE E 2 E OWRE SR ST TIE, TR UR BRI BE IR L IR & B LA o R L
DIERINTND, ZOXI R END, BEBST T AF v 7 g EOBRBMEIOMANIER L TW5, £z, Hicdkiklaii
HEDEIZw VT~ T U TADMREAC AL Cdkk % IeE 2535 2 L OTE DM E LTER SN TWD, 2078, A—
FAANZBNTH AT ~T U T UbEEBT 5 2 & ClEARFEOIERA IR S D, Bl ClIR—7 288 L BiiEOBA 1S
WTC, A7V AVBENT 3= U K BHR—T AER L BRI OBEA SIS ST,

WN—F A Al OV IED—DIZ A=Y —iER B D, A= —IE TR LICAR—F 2 ALIZAR—Y—DIIR T S A
—7 U UEEORIIEEME DD, TDT, WE LIERIBEESD Z L3 TE D, F, AN—TF—ORIEIZ L DR
LEROHIH GBS T D,

& 2 CARIZE CII BB 2 V€, KB T A~ EikiE (SPS) L 0B L7=A—7 &G4 58 —7 % Al LG
WA ERADD, AT BMAEEOR—T 2 Al 25 Z & TRIL-BIRRICOT v —h R L A8A i SN D, £
7o, BEASRIOERAHEOBIES, §IIEABRIC X DMMmEER AT, R—T X Al EBIEROEES A ATRED R 5,

2. WFFESTIE
Fig. 1 ([CA—7 2 VBR—F 2 Al OVEFIEZ R~ T O XY
o000 LA AL

L L THEALER (R399 20 um) & NaClL¥YR (ki 300-425
pm [ ZHER) Ve (Fig 1 @), A—7 A Al OKFLEDS 70%

E72% £ O ITHE AR & NaCURPROIREIAZ ER L 7= (Fig. (a) Base Powder (b) Mixing (c) Sintering
1 (b)), ERUIESHIAZ BRI T LIS YT A~ et :

Ei1o7c (Fig. 1 (o). BEMtE, A—7 % Al 2RI 5 IR E @

DI LAKBET D Z & TA——Toh% NaCl ZfrEL (Fig. 1 (3) Lenckiiig (e) Porous Al

), A= e/ EEE AT HER 20 mm OFR—T 2 Al
Z1537= (Fig. 1 (). PLEDR—F 2 Al %2 SERLT-,

Fig. 2 IZR—7 2 Al &IOS Hikar~d, £, #EH
BEEAIZ O TERE (020) ITR—F 2 Al IRV 7= (L
B — /L EMES) VLR NI 7ot AR A
HEAR (FiE 50mm X B 50mm X JEE 5Smm) % SN EET D, Z

Fig 1 Schematic illustration of fabricating porous Al

DB, BHEIROTN SR A 38 U CHAAATE, BRiE:, Risii

—/V % [AlHE S B RIERRI I LIAATE (Fig. 2 (@), TOH%IL Q
IANTERREERHRIRFF L7z (Fig. 2 (). SfhELTiE, & (a) Before bonding () Boading
—Z A Al O[EHES 700 rpm, 1 LIAZEZ 0.5 mm & L, (RFf Fig. 2 Friction welding of porous Al and resin



FEfH] 30 s (Sample A), 15s (Sample B) & L7, BREFA,
VAR S EoEE LR S

B, BIREE Imm/min D4 CH IR E 5
ML, R OBEE T o7,

3. FEERER

Fig. 3 \CEEEIERER IO DR 127”9, R LIAA:
R L CO D BRITBIIE DS HIN TV DRk T30 5, E72,
ZDL ZITER LT BEORIRINAR—F 2 Al OA—T"
BEEDOTILFIRE L T LB 2 B 5, Rk
FLI-OLIZY— NV EERSEoEFE BRSw72, ERL
T2BRZ, R—F X ERIHERIND Z LR Tz
TOEAIIRETH D B X LD,

Fig. 41T Sample A DFEETRAL OHEATH & 5 A5 D
WA~ T, #HAEE LD & RLENES Y, EosMil
HHZEH LIRS R TV DR BIHERTE 5, 20
B o T BEFTRT VI —RIC L > THEA SN T
WA EEZBND, R—T A Al OffiEi % 7LD & it E
ZOMEMN A SCIVTODET ZRES TE D, £z, BiliED
WHEE R L, R—T 2 Al BRI L QO D828
M TE D, DIz, ZNHOEINIESTETWDH L
Exzbhb,

Fig. 5Z Sample B O#%401H & 5 3EABRME O/MEAR 2787,
VAT Z RD & OSSO IRNHEPHNE L 225 TV DR

Steel rod
Porous Al

(a) Before bondmg  (b) Bonding (c) After bonding

Fig_ 3 Bonding behavier
Bonding Aftertensile test
surface Porous Al Plastic

Fig 4 Bonding surface and fracture surface

Bonding After tensile test

surface Overall Expansion

Sample B

Fig 5 Bondmg surface and fracture surface

Bbonbd, ZHH D Sample A [AEKIZ T U —RIC L VS SN TV E LD EE X Hb, SMEKE R L BilRICBZANAE T T
FINTODERTDHER CTE D, ZHUTISBERERRE, A —7 X Al EBIEOMIRNCAE LD TH Y, FOHOEEE)EE Th -
7lebThDEBZ LD, LLEND, Sample A, B & bICHEART0REINIAONIZ DD, R—F R Al LBIEOHESIIA
HECHDLEEZBND, 77, BEAIREENRRDDITY —/LOIREIF DT L DIRENT OB ENEZ bnb, SH%ES
HOBHROTREZE L, # LiIABEORRII O 2AT 5 2 & THAIRBOUGEICERN D L B2 b,

4. fE=S

AFFECIIR—F A Al LIS O BT BT VA = & TFR—F XAl ERISIRO 58835 = LM Tx 7=,

5 HRRABR & RIS 72 AN T X 72 2 L SRR ST,

HEE

AWFTED—ERL,  ENLRAEARIRAE AR AIITERTREIERIA O b &, BREdRo ZTegic i viTbhE L, =

IR LU TEHOZEER LET,

CEFEBFTETE « SEE 20 SRR
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T VI =Y AADT L AMLIATIIARIC RIE S RBD X #Z D581

FERRS: KRABEBE AT AnRERARAI R
JFR, KAGECE, e

1. Y

R—F AT NI =0 MANFINERIC L K ORILE BT HLAEMECTh 5, ZAEMEITREN, Wik, ERINER 81
BN TEY, ABEHCRHEERL SO & LCORARFS TS, UL, BIRMNEE21T5 ORREECH 5 L\ i
BHY, FROR—=F 2 AT LV AINTO L 5 R RE RFFEOD DI TIETITZ21T> T LE 9 & PBORILANIREE S hisis
LR, R—=F 2 Al OFFOEHERLEPNTLE S, L7Ed-> T, PEBOKILAEE S RN X 9 I THEOBR S TH 5,
WEOHIZEL Y, 7V H—H ORIGEFETT VAN TEITH 2 & T, [IUBIREHMER LI-E £ R —F X Al O 55179 2
EWTEDLZ BT TND, ZHIUZLY, R—=F R Al DR E R TeE RN G21T5 2 ESFRETH H, L, 7
ZINLZEAT > CTHRILDFHEIZL B FIZKA IR HEFF T & 2OV TS Do TRy, 72, WEIZT Y —Y 03
W T L AN T AHAOKILZE 8% X BRI L VB LR, < OXKINFR—F 2 Al 2RAR L TEY, X HEigh
2% DAY, KIS ED L 5 7228 % L T B0 EFFICBIET 2 Z L TE b otz

AWFIETIE, R—T A AINERCTHRAET 5 1 QORI OWTERE Y TEEFEBZTHET 5720, 2O —Rv— Mo
U B —H i drirdr, X BURE I OKALOAERZHIR Uiz, 77U 1 —4 Z il S HosR U 7= IRAE CHEER 2 FI\V  CIEisa
S, XHRZEEIC K 0 S & 7 L AN O OFERERIER A 3P -, F7, F81a LT3R LT X R CT g 2170,
TV AMIOA T L AR AERED A AT o 72,

2. WRSHE

HFRT & LT ALSi-Mg RA4Th D ACACH By R Z Az, &
HIZFEIER L LT TiH R, KRARELER & LT ALOs iK%
iz, T BRE ALOs iRAIRG LTz b 0% BEAIcFIn S
H, ETFOF T, BT T A~ EERSPSHIC X W BERE L
Too BERESMEIERNGE ) 50 MPa, BEREIRE 520 °C, (RN 5
ATl FOXICLTER LT Y h—V %, JES 3 mm
FREEIZOIEIL Figl DX I 2 MDA —R v v— M, ~a
VT T O EEERIC X 0 B AT o 2, ) —
DRE SHPFIUZ L > THPIIKRE L Ao o T2hE, Sz AV
LML & T o7z, 7 L AINEH X $EEEIC & [ILOEFZEE)
R LIz, 72, OO T L ANLETOTRIADIHDR
—F A Al BEERIC L TERLL 72, FIZENEhOR—T 2 ALIC X B CT #4217V, [ALOMEE « [ILREHEH Lz

Figl Expenmental setup

3. FEERER

Fig2 IZIIEGEA &8, 7L ANMTHORFZHRE LI-AR—7 2 Al O X SEEEEGRO—E 2T, (@26 F VAR, 71
23, FLABLIERL TV, Efg LY, SETFT T LRAMIAEITY &, RN—F 2 Al &EMEH AN S X HER LT
WD EWRDND, BT A AlNEICAR LIZSAOBIXICERTH L, R—F A Al OERITERT D X ) ICii@iL, &b
IEEG P REITR L TOBEFTO X 9 ICEKILREA IR L TWE Z L WHERTE 5, ZOZ ENLHENTH 2 L THLAMTIC L
STHONDNEHHL, FERAIFALEERTD 2L TEORRER-TND LEXBND, £z, KHIZ TR TH - 7= #tPH Gk
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Fig2 X-rayimages of porous Al (a)before. (b)during. and (c)after press working

EALAVEL TWD DI, WYA REA—Rrv— MZko
THIRENTND Z & TEEDNAEL, F—T X Al DK
INOHARTIPECTNDTDEEEZ LD, AIFFET
Tolz & 5 e I@ERIRT 5 7= OREE W75 |
FRO L INTBEBIC K O RELD O T APT L TLE 720,
FEEOMLIIIAME L EEx bRD, LaL, K[ILDiB
BROFS) & LBEC L DBEEEORAT b L— R4 7 OB
IZH Y, ARFETIIRIL 1 SO EFIAT S Z EABM
THDHD, TILDBYHORES S 2 LT,

Fig 3@IZRIADI ToT2AR—F A Al, ONIRIBSET-
BT VAT EAToToR—F 2 Al OSVBIERT, %
L0, METCTHLAIMLIAEIT) ZEICL D AR—F 2 Al
IREE ST, FEICIN T TE TWA Z LR TE 5, Fig4 CT images of (a)without and (b)with press working
S HIZ Figd@IIRIADIH T oIz —F A Al, OITFIEE
WI% T LV AINLEST 7oA —TF 2 Al O CT Hifg 2773, B X ) KAUTHR—T 2 Al 2RI —ITER L TWD Z D3R T
XD, INHOFR—T A Al 2RO CT BGIZ 2 LR A fi UKILOMIE, [ALEOFEEH LIfER, M (a) Tk
0.68, (b)TI%0.64, KFLHIL(a)TIL63.6%, (b)TIL60.6% & ZIENDTRE RAIE LR oTe, ZDXHIT, SEXHE
WEATWVEEE LoV 77U, WEHORIIEIREMERF L Q0D 2 L TX T,

10 mm

4. #=

AWFFE T, BARIGEIEC L > THERL L 727 ) 1 —H 2 —R e — M X > THR AR, X SIRE TR O30 2 IR U724k
RECHNEVIETE S, Z ORI B CRIBZICT L AMLAEAT, 77U I —H ORI X #EERB AR Lz, Zi
IZEY, 7V A= OKIUIRENE 72 IXKALFR LA ET 5 2 & TEOBREH R L TV D Z &R I, 7ods, LA
MIEAToTHA—T A Al WEBORILDOMEESLKILROMEIIIR X 7228372 <, A8 X #EEEIC L - T Lz 7 g
SITERAHEER LT- b DIZDONT T TVNAS T & 2 HER LT,

HEE
AWFED—ERIL,  ESLRFAENRBCR AL AR AIITEPELREFERIA O b &, HHEEdRO TREIc I viTbhE L. =

ZISLLUEoEE R LET

GEFRBFZETE © S s 2 0 2%
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BRBAEENDRDBR—F ZEBOVER

FERRS: KRABEBE AT AnRERARAI R
KIFE, PR

1. BHY

A= AT NI=0 L (AD) BNEICERILE BT 2ZIEMEICH L. 207D, TAI =T LERITHART, BREE, Hi
WL, WA, TR SR TV D, Eiz, R ORBESRIIERRIC Ko TRHIENRZR D DT, FEORRHR—T 2 Al
Z R PRR CeAI 2 L S D Z & IT Ko T, BRAUIEE A 2L S W7 BURIEREARN — 7 2 Al OVERINAIRE T 5. RIS
—Z A AL MERIATREIC ZedUE, B EhEE-CHISS AR 7R & DM A R 2 TG ~OFAPHIRF cX 5 LB 2 bhb.

AHFFETlE, 77V I —EE O TEAHERER — 7 2 Al OFERZ R T, RO I, BEEEEEA OB Y — L a
U7z & ETRAT BEEERE R LI IEAEBR CH—R—F 2 Al OFERINEBL L7, L LR D, YV — IV EEORYT 51F
&, BEEENERE SIUBFEMMR 2 \THIIIT 5 Z L AVRB STz, Ko TRIIBETIE, BEEBMR 2 (IZHIINd 5 Z L 2RI LT,
AR ORI 2 BAEE B ORI E A 3 -

2. WRSEHE

ABETIE, B# & LTADCI2 (ASi-Cu K27 /LI =0 A548) BM(EFERRIEE 515°C, IRIERHEE 580°C) & A6061 (T3
HIT V=T L) M (SRR 582°C, IFRREEE 652°C) & v =, SIEANKE(LT ¥ > (TiH), KIREZERNCT Vv
2 (ALO3) OENENOHARERWE. Zhbd
IREWERE, /2 BOBMOMIEARZ AT, B
BEHRIRIC Ko T, B E R AR S S D 2
BB 28t 5. MROWINEE, Wbt oRE: ’
PRI B 2% L C TiH2 %2 1 mass %, ALOs % 5 mass %
L L7 Fig | TRUEL S IEEGER—Z 2 Al

A6061 ADCI12

DTV A=, FROIE TR LA 20 Precursor ‘
R ORISR 14, RS L > T | Butt jomnt by FSW
ALTHERT 5. 2L, BHEEEO0 i LI AE081 ADEID
b OMEFHERER—T 2 Al ORIBMATH 57D J1— Fig 1 Fabrication procedure of precursor of
VLB, ZOTYH—F AT B EICE ST functioaally graded porous aluminum
L, ERHERER— T 2 Al MERE 12, —

NEAFEBR OB % Fig. 2 1~ 3. 20 mm X 15 mm Precursor ¥ ] _ 156 mm

4

6061
X6 mm (ZH)Y H U7 fERWERE ") 1 —Y %, Fig. 3 V

WORTHEZRFD 250 mmX 100 mm OEROFEICA Cupper Plate
iAte. ZORE, gKE T —TF ORI, FEiE
BICEIR & R—F 2 Al DEBIHEECE 5 X918,
JEE 0.2 mm OFRABRAGATe. RIZ, mikEs S
oY=V, SRS LY T TER ST, B
ERASETNEAL, TV h—VERaSE5. Y
—/VAEEO Y —/L D[RS 1000 tpm, Y —/LfifE
1500 kg & L7z, EADEEIT 10 mm/min(Z:fh A & FR5)

wnu ¢¢

Apth: 7.0 mm

Fig 3 The groove of
the SS400 plate

Fig 2 Experimental schematic
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& 20 mm/min(5&f: B L FES) T T o7z,
Conditions A B
A Scan speed
3. FERRER ; 10 20
) [mm/min]
Fig. 4 1T, ARFEBRCIER L 7-BIRHERERER —T R
Al DIV & X CT Bifg 27 d . ZF A O X Appearance
CT B TIE,  A6061 IDSFLA ADCI2 il & kit of test picce 10 mm
LTREVORDND, ZhUE, MEGEE Lo
TLEV, GILALDHEA L CRILOHLAL X-ray CT
unage
Z ol ThD. Fi2, A6061 MIOBEEER T 10 mm
BEEETH D Z E¥bing. 2L, A6061 Il A6061 ADCI2 A6061 ADCI2

SILOMIALIZHES TE LT LD TH D EHBZD
D RIS, AEAHEE)S 20 mm/min DB T,
OZAE L HRFAPER A TH— 728 — 7 AREEN T B, BAHIFE
TAN2 SN2, EEEEZH 752 &2k~ T, BERORAEZMZ b
D EMbhols. HEATMBLTHLRIAN R ST L0000 5. 7235,
AEASERE 30 mm/min TITo 72356, NIBSIE O Hnc I T & Rh o7z,

EoTC, TRTOEMAEOHT, AAEE 20 mm/min TH D54 B kb
PEBOKAIZRENZ2E L TNV T, RPN CE-@ R 2k L T
W5, Z:A: B ONMEAEERIFF DY) 1 —Y- DI 1a2Eh %, Fig. 5 1273 ADC12
DI HEFEDOHENMARE DR S. L, SMEINF L ONX 5 CT it
ERDE EOFIFTENTH, ADCI2 K E <HIE L TWBDH 005,
R—T7 2 ALERBOFIRIEEZZET 5L, ADCI2 & A6061 A TE H721T
BPEpRE ST D ETHIET D2 ENEELL, AROBETHD. F
7o, VIV OEARE A R T LI T 5 T LR TEIUL, ADCI2 & A6061
DOAEDRIZT TR, SESERFEOGEOERMEER —F 2 Al
OYENFTRECTH D EEZ BILD.

4. fhE

FEEEE I LRI FER TR LSS 2 LA TR

1) Y —LOEFEED 10 mm/min 72 & NEGAZIZ 22> T LEY, BHN
HOKEIRENIAREJ—IZ > TLED.

2) AEATHE 20 mm/min THEBO KAL) — T RAHIFEIAN 72 Sz,

e

Fig. 4 Obtained of functionally graded porous Al

(d) Afterheating
Fig 5 Foaming behavior

AWFTED—ERL,  ENLRAENKIR AL ARARITERTEEFITERI A O b &, B REdRO ZTHRgicl viThhE L. o

CICRLUTUEHOBEERLET.

CEFEBFTETE « SEE 20 SRR
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BEREESZRA L2 7Y 1 —IHER L BRI 7 v 2 DBR%E

FERRS: KRABEBE AT AnRERARAI R
AERETLIE, PORE

1. Y

R=FATNI=T L (R—=FAAD) 1%, ZHEOKILEALTREY, BECEBRRIE R SIENCND 220D, BEED
SRR E~OFIAD I ST D, E7UrE, BB M ORI EERRIE RS (Friction Stir Welding: FSW)ASAW B4
DEICIoTETCND. R—TF R AVERYED | OTh DAY, FSWIZX 0 A28 —I 2 LT ) h—9%A4E
WS 2HETHDL. (EULETY) h—H %, BRIFRSICL VBRI TS E CR—TATAI = 25T 5. L
L, ZOFETIET Y =P 2B L7241, BRUFICATIRASE L LD 2 SOTREBUE L 2. EDOIFELY FSW I
KR L= Y h—V %, BT TH DA, FSW HOBEEEAE AW TRIAIE S Z ENHRETH D L5303 oTnd. ZDHE
T, SIS Z T 7 ) A —V213DIAR, T Y — L ESHIC Y TERERR S SRR O ERT 52 & T, F84 LT BRI
ZHWTHRIE TS, 5%, Figl ORRIC Y —1iT
Ko TFSW #170y, R ITRETFY—/MIL->THAELR
PR CIETAE T H LSBT, TREER DS ADC12
LEZLND. plate

F ZCAMIZE T, EEERE LT Yy —ZinTE
D & 9 T EADHEE CRYEA| OB+ 01T 2, BIF757Y
A=Y a2 TE D ORE AT o 72 AFZETIE, $K
IEZAHT Al SR & 1TDiAR, 7)) B —HE AR T
FLTERLL =7 I —H BV OBREE VT3
SHR—=F R Al BRI LT, R—F 2 Al OHFEM L LT
HA A N AlE4: ADCI2 (Al- Si-Cu /2A4d) A L,
VERL L 727" 1 —H30I0 LR A FE S 5 2 & T, 1#
HRREEOME E1T -T2, £, ERILIZAR—F 2 Al & X

Top tool

S58400 Porous Al
plate

=

Bottom tool
Fig.1 Schematic diagram of FSW

MCT R 22 LT, UL TWDD, KALOFESE 155 N
DR EAT S T2 B 170
< 2l
2. WHEIA Fig2 Dimensions of SS400 plate after milling

M (250 mm>< 100 mm X 10 mm) % 1 K& L=, 8k
Buid $8400 2V THEDY, Fig2 (TRT & 91s, 77144 Eo | ]
BHFAVTES 170 mm, #§25 mm, & 4 mm OZ T (a) Procursor
7=, 2LC, ZOMHOHONIES 155 mm, 15 10 mm,
RS 3 mm OEEAHT 72, ITFEAEE LT ADCI12 HibA

—
(E&3mm) 0 EH0 (10 mm X 150 mm X3 mm) & A J¢¢¢ \ : viI i

Halogen lamp

WHO (25 mmX 150 mm X3 mm) D2 EERL7Z. & Precursor

BAT, FEAAIE LC Tilh, SAUBIERIERL LC AbOs % -&—

AR L. ZNOOBRROTINEE, FRRoBcfE L7z (b) Start heating (c) Stop heating
ADC12 B OBHPEE 2% LC TiHe % 1 mass%, Fig3 Foaming procedure using light heating
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Speed

[o/man ] 10-1 20-1 30-1 40-1 50-1 100-2 1004
Number of pass

Precursor

cross section 10 mm

Porous Al

X-ray CT ; : —
mage B | { Ju_ - ! . p | & 10 mm

Porosity

63 60 61 70 60 64 50
[%]

Fig4 Experimental result

ALO3 % 5mass% & L7z,

13 U ITHI Y ADCI2 HibA & B DTEITIT0IAT:, D EIZ TiHy & AbOs DIRAIRZ B L1z, & HIZE0 6 K0 ADC12
Wb &SRO T OIAATR, Zha FSW BERICERE LT-. © L CRAMROBAMEIRIZ LT ESW 2175 2 & T7°U H—
T EAERLLT-. FSW O — L aERZ M EEHEEL 1000 rpm, > — VAERSEE -, SA540E 10 mm/min-1, 20 mm/min-1, 30 mm/min-1,
40 mm/min-1, 50 mm/min-1, 100 mm/min-2, 100 mm/min4 O 8 ZeffA1T o7z, /SRAEELIX ADCI2 I — /LA ER S W7 [BEHLT
H5.

Fig3@®D L 912, ELAETD —P% 10 mm IEIZHIV L, Fig3b)D XL o1, ~arr I 7ohRE FCEE, BER
7V —HAFAL TV I —YOIRELZHBI L=, 7, ~arv 077U h—Y bl & O 40 mm (2705 K5I L
77, Fig3@©D X 21T, 7V I—HMFEH L, BEREEN 650°CIC/eo72L ZAT, "X T 72T &8, Zhid ADCI2
DIAERHREED 580CTH D Z L DIIET DD HR7IRETH D Z L 2R LT 5.

3. R

Figd £ 0 7V h—HWim & B2 L RIEHIDMBEIN T D 2 L0300 5. 10, 20 mm/min TIEN—H# I/ > T d
ZENSHB. 30 mmvmm 35 100 mm/min TIEAEEANIT LTINS T ERDND. ZDT & DS —/LOIREH T
OBHRIRIEICBIR LT Y, —ELL ORI/ 5 &I R TE R 2D 2 e gioie. Eiz CT Bifga LD R RE
D7z, 10, 20 mm/min THEHLOA/ OAFIEL TS Z &A%, 30 mm/mm 235 100 mm/min TIEZFALVEALVHIZRIE LT
WD T EWRRID. BHPIRIEN RAFCH D &, MRS E CRAE LIZRANA D IABRIIGT D Z E Vot LLEX Y,
V=V OEEN—EU L THIUE, BURBERRIEL 720, +07300MG6Nn5 2 L0ninoT

4. fE5
« PRIZ ADCI2 Z130iATe Z & T, 7V —VZERG 5 2 L kT,
U LDV — VEETHIUY, BARRIPRENSE OIS Z LRS-l

s
AFRO—, FENRFEAKBAEAREATHERRIERIIO b &, BRSO SHIC XV IThiE L
SR LTEBOEERLET

(1

GEFRIBFZETE © S S22
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A1050 DR &2 — VEEEBHP A IC BT
> a VAR O MDY DT L UMES I ORIFIZ 5% % R

fEHKRT =JHt, B ER

WEE

R Y — VR EE A (BT-FSW: Bobbin Tool Friction Stir Welding) (% — %) 72 EEfEH##
#h (FSW) THRONDF v v 7Ry R EDONL— NRItEIHT 5 & &b, ¥V —iE
W HEIE RO AIRETH D . —J, FSW & BT-FSW OWTHIZE N T, Y — L& EHT
MLAT Z & THEZ BT 2720, #EHMOWRENBD T2 & & HIT U OB RIEAFEA
L, AMBOBARCHESTMEME T LT LEIMBERR S D V. K, BTFSW IZHBWTIE, 2
OO 2 VL PMELO TN SR LIAZN D728, N U ORACHIERD OREN X 0 34 &
2%, —HD LIci)E % FSWIZ K- TruDE S IZEIE T 2 DIFFEFIZEHE Lz, #E RO
WERDBLOZEDO—KTHLHNY OFEZRNT L ENEETH S, Jiang HILT 3 L Fix
HOHFEREN IR E A Y — V2R L, 0.2 mm OIAZLE T BT-FSW 217 > 72 F#
AR BEEAERE LN LZHRE LTS 2. LML, B-FSW IZBW Ty a VAR %
RABNZEAC S TWFRIT D20 <, 2 a VETRIROFEN A EIC G- 2 2 BT & 7o > T
WRVN, 2 ZTARMIFETIE, BT-FSW (2B Hkk 2 7Y — Lo a W E i O iR 2 H L
B OBEAE R /NE S, N OFA, BIIRFFECHRBLZE /2 E OB ATV, BRI TONY,
BEA R Ia DI ASCMRE A 70 PIC RIF T — L ¥ g L AR O M S B R OB % B 5 s T 5
ZEEHEME L.

WERAE

A IIRE 2.0 mm, 200 mm X200 mm @ A1050-O #iZ A7z, ¥ —/LiEik % Fig. 1
WRT. M6 ORIV E T a—T TER SN 2 2D a VW ENBRLEERDRE Y —
VT, valZDT7Ty MRERZ F=8mmBL OV —/LF¥v71.8mm N —ET, vai
K FE O RN Ry 7 0.6 mm~6 mm OFiH CAL 7. #53HE v 2 2000 mm/min,
A @ 2 2000 rpm TEE L, Stir-in-plate THEBR A2 FEiE L, #EE5HOK/IMIESL/NY O
S OWES L OBRRBREIT o7,
BERBERRUER

Fig. 2 12 R¢=1 mm 35 X O Rst= 3 mm DA &0 JE
WD 3 WLk a~d . KHPCIIRES M Z 580 L TR
LTW5, Ry=1mm TITEAHOZIRMOZEIHRIZ Y
DIERBBD D, —FH, Re=3mm TlX, vaiH
PP UAEN SRR LN S B ST, N OFRIE
LA ERONAR. Fig. 810 R &L ST 084 | Bottom shoulder
WO RS L CBAHAY S ORBHEY LR - | (]
T, ReZBNsE5 L, NUOEmSFHLTHZ Enb

¢ 20

13
7

Top shoulder

DM Rg=0.5,1,2,3,6
—~Frobe
$9,10,12,14,20

13

Fig. 1 Shape of BT-FSW tool
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081 1mm

18.088mm

(a) Rs¢=1mm (b) Rst=3 mm
Fig. 2 3D surface analysis of welds with different shoulder fillet radiuses Rsr
(0 =2000 rpm, v = 2000 mm/min)

— 5 5 100 100
g BM e 20 1°
92 b B 80|~ 30
o S = 70F 70 =
i © = 2
© 1.5 1.5 % 60 60 o
@ 3 g
e G I < 10 2
é —> ) ) i=l
o 301 | - UTS B0 &
é 0.5 o5& 20 | - Elongation —20
g 5 10 10
2 0 L1 1L 1 ob—L 1 111
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 70
Shoulder fillet radius [mm] Shoulder fillet radius [mm]
Fig. 3 Minimum thickness and average height of Fig. 4 Tensile properties of weld
flash (@ = 2000 rpm, v = 2000 mm/min) (e =2000 rpm, v = 2000 mm/min)

Wb, —J, EEHOR/IMIEIE, 0.5mm 25 1lmm T—HEA L, 1 mm UL ETEEMmL,
3mm PETIHIZEALEEILL TR, ZALDOREND, ¥ a /L ZGMolliREEe K&
T2 ZETRY OFEMBIHI S I, BEEHORERD LMl Sns Z ENHLNE RS T-.
Fig. 4 (2 HATHESTROMEICINE D K 912810 H U 72ilB R TIT o 7o o iR O R R 2 7=
SREEFS KO O oM X, Fig. 3 OESEOR/IMRIEDMEM E B LIZE—H L TWD, Re=
0.5mm & R¢=2 mm BELN RBr= 3 mm & Re= 6 mm (23 The/IMRIE & 58 WL L T
L. ZHUE, Ta b FREEOMEEENRE S 2D T ETAY ORI KX UWRIE O X
INDHD, V)b MBI OBEREAES T 5 2 & TEEESSEE NI L, #EA MO
RERY, FERELUTHREMETT L2 L EMMELTND.

SEXH
1) M. K. Sued et al., Mater. & Design, Vol. 54 (2014), pp. 632-643.
2) W. Jiang et al., Mater. Trans., Vol. 60 (2019), pp. 2416-2425.
GLRIBFIED S« BEA S 0 )
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WA—T 4o TF—N—NRy Y ITERTHIEERBESBNORAR
VBKEE K KRR TSR GER, © kI R SR A L & —, ONUNO (7 96 PR e )

HE ORAE, O AR, KRR OLEC, R 'O, NI AR
1

i LV PEBE R A WAL D BRICEI AT DB TH LA — /="y 7%, RFEWME AR B L L
TWDN, BWEEEZET28MLREBME O —~>THD. HAD NUMO (Nuclear Waste Management
Organization of Japan, Jii¥ /)38 EERBLREAHiEAE) (30 74 D NWMO (Nuclear Waste Management Organization)
EDERBFEIZE Y, RFEMAE T & LB ORBITHHOERA v X¥EEBRT 2o —7 4 7 A=
— Ry 7 OFRIZHOWTHRE ZBMG L7z, 29 LIRS ROBESEE AT 2EROBEITIE, BT
Bt O b b RAI R &7 5720, FMEIEEST, BB, B L OWER SHBO#SHEINOBRR 1 EH
LD, AEINBIIE, 05 bEERESEITORE(LE B L L.

B AREE A R S N 5 BEEEIEFRE S (Friction Stir Welding, FSW) 1 R& T ToO B0 L 7= Bt (Fig.
1) THLHET TR, BB EOREEEEZ I CE2HME S K&V, Fo, ABEEOHIEMICEN
HZENOEBEENEADY XA EHREODE LG TE 5.

AWFFETIX, $a—7 ¢ ZJE~D FSW O A2 73 5 726, k& 72 5 TR L 72k 0 S8 0
WAL, G637 A—% (Y —/ VEGHE, $BEEHE) ORBELEZIT, @#la—7 o 7 d—"—y
7 IZHE T L7 FSW B OB BREEIZ 81T DR Z 7/ — NomatiRic X - ThERd Lz,

fAla—F1 4 71;—! \—\wy

il

HSAEEE

Fig.1 $Aa—7 4 7 —/3— Ry 7 ~0 FSW i AHIEX AR IE, 80 LME4, 59,1, 173 (2020) 2 BE 2/ERR)
2. FEEERB#ES (Friction Stir Welding, FSW) B

BRI I T RS ZE 4 JIS-H3100 A5 U 7= AL AT Cu:99.96 %L1 1, 0:0.001 %
LITFTHY, TRt s L Col8EM X 1% 245~315MPa, HONE 15% LA ETH
B, A HEIZ 350Lx50Wx3.00mm TH Y, EEHIZTFSW 2#1{7o72. aitd—
Z15mm, Ye—7F6mm, Yo—7 K29 mm OO 7o —T 2 F4 5868
G4 (WCH) ®ly— L2 Uiz, Y —/ Vialdsiho & 5 il % Fig. 2 IR T XL )1
BB M OB~ 3 T 7o midE A 2 R E Lz, #EE8 T oMM Lk 0 — v ofig{k
20T, Ar —/V R A% 18 L/min D& THWZ., #ERXTA—X %Y —
JURERIEE © 200~1250 rpm, #A5HE : 100~950 mm/min DFIPH CTZ N F 2L & Py
ETHEAEIT, BEATOANBIRSLEVBIEN 72 5T % 3T 28 SefEERL L 7= vl ;

Fig. 3,4 {2 650 rpm-600 mm/min D THA L@k FoOREO/E L LW ) .

Wi~ 2 v AT, OB I O T & 1T k> Tk sy 18- 2FSW Y=L B
BEAMAMR SN, HEE OB TE. Wmc KT, BEEHoCHohBEniks cns 2 b
N,

2em
Fig.3 FSW #TF(650 rpm-600 mm/min)s}&1 Fig.4 FSW #k3(650 rpm-600 mm/min)¥7 i
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3. Evh—REIHER

Fig. 5 {2f%# & L T(a)650 rpm-600 mm/min, (b)1250 rppm-900 mm/min D&/ TH S N7Z FSW kT E B
— AR 2R T, Mt A oy I — A S, A S0 D OREE U, RERREEXE & S TR

T INDRERND Y — RN 1 EET HRICEEN T 2B CH D AR v F (BEA Y — L [Rli5H )
D/NS 72 5 CII R AR OB AR T2l S A A OnTe Z LN TE 2. ZHUEREEE v F R KX
WML B NRTABN e YA
<, FESR oS RS | meopgiscty,  o|AS | BEFREEE | RS | jupes
OTHDHTI Ew—%—\\u‘\d‘f\’wﬂ\"\ HEEZDL f,r-..r-\.-u'\ h/..m.h na.
A BN \"\M
(a) 650 rpm-600 mm/min (b) 1250 rpm-900 mm/min
Fig.5 FSWREFOVE v b — R SHERER

4. fHRFSIRHER

650 rpm — 600 mm/min, 1250 rpm — 900 mm/min DS THEHRL X — ?ggfggc
NIMEFICRE LT, $a L BEAFICES LSRR, o *° :
L&D X OITHH L, HATHE S Tmm ORER T AER L7z, 5l =20
EIHEE Imm/min TREREZ1T - 72, IO AR % Fig. 6 (237, S 150
7E, OFTHOWEITFEAXMAD 2 5% DIC N THEM L TU Em
. BERE O ER T 25 K & V) 1250 rppm — 900 mm/min D ST
L, BEEEAS T3/ E 0 650 rpm — 600 mm/min DS EE, BRIRTR »
FENRHI20%1E E/NE L RBHMPREINTZ. A O ERE X o o = - -
245MPa Ll B & ENTEY, fMFRER %L LE#ERK TE. D 0T (%)

bR R TH o7,

5. 7/—FoBRIE (& MEEE

FSW kT & 2 AM Ot &2 i3 5720, HAROMI K
FAEKELPHIN Cd 2 IRBEK TR A A 2 (HCO)EIE 0.001M, ¥k
A A (CHIREE 0.IM DIRE DI TO T ) — R finaln 2
Tolc. PR DIRFRFIFFIHR L T 27O T VAL ITAT2
BEFEILA ST ) v T AT o T, B VIR, SREM,
FeEma -ty L, BEBRK 2 EIRAEIC T 25 CloHirs L7z,
2 B OB A R IE 2 12-1200 mVvs.Ag/AgCl TH Y — FiL
BRA M L7z, WRIC 1 R B AREARIE 217y, 7/ — R
~ 10 mV/min OFF35]3HE T 500 mVvs.Ag/AgCl F T/ L 7-.

Fig. 7 \Z% A#f, FSW #kF (650 rpm - 600 mm/min , 1250
pm - 900 mm/min) D7/ — RO R EZRT. A
B, FSW flkF 2 o SVEMRSE R o7 ) — Rih#i a5~ LTz,
THUT LY, FSW fEFITZ A & RFREOMEMEZ A LT
WBZ ENghoT.
6. #E

il —7 ¢ T OBEIZHET DY — M ERCEG NT A —4& (Y — U [alRE

Potential (mV vs.Ag-AgCl)

600

400

200

-200

-400
107

Fig.6 FSW fkF 53RN R

~=-1250rpm-900mm/min  -=-650rpm-B00mm/min

-2 A
[CI]=0.1M
[HCO,1=0.001M
25°%C

B

107

107

100 10! 107
Current Density (pA/cm?)

Fig.7 FSWREFEDT /— FoMEREBER

10

ROIHEE) O AR

EHEIL, 2—F 4 HMOESITHYT HHE 3 mm OREAM 5 L CREAEEEBSRESE, Y —LOD
[ElfiRH EE & 200~1250 rpm, 245 FE %2 100~950 mm/min OFPH TITV, LMK FELEL Z LN TE 2.
VESRL U 7= BEER YRR A T OB RRIERRER, HAMERER A2 FEE L 72, © v b — A SEREBFE RIZHB W ¢,
[BIH5 B F 23N S22 e CITRAL A I S T 2 &2 22 A2, E72, 650rpm - 600 mm/min , 1250 rpm
- 900 mm/min OFEFITE LT, 5IHRHERIZIT D FRRITRA L 80%LL L&A L, AN ITITZ A

LRBETHD Z LTz,
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EERHEY—ILEZAV: 15mm Bk O ERBIFES

EAKRY GEMETER BT - n BT 1 2 AR
& IEMN

i<y

1. %

EEERIRPPHE S (Friction Stir Welding : FSW)iX, [l — L & 254 O CTHE U 5 BEER
B KON TR EE O CHE R 8L S48, Y — LIRS I & 0 B U B i Eh 2 R
L CHEAEZENRT SEMESIETH L. EECHOBENG, B OBE ~D RN
HFE STV D0, JEE D FSW IV D Z L A3 A fE72 PCBN #Y — L3 B Il ©
HY, WHARERNESFIIRIBICRESND. LoT, Zifin>EHm i EHK O
FSW > — LV OBRENHIFI N TV,

AWFFETIE, A2 & AT Re 7 2 b EE R Y — U LD R O FSW 2B %
HREFDZEEANE LTS, BATHFFEIC T, 6 mm 3L OV 10 mm JEOK R FEHF X
OEREMO B TEGLND Z EBHA LN/ > TWDHUL X 57 2 JE K~
HEBELT, 15mm EOMKKRFEMO FSW 2l 7-. FOWmBIEEZITV, MHFEOMR
PR E A LT

il

2. EBAE

HEMIE, RS 15mm ORREMTH D, FSWITHW =Y — VML, H AR
WOE(CEESEM (SX9) THDH. PEAFRME, BEAHEE 50 - 100 mm/min, > — /LRl
175 - 500 rpm, Y —/LHIEMA 0.5 - 3°OM CTEL ST, BT oY — VAR, YV —L
M7 B XN Z M I CRMI L 72, #2695, Y — L aiERlo N Y om s (PEH &)
BIO, BEAHORERMOKE SEZWE L. £ LT, #EMEYN L C8EmiE%
1T720, By — AR BR (GRABR ) 98.07 N, {REFIERHE 10s) 2% Lz, £72, #m
WE#IZT A Z— KDy F T EIT, SRBEMEIIC L DB 21T - 7.

3. EBRREBLUER

Y — VAR B K OREAZ LSBT E SO I NN OF S &K 1 ITRT.
Rl LY — LRTEA, fIPE SN OFm S TH 5. BEAHEIL 50 mm/min, Y —
JVEIEEEIE 200~500 rpm, Y —/VRETEA T 1o~3°Of T bS8, K1 kY, v—i
EHEE A NS <, DY —LRIERA S 10D & X1, JHENT= AN O/ S ARk b/hEL
Rot-. RIS, Y — VEEEEDN/NE L, Y — VRTEANNE L R DT> THRE
KIfpORE & H/NEL e DA E R LT,
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Iz, #2633 50 mm/min, 7
— L[Al#E%L 200 rpm, > — /L HijiE
4 1° 12T FSW Z{To =ikt
W e hE A X 2 1R T, X2
DFRFEDONBI NS TH 5.
BUEHE RS, GBI IC K
Malx R ootz KERIC
BWT, Y LRTEAN 17 DK
WCTHoTzDlX, V—IEIRD
RKEUESCH M REN 2 4 LIz < W
WM ERBLE L TCNWDZ bl
WICERL TS EEXTWD

I, W@l 17 > 7230k
& Al —5E T FSW %217 - 725kt
OABIEEAK 3 1ZRT. A
HEEX 500mm TH S, PEH S h

T3, RERKaARNZ
LibEnD, ZEEERRY —L 2 T,
ok F2/F o5 2 & 2 b

s [mm)]

/5 DB

=

@400 rpm_50 mm/min L] e

: # 500 rpm_50 mm/min
5 300 rpm_S0 mm/min [ ] *
6 250 rpm_50 mm/min
s A 200 rpm_50 mm/min
4
3 ]
2
1
o |
1] 1 2 3 4

W—gihE A" ]

1Y —)VEESS K ORTEA &N oE S

A i

M2 BEOMEOBEREE

ENHERTE 5.
15 mm EFIHIZIBWOTAY P o 72 vk

X3 FSW (500 mm) L 7-#EDIEEE

SE Xk

[1] &M 5, BACEERRY — L& FO 7 LR O BB PG, 2019 4RI 2 2E RS

EEAEE (2019-4), p.154-155.

GEFEWFIEDEF 825 Lm0 2F)
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RAFVY B/ a—AR HNEERIZ X BFHRTER DB
BETE RS2 Ay T2RE O, ACHEE R Re s 8 - PRt ©
JIRESEth V) 2% L2 Y, FEHEEHE?, =i5nsh?

1. B H

B, DETIERRAD 8 FILL EA D3> TV D ERMZREBMIEEED—DOTHY, lEK I RRKOFKTH
HD. I BITITETH, wEENDIEER, RFE R SO EBEZTHRE, BLIE5 2 EbHLMIZEN TV,
BUE S R ST D IRERR & L THEEMEFA SN TV D0, S0 47 4 L DI 5 BRI o H
B, 7ULLX—0RERH Y, HEEIC L5 HEBREEEICIIRA AT TV 5.

TR, BJEIR O iR & LT, DS IEEEE (PDT) ) 2SR SHTWA. PDT &1, AR L7710
BRSE 2 IR TR AL TE D ABOURISH] (A F Lo T —re ) 1Tk 0 IAETHTEMRSE (0., —EERT)
ORI C, HEFRICEE L2 OFFREZ Y CRET D2 H5ETH S (K 1), Lr UEBOBEIEANE,
ZEMIMEV, BERBE, BIHIZEER (X1 ~—) R L 0 ERENKRITT 2 LWV ERRRENH 7.

TIEDEIEY & L TRAT D b AENLARL o
To3A F ) TS IVE TR RSN E L, B
IR ERERCHUEREN B D L STV 5.
Box i3 A A2V EEELRICHI ZES LS
%2 ET, BAERISAIOREENRM EL, X4~
—TERANHINC £ D 02RO BRI E S5 D
TIERWINEE X T2, AFETIXRAGHRICHND
NTE Y ZRMEOERWAEBCHEERE (m—AX 0
JU,RB) &34 F U & OEEREZAIRLL, PDT T
B 5 0L OWTHRE LT,

FIRA

PS : Photosensitizer

o HERE

X1 AT 5 PDT O#E&X
2. NAFTY I EERTY H ORI Lk
NAF U H (Img/mL) LAY (TR, CS-7) (Img/mL) DM@z Z i Lz, NA ATV BOFERE
) BIZHART, MIfREE MR EAVRENTE (K 2). —fRETHESES ) HITEERELS T 'L T 7 A Y
U A OFMEFERNE SNTWD., ZZTAF TV B EGKT Y IO XBEFT A = ZBUF L7, & &7
ENT 7 AU AR DO T 0 — KRR 7 — U NRBN, EORELRRWoTo. B, JERST IR AX2
MVE Y 2 AEREOKBEILDRIEZF AT, EORER, VU BREIHFET HKEEE (—O0H) OB A FY
HIIE TV DK 2.6 (5 THDHZ sz (X 3). KRMOFENERBFMERBOX—KRA > MIed
EHAKPEO BV VIKEEEE (—O0H) BENZ LT, N AV U DOREHEENRBH L TS EE2LND.

0.25 OH A F R
~\ /)
D: E f 'u !
I = = ; ; in
%ﬁ 0.15 = yd 2Lk
. £ 7
- = 7
o 01 a /
8 g 4
0.0s T
T
D 4000 3500 3000 T500 2000 1500 1000 500
Control %5;.‘/ HH AR ww&number[cm-ll
- FHESHTESL TG i b/l £ U
mldays m3days ®5days = Tdays gl%éfct o * Bt )9 s BioSilica
=1:2.n4
®2 AR R3S AT D AR Y H OB IR
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3. XL FTV VY H/m— AR HNLEEE (RB/PEI@BS) DA
BAREBMEETH ATV D EAEMREAET D RB I, FOEENEIZELY, HAEERIINETH-T-.
NRAFIVIDOHTFH AL RV F LA Iy PELICLAEEBROMNE) L hF A A4 A U B ERB ED

BELEAT-72 (M4).

e A A ) oA :/,”_,
T 2w (Polyethylenimine, FEI
00 rpm 30 min 650 rpm 278
-
2 Ep ey
PENMw = B800) 7.7 g rif 4 UA Ddp
MeCH 5 ml MeOH 1 ml
A A
RE/PEI@BSESFS R
FPEIZBS 20ma 500 rpm, 1 h S
- .
TFRCEL
RB agqz2mL
O.1eq 7.0 102 mgfmL Odeq &2 : 1mol @ PEI 7L z77 L ©

0.25eq 178 < 10 mgfml O.Amelo RB (=T
1 eq FO0 107 ma'mL
2 eq 1.4 mg'mlL

4

5E)

WA F VY /A=A TINAEEE (RB/PEI@BS) @

- =y

El s g of o 1 #
(PEI@BS)
W=

RE/PEI2ESiE

BHTFIE

4, NAFVY B/ a— ARy HNVEESED 0.4 RRBEHIE
BEENS D0, DT, —EEFEERT 7 2 —7 (ADBA) % FWTEEAN TR IE A7 N VHIE DFRRZE L,
MEEE L. "0 DARRHEE (minh) 1X, U B EOPEL EWEE L7 RB & DI KGET B 2 ER¥bho7-.

0.leq (PEI : RB =10:1) IZBWTHEAEKD 0. 4R REl

WRTBZ E2vnrENnT (®5). 0.25 eq LLETIE,

IRBEYED 1. 76 (FTHDHZ ALY, RBHEMALD
VU ARENIFE L2 RBIXEE L, HEKRD 0.4 KEEIX RB

BARD 0. 1 fFRREE T Lz, 0.1leq TIERBIE, £8FTITPELI #A LTy U A EEIZWE L, RB D4yfalix
72 EOyEEIN IR S NS Z L2 LY, WL R L= n AN L2 B2 NnD. TOREE, &
I U7 p L — 2 RN A RO 0. A IR CE 72488, EAEERD 0 AEN LR LI EZ b D.

200
180 *RB
@ | ® RB/PEI@BS 0.leq
g 1.761% .-
2 140 | ©RB/PEI@BS 0.25eq 0
< L]
% 120 | © RB/PEI@BS leq o
.
S100 | RB/PEI@BS 2eq o
o o® H.
E 80 ...o .. ...o
%: 60 ... ..-.‘
2wl o’ 00’
= .' ° L]
20 ge°?
0 P, PP e 2 o & k1 Rkt K oo ®
0 5 10 15
Time/min

HALIC & YRBDIO, L FAEN A

€/ v —RE = o
SFEEDE ‘/ 1
o Q < 1;)/ RB

Y { ) N

o Y P
= 7Ny

Pt as
o Ny

N ]

PEI

BERS

gy N N

Sio,

RBAVE / 2 —IRAE ChE
RBOANKVEEENAF 2 Y HITEH LIZPEIOT T ¥ hiEE
1
RBO 4 FEIERHIHIIC & 2 297 T 3L F — 0 AR

!
10,4 B A L5

HAKICK YRBDIOEKEEX H=X L

5 NRAFTY B/ a— R HNVAEAED 0. 4 KRS

5. &

2 U 71/RB AL RB ZWAET D Z & TLRIENOEBRIT' 0. 2B TE 5 Z LavRShiz. 4%, U U/RB
BAERE VA7 POT Al 21TV, SRR~ O IMEZ R 5 TETH 2.

(CLRWFTE B - AR50 ET)
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BAULE T v — TSI & 5T BRULSEIRAT O IE

BT & RAER AR & SR JE T
K 4 RErElg

(AT A30)

1.

AWZE T, BESROBEERNEICBIT 2BERISE T ) A —/VCEHll - #5720, &
SALFE 7 0 — T EMBE ORI L D T~ A 7 a A — ML R —VEIITTH D) BRI
FIOGFHORESL & MFEEAT o 72, T/ BRULFEHZ AW oBEECIE, U F U LA 4 EilE
MRFR T COA AV BAFASUE, BRE R O SOSMEE RT AT ¢ =— X i, KFEFAEREFH %
LT 2 BRALFENT OB XU RO — B ~DIRHMEZREFEL . @B OB RIS~ AL
2o OB RFOSFHNC TUE L 72 23R OFHESL &S Rm DT/ A — VIERERIGE
WIS ORE AT o 1o, BA R mEIZ 31T D B AP RS O E R Hl - v HRAGIC TR E 7
E DS DIFEBG 2 RPN ST D,

2. W

TR BEREMEAM BHMERUTIR A+ - -/ LUV ORISR TTRE & 72 0 | 2 OFPEHRH TS 2 2 )X
JERERIIEMES 2 F LTV D, BEREMEARE O FHIARAT & AR, 1ER D3V 7 (K% VT BUGfi#
iz & & F 63, BN ORI AR mfG L G, BT 06 Fim /s & & BR & EREMERT
MZFEOCT, ZFOMIEA T = AR e A 2B T 5 EREEL > TS, ¥FiZ, VT
U LA T UEMEBMRIZIBT DY T U LA T OREEHTREARIS KD ER A2 R 5 KFER
A OBMAREL @ BRRIC L D E RN E BRI B 5-T 2 BEREMEA BH X, #8722
2R — WA TR 2 5307 - FENTEAN N B E & 70 5, AL 7 1 — 7 WS 13 5 22 ) 45 iR
RRIC TERILFROCZFHT 2 EER Y 0 — 7 HMEIO—fTh ) . BEEZE NI CTHRE -
SR Z WD b RVEREFHT 2 EER b ROVERME S OB TR L B0 | B
SALFEROCICRR T 2 )8 ER a2 Bt 2, E5Ubs 7 0 — 7B, 1989 FIKkT F
P ARFD Bard iz H D7V — 72 L0 EEMELFHMEL (Scanning electrochemical
microscope: SECM) & L TBHFE S 4L, ¥~ A 7 v A— L GEETIZESYEI T 2 A— |
NAT—VTHIE SN D) 1FEDERMRE T A /e & ORI TE L LT ¢ A7 BIfUINE
Wi SIS DS E L THWS, ZD~A 70« F )BT 0 —7 2 BEIRICRIE S lkh R
HICrES Y, Yo —7 — @ TR Z 2B(LRCERZFHT 5 Y, Tk, ZoBEXLES
a— 7, A A VERERETOEEMA A a Xy 2 AFMSE (Scanning ion
conductance microscope: SICM)CERAELLF T /VEAMEE (Scanning electrochemical cell
microscope: SECCM) DBHFEIZ D723V | BB F 2 & A RFEI O FHIIE THIETITHRICE D
BLERSBFISMENTWS 2, UT4E, SECOM DZEMINRRER E D, T/ A— RV A —1L D
ZEMIRRE & 7 pA OEIEEBET A2 ATRET 27 BRALF R VEMBE AR L Y. mE
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SFRREAL & ERREE BN, 1RO 0RO H Z7 A~y ML Y, BB A2 o2
v MRt UBREEBRT v 7% 0.2 pARRED ) 4 XBEE FCOFHEZFER L, Fig. 1.)
F7-, ZoOEBITHEREICSDE T —7 Ry 7 ZANA EORESE A2 HI1HE L7 FH0E AT

BEL 7o TV A,
smi—%k-
wunEmET LT

HREAA—S2D

AITE A
/ ——

Fig. 1. 7/ &AL VBBEORIEMIKK () L Va—T Ky 7 AN~OKE ()

ABFFETIZ, HlGh AL E R & I U 72 SR G m R  FrIC RIS - RIS BT D&
FOIGHERE 2 ¥« A A O BUG 2 AR BEISIC TRRGE L, 73 7 (REHINIC THRE STV B [E
WL & DM EVEPE TICOWT, JT - T/ LV TOMBIRIZRZER A - — i B0 %
~ 7 uRERBREEHEETHRFORELZ ARV E L, T B VBRBEIC L 0 F 2 o (T1)
REAR AL b (Co) DIFRSUCHEMZIRGE LT-, 1ZUOIT, VF U LA I B ORAGE &
LTHWONDERIETF # 2 (Ti0) R TOA A U PARASIER 7T 7 7 A EER O iR ol
ThHHAT 4 =—FDBALETTSUG . ZHUEE Y 77 & (MoSy) R I TOKFIASIED T/ &
SALZET 2T VBRI S 7 0 — T HMEON MM Z REE L 72, TO%, Ti REEDBENS
T ) ERACFIATIC TREE T D 2 & Tl Aok 2 58 L 7=,

3. MR

J ERAEFE R VISR, RENC T 7 A X v T U —ZeGUb LB R G um 205 30
nm F2FE O FEE THIFERTEE) 2 F5O 0 7 2 ) 7 By a5, 2 OEREHIINE A OEMIK L 5
HREEMR A F N L, —E BN & FUIN Lo 03RRI TS, BBk i — ZREH LA NI % TR R
S5, W AR AL D A B 2 A L, PREHLE 2§ L - HH9- 2 2 & e BB
WEATH, Flo, BERSNIBUNER L, 5L 2 OB SLF 2 /WS 2 A L TRV,
ZOENy MHARICEE LT 2 LESIEFFHI 21T 5 2 & TEM AR Z FoER b
FERHUAARE & 72 D, AREIE, B SN ET B Y > MVBREDO LD TH Y | ERLF
FHAER B O MR R BEETROD T/hI W, @O 3 o BESLFHIE Fig. 1))
ERWD IR FHABEE S 100 V/s Off 5 L@ & ik U520 Lo EE CaH)
ARECH D, AW TIE, 1ZUDIT Ti0 ~D U F U LA F U BBEEARS & 7T 7 7 A4 &R
DIVT =77 DB A A DERALE TS O MoS, D K EFREA G % T/ BRALFRATIC T
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FHAIL 72 BEMEBE O BEHIZ A v U A R AT ADF ¥ 7 U —% C0, L —H—7F — (model
P2000, Sutter Instruments)(Z X VAL LAZBIAE: 70 mEEOE Sy N & W =-Fig 2(a),
By MIFRHET 2 EMIK & SRIRICIE, Ti0sUEtOGEI1TY F 7 LM LiPFs 28 1 MM L 72
R (= F Lo H—RER— b VEF AN —RRA b PAF I —RF— b=1:1:1v/vh) & B
BT LI 2L, 77 7 74 FRBIOBEEIIAT 4 =— 2 T2 Ru(NHs) 6C1s DFLEE7S 5 ml
LD KO HHEE U EBARIR & SRR 1T Ag/AgCl A TR L, MoS: it DA 13 0. 5MH.S0, & /35
U LERW, BEHOBRE~OT T -1, TREHIEICY FU LA A BT HEN
1.2 V(vs. Li/Li"). 3INT =0 LA AT HEN : —450 mV (vs. Ag/AgCl), /KFEFEAN
fLZ DAL -1 4 ZHN U O R {7272, ZOA=ZABAZN LT, BRACFENE & L
THA 27V v 7RV HE A RY—(Cyclic Voltammetry : CV) (R8I : 100 mV/s) U =7 A A
— 7 R4 A b U —(Linear Sweep Voltammetry : LSV) (FFg 13 : 100 mV/s) Z4T\ >, 4% dEMR
BRI D BERUCFEMRT 21T > 7, BT, MHE AN ARG 2 72 DI HEEHT 10 mM 0> KNOs
B & Ag/AgCl ZIRMRZ Fe L, FUNFEIE @ 1.1 V(vs. Ag/AgCl) I CalihEeim (i & ok
L. LSVURSEEE : 100 mV/s) (2 CTREAH L 7=,

XUOIZ, VF U LS AU EROABMEITH S Ti0, VT, REMEIRIE TR Z 51 4
>R BERRALOS Z2 7 R VS CRME L 72, ZOMECFH LY FULL A D
A - BB SORAE (D) 1277,

Ti0, + xLi"+xe 2 LixTi0, (1)
F Ry b E BRI S TR T, CVIlEZAT D & Fig. 2@ IR T VF U LAL A D
FHANBESOS L Z 5, #5014 3.0 V(vs. Li/LiND5 1.0 VEITSIZERIE, VF U LA A
M Ti0NICHRA S, £DH%, 1.0 Vrd 3.0 VICRSIT 2 LA SHEZ Y F 7 LN i
IO, ZRUITE bR ERISEN, FxL2V, 2.0 VTS TBHAlENZ, VFULL AT D
LB AL IR~ 2 Z OFRZR DB T IERA B2 5 L 72 BRI b Bl ST g Y,

BNT, 777 7 A MEMRLTEZ 5 AT 4 =— 2 OR{GE TR & MEE LTz, SEARO G

PEA RS L LT, EMIRICE 15 Ru(NHy) & /2T OB B o (2) 2RI L 7=,
Ru(NHs) 6*" + e~ 2 Ru(NHg) 6> (2)

A= AT AT IC RS 2 3B R I CEE L LSV JEZITo iR E T 0T — X Ot %

Fig. 2(b)IZ/R"T, 0 V(vs. Ag/AgCl) &A1Y — RIFANCENM ZHme| LBz 5 &, 200 mV

FRENOIT =0 DGERA A O 36 2 fli~DE RIS OGRS TR . mED

LRDOT — & & —FH L TW\W5D P, Fiz, BILRIGHIGEER OERMED ) A X%, 777 74 bR

(2B 2 B DARNAR =P L E OFHBNC L > TH LN DB TH -7,

AT, MoS2 BT I 1T D AKFFEA G 2 LSV JIE S THAT L7z, SEMRARMEAE T d 5 /KFE AN

JisZe R R EHTIFR O ER R (3) 2RI LTz,

2H" + 2¢7 — Hy, (3)
5 BTz LSV fEMTHE R % Fig. 2(b) 2R3, FUNEEZ 0 Vivs. Pd) 2 HHEICHRSIT 5 ££9-0.8
VAT A B K SEFEAE BSOS IR 3 2 BIIGE O FHE Sz, ZofRIT, RTRTHDH
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(a) WELeH O 77771+

-2

-4

Current [pA]
Current [pA]

-6

T T T T T e T T T T 1
10 15 20 25 an -04 -03 -02
Voltage [V vs Li/Li*]

©

0
Voltage [V vs Ag/AgClI]

Current [pA]

T T T T T T T 1
14 12 10 08 ok} od 02 0o

Voltage [V vs Pd]

Fig. 2 7/ BXRALF B VEEMES &2 AV OV OV LSV JIERE R Ro13EE © 100 mV/s) -
@Ti0ZBITFT DV T U AL A AFHABEENK G, (b) 777 74 PREIZBITDAT 4T —
2 DB TS, (¢)MoS: TRIZI1T 5 /K FE I A K

FT7 2R MoS; B FIEDFE R LB —HLTWS Y, ZALDEENS, BT a—7

BAMEEE VD 2 & T, RBRE T 2 28k 4 EBERLFROEE T ) A7 — /WIS TR 5 2
EMTREL 72D,

-11

-12 l

-13

-0.58

Current [log (i)]

-14 T T T 1
-1.5 -1.0 -0.5 0.0 0.5 1.0 15

Voltage [V vs Ag/AgCl]

Fig.3 Ti RE4EHH BT AF ) EXALFELVBMEDF /<y b BIO£ : 70 nm, &
fEHE - 10 mM KNOs. ZSPREEMR - Ag/AgCl) % FHV 7= LSV JIlE#E 5

WA, BRI O R SUSH 2 B LY 7 v — 7 BB T ) A7 — Vit 2147 5

172728
Ti RA4% AW T LSV AN CTREE L7z (Fig. 3), Ti RE4&REITIX. H-1.0 V(s Ag/AgCl)

&£-0.58 V(vs Ag/AgC) FHEIZ /UG B — 7 3Bl S vl miiE, Ti @BEA OIS E—27 Th
D BETEEREHIB T DR —7 TH Y | EWEFREIC LD SUSHER /R D 2 L AVRER S
Nz, BeREOMMERLICIZET 27 BEXULAIT FAZEZWEN 2 S&IT ARUE
DN [P BEAESORE B T AL, BT B D RISHEIC K 55 B2 I S50, B A5 5

— 118 —



JE R BOSHMEDIRGEIC 7 v e v 7 e — T BMEE & AW B AR H, A A — 2 TR Y & B
L R BUCHERE 2 AT L TS TFETH 5,

5. &

KT, T/ BRALE R VMO AN LV | BRALERIS K A~OPAMEEZRFEL, &
(ZEBNIZI T DI B RUCHEE DRI eI 21T > 72, T ORER. B8R mICB W THAEED
B TIER BN WE RSN, 5 RSB P LTz, S#%1%, 7/ BRULF 2V BEMEE D
ERZATV, VIR EOR S 0L, KLU 31T 2 BORME DRREEE o /34T Tk & 42 = &
WX, ENEERMEEZET26580EREZD A =X LBfEZ BT,

6. =3k
1) A.J. Bard et al., Analytical Chemistry 61, 132 (1989).
2) (a) Y. Takahashi et al., Analytical Chemistry 87, 3484 (1989). (b) A. Kumatani et

\\\)ﬁ;

al., Current Opinion in Electrochemistry 22, 228 (2020).

3) (a) Y. Takahashi et al., Nature Communications, 5:5450, 2014. (b) A. Kumatani et
al., Hyomen Kagaku 37, 494 (2016).

4) A. Kumatani et al., Surface and Interface Analysis 51, 27-30 (2019).

5) (a)A. Kumatani et al., Advanced Science 6, 1900119 (2019). (b) Y. Takahashi et al.,
Angewandte Chemie Int. Ed. 132, 3629 (2020).

6) (a) H. Fukada et al., Corrosion Science, 52, 3917 (2010). (b) J. Umeda et al.,
Materials Chemistry and Physics, 179, 5 (2016).
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EDZ/EBGEICKYIERLT- CNT 5388 Al-AlZr B2 5 M O BERER

HRAY RECCIVHELLI— HAXE
1. &

TILEZHO L (AN X, ZELHKDK 1/3 EEETHY, LLBEICBNS-0, BHEOMEHRZEILHZLD
HEAVLNTWNS. Ffz, MIKPERBIVMEERICEWTEEBALHEEZTYT. Z0—A, Al [TEES
BTHY, FLBRMESHVDIENCHFMEORBREICEVDTEERRCEFBELZSISREILES TOE
EERSEISMMELLEBLTES. 200, REAFMPIRIILY—ETOEAEZERHTIEAN00AEE
DEZERFEORENEBC(ERIN TS, —RiRIC, BERERFEORLIZIEIRELSTT 2 DOFENHY,
—DIFRAREICKYRMEZRETEHE, 15— DXFKhOERERBMERETIHETHS. AMETIT,
BEOMBEFESITEBL, Al R AZr BERFEDESESILET A EHFMEQOEEEMEE, [
BICEABECEERELTOREERDH—RUF/Fa—T(CNT)ERET . Al £2La=) A (Zn) DERERE
EMTHD AZr 2T DIHFEMT HILET Al Rt DBELGEEERY, AbZr MFDORREIZKDTILLITEFED
EIZERC1]. Ef=, CNT [ZHFEMEDEMIZENT, Fa—IRRICERTEF/RT7UVITHRORFZHED
Bh-BCEBMREEE T 510, CNTZAIMHRIZH—HET 5T, MEZMOR LEBHMOBEELIZKY
EEERFTORELRAD.

FITET, BERASKITEICEDIEEFEIZELSD A-CNT-AZr &M DEENTRETHDHEEZEIIT 1=
HIZ, FHEBIETO AZr EEYMDTEERRIGE, T/ATVUT B EED CNT & Al EDRIGINEIZ L TE
HEHEEHDOBEELEITD. XIZ, EEILT- A-CNT-ALZr £E8#MIXLT, BERFERET CEREZRBREITL,
ERFRHROHEBLERIBGEDTMEZELT, BRERMBZHEATIZLTIHSAROo—HEomLEIZHdT S
Al-CNT-AlZr EEMDBNMERIT ST E-H58METS.

2. EBAE

EEIREEFESABERICALNS Al-1.0 %wt.CNT-10 wt%ZrH2 R DVEEL, RFEHAREL THE Al 33K (FE 99.9%, ®)
EECEARAR) L, EMHEMZr A FITKHh > THEMERELGKFRIED L= L (ZrH2) FIF (FiE 97.6 %,
ZEMEFELME) XU 5 wt.%Z B CNT(EE 20~50 nm, £ 0.5~1.0 um, NC7000, Nanocyl) &
ML REEERIAYDEUKBRERV-. BADOMEICH Al MRIARZRLT, SiEEIBILT AT ECLE5FER
EDEMESSTSD, 7LV (AN HRABEK T THMREEEITofz. £9, CNT QBEEHET 512012, fil Al
MRIZHLT1.0 wt.%®D 5 wt.% % B CNT /KB &% 250 ml DIA/—)LiB&IZHEML, BERIRSZHES. ZLT,
# AL ¥R CNT HEEE LD, DILa=FERYM, #i ALHRISHLTP10 mm DD IILA=TFR—ILEZE
B 5DEETMR, BER—ILIIL (EEEE 200 rpm, 21.6 ks) EFAVTRELIELF-. ZOR, #ii Al RO AR
EEZECESIC, TORRGIEFIELTIZ/—ILE 1.0 wt%RMUT=. #EELLT - CNT 28T 2/—ILiBRIZH Al
REMEREFML, BXREESR, IR -DHRELEBEEST LT ACNT MREERLIZ. TIRFIIERIM,
Al-CNT #KIZxt LT ZrH2 i F% 10 wt.%RL, P10 mm O )La=FHR—ILEEEH 5 DESTMR, EER
—JL3JL ([EERE 90 rpm, 10.8 ks) [CK2TEALT=. A-CNT-ZrH BE#MRIZHL, MEFS X< HiEEE (SPS)
AUV CEHEGERE CRE 893 K, £/ 30 MPa, {##5#5/] 10.8 ks) #HELT-. EZIC, BAEICLIZEFERET D
1=, B¥EAr FES T CTHRIEEE 2 K/s T773 KETMEL 300 s R#FL1=%I12, 2000 kN jhEERB) = A B 4%
(RHLE 18.5, S LIRE 3 mm/s) CEAMBHEMIZ{Tofz. BEBREZEITo1-EIA, HEMIFHEL TLVEL
HEDEAEEIL 97.8 %IEETH-DIZHL, MHEMIEDORETIE 99.5 %IRELRBLEER LAHEZET
Efzfz6h, SEMBIRERIBER, MEMIZELMHECIEERERFEICHTIEADEZEIEFTESL0
LT B Ff-, WBEMELTH A MB LU ALZH A M ERRDF L TIEELE-.

ZiH DR FEE AZr DREEEFRIEHE LU CNT DRFEBEZLOFREZFET 520, HBBRRICITES
BIEFIEWME (SEM) BLUE AR EFIEMBE(TEM)ZAL, X REFEE XRD) BLUSTUR O EEESE
RAW-BERETLERL:. ERLEMOBRERBEETMEIT R EVA T RIHBREERAVTHIBIRE
T CEEEFEARET oz EVEEBRAICIZERLE AIMEERAV, MFT+RIEHERFZ1E SUS304 flZEAL=.
BRI A )L (SAE30, Mobil)ZERL, BEREMILEE 200 mm/s, BRIFIE49N &L Font:
BERAMCERRHEELTHLEHIC, EVRBRRORBERIBZAE T L TERELFFTML . Ff-, SEM £
BH&U SEM-EDS #AVTEREFANBZORBIELS LUVE VKRR FDOEHZETo1:

3. ERBERRUER
3.1 AL-CNT-AlZr & BEEMIZE TS AZr T2 E B KU CNT O RIGEE)

ZTDHZBERBGEIZEY AlLZrH BEMERND Al-ALZr EEMEER T HBIEICHE T, ZiH: AIFOEDES LV
AlZr T2 RO REEFAELT-. Fig. 1(2R9 XRD T DFER KLY, (c) 893 K-10.8 ks T ZrH2 DE—IH L%
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Y, AlsZr WEEERINT=. F£t=, TDHBERGEIZELY A-CNT BE#XK —(a) 873 K-1 8k Aw

5 A-CNT A MEERT 2:BREICHNT, CNTOREEA LT LERESE — e 8 ke Wz,
F21812, AbZr HFAEL ST HHEREEH(C)893 K-10.8 ks IZ#LY (@ 83K-105 ks ®
TSR RPHEE(Tol-. $58, B CNT OEL D NURBLU G

Intsnsity {au.)

NURIZHBY BRARIMLAR SN2, TRISRHLT, 2@ ORETD il —o
NURBEY G NURDBEDNSRY, AliCs DRRIM LA KE it M@

Ehfz. Ffz, TEMZAVTCONT DRFBEEHRELIFER, CNT LB oo dadogen,
BIIZ Al ERIELT ALCs ZEMT 5D, KFIXZDRFBBELTHIFTH NI ton wae 20100
ED LM EE ST Fig. 1 XRD profiles of Al-10 wt.%ZrH,

SPSed materials at 873 K-1.8 ks (a), 893
K-1.8 ks (b) and 893 K-10.8 ks (c).

3.2 AICNT-AlZr EAH DEIREEEE

Al-CNT-AlsZr #E&#MIZHLT, EVA LT RIRERIZ LY EIR
B E AL, FIE 49 N 2 5L THBEITO-BED
EREZEHOBMZEILE Fig. 2 (TRY. # Al IR, ZiH ¥F%
AMLE-E A CIEXERRROEERA/NES, EBARBIEIERL
TWAIENFERTE -, $5IZ CNT ML= CIL 4882
HTCOEEFEMN(b)ELELTREUER L. EEZITEALTY,
Al-1.0wt.%CNT-10 wt.%ZrH EVRERF D EFEEEELVEHL
-EREZL #AIMD1/1000 FBELKBITH DLz, RIZ, EE
ERRBREOEFT RIMBEEZHELI-EE% Fig. 3R i e
F. (@) Al ZAVEIES I RELEEEEEL, LEHEICE-ST : g Amets o
A BSRET B EARTEL. — 5, (b)TlL, BEMEAHDIL, e AL (1 ALI0 wiotzns (o i ALTD
AlDEEENNEIEING. COEEND, BEHZARZIFFMNEIZ  wt.2%CNT-10 wt.% ZrH; (¢) pin specimens.
HFMLEDEMEESTEY, Al RMEEFHOEEEMOSMIFSNZIEATREINT. £z, (C)TIE Al DEE
BEIESICFEIESN, PILUTEENER SN Thik, CNT NHEFEMEORITRIEZTEL, Al M 0EME
KBLTWSEEZOND. S5I2, TARVORAHIAES LU 3D BIEHID, BFEMITHTEIHEEIERLZ
CENFERTE-. R, ERERRREZOEVARABIBEOEBARMERE Fig. 4 =Y. (b)TIXHEFMEDERMIC
&Y, AlsZr FIFMNER-BIELTLS. —A, (0)TIX, CNT ORT7YU ST HBRELIVBEEDBEHEEBMEEIZE-ST,
AlsZr $IF DB EZBIEHEFIN, Al Rt (EE (I AlZr FIFNHEILT-IREEE#iF T 5.

ULDOFERKY, KR TERLIz AI-CNT-AlZr EM OEREZRZEICEALT, £, EXOLERRE CE
B AlZr fIFHNEHLT Al RiEHFMEDOEEREMECIET, Al DEFEERNNGISINFEZEZONS. &5
2, CNT WNHEFEMEDBITH/RTULTHREZRIEL, hhD, REITSHEZMK T S2ET AZr HIFDEREIR
BT 5. ZTORER, AZr FIFRICEEHEARELTRIESN, 7ILVITEENERLIZEEZD
(a) Pure Al

, (oA
s | Mo= 0.562, Ap = 0.231

(BIALT0 wh % ZrH,
o= 0123, Ap = 0.141

1

g

= o
==
o @
a2 =

o

[

e =

5 L -
Friction coefficient,y
=

18 !‘Q 5" 7.1 L] 18 38 54 72 L] 108
Rotating time, tks Rotating time,t/ks
| (EYAL1.0 Wt KENT-10 wt % ZrH,
o= 0128, Ay =0.123

08

e = =

o)

o 13 36 34 72 L] 10.8

Friction coefficient,u  Friction cosfficent,p

(a) Pure Al (b) Al-10 wt.%ZrH

() AI-10 wi.%2ZrH,

(c) Al-1.0 wt.%CNT-10 wt.%2ZrH,
: . N

| O iy
RS ey
{c) Al-1.0 wt.%CNT-10 wt.%ZrH,

|y
| 4t
|
| l o
1 mm 300 wm ‘\ e

. . Fig. 4 SEM observation images of pure Al (a), Al-10
Fig. 3 SEM-EDS analysis on wear track of SUS304 .
ol using pure Al é), AL1O We%ZiH, (b) and  WE%ZrH: (b) and Al-1.0 wi.%CNT-10 wt.% ZrHa (c) pin

Al-1.0 wt.%CNT-10 wt.% ZrH; (c) pin specimens. specimens.

T~

0 B

( L MO

4. #£8

WA ERE ZH FIFHE KV CNT #HEFRHEICAWNT, ZOHEREEIZKY Al SRt (Z AlsZr H1F & CNT A1
—[ZHBL=-EEMEEERL-. BEL AZr HIFELUVEFRBE S EEFIDZEZED CNT O¥—5on8zkY
Al FHDBRBEBRESLVHEFMADTILLITEZEEZMFIL, BERERITBEMAREILTHIEEEIL-.

BEXH
(1] REFY b BHR A-SI ESOEREEFEICRFTRAVENEZE, BAEEF R, 68 (2004) 1-7.

(FEHARDE  EELEBEFDEH)
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Bofifid: L Baffii 0 ~A 77 ) b FEM ik
—va v M= T OB RO B —

BOMFREERF G T AR 7eR i T2 K E#, Ha Jiaxin
KRBRF - ARV FAIIEET B S
1. 58

YAy e —= U I3 R EA O TR ) B3 D72, MZEHEEE R A B EEE TIAKH WO TNS. 22K
Aayhe—= 7Ol T, vay Mg, vay M, 25UE, BROIAL =R 8 TEHSNS. vayhe—
=27 OEBERMEIN LU CavNEENRH DD, Tay NEE A BRI 72012, AR T, &
A AZ & Particle Image Velocimetry (PIV) Z VT, vayMEEAEFEFIL-. £z, TayNEELREIN 157

i D BRE A TR SEM#AT (FEA : Finite Element Analysis) THISNMZIL72 12,

2. EBRAE

FRRIITEEA L 2y M —= 7 3@ A 2. Y3y N ASRIT0 CEYIRIER 0.5 mm, A7 KA 480 ThD.
285 % 0.14~0.35 MPa Tlay M LIz, Tay MEEOFHITIIRER A 255 & L o7z, misE AT X
T I A ATy /ey —4ED MEMRECAM ACS-1 Z V2. vy 1T 1/250,000 F), 71— 2REE T
50,000 fps T, fRAGIEIT 1028 x 720 BBV T/ R3804 150 mm OFFHZHR L. PIV TOYav kOB
B EOHETITIZFFT 2V 2. MEZRIL24x24 72V Th D, 50T OEHGIRITEA TV, ay MNEEZRDT-.

AR EL T AR =0 554 AT075 O VW2, SHEITRS 76 mmxiE 19 mmxHJE 10mm ThD. ZEXT%
0.14, 0.25, 0.35 MPa CTiBRZAT o7z, /AL £ TORERE (A2 A7 EEE) 1X 140mm T, B—=27
BRI S —U8 100%E725 80 FhE LTz, Tayhe'—=2 7 %I VAT v 740 u-X360 % VT, X BRIalT
BTG 2 RDT-. W R X BT Cr @ Ko f2 T, 7LI=0 L0 211) O —7 CatllLz. AREND
PRI a5 8 G I3 R IR R EL CEHAILT-.

3. EER#ER

Fig. 1 (ZEIREN AT TR LT= T 2y O
MA7RT. =7 EIE 030 MPa Thb. avhi/
RIVDNSMEI DT NTHED 7235, TS
%. avhdEE PIV CRHllL7-fE % Fig. 2 12
Y. vay NI RN EG I EETT M

HEI, OF D00 80 mm FRETEFRIRAEL 725, 60
TTEREEINT DL EH vy MREL N . s . .

Fig 3 CIHAURNOBRBICHFHRERERT.  § ) | oo iy
KA NSERE CHENHTRRE & .
MG E78% . BRIERIENZ T IERENNEE 2 Sy e
KE, FERFTRBIS S HASHATESO I /0%, & | 020Mm

10 = —030MPa
. . . | —n—(),3|5 MP:;\I
4 ﬁBEE%ﬁ**ﬁ(FEA) ﬁ;f 160 140 120 100 80 60 40 20 0

FEA €7 /% Fig. 4 (TRT. MEHT AT075-T6 Standoff distance z [mm]

THY, WK TET AELT. Y7 =i 70 Fig. 2 Change in shot velocity along the centerline of the shot
GPa,, 7V 1303 T, LA IE S LHIA flow"

Nz S T1-OvT 2 #B#R1 X Fig. 4 \R 778V T,
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FEERAE RN T 4T A 7T HINTRE L. MBI 1.5X 1.5 mm OFPHIC 50 [HOT av MR T 2 W EZE$ 5
IDNTHREL-. Tay NI PER TmY 75 210 GPa, R 7Y 0.3 L7z, Y2y NI Fig 2 |OR U= FEBRCRt
BIU7- 3 2R S L C, 0.14MPa Ti% 30.7m/s, 0.25MPa Tl 42.1 m/s & 5-2 7=, ffttir=—RIZ LS-DYNA
THY, Tay  OEZERRRI T GRE CRAT U7, BRI CISIIREIL TR, #0725 /104 05Et
FCERN®, BIGIRE TRO TSI EOT B T, BIORRMRE CREEIG I A& fRiT LTz
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Fig. 3 Experimental results and FEA results for the residual stress distributions (plots: average stress, error bar: standard
deviation of stress of each element in FEA): (a) 0.14 MPa, (b) 0.25 MPa"

5. FEA &8 Shot
Fig. 3 |CTEBEIE AT RN RE A, B ® 2= 21o0P
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Fig. 3 \Z/R 98912, FEA fEREFBRFE RIL =7 TE
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T2 ARRFEDIRITET V& ay MR EEFHAIT 15440
HEDREDHILET, ay == S BT AT TR Fig. 4 FEA model"
DIRRRIE T 1534 % TR CELHZ LA feB LTz,

‘«‘-\@. ~ D14 002 0.00 002 004 0.06
o Stran
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EHWAHZET, BRI 10 % TRITCELZEa MR LT-.

[(B& 3R]

1) T. Ohta, S. Tsutsumi, N. Ma : Direct measurement of shot velocity and numerical analysis of residual stress from

i

pneumatic shot peening, Surfaces and Interfaces, 22 (2021),100827
2) T. Ohta, N. Ma : Shot velocity measurement using particle image velocimetry and a numerical analysis of the residual

stress in fine particle shot peening, Journal of Manufacturing Processes, 58(2020), 1138-1149
(et AT 25 EF)
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RGOSR MBA—, AR, ARz
RIR: - LRAERFEIIZEET R S5
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R SRR T O ST REE [ BRI E LT, Mx OFRNEZ LN TR, TOHh T, (RZERBIRE (Low
Transformation Temperature: L. T.T.)AFEAEHE FHIZ K 2 5 [9RFE RIS RIS, 9790 EE M EOPRARIRIR & L THZ)
Th5HZ L1320 FEFRI D SN, FARFNRAONTE . EFOLDOTNE TOMSAMEE LT, AR
RS D FHUS, AT 7 M EFBRVERE L, £ O AF 7 TR a UREETIC, LT.TIARR B (10Cr10Ni
FY UV RUAY) T, X 40mm OffE E— F% 80%Ar20%C02 H AT MAG 18 L2354, flal LisssHk
FH O FHFMDPIEMT D Z ENA LTI o72 V. ABTETIE, MIOBREOBSSTRATE S L5, KR
PELEMZT16CINI R 7 7 v 7 AAND T A Y (GEBLTTB) % 100%C0O2 A CIRIEHN AT — 7 {5t L= e —

N B LS TR O I3 FF B2 FAZ DUV TR L7z,

2. JRIEABR
2.1 BIHBRA
HRIE 20mm 35 L OY 16mm DA R I8t (AH36) i
ERH L= M AF 7 Fk %, Conv. Wire ® MAG #8 CEE
(FHIEEY) <, Mkmls, ESEoMmpgEL, AE L Fig.1 Shape and size of boxing fillet welded joint specimen
LR (X4 7 A) 2EAL L, £ T (N ]
LTTB % T 100%CO2 H A CTHRIEEH AT — 7 Bsbi L,
i & — MR Lis kol y & LT L7z, fitald
U7l b — Rl LRt ok k% Figl (P Yy 1 s
T Ee, AR CHIT S fAE LA | vioawav 72 | tooasav sos | raoa-aov oas |
HOME e NSO Figd 127 Overhead Vertical Upward Horizontal

Fig.2 Example of boxing weld - elongated bead weld for every
welding position

22 JEIRBRRER

TIEEEARL S« AFR (LTTB)-5-F] « EAI&EA[RLS : AFR (LTTB)-6—O/H 35 KO 11-O/H] « ~716) EHERBA(FLE
AFR (LTTB)-8-V/U] + KA1 &EA 705 : AFR (LTTB)-9-H| Cia#% - BES =45 5 (R2 A L, RIRRARSSRS
7 500kN B S E 2 77 2B e B & J20E L 7=, 7pds, JROTRRBRAIRIE, iR, KR&h, i, 8IEY, B
E—ELME /1 R=0], friEiik UEE SHz, o EmEITELRE, I6 &6 (or) 13 150N/mm? C, #RBR 723

Wrd~ 2% F TR A I L7 [ Tavess | Hmbar o Gyclea|
FES IR Fig3 7T, Figd ICiE LIstiRf 5 B
DEMBDIFE, WHEOLHBERL TS, T2bb, e S e e 8
F i TRZSHSE, OH : LREShete . szjfm;f B
VU S s W Mo £ IR
RETHE. SbIC, 447 A OEFMBRRERE, 4 ™[ T ] N ]
STV LT T OR B R AR L. st B[Rl T =
TR, FRABEBT, 47 A OHFHO 105G HTE  § o IEEE 0]
LT, SBIc, FRESEEECRI39~43 fA10, STl T B e e S
RENRHETHI 7.7 1512, BRIAREMAHE TR 6.6 51T L 7. Fig.3 Fatigue test results (or—Ni diagram)
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7235, PEITRBRIC & 2R I L OYR IS IR DI &, Fig4~Fig.6 (TR

Overhead: AFR (LTTB)-6-0/H {Ve”i“a' Upward; AFRLLTTE)- 8-V ] Horizontal: AFR (LTTB)-9-H
(150 N/mm?, 1.35 X 10%ycles) (150 N/mm”, 2.66 % 10°cycles) (150 N/mm?, 2.28 X 10%ycles)
Fig4 Fracture surface and pass after fatigue test Fig.5 Fracture surface and pass after fatigue test Fig.6 Fracture surface and pass after fatigue test
(Overhead position welding) (Vertical upward position welding) (Horizontal position welding)

Fig4 |3 b ESEH TR L SN TH 275, Al LIREEEMEHERIE DL — Ml OISR A LT
PEREN, AF 7 I METHOMARESE D, 2 FEITEIZRRC ERICER LTS, SHIT, TR L
72 2 EOPE T RANER L TRl L, B 2k SE T\ 5.

Fig.5 (3520 FERBEE Tl Tl Th 5. AR LT < OFERE ZAF 7 T8 & ORGSR
(CHRAE LT 978D, TR E AT 7 FHMMHIZ, Lrbxt A o 2 FiTClE LT\ 5. 2 EaToR s azlx
TNENREL, PR THERL TR 2 STV 5. HBRRNAT 7Mo%, 27 BE<ERLZZ
LM, EHFMEMIIRESHEE LD LEEXOLND.

Fig.6 I3RS AR Tl TSN 7-i Bk Cd 5. Figd \IR L7z, EIMEEBAEE Ol TN -iBRh L R, A
[0 UIRBE OVRREE IR AE LTI 97 82008, 2 BT O ERICHER LT, FROFTHlE - AR L TE DIgE
L, BB 2B S0 5. AF 7RIS BIETRROERIBO b LD, S BILR ATF 7 iz ik
SHDZ EnHRIUR, EFFEMIIDITEM L7zt RIS,

3.
ARFTECIE, EEBVEEENAIREZR, LTTB (16Cr8Ni 27 7 v 7 AAD U A ¥, 100%C0O2 /7 AffH) TRigH A
T = LT, MR — AR LR OW MBI R A A SN Uiz, 72, 384 LTI RAN A
FI7IMPEHRD T REERT D X0 2RBET-END X5\, EHEGRE TR E AT 7 Ml I, +0tE
TIAEE D Z &3, HHFEMEMEZERT LR, N ThHEEZEIDBND.

il

B 3R
1) C. Shiga, H. Murakawa, K. Hiraoka, N. Osawa, H. Yajima, T. Tanino, S. Tsutsumi, T. Fukui, et al. : “Elongated bead weld
method for improvement of fatigue properties in welded joints of ship hull structures using low transformation temperature
welding materials”, Welding in the World, Volume 61, Number 4 (2017), pp.769—788.
(AW LRI 5T)
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AMFFETIL, VORI AR L CAE > AT LOHSE & 70 2 il 72 IR A IRE SR IEMAT AR L OV o — 2B %S
U7eo BRFE L7ofbT R - Y v —% FVGRI 100 75 B HEBREO RZETERIBYERENT 2 520 L. PEREA-Fid: L7z,
2. #& Newton JEICE D C M FIFERIARERE & 78 A T 1) BUMHIETEM R (+3R%E

AHFIECIINE Newton IEIZTEE L7z, % Newton JAIZHD < IERIEA TRELFRIAIT 1980 AFEICREANTHFZE ST
=y (& 20E 1D A HTIRFE A S STV, AWFZE T Newton IEICHED & | ITRBY7RE813ERR
A TRERIEONT T « VW SR—2BI% Uz, BISE LT Tk« v —Z k2 BN IT, 7 Newton
1ED—> T 2 FLIERIRR BFGS 145, 43 A € U BNFAIEHRREN T OZLE SRR G RO i it 7 L O H
ThD, HLITEE LD 2] 2BRENTZ,

3. #9100 75 B HERIED K ZE RS 58 28 14 R RE D AT 151

Eﬁ;‘ﬁ Lﬁ’_ﬁzﬁﬁ* ttttts
FE I NR—D Enforced di/splac%:mcnt OWQQ Uniform load: &
MERE & AT 2 in radial direclio:!'l: 50 Uniform load: 220 MPa A & -
7o, #1100 A 30 MPa (48 kN) T8

. 2 It o] Uniform load:
H B8 AR D R AL Unit: mm | |4ty 5 220 MPa_ | Unit: mm

o 200 40 y |
T BB M AT 7 A0, Py ertrre
Fhte U7z, fi#dT L o % z 100 | t25
T-EIE () M (b) AFFHITY (c) FFLFAR

fai. (b) hFebix
V. (c) MFLFEAR
D3 ETHD, 3
&l o [ O~k
EBERSMAM 1
R T, ZhH0
A R R IE AT
ETNEM 21
R, ARRIEA

1) ~HEEERSME

vV 2 ORTE (b) FEFHIEY © }quw
DnosEnTL 2) AIREREMTET IV

5720, JEKX

g, (a) MRIOZERENT 327,680, Hinikid 346,368, HHEENT 1,039,104 TH 2D, (b) AFFHITY OEFREIL
320,000, Him$E 337,881, HHIEEENT 1,013,643 Th D, (c) MFALEAROEFEUTE 307,200, HiskE 327,808, H
HHEEER1E 983,424 Th D, B AT v 7HUFNEIZ 30, 50, 50 & L7z, WH|7 o 25T 48 (5% E LT, L7
PR, 8 B/ — R 10 ¥HE Y b —H Ry FTERSNZ PC 7 7AX ThHD, %/ —RiX 6 27D
CPU T& % Intel Core i7-8700 & DDR4-2666 A E U 64 GB Z#5# L T\ 5,
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FEROLRELLE

LTHY, 7, ‘

20%24 FoOK X U ot

FRGUBE O 7 % (@) M () HEHIZY (©) MFLFAR
PESTND Z &R 3) EATRE R OZR & FR LI O oA

PInD, £ 11

Newton-Raphson % (fERkFE) & FRIERIR BFGS 15 (RFE) OFFEFRFE 4777, Newton-Raphson iE(Zx3 55T
TEHIIR BFGS VED i b==IFNAIZ 39.0 fi%. 35.9 fi%. 374 {5 Tod >7=, Newton-Raphson I CIEFHHIRFHID 97~98%
DMRBATHV MBS STV D Z ikt L, sef&EfillR BFGS 15 Tid 18~42%I23 b LT\ 5, b v iz, fide -
HIBRADEIE D 43~66%, 7757 NIVEHROEIE D 10~14%ZH K LT\ 5, selEfillR BFGS {2 Tl Newton-
Raphson V£ 8 0 SAREATINERL « 73RO D72 Tzeh . L EDOFRERDG BT,

K1) FGFHERFH & ALEE T & OFHERFH

Newton-Raphson 7% (a) MfE (b) AFFHIEY (OREERZ
FREATHIWERL 201 s (2%) 420s  (1%) 379 s (2%)
REATH R 10,805 s (98%) 29427 s (98%) 16,082 s (97%)

[FUECRIG SIETAWN 25s  (0%) 68s  (0%) 46 s (0%)
P~ MVEE 7s  (0%) 13s  (0%) 12s  (0%)
Z DAt 8s  (0%) 10s  (0%) 17s  (0%)

ARt 11,046 s (100%) 29,938 s (100%) 16,517 s (100%)

FLIEMHIR BEGS ¥ (a) M (b) ARBIEY (c) FFLVAR
FREATHIWERKL 2s  (1%) 2s  (0%) 2s  (0%)
REATHN 3 119 s (42%) 148 s (18%) 88 s (20%)

e - PZIBRA 123 s (43%) 553 s (66%) 260 s (61%)
ey MLVEHA 28 s (10%) 9% s (11%) 61 s (14%)
Z DAt 1I1's  (4%) 36s  (4%) 22s  (5%)

Hat 283 s (100%) 833 s (100%) 442 s (100%)

4. ¥8
% Newton EIZ D < ITRAV7R W HIFERUE A IRELRIEDMAT FIE - VL3 —ZBEJE L. #9100 /5 FHEEBULDO K
DT RSIVERRNT % 20 U7, BRSE LT-MNT T « VA — 1350 40 (0@ did b a2 L-, X510, FHERE oW
AT L, REATHIE, AitE - BRI, FR2E7 FVEHR D 3 F O b ~D % 5% E &R LT,
e P
[1] Matthies, H., Strang, G. The solution of nonlinear finite element equations. Int. J. Numer. Methods Eng., 14 (11), 1613—
1626, 1979.
[2] Yusa, Y., Miyauchi, S., Okada, H. Performance investigation of quasi-Newton-based parallel nonlinear FEM for large-
deformation elastic—plastic analysis over 100 thousand degrees of freedom. Mech. Eng. J., 8 (3), 21-00053, 1-17, 2021.
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PREHRRMESS) 205D LoD, SiC MO Bk bIc L 0 @b s &5 2 & C, Mkl L L CoEfE2m EX
FIMETH Y, e 3L — 30T H BB T B RS R L CoISARHIR ST D,
SiC/SiC A BIOBEEEANOMENIIZFERD ETD 1 >D#ETH Y . T CHEBAEF & D B S H 345 F
WEYERT D ECRICEETH D, — T mEH R I EROELLIGE, BoKFOZEMEDN EAE < KD
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WD 12 KENE ERERIE R A L. D> OB 2 2577 L7IRBES ORI O & 5 5604 FCICHTEETH 5 2
EINEEERD,

AHFFETIT L —FIZ L D RETINEE et T 2 v 7 —&BRMEOEEEAEINCE B Uiz, RTINS ArEE
7 7 AN =B E PN HEATEL, I OBGCESERAMZ b, FNEBR~OEA G TRETH D Z &0 b,
ATF BUEFAT~IGH TE 2 ATHEMEN & 5, MR £ T2 SiC/SIC WO DV b A i L OBEET ORI L
THRFEITO., SR ETHEO =D OEIER E U CHID SERERIROAMEEZ SN Lz, LovL, #EEEHRD
REMEIAT0THY  BEERD 1 DL L THRIERROBRE1E 2 iz, AR TR L —FRpTIEE vzt
7 X v —BEMEIOEEESBINOREAZ R L L, AFEITFRET 2 8B MARICE B L, RIRBERIEEZ vz
LR e G AR & FE LT,

2. EBFE

AU CIXEEEAH 35 NITE (Nano-Infiltration and Transient Eutectic-
phase) {EIZ X D ERLL 7= SiC/SIC M & v v A Mz ftakbt & LCTHV =,
BIDH A XX 40LX40W mm TV | SiC/SiC ORI 1 mm, PvhaA
OBIRIL 0.9 mm T %, SIC/SICHOPIIHBMTIC LD, WEEEOPE  JERETL T
IZB W THBMED R S R SRR O 2 1 LTz, Z OWIC&RImER

L, DA REERTHRBRIKE Lic, Dk e A REHEITIE
SiC/SiC BRI & %12 K 57 Bl L, L—Y HRERERRE O 71
RfRE Lz, T 28BHRIL. JOSEOEBWEESETHY | Zr L 2%
B Z TERT 20T 2 > (T yRE Ve, Iz T, SiC/SIC & DG %
T 2 72912 Ti-Zr-Cu 52 1 MR ORI G MEt Uiz, #2638k & LT,
Bl LR T E OIS > COAM I oA R\ L—F 2R Lo, b—FRERSA:E LT L—H711% 450, 500
W, /S2REE 4 Bl BEHEEET 3.5, 10mm/s ZARat L7, BGHEERE . SUBRIRABIIRICHDIAZ L — P RUIRHRIC
ME YT - BFEE % L, FE-SEM J OVEDS (2 & 0 825 SR OBHIRILAEBIZS - STk otr 21T - 72,
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3. FFEAER

FT L— RN RFEORFZ1T 272, 450 W, 10 mm/s D
BTk, REHRICELT, L—YRA%ICIAL A
L SiC/SIC HITHIBEL . SEHAKbRIEM ChHo7T-, —
757G, 500 W, 3.5 mm/s DRIV TIE, mFREG
KRABASLIZ, L—VREZICOL T oA E SiC/SiC Ak
FEEA STV, X212 500W, 3.5mm/s T L—REt
L 7= B BRIR DS ERMIE O SEM 12 K D ok 235
RETT, Ti RO BBERIKR, Titr UHERASIC, IS
IR ESE LTSRS T D, ROE % (BED)
MO JERR LT ARRICIZ = N T A ORI 5 3 SDOF (A,
B,C) MMEZsNTZ, TiMRODFABRATIE, K2 (@)
SRR D ARV & SiC/SIC & ORNCITEREANC ¥ v
o FIFEET BEFTEE LTz, —J7, K2 (b) 1R &
T, Ti R+ UM BR IR Cld, ByRIARE & SiC/SiC 1
HAOMTIEH L2 Hb0D, ¥y v I R<EESNTEY,
B RAF 2B A VEDMA 2. 50 I ARTA TR 22 X 0 G CREAT
T 5%, SEM/EDS |2 K B tHE a1t -7, K32 Tify
Fr TR IR OFES FRIMTA O EDS 12 K % Je ot R
T, BFHE LTE, AL Ze /B (BEBD) . B ARIL Ze-Ti
[EFA+Cu A8, C #HIZ Ti(rich)-Zr FEEA+Cu fHTH D L5
265, GERD Ti RO HOREBRIK TR STV
Ze-Ti BEEBFED, Ti R+ 1 UM OIRGHAR T H IR S
52 ENRB ST, Ti R u UM OIRES A ITH
Tl FEIR E L THIfFCE 2, ARIT Tk +ra oo
IREMRE NERARORBRAICER U, #E35RE e
LTETHD,

4. %&
KIFFETIL T 7 A X— L —WIZ X 2 JFETNEE /-
Ty R OEEREGHINOMRI L LT,
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R IR OIREHMR S FT-ITHE Ui, HARBROREE.
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PEATEIZIBW L Ze-Ti BV OIERNEEL L 72 275, Bl liat Lz TR+ e UM ORG I RRBRIA T H
Zr-Ti EE I OERNMBEE ST 2 L 0D, Ti iR+ 1 UM OIREHARPE- e mim AR L L TR S,
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2. BRREASIHR L TN =0 AESIROBEERE A LiEE O
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1. Introduction

The phenomenon of interior crack formation in high cycle HCF or in very high cycle fatigue VHCF is mostly caused by the
presence of impurities and defects with different mechanical properties, shapes, dimension, etc. Among all the factors that
contribute to alter the stress field in the matrix material in the surrounding of defects, the difference of Young’s moduli represents
a key aspect. In the present work the roles of the elastic anisotropy and of the crystallographic orientation are investigated in
relation to the local slip formation. The authors have attempted to review the general effects of typical high strength steel
impurities (aluminum oxide Al,O3; and manganese sulphide MnS) included in a polycrystal ferritic matrix. A particular attention

was also dedicated on the role played by the interface bond between the matrix and the inclusion in the local slip formation.

2. Numerical Analysis

The purpose of the paper is to investigate the slip formation around inclusions. Even if the shape of the inclusion represents
a fundamental aspect for the stress localization a single spherical inclusion surrounded by a cylindrical body has been considered
in the present work. Alternatively, the inclusion is considered as an aluminum oxide Al,Os (‘hard’ inclusion) or manganese
sulphide MnS (‘soft” inclusion) defect, modeled with linear elasticity. The BCC ferritic matrix is modeled with crystal plasticity
and elastic anisotropy, varying the orientation of the crystallographic structure respect to the loading direction. In detail, ten
random crystallographic orientations were considered by means of sets of different Euler’s angles assumed according to the
Bunge definition (i.e. Z1XZ2 convention). Since the goal of the work is to evaluate the formation of crystallographic slips in the
surrounding of defects, a perfect plastic behaviour is assumed for the ferrite.

The ratio between the sphere and the cylinder is 0.2, no parametric study was conducted to investigate the role of the inclusion
volume fraction. The cylindrical body is isostatically constraint. The bottom is constrained against vertical displacements (i.e.
along y axis) and the central node is pinned to prevent translations along the x and z directions and rotations. A prescribed vertical
displacement is applied at the top along the y axis up to 25% nominal strain. The lateral surfaces are free to deform.

Two alternatives ways have been investigated to model the interface 1 between the inclusion and the surrounding matrix:
perfect bond (i.e. ‘bond’ hereafter) by means of rigid links and complete debond (i.e. ‘no bond’ hereafter) with a friction

coefficient p of 0.1. Additional information on the assumption and the modeling choices can be found in [1].

3. Results and Discussion

Fig. 1a and b show the nominal stress and strain curves obtained for the different sets of angles and a homogeneous cylindrical
body without inclusions. The green and red markers indicate the nominal stress and strain level at formation of the first plastic
slip in case of MnS or ALO3 defects, respectively. It should be noted that the markers do not perfectly overlap to the black solid
lines since the nominal curves have been obtained without the inclusion of a defect. However, plotting the nominal stress and
strain curves for all the cases (i.e. with and without inclusions) would have made the graph difficult to read. Moreover, since the
defect volume fraction is limited, the difference in the global elastic response of the body is relatively small. Fig. 1c and d
summarizes the results displaying the nominal stress at which the first plastic slip occurs, normalized against the nominal stress
at the first plastic slip for an isotropic ferritic matrix. Moreover, two additional crystallographic orientations are reported: the
local BCC axes aligned with the reference system axes (0°,0°,0°) and the cubic diagonal of the BCC structure aligned with the
pulling direction (35.26°,45°,0°). The results in Fig. 1c and d are ordered considering increasing values of the elastic stiffness

from the left to the right.
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From Fig. 1a and c it can be concluded that in case of a perfect bond between the defect and the matrix, the ‘hard” ALO3
defect is more harmful when the orientation of the crystallographic structure, compared with pulling direction, results in the less
stiff elastic response of the ferrite. On the contrary, for increasing values of the elastic stiffness the role of the soft and hard
inclusion is inverted, being the MnS defect the more harmful. Therefore, the role of the crystallographic orientation and the
difference in Young moduli play a fundamental role in the generation of irreversible deformations if a perfect bond is considered.

The relation between the orientation and type of inclusion cannot be observed if a complete debond is accounted for, where
the nominal stress for the plastic slip formation is always lower in case of an aluminum oxide defect. It should be also pointed
out that the differences in nominal stress at the plastic slip formation between soft and hard inclusions becomes less evident in
the ‘no bond’ case. The earliest plastic slip in the ‘no bond’ case takes place when the cubic diagonal is aligned with the pulling
direction. This aspect highlights the importance of accounting for the relative orientation of the crystallographic structure against
the loading direction and for elastic anisotropy, which can be considered as major factors in local yielding of the material.

Overall the ‘no bond’ case seems to give lower values of normalized nominal stresses compared with the ‘bond’ case. Future
works will investigate if the complete debond case represents the worst scenario for the slip formation or if different values of

the friction coefficient or a partial bond can result in generation of irreversible deformation at lower stress regime.
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L7z, AAFZETIEK 1 %2 L— =i RIS AMARPMERNT 2T L Lz, Zeds, X1 (b)D TSHEFIC
B L CIXTSHET L 0 b EFHFEROFEN TS-Short kT b Yl U 7. i 55 7RI 35 28 =5~ 20Hz, Rp(Prmin/Pmax)=0.1
TATVY, RO FTE) 0 [BIEUE N=107cycles & L7z,

®) V\:v’elde! arda O o V:Veldé:d arda O
2 B SO ] =S S - m— s
(0] ; : o O P O
S- 250 N i50
(@) TS (b) TS-Short

Fig. 1 Shape of specimen.

3. RBERB L UEBE

P-N Bi# % 1% 2 127", Ml 2 /I AE A 3 2 5B IR0E, S 2 8B 2 £ CoMIR L e L. 7o,
FERIE IR T D08, A TICIX R DMEFRESHER SN TRY, MPREICHERSINZEHBE S 10mm (2
B L2, B L <X 2 MO SRR A B 72 5 s 2 il & B L Q0 AL Bl HIAR & 0 TS HET O3 95 FREE 13 775N
THY, MEFOFFRITRE(P=7.7kN) & Hl U CHEFIIRWMEZ R 2 & bino 7.

F 7z, K3V ST RBRIC K0 e U 7k oo BB AE R A 3. AR 4L @i BRI (= 1150N),
B X MR ERE (<I150N) (23 Tk L 72k FOREFIZ R L T D, FREY, 3#E573RBR%OMFE
ERRICBIET 5 2 & T, BHEIERERICHINRRM E L~ A ERE S 472, @ ERIR I IV Tl Rimh»
bEAUNBE ST, 2O LIINCE » 72, 2L, AN R EIPN AT AR L
W BT 2B DD, ZOEET— N2l WHEeRIEE (Weld-metal fracture) L3, £, K
BEIRIFIZIBWTIE, B — R T 10mm ORI X ROER STURBNICE->72. Zhid, #tkoMore— R
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oo TR Lo SRS BN 2 R U, SONRIEICEER, W7 M LEE 7~ R UBEEICE
ST lBEZAOND. ZOWEE— N2 LU, BAWE (Mixture fracture) L FR7.
Ez;DHMMnﬁ$®ﬁﬁ@§i7%Nf%b,#%ﬁ&wﬁmmw&wﬁbf#ﬁmﬁwﬁ%%ﬁz&

Wboinolz, iz, X3RRI XL A Lok FOBESRREIER R 2n 7. FXITEEhmm i RiR
i (Z1400N), I8 X OMERFEIRIE (<I400N) (ZHW\THEWT L 72k FOREHIZ R LTV D, KK, 5
R ORET 2 EARICEBIET 2 2 & T, BEERERICHIRR 2 W E L~ UKD MR S viz. TS kT & Rk
(2T EEARIE (W T, B4 BRI (Weld-metal fracture) , {54 EIRIE 23T, IRAIEE (Mixture fracture)
rELT.

~ l ’ TS
% :’ A 75 Short
o 2000
< <
E ©
‘% 1%
= <
A
S ‘}45‘3k
] - -
b 1000 @
2
“& t 4
<
0 s sl IR ETI | IR ETI | sl MEETERTTT
103 104 105 106 107 108
Number of cycles to failure N, (cycles)
Fig. 2 P-N curves.
7S 1S-Short

Weld-metal fracture Weld-metal fracture

prdles

Mixture fracture

I

Fig. 3 Fracture morphologies.

(FLFWFFET 5 BREPERH - TS AT L7257 8F)

— 150 —



BBV AR 2 B4 & 3 5 58RI K CRIBER L — Y — S HMF D
I RERS L USE T REE A 1 = X A
INSUNEAE VIR NISRQUE  §=Y 15 v
sl 2K
1%%%1-8%

HEh B EE S IFICIBWT, b 05 FHIPA A JE KT 5 72 IS ISR 3 1 OYE 7 FRPEIC B3~ 2 8K
%<®%%%-%ﬁ%ﬁﬁ@é%_ﬁgf%é.ik,v IR TSRO CIIEES M, BRI OA
WA 7R EFx ORI T OFBEZ T 52 0D, L—W 15T O FHah & BRSO T 5
ZEIFEETHDH. E I TAMATIE, FBHIC 270MPa #% BB HLHEK (JSD270D) AV, L—F—EHEC
KBRS U5k T d L OVRIBERA B T 2 Y8 L, TSkt LIS BRZAT S 2 Lk b,

— YR T O TR RAE T B IR+ TS L ORHEERL O AR OB W TR 2T 2.

2. 3AH - BL OB

AMFFETIL, HE =1.2mm ¢ 270MPa % B BT Hak#itlk (JSC270D) A fLEkFIEE & L7z, R 2 BRI
T, 1R T X I otk 2 BERbbE, L—F—EmHEIC X > TRES 21T nZE 2 hatBric it
L7 RWFZETIXZENZE % TP(Tension Peel)¥3 & Y CT(Cross Tension)fkT & FR9. I 57 kBRI 8 B £~5~20Hz,
Rp(Pmin/Pmax)=0.1 TITVY, RUEWIFREOFTY) 0 [E151T N=107cycles & L7-.

Welded area
Welded
area 00 00
(=] (]
VoY T [ e A R A [ wv
O O (o)Ne]
<
(q\]
150
1.2
(a) TP (b) CT

Fig. 1 Shape of specimen.

3. AR RBLUBE

P-N R %X 2 1R, ATFICR O T M ERIE L~V TR MEEFREN R Sz, BRI Y
TP fkF- O FFBREEIL 20N TH 0, HEFOFIITRE(Ps=1.9kN) & i U CIEF IRV MEZ R~ 2 L3 bnb.
F7o, K3IIIE TR L0 R Lok R o ERRBLESRE R 2T, FIKE Y, ESTRBR% OMF A B
BICBIET 22 L C, T TOMEL VBNV, BFEERIEELZ 2L TWD Z LR IN. Zh XY,
TPk B\ TR BRI B L~ R TR 3588 D i/e o 7z, BUREIHR L 0 CTHET O 55 IREE 1 138N
ThY, WMFOFEMTREP=T.7kN) & g U CTIEF ITRWEZ =T Z L hbho Tz,

F 72, ¥ 3TV S RRBRIC X 0 kT U 7ok o ERROBLERAE A R T, R 2 I E du @ far SR IE (= 350N),
AT ERIE (200~350N), 35X OMEREIEE (=200N) (23T L7k FoREF 2R LTV D. [FK
L0, WEHRBREGEOT 2 ERMICBIET S 2 & T, MEERERICHRRR M E L~ URTFES s S vz, @i
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FERIFIZIBWTCIE, B — FESEN T 10mm OFEE X AR SAURBNZE 7. Zhix, SO o v — R
THRA LTS HKP M 2R U, SONRIEICRER, WM LRE A~ ER LBERICE 72 8B 1
LMD, ZOEE— K&K, FAME (Base-metal fracture) EFR3. —J7, Wi EARIER X MK EIRIE
WZBWTIX, BHESBE (Weld-metal fracture) 33 X ONEAHEE (Mixture fracture) % 5L 7-.

¥ 2 12BN TIERE L L TEAMROE AR LTI r Yy P LTS,

—~ i . TS
%“ :0 A 75 Short
2000 F v
2 o TP
2 'S e (r
% o
1] 0:
A
5 P2
1000 i
3 o
g &~
2 ° ¢ .
% o o
0 —‘-"“““'—L’“““"—‘-"““"—‘-"““‘»‘-"“““
103 104 105 106 107 108

Number of cycles to failure N, (cycles)
Fig. 2 P-N curves.

TP CT

Weld-metal fracture Base-metal fracture

> i T

& 0t < €

Fig. 3 Fracture morphologies.

(FLFWFFETE - BREPERH « TR AT L5255 8F)
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SPCC Stk z’pf & LTz U—VBEEMTORGRT RV E-S < H ML

P REFERSRE TR B T2k
WOEL SR FAIeE NI #e
1. BFEER

L — B IMOWEERE L IR THBLOREERIENA S THhH Z L b, BEHECEOERE 21X U, HEHEE
FROZE T B T EAFEY B CORNHADUEILR LTS, Lz, L—WRERGDT 4 —0 v b7 o—
RV 75 E ORI FHREORR L 72 0 07 <, BEkFOZRNE - FRMEA R T 57201, RS
It Tt o i by E N 5. AT, @VKETOZ MR X OMEHEMEN ZR S D I IEmIC kT L
T, BHEOTEERTH D INIRT 250 EAT H LERH VD, o, ITFEOHMEFH O A B — NZ& Uiz 2o
P ST IR REAM FEA R D BTN D, Z 2 CARBFZE T, B C O 758 R EAn 3 rTEE A Bt — /L FI2 -5 <

IR ITPREHEEIEIZIER L, SPCC #itR A B4 & Uiz L — kRO 2 AN I W TiE 21T o 72,

2. HABTE

AWFFETHOTAENT, HE 3 mm OWRETELAESIK SPCC Tdh 5. [k % 703100 mm OFRIZEEBIN T4, 2
KD % v~ 7 0mm TZEAH, Tablel OFRMFIZTL—WRELZIE LT 5. D%, 1ERLHERILFig 112
AT XIS, WEEHENSR L CHRELFEICHE 20mm O & 2~ WRICHEEIN T T UtaRA & L7z,

HEF OIS RE—EER 0778 1%, BERYEFTRmERY —R & iz, 3B LT, Ik
R=-1, JAW¥ ~7~10Hz, RAZWHEFORERITYIV B30T N=1x107cycles & L7=. F7=, AW TEH T DM
PEZTEAC K 2 FENAE R TR = 1L, LR L & IS I HRIE & B BRI 2 BN S & 2 BEBRRIG TR IR
MRS, IR —F 77 7 4 AV THIE Lz, BWERINIETI R=-1, AREER A7 Hz, SiGHRE
DR LT 3300 cycles & L7z, B 1 A 7 /VOMEETNCH LT, RKRSIE « BRI TS~ %
AT L 0 ARAE A BAVE U S 720, REABE S SO AMERID 2 fFI2d 7= 2 My % ok
THRAFEER L. Fo, BORTRVFUEDOEREC A D20, BT ORI DR brE3 201
TEALER, 33 K OGRS O i RN DS A B Y BR< 72O DNLFR T v 7 A LA % Jitg L 7=

Table 1 Welding condition

Electric Welding Defocus Advance |- I
power speed length angle
(kW) (m/min) (mm) (deg.)
140 Weld bead
4.0 1.5 5.0 5.0
Fig. 1 Shape and dimensions of specimen (unit: mm).
3. FRABGRER

3, WHEH N & BEE WIS 0 DR T S oW BIESRE R A Fig. 2 1SR, RIS, kTR0 3 fE
HOMBMER SN, TORME U, R RIE, L— VRO ABUZ X0 R AN 20 - BEE S 4,
FEERISHIRAL LT v RI A MERE R IEBA R (Weld metal) 2MBIER ST, Z 0 A PHICIZEA B (HAZ)
WHBAL, BRSO D ITIT L — PR L D BERE 252 1 TR R (Base metal) 23R STz

SRS IRIE—ERREBRRE R (SN BB % Fig. 31T, RBRIENCIIE D=8, REET & FRRORM SRR
AT 2R R 20 OR LT A, F7, BB ORISR K OYE 7R 2 Fig. 4 (TR 3. AW CH
F LT AR T CHE R U 7ok TR, VARG 05 O R A CRkIT L CIs 1, VA HER B IR D TR EERFE D MBI T Wiz
FIETHD Z 03D, EIRTORITREL, SN HfRTH O [ TR RN E AT O R I O U 7B IR
I CRIES 2 &, BACTRT MR & FREOBERMENG O TR Y, MHRIRALOFEEEL B ARORE 7750
1T, FRED BENT ERShoT.
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L — VYRR TI S ORI 3 T OBSBRIG IR INEERIZ 51T 5, Bobe L3S R % Fig. 5 1TR”7.
7R BRI R VF OFHIFEIIE, R IO\ CldE MW % 10X 10 pixel, L —VPEEERFIL, L —
YRS I AR S 5 B NETET ST 381 5 10X10 pixel & & H12, Fig. 6 13 HUkT 1L 25540 5 B Hok T %
VRN RFTIC @V MEE /R T, 57 E OISR S 10x10pixel & L7z, Fig. 5 Ok 1/ FHAFE RIS
BNT, BHRBTZEA, L— BT & 2O AT AL, 3 K OO S NEHE F R pARALTRAT L
7o, &Y, ARTRTERFEAEER & AR TR TR O -2 L Z N OFHERER T L —FEEHkF OBt~
FNXELIET D L, BT RV REE T B IRIES, & ZORAERFTOFMAEELC 150 MPa, Fe/ MU Tl
170MPa Th o7z, B TR RAMRBRA O%a, HuhT 3L 0T T 2 I6IRIED 150MPa Th o7z, L7
> C, BT R VF ORIR A TTIRE L HEET 2 L, IS RIE—E B0 bR £ DI ITBRE L B L E L T
$Y, SPCC #illk & Rt &5 L—PIREHR TR L O ORMHT, Bufe 3L FICE S IRPIREHEN TE 5 2
LWL, LLRRR D, BT R LRFORE T EHORAERA =R L L OBMRITALIZENTELT,
PEOHEMR & ORI & DI FE R RFHI DV TUIAS R OMBE TH 5.

250 T T IIIIIII T T ||||||| T LI IIIIII
= @ O
& 200 — —
= [*Y¥e} % o
© 150 &> =
2 oce
E * o>
% 100 —| @ Base metal: SPCC specimen —
; O Welds (Fracture origin)
% 50 — @ Welds (Min. cross-section) ]

0 L 1 annl L1l L1l
104 105 106 107

Number of cycles to failure, N; (cycles)

Fig. 3 S-N curves.
Fracture origin

Fracture origin

BB BHEE
(Heat Affected Zone) (Weld metal)

(b) Laser welds
Fig. 4 Fatigue fracture morphologies.

Fig. 2 Cross-section observation results.

0.05 T T T T T T T T T 0.05
—~ @ Base metal: SPCC specimen
£0.04—| 5 w - ° —
= elds (Fracture origin) o
< @ Welds (Min. cross-section) Minimum
2,0.03— —|  cross-section §&
8
5
= 0.02f— ® O —|  Weld bead
& O
<
'%O 01— ® O ® _ Fracture 7
A O e oo origin
0
o L n888etnspleee , N 0
0 50 100 150 200 250 Fig. 6 Dissipated energy distribution
Stress amplitude, o, (MPa) for laser welds
Fig. 5 Measure results of dissipated energy for specimen. (o, =210 MPa, N = 3000 cycles).

(LRI BT« (BHEMERHE « PRI AT L5255 EF)
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B SIS & REA & U 7o B R R B B kT DY 5 FF i S L OISR O R A
IR RF R BB TR B A IERE B L7 1 7T I B B P JE ==
SELVARA] THOMASPRABHU
1. BFEER - BB
VLA, BRETBUH ORI HE O BEBALOBLEDS, BT 4 ~OEENEFROBTANEAL TN D, HENE T
—H472 0 3000~6000 HOEHERNHDHESONTEY, —BIICHBEFEBEEOBEGHIN E LCTEAR
Y MEERERTHD. LPLARRS, @RIFIR~OHES IR L ZROMBENZEL D IZR>TEY, £5
L7250 bR 0BG HM OUGER KO - 2B G HIR OMS - EREARZERIN TN D, 2072, KA
HTIHEBEDO AR v MNEEA~OBERPR S & S5 BEER S (Friction Stir Spot Welding: FSSW)IZ1E
HL, ZOMFRMEICE L CRHMEZIT> T&E 2. — MR BB EERICLSEH STV D 590MPa k4 i
JEAE S 5= H 2 BEA & 9 28 AW BRI R R T 2o R & L, —Ed L OVEE) B FRIEf B0 T
\Z36\T 2 BRI ST R A T 5 Z S 2 HR & LTz,
2. $3AH - BL OB
AMFFETRER L 72A BT, #JE 0.8mm D 590MPa #% H & #H ¢ fH FEAESAR SPEC590T T 5. [FIA 2 Hra X
LR T L ICERBEEL, EOHRIEIY — VAR E 21kN, Y —/LEEEEL 550rpm, $FIAIRER 6s T FSSW
T U7, 7ZeBfEH L-#8EY —idy a V4% 2mm, 7 e—7% 4mm, Y2 —7FK 12mm Th5H. 7¢
B, FHTRBIIERMERX Y —R v 2 v, B 5~15Hz, (B Ry (=Pmin/Pmax) = 0.01 T{T o7

25 50

Y

FSSW region 4x #8.1

|
!
| r s
|
|
|

50

0.8

Chucking area
|

i ‘ T Fy
|

150

Fig. 1 Shape and dimensions of FSSW specimen (Tension shear ftype), (unit : mm).

3. RBERB LB

B2 (g B R A n T, ek, [AIRNIRE T HREEREAITER L TR Y, HEI/EM L e AnraiR )ik
W Pa, BREHIZALMIICE D F TOMD IR LEZHOWTEHRL TS, [FRKE Y, ARRBRAROWE F7 R P.=0.8kN
ThbV, By h—AMEZ(200~350HV), 95| HRIREL(Ps=10.6kN)Z E & T 5 & ik ik &~ & 3% 5l ikt
AW FSSW HEF DOTE S MR L IRVMETH D Z LW 5. IT, BT L7-42 T ORBRIKD B RE
FEREAZBE LR E2X 3 rT. FXEY, 2EEOMIBEFENHERIN. 7, X3 @IIRTEEE
ZOWTIER Y » MEMEL D34 LT &8 2 DD 57 & SN B SEIR N 2 U 7 ) « B0 7 AL e L7
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%, FMERIBIC R LRI > T D ARIFETIE 2 O X 9 ZRAEIRRE 2 R iE(Base metal fracture)

3 T T T T T T T
@ Base metal fracture

Zj 2 k O Weld area fraciure | _
Q{ ] Run out
3
E
g
5~
2 |
e 3
=~ 09 @ - g

0.8 [ —] 2

0.7F - §

0.6 [ © .

0.5 1 1 1 1 1 1 L

10* 10° 108 107 108
Number of cycles to failure, N[cycles]
Fig. 2 Fatigue test results.

LERTDH. —HT, (W REIC DWW i X 3(a) & AR A
U Melinns BIEAE U T 97 & RO BEHRE N O JEFE L 2 fik T Je 2 ) i
HEREL, R E FTERBHBND LD ITRKEHENICE > T\ D, ZhUaifE
TR L2 FIEIZRE & FEROIERA Ch 2 & 52 5. AR TITZZ O X 9 Aelik#w e %AﬁBE&%(Weld
area fracture) & TEFT 5. R RS, HBAEEED 3-D B 21T IS FRIT 4(b) & ()R, JEFHRERBAMG
%, HEEMEWFF6 D 80%IF R Tl 2 £ 1 L, FRERHRIE Pa=1.8 kN TOBILEMER TH 5. X 4(b) TIXRA T
oW T E TIN5 EHERI S D AV v MESEHNORAET D Z EBERTE L. 61T, RY
v bAER & 0 A U7 & RATHTHFRER N O JERE A H A kT RIS i) TR R, AR DT A~ R R A AR B
DERFRDS, FOBRMEEEICER L, REMEICED LHERIES D, MBEEOSS L IX 4(c) TRT18E D A%
ARIEAY » MESTH D 2 ENn0505, AV v N 20 F8AE U 7o 57 & R EEEE o R & R
%, & 2P TR E TT 10 & ARUETT NS I 2 2B 2N ERE S iz, Z DEHES DR 97 S RO RS TR
Stz JEE L, BRI SR D RN R G TIE TH 5 LHEE S D.

(b) Weld area fracture
Fig. 3 Fracture morphologies.

i b
,5 — i
FSSW area o . <
Loading - _‘/T;? :
Observatlon region direction e & {ecixo“
- \\J\‘\r\g/ \(\%

IZ@

________

(a) Schematic illustration of the observation ©oe E

region in the FSSW Joints

(b) Base metal fracture (N/Ny=80% , P, = 1.8 kN)

— . e
e AT

(c) Weld area fracture (N/N¢= 80% , P, = 1.8 kN)
Fig. 4. 3-D crack morphologies of the fatigue crack around the welded arca

(FLFWFFETE  BSREPERH - TR AT L7255 8F)

— 156 —



VBT F oI T F—ILTHERLIEAR—F ATV =0 A~D RN L AR S

FERRT: KDL TN FnRERAIREERY
WARE L, A2, SRR

1. HW

R=FZATNI=TU L (A) IIT NV =0 AN ZROZILE G T 2L EEEMEI CTh 5, LB TH DI OIERITiRE
ThHZ LR, EEIMECHIEME R E OBENT-ZHREEEZ A LT b, TIHORHMIZ LY, BEEEORGETMICEAT
DL TRE LMD EOWNIA RSN CND, R—T A Al OVERYEI T ) A—ERS D, ZOHETIE, "—TF &
Al ORBIMER L 7257V I—H % NBAL, FASEDLZ ETR—F R Al 2155, 7V 1—VOERIL, KILEERT D200
RIAlL, JATGREAHERFT 5 72O ORISR A2 O D B3 5, 2 2 CARFFRTIE, HRFIOREEE LT, ~A1 7 r/—r
EMHENDHZEE T I v 7 AEAND L ERF Lz, 25T 2 v o A L REIE O TERL L= 7Y I— 0% a1 T
W, ZOEKORAERGRT 2 Z LR AL Uiz, RIMPBICHZAShiF- 20T 2 Z 13 v 2 0 F v 7 7 0 — b EFE TR &
b7 EOBENEIRES NS, ZNEFIHTAHZ LT, B8 T I v 7 AROIKETRICL VAR SNIZ 2 DORLOASA R—TF
ZHSEEFFOR—TF 2 Al OVERLE I TX 5,

FIAREOHEL Y, NEGFEFOT Y I —HCT L AIMNTLET Z & T, EORIEL LUONHOKAFEI S EL 527
TR 52T ) Z EMTEDZ Lo TS, 2T, ZTLAMLED, Erof L AU LV EEOEREFIREZEE T
HREBANCZ L ST, 45T 2 o 7 AEREIE L THOWZAR—T 2 Al ~OIZIRFH 53 ETH D EEZ bV, ZIUT LD,
i LIRS 55— EONEATIT 9 Z N TE DT80, BTFRNF—BHEFCE 5, MAT, IR G22I D0 b v 12,
FHER AR B2 VT T H 2 & C, Kigalla X Mo b I TE 5,

2. WFFEITIE

AIFFETIIAR—F A Al OVERUFEIRIAEDS 45 pum & 175 pm O 2 FEFH
DOHF2EY T I v 7 A% Fig, LITEEH LizH2et 5 X v 7 A0 SEM
FEZRT, 7V I — Y ORI SRR E A V2, B2 ADC12

(ALSi-Cu) HbA 2 2 HHV, FEIEANTAKFE LT & > (TiHy) A Wik
BED 1.5 mass%, WRORR DT Iy 7 A& fa OERINL T
JEREER LT, £ 15 mmX 15mmX6mm (280 HL, U h—H
EUTHEM L, 7Y A—Yoh#ggialcix, ~asrr o7 E v
YMBEER Uiz, el Z 0787 —% Ll OE#HT 40 mm & LTE L7,

FERAT SO D SBEANTE T 2 v 7 BA=h A (66 mmX93 mmX 13 mm) & AT LAY (B 0.8 mmX £ 35 mm)
ZRAWTER Lz, ~=h A% 15 mm BRTANBENCEY, 2Lz O PRI L CERILZBIZELS 28T,
By B AGRE L, ARETRO S ER B Ch D, AR CIIREO RN AER LT (iR Fig.4 @) M),

VERLU 72 iR RIS 7Y h— Y RS, BN X0 A ST, HolE Sk, R—7 A Al Z BRI ARE T LA
GRS 5-AAT o 7o, R U727 7 — BRI L AWR OB, 150N R—7 X ALIET V¥ AT REIC K D54
ORI O X # CT #REIC X 2 KIIEDBE AT 72,

1100 um S

45 pm 175 um

Fig. 1 SEM images of hollow ceramics

Fig. 2 (CRIAEH DR —F A Al Z773 (175 pm, 7mass%) . Fig.2 LV H22t T 2 v 7 ZAZUI L7203 IIRER BAfF CTh 5
T DR TE, TiHy OATIFRILOAERD 5 £ 0T, K[ILOHERFD TE 72\ 2 &350 5,
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‘oz 20mm

Faa

% Hollow ceramics & TiH, (a) pin screen mold
i

Fig. 2 Appearance of foaming Fig. 4 Shaping by pin screen mold

z g 45 um 175 um
= Non
T 3 5 mass®o 3 mass®o 7 mass®o 10 mass®o

51 & b (©) (D) (E)

E L Tin,

8 - Hollow

= eramics Hollow *

2 i eeramics

p= X ) A Gt

ENON 7, () (ON 777777, (d) (e)

&

S ; . 10 mm
T 76.7 832 80.7 81.6 64.9

Fig. 3 Microstructures and X-rav CT images

Fig. 3 IZAGRMCIER L7277 ) I — Y ONFBAMET T E R Y, Zh b 2 NEEIE L TR LR —7 A Al O X #1 CT R % 7R~
T, PV I—PRHERD L, TiH, OHRLISATIHZEE T 2 v 7 AL DD LEZ BNDEIHRTE S, 45um & 175 pm
LT D LRBROEV DGR TE, ERMEAZ VL, F288 7 1 v 7 ARE R END, Fo, F—T X Al DO X #
CTHipZERDE, T8I v 7 AWML ORI REIETH DD, FBET I v 7 AZRIML T2 Fig 3 (o)
TR  CE TE LT, AN R+ Thd 2 EBHERTE 2, AT Fig 3 © MMRb/hSV, ZiuxhzEt 7
I v I AL DEREORNE L, B KILbHERFCE 272 LB BND, L LN bENEERL, IE R HZW
Fig. 3 (d) TIERARIIRE L eoTe, TV E T E/272018, MRS ILE R TE R ol EE X Hihvb,
Ko TRMEIZRBN T, K[IABROMHMEIZIE Fig. 3 (©) MRS EB 2615,

Fig. 4 (ZAHANC L 0 BIFIBIRAT G- LTeR—F 2 Al 048l E X B CT #8479, Fig.3 () OF Y h—V%4H L7, Fig
4 L0 SECERA 5N TE TS, Figd (©) 2R ENTOKIIIOSN TN Z EPHERTE, K[IUREERHER L F
FARAGDFHRETH D Z 00D, FTKILET 73.9% Th 72725, ZHUTTRITI LT 7BRICA Ule N Y 23 b LT
L7200 THY, BRI 5D LEWRIETH L LB BND, LLEDZ &0 6 S TRATERBAET I, A—F 2 Al
(TR 5D ATRE T o 72,

4. ¥&5

ARFZETIIL v H I F v 7 7+ —LEFALTIZR—F 2 AlOELE, SRR & B0 5- 23R LU F OfS R 2157,

1) LTIy 7 ATHEAIE LCORRH Y, R—T 2 Al OKFUBREEHERFT 5 Z &3 TE 5,

2) FEUEEOT LVAMTIZLY, s CRIUPRBZHMER: L7 IR G2 TRETH %,

GEFEBFFETEF - (FHEVERHE « TS 2T L5255 0F)
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TV =0 BEEERED T D D SREIR%

HEGRTE KRB TP AnRERSASA SRR
WARE L, P12, SRR

1. BHAY

SRIPRETEY, SRAERD IKUMHTRECH D Z L0nn, ZRAFEOTEMMRE LTHOWGND, L LR
b, @O X FREL, ZOERPH RN E WO BER b DD, TDTzw, DREAFECHMFOAEFET A
NTEMTAHZ &1L, a X P ETHomNOREEE 70D, —HEE DL, @ROMRD Y IERALE AT
EOBFEIT> Td, SERIIZHOE DM LATUC LY B EEORERAZ(L S, 2 aile LT
HT26DTHY, RN—=F AT NI =T ASDIPRM 5RREA LTS, ZOHETIE, ErofLANOEE
ZAESEDZLITLD, 1 SORBRTHA 2RISHIET D5 2 LR TE 5, DD, mEFARIME= R haoR
I CHRIDAERDSATREC, B2 Gk L LTI CE 2, 2 2 TARETCIE, SRR A ALSi-Cu & ADCI12
T =T G0, FRERORE UTHIRT 2 2 L ailAie, BRERORGRELZZ(LSEL LT, EoihE
IRETH B U HORHD DRGSR 5 Z & 7 < B D rlRED et L7z,

2. WHgEhE
1 (ZAWFZE D ERAEEMIE X 2~ 7, R e LT @)
ADCI2 TNV =0 AE4AEFA L, X 1)DEEMFNIC

Thermocouple (b)

[ | Graphite [ _
BWE LIRS OIE (BE 158 mm X [A£8 120 mm X O crucible C)%ﬁg ADCI2
Pin
FEpE80mm X BT 1lmm) o crgstr, 3o O Of« IMr/
DTSRI K 24 7 AT CRHR LT, WARIFIC I 8 8 mp [
A7 U KRR S AL OSK500U026 % V=, kI ASERE
Clay inold

1(b)D X 91T, ADCI2 5% s UG 5%

AT, Fig. 1 Experimental procedure.
X 2 AR ERG IR AR, SRS 2() Dt T

Fig. 2 (a) Ceramic honeycomb. (b) Pins. (¢) Ping pong ball model. (d) x =

1.5 mm pin screen mold.

— 159 —



Iy 7BAN=I1 A (66mm X 93mm X 13mm, RZ-400, #rE L —F—A&t) &1 2(b)d SUS304 27 >
2 (EA£08mm X £E35mm X BHADOF L5 mm, FRIEASULFE) ZHWTER L2, ©7 3y 78
=H AT 15 mm BB CTROBBANVTED, ZORICAT VLAY V& LiIAT 2 & CHREFRZERL L7, ZTov
YO TR, K20)DE AR ER (EAE40 mm, HAEERKGEA) 245 I LY CCOERL L 7= Bk kool 4
%ﬁ#é:&miw,Bytﬁm%w%%%ﬁgb,Emu@®i5@ﬁﬁ@%¢@bko%imu7wi¢4w
A 28T, BREROEIRICMA D K OIT Uiz, £7e, mBFREREICIE, ELANCHERRZBM L TR E,
RHGREERIN G CE D X 9T U, BRI 2D L 518, EVEEx 23 1.5mm & L, B 2R <
N BFFLIZ b DO TH S, EUOBHOBELRN 1.5 mm ThoH7wH, By BRI E~p Z &R T
Do

£, 5OIFN TR S 7 ADCI2 185 % AT L AROEMHR L — FA T W RS, K 2(d)OARRICH L
IABRERAT o T, FHEZAT 5 BEOWEARIE T % 600°C» 5 800°CE T S0CT 2L SHER AT o7, 1Stk
ZOFEFARZEL L, BpLREEERY H LT,

3. FEBRRER

3@)-()lZ, x=1.5mm O RER A AW HadEaElo e
(2 L7 TRO G E 2779, T=600"C, 700°C, 800°C D5
EREHIE LTHEIT, WThOBESRHCBWTHLEL D 10 mm
BTN VBRI, BRI 5 TR T s
Z LD, [ 3(d)-(HIZ 3(a)-(c) ENEN DRI G E
oy, RIENIZE  DHOIRPEES S, M)l S
N5, EOWRBEZRWTHRIACIRITR E 208N 3R T
Elphole, ZHUFE UHED x= 1.5 mm DG TIE, BV
MOV NE <, WHORERNZ LV IBIREMERFCE 2
TeHEBEZBND, DL E, BB B UAIESIToHE
T&, RO ATRE o 72,

Fig. 3 Casting samples using x = 1.5 mm
pin screen mold, (a) 7 = 600°C, (b) T =
700°C, (c) T = 800°C. Enlarged view of
surface of (a)-(c), (d) T = 600°C, (e) T =

B 700°C, (f) T = 800°C.
4. &= 0

AMFETIE, SR ADCI2 7V =0 AEePREORIRIM 5 2 & il e, RIS & 0 IR 5217
DTEMARETH Y, BN EZHREMORE LTRITE 52 LR,

GEFEBFFETEF - SHEVERHE « TS 2T L5255 0F)
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T 2 XIS R RE 2 A+ 5 MK Sk BEERR Marisediminitalea sp. FTO1 % %412, AT v L A4
DMAEWG BEHRBERIICET 2 —EHOMEZRBEL TWD, A—AT A4 FRAXAT U L ZRHITON
T THREDIEEERAY A 7 VL CTEBAL RN FESI SNDHZ ENIE ML D — 5 T, MEDE R & §iik
LA OB T 2B A2ERmIIO EV B SN TV, FTOl BRIZEA 4o DA & 70 5 5
HTHMRERA~DOANAFT 7 4NV AR BLOEEFELZERLIELIZEBMENATND, 2D K
IMMAEMBREFENEBE IS T VWERE CTHHICHMADBEELZHFI LT 2 2 & TUMAED D
4 - BREFEELMBHHEBEOMHBEICEDLLZMANEERTELLORELZHF VD, KIFETIE., B
RUERIE | BAEDIN T BB C SUS304 1T LB SR A4 5 L. SiULE DR D %O DR
B ERA LRIERRZ L L, oMEHE, TOoRBR250REHBICL SR OMEDIE

BIEZMEZ N L 72 R A2 RO HmET D,

2. EEBAE
2.1 #EH
SU%M%%%FTB%KT%WS%%%,*@Lt%@%ﬂﬁ&Lﬁwﬁﬁ%%%FW’
700°C/h TIZHIE LIRERE: 10h O b O Z B4, 1032h O b O &2 @B & LT, ﬁ%’ibuiﬁfﬁ
BRI\ T, BELEFRCTE—ZEE 1273°CET 10s TEBEFEMEA L, 3 s REFHZIC Ar F
AR T CRam L DE BB HAZ M & Uiz, (ER L 72308 o 8Lk B 12 D TIE JIS G 0580 (2
PEVETEMEL R & L TR L 72,
22 HEERER
AR A X 11 x 11mm & L, REIZO N7 HFE (lumD.P.) ([Z XV 8EE & Lz, EMEOEE
PATEBR T AT L, Mk R v o Eim, R 2 Mk E L, BT =M e Ly
K IE T —AR vy B ZRRIZIE Ag-AgCl M A H -, K IZIE SWM (Fe 0.1uM) & A W
Biotic, Abiotic & b IZIRIK & 1% 50ml &
L7z, B oo i3 T e IR A & A WV
T 25°CTC—EICHRFFLZ, WEIX
30min @ HARBALHE D%, -30mV~
30mV v.s. OCV O #iPH . & 5| 3 &
10mV/min TO5ME%E 1 A4 71L& L
T 72h MEBBITAT 5 72,
23 TOHHEHER
AOEH & [ — AR - RO b D%
AAZ—TL—hF (6 Ry —1L) I
BliE L2058l 4 5 L, Btk
B 1R HZY Tml & Lz, BlET
TFYUH N~ A v Aa—T7 VHX-6000
(KEYENCE) C% i U 7=, Bl st 50 Fig. 1 Changes in polarization resistance during the
LEOBBERERE L, ¥4 L7 7= CXposure fest
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BECTHBREOBBGEIEZEE L2, BIERFLUAX, 25°CICHE LA v FaX—F vz —T—
WIZERE L 240 R O RIERBR 21T - 7=,

3. ERBRLER
3.1 HEEnAER

Fig. 1 IZREZh#F D 23 MR BT D #R FEZE (L % 7k 97, Oh~24h T Abiotic TIE /3 MK HLAE 2 13 b -1 1) A3
R o5, Biotic Tid 12h BRE T EFMEANPEFT B> TE D 48h LIEEIZH VW TIE Abiotic &
Biotic DfE RN K& < el L CTWOLSEHB A S NI > 72, FTOl Zxf 4 & LIZlENZEIC BV T,
WIRFMNZ2MAEVBREFERE L LGS 24h UNOMICHER B L EREENEHR I N D KT

DHEFR SV TWDH, AT 12h LA
Pt CTHEGR S 72 AR IR BT O 21X FTO1 (a)
RICE DA FT7 4V ADOFERE X
OCRBOBEFELZREL TND,
3.2 XREHE

Fig. 2 3 Z O HBLEIC L > TS
L 7= e h i o K Bifg T o 5, Fig. 2
(a) FIRERTOXRmHZ L THY @
EpEmAE L L TW5, Fig. 2 (b) IX
240h #RiEE O HPIZ R 2 D K&

ELTWD, Bl ilx b EEo
BE IR Y O R TE S T IS 6 s L
TW5, JRFTHH A 72 IR & 12 75
BRE TR ISR THig L7722
Fig. 3(a) Th 5, < A X 5k
LlELtEBbn2HB8EL L THR
N7z, Fig.3(b) 1%(a) & [F — M8 & HEIEE
FER I E 2 1 CHUAS L 7248 TH) Sum DI
SICBELTCWE, 20X RBREDORE
é@%’& EAE O A OE T, i

WHEETDHZELZMABLTVDL, ABIZIZOLI RBRERBEDNMEIO I 7 ok Eo L 5Tkt

ﬁsbfu\éﬁ: ZEHMIBFT LTV FETH S,

Fig. 2 Metal/microbial in-situ simultaneous observatlon. (a)
Before exposure, (b)240h

Fig. 3 Observation and evaluation of corrosion on the

surface. (a) Pitting corrosion found under biofilm, (b)

Pitting depth measurement

4. #E

FTOl #EOMA W B EEREE C SUS304 Sl b o R ERBR 2 Fht L., omEiHlEizc k- T
AT X DA WA Lh%@i}z—ﬁ,f fPFENLE Sum DIE S D FLEREEZ MR LIZ,

(GLFEATFESTE « [SAEVERFAE - T8I 2T L5255 5F)
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B JE MR B OBVMRE R E I W TEERH U [1], JIS X° IS0 bifilE ST\ 5, EFEGETIE, K
FOFMBHI R X RIREARAZECSETHET D Z ENAMNTH Y, EHR R B e 2 3+ %, KR
HERMBETH D Z ERMERBNENZ ENEFTTH Y . MEBIRA~D 7 ¢ — R3 w7 3 IERNER 2 Al 2
bD, —h, BENE B CREMAEROBERMEHL., 77 v ¥ 2 BRI X D EBYEHCE, DSC LI
X DWEERE, HEETEPORDOIENIEELZZNENRD, OO/ E L TAMREREZR T 546
NE, 7T vy 2B NGB E VD CHIED & 7 — & @t U CRER 2N D £ TOR &2 %54y < i 7] 4E
ThdI ENnD, ZOFEPHHTEIHEM OO ERR Bictksro e ]fF L, a2 omHE
B4 A2 ED TWDE, xIIINETT7 T v aiEZd W= Y BT 2R+ & BT A BEHEOBE G WET
DREREVE DRI [3]1°H — R v F ki1 & R — R b1 DA WA O BV E R O FEAI[4] 2 1T
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M ORELOER Z SRR 272 & | BEREROWES 7 7 v v 2kt K viTo T,

2. MFEHE

AREHIEE SR AMIZERT THR R L. BYEHER OWE T ERINI I W TIT o 72,

BEHI T —R T KT & RR T — R R DI 2 B &L 150 : 100 DELE T Mechanical Processing
TIREAEIIMERIE LTe, MESRERIC . RV — R R0 % < BINEEIZ TIN5 2 & 2 WIFF
LTER L7z, BRI, BB B4 532 BT, SmmX5mmX 5mm O KL Uiz, FRE
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X 1. HiEAREOETE

AREHIREM B CTHITES N TV A RAZ L TEY ., 77 v ¥ 2 koRlE CREMIIEUZ AV T DR
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c POV AIIESEIR - Nd;YAG U— (%K 1064 nm, VAN JERER CTHI 300 1 s)

« B OIRFEA LB - ROV FE (PR E 48 um)

C BIESAE = - =R

- B _EF-ER O BT 775« Cape & Lehman DO [5,6) OVEERIE[TNC L DI —T T4 v T 47
« 2L ZNEGREERAENE 1 545 3 [l U HlE

77w alETHRELNRE ERMRAE X 2 1ZRT, 2 ORE BRI, YRR IEEZBE L
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(EWT) PEZEBIMTE AR W RHAEE T TE A
BTES Fo

1. #

ZAVEME L 132 OWEBICZEOMAM 7RIl 2 & OERDORIETH Y . LD RV R ER & I3~ 5272 D
PEZ SO, TORRLWEZFM LT, WEAYOWET, &, WEH. HDVIEREM L LT
WOl THEHAISNTWAR, FRICIEETIE, RBVEERZ AT 2B LB IN TS, BEIRDOE
REROFHMEE LT, BICRERRE, BUREHER ERAV L0, BEECRX LB SN G H
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AT AfliE, SiIC RIC X DR SN EBELIARK D, 72— N7V IF U7 Ak, 71T/
TIEHEZ L DAL AL L, WEOFHli 2 TE 72[1], ABENIMEFREIZS EhE, I —AR U ICER
L. 797 =2 bh—RrF R OBE RO OV THRET 5,

il

2. JIEER X CHEIERE

DSC X, W& FEHAI L FRIZN D — oDV FIVR VA — &S fl& Sz 7 0 /T MIit-> CE
BEROBEZZACS RN D, ST NHRNVT—HOANTJ =X —22 WET HHHEELETHH, B
MNFZEDRBIAEZROHDIRFE T, EHAZ O 2ER%H,. © AE+AEWE, @ A&aHllEse, 28> b
L7e 3 MEZ RIS TIT 9, AEWE & LT, VA EIEHEYE NIST SRM720 (B 7 74 7) IZ b —
BTN T 7 AT HMHA Lz, WEDTZDOIRET 07 F Ak, JISRI672[2] 16V, SRR (10 47)
— HEHFREE (20 K/ min) — FREE (1043) 0 IRT AT v 7BE Lic, XR—=2A 74 VOMER%.
B DHIRE TIZBITHHED »HHIED OBREEZ 2 L5 < Z &2k 0 REWEOBGEZ RS BES »»
SRIED OBEEAZ LI Z &2k, WEREOBFHEZ KD D, Z O D OEGAE O bl h & F 1 &
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— EEWMEH 77
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AEEE L7 BHE, RO 7T 72 h—RoF 2 Ri+Thdr v F =77 v 2 (KB-ECP600JD)
DEEIKRTH D, VI 7 = U WIREOERIC Ty v F =7 T v 7 2L UERICHES U THEL%, s (8
B 209720 by F 7Ty =23 L, TVARET LI EICK VB EER LT, 4
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L Z TN PATIZAE AT 55808} (Sample B) Z1ER% L7z, & 612 Sample B (22U T, it (Sample B-1)
LM (Sample B-2) Y10 L7 b D &ER L. MIEAZTT -7z, Fig.1 (2 DSC OMifRHl 2 <3, FEFICLZE
L7 7 FAnGEoi, MIERXRGTH-T-,

3. BIERER

Fig.2 |Z Sample A, Sample B-1, B-2 DHIEFRER LN, ZE £ TIZHEH RS (NMIJ RM1401a) O HLEVE %
R, HIEE 300~600K 13T F TOMREFF CTITo 72, Fig2 IZBWT, TRNENOREFD T T —/S—(X 5
[Elf 0 R LHE OFEHER A TH 0 . RS (NMIJ RM1401a) O T — S—|[JJLEARHEN S TH 5, R
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4. ¥
FUWVMRBMRIERMELE LT, /972 —R T RFOBESEZBAIR L, 300~600 K i E &
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IVWHECE 2T U ANE LN, BIEERLY ., EEIIREIOR RO ELZ TR EEZ BN
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[1] PR, KIXRZE BEARH2ILEFIA - LRI JERFZEEHREE (2018) 202-203, (2017) 196-197.
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FEICBERE BRIy & LTV =7 L& W,
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Complex formation
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Fig.1 Thermal conductivity of nanoporous material. Fig.2 Relationship between third power of absolution  Fig. 3 FT-IR spectra of SiC as received, SiC after
temperature and thermal conductivity.

Table 1 Calculation results of coefficients.

Coefficient A[W-m¥(kg-K)] B[W-kg/(m*- K]
Ist time 5.2x10° 5.4x107
2nd time 7.8x10° 10.1x10°
3rd time 8.5x10° 10.1x10°
4th time 10.0x10° 10.0x10°

Table 2 Measurement results of BET specific surface area.

. After heating at 1200 °C
Item Before heating (after th 1 diffusivity test)
_ - e c . SIvILy tes Fig.4 SEM image of (a-1), (a-2) before heating, (b-1, (b-2)
BET specific surface arca 974 mg >4.6mg after heating at 1200 °C (after thermal diffusivity test)
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4. fEim
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HOR) 17 5 ETHRT L 2 L3bhol., ERBMRERMHTORE, Z OZITEE LI K 2 BAEREEOHEN &
SiC EDEEIZ L 5 5  SHEBDHINC X D5 DO TH Y, BRI A7 59 2085 4 1RIE 248k 0 =T HHCHER
T B0, S<EMEBNCTF ST AR5 B IX—BIET % & K& EINT 20832 0O%ITEI L7222 LavbioTz,
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[1] T. Tasaka, T. Ohmura, S. Hagihara, A. Kondo and M. Naito, Effect of temperature history on the thermal and mechanical properties of fibrous fumed
alumina compacts, J. Soc. Powder Technol., Japan 57, 612-618 (2020)

[2] T. Ohmura and T. Tomimura, “Study on Thermal Conductivity Measurement of Low Bulk Density Fibrous Insulation by Cyclic Heat Method”,
Engineering Sciences Reports, Kyushu University (KYUSYU DAIGAKU SOGORIKOGAKU HOKOKU) Vol.24, No.3, 313-317 (2002)
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Figure 2. XRD profiles of the LTO/graphene
composite prepared by (a) atmospheric and (b)
steam heating.
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Figure 3. Cycle properties of the LTO/graphene

iz, BN EMEE AR LT RO AR composite prepared by (a) atmospheric and (b) steam
BF TN TETHD. heating at 350 °C.
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j
dw,; B
Ip W = Mpi—pj + Mwall (2)
j
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aEf
E +V- (Efuf) =0 (3)
asfuf 1 12

ot +V- (gfufuf) = & <—;fVP + p—inuf + ff—p (4)
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field>®.

100 (..._‘. \I'P-"AWNW
s 4
sof & f 1
e £} -
z £
> 60F E5y 1
£ S5
= SEs
E r é"g . Experiment ;}f .
74 \F Stmulation
20 f& ,0;}'
=
i A7
0 !" -\n(?ﬁcu"( I
1 10

Particle diameter (um)
Fig. 2 Comparison of simulated aggregated particle
diameter distribution with experimental that at

dynamic equivalent state>?.

57, 176-183(2020).

B% I

1) Takahiro Kozawa, Kayo Fukuyama, Kizuku Kushimoto, Shingo Ishihara, Junya Kano, Akira Kondo, Makio Naito,
Scientific Reports, 11, 80342-w (2021)

2) R, AIRES, KEAREE, NBEEL, IARil, NERECE, B L FRG,

3) P.A.Cundall, O. D. L. Strack, Geotechnique, 29, 47-65 (1979)

4) Y. Tsuji, T. Kawaguchi, T. Tanaka, Powder Technology, 77, 79-87 (1993)

5) EARE, nith, &7 3 > 2 X, 55,668-671 (2020).

6) K. Kushimoto, S. Ishihara, S. Pinches, M. L. Sesso, S. P. Usher, G. V. Franks, J. Kano, Adv Powder Technol, 31, 2267-

2275 (2020).

GERIBFFED S « A~ — ha—7 1 77 nk X54550)

— 176 —



MR X 5K Y <~ — KT o RSN BE 5 5 B3t
INFE R 2 Fele & 2 7 LRI T 220 B
KB SEIE
1. %S

Wi (3 EARRL T 2 Mol i & & 2 ARIECH b, JREIORLTRICIE U T4 i e iE 2377
LT3, $72, B VI BT AL F -2z b5 &, BEEER? SR AL ¥ — 0BT
Bt (X vzvr 2 bavilts), S0 (Ah ) TPhN) RAFVRERTE, CHEAN )T I
NER IR, YUHIRECTIE, AH /T IANBHRTCERTE 7N A AV ERRALEZRE) <—0
EARIGICBET AR %2{ToTH Y, DRHRED A CEEIMADO KT ICK Y ~— 2 WE X & 2 HAK T
DFFBELCII LT 5,

AN IANVELSKIGE, VIBHICERT 2 AN IV AALRA v 2 ELABBEL T 579, #
UM AR L 2 Wi Tlt, KEAEHT 2228 TEhdr o, LA L, MEE oI IZHKA
WA HE LZRELFRINTE D, MO 2N 5N 2 050 H3IE & A LT R Rk E
DHEHELTWD, 20X RIEOEIW) CEERFRIICEEZ 5 2 5 2 8T, Bt itbi
CCTHBEFRKFRIICKY v —%WEIH[{ RN 1D 5, £ 2T 2017 FFEH» D, DX 2Fk
EEE T 5 RIRKPEARETE O NI B B O E CHRIFE 217> T %, RIFFEIRER
HIRGEED 728, HEIRIK & R840 S0 um DR F % W CEBRE TV, WEEE, 2 A/ 7 Ian
HAMIGDETEHERT 2 ICE -T2, ZOFERICX Y, BIWIC X 2544 2 BRI X - CHERR 73
masEE LI NE 2T, /) ~~—DEAKIGHEITT S L 2L 2ITL 72,

Z CCHEEIL, COFEMAEEBROL YA T 4 T—~CHT L0, BT 4 77— LRI
TWBRAEN lumD Y A7 47—, FROERZITS 2L, RFEFIRESRELS
72, EEEE CORBRICE T 2HMBEREICKERZIRE L, 72, EHE/ ~v—FIhT LA
WK ARZYAIEAF L (MMA) TH 5, BERE I VI X 2EER#ZIT, BEAERIGDHETICOWT TG-DTA T
RY AR ZVAEEAF L (PMMA) DK EEZRL 72, 723, SEM I X O TEM B IC X % ki RiEE
LI FE - T-o TRy,

2. EB

KEEE IR AT I 20 vBOKEY v 7y MMEEOEREI L (BENEE 130 mm, MM E
SUS304) % w7z, 2, Mg EZH T EENTOr — 2 =20l d G e ko Tk Y, KT
ICHRWET N 252 bW 2 EECTH 5, HislkHIh%Er Rt L CHWAZ AT 4 7 /%083 um D
VHh7 4 7—%F\/=, Figd TR 791 %, Fig.2 I SEM E{R#% Z N Z Rl 7z, €/ ~—IHikRD
MMA % ERFEHA T CIREXRE L CEASIEAZRELZb 02 /HRHL 72,

EERIZ VA7 4 7 —I1C MMA % Z L2 AVITE SN LR I A L T 30 ~ 180 min &} I LI
X B %AT 572, 7nd, WEEEFEREIE 2000 ~ 3000rpm (FhS 0.15 ~ 0.6kW), AiEE Iz %
PR 16 °CLATICER B 3 L MR %2 1T 5 72, JUBRR IS b 7z K13, TG-DTA HIEIC X b 600°CE TH
mEERY) v —DEKICO VTG L 72,
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Fig.1 Particle size distribution of silica filler Fig.2 SEM image of silica filler
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3. BEBIUEER
39, FRoREEOFAEEZIT>72, ¥V H 74 7—D BET iEiC & 3 HLE MR T 4.15 m¥g, BET
£&lx 054um TH Y, Figl IR LK TFEMMEL ORI NI AT 4 7 VERICHN TR PRI E W
& 72 o7z, TilE, Fig2 © SEM W% R 2 &, KRE 2K FORIC 0.1~0.2 pm FEE OB T 2377
HELTEY, BETIETIER oMM FI&0onzbot Bbhd, —/T, Figd DR RS L IX
ZOXIBRTFRER LN Eh b, ZOWMK FIFRE R FICECEEL AL TS DL
Bbhd, Fig3 vV Ah747—30g XL, 5mass% O MMA % 30 534IC 4 BIRML CES N7z
K7D TG-DTA #ifk 2R L7z, KXY, BEDO TG 1F, FHEIETHIZEAEELET, K ~—134%
BLTWhWnWI ERbholz, TNIE, YU AT 47 —DRFEINI WD, K2R I VEERIC
ELTCLEY, BoZzX RS NEMA 2 ERTERDPo7ZIEDREREELLINDL, £ T T,
Fig4 1 100pum DT NI F =X Z A CTEBEEZIT > 720 T D TG-DTA Hi#k 2R~ L7z, XY, TG i
i e i 350 °C e L Ts D, RY ~—DERIPHER S N7z, Figs ICT L IF € —XDR
&% 12 12 L TfTo 72 TG-DTA #i#R %/~ L7z, UBRREEIZ R 2 223, TA I+ —X0@dicky,
RY)~—AHBRERKELBIT B 8bdroTz, LT, TAIFE—XRFEAKIGICKE LF
HGlTtwatEBbnd, LrL, TLIFE—XZRML CERMLUEZITS &, DT VAT 4 T —
B—EREICZLLTLE S e ABIEI N, EREoHAROmE % Fige ITRL7z, KXY, Hv
TNVIEEL-ME R -oTED, 278D, Bbhr b, 3256, ©—XLEREOr — &% — T8
Wiz o=@ Reltl Cnwb e Bbhsdh, BEftoFEICOWTIEFAHTHE, m—X—
PODATVYLRAAVEZIBEZLNELD, ZNETTIERL, KI~—Dh—FR/LHAELTWBEH]
REMED B 5, S, BEMLETRY v —4RT 2ERICOVTHEIT 2 0E 2 H 2 L Bbh s,
(FFEFRESE : A~— 1+ a—F 4 v 770k XE5H)
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Fig.5 TG-DTA curve Fig.6 Photo of the ground products
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U F U bA A BHLO B ERE OREEH

REHFERT  THHIER DERR 0
s

1.

UF U LA ARFER ZREMOP RN T, BEMEOBLANDL, — RNt T I v 7 ABE7 vk x|
& % i OIS DS S 7 AR OERLS IR S T D BARE OER e AR & L CiT LisLasZraOne
(AR, LLZO)ZE HaL D3, i, IV ABEREEORERERE CER SN D Z L3y, &l LTS 51
B L S T BB 2 T 2 MBS D03 I REEYE, B, ROBERSICRT 2 8E 7 e R ICE
VB R 7 A A, ARRFFETCIE, BEIREAE D LLZO % & IEHERE CRUB (L S8 5 720 O IR 7L %
/HZEEHNE L, Lirto—% ABHZEH#L L7 LirsAlLasZre012 O T x 23 0.25 O & X575 RN E
{6922 LDNWE SN TWD, £ Z T LisssAlogsLasZr:012(UA F AI-LLZO 2 &R L7z, 22Ul X v Al EH#C &
% AI-LLZO OBefEE~DEEE O, Al-LLZO Ok & BAUE L OBIRICHOW T b ET LT,

T

2. FEBGE

JEBHZ @M D LieCOs, La0s, ZrOs ZJFEHI Wz, @R T Li HREFZE LT, prE®mIst LT
10wt%i B D Li2COs 2 M2 72, & 5 Litd—#%& AP EHAT 5 72 DJFEHZ AIINOs)s « 9H20 ZHsIn L7z, i
BH % 2-7 1% ) — VIR TR — L IWRE L, RS RRFHK CROGNRE 900°C CTHREFRH 5 REf D
M CEMROES Sz, AR ORFROMIEE 2-7 0/ ) — L& WA —L I URRC L 0 T 7, HERE
106 um A > ¥ = TIERL 72t —ilii/E 40MPa, #G#1% 5ENIE 200MPa O S CROBARZAFR L 72, BB
% AIFLLZO RERNC R U 72550 TRk L, BERGIEEE 1050-1150°C, {RFFIFR] 1 B D5 CR&H CF T BERS
EAT 5Tz, ETBERHPEIC DU TR AT E 2 O TG IR A E U7, 15 STz BERE RO A 4 ARG 1TAE
WA = AEEHWTHE Lz,

3. FEBRER

Fig. 1 \ZARR & MR K 0 FRIL U 72RO R X RRET 2 — o &g, AT & LT AIFLLZO T
H DD LaAlOs D —7 H B bz, MM T Th LN ES G LLZO O —7 §—Hiisshi-, Znb
I K DRSS 7 A & T2 o 72, Fig. 2 ([t OB RO 2 3, SR OB IRIE— IR 2803
1—2 pum OBEREHE LIRS, RN K0 1 pm DR OMKIF & 72 0 RLEES3 41 Tt 50% KA 0.6
um &g o7, ZOMREFER U7 BIAR O 1T 55.6% & 78 o T2,

Fig.3 12 AI'LLZO & LLZO O TEARDBERERFORGHEHIHRE 277, £ 900 °C 2> HIGHED B L. 9 20 %D#
Wi 2o Uz, [AIFREE DRIEE 285> LLZO & Higd 2 LRUGEEN DTN NS Te oz, BERGEE 1050 °C 35
LV 1100°C TERFFIRFRTAY 1 RFR CRERE L CHARIEEIX BN 59 88 WA F & 725, RikEIXHE D o,
CNEBEREIRE 1150°C & 45 SRR b o7, Fig.d (IR 4 B oOMisGE 2719, x5 I3 92 %
TRIFHEN 200 pm £ TRIEKET % Z L 3o 7=, Fig. 5 IC&BERSRE TRERS L7- AI-LLZO BEREAD T 1 % 2
ey bERT, ZHE VRO GBI B BB RO RA A ASERE R U, BERSIRED B3 512D
WTCA F A=ERTM L, BERSREE 1150 °C T 4 IR FFChERs L72alBl oA 4 (8513 2.2 X104 S/em &
72T, BERHIREE 1050°C KON 1100°C CERL U 7= RS AT, RO Ml R Sz, RN E< 725
Z BN,
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AN NS T BB RERAN S/ T 57 T7AF v 7inbD REREB L OZ OREIKSHT

BRRHEKT BN
gk e H F5epr T

1. BW

RERMRANEH T IAF vI1L, TLER/AAar 2l QT NERIZE RS TWD, 2SO E TSI fE
HENTWLRBERERNEGH T IAF v 21%, ZEIV AT NVEZIENI A7 VEND0, BUKTIE~T VT U4
ATNDIIEED, XN AT AT DO W TUIRFT STV, FEBY A7 WEIZEO I A7 VARt Uil
HER B NWT TAF I DRI 24 TR LS B THDHIZ0, 7INNIF A7 N DT O iR 38 BB T O B % 3
RODOLENTNWD, KFFETIX, RERERHNEH T ITAF v 7IZEICEHFSN TS DecaBDE(C12Bri00) &,
TBBPA(C5sH12Br40,) D 2 FEHEZ ‘I G AED AT /47 0V RS R LT Bl R B AL PR R A et LT,

2. FEBRIGIE

ARFZEE, B s L Tl R R — L UL(KURIMOTO, Ltd., BX254E)% U 7=, #3413, DecaBDE (Z%fLC
1%, ARBFASE 57 mdm? (%L C, BEE AL L7 D 0 B A 0.5 g, ByREBhAIEL T Si0, % 0.5 g, SUSBIFIL LT
Pz 1.5 g ALz, R IZERS | mm OV a=7R—/LZ2 AT, HE 185 g LARAIHEEAHR AL,
TBBPA (2L Ci, 38 0.5 g lZxfL T, Si02 % 0.5 g, #kn% 5.5 g LT, MRk 4 REf &L, [BIERE0X
609 rpm & L7z, ¥ptets, ¥yterEY o @ DecaDBE & TBBPA D E X H A/ a~<1757(GC-MS; Gas Chromatography,
Agilent Technologies, 7890B)% FH\ Tl & L7,

3.1, AN IBVIEERIA L8832 L5 DecaBDE D43 fif

Fig. 1(a)lZ/R 9 ¥y HEBE Sk 2 EY > DecaBDE & D 4R 5, M N EL< T 5151 T,
DecaBDE &3k L, 2 KEfiJf2E C DecaBDE &ENE &R FEA FlElo72, HIZ, FT-IR 43471 (Fig. 2)72b,
DecaBDE (ZH5 A0 .55 C-Br MifEIEEN(500-700 cm™)DOE — 758N, kil 2 £<T DIz o T/hE<7
D, 2 BEIZITIRZEE R LT, 20720, ERR— VUV EHIZ DecaBDE & 53R 92549 /- 01 VIR AT
TeZEN MRS AL,

Cagnetta ©» V2%, DecaBDE Z ##pr & SiO LEAIFEER— AL IAVHHEZITILITXY,
DecaBDE(C12Br190)7* Graphite carbon, amorphous carbon, BriZfif X 415 Z & i L T\w» 5, T 4113 DecaBDE
DO ~DOETBEINLDDEETHY, ZOXI72T7 VN -T =F RO AT H D D AT 7m0V BUS
DM 72 THHZENRFNHITEY 3, KAFFEIZIBNTH RO SR AEL 7228128 DecaBDE 233 fifL7=&
Bz b5,

3.2. AW I BOSEFIA U802 LD TBBPA 43 i

Fig. 1(b)/\ ™ 9 R R 269~ 2 ¥ s Hh > TBBPA B D BI#) 5, DecaBDE &[RRI 2 K< 4512
ST TBBPA BN L7273, 4 KR T BIRAMEL FIEY, DecaBDE &L ~ALBHIHAE AN Z LA HERS S
iz, ED7=8, DecaBDE E[FIERIZ, A /I T L5 C TBBPA X453 fi#E 4172733, DecaBDE L0134 fiELIC
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Fig. 1 Relationship grinding time and amount of (a) DecaBDE or (b) TBBPA.
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Fig. 2 FT-IR analysis results for grinding sample and DecaBDE as reference.

4. fEim

AWFTEIL, RFERERAITHD DecaBDE & TBBPA %% 41T, HEER — NV EEI AD )7 IV % T
FAUT= 5 R Z 13U T2, DecaBDE* TBBPA &2 AN /7 I VR IS Lo TR D LM AT RE THHZ L& TR LT
N, FINF OB N R/ AZ AL LT,

ZE IR
1) G. Cagnetta, K. Zhang, Q. Zhang, J. Huang, G. Yu. Mechanochemical pre-treatment for viable recycling of plastic

waste containing haloorganics. Waste Management. 75, 181-186, 2018.

2) K. Zhang, J. Huang, W. Zhang, Y. Yu, S. Deng, G. Yu. Mechanochemical degradation of tetrabromobisphenol A:

performance, products and pathway. Journal of Hazardous Materials. 243, 278-285, 2012.

3) Z. V. Todres. Organic mechanochemistry and its practical applications. CRC/Taylor & Francis, Boca Raton, FL.
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BOKMET /B2 W To @@ 3K O T & 2 OF S OB 5

RBFSERFRF e TAFFER
WA

1. BWY

NAFT7 4V ME, Bib - EEGEEYR, @RER., Bl d. NTZT7VORKERDGAELZ N, LL,
INA T T b DITHERER - HEEH IR ICHEMETH D720, T 5 OREICEYNI G T D HETNTEFETH 5,
NAF T 4V APRERT D T T MITERR S ORL N, filz X, —R, BEER WX S e REE O &
TEZ2HWEMNREDb->TEY ., 1 FFBT30~50 E FLOWENHTWD EEbhTWD (EmEHIL), £i-.
WA ORBNIALDOEEEZHL I BEDHETH, N AT A NVABREDOTZDIZAEET A U E21bd D 2 LITET S
N (BAEMTEYL) , & BIZ, JEN 2O, BAEMDASA T 7 4V EEEKT D & dix eilittE 23835720,
KEOEFGTME L >TLTH, XA T T 4NV ADORENPREEIZ/RDZETHD, LIRS T, XA AT 4V A
FERR DMK 2 HEST T E AU, Z OB EITF 0 i,

2016 AFEE TORFEETIE, H 7 AERE R ZBUKMES Y VR CTREM LT 5 & RE~OHEER RN
B ERFEZKREIC L O EDITHBECTE 5 2 L 2B 5202 L72[1], 2017-2018 EFETlE, 77 > b DEE S TIK L
WHNTWAH AT VL AR E & BUKET ¥ = 7R - CREM T U7 AR A ERL L, A& & eI & SR
B < AFEHOWEFIT 2 HELE L=, 2019 FJE1E, EREOEBREHNT, ABEEZETAMEmE LTAL 4T 4
Jv DI ORI B B T & B A OB IR IS SOWDTRET 217U, SUS FEMRE I II AW 2 8 L 5V,
ZOFRKME BT R TS D & MEMOFENIIH TE D Z L EWA LM LER], LaL, #EmD
75 % 2T 5 2 L IR TH D720, AN I DBRESCEANC L 28 FE 2 EOBRIELIRAT S Z L3
FETHDHIENTBEINT, £ T2020 FEIE, KFEEZET VAEWE U CTERIZAE LIZEM O~ 71
N7 (MB) & RWEERE () 23 7,

2. FEBRFGE

EFAMAEM E LT, 7T AEMEHE O KIGE Escherichia coli JD23004 #& (HEE/RIERR) A2 L=, BEIASEK
Wit IRX—=H T A, KUY AZ T UNEEATF I (PMMA), A7 > LA (SUS304) @ 3 FlE%A 72, SUS304 1X,
ZDOFEFE D SUS Fobr, BEREI NVARNEIEE 3% W CHRRREIZBKET # =7 F ki (AFE 7Tom) % =2 —
T4 7 LT (TI0/SUS) @ 2 Ml #efi L1z, ~A 7 a "7 Ui, MEREEIC L 0 EESE (MB £ :
10~100 um), 30°CTHR & H H5& Lo RIGH 2B L, F 9 m 008 L 0 8y 2B E Uiz, wic, AfaH
KTIEIPESFTH I ETTEHRTMANRY ~—%FrE L, DI, Wi L2 KIBE %2 SYTO 9 & PI TAE
Yutt, UT= 1k, HEARRRETR 0.1 mL % B LIS T Uiz, BEANC CATE OFREFFRE . MB iR oot L, JbiE
L — W —HEE (CLSM) THlZ L7, Bl BIC/EF U EREuE, B AEE Y 7 - Tmage JIZ LV AL 7=,
3. FEBRFE R B L OVEE

F N T AR E ST KGR Z, MB 20 L72KkH E MB 2258 L CWOZRWKHFTIR & 9 s 4217 -
7z (Fig. 1), ZOfEF, BURENZ L12, MB 2458 L2 AKP T L7525, MB Z 25 L Tk i
L7ze &0 bR BICEE L TOEEREITZE < . MBIC X TG EMEN T L NS o Tz, NI N [EER
ECTE 22T DB, REFITIZA S 1 DRI HERR 4, KUK — IR IR — BER D ZFB AL S 4L 5 &AM 3
FRESNRSTVZ LRREINTND, 2 XY MB HURICAED R E Lo R A TIRE S WRiRT 507
ETIX, MB E A OBERRRER S . AR S R o7 2 L0, TR BE O o o B A H
RELTEZBND, AT, KFIZ MB B LTWD L, BEMIUT L CRAEDEES = x L X—03 KT L7z
ZEBLHERELTEZLND,

FROMBEE MR T D0, BA—T T A EMWAEWNRE Lzl %2 T U CHTEDRERERE ST MB &£

— 183 —



HIHTHLIRE SR T D HIEC DN TR 21T 72 (Fig. 2), TOMER, MB &AM OBEAEERAS 10s 2L L
W25 & EMEMORENEPEMIC LT RN oTe, TR EY, HMEIZ MB % 10 s BA E$E
filt S5 &, KIREO=ZFMBER Sz L HEEZIND, Lo T, LLFOFERTIE, MB il 30 s #F kSt
ThbiRE S Wi &iT o7z,

WM OFESEZ 25 2 TRIGH % 24 FEEE L CTHE S T bR 21T o B O EFH A Fig. 3 127”3, £
Tz RIBEPSFEEMICATE Lok R B A= 1L ¥ —21 AG % Table 1 [Z" 3, AG 23 & 72 % SUS304 13,
AG PIEL 725717 A, PMMA, TiO2/SUS304 & LT, MAEEBEDKI 2 52\ 2 L3 ghole, THRH DM
FR%Z MB W LR, WTHORERIZIE W TS 90%LL EOMEREKEZIRET 2 Z LITE Ly, iR
BICED2AEETRONR T, 2T, BRERBEOMNET LD & MB & REOME R RKE W= L
WRIND, —HT, A7 a"TAERWNELGETH, MAEMOINEZ TR T 2 Z LIIRETH - 72,
ZOERD—SL LT, MB & RIFEOBEMIERNEZ G D Z L2 D, MB BRI ORI OV THRFT 5 &
B2, FEANCLDEER IOV T O T 20N H D5 2 L PRI S L7,

References
1. T.Nomura, M. Minamiura, K. Fukamachi, S. Yumiyama, A. Kondo, M. Naito, Adv. Power Technol. 29 (2018) 909.
2. T. Tanaka, E. Fujisawa, A. Yoshihara, Y. Konishi, T. Nomura, A. Kondo, M. Naito, J. Soc. Powder Technol., Japan 57
(2020) 588.
3. H.Abeetal, Int. J. Appl. Ceram. Technol. 9 (2012) 928.
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1. #5

F VA XDV HHFERAIE, BEEE AT 5 2 & TERWVIETEWE, IKEEERNE, B
BEMEZRBLT 5, 2D OBERITNEZEB ORN/NES L D128, FrHo, EROFEHEEHITE
DO AELLFIC 25 L XVBEEICR D, 2k, WEZERORN/NSL 251 ENEICHEETE S
BRDOGTENWOT 5 E LI, ¥z VNBERE T R L — O RIZHENER D 2 e S
52 ECRERT D, BEHIZBWT, REY BT RTFERY U LE D AALTEEAE T 4 v
L730.026 WmK & WO REMER A/ R L2 E a2 Lc[1], ZoEIIRY oL 7 0L A
DOBMRERDOK) 1/10 THY, YU INFEETIHICHLEOLLTERDIMRER L IFIEFRETH D,
ZDXE D REOEEWEE, A XD EFFOEIT TR, Y AMREE S Y I THER S
NTWbHZ EITkD, 2F0, vaxY U #EEichsrEaximns, BMEEEMZ, WEWEEZED
TEBEZOND, ST, ZTOBET 4 AMIAHNGE & 90%EiE L, I 1 THHER
PEE T 720,

WL DD BRI B LZERE DO V0. D 5 6, V0, (M) 1% 68°C A BEIZ AR O IE T BT 5,
AIFIER, BFITSROMEZ R L, RIMAEBRENBD T 5, 7 a bR EA F 2T
HI L TCEHBEEAZEZDIENTE D, V0, ITMBIFIE F CHEFITEHIL LT WDk
VO, (M) 2455 Z L3 LV, BELRWERILZINZ 572012, B FEHKCEEZE, N, FHE0NE b
Do
BRI —E7 0l v 7 REERFFOA~Y— b U 4V RUEHWD EIEVWHE LIS Z L8 T
x5, Av— U r RUBREEBRZERECOE, EF VAT LT a v OEEE 28I
HOIZHEMTHAH, L, RBITBIT 25 V0, OBVRERT 5 WK L&, 2 A NEEBE L%
236 V0, DB IR 2 m D 5 72D1T1%, EXOBEANGRTH D, MiEWEZ BB I 512X, 7/
YA XD b EDEDRENTHD, PMoET I a2 b —va i dsE, /LK
THvRFXY AN OO RGN D Z ERNgoTe, 2T 7+ ) UEBELERZ L,
BMRENEL 2o 72 2 ERWEWER LICFS LB 2D, AIFFETIE, A~—FT7 4 K
TNH T IR WT B & W D EBE A B o B0, 22T Y o RS V0, ki AR S
Bl BRI,

2. EBRGIE

hzes U b 2 RiE, BRSSO X, R T2 U AieET 7 L— e L TCAKLTE2], VO:
DAL, Suzuki b O EHI[8] A2 25 & L, Vanadium isopropoxide & Iso-propanol/2-
methoxyethanol IR G A 90°C2 IRffi], ZEFIFPHX T TIEI NIZIBE, £ DT acetic acid &t
EEMZ, EFFTTXL— MRS T, F2Ehf/1-butanol 73K & 7&EKEMZ T2, PIE
Reff 4, o HOR & B HE, Ve L, 80C T4 FrE L7214, 200 CZE XTI, £ D%
600°C1 FFH=HFF MR TTY =— VLB & L7z,

RONTRATEFBMEBEIC LV R EZME L, MafiEz XiEH (XRD) 12X~
77
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3. fER-EBE =

¥ 9, Vanadium JRIEFE & KDOBIMED VO FERLIZ 5 2 3;8050 F . IQ %
% 5B % i~ 7z, Vanadium iso-propoxide Z 0.1~1.0M (2  £40
ZlLSt, REAN BOLEL VIR Y AOKFELE 6/1, EFao b
VLICIEE LTz, SilEg» 5, VIRE 0.25, 05M X §ao |

HE, v VOWRENCY Y B TR b3 N T A NERD 10
F 2RI EBIL, 0.1MINZ 5 &, HZERiD Y =L ELX

ST RS, LOMINz 5 E, YUy = 60
W T CEPRAIEEHR L, chboF skt 5o fP) —
XRD /<% —> 775 V0 (0.1 M) , V203(0.25 M), VOz (0.5 40 } T
M), VO2+V203(1.0 M) T D Z L 3y Dvo 72, 0.5 M JEEEN 30 f
NI LD EMZDDITE LTS EEZ ST, 20 f
VISiktb% 1/3,1/2,1/1 &b &E 5 &, w4kl =iV 10 : :
HokT /R TR SN TN A 2 E N5, 1/3,1/2 Dk LR
X, VaOs A A THEKLTED, 1/1 DL x VO AN 60

I11 %

UR LTz, S b ORIF OV —E 2 0 v 7 AT L7 S50 ; Jios
R4 Fig. 1107, VO MM L7z VISi=1/1 O&MET 40 Bana | S
{EBL U 22t 713, 17K VO ICICIT 212 80— 2 Eao

0 v IRERERLIZEWVWZ B, E;zg

10

4 = 400 800 800 1000

- RE Wavelength/ nm

thz2s U 1) kit OBRFFEEZFIA LT, v —FE7m Iy "
RIS V0o F / fip E s TS, il T

VO: L0 et nmntr—E 27 8 I v 72 R OhL
F DA LT, ]
16.0 %

400 600 800 1000
EE3EN Wavelength/ nm

[1] M. Fuji, C. Takai, H. Watanabe, K. Fujimoto, Fig. 1 V/Si [z (D)1/3, (2)1/2, (3)1/1
Improved transparent thermal insulation, using & L TIEER L7z VOg HEFH1 2567 D4

nano-spaces, Adv. Powder Technol. 26 (3) —E7n v 7, (@WIXTIR VO
(2015) 857-860,
https://doi. org/10. 1016/ j. apt. 2015. 02. 012.

[2] C. Takai-Yamashita, M. Ando, M. Noritake, H.R. —-Khosroshahi, M. Fuji, Emulsion
templating poly (acrylic acid) with NHs/NaOH aqueous mixture for high dispersed
hollow Si0, nanoparticles, Adv. Powder Technol. 28 (2) (2017) 398-405,
https://doi. org/10. 1016/ j. apt. 2016. 10. 010.

[3] H. Suzuki, H. Miyazaki, T. Fujiwara, N. Yamamoto, T. Ota, M. Takahashi, V02-
Si02 nanohybrid particles by nanocoating on monodispersed Si0O, particles,
Ceram. Soc. Japan, 112 (5) (2004) S994-S996,
https://doi. org/10. 14852/ jcersjsuppl. 112. 0. S994. 0
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T EAfgEE
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TIVE T TR ORI 087 0 B AN EERHE, SEEMICRIT TR v ) 8T, BARSEIEHET A
~v—ha—T 4T RS E ORI EED TEX 7, B _BITbND TEL TR, 2at A L AR
B 1L SR OB D —RIO I ORI & 7o o 7=, BHIRFEEIT L T-EKT/BAE - BRLE - LT - T
F (BSENTEHRFAEICSN) &R DR RIEER A2 (A&, BEAREIEATN RIS IS8V T
ORISR L REREs Z bz,
AENFO T8 LR LIESA D72 L D BEOEN LIS OAREM]. @ TRIREEEARE - N TSR
EDOHREROREEMAE] O ZSOFEIZ OV Tl & REEEZ 1T > 72, S BEIOMZEO T FHRIC 5 FFHOE L Lk
KRS « RSB ARE - TIROARE, WRER 256 U, FaiChER S AHIE 2 KE L7z,

2. FEBRAE R
O s+ KBRS OEEZEIC L D AR OEW LIS O EREM] 122\ T

RO R D 5 FEHOE LILHE R REIUES ZBADFNImIE (% ¢bmm /ba=77HR—/ 150g 250rpm
3.5h ) L7=bDENERREICTEHERNCELT (60.5mm P/La=77R—/_ 200g 150G 10min) Z{&K4H, D50% T
0.29um DAZ YV —%57, (M1) ZOEEZHWCTEROREZZ XY 7V EERK 5 FEOEKROENZ LD
BEOENHE T S DM, R FIRENEVIREE TR DIAATEY o 7 )V OB DIRHTIZ X DY R OE O ASBLRIE N,
(¥ 2)

FLZOBBHELI-AT Y —2HAWT, KFEMRRENTHM (Y7 h7 oz #88) Rtz minBliol,
FEREEM B L7 LI DL TYRD D Z N TE 2, BIMIEA T U — B CHHEZ YT DI+ 72 I 2
HHZ LR TE, (X3)

@ [RKERE AR - N THEER EOTRERI ORI EFHRAE] 2o\ T

ARl E COELRMFIETT X7 4 FOT LA 7 X7 N X DBMEFT. KiE L ORI —TOREEMEN S 5 HER
M ONT-Z END, FNEFERER~NEHTARACBT LN TE -, (BEORFZWREN REES
1 8K0 021 7) AENIHIRORKAE EE BREORLEE A0 OFHZKHEH L 7o, AT I &R AT Y1 F— (40w
Smin) THHUSLIRZIT o 72, IGE SN TN D RBEBEAREOR TN DD 2 & T, iR I T X D HERE 3]
Wr Lo A n &b s, BB, RSB EARECIIFE LR E A —H —DEWIC L VA R E L BEND 5,
AEHE L 4 FEOBEHIE D50%2 um~7 pm IZIRIAS A L TEY | A DREEEIZ L 500 ELZTEST 572D
REICIRZR TV D 2 ERHRTE D, 45 BIOMIESM: (¢ 0. 5mm /L =7 4KR—/ 200g 150G 10min)
TR 72 TH— RIS 7 I 7 a0 VR FICE T CTE 2 Z EER S, (K 2) FICHEBREON O 4 Fl
BORKREREAREO R ThHe b DSO%BI K E W [0 L (F)ID] 23, Mt s D 50%03 /NS W2 &R TE %,
U ORI BT AREa L ha— LIZ O N LA RARERTH D,

F7AE. TREZ AL RO NI T )— e a2 KT — o f = —F— ) — ORI ENAARE L RBAED
FEICL VT Z & oTe, RINEREBRECH L7 & [FAROLE (¢ 0. 5mm /b =7 HR—/L 200g 150G
10min) ZATW, V7 I 7o kiF~pied b 2 E Nk, 72720, YL T T —E a0 h T — (2
LTt 79 7 L EESEDREM A RZ T 5N 5 2 &5, EEIZE ST WRL IS LTV D ATREMER &
5o ANV R —ZBAL T 0.03~1um EFTHRASHEZNTEY, 0N TEHREEHRIRSN TN,
AT L CATOMARITIE SN TH D AEOEIL L KELL AR EITHEEZED -V EBSZ TS, (K4)

.S

JL[EIRFZERRAADN B 5 4RSS L, B8 L= KRR O 7' X 7 b R T2 i DAy B, #5 < 13k Bk L T & BIThE
T-ZHIE L aE o ElEs & S HBARONEC, B, M, 5EOKRK - N LEEER R ER-7280 0o
ENEENTETWS, 5% N0 OREICKHST AT, BBIIC/ELR E~OEH LITo T E vy, 51,
WEEHEM OILN Y b & O BICEAREI TN EE OB S 2T & 720,
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1T ERILRRRLIES 5 O T > TV iR 2

HFERHEDASTE(D50%)

D50%( tm)
e .25 )L IR 2L AR BESNILESR
) (R5Y-) (©0.5mm200g
150G 10min)
o)A 1.41 1.92 0.29
oI 2 1.47 2.23 0.27
YT 3 1.43 2.29 0.29
BT 4 1.15 2.05 0.27
HoTIL5 1.26 2.16 0.28

XRTALIR- B E K 40W 5min — REDSFAH— 150W 1min

H 7)1

H$r 72

H 73

Hr 74

HTIVS

2518 10014

K

> R
4% ‘8
2 =

20012

2 EHILRRILEE STEO Y > TIVHRMLE#K D 2 5 ) —D AT
AR TN R EE (L B W\ TEnlilE R 3 W TR 0 20ml 30kt =
0.5mm Y3 =7 E—2 200g %\ 150G O H SN T 10 4y
L D50% T 029um D2 7 ) —fBk., ZhEHOTERLD LS &
Y TWEERLIZ. Cho SHEEOEECDVWTIRE LD, £
DFDE VIR SN B,

LD oS TR U ICE T RRHUEEE Y > TV 1~5 20T, D
5 25 50 <100 200pL (5% % 3} 1.8cc (1800ut ) Z5%F L T 0.2cc ( 200u
L) N % 3cm M O LRI ( R —% 51X ) 1L 5B A5 EETOE
FRL T, 200p88B A 554 @I 0 AU TBAT L 1o, 200p88 - oIS (&,
HWHIAKIC LR TFORITNEZF 5N 3.

X3 B HIURRILESS STEOY > TUIC &by 7 b oa 2 (1) NOGAT

EEM & )
ChUSMC LML ALY B EE C B s 1o h FARCEEMEEC AN D 5 TYBAFT S C & hHRIc,
RITALER (< PGALEE > 50°C204y = /K o= i fi= e £4.50°C2045 ( 5 0 ccDBETEHZ 3 0 0ccD BEAENMZ 2 ccD 53 A ) =K\ =
HIRO TR TESRIOH S B LI LS,
B4 ELLRRLTES S FEO ¥ > 7Bk
HFER DAL T E(D50%)

&R % U

D50%( tam)

T - " WEEILNESE

ﬁ%;g’,fﬂ_g;“ ($0.5mm200g

150G 10min)
1 (Db Y2TIN-—) 2.77 1.18
2 @Ik N—) 1.27 0.55
3 Axa—+#—h-) 0.24 0.33
4 (RAREREBBRTWUSA) 2.63 0.56
5 (RASRRBRF(HE) 5.83 0.45
6 (RAREREBRTEND) 2.39 0.78
7 (RASRARBHTLOEOE)ID) 6.98 0.41

XRTALIR- B E K 40W 5min — REDSFAH— 150W 1min
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TIAT s e DAY~ — DI LIE T SO R o B

BIPE RS BRI T8 =1 — BR5E T4
FAREEHE 11754

=
il

AR, A R 2 — OB B L TOA R~ — 2 H S TWD, PARI~—Lid, TA 2 s
—MRET VAR DR B RN E > THRONLHEME DR~ —Th D, 7/ ) —MgikEL
THRBBERIK (7747 v 2, LUF FA)ZHWAZET, BEYMOA B ABREL THIRISN TS, — 7,
FA KL ORENILERH T A E DN TCNDIZD | VAR~ — B LIS OHEFTIZIT R R O 28 4= 02
HEDOBEOMBRVIEE N ST R EOMRER DD, KRR A S TUA R~ — O LGRS
BTV, FA oD & J@AA L DR R E3 50N S5,

AWFFETIE, RN — VIV AT FA RS 2281280 AP AF U BETD Sit' A4 O HivEE:
] _EL . AR~ — ORAE SOGEE AR R 1) 277, T2 DAL DV AR ~—ifE
RO FEAETRE (36 KT 9™ FA KL -~ ORI B D20 A R FT LT,

2. EBITE

ATFFETIE, BB AL LT JIS 3B FA 21T, R R — AU LML AT~ 12, HEEAR
— LIV D AR A 600 rpm ., LLBEFRAZ 30, 60, 180, 300 min LU, &5 7= Mok FA I[23L T4
TR AR R L 72, SO FA 22021 0.1 g T2 Ik I AL, ZOHIZ, 30 wt% NaOH KIFiK
LIREL. 24 h BEHLABULTZ, AIRICHLT ICP ([CXAMEERIEZITV, AP, Si* 14 OB 45T
fliL7=,

AALERFS L OB FA % FIAEAZRICHY, 30 wt% NaOH ¥ EKH T ADRE AT — (EE 3:2)
ZIMZTRVIREA, =AM ERIL T2, oMo — AN AR A SRS TR 1B PAL . SBIEC 24 h &L
CRBHE AL 7=, B, 70° C T 28 HE&EAL THEAE 10 mm, &S 156 mm OM{LEZERIL 7=, 551
T VAR~ — LIRS R LT SEM IS KD iEELE2 . XRD (L DHIRE, A —h T 7152 E A e ek Bk
ZATWVEHI L7z,

3. FERFERB LB L

WESRAR— LV D FA RO SEM BEZ X 1 177, RERER O EEHIT RO R4
fBL. ALPRIFRE 180 min LA L TIXIZEA L TTDOEKIEA fR> TROL TR LB ETTL Tz, ZHOH
FEFA IZRILC, AP A AV BRO SiYv A4 O P EE L7,

WO FA 2 W2V AR~ — AR OAMBL G B A X 2 1R 3, ALERRFR 30 min S CII@uE oMl %
EL TV LB IRE I O $E N &b 22 M AL B 23 5 Z LIS KV IR TO My 2 TRk g o
RIABKTFEN I L LT, BR300 min TiE, SMEICS B DO ZE IR AbNT-,

WRHE FA B0 AP AF L BEO SiY A4 O HFHEZ K 3 1R T, MFERTO FA 226I%, AP A4
23589 80 mg/L, Si** A A B3 150 mg/L FREEVEH LTz, ZAUTK LT, LB IR [ O I & EH IV 3
AR EEIN LTz, ALBRRER] 300 min O FA 73HI%, AP A A2 2349 380 mg/L. Si*' A48
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2 WRET FAT v 2k WU
AR~ —wE AR OSMEL (a) 30 min ALFE,

| D 5.00 k 100 pm

e : (b) 300 min LB
1 AFRLBES D7 T AT v 2 T OHEZAL
550 mg/L BREEVE LI, ZNEHIES 3.7 (5,48 A O o
HORHEERUE, FAR TS 5o ckEio B | -
RN T ABSRESNALLLI, kEon B O [
AR DR ThBEE 2 DIV, E 300 |
WO FA % F = DA R ~— LR o SRR3R g 200 |
JERBROME FA X 4 17T, L ERIRE RS 60 min DL g 100 H I
B EMETRE IR T U7, SR, WLBEERRE 300 min ° Jo . e - .
TIEH 10 MPa ERMFEDFRE S LN TREMETL Treatment time / min

720 FA ZWRETHZLI2E0, APAF B IO Sit
AF L DOFE MDA B LTRSS MR ES L, =
IR TP T kAT O3 Kk IT A3
kL. XIfaE L CRER T3 SEILzEE 2B
5, W FA 2 AWAZ LI IO L G MRS AL
D03, Wk FA ORI TR RBIZ S O TERA R A K
WL TOMENDDLEZZ LIS, KIZIIRL TR
V3, 180 min ALELOIF FA (kL TRLELD
FA 2745 —LLT 10 wt%iRIMLizLZ A, FRAELLL

3T AT v anbD AP, Sit A4

s R
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300

w N
o o
7T 71

-
o

T

Compressive strength / MPa
o S

L@%U‘gﬁ&f%ﬁ?bfco 1,”5(*5}%@ FA |2 LRV SO Treatment time / min

feittl FA BT B HOMISNMERTE LIshEr B 4 BRRTZAT v ag oA~ —
EOWINLO ATREMER ST, WAL O AR

4. f55

WER AR — NV VT FA KL -2 2281080 AR A BROSIY A A OFEHPER A ELTZ,
Wkt FA Ve AR~ —B LRI, LS DIREICA B THDHH OO, JRE [ 235 Y72 4
R ETDUENDLIEN Dh T,

(HLRIBFFED B A~ —ba—T (27 T v ARS8
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JUIN TR F RSP - T 50t
g
1LE®
&Rk 1% | A A T 2F LR — VDV TR E TR S D L, FrE O &b i 23 7
I &SR A 951, Bl I i ijﬁ%@ﬂ%@%—%(r fii, ALV OT AR Ik T35 [2], R—rL
X EITEME TR F 2 E RS T 508, K- ~0 BFM B OWE I VOBV VT E A M %A 5T
&%, BN RDUVTE OO T B I o THMEE T OBROIEEN R0 R &2 (LS [2]— 7L b
XA DA B CE D EMFISND, ThORR UV E VTR D8 B ORI Z B LT,
2.8
HIFE RSB E L T, fligkhs 7- (e P BUSR AT AL 8 . ML35) I LT Fe-6.5S1 B F-(= 7V T hIy 7 24kl
PIS65)% FHV Tz, Il & L QL BEnk (B AR, UCP) %% Tz, 2D A RHE D BRIV 36 KON
AR — VUV EEARSE TATAERL, BX254E) CILEELT-, Zr R — VAL IRE L, BRIV OG5 134 BRI T 5
g, HA2 0.5 mm AR—/L% 130 g, WEINDOEAITEERI 75 g, 5 mm R —/L% 185 g WEHIE AL, ¥
BhAIOBI &L, $IxIL T 0.7 wihe Uiz, Fiz, —#HOREHIERE IV T DRI, /Y7 a7 L
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O EHRIZERIPHEOZFENTE
V. REIHEL AR Z 8k . i .
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U b e BTN ) 715 L Y N W N eV 3 VAR R B S G 5 7

Uiz, BANRIIOBRIC SV CHFHILT, SRELT- o mcmm |

S BREHE R I SO M T AV R EPMA ckB3Em [ | B
DRSS WAL C o To, BN IS Bk FIC IR o)
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DV REFRAT ORI M [ e

ANnseE, ﬁ?ﬁiéh?‘:@ﬂﬁ%ﬁygééhék?&?ﬁ”éhﬁo I (200) | (220) (310) (222
3 TITEEMR AT LA ALBL R 2 DKL 7-0D XRD /34— ' ' :

7T, ﬁ%ﬂiﬂ‘ﬁ@ﬁf“%@énkﬁtﬂ@Iﬁlﬁ/\5{~/0)§ﬁf£ = % 628(01,23;&6;,22 =
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FE AR TR SN COAZENS D, — 7, bee BIBDOEAMEIICB O TIE, O1DAFEETLHIE
DRESNTND[3], ZOR =BT, BT R E AN D Z L TR 2 ETESELNLH DD, Z
DIEETEARAUTE AW Tl FEMITEWZEZERL TV D,
3.2 WEIVIZLHEBARRRHH
AT RV TR R L
JLERL 7= Fe—6.5Si ki1 D44l SEM .
fm, WABWBARESC, 18 _ A ey 35
PERTE RN EE T, JEIEDEEL VT VTR LI Fe—6.551 07 T-OAMEL SEM 15
AFMLWERINLTHIITESIC
PEETEL AR AL T D2 &350
%o BIWREEREIAY 120 DABRDHE,
{ k7 N FITRESDA L

720 ZHULIE B D TR o 5 WV TRz Fe—6.551 Ky RO Wr i G 7B BE 4
KT O T I3 ED | IR L 726 D LHEE S LD, Jt —
5 I SIS AR, BRI LS TIL— 2 DR S

IR TFL, 120 23 TIEEAA 0.81+0.21 pmETH AL TN =L | | 120 min
BILNGy T, —H . SHICHREHAEEL T E RTS8

EOVILLARN LB D, Shic, 7L—skiFolEnE: . | 80 riln
REMBTOR, 20D, BRA—APTH, &K | [0 i
1T LA L LA TR LT B S, L@ e

6IZIZXRD /35— %R, oLz, 2000 20 40 60 80 100 120 140
DR FRSEE AL TRY, (2000237 L — 7 HIPATIZALI 6 iR IVALHE Fe—6.551 £30> XRD
LCODIEDR 3D, 240 Sy LB RBH IR L FIE W CAR R R B HE 2R 9778 AU 4 C/RLTC@
D, 7L —IBRENTT AT MEPME T § 5281280 XRD HOH T ARV L —NTHE BRI Z572<720
7L =7 BEIE ST OISR AL 23 XRD TR TE R Te ZEBEL T D, il B AN — /L UVRFH O
WO R EEIC LT AT OBEROTEEN T <O RAEL , —MRAYRAR — /L UL &R L TR AR
ZA T HZEN MRS [2]05 ) FERINTITE A RO ZIZH F0FED bR T,

457

PERE L Ll BV A O TR IS KOV A SRR 2 ALBR L | R R OfE S B m A3 L 72, BRIV
BOTE, BRI L > TRBRL TR TE AT TEO0, IBShAEGHIKND, TDOERE—R
THOEME LRI L o0 D EHELR SV, WA Z A2 356 T | R AR I TRAS A 72 AL B DI T L
S, B BITHERF S QWA EE 2 DT, IERIVICE WL, &R TR T L T, 2O i
(0 D)ELAILTz, ZOREERBLIM ORFENG | 12 UL THE AR IE L EMEIZIEWVS D EF X DI,
5.2E MR
[1] S. Motozuka et. al., A/P advance, 5, 097127, (2015).

(2] J.F. Humphreys (Eds), Recrystallization and Related Annealing Phenomena, Elsevier, Amsterdam, 2004.
[3] J. H. Park et. al., Mater. Lett. 147, 38, (2015).
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Ml 875
1. XC®IC
BEHREIZB W T, FERMEOER L BEE&BOREIC L A2REMEMER OEEN G | Fiith
DETIvIANTHEOTFRENEHE->TWND, BT I v 7 AL, THIF, Uva=T,
2UABED T U LI T R ERER REID B 578, BREE - WERMENRD N D GEITITT Y
I=TREDND I ENRE, BITEIL, CADICAMIZ LDV va=7TkvT7Ivr7ay %
SIHIN LT 2 HIEIC THREZ/ER L TV D3, BIHERZ N2 & BRI T L e L
DRENDHD, T T HERT T 4T 47 c~=a2 777 F ¥ V720 EERIRZE
WS D FEPHFERE SN TS, LLRR L, BIEOWEH & L TFERE ST D
VAT LT, B4 T < . CAD/CAM (I CTRUWET B R L o = T I b~ i
NF S TND 13, REFFETIL, BN O TR RE 28D, 4~ MU TIiNED R
LEEH YV 3 =T EROBRE 21T o T2,

2. EBRGE

Y& IED 7 vt A % Fig. 1 1239, Seii b7 7 U VRHEIZ, 3mol%1 v b U T
Myna=7HhRESHSE, EEA—X NEM L Lz, BEEHEEZ T, 27—
Y EIZR—Z FEMAJEE S0um TYIREA L, B R 355nm OSSR L —V A A LT
B35 Z & T ALERIRD 2 otlifbfE 2 Uiz, 20 TR0 UFEE L7-#%. Bk,
BefE 45 2 &, 2 gl i FRER Y o T RoHE 2 ER L 72 (Fig.2), 2 dlih (7 RAERIX ISO v

“\\§4 squeegee

ok

stage
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Fig. 1 Schematic illustrations of computational operations of Fig. 2 Dental crowns along different directions
graphic data (a) and lamination processes in stereolithography (b). prepared by additive manufacturing.
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Fig. 3  Biaxial strength of two different zirconia Fig. 4 Cross-sectional SEM images of zirconia
specimens. prepared additive manufacturing.
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implants; a dream or a reality? An in-vitro study evaluating the dimensional accuracy, surface
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Mater 75 (2017) 521-528.
2.D. Anssari Moin, B. Hassan, D. Wismeijer, A novel approach for custom three-dimensional printing
of a zirconia root analogue implant by digital light processing, Clin Oral Implants Res 28(6) (2017)
668-670.
3.J.M. Suominen, E.J. Frankberg, P.K. Vallittu, E. Levénen, J. Vihinen, T. Vastaméki, R. Kari, L.V.J.
Lassila, Three-dimensional printing of zirconia: characterization of early stage material properties,
Biomaterial Investigations in Dentistry 6(1) (2019) 23-31.
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Fig.1 XRD patterns and STEM-EDS elemental mapping ('ca’ sample) of the NiMn,O4 powder [2].
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Fig. 2 Microstructure and composition of NiMn,O4 powder (‘ca' sample) [2].
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Fig.3 (Left) Cyclic voltammetry (CV) curves with different scan rates of the NiMn,O, electrodes. (Right) Cyclic
voltammetry (CV) curves with different scan rates of the NiMn,O; electrodes. The NiMn,O, sample mass on the Ni
foam was ~10.1 mg/cm?-Ni foam [2].
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Fig. 1 Experimental procedure.
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Fig. 2 XRD patterns of CuO-SnOz2. The
bar graphs are based on the ICDD
database of XRD patterns; CuO:
01-080-0076, Sn0O2:01-077-0542.
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Microstructure and Mechanical Properties of Friction Stir Processed Near-a Titanium Alloy
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Titanium (Ti) alloys has low density, high specific strength, excellent corrosion and high-temperature resistance. They have
been widely employed as structure materials in aviation, nuclear, and chemical industries. However, the poor machinability of
Ti alloys overshadows the conventional manufacturing processes. The formation of brittle undesirable phases, over-coarsened
grains, and significant residual stresses, which are caused by conventional manufacturing processes, limit the use of Ti alloys.
Friction stir processing (FSP), which is a solid-state approach for microstructural modification, is one of the candidates for Ti
alloy manufacturing. Severe plastic deformation was performed on the base materials during FSP, resulting in the considerable
grain refinement due to dynamic recrystallization. The continuous dynamic recrystallization (CDRX), which was powered by
the friction heat and plastic strains, leaded to a stable grain size of ~10 um at 400 r/min and 95 mm/min. A further smaller grain
size was obtained by using an additional cooling system, which also leaded to 2.7 % and 50.4 % improvement for tensile strength
and elongation respectively. Zhang et al. reported that the highly refined grain microstructure, which was obtained by FSP, leaded
to the excellent low-temperature mechanical properties of the Ti-6-4 and Ti-15-3 alloys.

Although some studies have been conducted on the FSP of Ti alloy, the following critical points were still unclear so far: (1)
the mechanism of the dynamic recrystallization of Ti alloys in FSP; (2) the texture evolution of the stirred materials; (3) fracture
mechanism of the friction stir processed Ti alloys. In this work, FSP was performed on TAS alloy, which was a kind of near-a Ti
alloys. The temperature distributions and material flows during FSP was simulated by coupled Eulerian-Lagrangian (CEL)
method. Misorientation evolution was studied to reveal the processes of dynamic recrystallization, and texture evolution was
studied by analyzing the crystal directions along the stirred materials. The mechanical properties of the processed alloy were
tested. The relationship between the microstructure and mechanical properties of the friction stir processed TAS alloy was further

discussed.

2. ERIGH
In this work, FSP was performed on 5 mm thick TAS plates,
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which had been cut into 250 mm long and 150 mm wide pieces.
TAS alloy is one of the a-Ti alloys, which has good corrosion
resistance and mechanical properties. [llustrations of the FSP and

its simulation in this study are given in Fig. 1. FSP was performed

along the mid-line of the plate after the mechanical polishing on S

the surface of processed zone. The FSP tool was meshed with free- 5 b = |': ‘-.,‘1

tetragonal elements of C3D10M. It was meshed coarsely at the % -mc Eg - .'I'I *\

holding area, whereas the elements were finer round the pin and # ‘: = ': i R

shoulder. The diameter of the should was 12 mm and the plunge : TE i | LI’: d PR S
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depth was 0.2 mm. The diameters of the root and top of the pin L . .
. i Fig. 1 Temperature histories in simulation and experiment

were 4.1 mm and 3.1 mm, respectively and the pin length was 2.8

mm. The near-o titanium sheet was meshed using the hexagonal elements (EC3D8RT). The elements of the FSP zone were ~

0.25 mm long, which was about 10 times finer than other element in the rest region of the sheet. This made the model predict the

material flow precisely.
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3. EBRAER L B

FSP processes were simulated by CEL method. In this

work, the Johnson-Cook model was used to describe the

plasticity of near-a titanium alloy.
o=(a+Bep)[t+cm(D)|[1-(2)] o
where &, is the effective plastic strain, € is the
effective strain rate, T is the processing temperature, 7 is
the room temperature (20 °C), 7Ty, is the melting
temperature (1673 °C), and, the 4, B, C, n and m are

constants. Heat was transferred basing on Fourier law of
heat conduction as follows:

PG5 =5 (Ke3) +5, (0 5) + 5, (K 5) @

where p is the density of near-a titanium alloy, C, is the
specific heat, K is the thermal conductivity, 7 is
temperature, and # is time. The original temperatures of the
workpiece and FSP tool are same with the room
temperature. The simulated temperature distributions are
shown in Fig. 1.

Flows of the plasticized TAS alloy during FSP are shown
in Fig. 2. In the airview (X-Y plane), the material at the AS
was found to flow around the FSP tool towards the RS and
the material at the RS was refilled to the back of the tool. It
should be noticed that the RS material was mainly refilled
to the AS and RS areas, whereas the refilling flow was

weak in the middle. This was considered responsible for

Fig. 2 Material flows at standard planes: a) X-Y plane, b) Z-Y
plane, ¢) Z-X plane

the internal defects, such as cavity and tunnel. The less materials refilling to the middle area behind the FSP tool could be

attributed to influence of the shoulder. As shown in the profile (Y-Z plane), vortex of the plasticized materials was found between

the shoulder and pin. This was caused by the downward component of the shoulder’s rotation, which was tilted by 3 © and the

materials thus moved upward through the vortex partially other than refilling backward, which was in accordance with former

studies. The materials flowed around the FSP tool in the cross-section (Z-X plane).

4. FEER

In this work, FSP was performed on 5 mm thick TAS plate. The grain microstructure was highly refined and equiaxed by

means of dynamic recrystallization in FSP, resulting in better mechanical properties than that of the BM. The temperature was

remained below the transition point of Ti during FSP. High-temperature materials were distributed behind and at the AS of the

FSP tool more than other regions. The material flowed forward to the up at the AS and backward to the downside at the RS,

generally.
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An Improved Model for Prediction of Critical Velocity of Cold-spray by First Principle Calculations

VAR ZSIE A Chengsong Zhang
AR IIIEET B R

1. Introduction

Cold-spray is a potential additive manufacturing technology, in which spray particles are deposited on a substrate by plastic
impact. A successful bonding between spray particles and substrate always requires a critical velocity. When the sprayed velocity
surpasses the critical value, a tight bonding between spray coating and substrate could be built. Therefore, the critical velocity is
the most important parameter in cold-spray processes. In our previous work, we have created a novel method to predict the
critical velocity for cold-spray. The spray particle was simplified as an atom and the cold-spray bonding was considered as a
process of sprayed atom crash into the surface of substrates. Fortunately, it is easy to evaluate the energy barrier for the atomic
mixture process by first principle calculations. If the kinetic energy of atoms could overcome the energy barrier, the spray atoms
could enter into the substrates, which corresponds to a success bonding. Although our former model could predict the critical
velocity accurately, some problems remain intractable. There are many assumptions and simplifications in our previous model.
For example, it is difficult to understand why the spray particle should be simplified as one atom. It is also hard to answer the
physical meaning of strain concentration zone which is used for correcting the energy barrier. Therefore, a modified model should
be built to make the whole process more clearly. In the present work, an improved model has been proposed to predict the critical
velocity of cold-spray systems. Here we take Cu/Al cold-spray systems as example to verify the correction of the new model and

calculated method.

2. Model Description and Calculation Details

When the spray particle impacted on the substrate, a severe plastic
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deformation occurred in the contact interface between the spray
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. Inra\frla > 1x1 interfacial slah
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Substrate \ Vacuum

particle and the substrate (see Fig.1a). In the atomic scale, the spray
atoms were moved to the substrate and were squeezed into the

substrate (see Fig.1b). Then a tight bonding was successfully

established. During the impact process, the spray atom went through

an equilibrium position with low energy state and a peak energy

Madel in atomic scale- b Fi:itéd aEtom
position with high energy state. The energy barrier of spray atoms BRI <2y particie b
entering into substrates can be determined by the energy difference . : ;fl}“‘*:;:m” ["
between equilibrium position and the peak energy position (see . Substrate e
Fig.1c). Based on previous work, we knew that the peak energy | COUSppRRIRE, T e o
usually appeared when spray atoms came close to substrate atoms ; E‘
(the vertical distance between spray atoms and substrate atoms is ¢ m f;i’_?g
about 0.1 nm). The equilibrium position was determined by fully E’ 5
relaxing the interfacial slab, which allows the variation of lattice aisls b 4
oliffbrium 2%

parameters. After that, the atoms in the sprayed layer were moved

Slan Vacuurm 2
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close to the surface of substrates and the top sprayed atom was fixed. RSN U A8 e A A Fixed bottom

Distanca farm suriaca, 4

Then optimizing the atomic position in the interfacial slab and the
) ] ] ] } Fig. 1 Calculated interfacial models for Cu/Al cold-
peak energy will be obtained. Different form the previous atomic
. ) ) . ) spray system
impact model, a new interfacial slab model was applied to describe
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the bonding process of Cu/Al cold-spray systems (see Fig.1d). The interfacial model contained some atomic layers of both spray
particles and substrates. In order to be as close to the real condition as possible, the number of atomic layers should be large
enough, which is sufficient to reflect the plastic deformation. Unfortunately, the thickness of plastic deformation layers was
usually a few microns or more, which indicates hundreds of atomic layers. It is impossible to run such a large model by first
principle calculation. Therefore, an “extrapolation” method will be applied to simplify the calculation. The energy barrier of
interfacial models with different atomic layers were calculated and the relationship between energy barrier and numbers of atomic
layers can be obtained. Then the real energy barrier can be obtained by extrapolating the number of atomic layers to infinity.
Here we use symbol “M/N” to distinguish the interfacial models with different atomic layers. The former number M stands for
the number of atomic layers for spray particles and the latter N is the number of atomic layer for the substrate. Plane (111) of Cu
and Al was selected as surface structure to build the interfacial model since the plane (111) was the predominant surface plane
for FCC structure. Considering the symmetry of structure, a 1x1 interfacial slab was used for calculation. There are four models
will be calculated for the Cu/Al cold-spray system, i.e. Al/Al, Cup/Cus, Cuy/Als and Aly/Cus (The subscript p stands for spray
particles and s for substrates). All calculations were performed with CASTEP code based on the density functional theory (DFT).
The generalized gradient approximation (GGA) in Perdew-Burke-Eruzerh (PBE) formula was applied to describe the exchange-
correlation potential. The ion-electron interaction was evaluated by ultrasoft pseudopotentials of Vanderbilt type. The cutoff
energy of 450 eV was used for plane-wave expansions. The k-points mesheswithin Monkhorst—Pack framework were set as
11x11x1, 10x10x1 for Cu substrate and Al substrate, respectively. The geometry optimizations were considered to be converged
when the energy change per atom, maximum residual force, maximum atomic displacement, maximum stress was less than
1x107 eV, 0.03 eV/A, 1x107 A and 0.05 GPa, respectively.

3. Results and Discussions

Fig.2 shows the variation in energy during the spray particle

. . . -7662.0 T T T
impacting on the substrate (Taking the 5/5 Cuy/Al; model for cwo Connect
g
example). When the spray atoms come close to the substrate, there 76625 |- o et
. Impact e @ 9
is an equilibrium position which indicates a proper distance 5 Tl | A Cﬂ"e
) . o -7663.0 Py , |
between spray atoms and substrate atoms. Keeping on shortening 2 © 7663.00 FALL
i oW
the atomic distance, the atomic layers both in spray particle side 76635 | ¢ Peak -7663.41
a . ttion
and in substrate side will be compressed due to the repulsion nature £ ot Pes Bonding
. . . . . 5 79640 766395 oy
among atoms. This process is accompanied by an increase in the 5
total energy of the system to the peak. Then the atoms in the -7664.5 |- Eq::lilbrium
pasition
interface will change position with each other, which implies the g : . .
spray atoms have been mixed into the substrate and a bonding Positions

interface have been successfully formed. Meanwhile, the total Fig.2 Variations in energy during the impact

energy of slab decreases due to the compression release. process for the Cup/Als case.

Fig.3 shows the relationships between the energy barrier and the number of atomic layers for the Cu/Al cold-spray system. It
can be seen that the energy barrier of cold-spray decreases exponentially with the increase of the atomic layer number. When the
number of atomic layers is large enough, the energy barrier will tend to a constant. The calculated results also prove that the
particle impact could affect a considerable depth of atomic layers, which corresponds to the experimental observations. For a real
cold-spray system, it is difficult to determine the number of relaxed atomic layers accurately. But we know that the cold-spray
system is usually considered as a plastic system which indicates there is a thick relaxed layer could fully absorb the impact energy.
Therefore, for the Cu/Al cold-spray system, an accurate energy barrier can be obtained by extrapolating the number of atomic

layers to infinity. Here we use a power function, i.e. Ex=a+b/x®, to fit the relationship between the energy barrier and the number
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. of atomic layers. Where a, b and c are fitting parameters, E;,

- ) Alplals il i Cup/Als . . . .
\ R Wl | R is energy barrier and x is the number of atomic layers. The
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Fig. 3 The relationships between the energy barrier and the
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Table. 1 The calculated energy barrier for the Cu/Al cold " -/‘\‘;’f\J / o _
spray system . . : p—

L L L L . L
oy [ in i FI 23

" Dskarcs am Ddsrc;l shad : Cistance from oalence ste fi
Cu/Al cold- Previous study L
spray system el Case 3 .f

Alp/Als 0.06 eV 0.07e¥  0098eV 0.083eV "° ——
Cup/Als 0.036eV  0.006eV 0.042eV 0.06eV g
Alp/Cus 0.07 eV 0.04e¥ 0066V 0.07eV B
Cup/Cus 0.1lev¥  013eV  016eV  0lleV JI
Table. 2 The calculated critical velocity () for the Cu/Al e s )
cold-spray system Fig. 4 Variations in energy during the impact
Verit{m/s) | Verit{mys) | Verit{mys) Verit{my/s) process for the 4/4 Alp/Als interface containing one
:-.T:;:;Ed ::;r::lr Experiments | FEA calculation oxygen atom.
Alp/Als 653-834 795 797-824[1], 760-770 [3] than that in our previous work.
721-867 2] - »
Cup/Als 134356 425 425 [4] 510-530 [3] The calculated critical velocities of Cu/Al cold-spray
Alp/Cus 537-710 710 700-730[5]  600-630 [3] system are listed in Table 2. Here we use the following
Cup/Cus 585-705 585 539-568 [1] 575-585 [3]

equation to evaluate the critical velocity v, = \/W ,
where Eb is the energetic barrier calculated by DFT and M
is the mole mass of spray materials. Although the deviation for the improved model is larger than that for the former one, it is
worthy to note that our new models have more clear physical meaning without any assumptions. The deviation between the
calculated critical velocity and the experimental one mainly results from the oxidation state of bonding interfaces and the
influence of elevated temperature during the impact. It should note that the first principle calculation could only predict the
properties of materials under the ground state. While cold-spray is usually conducted at normal temperature. The large
temperature gap between the ground state and room temperature will make the energy barrier to be overestimated. Higher
temperature corresponds to larger lattice parameters which is beneficial for the cold-spray bonding. On the contrary, the oxides
on the sprayed surfaces will increase the energy barrier. In order to clarify the influence of oxidation on the cold-spray bonding,

the bonding interface containing oxygen atom is investigated.
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Fig.4 shows the energetic variation for the 4/4 Alp/Als interface containing one oxygen atoms. It can be seen that the oxidation
on the spray surface will dramatically affect the energy barrier of cold-spray. Meanwhile, the energy barrier depends on
distribution of oxygen atoms. For case 2, when the oxygen atom is located on the sublayer of the substrate, the energy barrier is
1.57 eV which is close to the non-oxidation condition. When the oxygen atom distributes on the surface of substrate, the energy
barrier will be 2 times or more than that without oxidation. The influence of oxidation on cold-spray bonding is quite complex.

We will focus on this question in the latter study.

4. Conclusions
(1) An improved model had been built to predict the critical velocity for the Cu/Al cold-spray system successfully.
(2) As compared with our previous model, the new model could predict the critical velocity without any assumptions, which
had more clear physical meaning.
(3) An acceptable result could be obtained by using the new model.
(4) The oxidation on the spray surface dramatically increased the energy barrier of cold-spray, which depended on the

distribution of oxygen atoms on the spray surfaces.
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Research on Thermal Modelling of Alternating Current Square Waveform Arc Welding
Abhay Sharma
Department of Materials Engineering, KU Leuven, Belgium

1) Introduction

The instantaneous change of polarity during the welding with square waveform alternative current
(AC) creates two distinct but partially overlapping weld pools. The conventional ellipsoidal heat
source model lacks the versatility to embody the overlapping weld-pools in the numerical simulation.
The effects of the square waveform on weld bead geometry and the chemical composition of weld
bead are known for over a decade. In recent times, several new thermo-mechanical-metallurgical
phenomena associated with the square waveform welding have emerged vis-a-vis ability to weld at
higher velocity without compromising the weld penetration [1], the effect on the grain size and width
of the partially melted zone [2], arc stability [3], and improved melting efficiency [4]. As mentioned
above, a better understanding of the phenomena needs the capability of accurate thermal simulation,
which in turn requires dedicated efforts towards developing a heat source model.

2) Objectives

This investigation's main objective is to develop a heat source model that can be used in numerical
analysis for the AC square waveform process. This work's specific investigation is to determine the
optimum parameters of heat sources for a candidate material (2.25Cr-1 Mo heat resistant steel) for
predicting peak temperature at different locations in the workpiece. In what follows, the experimental
work followed by the development of the heat source model is given. The model is then validated,
and the effect of the various process conditions on the thermal cycle is discussed.

3) Experimental procedure

A rectangular 2.25 Cr-1 Mo heat resistant steel plate of 20 mm thickness was used as the workpiece
material. US-521S wire of 4 mm diameter was used as the electrode material. The combination of
wire and flux materials was chosen based on the AWS classification AWS A5.23 F9P2-EG-B-3 for
AC power source. PF-200 bonded flux with mesh size 10 x 48 was the flux material. The dimension
of the workpiece was 300 mm X 80 mm X 20 mm, and the length of the weld run was 200 mm. The
thermocouple position for temperature measurement was obtained by measuring the width,
penetration, heat affected zone width and depth from the weld macrograph in the trial experiment.

4) Heat source model for AC square arc welding

The shape of the penetration
profile inspires the shape of the heat T—
source. The double ellipsoidal heat
source, because of its generalization

capabilities, is the most used heat ",
sources for welding simulation. The

double ellipsoidal heat source is

-ve eyele
characterized by the dimensions in 7 "\
lateral, longitudinal (i.e., front, and | x +re yele
rear), and depth directions, a, by, _br, FE S B Tyl o V10 @ 3(x-vt)/by? p=3v/ar? g-32/cr
and c, respectively. The cross-section gp i abpcmvE

of the AC square waveform weld is a

composite profile of two individual

penetrations  because of polarity itz =0 @, (xy 2 = 20%¢ (£+f_r) o-3Y*/a;? =323y
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elseif§ <0 Qy,(xy.2) = ww—‘f—wub:f\; g Blevt il g—3ytas =38 o

Figure 1 Overlapping heat sources for AC square welding
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cycle, on the other hand, spreads the arc that leads to a shallow and wider weld pool. The +ve and -
ve cycles have a time lag of (1/2f) that corresponds to a spatial difference of v/2f. The preliminary
investigation confirmed that the spatial difference and the time lag between the two cycles are too
small to impact the thermal cycle. Therefore, two overlapping heat sources with the same origin are
considered, as shown in Fig. 1.

5) Results and discussion
5.1) Model validation
The double ellipsoidal heat source dimensions can predict the dimension of the weld pool. The
deviation between the measured and predicted weld-pool dimensions does not exceed 1 mm. In
addition to that, the percentage prediction error for both width and depth are also not exceeding 10%.
The actual weld shape is in good agreement with the simulated weld-pool shape. The shape of the
heat-affected zone resembles the predicted isotherms. The simulated weld profile does not fully
capture the convex shape weld metal profile. In the thermal simulation of welds, these effects, up to
some extent, are addressed by considering fine meshing pattern in the weld region. However, the
convex shape is primarily because of the fluid flow effects, which merits further investigation.
5.2) Relation between process conditions and the dimensions of heat source

The expansion of the weld-pool in front and rear direction (by and b;,.) increases with an increase
in the frequency. The increment is at the cost of a reduction in the weld width (a). The depth direction
dimension does not change with a change in the frequency. The spreading of the centre core of the
arc is restricted because of the frequent polarity reversal at higher frequencies. The lower frequency
allows +ve and -ve cycles to act for a longer duration, which is a kind of anti-phasing (time lagging)
in the twin-wire welding system that influences the heat transfer pattern and changes the weld
microstructure. Higher frequency accelerates the influence of the arc deflection. A quick reversal of
the current direction at higher frequency keeps the peak temperature low (20 and 60 Hz), creating a
more considerable difference between the arc and the workpiece temperature. The combined effect
of deflection of the arc and the temperature difference helps spread the arc in the longitudinal direction.
5.3) Parametric effects on thermal cycle

The thermal cycle of the AC square waveform welds is influenced by the heat input (welding
current), current frequency, and EN ratio. The increase in the welding heat causes the rise in peak
temperature because of the current increase. The cooling rate at 600 A is around 10.7 °C/sec. An
increase in frequency causes a dip in the peak temperature. The change in frequency does not change
in the heat input but changes the heat spread pattern, as discussed earlier. Due to the increase in heat
spreading, the peak temperature slightly reduces at a higher frequency. The cooling rate does not
alter with a change in the frequency. The EN ratio increase from 0.5 to 0.75 causes a small dip in the
peak temperature and the cooling rate. The increase in the melting rate and the shallow weld pool
without a change in total heat input causes the dip in the peak temperature and the cooling rates.

6) Conclusions

The modelling of the welding process based on pure heat transfer analysis is vital to understand
the residual stress and distortion phenomenon. The fluid dynamics-based models provide details of
the weld pool; however, they are too computationally prohibitive to implement complex welding
processes or applications like additive manufacturing. Consequently, simpler heat sources like the
uniform heat generation rate are used. Moreover, the interaction between the welding arc and
workpiece while using the latest power sources is highly dynamic. The proposed numerical model
demonstrates that the source term in heat transfer modelling is a trade-off between the physical
phenomenon and the computations' complexity. The outcomes of the research presented here provide
the significance of peak temperature for optimizing the heat source dimension, specifically for the
AC square waveform submerged arc welding process and in general for other welding processes as
well. The model can be further developed for predicting the relevant thermal and mechanical
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properties of the different geometric configurations of welds like T-Joint, lap joint, and groove
welding.
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Joint research report of JIJRec program

QIN Xiaomeng, Department of Materials Science and Engineering, City University of Hong Kong

Research Activity

I studied in Osaka University, funded by 2020 JIJReC grant, as a visiting student from
1 January 2021 to 28 February 2021. I resided at Osaka University Kasugaoka House. I
conducted the research under the supervision of Prof. Hidetoshi FUIJII, Joining and
Welding Research Institute (JWRI), Osaka University. My research work continues the
line of previous work relating to alloying by friction stir processing in CoCrFeNi high

entropy alloy. As a visiting student, I was also involved in the regular group meeting of

the lab.

Research Results

Our previous work demonstrated that the grain refinement induced by friction stir
welding (FSW) could greatly improve the strength of CoCrFeNi high entropy alloy. In
this study, CoCrFeNi HEA, which has a single FCC phase, was processed by FSP with
additional alumina or graphite powders. The strength of the CoCrFeNi HEA is expected
to enhance via grain refinement and second phase precipitation while maintaining
ductility because of its heterogeneous structure. The base metal (as-cast CoCrFeNi ingot)
and alloying powder (alumina and graphite powders.) were prepared in CityU. Fig. 1
shows the summary of the experimental flow graph. Fig. 2 shows the schematic of FSP

on the CoCrFeNi plate along with powders in the pre-drilled holes.

As-cast Homogeniz Cold- Annealine Cut/drill
alloy ation rolling £ hole

Fig. 1 The summary of the experimental flow graph.

Characteri
FSP ] [zation/ test]
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Table 1

Detailed friction stir welding process parameters

Parameters Values
Alloying addition Al
Friction stir welding tool WC-015-6-1.9
Axial forc e(Kg) 1500
Welding speed(mm/min) 50
Rotation speed (rpm) 300, 400

Alumina/ graphite powders _

\
wD =
ND Downward rce@ \ et
l. ‘r' w
F @) Welding A/
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rotatio direction 48
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Hardness (b i nnna i (F
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Fig. 2 Schematic of FSP on the CoCrFeNi plate along with powders in the pre-drilled holes.

All the scheduled FSP work has been finished in JWRI, while characterization and test

work are also needed to do in the future. It mainly includes the following: (1) hardness

profiles along the cross-section of the joints and deep microstructure analysis of the Al-

addition FSPed samples; (2) all the characterization and test work of carbon-addition

FSPed samples.

I would like to thank Joining and Welding Research Institute (JWRI), Osaka University,

for giving financial support under JWRI International Joining Research Collaboration

(JIJReC) 2020 program, opportunity and providing all the facilities to carry out the

experiment. It is a great pleasure to have the opportunity to work with the excellent

researchers in Prof. FUJII’s lab.
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Strengthening mechanism of powder metallurgy titanium material with homogeneous
nitrogen solutes using core-shell structured Ti(N) powders
Dr. Tingting Song
Royal Melbourne Institute Technology (RMIT) University, Australia

1. Introduction

The interstitial solid solution behavior of nitrogen atoms dissolved in commercially pure Ti fabricated
by spark plasma sintering (SPS) followed by extrusion process was investigated. Microstructural
observations of the extruded (Ex) Ti-(N) samples before homogenization, ExTi-(N), revealed the nitrogen
element's segregated regions as a result of a short time of SPS process. Because of the inadequate sintering
time, nitrogen atoms were unable to dissolve in the a-Ti matrix homogeneously, which caused a material
degradation through brittle failure initiating at high nitrogen absorbed regions. Applying homogenization
heat treatment at 1123 K for 10.8 ks followed by hot extrusion, improved microstructural homogeneity and
the nitrogen segregation was prevented. Furthermore, grain morphology was transformed from coarse
elongated grains with substructures into refined equiaxed a-Ti grains. The yield strength and ultimate tensile
strength of the Ti-(N) sample with 0.69 wt. % nitrogen reached a maximum of 957 MPa and 1117 MPa,
respectively, which represented 148% and 214% increase over as-extruded pure Ti sample. In addition, the
50% enhancement of elongation of homogenized Ti-(N) alloys compared to the non-homogenizing
condition was achieved. The improvement of strength and elongation were primarily attributed to grain
refinement and solid solution strengthening. The quantitative evaluation of strengthening and mechanisms

was discussed in detail by the Hall-Petch formula and Labusch model.

2. Experimental procedure

Commercially pure titanium, having an average particle size was 62.27 + 0.92 um, was used as a starting
powder in this experiment. The nitrogen-soluted Ti powder named as core-shell structured Ti(N) powder,
was prepared by heating a pure Ti powder in a tube furnace under a nitrogen gas atmosphere between 978
K and 1073 K for 600 s. The gas flow rate was maintained at 5 L/min. In this process, the additive nitrogen
atoms dissolved into the titanium crystal lattice in a solid-state. The powder consolidation process was
carried out in an SPS apparatus under vacuum (<6 Pa). A batch of 200 g nitrided Ti powder was filled into
cylindrical graphite die with a diameter of 42 mm. The samples were first heated to 1373 K and held at that
temperature for 3.6 ks. At this temperature, a uniaxial pressure of 30 MPa was automatically applied to the
sample. After the SPS process, the samples were heat-treated at 1123 K for 10.8 ks to homogenize the
distribution of nitrogen atoms in the a-Ti matrix. In preparation for a hot extrusion in a final step, the
samples were preheated to 1273 K for 300 s in an image furnace under an argon atmosphere (5 L/min). A
hot extrusion process was subsequently performed at a speed of 6 mm/s using a 2000 kN hydraulic press
(HP). The investigation of microstructure features of the extruded samples by SEM-EBSD and XRD was

carried out. Room temperature uniaxial tensile tests were also conducted under a strain rate of 5x10* s\,

3. Results and discussion
The tensile strength increased notably as a function of nitrogen content as shown in Fig. 1, and the
corresponding tensile properties are further summarized in Table 1. It is worth noting that the yield strength

(oys) and ultimate tensile strength (curs) were significantly improved by adding nitrogen atoms. However,
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the elongation to failure decreased to 10% of the extruded Ti sample with 0.69 wt%N. The yield strength
was further increased in all conditions for the specimens by homogenizing solute nitrogen atoms. For
example, the sample after adding nitrogen to 0.69 wt% has an increase of 6yrs and oy, by 214% and 148%,
respectively, compared to extruded pure Ti samples. It is also affirmed that the elongation improved in all
groups and it was up to 50% when nitrogen reached 0.69 wt%, compared to those of non-homogenizing
conditions. The results clarified that the greater strength arose from the effect of grain size reduction;
however, it adversely impacted the ductility of the alloy. The small grain has a large surface area, which
corresponds to the larger grain boundaries region. Thus, the material deformation can be less due to a higher
possibility that the dislocation motion is hindered around grain boundaries. In contrast, our current results
showed improvement in elongation even though the grain size decreased substantially. It can be explained
by the grain morphological changes. Substructure strengthening was also a notable contributor to the
strength increment while increasing the plastic deformation resistance. However, homogenizing nitrogen
atoms into the a-Ti matrix showed a great effect to transform the microstructure from substructures to
equiaxed grains, which revealed less strain hardening behavior in a specific area. These results showed a
better solid solution behavior, which is represented by the further increase of lattice constant expansion.

Therefore, it was beneficial compensation to the ductility property of Ti material.

1200 . . . .
_ HTE Table 1 Average grain size and tensile properties
1000 === of extruded Ti-(N) materials.
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HTEXTI- 1157 89 706 811 37
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Fig.1 Tensile stress-strain curves of extruded
materials with different nitrogen contents
with/without homogenization step.

" ExTi values used as reference to calculate %change.
" ExTi-0.69 N value used as reference to calculate %change.

4. Conclusions

The microstructure of the extruded sample containing high nitrogen concentration (0.69 wt. %) showed
coarse elongated grain with substructures and nitrogen segregation regions. The uniform nitrogen
distribution within the o-Ti matrix was achieved by applying the homogenization at 1123 K for 10.8 ks to
the as-sintered Ti-(N) before conducting the hot extrusion process. Tensile properties of extruded Ti with
0.69 wt.% N samples were extensively increased to 214% (ovs) and 148% (ours) compared to those of
extruded pure Ti samples. The achievement of high strength Ti-(N) sample was mainly attributed to the

mechanism of nitrogen solid solution strengthening, in agreement with the Labusch model.

Published paper under the support of the program:
A. Issariyapat, P. Visuttipitukul, T. Song, A. Bahador, J. Umeda, M. Qian, K. Kondoh: Tensile properties
improvement by homogenized nitrogen solid solution strengthening of commercially pure titanium through

powder metallurgy process. Materials Characterization 170 (2020) 110700.
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A hybrid computational modelling of welding distortion and residual stresses in seam welded pipes of thin thickness

/v Y T3ERY Yong Liu
PEARAZERT JBR B
1. Introduction
Seam-welded pipes have been widely used in industrial fields such as pressure vessels and cylindrical shell structures. The
deformation problem induced by welding process is quite prominent and common due to lower structural stiffness in thin-walled
pipes. In this study, the welding deformation in seam-welded pipes with different diameters (D60 and D180) were investigated
by both experiments and numerical simulation. A hybrid computational model was proposed for welding numerical simulation
of thin-walled pipes to improve modelling and calculation efficiency. Welding inherent deformation components correlated with
pipe diameter were clarified using the proposed hybrid computational model.

2. Numerical modelling

Sequentially coupled thermal-mechanical analysis was

interface solid element solid surface

employed in the half model based on symmetry. The transient

fine mesh”

»

shell to sclid
— caupling

thermal field was firstly calculated based on the thermal

model in Fig.1(a), and the nodal temperature history was coarse mesh

shell element
uy, = I'.\'juf_'i".u’s

=040

mapped to the hybrid mechanical model in Fig.1(b) as a

thermal load in the following analysis. In Fig.1(a), the thermal (@)
model included a fine mesh part near the weld line and a

coarse mesh part away from the weld line to avoid the

additional processing of mesh generation in transition zone.
The heat transfer between the two parts was controlled by the Fig. 1 Schematic of hybrid FE model of pipe seam welding (a)
thermal contact relationship: q = k(T — Tp).

heat transfer model: (b) mechanical model

In Fig.1(b), solid elements and shell elements were both

included in the hybrid mechanical model, considering that shell elements were more suitable for deformation calculation in thin-
walled structures even with a lower mesh density, and the solid elements could model the localized details near the weld line
where a relatively fine through-the-thickness mesh was required. In the shell-to-solid interface, the shell to solid coupling method
based on Abaqus was employed to assemble constraints that couple the displacement and rotation of each shell node to the
average displacement and rotation of the solid surface in the vicinity of the shell node. In this way, the rotational degree of
freedom of shell elements could be coupled with solid elements.

3. Results and Discussions

The welding deformation in D60 welded pipe using regular

full solid model and hybrid model was compared in Fig.2. It Radial displacement (mm) _
indicates that the hybrid computational model could obtain nearly =

the same welding deformation as regular model both in

deformation modes and values. For straight seam-welded pipes, T onoe- o0

there was a combined form of welding deformation incorporating x\t.
Z

the change of roundness and longitudinal bending. The & hibiid elemant model

longitudinal bending is to the weld side. And for the deformation

on the circumference, it shows that the welded pipe presents a Fig.2 Welding deformation in radial direction based on

convex shape. The maximum distortion can be observed in the regular model and hybrid model

cross section of two ends of the weld line.
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As shown in Fig.3a-b, the bending deformation simulated with regular model (D60-A and D180-A) and hybrid model (D60-
B and D180-B) was both agreed well with measured results. For weld side in Fig.3a, the bending direction is to the weld side
with large curvature near the two ends of the welded pipe and small curvature in the middle part. D180 pipe presents a larger
longitudinal bending deformation comparing with D60 pipe. Fig.3b shows the bending direction on the opposite side of the weld
is the same as the weld side with lower magnitude. And the maximum curvature can be observed in the middle part. In comparison
with D60 pipe, the bending in D180 pipe is small enough, which suggests that the D60 welded pipe has a global bending
deformation in the axial direction, while a single-sided bending deformation is produced in D180 welded pipe. Fig.3 c-d shows
that the cross sections of two ends of the welded pipe presented larger radial deformation than middle one due to the longitudinal
bending along the weld line. And the roundness error in the cross section of welding stop side (L500) was slightly larger than
that of welding start side (L0). Fig.3c also shows that the inward radial deformation of L0 and L500 sections appeared at about
45 degrees and further from the weld line on the circumference. In Fig.3d, the radial deformation of L500 section in D60 and
D180 welded pipes was compared. It clearly shows that the pipe with larger diameter has a much greater radial deformation, and

the inward deformation on the circumference is closer to the weld line.
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Fig.3 Welding deformation by simulation and measurements: (a)-(b) axial bending; (c)-(d) hoop bending

Fig4 shows that the shrinkage in hoop direction
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found that the shrinkage in axial direction among the pipes

with various diameter has no significant difference. . o o ) )
Fig.4 Welding inherent deformation in seam welded pipes with

4. Conclusions . . . C

] ) different diameters in (a) hoop and (b) axial direction

(1) A hybrid computational model was proposed for the

welding simulation of thin-walled structures to improve modelling and calculation efficiency, the simulated results agreed well

with both regular FE model and measured data.

(2) Welding deformation in thin-walled pipes presents a combined form incorporating convex bending on the circumstance and

axial bending toward the weld side in addition to the shrinkage in both directions. The maximum distortion occurs in the two

ends of weld line. The convex bending on the circumstance is attributed to the fact that larger compressive plastic strain was

generated on the inner wall due to its higher constraints than the outer side.

(3) Pipe diameter only has an effect on the value of welding inherent deformation components, but not on the deformation modes.

A larger correlation was observed between the pipe diameter and the shrinkage and bending in hoop direction, while the

deformation in axial direction were less influenced.

(HLIRIRTE TS - SR EHE LR 200 )
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Effect of multi-beam Electron Beam welding on welding distortion of Ti3 Al alloy sheet
JEHERY: Jinnan Wang

BARIFICT B B
1.Introduction

Ti3Al-based alloys have good comprehensive properties and are considered to be a new high-
temperature structural material in the aerospace field, especially in thin-walled structures ['*l. Nearly all
those structures using this alloy have welded joints. The thin-walled structure is prone to buckling
distortion during the welding process, which seriously affects the performance and Quality of the welded
structure. Further loading of a structure that has already buckled may result in significant and somewhat
unpredictable deformation, which may result in a complete loss of the bearing capacity of the member.
Therefore, how to predict and control the buckling deformation generated during the welding of thin
plates has important theoretical and practical significance.

In this paper, according to the Low stress no distortion theory and the principle of welding stress
and strain described by Dieter Radaj to design M-EBW to control plastic strain by applying synchronous
preheating heat sources. Use M-EBW to apply preheat sources on both sides of the front of the molten
pool to form tensile stress in this area. Then reduce the compressive plastic deformation of the front and
both sides of the molten pool during the welding process to reduce the welding buckling deformation.
Corresponding measures are taken to prevent the transient instability deformation of the workpiece under
the joint action of the welding temperature field, so as to ensure that the effective "temperature difference
tensile effect" follows the welding heat source, and quantitatively controls the longitudinal compressive
plastic strain of the weld. The multi-beam electron beam welding experiment was carried out on Ti3Al
alloy, while the sheet metal welding distortion and residual stresses were measured and analyzed. The
finite element model was used to simulate the temperature distribution and stress evolution of the thin
plate. The analysis results were verified through experiments, and the effect of multi-electron beam on
stress and strain during welding was discussed. The control mechanism of buckling distortion in bead-
on-plate welded joint was clarified employing by FEM analysis. Ti3Al alloy sheet multi-beam electron
beam welding technology research, while the sheet metal welding distortion and stresses revolution were
measured and analyzed. M-EBW change the residual stress field and to redistribute it, and using M-EBW

technology can achieve the effect of low stress and no deformation after welding.
2. Research methods

Test material is 1.3mm thick Ti3Al alloy sheet. Its size is 300mm x200mm x1.3mm. Its chemical

composition as shown in the Tab1, and its mechanical property as shown in Figl.

Tab1l. Chemical composition of Ti3Al alloy (mass wt,%)

Nb Al O H N C Ti

31.88 13.07 0.056 0.00013 0.015 0.03 Bal.

Experiments using electron beam welding equipment ZD150-15SMHCV3M, and the degree of
vacuum requires less than 5x10-4Pa. Electron beam welding process parameters are as follows:
Accelerating Voltage Ua = 90kV, Welding Current I, = 13mA, Focusing Current Ir = 1800mA, Welding
Speed v = 24mm / s. Multi-beam electron beam welding adjust the scanning track, beam energy ratio,

beam number and spacing of multi-beam beam to carry out the electron beam welding. Obtain one
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conventional electron beam welding and three multi-beam electron beam welding process parameters.
Namely conventional electron beam welding, welding and after welding both sides of the slow cooling,
preheating before welding + welding + slow cooling after welding, welding and slow cooling after
welding, and numbered EBW, DS1, DS2, DS3. Using altimeter and slide calliper rule measured the size
of Welding Parts before and after welding. Welding Parts deformation amount obtained include

horizontal, vertical, angular deformation and deflection.

3. Results and Discussions

The simulation model can be verified by the weld shape. The weld area is determined by the melting
point (1779°C)of Ti3Al alloy .as shown in the fig.1. Because the frequency of thermocouple can not
satisfy the temperature fluctuation of multiple preheating beams, the simulation model can be verified
by the weld shape and residual stress instead of the temperature curve. Table 3. Simulation and
experimental results of multi-beam preheating electron beam welding (ebw) with parameters are shown
in Fig. 7. The calculated geometry of the fusion zone is determined by the fusion temperature of SUS304
stainless steel (1440 °c) . Compared with the results of Fig. 1, the experimental weld appearance is

basically consistent with the simulated weld appearance.

1.87900e+003
1.79011e+003
1.70122e+003
1.61233e+003
1.52344e+003
1.43456e+003
1.34567e+003
1.26678e+003
1.16789e+003
1.07900e+003

Fig1.The weld configurations of EBW

5. Conclusions

(1) Multi-beam electron beam welding by both sides in the bath after a simultaneous auxiliary heat
source. We can achieve a lower residual stress and control welding distortion of purpose by adjusting the
temperature gradient zone of plastic deformation.
(2) Different variant of multi-beam electron beam welding parameters have different deformation.
Transverse and longitudinal welding deformation is reduced 40%, angular distortion decreased 17.5%,
and the deflection in the opposite direction down 13%. Multi-beam electron beam welding can control
the welding residual stress and the welding deformation.
(3) Multi-beam electron beam welding get better weld quality, and welding residual stress peak decreased
by 30%. The residue on the entire welding parts should be distributed more evenly. The multi-beam

electron beam welding can reduce the welding residual stress.
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Measurement and analysis of residual stresses in CFRP/metal hybrid component bonded by laser welding technology

Kassel University Tao Wu
AR BR SEA

1. Introduction

As the demand of reducing the emission of climate-damaging gases like CO2, it is very significant to apply lightweight materials
in the automotive and aerospace industries. Due to their superior weight-specific mechanical properties, carbon fiber reinforced
plastics (CFRP) are highly favorable in aerospace and automotive applications. However, their brittle failure behavior limits the
structural integrity and damage tolerance in case of impact or crash event respectively. Metallic materials are comparatively
ductile but heavy. In recent years, hybrid components and structures made up of metal and CFRP gain high attention as two types
of materials can be combined in a manner to offset the drawbacks of every single material and an optimum of mechanical
properties can be reached. The joining or hybridisation of the metallic component and CFRP can be mainly achieved by different
approaches. Laser welding is an advanced approach which is able to join CFRP and metal. During the joining process, the laser
beam heats and melts the plastic components and promotes the mechanical and chemical adhesions between two components.
However, due to high energy input and fast cooling, the residual stresses appear, which affect the mechanical performance. Figure
1 (a) shows the sketch of bonding CFRP-metal hybrid sample using the laser welding technology which was performed at Joining
and Welding Research Institute of Osaka University. The aim of this work is to measure and analyze the residual stresses in the

CFRP-steel hybrid component.

2. Residual stress measurement

ll Laser

Stesl

(a) (b) (c)
Figure 1: (a) sketch of bonding CFRP and steel using laser welding technology, (b) the bonded CFRP-steel hybrid component,
illustrating a used strain gauge attached at the center of the CFRP sample for residual stress measurement using hole drilling

method and (c) experimental device of hole drilling method for measuring residual stresses.

The measurement of residual stress can be generally classified as non-destructive, semi-destructive and destructive. Each method
has its own advantages and boundaries. The most widely used non-destructive method is X-ray diffraction (XRD), which is
capable of providing reliable near-surface residual stress measurements in crystalline materials. However, this technique fails
to measure the residual stress in CFRP and hybrid component. This constraint holds for synchrotron and neutron diffraction on
this regard. The well-known semi-destructive approach is the hole-drilling method (HDM), which has been standardized in
ASTM E837-13a. This standard describes the process from the attachment of the strain gauge rosette to the drilling of a hole for
relieving the residual stresses as well as the determination procedure of the original residual stresses from the measured strains.

The HDM is capable of providing reliable results within the range of 10 to 800 um from the specimen surface of various materials,
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such as metal, polymer and composite. HDM was utilized in this work for measuring the residual stresses of CFRP-steel hybrid
component which was carried out at Kassel University in Germany, see Figure 1(c) for the experimental device. In the process
of HDM, a small hole at the geometrical center of the strain gauge attached on the surface of the sample was incrementally drilled.
A small drilling step size of 20 um was utilized for ensuring the quality of the measured strain, e.g. having a smooth strain profile
across the piles. Note that the residual stresses cannot be directly measured but need to be evaluated upon the calibration
coefficients and the measured strains during drilling. The calibration coefficients were calculated by using finite element analysis

(FEA) based on the real material properties of the sample.

3. Results and Discussions
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Figure 2: Measured residual stresses (a) oxat the center point of the CFRP side (b) o« and oy at the center point of the metal side.

Figure 2(a) provides the in-depth residual stress ox at the middle point of the CFRP side, where a special strain gauge with 8
rosettes was used for obtaining sufficient strain information during drilling. It can be seen that at the surface of the samples the
residual stresses are characterized with compressive stresses with the value of -70 MPa. Also, it can be clearly seen that all
combinations show the same results except the combinations of 2 and 6. As the depth increases, the residual stresses are reduced
and then switched to tensile stresses at the depth of 500 um. Deeper in the material, residual stresses start to diverge strongly
(from a surface distance of about 0.7 mm, not shown for the sake of clarity), as the surface strain response becomes insensitive
to the effects of residual stresses existing at increasing distances from the measurement surface. Figure 2(b) shows the residual
stresses ox and oy at the middle point of the metal side of the sample where the standard strain gauge was used. It is seen that oy
and oy are tensile stresses with the value of 100 and 250 MPa respectively close to the surface of the sample. As the depth
increases, the values are increased and reach the maximum values of 180 MPa and 580MPa at the depth of 200 um and 350 pm

respectively.

4. Conclusions
(1) The CFRP-steel hybrid samples were fabricated by using laser welding technology.
(2) The evaluation formalism for orthotropic materials was employed for measuring non-uniform residual stresses in hybrid
materials. The calibration coefficients were calculate based on the real material type and geometry of the samples.

(3) Residual stresses of the CFRP and steel sides were measured through hole drilling method and then analyzed.

As the future work, the CFRP-steel hybrid samples will be bonded by using laser welding technologies with different laser energy
values and residual stresses of these samples will be measured through hole drilling method. The measured residual stresses

will be compared with numerical simulations. A relation of input laser energy and residual stresses is expected to be established.

(HLIRIRTE TS - SR EHE LR 200 )
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Multiscale Modelling of Microstructure, Micro-segregation of Al-Cu Alloys in Wire and Arc Additive Manufacturing

V22 ARS: Ruwei Geng
EERAIIERT B B
1. Introduction
Wire and arc additive manufacturing (WAAM) has gained increasing attention in the last few decades. Compared with other
additive manufacturing technologies, such as laser additive manufacturing, electron beam melting, and micro-droplet deposition
manufacturing, WAAM has many advantages in fabricating large-scale metal components, including high deposition rate, good
product quality, and low equipment cost. Microstructure and micro-segregation are two key factors directly affecting the
macroscopic mechanical properties. In order to further improve the quality of the WAAM components, the mechanism of
microstructure evolution and element re-distribution during the solidification process should be investigated.

2. Calculation details

In this work, PF simulations were conducted to incorporate the solidification parameters, namely temperature gradient and
solidification speed. PF simulations incorporating these solidification parameters were then conducted. The relationship between
the controllable process parameters and the microstructure evolution, as well as the micro-segregation was revealed through
combination of the FE and PF models

To simulate the microstructure of the WAAM-deposited ER2319 alloy, the quantitative PF model was employed to simulate
the solidification process within the molten welding pool. Since Al and Cu are the main elements in the ER2319 alloy, the material
was assumed to be an Al-Cu binary alloy in the PF simulations.

3. Results and Discussions

In this study, two groups of process parameters were selected to investigate the influence of the substrate moving speed and
the current on the microstructure and micro-segregation. In the first group, the current was fixed at 180 A, and the corresponding
substrate speed varied from 3 mm/s to 5 mm/s. As discussed above, the microstructure and solute distribution could be obtained
via the FE model combined with the PF model.

Fig.10 (a-c) illustrates the concentration field of the Cu element simulated via the PF model under the process parameters of
180 A-3 mm/s, 180 A-4 mm/s, and 180A-5mm/s, respectively. The substrate speed was left as the only variable parameter in this
group. It is evident that the substrate moving speed in WAAM has a great influence on the morphology and size of the dendrites.
The primary dendrite arm spacing (PDAS) grew significantly upon increasing the substrate moving speed, because the increased
speed could rapidly reduce the temperature gradient. According to Hunt’s model [32], the PDAS increases as the temperature
gradient decreases, meaning that the PF simulations were qualitatively consistent with Hunt’s theoretical model.

Graphs of solute concentration along the selected lines are shown in Fig. 10(d,e). Fig. 10(d) displays the concentration
distributions along the lines (O, @), and @), which pass through the column dendrites in Fig. 10(a-c), respectively. The
concentration exhibits a similar distribution pattern along the three lines. The lowest solute content is found in the solid phase,
while a sharp increase appears in the area close to the interface. The concentration reached the peak ahead of the interface, and
then declined gradually in the liquid far away from the interface. Furthermore, by comparing the three curves, it can be found
that a higher substrate moving speed contributed more solute content to the solid phase. This phenomenon can also be detected
in Fig. 10(e), which illustrates the concentration distribution perpendicular to the dendrite growth direction. Additionally, the
solute concentration reached a peak in the interdendrite region of the two primary dendrites, and the concentration inside the

dendrites increased upon increasing the substrate moving speed.
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Fig. 1 Growth of solidification dendrites and Fig. 2 Growth of dendrites and concentration field

obtained via the PF model at t = 24500At with process
parameters of (a) 180 A-5 mm/s, (b) 200 A-5 mm/s, and
(©) 220 A-5 mm/s. (d, e) Concentration distribution

concentration field of the Cu element determined
via the PF model at t=24500At with process
parameters of (a) 180 A-3 mmy/s, (b) 180 A-4 mm/s,
and (¢) 180 A-5 mm/s. (d, e Concentration

along the selected lines in (a-c).
distribution along the selected lines in (a-c).

In the second group, the moving speed of the substrate was fixed at 5 mm/s, while the current was set to180 A, 200 A, and
220A. Fig. 2 (a-c) illustrates the microstructure and concentration field simulated via the PF model under the process parameters
of 180 A-5 mm/s, 200 A-5 mmV/s, and 220 A-5 mm/s, respectively. The PDAS decreases slightly with increasing the welding
current. Furthermore, the concentration distribution along the lines normal to the growth direction and through the column
dendrites resembles the results in Fig. 1. This means that the moving speed of the substrate and the current have a similar influence
on the microstructure and solute distribution; however, the effect of the substrate moving speed is more obvious. It should be
noted the excessive heat input prolongs hat the Cu concentration in the interdendritic region had no evident change as the current
increased. This phenomenon can be seen from the maximum values of the color bars in the concentration field; it is due to the
fact that the solidification speed, which is a function of the substrate moving speed, is fixed in this group. However, the growing
current leads to an increase in the temperature gradient in the molten pool, which in turn results in the transient cooling rate (the
product of the temperature gradient and the solidification speed) increasing. The higher the cooling rate in the solidification
process, the higher the offset degree in the phase diagram. Therefore, the concentration of Cu in a-Al increases with the current
even if the moving speed of the substrate is kept constant.

4. Conclusions
(1) The PDAS decreased slightly upon increasing the current, but the substrate moving speed had a larger impact on the
PDAS, which grew significantly with increasing the substrate speed.
(2) Micro-segregation appeared in the solidification process, and it was found that the increasing current and moving speed

of the substrate contributed to improving the Cu solubility inside the dendrites.
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Oxide scale break-up governed bonding mechanism in cold spray for quantitatively predicting the inter-particle bonding

Pa AR XiaoTao Luo
BEARAITET R B

1. Introduction

The bonding mechanism in cold spray is still much debated even-though this process has been widely applied and practiced. As
the particle surface undergoes plastic deformation the oxide scale fractures into discontinuous segments which allows contact of
the clean metallic surface and thereby bonding formation. This was also confirmed by our previous TEM observation in cold
sprayed Cu deposits recently. From the quality of the cold spray metallic deposits, making clear of the detailed distribution of the
interfacial oxide scale helps to predict and tailor the microstructure and thereby the properties of the deposits. However,
quantitative tracking of the oxide scale during bonding formation is desired but has not been realized yet by numerical simulation.
On the other hand, it is known that for ASI and material jetting fragmentation bonding mechanism, the critical velocity is directly
linked with the phenomenon occurs when a successful bonding is formed. However, the bonding criterial for ‘oxide scale

breaking up’ has not established yet although it is demonstrated and accepted by more and more researchers.

2. Calculation details

In this work, the oxide scale break-up governed bonding mechanism was further developed by quantitatively tracking the oxide
scale at the inter-particle boundary during bonding formation. Cu was chosen as an example and oxide scale was quantitatively
tracked for the first time by numerical simulation through a newly developed material mode. Following this approach, the ratio
of the fresh metal contact area along the inter-particle

boundary was estimated as a function of the particle impact

Red mesh:
u micro-particle
{Diameter is 28 pm)

velocity. Experimental examinations of the interfacial | sz

microstructure by TEM and uniaxial tensile test of the deposit
Blue mesh:

w0 onide fitm
{Thickness is 50 nm)

along through-thickness direction are well in line with the

. . . . Fine mesh size
simulation results. Finally, based on the oxide-scale break-up | 95¥m

bonding mechanism, a cold spray bonding criteria was

White mesh;
Cu substrate
(Diameter is 112,
Helght Is 56 pm)

established from the energy balance perspective, which is
reconcilable with the jetting and ASI mechanisms and allows
predict the deposit properties from impact velocity. The

widely used Lagrangian algorithm was employed for

simulation. Figure 1 shows the schematic diagram of the
geometric model for particle impact simulation. To realize the
oxide scale on surface of both the Cu particle and the Cu Figure 1 Finite element model setup for a single particle impact.
substrate, a core-shell structured meshing strategy was used as shown in Fig.1. A 50 nm thick oxide scale shell was fixed on the

Cu.The mesh size was 0.5 pm in the impact region (meshing resolution of 1/56 dp). The bottom of the substrate is constrained.

3. Results and Discussions
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Figure 2 shows the snapshots of the temperature
(TEMP), effective plastic strain (PEEQ) and it [ Efutn sl s 13

20
LR

12
Fos

deposited on the substrate at different impact e

experimental cross section observations of the particle

velocities at the time the particle impact induced
plastic deformation just finished. Similar to the
previous experimental and simulated results [18, 23,
53], the plastic deformation at the particle boundary is

inhomogeneous for an individual particle. That is high

plastic strain and high temperature rise is generated at
the rim of the boundary while the center of the Fig.2. Contours of the effective plastic strain (a, d and j), temperature

boundary undergoes much lower plastic strain and (b, e and h), of the 28 mm diameter Cu particles deposited on Cu
lower temperatures. On the other hand, as the substrate at different particle impact velocities of 500, 800 and 1100
impacting velocity and thereby the kinetic energy of m/s. (d), (h) and (i) are experimental observation of the polished
the Cu particle increases, the plastic deformation at ~ Cr0ss sections of the Cu particles deposited at corresponding particle
the boundary becomes more intensive and the high impact velocities showing the high accuracy of the newly developed
plastic strain area is greatly expanded suggesting and ~ Material mode.

thereby more fresh metal contact formation at the

boundary. As the particle impact velocity increases to 800 and 1100°C, evident material jetting can be observed at the rim of the
particlesand much higher temperature (Figs.2a, d, e and PEEQ (Figs.2b, e, h) can be observed at the regions close to the jetting.
It can be derived from Figs2a, e, i and b, f, j, that the maximum local strain increases from 3.5 to 3.8 and 4.3 as the impact
velocity increases from 500 m-s™! to 800 m-s” and 1100 m-s™. Meanwhile, the highly strained region extends with the increasing
particle impact velocity. It is worth noting that, at each particle impact velocity, the final morphology of the experimentally
deposited Cu particle agrees well with that of the simulated one. This confirm the validity of the simulated results in this work.
According to the oxide scale break-up mechanism, the fresh metal contact can be only formed in between the cracked oxide scale
segments. Because of the brittle nature of the oxide scale (ceramic), it is rational to assume that the surficial oxide scale on the
Cu feedstock powder cannot be plastically extended during the particle impacting. In the present work, the high accuracy of the
modeling by using the newly developed material mode allows precisely predicting the ratio of the fresh metal exposure and

thereby the bonding quality.

4. Conclusions

(1) Quantitative tracking of the oxide scale on feedstock particle during high-velocity impact in cold spray was realized by
numerical simulation. Oxide scale break-up induced fresh metallic contact at the inter-particle boundary dominates the
particle bonding formation.

(2) For an individual particle, heterogeneous plastic deformation of the particle makes oxide scale segments mainly
concentrated at the center while a large area of clean metallic bonding was formed at the rim of the interface. As the particle
impact velocity increases from 500 to 1100 m/s, the metallic bonding area increases from 29.6% to 94.1% of the total inter-

particle boundary well supporting the tensile mechanical properties.
GLFBFTETE - BRE IS AR 250 BT )

— 224 —



Interfacial microstructure and fractured behaviors for the laser welded Steel/CFRP joint under
various heat inputs
M K% Hongbo Xia
RERIFIIEET R S
1. Introduction
Laser joining steel with Carbon Fiber Reinforcement Plastic(CFRP) in the manufacture of automobile could not only reduce
the total weight but also save the energy consumption. In this research, dual phase steel DP590 was joined with CFRP by laser
welding technology. The influence of laser powers on the welding formations, interfacial microstructure evolutions and
interfacial thermal cycles were investigated. Then the relationships between interfacial microstructure evolutions and thermal
cycles were clarified. After that, fractured behaviors of joints produced under various laser powers was evaluated and the reason
for the strength variations were analyzed.

2. Experiment process

In this research, the thickness of steel was 1.4mm while it was 3.0mm for CFRP. The matrix of CFRP was composed by the
80% PA6 and 20% carbon fibers. The steel and CFRP sheets were prepared with the dimension of 7Smm(width)* 40mm(length).
A fiber highyag Almega AX-V16 with the maximum laser power of 30 kW was adopted as the heating source, and the laser
beam was applied directly on the DP590 surface. During the laser welding, the heat transferred from the steel surface to the

interface and melt the PA6 in CFRP. Then the melted PA6 was attached on the

Fiber laser
steel to realize the connection between steel and CFRP as seen in Fig. 1(a). In all ®

the welding processes, the DP590 sheet was set at the upper side, as seen in Fig.

1(b). For the laser powers, they were adopted as 300-800W with the interval of

employed as 5.5mm/s, 40mm and +93mm, respectively.

. . . aomm|  CFRP T4man
3. Numerical simulation DES90
40mm

A three-dimensional thermal analysis finite element (FE) model was built

100W. The welding speed, welding length and defocused distance were (b) r“‘*”ﬂﬂ

) . . . ) Fig. 1 Schematic diagram of overlapped form of Al/steel
using an in-house code JWRIAN following the actual sample dimensions,

boundary conditions, and welding parameters. The heat distribution of laser beam was expressed using the Gaussian volume heat
function. Fig. 2 presents the mesh of the FE model. Finer meshes with the dimension of 0.6 mm % 0.6 mm x 0.4 mm was divided
in the laser direct heating zone, while coarser meshes with 1.6 mm x 0.6 mm x 0.4 mm were divided in the rest regions to shorten
the calculation duration based on an acceptable accuracy. Fig. 3 presents the thermal physical properties of DP590 and CFRP

(b) 75min

from room temperature up to 225 °C and 1000 °C, respectively, which [,

were measured by JFE Techno-Research Corporation. For the material omm T Wm

properties beyond the measured ranges, the method of interpolation and

. _
extension was adopted. oPss0 Seam crrp

Fig. 2 Generated meshes

3. Results and discussions (a) = ®) . ¥
——— . -
“ —= Thermal sosuetivitA e ) & \"'/
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Fig. 3 Materials properties
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The weld formations and corresponding cross-sections of steel/CFRP joints produced under different laser powers were

presented in Fig. 4. It could be found that melting of steel did not occur in the selected ranges of laser powers which indicated

that the adopted welding parameters were reasonable. In addition,
some CFRP was found at the edges of the workpieces. This was
caused by the pressure effect of jigs. During welding, the steel and
CFRP workpieces were restrained by the clamping jigs. Under
the heating effect of laser beam, some CFRP was melted. The
melted CFRP had high fluidity and spilled out of the workpiece
under the pressure of the jigs. With the increase of laser powers,
the melting width and depth of CFRP were both enhanced. For
instance, when the laser power was 300W, the melting width and
depth of CFRP were 13.82 mm and 0.45 mm, respectively. When
the laser power becomes S00W, these values increased to 18.88
mm and 0.62 mm, respectively. With the further increase of laser
power to 800W, the melting width and depth of CFRP were
further increased to 23.35 mm and 0.97 mm, respectively.
Enhancement of melting width and depth was caused by the

higher interfacial peak temperatures originated from higher laser

Laser

power-

Weld-appearance. Weld-cross-section.

300wW.

400W.

500W-

600W.

T00W.

800W.

Fig. 4 Weld formation for the joints produced under various

power which will be presented in the later welding simulation results.

laser powers

To better clarify the effect of heat input on the laser welded steel/CFRP joints, interfacial microstructures were observed.

Fig. 5 shows the interfacial microstructure at selected regions (from the center to the edge of the interface) for the joint obtained

at 300W, 700W and 800W. When the laser power was 300W, an obvious gap was found in the steel/CFRP interface as seen in

Figs. 5(a-c), which indicated that the steel and CFRP were not
tightly bonded. During the laser welding of CFRP to steel, the
connection of interface was mainly realized by the adhesion of
melted resin matrix along steel. When the jigs were removed after
the welding process, a deformation mismatch existed between
CFRP and steel due to their differences in thermal expansion
coefficient. The insufficient melting of the resin matrix could not
offer enough resistance to this deformation mismatch and led to
the unbonded interface. In the center and middle regions of the
melting zone, some porosities were found, as shown in Fig. 5 (a-
b). It was caused by the volume shrinkage of resin after being
heated and then cooled. It could be figured out that the size of

porosities in the edge region, as seen in Fig. 5(c) was smaller than

Fteal Migdle  gam  Stesl Edge
= e E—

Fig. 5 Interfacial microstructure for the joints produced under various
laser powers

that of the center region as seen in Figs. 5(a, b). This was originated from the larger shrinkage in the center zone induced by

higher temperature. The unbonded interface between CFRP and steel was disadvantageous for the bonding strength of the joint.

When the laser power increased to 700W, it could be seen that the gaps between steel and CFRP were disappeared, and a tightly

bonded interface was formed, as seen in Figs. 5(d-f). Porosities with large sizes were formed in all three observed regions. With

the further increase of laser power to 800W, a different interfacial morphology was presented, i.e., some resin matrix in the central

region was burned, which formed an unfavorable bonding condition. In addition, the number of porosities was increased due to

the more severe shrinkage of the resin matrix resulted from the increased laser power. Previous researchers also found this similar
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Temperature (°C)

phenomenon when excessive heat input was adopted. Burning of the resin matrix also indicated that the interfacial temperature

at 800W was higher than the decomposed temperature of the resin matrix, namely 335°C. The burned resin matrix would reduce

the effective interfacial bonding area, which would lead to the reduction of joint strength. Therefore, the laser power should be

controlled lower than 800W to avoid burning of the resin matrix.

The calculated thermal cycles at the center of interfaces for the joints produced under different laser powers were presented

in Fig. 6. The peak temperatures were 242 °C, 272 °C, 286 °C, 299 °C, 310 °C and 342°C at the laser powers of 300W,

500

—— 300W —— 400W —— 500W 400W,500W, 600W, 700 and 800, respectively. Since the peak temperature under
GOO0W ——— TOOW —— 800W
400 - Pesk temperature: 262° for 300W, the laser power of 300W was slightly higher than the resin’s melting point 220°C,
amposition p 1 272°C for 400W; . . . . o . .
gl - T e g‘% B melting of resin matrix occurred only in a very limited region, which was
310°C for TO0W; . . . .
-342°C for BOOW responsible for the unbonded interface as seen in Figs. 5(a-c). However, under the
i laser power of 800W, the peak temperature reached 342 °C, which was higher than
100 the resin’s decomposition temperature 335°C. As a result, the burning loss of resin
matrix occurred, as seen in Figs. 5(g).
o i 1 i L
‘ e :’0 (Ss: " b To clarify the influence of laser powers on the bonding strength, the tensile-
ime
Fig. 6 Interfacial thermal cycles shear test was carried out and corresponding load-displacement curves were

presented in Fig. 7. With the increase of laser powers from 300W to 700W, the tensile-shear load increased monotonically and

reached the highest tensile-shear load of 3855N when laser power was 700W.
The increase of bonding area with laser power was one major reason for this
enhancement of tensile-shear load. However, with the further increase of laser
power to 800W, the tensile-shear load of the joint decreased to 3689N. The
burning loss of the resin matrix as seen in Fig. 5(g) originated from the excessive
heat input caused this this reduction.

The fractured surface on the steel side for the joint produced under different
laser powers were given in Fig. 8. The fractured surfaces at the steel sides were

relatively smooth when lower laser powers of 300W and 400W were adopted,

Laser Height measurement results of the

fractured steel surface

Tensile shear load (N)

5000
—300W
—— 400 W
4000 — 500 W
—— 600 W
— 700 W :
3000F ___ aon '
2000 - L
1000 -
o ;
0.0 0.4 0.8 1.2 1.6 20

Displacement (mm)
Fig. 7 Tensile-shear strength

indicating that the joints were fractured along interface (interface failure, IF).

With the increase of laser powers to S00W and 600W, it could be found the

W J . ‘ | fractured steel surface was rough with some CFRP remnant. In addition, some

yellow structures were also presented on the steel sides, which was caused by

£
S
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A 4. Conclusions

the sulfide of resin under high heating temperatures. This kind of fracture for
the joints could be defined as cohesion failure (CF). When the laser powers of
700W and 800W were adopted, various fractured surfaces were found on the
steel side. In the central region, the fractured surface of steel was relatively
- smooth and free of CFRP remnant. In the outer region, a continuous CFRP
F remnant was presented. This kind of fracture model for the joints could be
defined as interface failure + cohesion falure (IF+CF). Therefore, the fracture
modes of the steel/CFRP joints under different laser powers can be classified
I into three categories (IF, CF and IF+CF) and the fractured model of IF+CF was
| most beneficial for the bonding strength of the joint.

Fig. 8 Fractured surfaces (1)  Deeper penetration, larger melting width were formed under the higher

laser powers, and porosity was created in the CFRP matrix due to the mismatch of thermal expansion coefficient between
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PA6 and carbon fiber.

Burning loss of resin occurred under the laser power of 800W due to the excessive peak temperature at the middle of
interface, which exceeded the decomposition temperature of the resin matrix.

Three different fracture modes, interfacial failure (IF), cohesion failure (CF) and a combination of interfacial and cohesion
failure (IF+CF) were presented with the increase of laser power from 300W to 800W. The highest tensile-shear strength
was produced under the laser power of 700W due to its larger bonding width, free of burning loss, and appropriate bonding
condition (IF+CF).

Decomposition of the resin matrix due to excessive peak temperature is disadvantageous to the joining strength. The

values of peak temperature should be kept at 310°C-335°C.
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Preparation and characterization of nano TiO: coated Al,Os particles

Guangdong University of Technology
Da-Wang Tan

1. Purpose
Fine Al,Oj3 particle is characterized by good hardness and high temperature resistance. Adding
AlO3 as a second phase in the bulk ceramics could enhance high temperature stability and
tribological resistance. However, adding naked Al,O3 particles may deteriorate the mechanical
properties due to the interfacial reaction and/or huge difference of coefficient of thermal expansion.
Therefore, coated Al,O3 particles would be more effective to improve the properties. In the previous
studies, CVD and sol-gel processing were used to prepare coated particles, but the low efficiency
and high cost limited its wide applications. Besides, small particle layer on a core particle surface
is easier to obtain expected Ti containing coatings (e.g., carbide, nitride, etc.) after treatment. So, it
is interest to develop a simple and economical method to produce Ti containing layer on ceramic
particles. The present study attempted to prepare nano TiO, powder layer on Al,O3 particles, which

was expected to obtain various Ti containing ceramic layers after treatment.

2. Experimental

Powders of Al,O3 and TiO» with an average particle size of ~2.8 um and ~30 nm, respectively,
were chosen as the raw materials. The particle microstructure and size distribution were showed in
Fig. 1. The Al,O3 particle with nearly equiaxed polyhedral morphology had good dispersion. The
coating process was conducted using a special attrition-type mill at 3000 rpm for 10 min in ambient
conditions. The milling processor included a main chamber (inner diameter 80mm) and an internal
elliptical rotor; the gap between rotor and chamber was 1 mm. The TiO; to A1,O3 powder mass ratio
was fixed at 5%. After the processing, the TiO2/Al,O3 composite powder mixture was observed by
scanning electron microscopy.

Probability (%)

0.53 0.89 150 252 424 713
Particle size (pm)

Fig.1 (a) microstructure, and (b) particle size distribution of raw Al,O3 powder.

3. Results

Figure 2 illustrated the microstructure and element distribution of nano TiO; coated AlLOs
particles. The particle size of coated Al,O3 particles was similar to that of the raw one, as showed
in Fig 2(a). The element Ti distribute in the particle area and match the location of Al and O, seen
in Fig 2(b, c, d). The Ti, Al and O element distribution maps suggest that nano TiO, were dispersed
uniformly to form the TiO; layer on the surface of Al,O; particles.

The comparison of surface morphology between uncoated and coated Al,O3 particles was
illustrated in Fig 3. The edged raw Al,O3 particle showed a glossy like surface while the coated one
exhibited a rough surface, which further supported that Al,O3 particles was uniformly covered with
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nano TiO; powder after mixing. Presumably, the two kinds of particles organized well into core-
shell structure with the host A1,O3 particle as a core. It is expected that the proposed mechanical
method would be promising to design the composite core-shell structure coated by Ti containing
ceramic layer as the shell part.

Fig.2 Microstructure and element distribution of coated Al,O3 particles, (a) for SEM graph, and (b),
(c) and (d) for distribution of element Ti, Al and O on the area in (a), respectively.

Fig.3 Surface morphology of coated Al,Os3 particles, (a) before, and (b) after coating process.

4. Conclusions

(1) Nano TiO; coated Al,O3 particles were mechanochemically organized from the constituent
powder mixture in short times.

(2) Core-shell structure particles with the host Al,O3 particle as a core and Ti containing
ceramic layer as the shell part was expected.
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