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In-situ Observation of Crystallization Process for Thermoplastic Resin in
an Injection Mold by means of Small- and Wide-Angle X-ray Scattering
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Figure 1. WAXS images for PPS and CNT/PPS composites (ca. 45 sec after injection)
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Figure 2. Azimuthal plots (¢ = 1.43 A™) for PPS and
CNT/PPS composite
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Figure 3. WAXS spectra during injection molding process for PPS
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Figure 4. Time evolution of ¢ for PPS and PPS/CNT composites in the injection molding process
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Figure 5. Avrami plots for PPS and PPS/CNT composites
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Figure 6. SAXS images for PPS and CNT/PPS composites (ca. 45 sec after injection)
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Figure 7. SAXS curves for PPS and PPS/CNT composites
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Figure 8. (left) Lamellar long period and (right) scattering intensities changes for PPS and
PPS/CNT composites in the injection mold
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Operando measurements of positive and negative electrodes using
synchrotron X-ray
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Figure 1. (Left) Schematic drawing of setting for in-situ XAFS-XRD measurement, (nght) Picture of

heating apparatus.
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Figure 2. Charging curves of laminate cells at 30, 50, 80, and 100°C.
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Figure 3. XANES spectra of (a) Ni-K and (b) Co-K during charging at 30°C.

XANES A7 by BEH U@\ EER Ni-K W kL X — 2 b O R ERFE %
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&L, FEMZRRIEITY Z ENEE LV, £ 2T, Co DLW TiE, B =

12



6, (2015) 10-15

INFX AR RKENE =7 by T2 A= 5D THRF L, BEER Co-K WL
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F(LIZAE T TR EEX B 25, —J. SOCI00%LL Ed Co BMLfEICER 245 &, iR
ENE L 2D ONTHEIMET T2 2 ENRH LN o7, DF V., SOCI00%LL Eizin
TIEMTRIBIGAE T, BE EH & & BICRIUCENERT 5700, EMEMENS O Li
S i S Co DA LA DHEMET L b D EEZBND, CoK B—2 by 7T x
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Figure 4. Ni-K absorption energies of Li;_Nig75C00.15Alg05sMgp.0s0, during charging
at 30, 50, 80, and 100°C.
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Figure 5. (a) Co-K absorption energies and (b) Co-K peak top energies of Li;_Nig75C00.15Aly05sMg0.0502
during charging at 30, 50, 80, and 100°C.
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Figure 6. In-situ XRD profiles of laminate cells during charging at (a) 30, (b) 50, (c) 80, and (d) 100°C.
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Figure 7. H values calculated from in-situ XRD profiles of graphite during charging at 30, 50, 80, and 100°C .
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Lot A%ITERLL & EISOE BN RERZ D 5 2 &, B ER OB R
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Installation of High-energy Microbeam Optics at the Toyota Beamline for
Scanning Three-dimensional X-ray Diffraction Microscopy
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(KR B rp P22 T
Toyota Central R&D Labs., Inc.

BB BN OGS AL & ST DIEME 3 ot~ > ¥ 7 & mlRRIC T D AERA 3 kot X AR
BEMETEDBRF A1T > T D, ZHUCHNT T 50keV it X BEEI TR EZEBA LT, e —
DA A ROSRE T ZENENTEE 1.6 u mX AKF 13 um KO 5.9X10° photons/s 235 H 417,

F—U—F: EAEM3 KoL X REPTHEE, S rF—~ A7t —Lh SBME

HREHFRER

3 kIt X BT (3 Dimensional X-ray Diffraction, 3DXRD)BEMEEE[1-2]1EE— R/ ¥ —
R X2 O TR BN O &S Sbr O fE fh 7 AL R OIS ) Z I CIET 5 2 & %
AR LI LWTETH D, WA - Y - 7 U —7Hic TéAEMﬂW%®%#m
KLOETE - BEFE 2 BRI TE 5 LR SN TV D, ZivE TITEIPEZER Rt Sk
Oy PR S AVWTIS 0 [3]0kE AbaliA [4-9] | AZLENE [10] O Ea 2 [10-13], (KiR 7 U —7
UM¢®#mﬁ MRS AT DBIEDNRE STV TN D, SRR TR Rt 2 115 5 f i
iﬁ@%f%rwmﬁbwﬁﬁﬁ&kbf%&aénfwéo@Izw% X Mz 05
T2 ORI EIOBIRNFTRECTH D -0 TEMICHLAHATH S 6, 9, 151,
SMW%i%@xﬁ%%ﬁ%ﬁﬂmﬂﬁbﬁﬂ%@%é&&ﬁ%ﬁﬂ@ﬁ&%mmﬁbkz
WIEHH R X 0 [ X B2 T 5. ShIEEsEsh O Efisks M ETH 5 [1-2], BEOHK:
B O OEIPTBLS AR R ECHEAR S 720K 5 R FEBRGIE L U, #dh R & O E 5 a BER
E LT, BBLAR EDREERIC L2 LD TH D02 BT 5, Z OHEICIZEIFTOfEELT
BRI TN D 72O SRR ET T &M D, 3DXRD YEIZIZH MG U TV 2o
HEE— ROMITE— R BRIN TR BARDIAHRTHEINDG Z &b H DM, K EEN
BEFN D 2585 5 il 00 5 15 5 2 RS VAR B T — & ) b S5 RS 2175 2 L 23k
WELTWb, flziE Near—field High—energy X-ray Diffraction Microscopy (nf-HEDM) [7]
E BT D FIETIE 3 IRCI 7RO 2 FBLT 272012, BEMMELRIREDOIEZ b 572>
— MROE—AZRE L, TGRS & U CRUBHT < IZERE L7z @220 fRiE X SR A 7
LV ET X BRERE L. Z O OfEskI~ v 7 A ERD 2 L2 XD 3 WRonkE sk~
v T EGD, WTIIZ L TH SRR 2 AR L LTV D 72D B 2555k D OE T
BEAMRHER ECHALRWE ST I2MERSH D, ZIUTaEHh s sb O FHIf N B
HZEEBHRLTWD, 20710, ZTHETHREIN TV D ER TR b+
TEREIN L HWSER TS,
%EH%A?%VUM?iE%EHﬂ@%@AW&ﬁ®%%%E%LT%I%kLT%“
R — X HAEERERNR IR E R 2 2 % Mgz K D 10ms FE# 53R XAFS (Super Quick

16



6, (2015) 16-20

XAFS) ¥ [17] 2 BR%E U7-, 55 2 1 & LT 3DXRD MU THEIC L 2 EHAEBEMEI OB & OBI% %2
FHE L, EAM R RRAL IO RKE MR OB 2 B 45 5 72 DI B 712 AR 3DXRD 5
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M EREZ > TV D 7 OIT G N AR 1T B 72 < . FE 37 2 M 4R 1 i BR B A A28 0D A2
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A 3DXRD {EIZ L D AME 1 X 1mm DFFAEL OBILE A4 HHE L T 50keV v 1 7 1 B'— AT R
ZEAL, 2014B $IT B W CTHEAFTERZ 1T o 72, F7o, WIREEHEN 1om E 2306 LTX
FRIET /S 2 — o % S IR CRIE L 3 fhiE R O FTREME A2 TR - 72,

EBR

WA L7z 50keV A 7 B B — LR A K 1 IRT, IRIKZEHEEH 2 fhdbs 688 Si(311)
IZ& D 50keV ICHEN LT v V2 b —F A RELFERAAY v h&2@L T,
Kirpatrick and Baez (KB)ELE X 7 —ICL VENXT S, BEKOIKEFMOELEZZNLEN
%1 KOEE 2KB X 7 — (JM400, JTEC)IZX > TITH, B 1 KO 2KB X 7 —DHAf 133 Si
HFEA 400mm R TPt =2 —7 ¢ 7 L, ARMITH 1. 3mrad TH 5, KB I 7 —1F %7 50nm
LAVENKEKB I 79—~ =t 2 L—3 3 325 A [19] (JM2000-400, JTEC) (2454 LA E
A EITH, AENEAY » B H 2KB R 7 — Pt £ COREE, LU 2kB 2 7 —TF
T BN E £ TOMEREL, ZN 4 82, 140mm M (Y 360mm T 5, FEE K OKFEH 1A
ORE/IMERITZENZEH 1/81.5 Y 1/146 TH 5,

HENE — Y A RFMDT- D, ENMBICHB LT A 7y Ik VA% %
1ol BbNImy VAR Y T a7y A NEBEEBBICE Y 7 0 v T 4 7 L, 2R
BB ORI THE 2 2 A 7 A dh O 2R (FWHN) Z3RKed7z, Fio, e — L EHIE
W23 A A F v 8@Blem, Kr) ZHV, A4 F ¥ U RXOBHRMENS T T v 7 A~DLEHIZ
I% Hephaestus Ver. 0.18 Z MWz, (REBNHA Y v FOBA A ZHEE 80 pmX /K- 140um &
L., e —29 4 X&iHMEZEZ 1.0X L. 0um & L7,

~A 7 v —AEEREFIESHE SPCC (JIS G 3141) 1mm EICEEIZAST L, EHE WA &
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Fe OYEIRITHI b um TH D, 77 v M 3R/UK AR D #EERFIE 30ms, 2 i AE X 230mm
X 291mm, FREF « B AR REEEITA) 410mm TH B,

MRBIUOELZE

EELOKEFRMOT y PAX Yy 70T 7 A )VEZNENK 2 KO 31TrT, HEEKL
OUKET D FVIM IZZ N F4 1.6 um KX 1.3um TH D ENRE—LH A ARHREMEL Y
HREL Lo TVDDIFENREEOTHEAZICLLHLORKB 2 7 —DIRFNFEKTH D &
EZ2 D, B E—ABEEIL 5.9X10° photons/s Tho7=, WIT. X BEH/Z — L H
BORERZX 4 17T e — AIEIXEBRIZIZ TR TH D), 3DXRD FENT A3 FIREZRFREE D
BEACIRDEHT 3% — U PG LTS, BIPTERERH0E 5L TN o0 E 2 0 E i+ 512
L BB 1 X Imm FREE O A RRIRIZEI Y H U RlES ST 3DXRD f#HT L 72 1 Ui & 72203, =
AT OV TIE 20164, B HILC M L 7=, 2016 FEELERICIE D TETH 5,
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Internal Morphology Measurement of Microscopic Volume
in Large Electronic Board by Synchrotron Laminography
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B O i dh Tl BRI THRAT 2HA01H 0 . OEFEMERN I 1 X EM
WXL DNEIBREDIE RN EE CTH D, AEBRTIE, BMHNXTI /7T 7 012k, KROTRE
FERE OIS 7 Y4 X ($9300X190 mm) OF FFHM L, NED I 7 vz 3 RTIERER A
FALTE DDRRE LTz, ZORER. IXATERNITAFET 58 4 um OFUINRFRRE AR A R A2 3
WL THHLTE 72, BRI 7% £ OREBFLZ BV TNE TELd 2 HEZEE o BN A H
P E VR D,

F—U—NF: B A A= T T 0T 74, =L br=s X NEERE, B, Ik
BREHHI

TR LR

WG O B ah D% < X, BRSO B e E O BRFEEMEI A S L TED LD 729,
PRI IR D 220 RF DR E S AEIZ LD . WIS IR HAE L, Z0DICHENS &
HZENDIEENRDH D, ZHDETMT 5 7-OICEML 2 UIWr % & . HBIE OB 2 B8RS H
TERL 720 FMAREENZLT 5 72 D MRS I10BE 2 JIE TE RV &V 9 FRED
Hole, FmOBRRICHE N TEVEEEZ AT 5720, FEEEFHNC X 2NE I 15
L OO HELER AL E L ST, 2 THhald, WEISHOFHIC W TiE, 8
ARODEHEARY v M HWENE [1N2%E LT, & OICRFZER D fFEE % & D 7o GHNE %
REL, ZOLAREE GBI L T, SPring-8 @ BL33XU (BHE—ALTAY) 2T, 0D
AN FTO Al G&ONHOT Aometill/e 217> TE2[2], £72. WEOEEEFHIC
DUWTIE, Hsh & BT @ ifee e 3 Ot 2 RBL CX 27 XV V9 7 4 ™A
HTHY[3,4], /INUDNT —F S ZETFHIRME OB 1T > TET2[5], AFFETIL, &
HE—LTANCT 7 777 4 5HIZRZ S BT, KOS Z8EFIcHElL, 27 o
Vo A —H—TNEIEREZ AR L T & 2 I REE L7z,
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FHUEEHI TR D /N a VKRR TR TH Y | BTz 7 84 X (K 300X 190
mm) OFFFHAIL7Z, ER EOF v FRIINFEE SN 2 FHAR SR & LT,
BHE—LAT7A BTN T 777 4500y N T v 7&K 1 IRT,
HD = F X — LB D Sn ORI ZZE LT 29keV & L, iEHIEE RN 5 30 FEEHIT
TolElfin AT — 2 FICERE L2, 360° [AlfizSH72285 0.1° [HIBE T 3600 K oiFilg 2 ik L=,
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KA IZIZ CMOS 1 A Z 24 U, B OfEE L34 1.3 pm/pixel & L7,
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Figure 1 Experimental set-up of synchrotron
laminography measurement for full-size circuit board
at BL33XU, TOYOTA beam line, of SPring-8.
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AFHU T, B 2R B EC Z 0 7AYo ZERN TR 4 um (3 pixel F2E) ORA K
EIERTE T, BIOFHITIEZ, 033 pm/pixel D EEIRRE T Z4T > 72855, 1 um
DT HPRLF 2 A L T & 72,

Chip resistor N Solder fillet

Wiring

4 * Virtual cross-section
(white dotted lines)

Figure 2 Perspective view of reconstructed 3D  Figure 3 Virtual cross-section of reconstructed
image of chip resistor, solder and wiring with 3D image in solder under chip resistor at white
through-hole in commercial circuit board. dotted section lines in Fig. 2.

22



6, (2015) 21-24

MOF » T T DIZATZNICE T 5 G EZ X 4 18T, BELOFy FEiiox v
iz B TR LIz, Fy 7HRROBESEHICHRA RREPLTWD 2 ENbnD, Eio,
B4 IH3 LTy FHEILFORA RRETH Y BN RZR D, [F CRLEEIE AT 5 [F)
— R EDOTF v TEHUTE N T H, FATEADOIEKE R A FITITERPROND Z &R bh-o
2o XA DRI EOWARA 2 TR DOE VL T D LHEI SN D, &
BRIEICBNT, ZOX IR, NERBONT S 2 RZATIRET 5 2 LIFEETH D,

Edge position of .chip re‘sis

Figure 4 Virtual cross-section in solder under different chip resistor.
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(a) Void diameter and distance between voids under (b) Void density under chip resistor
chip resistor and in the rest of solder fillet. and in the rest of solder fillet.

Figure 5 Distribution of size, distance and density of voids in solder in Fig. 4.
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Time-Resolved and In-Situ X-Ray Diffraction Analysis for Thermal Energy
Storage Materials

FEH R HAR ERe KA Be, B BOE e, R fZ e
Yoshihiro Kishida®, Masakazu Aoki®, Yohsuke Mizutani®, Takamasa Nonaka®, Kazuhiko Dohmae®

“(KR) B H T BT SE T
*Toyota Central R&D Labs., Inc.
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% —7— K: Thermal Energy Storage. NH3, In-situ X-Ray Diffraction, Time-Resolved, Calcium chloride
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(a) 4 . 2D detector (b) Furnace

(PILATUS 300K) themmorouple Sample powder

—f Sample
hermocouple

X-ray

S~
_ _\\. = p/&
= A Furnace Quartz glass tube
Furnace with a sample ce . o 2
= Side view Front view

Gas pressure controller (C)

Stainless steel tube

Diaphragm Detoxifying
pump equipment

B — valve

Pressure
gauge

T~

Buffer Storage
tank tank

Furnace with a sample cell

Figure 1 Time-resolved and in-situ XRD apparatus. (a) Over view illustration of experiment stage
in the BL33XU. (b) Furnace with a sample cell. (c) Piping drawing of gas pressure controller and the

sample tube.
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Figure 2 (a) Difference of temperature of furnace and sample. (b) The NH; gas pressure in the
sample tube. Each plot indicates observed value, and the solid red line indicates the moving average

line.
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Figure 3 Time-resolved XRD patterns. (a) The temperature ranges from 60 to 88°C, it indicates the
phase change from Ca(NH;)sCl, to Ca(NH;),Cl, via Ca(NH;)4Cl,. The XRD patterns show every
Isec. (b) The temperature ranges from 221 to 280°C, it indicates the phase change from Ca(NH3),Cl,
to CaCl, via Ca(NH;)Cl,. The XRD patterns show every 2sec.
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Figure 4 Rietveld refinement of (a) Ca(NH3)sCl, in room temperature, (b) Ca(NH;),Cl, in 122°C
and (c) CaCl, in 342°C. The excluded region around 7.5 deg. are diffraction of the carbon fiber and
other excluded region in (b) are small impurity peaks of Ca(NH;)Cl,.
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Analysis of Electrode for Solid Oxide Fuel Cells by u -beam XRD
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Fig. 2 SEM image of a polished cross section of the coin-type SOFC
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Fig. 3 Diffraction patterns of cross section of SOFCs, before (a) and after (b) duration tests.
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Fig. 4 Lattice constants and volume of LSC before and after

duration tests
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Fig. 5 Mappings of Co, Sr and La by EPMA measurement
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Fig. 6 The ratio of Sr/(La+Sr) in a cathode before and after duration tests
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Fig. 7 Raman spectra of cathode before and after duration tests
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Figure 2 Sn K-edge XANES spectra of MSCS / SnO, composites.
(a) Lithiation and (b) Delithiation process.
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Abstract We developed a novel in situ observation
method associated with synchrotron radiation X-ray dif-
fraction (XRD) that enables us to simultaneously monitor
structural changes of materials, images at frictional inter-
faces, friction force and temperature with a time resolution
on the order of tens of milliseconds. The in situ method
was applied to study scuffing process of martensitic steel
under a dry condition. The result shows that during scuff-
ing, martensite to austenite phase transformation occurred
with plastic flow. The generated austenite phase disap-
peared when the shear test was stopped. The austenite was
present at a surface temperature lower than the nominal
austenitisation temperature. After intermittent occurrences
of the austenitisation with local plastic flow, the scuffing
feature showed a larger amount of austenite, higher friction
and greater plastic flow. The XRD spectra suggest that
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some metallurgical properties of the near-surface material
of the steel may change at the scuffing-mode transition.

Keywords In situ observation - X-ray diffraction -
Scuffing - Steel - Phase transformation - Austenite

1 Introduction

Scuffing is a sudden catastrophic process occurring at the
frictional surfaces of machine elements in operation. Sev-
eral different mechanisms of initiation of scuffing have
been proposed, such as critical contact temperature, ther-
moelastic instability, roughening of surfaces, metal adhe-
sion and formation/removal of oxide layers [1-5]. A
majority of the proposed models in these studies assume
that scuffing criteria are derived from insufficient lubrica-
tion and initiation of solid contact. For example, an
increase in temperature at the frictional interface decreases
the viscosity of the lubricant and softens the surfaces.
These effects enhance the frequency of direct solid contact
with adhesion, leading to roughening of the surfaces; these
mechanisms definitely provoke scuffing because of an
increase in the severity of friction. However, adhesion at a
real contact area cannot be always claimed to result in
scuffing. Experiments have shown that friction tests can be
conducted without scuffing under not only the conditions of
lubricant starvation but also under dry conditions [4].
Characteristic changes in the near-surface material are
likely to be key elementary processes for the initiation of
scuffing because material near the solid surface resists
attacks of the counter asperities when coming into direct
contacts with solid asperities. Indeed, subsurface cracks
due to plastic deformation [6, 7] and a metallurgically
altered layer called the white layer on the surface [8, 9]
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have been observed on the surfaces of scuffed parts. Ajayi
et al. [10-12] and Hershberger et al. [9] have proposed a
scuffing criterion based on adiabatic shear instability,
which is a critical point at which the thermal softening
exceeds work hardening due to plastic deformation in the
near-surface material at the sliding contact interface. In this
study, we focus on changes in the near-surface material to
clarify scuffing process.

The main difficulty in clarifying scuffing may stem from
the fact that only a few in situ methods allow the direct
observation of the frictional interface, primarily, because
any observation path towards the interface is blocked by
the sliding materials themselves. Enthoven and Spikes [13]
used an infrared microscope and a video camera to observe
the temperature and capture visible images of a scuffed
surface on a rotating steel ball rubbed with a sapphire disc.
They observed that scuffing is triggered by the accumula-
tion of wear debris at the inlet of the contact area, which
causes starvation of the lubricant, rather than being trig-
gered by a critical maximum temperature. Recently, Yagi
et al. [14] and Li et al. 15] used a colour digital charge-
coupled device (CCD) camera to record high-resolution
images and the friction force of the contact area between a
rotating sapphire disc and a stationary steel ball during
scuffing. They observed sudden expansions of the contact
surface due to plastic deformation and studied the precise
behaviour of the wear debris during scuffing. Chandr-
asekaran et al. [16—18] used an X-ray imaging technique in
a friction test apparatus for in situ observations of the
transfer and bonding behaviours at the frictional interface
between a steel specimen and an Al disc. The ability to
observe the wear process at the microscale and nanoscale
in situ has advanced remarkably [19-23]; however, a link
is missing with respect to bridging the scale gap between
the phenomena on such a small scale and that on the
practical scale of the sliding machine elements. As illus-
trated above, some challenges remain with respect to
accessing the frictional interface directly; in situ methods
are still scarce and limited at the present.

This paper describes an in situ observation method to
access the frictional interface by combining in situ X-ray
diffraction (XRD) with Yagi’s [14] friction testing appa-
ratus; this combination allows structural change of the
contacting material, friction data and images of the con-
tacting surface to be obtained simultaneously. In this
apparatus, a rotating sapphire ring makes frictional contact
with a stationary steel pin. An X-ray beam directly illu-
minates the contact area of the pin passing through the
sapphire ring. A synchrotron was used as the X-ray beam
source to perform XRD measurements with a time reso-
lution on the order of tens of milliseconds. Having applied
the method to tempered SUJ2 steel, which is equivalent to
AISI 52100, we report that plastic deformation

@ Springer

accompanies a phase transformation of the steel in the
scuffing process.

2 Methods
2.1 Apparatus

A pin-on-ring-type friction apparatus, shown in Fig. la,
was used in the experiments. The pin specimen was cut
from the centre of a 25.4-mm-diameter ball of SUJ2 steel.
The diameter of the pin was 4 mm. As the counter sliding
ring, we used a specially shaped sapphire ring integrated
with a sapphire disc (details of the ring are provided in the
next subsection). The disc portion was embedded in the
holder and rotated by an AC servo motor. Sliding contact
was made between the tip of the steel pin and the ring of
the rotating sapphire disc. Notably, the curvature radius of
the tip of the pin was the same as that of the original steel
ball. The contact begins as a point and then changes to
surface contact as wear progresses; the curvature is needed
to prevent unstable partial contact.

0>

> = AC servo motor
(a)
N
pulley microscope
timing belt pulley
load cell for load
Ly
h
£ 4— sappire ring

L ]
o'\o

air cylinder T

linear guide SUJ2 steel pin

load cell for friction

microscope

e

(b)

2D detector
sappire ring

X-ray

D thermocouples
SUJ2 steel pin

Fig. 1 Schematic images of a test apparatus and b shear rig
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Load was applied on the sapphire ring via an air cyl-
inder. Frictional force was transmitted through the appa-
ratus arm and measured by a load cell. A microscope was
set above the sapphire ring to acquire images of the contact
area. The images were recorded by a colour digital CCD
camera at 30 frames per second. The digital camera had
two CCD arrays for visible light and near-infrared light
(temperature analysis using the near-infrared light will be
presented elsewhere). A xenon flashing light was used as
the light source for the microscope, which was operated
simultaneously with the camera. The half bandwidth of the
flashing time was approximately 2.5 ps.

To detect the temperature of the steel pin, thermocou-
ples were embedded into the centre of the pin at distances
of 1, 2, 4 and 205 mm from the surface of the pin.

2.2 XRD Measurement
2.2.1 Set-up

The XRD experiments were conducted at the Toyota
beamline BL33XU of the synchrotron facility SPring-8.
Figure 1b is an enlarged image of the test rig. The test rig
was tilted against an incident X-ray beam direction to
irradiate the tip of the steel pin. The angle of the incident
X-ray beam against the pin was 9°. The energy of the
incident X-ray was adjusted to 30 keV by a Si 111 double-
crystal monochromator. The beam was focused in the
vertical direction by a Rh-coated mirror and a slit to make
it 60 pm in height and 1 mm in width at the sample
position. The footprint on the irradiated surface of the pin
was approximately 0.4 x 1 mm? against the incident angle
of 9°. Debye—Scherrer rings were captured using a two-
dimensional detector (PILATUS 300 K, DECTRIS) with a
time resolution of 1/30 s, which is same as that of the CCD
camera used in the experiments. To reduce the harmful
effects of the intermodule gap of PILATUS 300 K, we
positioned the detector such that the gap was longer in the
vertical direction. The captured Debye—Scherrer rings were
numerically integrated along a circular path with the centre
on the diffraction ring to convert the two-dimensional data
into an XRD line spectrum.

2.2.2 Sapphire Ring

Sapphire is one of the most suitable materials for our
purpose because of its good transmissibility of X-ray and
visible light. Figure 2 shows the shape of the sapphire ring.
The sapphire ring, combined with the disc part, was man-
ufactured from bulk sapphire by grinding. Because the
incident X-ray is able to pass through the hollow centre
region to arrive at the tip of the pin, a decrease in the X-ray
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intensity due to absorption by the sapphire can be sup-
pressed. To avoid a strong XRD spot on the detector from
the sapphire, we carefully examined the occurrence of
XRD spots from the rotating sapphires by changing surface
orientations. Consequently, a (0001) sapphire was selected
as the friction surface because it did not exhibit any XRD
spots at an incident angle of 9°.

2.2.3 XRD Analysis

As will be discussed later, the XRD spectrum shows bcc
and fcc peaks, which are attributable to the martensite
structure of the SUJ2 parent material and the austenite
structure, respectively. We focused on three variables: the
area, width and shift of the XRD peaks. To determine the
amount of austenite, we fit the corresponding XRD peak
with a Gaussian function and estimated the areas of the
martensite peak of bce(110) (Syv) and the austenite peak of
fcc(111) (Sa). The index Sa/(Sa + Sm) indicates the ratio
of the austenite. This index is only a rough estimation
because the correct ratio should be derived by accounting
for the diffraction intensities in the structures. The second
variable used was the Gaussian width of the martensite
peak during the test (wy(?)) divided by the width of the
peak at the unworn state before the test, denoted by
Wy = wm(2)/wm(t = 0). The index Wy reflects the time
variation of crystalline properties such as the structural
perfection of the martensitic steel [24]. The third variable
is the XRD peak shift, which is used to estimate the surface
temperature of the specimen. The incident X-ray is dif-
fracted with a diffraction angle 20 when the Bragg equa-
tion, sin 20 = n//2d, is satisfied in a given condition of the
wavelength of the X-ray 4, the lattice distance d and an
arbitrary integer n. When the original lattice distance dj is
altered to be d and the corresponding diffraction angle
shifts from 20, to 20, a relation can be derived through the
Bragg equation as

d/dy = sin 26,/ sin 20. (1)

The heating of a specimen by friction energy leads to
thermal expansion of the material. The definition of the line
expansion coefficient of a material o is

AT — To) =d/dy — 1, (2)

where T and Ty are the temperature at a particular point in
time and the initial temperature, respectively. Substituting

Eq. 1 into Eq. 2, we derive
a(T — Tp) = sin20y/ sin20 — 1. (3)

We then modify Eq. 3 to include the dependence of o on
temperature. For representing the temperature dependence,
a linear approximation of the form oo = aT + b was applied
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Fig. 2 Schematic images of
sapphire ring
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Fig. 3 Temperature dependence on the linear expansion coefficient.
Plots are experimental data of SUJ2 steel; the solid line indicates the
results of linear fitting

to a. The actual data of the temperature dependence of o for
SUJ2 steel (the data used were that of AISI 52100, which is
equivalent to SUJ2 [25]) were fitted to estimate the con-
stants @ = 0.0038 x 107%/°C? and b = 12.1 x 107°/°C.
Figure 3 shows the result of the fitting. Inserting the linear
fitted form into Eq. 3, we obtain

aT? + T(b — aTy) — (bTy + sin20y/ sin20 — 1) = 0.
(4)

This equation was adopted to estimate the surface tem-
perature 7 in this study.

2.2.4 Analytic Depth

The analytic depth, which indicates how much of the depth
of the steel material from the surface represented in the
XRD spectrum, can be derived as follows [24]. When an
X-ray beam with an incident angle 0; is irradiated on the
steel surface and is diffracted by the material at a position
z, at a depth from the steel surface, with a diffraction angle
20, the total length of the transmission path of the X-ray in
the steel is given as L =z[l/sin0; 4+ 1/sin(20 — 0;)].
Using the X-ray absorption coefficient of the steel u, the
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intensity of the incident X-ray Iy, and the coefficient of
diffraction intensity ¢, we can derive the diffraction
intensity from the material existing over the depth z from
the surface as I(z) = cly [, exp(—uL)dz; and thus, the ratio
of the diffraction intensity to the total intensity is

I(Z)/I(Z _ OO) -1 e—,uz[l/sin9i+l/sin(29—9,-)].

(5)

In the present experiments, 6; = 9°, 20 of martensite and
austenite are approximately 11.5°, and the value of u of
iron is 5.996 mm~! for an incident X-ray energy of 30 keV.
With these parameters, we can state that the XRD spectrum
primarily originated from the steel material in a depth of
7 pm, which contributes 70 % of the total diffraction
intensity.

2.3 Test Conditions

The experiments were performed under a dry condition.
The initial temperature Ty of the steel pin was set to 50 °C
using a heater embedded in the pin holder. The sliding
speed of the sapphire ring was set to 2.38 m/s, and the
rotating ring was subsequently dropped onto the steel pin
with a normal load. The normal load was progressively
increased from zero to 270 N and was then maintained at
270 N. When the experiment was finished, the rotation of
the sapphire ring was stopped, while the load was
maintained.

3 Results

Figure 4 shows an overview of the friction coefficient and
applied load as a function of test time. The contact started
at 0 s which we take as the origin of the test time. During
the initial stage of the test, some friction peaks appeared
and the friction coefficient settled at approximately 0.2. At
50-90 s, the friction peaks reappeared several times. After
90 s, the friction coefficient increased monotonically to
approximately 0.4, and we stopped the sliding at 145 s.
Characteristic friction peaks emerged prior to the
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Figure 5e shows temperatures obtained on the basis of
the martensite peak shift in the XRD spectra and the
thermocouple data. The temperatures increased as the test
proceeded. The variation of the temperatures detected by
the embedded thermocouples was slower than that esti-
mated by the XRD shift, because the temperature of the
XRD shift represents temperature in the material within
7 um depth that is shallower than the position where the
thermocouples measured the temperatures. The tempera-
tures indicate that the austenite phase exists below 300 °C,
which is much lower than the nominal temperature of au-
stenitisation; this phenomenon will be discussed in the next
section.

Figure 6 shows snapshots of the visible contact area of
the steel. Immediately after contact, the contact area
formed a circle (i.e. Hertzian contact) and generated wear
particles accumulated over the contact area, as evident
from Fig. 6a, b. Plastic deformation then occurred at the
position observed in the bright area in Fig. 6¢c, and the
plastic deformation propagated over the contact area as
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Fig. 5 a Friction coefficient and load, b ratio of the austenite peak
areas, ¢ width of the martensite peak, d apparent shear stress and
pressure and e temperatures in the initial period. The temperatures
were obtained on the basis of XRD shift (closed circles) and
thermocouples embedded at distances of 1 mm (grey line), 2 mm
(dashed line), 4 mm (grey dashed line) and 20 mm (dotted line) from
the surface of the pin

shown in Fig. 6d. An expansion of the contact area indi-
cates increased wear of the steel pin because the tip of the
pin is curved; thus, the contact area increases as wear
progresses, as noted in the previous section. The time of
initiation of the plastic flow appears to be very close to that
of the occurrence of the austenitisation.

Figure 7 shows the variations in friction coefficient and
applied load, the ratio of the austenite peak area, the width
of martensite peak and the temperatures in the later period
(48—105 s). The test times associated with the occurrence
of the friction coefficient peaks, the austenite ratio and the
temperature coincided well. The peaks appeared
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Fig. 6 Photographs of the contact area of the steel pin in the initial period. The sliding direction of the sapphire is from left to right
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Fig. 7 a Friction coefficient and load, b ratio of the austenite peak
area, ¢ width of the martensite peak and d temperatures in the later
period. The temperatures were obtained on the basis of XRD shifts
(closed circles) and temperatures measurements using thermocouples
embedded at a distance of 1 mm (grey line), 2 mm (dashed line),
4 mm (grey dashed line) and 20 mm (dotted line) from the surface of
the pin

iteratively, and after approximately 90 s, the friction, the
austenite ratio and the temperatures increased monotoni-
cally. On the other hand, the width of the martensite
appeared to be independent of the iterative peaks, although
it did decrease after 90 s.

Figure 8 shows snapshots within the time period of one
of the iterative peaks. The contact area was covered with
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wear debris, which appears as a black region in the figure.
Plastic flow began at the black region of the agglomerated
wear debris, and then extended over the contact area and
disappeared.

4 Discussion

The characteristic friction peaks seen in this study have
been also observed in other works. This phenomenon has
been referred to as “microscuffing”, which is local and
does not result in catastrophic failure [8]. Microscuffing
often occurs iteratively prior to macroscuffing; specifi-
cally, microscuffing is the precursor to macroscuffing.
Here, we use the terms microscuffing and macroscuffing,
which were observed before and after 90 s in this study,
respectively.

Two points are worth discussing. The first point is
related to the austenitisation temperature during micros-
cuffing. We observed that the temperatures at which the
austenite peak appeared were 300 °C in the initial period
and 450 °C in the later period. These temperatures are
apparently lower than the nominal austenitisation temper-
ature 750 °C of SUJ2 steel [26]. We again emphasise that
the temperature estimated on the basis of the XRD peak
shift represents temperature within a depth of 7 pm from
the steel surface; thus, the scheme provides the temperature
of the near-surface material that should be affected sig-
nificantly by scuffing. The second point is the role of the
austenitisation during scuffing process.

4.1 Temperature Analysis of Austenitisation

In the case of macroscuffing that occurs after 90 s, the
austenitisation might have been driven by a thermal effect
because the detected temperature was high and close to the
nominal austenitisation temperature of 750 °C. One of the
interesting features is the fact that the temperature at which
the microscuffing occurs was much lower than the nominal
austenitisation temperature. We focused on the temperature
during microscuffing.
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Fig. 8 Photographs of the contact area of the steel pin in the later period. The sliding direction of the sapphire is from left to right

4.1.1 Rate of Increasing Temperature and Contact
Pressure

Under scuffing conditions, the material near the surface of the
steel is subjected to an unusually severe environment. Indeed,
the contact pressure reached a maximum of approximately
1.2 GPa, and the heating rate of the contact area was
approximately 100 K/s, as evident in Fig. 5d, e, respectively.
Such unusual factors may change the austenitisation temper-
ature. However, previous studies have shown that a higher
heating leads to a higher transformation temperature for au-
stenitisation of steels [27, 28]. Furthermore, although the
transformation temperature decreases as pressure increases,
the amount of the decrease is expected to be only 10 % of the
transformation temperature under a pressure of 1.2 GPa [29].
Therefore, these factors cannot account for the observed
decrease in the austenitisation temperature.

4.1.2 Possibility of Temperature Underestimation

When temperatures are estimated via XRD peak shifts,
they may be underestimated because of the contribution of
the contact pressure. As described in Sect. 2.2, we assumed
that the peak shift reflects an increase in the lattice distance
and that the increase originates only from the heat effect.
However, the contact pressure also possibly decreases the
lattice distance, in which case the value of 20 should be
higher. To remove the contribution of the contact pressure,
we modify the scheme described in Eq. 4. If we assume
that the SUJ2 steel pin was deformed elastically by contact
pressure P and that all deformations originated because of
the change in the lattice distance from d to dp, the relation
between the variables is

dP/d():l_KP, (6)

where K is a proportional constant. The Bragg equation

leads to the equation
dp/dy = sin 26/ sin 20p. (7)

To determine K, we conducted a static XRD measurement in
which pressure was applied to the SUJ2 pin by the sapphire
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Fig. 9 Dependence of the ratio of lattice constants on pressure during
the static loading test. Dashed line indicates linear fitting line of the
data

ring without shear. Using Eqs. 6 and 7 and the static results
of the XRD analysis, we plotted the relation of P and dp/dy
as shown in Fig. 9 and obtained K = 7.2 x 10~7/MPa. The
definition of line expansion in Eq. 2 was then modified to
involve the correction of the dp effect as

OC(T — T()) = d/d() — dp/d(),
and we thus obtained

aT? + T (b — aTy) — (bTp + sin 20/ sin20 — 1 + KP) = 0.

Figure 10 shows the temperature corrected using the above
equation. In the initial period, as shown in Fig. 10a,
although the corrected temperature is higher than the
uncorrected, the maximum temperature is still approxi-
mately 300 °C. In the later period, as shown in Fig. 10b,
the corrected and uncorrected temperatures are almost
identical because the increasing contact area reduces the
apparent contact pressure P and the effect becomes negli-
gible. The resultant temperature that includes the P cor-
rection is still much lower than the nominal transformation
temperature of 750 °C; thus, we should seek other reasons
for the lower austenitisation temperature.

@ Springer



6 Page 8 of 11

Tribol Lett (2015) 57:6

350

(a)

300

250

200

150

100

Temperature [*C]

50

o L . . . . .
1.5 2 25 3

Test time [s]

3.5 4

700

600

500

Temperature [*C]

400

300

Test time [s]

Fig. 10 Pressure-corrected temperatures in the a initial and b later
period of the test. Open triangles indicate pressure-corrected
temperatures of those estimated on the basis of XRD peak shifts.
The closed-circle plots and other lines are the same data shown in
Figs. 5e and 7d

4.1.3 Temperature of Carbide Dissolution

The tempered SUJ2 steel used in this study inherently
contains a significant amount of carbide (Fe;C) particles
that dissolve at 900 °C [30]. Thus, an assessment of the
carbide amount during the test can be an indirect method to
validate whether the mean temperature in microscuffing
process exceeded 900 °C. Figure 11 shows the time vari-
ation of the cementite peaks. Because the intensities of the
cementite peaks were weak, we accumulated 11 shots of
the XRD spectra with 1/30 s time resolution to highlight
the cementite peaks. During the microscuffing period, the
carbide peaks at 0.1, 1.3, 84 and 87 s did not decrease with
increasing test time despite the austenitisation. During the
macroscuffing period, in contrast, the intensities of the
carbide peaks decreased after 104 s and eventually disap-
peared. These observations indicate that the time-averaged
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Intensity

Fig. 11 Change of the carbide XRD peaks. The data were obtained
by accumulation of 11 shots of 1/30 s time resolution. The labels C
and A, indicate carbide and austenite second peaks (fcc(200)),
respectively

temperature of the steel was <900 °C in the microscuffing
process, and that the temperature in the macroscuffing
exceeded the nominal transformation temperature of
750 °C for the austenitisation.

4.1.4 Local Surface Temperature

Here, we examine the possibility of a high temperature at the
local contact area. Figure 12a shows the XRD spectra col-
lected during the initial period. The diffraction angles 20 =
11.65° and 11.35° represent the martensite structure of the
SUJ2 parent material and the austenite structure, respec-
tively. On initial contact, the spectrum shows the martensite
structure of SUJ2 steel. As the test proceeded, the intensity
of the peak associated with the martensite structure
decreased and the peak associated with the austenite struc-
ture appeared. We estimated the temperature of the steel in
Figs. 5e and 7d on the basis of the shift of the main peak of
the martensite phase under the assumption that the austenite
phase shares the same temperature. However, in Fig. 12a,
we observe not only the main peak of the austenite but also a
shoulder at approximately 20 = 11.2° (indicated by an
arrow in the figure), which is positioned in the lower-angle
region of the austenite spectrum. A shoulder in the lower-
angle position means that a small portion of the austenite
may be at a temperature higher than that of the majority of
the austenite according to the estimation scheme of the XRD
shift. To precisely investigate the temperature distribution of
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Fig. 12 Changes in the XRD spectra. a Black, red and grey lines
represent spectra collected at 0, 1.5 and 2.1 s, respectively. The arrow
indicates the shoulder region of the austenite peak. b Grey, red, dashed
and black lines represent spectra collected at 0, 5, 37 and 120 s after
completion of the sliding. The labels M and A indicate martensite
(bce(110)) and austenite first peaks (fcc(111)), respectively. Numbers
above the austenite peaks indicate temperatures of the corresponding
austenite states estimated on the basis of XRD shifts. Vertical dotted
lines across a and b are guides for the eye (Color figure online)

the austenite, we calibrated the temperature on the basis of
XRD spectra collected during the cooling process after
completion of the sliding at 145 s as shown in Fig. 12b.
First, we measured the shift of the martensite peak by setting
the origin of the martensite spectrum completely inverted to
the initial temperature, which is represented by the black
line in Fig. 12b. The obtained shift was then used in Eq. 4 to
estimate the temperature of the austenite phase, because the
martensite and austenite phases can be reasonably assumed
to have identical temperatures during this natural cooling
process. In the case where the XRD spectrum contained only
an austenite peak but no martensite peak as, denoted by the
grey line in Fig. 12b, the temperature was estimated on the
basis of the shift of the austenite peaks themselves and the
line expansion coefficient of SUJ2 steel. Under this scheme,
the estimated temperature is 1,150 °C at the conclusion of
the sliding. This temperature is so high that the material is
completely transformed to an austenite phase. During the
cooling process, the temperature to revert to martensite is
approximately 750 °C. It should be noted that this temper-
ature is consistent with the nominal transformation temper-
ature of austenite in SUJ2 steel. Now that the temperature
calibration in the cooling process has been accomplished, we
can match the peak positions in Fig. 12a, b. We recognise
that the martensite peaks, indicated by the black lines in both
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figures, have identical 20 positions. On the other hand, the
position of the main peak in the pattern of the austenite in
Fig. 12ais in close proximity to the austenite peak at 250 °C
in Fig. 12b. The shoulder of the austenite observed in
Fig. 12a at approximately 20 = 11.2° indicates that the
temperature of the shoulder exceeds the transformation
temperature of 750 °C.

4.1.5 Stress and Strain Effects

As discussed in the previous paragraph, the local contact
area may exhibit a higher temperature. Nevertheless, it
remains doubtful that such a small portion at a higher
temperature could generate most of the austenite peak at
approximately 300 °C. Another plausible answer is that
the transformation temperature is decreased by stress and
strain effects. An altered layer is often observed as white
colour via an optical microscope on an intensively
machined surface such as a scuffed steel surface [8].
Extensive studies on the formation of the white layer have
been reported in the field of plastic forming [31-37].
Many researchers have concluded that the temperature
can exceed the reverse-transformation temperature, which
is 750 °C in the case of SUJ2 steel, because the white
layer contains a retained austenite phase; the presence of
this phase is potential evidence that a steel has undergone
the austenitisation [8, 31-33]. However, temperature
analysis has not supported the occurrence of temperatures
that exceed the transformation temperature when the
white layer forms [34, 35]. Moreover, recently, some
researchers have suggested that the transformation tem-
perature is decreased. Duan et al. [36] performed a the-
oretical prediction of the austenitisation temperature in
the cutting process of AISI 52100; they used a thermo-
dynamics approach combined with the finite element
method. They have suggested that the phase transforma-
tion can occur even when the cutting temperature is lower
than the nominal phase transformation temperature. In
their cutting system, the transformation temperature
decreases from 750 to 450 °C, because the energies of
stress and strain complement heat energy to achieve the
phase transition. A transformation temperature lower than
the nominal transformation temperature has also been
claimed experimentally [37]. During steel scuffing, the
severe conditions may generate exceptional stress—strain
energy comparable to that in such a cutting system; thus,
the transformation temperature could be expected to
decrease.

4.2 Role of Austenitisation in Scuffing Process

As shown in Fig. 7, after iterative microscuffing occurred
with austenitisation, macroscuffing occurred after 90 s. In
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general, the hardness of an austenite phase is inferior to
that of a martensite phase [26]. The reduction in hardness
may increase the wear rate of the steel surface in the
scuffing process, because the wear rate should conform
with the Holm—Archard wear equation, which predicts an
inverse relationship between the wear rate and hardness of
a sample [38].

In addition, a characteristic change in the width of the
XRD spectra is observed during the transition from mi-
croscuffing to macroscuffing. A comparison of the last
microscuffing at approximately 85 s with that just before
the last one in Fig. 7 reveals that the ratios between the
austenite peak intensities, friction values and temperatures
are very similar in the two events. Thus, these observables
are unlikely to be an index of the transition. However, the
width of the martensite only decreased to be approximately
half its initial width at the last event. The width appears to
be a threshold that indicates the transition to macroscuffing.
The decrease in the width can also be observed in the initial
period of the test as shown in Fig. 5.

According to the literature, the width of an XRD peak is
associated with the grain size of the sample and the per-
fection of its crystal structure [24]. In the present study, the
decrease in the width does not account for the grain size
because the width changes only when the grain size is
<100 nm; this grain size may be too small to realise in
steel. Furthermore, the grain size of the scuffed layer is
lower than that of unscuffed steel [8]. The finer grains
should reflect increasing width. The crystal perfection is
associated with strain and impurities. The decreasing width
might indicate that recrystallisation driven by the austeni-
tisation removed the strain by annihilation of the disloca-
tions and redistribution of carbon impurities in the
martensitic SUJ2 steel. The decrease in the strain and the
redistribution of the impurities leads to a reduction in work
hardening and to transformation from the martensite to the
ferrite phase; these effects tend to soften the steel and
weaken it against attacks of a sliding counter object.

Indeed, as Ajayi et al. [10-12] and Hershberger et al. [9]
mentioned, macroscuffing can be initiated when the rate of
softening exceeds the rate of work hardening, which is
called adiabatic shear instability. Although we did not find
a concrete reason for the decreasing width, we expect that
some of the aforementioned metallurgical changes are
driven by iterative austenitisation and may trigger the
transition from microscuffing to macroscuffing.

In order to clarify the mechanism and the role of the
austenitisation, further investigations for the relevance of
the agglomerated wear debris and the transferred steel film
to the initiation of the plastic flow and the definitive tem-
perature by using near-infrared microscopy will be pre-
sented in our next study.
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5 Conclusions

An in situ XRD observation method was developed and
demonstrated to study the scuffing process of martensitic
SUJ2 steel under a dry condition. The results led to the
following conclusions:

1. A phase transformation from martensite to austenite
occurred with plastic flow during scuffing. The
austenitisation nearly vanished when the sliding
stopped.

Austenite was present at a surface temperature lower
than the nominal temperature for austenite transfor-
mation. The plausive mechanisms for the austenitisa-
tion are the high temperature on the local spots of the
surface and/or the lower-temperature austenitisation by
the high stress and strain effects.

3. At the transition from microscuffing to macroscuffing,

the width of the martensite peak in the XRD pattern
decreased. This result suggests that some metallurgical
changes, such as reduction in work hardening and/or
transformation from the martensite to the ferrite phase,
were driven by the intermittent occurrence of the
austenitisation in the scuffing process.
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