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Tribological Properties of Aging Treated Titanium Alloy

il R ok e
Yasuhiro Michiyama Kei Demizu

(201046 H 7 H 3ZH)

This study examines the tribological properties of a titanium alloy. Especially, the effects of aging
treatment on the tribological properties, such as wear amount and coefficient of friction, were investigated
systematically for the beta type titanium alloy (Ti-15V-3Cr-3Sn-3Al). Accelerated aging treatment was conducted
at temperatures of 350-550°C for 2—72 hr after solution treatment at 850°C for 2 hr. A ball-on-flat type friction
and wear tester were used to evaluate tribological properties at 25°C and 50%RH under a dry sliding condition in

which an SUJ2 steel ball was used as the counter-face material. Microvickers hardness values of the titanium alloys
with aging treatment were 260-440 HV. The wear amount and the hardness of the titanium alloy did not correlate
linearly. The wear amount values of the titanium alloys were almost identical in the treatment range of 450-550°C

for 16-48 hr. The wear amount of the titanium alloy was affected by the precipitation morphologies of the alpha

phase.

Key words: tribology, titanium alloy, aging, precipitate hardening, wear, friction

1. FLC&IC

F 2 URENE, HERENEY, WEENENRED
BNTREZ & D, FEERMETS, HBIHEE NS
EDRHAREBIERLTWS Y. LA L, kbR
LTI EEREMEIC S B 728, L S BhEBH D]
ERARSNZIGANEZ . ZTHUE, F 2 AR kM
MRNCEHEAN, 50 <, BMRERMEL, FEFICTE M
THOMHTFMERERZREC LTV EWEKNTH
. Lieh->T, Lo 3EIEMm 0@ ZX5ICiZ,
Z DM EFEEOWEN BT L I N5 2.

R, F 42 UMRIOMmEFEMSEZ B L UK
HICB T BWIFEHIRENERAIICED SENDE X DI -
TERY. —F, MEREZLETSEE 5 DOk
ELT, RHOARZWETZDOTERL, BMek%E
b & & 2 BRI LA B B . BERHALEE I3 RS 5648
X OBERMNE T IFICBITEDT, DM
JELAN)UITIE U TR 238 E T % T L W ATRETH

o BEEESER BEMER
=GR (SR - AEWERAAR

%9 LTAN, RO EICET 3 REDZ L
&, FIERBERMTICHTZEDTHD, FEBEERER:
TEICBId B I3IE & A E7R0.

Z TTCARBIRTIE, WML AT B T 2 V&
BREE L, ERET TSN T CRRILI 21T > THE
PEESREREIC DV TG L 7.
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AREE T, BUBENTEE2F 2058 THS B
BIF % > 44 Ti-15V-3Cr-3Sn-3Al ( LL#% 15-3) % 38
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Table 1 Chemical composition of 15-3 alloy used. (mass%)

\% Cr Sn Al Ti

15.0 3.05 3.06 2.99 Bal.
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Table 2 List of specimens.

Aging temperature (“C)
350 400 450 500 550
0 000-00

2 350-02 | 400-02 | 450-02 | 500-02 | 550-02

4 350-04 | 400-04 | 450-04 | 500-04 | 550-04

8 350-08 | 400-08 [ 450-08 | 500-08 | 550-08

16 | 350-16 | 400-16 | 450-16 | 500-16 | 550-16

Aging time (h)

24 | 350-24 | 400-24 | 450-24 | 500-24 | 550-24

48 | 350-48 | 400-48 | 450-48 | 500-48 | 550-48

72 | 350-72 | 400-72

6x20x2 mm I BERAN T USEAGRR & Uz,

2.2 EFhALEE

<y TV D TRk 9 2 R LS DR 35
K OBRITIEY, KG Uz, $XRTOUHII KRG T
1oz,

I 0 UL PR 8 1 350°C, 400°C, 450°C, 500°C3H KU
550°CHO 5 ¥ & L, NS TR %Z 2
h, 4h, 8h, 16h, 24h¥E X U48h & L 7z. 350°C,
400°CICDWTIFHEIC 72 h ZBINZ f=. 4, Epghilsg
KXo TEONTHARDN 2D 5720, ReahimfE, K
MR ZNZNEBE L GRS & Lz, ZoE
S ERICELOHIL D% Table 2177, BE5NkR
Flom & ilER, MBI, XREfizZnZhiT-o7
2.3 EREFREER

Fig. 112759 & 5 7« Ball-on-Flat 13- 15 Bl 0 R L PE KE
B VT2, TARGRE (Flat) TH 3 F 2 B8,
T A Y —#KT 2000 % & THWIE (Ra=0.03 um) L TLF
VTV A=)V THHE L, St S iz, BT (Ball)
&, T & U TERERRRICZ < HO S NS HEK
(SUJ2, EfX4.76 mm) &z, SHBRIE, BhgEihx &

Specimen h(zlder

Leaf spring ~ Counter weight

*
X .
“‘Dead wg’lght

*

Ball specimgn

L]
0..
L)
L)

Flat specimen

Fig. 1 Schematic drawing of the ball-on-flat type friction
and wear tester.

Agingtime ¢0 02 A4 08 &16 W24 A48 @72

500

450
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350

300

Microvickers hardness (HV)

250

200

Aging time (h)

Fig. 2 Age hardening behavior at 350-550°C in the solution
treated specimens.
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FRRERBH Uz, £, 4 MOFEEROEREARZ T
BHLT, SilfloEERE L.
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Ol X 1%, 400°C, 72 h QLFE (400-72) I BV TS
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BB EBbNS. IER(EALEEF (000-00, 260HV) 72 4
DA TR S % T &1 K > T 260 ~ 440HV D
HIPHOW & 2 H T 25N S.
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Aging temperature (°C)
350 400 450 | 500 550

0
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4
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72 100pm

Fig. 3 Optical micrographs of titanium alloy.
o phase
Grain boundary
o phase (acicular)
B phase
C Grain boundary
B phase
— ZOHm
(a) 400-08 (b) 550-08
Fig. 4 Optical micrographs of the specimens aged at (a) 400°C for 8 h and (b) 550°C for 8 h.
HL AR B9 7z Fig. 3 38 X U Fig. 4 1IC/R"9. Fig.4 @ 000-00 5 H 7% &K 5 I 50 ~ 100 pm D IE R A%
(), (b) X Fig. 3 ™ 400-08, 550-08 ZHi K L7z DT TH3. EORFNUELRE % A C & RFDRGHET 21

H%. KFRTHEHLIF 2 ERE, BECLPEH DNTBMTHBEHIN 5 2 HTH 2D A S
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g
S 08 T T T T T
5 m
2 07 000-00 |
§ k _
0.6
05 L 1 | 1 | 1 | 1 | 1 | 1 i
0 2 4 6 8 10 12
Sliding distance (m)
Fig. 5 Relation between sliding distance and coefficient of

friction.
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400-72(440HV) T7 <, 550-48(321HV) TH 5.

Fig. 7 1C 350 ~ 450°C CHLFE U 7z 3K 0D I 4y AL PR AR
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Agingtime ¢0 02 A4 08 16 W24 A48 @72

Wear amount (mm?3)

Fi

Wear amount (mm3)

Wear amount (mmz)

Wear amount (mm3)

0.035

0.030

0.025

0.020

0.015

250 300 350 400

Microvickers hardness (HV)

amount.

450

g. 6 Relation between microvickers hardness and wear

| Agingtime ©0 02 A4 O 16 W24 A48|

0.035
0.025 [ l l
0.020 L L L L L
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Aging time (h)
(a) Aged at 350°C
0.035 %
0.030 S7AL- N
\} ~ - _ -
0.025 *
0.020 L L L L L
0 10 20 30 40 50 60
Aging time (h)
(b) Aged at 400°C
0.035
0.030 <@ T §
0.025 ?\I\
-, =
0020 L L L L L
0 10 20 30 40 50 60
Aging time (h)
(c) Aged at 450°C

Fig. 7 Relation between aging time and wear amount.
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| Agingtime ©0 02 A4 08 & 16 W24 A43 @ 72

100

500°C

80

60
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Area rate of alpha phase (%)

20 40 60 80
Aging time (h)

F

g. 8 Relation between aging time and area rate of alpha
phase.
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Fig. 9 Relation between area rate of alpha phase and wear
amount.
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Development of a Four-axis Flexible Tactile Sensor
with Strain Gauges
— Using Cr-O Thin Film as Strain Gauges -

ke R NG ZRE HT Qi
Takashi Matsunaga  Taizo Oguri Tadaoki Kusaka
LA RiA BEK * e FIER *

Yoshiharu Kakehi

e

Kazuhiko Yamamoto

Akio Okamoto Kazuo Satoh

R ] e
Masaaki Yoshitake

(2010 4E 6 H 21 [ =¥

A flexible tactile sensor using a Cr-0O thin film strain gauge has been developed. The Cr-O thin film
strain gauges are sputter-deposited on a polyimide film and patterned photolithographically. Both diamond-
like carbon (DLC) and SiC thin films deposited by chemical vapor deposition (CVD) method are also used as
intermediate layers between the Cr-O thin film and the polyimide film. The Cr-O thin film strain gauge on the
polyimide film is patched on the side of a four-sided truncated silicone rubber pyramid. The ability to detect the
direction of the horizontal force applied to the top face of a four-sided truncated pyramid and to detect the vertical
force are the salient characteristics of this flexible tactile sensor. In this paper, we also propose measurement of

torque using a flexible tactile sensor. Therefore, this sensor is useful as a four-axis flexible tactile sensor.

Key words: tactile sensor, Cr-O thin film, strain gauge, soft material
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Fig. 1 Schematic illustration of tactile sensor (a) and its
cross section (b).
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Tensile stress

Fig. 2 Schematic drawing of measurement method for the
applied force.
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Fig. 3 Resistivity of Cr-O film as a function of O, flow rate.
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Fig. 4 TCR of Cr-O films as a function of O, flow rate.
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Fig. 5 Schematic drawing of Cr-O thin film strain gauge.
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Fig. 6 Schematic diagram of PIG-PECVD apparatus.
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Fig. 7 Fabrication process of the tactile sensor.

Fig. 8 External view of the flexible tactile sensor.
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Fig. 11 Schematic view of tactile sensor to measure torque.
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Development of a Four-axis Flexible Tactile Sensor
with Strain Gauges
— Fundamental Investigation of the Sensor Shape and
an Estimation Method for the External Force
Applied on the Sensor —
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A new type of a flexible tactile sensor is proposed. It comprises a truncated quadrangular pyramid-
shaped silicone rubber and four strain gauges patched on four side surfaces of the rubber. The application of force
to the tactile sensor causes deformation of the sensor and a change in the resistance of the strain gauges. The strain
responses of the sensor to external forces of various types were investigated analytically and experimentally.
Results showed that the horizontal force, the vertical force, and the torque are detectable from the combination of a
change in the resistance of the strain gauges.

Key words: flexible sensor, tactile sensor, torque, silicone rubber
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Fig. 1 Schematic illustrations of the shape of the sensor-
element proposed.

Fig. 2 Conditions for the analysis. Young’s modulus: 2.57
MPa, Poisson’s ratio: 0.499, F, =F,=1N, F; =1
N-mm.
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Fig. 3 Contour plot of the normal strain, €5, calculated
for the torque F; applied on the top of the sensor
element.
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Fig. 4 Relations between the direction of the horizontal
force Fy, 6 and the normal strain (a) €., (b) €7
and (c) €p calculated for the respective sides of the
sensor (face 1D from (D to @) ) under the condition
of the single horizontal load F,,.

Fig. 5 Relations between the face ID and the three normal
strain components €., € and € calculated for the
single load: (a) the torque F; and (b) the vertical
force F, respectively.

#7 8000 pe T, HOMFH K UH@M T3 —8000 pe T
H%, TOMDHEEIF. 0<6<360° DHIPINT—
FHUMNMAEL RV, T, KA OHDMERS
BYyEc, TOERAMZRELSS L, B5TIC
AIRLIEE O T H =W DONTNICEH L TEZORNR
MEENZTLZRLTWS. IZL, Km0 d H



62

EOREZFIMD Ky DZNLHXT/hNENWT &
5, BEOBIRNDLBHETMO T AKX @AM
FTHICEHT BT ENEE L EEZ LN,

Fig. 51C, MV BXUCREE M2 ZFNENER
THzE EOXRMEICBIT BRIEEE DT A =T D
IBEZ/RT. Fig. s iIc XU, WIFNDT T ARSI
DNTH, UTFHMAFZLERETIREF—ETHS. Th
&, PVIBRUCERESMNODMEEG L TEH LGS
I, H—DUF RIS Tldiifar 872 XH] LT
BT ERVT EERLTVS. —J, ST,
[E]— D DFE— K7 DO T HMAIERE > TWVD.
ZRFEOHDONAVCTHepIcEH LGS, FLY
YEHRE DO Al I3 # —4000 ue TH B DICH L,
EJTJIERRE D U4 A I3 1000 pe ThH 2. 97%
bbb, EEAMMIHIET 5ICE, U EOUTHES
WKHEHLT, NS0T HKDEDON TS 2 KT
EEMHT20EDOH DT EhRE NI,

3. fERANDHERZE

HiE COMGHFERICHE T E, SNPUpsy (F, Fy, Fy,
Fr £721% Fu(9), Fy, Fr) ZREET 511, HEamod
HEXAFTIOT HONGZFHT 20ENH 5. %
TC, Fig. 6 1R I AR 2ETFNVEHEL, THMmIC
KENOE SN IIDMER UT233EC B 294 e s
HICDVWTIERZED LT 3.

Fig. 2 1R g =MD (Fy, Fy BE U F) BZNTE
NHEINTIER T 2 5AICE T %, AIOHET 04
e, &, NAKFMOTHE €p; LidikT 28D L
5. BRIy EEOMHOEES L L, O, @,
@FIFOOVITNAZELZEDET 5. INFj kst
JIER & U, HX(ZKEHF WD X K57 ), Hy(7KF
AENDyY K5 ), VOEESRT] ), £2ET(RLVY)
DWINhZLBEDET 5. [FERIC, ARt =Dt
NI ERICER LIz aic s %, fIEICA U 5HE5
MO HZ € &, MAHMOTHZ €ni Ladihd %
EDET 5.

H—ON IR 20T HIBEE, st )ik
T BZENEFITILTWVWBE EEZSENS. L
MNoT, NIWEEGNHER LIGEARICE TS, —D
i (&S ) ICEC 2050 T H € BRUTHA
HIAOSH €pi i, H—4)) (FAF)ICKDELS
U R (e BT ‘ep:) DA IRER () ICBH T 257
MTRIENTES.

1)

Face ID (2

{a) B-gauge model (b} 4-gauge model

Fig. 6 Schematic illustrations of the sensor element with (a)
8 strain gauges, (b) 4 strain gauges.
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Face 1D (3

Fig. 7 Appearance of the specimen prepared.

Fig. 8 Schematic illustration of the specimen combined
with the loading jig and the fixing jig.
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Fig. 9 Comparison of the experimental results with the
FEM results on the relations between the direction
of the horizontal force F,,, 6 and the strain on the
sides of the sensor (face ID from @ to @ ) induced
by the single horizontal load F,,.
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Fig. 10 Comparison of the experimental results with the
FEM results on the relations between the applied
load, F; or F,, and the strain on the sides of the
sensor (face ID from M to @ ).
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Surface Modification of Polytetrafluoroethylene Films
Using Atmospheric-Pressure Plasma Graft-Polymerization
— Application for Adhesion and Plating —

HE A& KRR s
Mitsuru Tahara Masaaki Ohkubo

(2010 4: 6 124 H  =2H)

A surface modification technique that improves the adhesion of fluorocarbon polymer films such as
polytetrafluoroethylene (PTFE) was developed using nonthermal atmospheric pressure plasma under argon
and acrylic acid vapor. Results of the 90° peeling test show that the peeling strength of the treated PTFE film is
greater than 1 N/mm. X-ray photoelectron spectroscopy (XPS) and scanning electron microscope (SEM) analyses
confirmed that chemical bonds with F atoms greatly decrease on the surface and that a hydrophilic layer is formed
because of the plasma graft polymerization process. A low-environmental-load surface modification technique for
plating the fluorocarbon polymers films is developed using this technology of the atmospheric-pressure plasma
graft-polymerization. The results of the 90° peeling test show that the peeling strength of copper plating on the

treated PTFE film has sufficient strength for practical use.

Key words: atmospheric-pressure plasma graft-polymerization, fluorocarbon polymer, adhesion, plating
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Fig. 1 Layout of experimental setup for atmospheric-
pressure polymerization.

UMD HIRIERE 3 70 & U TIEMRHD > X 2L D
WrHTIT-oTe.

-+ CusSO, 3.5 g/t, 1 ¥ x )L 34 g/t, Na,CO, 3 g/,
NaOH 7 g/t, Jx)L= U > (37 %) 13 me/t

2.4 ZOhoFHmELER

727 NEG UK PTFE OFEM SAE, il Rl
iE, ESCA 7i#fr, SEM %z 1T-7%.

3. BMREEE

31 EBEMWE

75 A EAH LT PTFE ([fil& FTIR D A7 b L
T 1700 cm™ (3L A7)V R F 2 OVE ORI R 5 1
7z. ESCA®D Cls AT MU H & Fig.2D&KHICH
IWRFVIIVHEOE—=INE G, Bhekke ULTHILR
FUNEEFFOEBGHENERLTVE EEZONS.
F 7o, il IE RN PTFE 0 104° 156 75 A< &
A L7z PTFE T 49° Li@EN DM L7z, PTFE ©
ZHAHTRVF—IZ 18 mIM TH O, WLLiT
AFVBIEET D 42 miim® & i U TRV EH
IRNVF—tE->TW»W3 Y, PS5 A<EAS LK PTFE
Tk 46 mIm’ TH Y, HEFTH 2T RFVRIEK
DERWERHBTZ R VF—L&D, BEMEm LICE
BrRIETEEZLND. Tz, HIVKRFIIVEITH
KA 53 MR TH O, BEALKERGZE
U3 e TEENmENMIfFENS 2.

Kic, T XA<EE LT PTFE D O SEM #%
Zirote. 7T X< EA LT PTFE(Fig. 3(b)) (348
FRUYL T EZTHE U PTFE(Fig. 3(c) &L
B LUCTFERER B> TEY, PTFE DEGIE D%
WwZ ehbholk.

F iz, i KOMIFTIO S SAESL

Fig. 2 XPS spectrum of the C1S peak of plasma graft-
polymerized PTFE film surfaces treated by
atmospheric pressure polymerization for 4 min.
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Fig. 3 SEM micrographs of surface morphology of PTFE
films.
(a) blank.
(b) plasma polymerization with acetic acid for 4 min.
(c) treated with metal Na and NH;
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Table 1 Roughness of the surface of treated PTFE.

blank  Na/NH; plasma polymerization
(10 min)
Ra (um) 0.3 0.4 0.2

thnnn
o o’ o
A~ O o

Load
o
N

o

0 5 10

Fig. 4 Result of 90° peeling test for the treated PTFE
film with the copper plating as a function of the
polymerization time.

Table 2 Atomic ratio of surface of test pieces by ESCA.

blank polymerization film
before peeling test  after peeling test
substrate PTFE PTFE PTFE Al
C 339 65.9 35.4 37.0
0] 0.1 33.4 15 2.4
F 66.0 0.7 63.1 60.4
Al - - 0.1 0.3
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Fig. 5 SEM micrograph of the polymerization treated PTFE
film after peeling test.
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EDOXV Resin PTFE

Acrylic Polymer
7 =
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Fig. 6 Schematic diagram of adhesion mechanism of treated
PTFE.
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Fig. 7 Peeling strengths for the treated PTFE film with
copper plating as a function of the polymerization
time.



RBRIFFIL RN SSRGS No.24, 2010

Load (N/mm)

O 1 1
0 50 100
Flow Rate (L/min)

Fig. 8 Peeling strengths for the treated PTFE film with
copper plating as a function of the flow rate of Ar
gas.
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Effect of Carbon Content on Selective Laser Sintering
of Carbon Steel Powders

A ez B &
Takayuki Nakamoto Nobuhiko Shirakawa Yoshio Miyata

T B

R

Haruyuki Inui

(20104F7 H29 1 =z#)

Optimum conditions for laser irradiation to achieve fully dense high-carbon steel selective laser sintering
(SLS) specimens have been investigated as a function of carbon content in steel powders using steel powders with
different carbon contents of 0.33-1.04 mass%C. Full densification is easily achieved by SLS processing for all
high-carbon steel powders. The energy density during the SLS process necessary for full densification decreases as
the carbon content increases from 400 J/mm?® for 0.33 and 0.49 mass%C to 267 J/mm?® for 0.76 and 1.04 mass%C,
which is considered to be attributable to the increased wettability of molten Fe—C alloys on steel powders and
sintered specimens for the higher carbon contents. The values of yield stress and microhardness of fully dense SLS
specimens tend to increase concomitantly with increased carbon content in steel powder. At a given carbon content,
the values of yield stress and microhardness of fully dense SLS specimens tend to be higher for those produced

with a lower energy input.

Key words: selective laser sintering (SLS), carbon steel powder, densification, microstructure, mechanical

property, rapid prototyping (RP)
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Table 1 Chemical compositions of carbon steel powders
(mass%).

Numbers in () indicate the carbon contents after SLS processing.

Material C Si Mn P S
S33C | 0.33(0.31) | 0.19 | 0.64 | 0.010 0.003
S50C | 0.49(0.46) | 0.22 | 0.79 | 0.006 | 0.005
S75C | 0.76 (0.71) | 0.28 | 0.77 | 0.009 | 0.008
S105C | 1.04 (0.99) | 0.21 | 0.74 | 0.009 | 0.007

Table 2 Laser irradiation conditions.

Laser power /W 200
Scan speed /mm/s | 50, 100, 150, 200
Scan spacing  /mm 0.1,0.2,0.3,0.4
Layer thickness /mm 0.05
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mass%, 1.04 mass% DX KDL 73 1&, IS Kk
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Fig. 1 Optical microstructures of SLS specimens produced
with S75C steel powder under various laser
irradiation conditions. Observations were made in a
cross-section cut parallel to the building direction.
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Fig. 2 Optical microstructures of SLS specimens produced
with (a) S33C, (b) S50C, (c) S75C and (d) S105C
steel powders at the scan speed of 100 mm/s and
scan spacing of 0.2 mm. Observations were made in
a cross-section cut parallel to the building direction.
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Fig. 3 Energy density required for full densification by SLS
processing plotted as a function of carbon content in
steel powders.
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Fig. 4 Optical microstructures of single-line laser scan
tracks formed with S75C steel powder on the flat
substrate at various scan speeds of (a) 50 mm/
s, (b) 100 mm/s, (c¢) 150 mm/s and (d) 200 mm/
s. Observations were made in a cross-section cut
perpendicular to the scan direction at the middle of
the track length (8mm).
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Fig. 5 Optical microstructures of double-line laser scan
tracks formed with S75C steel powder on the flat
substrate at various scan spacings of (a) 0.1 mm,
(b) 0.2 mm and (c) 0.3 mm. The laser scan was
made back and forth to draw a double-line track at
a constant scan speed of 100 mm/s. Observations
were made in a cross-section cut perpendicular to
the scan direction at the middle of the track length
(8mm).

Fig. 6 Optical microstructures of double-line laser scan
tracks formed with (a) S33C, (b) S50C, (c) S75C
and (d) S105C steel powders on the flat substrate
at the constant scan spacing of 0.2 mm and scan
speed of 100 mm/s. The laser scan was made back
and forth to draw a double-line track. Observations
were made in a cross-section cut perpendicular to
the scan direction at the middle of the track length
(8mm).
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Fig. 7 Plan views of single-line laser scan tracks formed
with (a) S33C, (b) S50C, (c) S75C and (d) S105C
steel powders on the flat substrate at a constant scan
speed of 100 mm/s.
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Table 3 Average values of yield stress and microhardness
of the interior regions of SLS specimens produced
with S75C steel powder under various laser
irradiation conditions.

Scan speed s;z;:ﬁﬂg Eg:sr% Yield stress| Hardness
(mm/s) (mm) () (MPa) (HV0.5)
50 0.1 800 1153 418
50 0.2 400 1188 454
50 0.3 267 1273 484
100 0.1 400 1163 451

7

Fig. 8 Optical microstructures of the surface (a) and the
interior (b) regions of a pore-free SLS specimen
produced under the same condition of Fig. 1(d) (scan
speed of 50 mm/s and scan spacing of 0.1 mm)
using S75C steel powder.
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Fig. 9 Yield stress and microhardness of the interior regions
of each pore-free SLS specimen produced at the
scan speed of 50 mm/s and scan spacing of 0.1
mm plotted as a function of carbon content in steel
powders.
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Effect of Film Thickness on Structural and Magnetic Properties of
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