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ABSTRACT

ABSTRACT

Differential stress widely exists in the interior of the earth. Differential stress has
an important contribution to the free energy of matter. Free energy is the decisive
factor controlling the composition, structure, properties and interaction process of
matter system. Therefore, differential stress, like temperature and hydrostatic pressure,
is the most basic thermodynamic variable that constrains the material system within
the Earth. Quartz is one of the most important crustal rock-forming minerals, so
quartz is selected as the research object.

In this study, three components of the original experimental device for
water-solid interaction under high temperature and high confining pressure
differential stress were improved, and preliminary experimental studies were carried
out using the device.

(1) Upgrade the differential stress loading mechanism, upgrade the measuring
range from 20 kN to 100 kN, improve the installation and measurement method of
LVDT, and realize the closed-loop control of axial strain by using the measured data
of LVDT.

(2) A 400 MPa ultra-high pressure gas loading device was built to meet the
experimental requirements in a larger pressure range.

(3) The structure of the original heating furnace is improved, so that heating
elements and cooling system are arranged in the wall thickness space of 15 mm.
When the temperature of the inner wall of the heating furnace is 700°C, the
temperature of the outer wall of the heating furnace is less than 50°C, the temperature
of the window is less than 80°C, and the temperature control precision of the pressure
vessel is + 1°C.

(4) Raman spectra of quartz crystals were measured in situ at temperatures of
20-500°C, confining pressure of 0.1-35 MPa and differential stress of 0.1-550 MPa. It
is found that temperature, confining pressure and differential stress have little effect
on the frequency shift of 464 cm-1 peak in quartz under experimental conditions. In
the range of atmospheric pressure, temperature 20-500°C and differential stress
0.1-550 MPa, the response of 464 cm™ frequency shift of quartz to temperature is
almost unchanged along different axes of quartz sample, while the constant
temperature change rate (6vi/0S)t of differential stress along C axis of quartz sample

is along quartz sample. Loading differential stress in the direction of C axis is twice as



ABSTRACT

large as that in the direction of C axis.

Key Words: High Temperature, High Confining Pressure, Differential Stress, Raman
Spectroscopy, Quartz
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YERIFR S R ) O 2 T EK RSB K HD Bk a 5+ R A
FER AN, R BT Z28 A ERN ) (K. by B9, . 5Kk
HEERNID Ve ZR B B e RA =25k, 1 HE H
REEN 2 I I i R R S50 Mt MR oA BLARE R R i e
YRR Bk, ZN ) 5REMEKE S —F, 220k ) m
R REFEAR AT B —,

FEER R T, I B H RS 22 N i R VR AR,
S AT ER Py 358 5 A B 8 R U BRI 22 R0 30 285 78, e IR
FRHBIR PR A 5P A T RS B 2 R R E R . AT, A
A NATTRE 3R Py A2 5 1D v i R SRR AT, BRI TR - AR
FIIG R DER oy H i S K B J1 AR B SER A, B AR BRI G 22 87 )
YEH, H AR S ANATTRE T I e et v s S vh Bt iA5 KA DS H Bk A EB 4
5T FRIAR 22 D\ VR 3 A7 1E 5 5

(1) et e R T A A B B S %o 22 7 g v 7 PR 9 7 X

IR EAR R SR TR LA AEIK RE TR, Xk
FARPY S HOO AT AR MR ARSI 5. R H R
B, XL EE SRR V) BEA PTER 2 i RS, AR 1 sk )
S IRBN SR I RE & BT AR AR 7 LA R S AR AR 2 1) () A TE B
R B X L5, FATAIIRAFA KA RE R AIRS TT R R EAE B,
T4 5 i B RIR S J7 R I 1E 2 AATTAIT 50 HBR PN 38 ol &5 440 PR AT i
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FEANR] D B SERE R . BEARE 40 A T BRI o7 DL SRS T R ) 2
AJF R IR, T VIR 2 HURE T RSl . R, BT
A Te i e B s Z2 70N B =06, AT AZ BESRAS A VAL iy i =
e Z2 2 707N B R FAAD B 5, 2T sty T R P e T 9T H TR R TR
K2 H IIAE i = GHED 7K U SE e 0T 70 O K EGE,
(EAE SR M (HERUKE) T Y5 22 N 71 22 18] 58 & 1 SE3a it 7T
G R=

(2) fry i e B s N A e 2 6 A 72 78 X

AT e O WA, Bh T R AR R 12% A1 52
20%, e MireE A ERPARHTT, IO TRAMEEES
. ARSI R A, RS B R IR
e R, LD ER IR 5 R ST R] L N T RGBT PR I BRI B A
WRTEGY, BN E RS o WEAFNR . B EMNZE R PR
RS 0A=5 P Eh T W SR = oAb i Pa pIN AL LN S D
N T ST ER, Wb R W 2 A5 DX B RS SR A R g A
i e I SE g, ISR TR S E R RS —, AR SR
e LR T AL 2 06 1 AT AR T 3 R B s () 1F 5, GE R BLH
T4 A s M 5 v T 2k B LR R E

TR B A2 B B4 M A PR A AE S o i s
JRU Fr 2 ' I B AR PRI A o A v v T A P T AR IR Bl 5 4
RS B oA T Bl —, I R AR LA T E Reis e
I B0 S e R ) B e IS T B IS GV R g v s AR AL . T
SRAT SEAE I e R 22 N0 T IR =201 T T J AT LFov e E, A
b, PRGBS ZEN 6 AR A T, bzt it
J3UEARE B FARY ™ ) v T o I (R I 22 B0 25 A T B = OGS R 7
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Xt O ER L 5E S AFAE I 5 NS B R R VTR R b
JFUR AT B .

1.2 KR

Bk e ) SRR IE B G A TS AL AR B RS 2 0 MR &
HAESFEAAE CUR RS, B, ZRN . NAREE . RAE T
55D AL IAEE CUngUR B R4 AT (REZD R 55, 2008).
it e R A )R ST AR A T2 R KR A I Y i
filt, JEBFFCRREAIE J LA BB MBS IR . B, miE
FEfh AR TR E, — B &S A T EHLE S R EECE A AT
i RS I R A

TPt 1) 0y e B 56 35 11 v i v s S 2 2 B D 7 0 B AR ) 48 7
BR800 BURL 2 o B o HE T AR AL AR 7L U ), R i e
PRI RS, 45 B 77 2 B LR 5 o i 27 J A U B AR 7
FR= 2 N A A =2 T UGS E e i v L [ R 22 8 A% A
TR A 2 A R A

1.3 E AR

RV W IR LS 2P T S M AT b R BT 9, T
B T AR R A R K 2 S R A
VE S BRI B ), KR S 6 S R R AR
FAIHOR A 26 . AT RO . ZDNBEOEE . X AT [
ST FH T R BT RS R AR PR
PEAISE &, SORFTCIRLE | T 7 BRI BEREE 336 ) S8R 4 M
SRR T A B, R, SKEETEICH T T R0 04 S
S TR K SR . HERIL2E . B SR T
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FRUR B S 1) RO A5 7 18 1% 5% i AR A R L B el e
SOOI T T ARHLER RS SR M E S O, RAEARNTL
HORHI T FA A FE AT K L R R S SRR BN S R A sk P
Kb T FOIRES D L1 L P BORRZAS BT AR G

1.3.1 i sy J R R hr & 0 i i STk

(1 $i 2 HURBEIR

1899 4F, Rayleigh M 3256 H115 H 45 10 I R I R 25 2 05 0 1) Ji [R] 2
KRG TR BRI o A3 UE SEHUR S 58 B2 -5 i K i DY TR 7 B
. BT AR EDER & MBI E RGO KR, PITHUR G
BB B A o T2 TR T LA €0 o 29 I 05T % B B B e A AR 1k
AN UG5 NI B2 A/ [F 1, B DG SRAE 5 NG 6K A
[5] BT A7 A Rayleigh S8 . 1923 4F Smekal % 5, WG
R FIRAS KA, NG5 451 e R 28 i 1 45 SR 3 B
PRI ARAY . 1928 FEEIFEY) I 5 C.V. Raman B %6 K ILECH 6 Bk
TEA SNSRI e, ©F 5N ERAF K. J5K
MNAT A X P 56 5 NS AR AN [R] ) I R AR B2 U BRI
C.V. Raman K154 VU/R2E oy T-USCER AR U A S50 O nR AR AR, A
ARSI T 24, gk it 8 Ak e 2 BIROCIR ], A KR
e EEISTHEARBOCHEARRKRIL, S S0 ACCLBOBIE IR, A
) B o PR R FE AT KOS &, hr B UM 9 FE DR T K K $ iar o IR (R A e
2 NP R S B, ARL, e, AR, OGS
B — o X ——hr2 ke (G, 2001).

J65 W TURE B R A B SR EOR RPN SRGARER 5 U A
FRER GRS ER R C AT T g, R EUs . S KU |
FIURL R K PRI 45 o FEIRFT BN S K LR b, AATI T4 I ]
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A H MUK TS 5 AR RUR o SRS IRBGIE T 5T LAERTE
B A 20 FARHTIS, ZLAMGTE AT R TARTFAG 1 B R — L8,
P2 WU S50 TAE R M 1928 TP, Fi%2 (Raman) B 6K
A 24 UL 5% B A SRR PR BST 808E BRI AT THE X e R 3
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FZ %, (HR I JUAEX B2 B i AL MR X R ELRE 2K
S RCRARAG, T BB X 2 R AR OGIR, FLaR AR, Tk
AP A, Pt ARUR G20 085, AR 3N, Rl 2 dnfdhr
OGBS0 R M

WA BB IR A, BT AR = TN R, B
HIGE TYIRNRL AT, I b 8O6IEEOR I — B TR & 2
H 2z AR L 7R Re, hr SO0 HE ORI s F Bt T iR T B

Woth 2 ik 5 =B H R e 5 Ak =R A T
WOE IR R 70 T RE AN JLER . RO 2% . CARS A
P2 WU DA AR H DS 1 oA R To ik A5 1 K &k .
HMSER AT, Both & 6IEER 77 1 i 205615 . IR
PR IURCKR 2, RS ATRER f. Sk, WEVEREIRT, JEaT
PR Rt s A B 5

R B AR MFO GRS 1) 45 G 8 ANATTREE IR A7 I & A2 e JIER T
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BRSAHAZ (IR K

(2) RAMRN W e il hr
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I AT 9% IO, 8 S5 A PRSI LA, IE R T il I S 7 L
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Mo X —INENAA AR “B T HRE” OUER &, 1999).

(3) Bfmrim s 2 oh

AR A BRI R R R SR AR T AR, R SRA A [
SKRVE A 75 TRV 1) AR 7 A8 SR STl 1 mI R R BN ROIR
BB TR R S TR, BRI TR Xk
ST I AT DUHORE S DX = 4 RAS, AT 3R A P 30 4 Rl o
A U CIefbh 45, 1999). JLERRFEALE 70 ARSI &
PR 2 ok, HIEIESEELINE R AE 90 FALH]. Gillet 55 (1996)
TP R T il BLAE A B S 0T R R R TSRS
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oy BB, UAHBATREHRNEG (CCD).

(4) NJJRAZ 5 i 2

I J 74 = R R WAL NI, St N U
W AR o Herp S IR A y Al RIEy: A2 %
R AIVERI, 7 BB W E ik, M 1 BN oG &R, )
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[ 4% AR AR ] AR OU i i A TR R e T2 200, s AR T e S
SRR FIREIBE R, FAERUOEIE /3 UAREL, Hta] PUE
ARSI VDAL 2 D' 10238 A S AR R0

[y BRLA RS

Y

YorAY Yo  YotAy
H1 fEfE5N R ER

Fig 1 Relation between Raman frequency shift and stress

P =G W] DSBS AL N A AT EAAE B 7 I o AHER 7 72
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J1 00 B A R R AR, IR TR IR BE AR A, BIJETR
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P2 RE ) 2 S0 — M T BT 6 R S AR A A R ST T
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(5) W ih 60 5 AR B R
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Ty B 5T () BIE 7 H R T AR LR

1.3.2 eyt s [ IS 22 N0 R A V0 v ot 5 32t e
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SRR SRS (Cao et al., 2006); 2N F1%t 2 SR K

(Budnitzki and Kuna, 2016; Grave et al., 2014). #{#41#} (Korotaev
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JIZ E B E R R R

HARE SR = (M) Bk E ZR A T HL 2= R
Y5 R S IO T R 2 B ARE , (R T (R R TR AR T AR 22 8 ) 5
S IERLS) 1% SR 023 8] 43 A R PR IR BT LA S 530 20 s ARE i Fr 4
PR AR 247 N ZEREFC I (Tumarkina et al., 2011), i = FlE R [
AR AR AR BRSSO 22 I 77 ) 82 1) 5 B OR R T JE 2 1

1.3.3 4 {1 v i o [l h 2 00T 9T o g

YR M SE R AT B AT, R 2 B M SR A A T B A R
PTG, A EAE s i (D BK R R PR SEIG R 78 O KEHIE .
%111 Raman F1 Nedungadi (1940), Shapiro %% (1967), Bates fl Quist
(1972), Dean %% (1982), Sharma (1989), Gillet %5 (1990), Castex Al
Madon (1995)%5 A 51505 5 I A7 96 i A% PR L 2 5 1% B i B8 ) A8 4 %
ZHEATHIFC . Asell A1 Nicol (1968), Dean 2% (1982), Jayaraman 2%
(1987), Hemley (1987), Liu 1 Mernagh (1992)%% A\ {EH i FHF A
L)L B OGIERE R T ARG R, IR SR Eis F] 25 GPa.
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F1E 4

AEAENEYI, CARERIFT, W Christian Schmidt %5
(20000, IS HJJik 2.0 GPa MR JEIL 560°C HISEL, FEA SihE
SHFE/NT 20 em M EBL T, SRR T oA SR IR IR RN R D 1A AR
WK R FTFEHGE K (2010) EF IR KT XAE R R bR A SRR
hr g MBTT, PHARa BRI, £ 25°C MERFMAT, A
[7 P TR A5 1) Si—O HRBNLE 463.59~464.65 em™ 35 il P A4k,
WZEN (£0.1~203) cm’, HHAFE A TR R 8 1) k% R
15 10.6 cm™, G KT HIERZE, EFH N BT A S A
SERURL N A B R B S, BN RN A SRR N A A A RIS, A
SR Si—O (A ARIRBNIAIE

b 31 5 (2009 7E i B2 800°C, [l 0.2 GPa, FiAE & A 10 %,
RAREFA 107/s 5cA4F R T S = R0 N A A AR TR S8 . S8
LEILR I, T S RE it A AN R A SRR I B 2 6 1 5 BR v ) A
TG BB T B IAR L, 1B B A A TR 22 0 A 9 iy
% 5 A B S0 LA — 52 ORI o (ELZ SR AN 2 7 0 B o AR s it
T, BURREIRTF A 0 2061 52 N 2 MEE K R,

1.4 HANE

I e v Bl 22 I g 7 A - ] s A A P ST 256 B AT O
ik, R HZE E AT SRR T, EEART:

(1) K2Ry AR AT F ki, MHHE ) 20 kN FH2%
2 100 kN,  LAIH 2 T fm R A% R0 B e B o AR 11 5236 75 3R

(2) Xf Bl a2 i SR BEAT TH i, ARG 0~100 MPa
I 25 21 0~400 MPa (1B, DASZEIEE KPR FE Y0 1Bl P (1 S50 A5
s
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HUFE IR AR A A FRA S o e AR R 22 S N2 W S B B 5

(3) XFEn#GP AT BRI Fr N BE IR BEAE 700°C TS L
T, IR AMEER AT 50°C, & EERT 80°C, HIE 748N
HlS iR L P RS FE A £ 1°C;

(4) T FH 122 B AT ren i voi Bl R ) 22 7 g 2% PR 1 S A 0 i ik b

A7 JEAL iz 2 G &
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25y e B 22 )T KPR AR ELA S B et U7 56

£2:8 SERSEEEZNATKRE-BEHBEERSEEENHRGR

2.1 JRSEIO % B MR

SREEEZTAT
Aot EER T
AREEE
I
| \ | | | [ |
Copieat-] W E A i ERAEE HEHERS —
ngak | |naeEa| |BEEEE|  |pase nomhek| [PER

B 2.1 L e Bl 22 I g KA A — [l AR ELATE P i 362 B 2 Ao o

Fig 2.1 Experimental Device for water Fluid and Solid Interaction under High

Temperature / High Confining Pressure and Differential stress

AR SCIT A ) oo iR s BB 22 182 0 T K Ak — [ A A ELAE F S e B
FRRH R E 2.1 B, R iR E RS 2R nEp A
RSN B ERARE 36 RS e, e R AL 6 A
O RAERAN S o ASHIEFU I P AR 32 B2 0 22 I8 77 A8 LA Rz A2 i
LR BRI R G, R =AMl 7 A ks . Bk
-

(1) XS 22 BN ISR BEAT T 0, MERHHE /7 20 kKN T+24 3] 100
KN, il 2 5 e LR 2 PR A S s s A R S 30 7 oK, B0d LVDT 1
A SGNETE, B LVDT I 25 F T la) 548 1) PR ) o

(2) S [ sz i R g AT TH e i, AJELSE) 0~100 MPa [
R T+ 23 0~400 MPa I &, 7] SIEHLEE VR FE Y0 P I SEER 5540 5

(3D Budk gt fom#aor =0, AR e i 254 B8 22 AT 4
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2.2 100 KN i [=] S /7 E A1

2.2.1 FHRAHT

(1) Sh 6o

H TR0 B R E S UUA h SO OO, I s R E
A B TR E b, DR 86O AT I &
A HYERE R G FUEHEN 100 kg, ik, BESLGIEE K HE
B EEGHINT 100 kgo InFRPRERE 2 A A HAB R 1 R B R
710 kg, Hik, FERZERN MM H 20 kKN EFEFZ08 100 kN B,
LK E R HIAE 90 kg LA .

(2D WAL

1 H 1K 4 B ARHAIRHLES 7T URAE 5 A 1250 i RN, ARBE
SICHG 2 B I 8 3 55 R iR B R R RS A SRR 7 A S
REHH VA AR A MEYER L, T HOR 2 808 & ) 2 S ie 2
JRAE SRS, B RHRIRHLT “ Mk RRAE T B 55 MR} FE 847y 5L
Ve, BRI AL B W /N T W PR W, 3 BRI PR AR 2 I
BIARI L - AR AR S5, T I g . LR R
VER AR 28 0k, DRSBTS IR AL R I A
EHEBLB ARG R. 0, T YE A5 R 2 2
%, T HE— PR A A LR AR R ER . BRI, 7
FREENLE BRI LE 90 kg MIHTHE T, TR SR w1 22 ST I LAL BRI .

(3) (AP flfRdE AL

MR R S, FERURERE ) TR AN EA SRR
AR, RS AROR A AT, DA AT ). A EALRIEEAR K, 4
FERASTE IR, AL EE, TR MRIFBIR SRR e K E. 57
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v i i B T 22 1875 7 O - [ A EL AR P ST 6 2 B 5t O 5

i
\]
it

— S TSR IR () 7, A SR FH PR EA R RAa i AL o AEIX R AL
FE AL IR AR TR R AR T B4 08 IR AR HEAT 1, BE ISR A il 1) S B AR T dk
FE 54 E R AR AT, — B RERE ) TR, AT hnig, 25t
EHMES, RN AZNEHER, HERESRIRKEIES, EHEE6X—
IR AR 3t R TR T 40 2 JURP I Ta) s vl ASE e, AT ARUE 4% il
LR R T LA B
gi b, SRmENLNITE, RAARARENL, #5200 I [E A i ]
PR IR . T B 1) R R B i TR ML & A NI RS, T 5
FEE 1 LI R S I S T AT AN P g R B ]
222 vt
(1) LG ST S N 1) Ve S i i AR e, 4 DAJE SE 1)
INFRFAE S INERT, — BA B0 A BB SR, A S R Z b R AR RRIR
SR, W R A R AR T B B ST AR e, 78 S0 o S 3L ] s AR T e n #
A R Al ) AR T AR L AR B DA ], R A IR s ) R G ) A A
A IR FE AT VEANBIE 72
(2) R NI RES R A A R T R R T AN R R TR
AL RIPERIRE f M, X PIANRI R AN BAHBISL I, EATTHR S5 R il (1)
KNGIERA K
(3) FE AL BRI RE REAR AR 1) S5 A . ALK 1] DI 2 78 EE A
ORI R v -0 8 b 2R PR R R IR A A 22K
(4) JENUES RN TR NI . 3R m L SRR,
R B EAT R E , SIS CREAZ M EE RN IR ES AR (R

N

@

(5) fal R S ik &R G B S A T 0] DT B ke B S 80V s 4% )
ApdE, MIMINCLE B, ¥ A S5
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(6) AR TR B RS RMITE R, nR &R
P R RENSAERAE AN TE] (2-50 ms) P9 R INF b iR B s ad 46 1, A szl
SR GHERFAER B, WA DERX RGO T 5 HE A IR .
FH AR AR ] EE ML R A R S BB, DL e B8 L) T B A e R B 2
HAE RIS H, IMCARASE, AT ASS SRR i R BER o

2.2.3 FHLBHT %

TEARAE I AL A SR B NI I LT, K AR HIE 90 kg 1, [
I FTR A B MRHER . N TETT % &,

(1) 25t

T2 SR 24z, HERIFZREELY P& EfeeEt, W
EANBER A 2 ARG, O 7 RN AN A, SRAIDUSIAE ., 5
2o FTAEZREE N o ATT 22K R AR FELTL kAT SR sh Az ], R FAT B2 gk ATL
SRR R LIEAT Do, TR ER AT AT A6 5

(2) PRI T Z ik

52 JINEZREE KW 2B B IR FAE I L, FAKE IR S 5 KRR &9
B TRI B K 4 J8 BB R REAS s RIS TR SR FE o 52 ) 48 CRIAERTZE
JEGE, BB, A SRA 40Cr BOE B, MINTE, @47, %
KANE BT A EE, ANRIBEEIIN T . 1% 12 AT RAIE 52 FIHE SR (R AR
M52 IR o

IRIRLZALK I 65 ABBA &k RN SRIRERZZATE], WITRAF, R

KA EH R AL iR as, R, Biohdy, PULEAE 5, BiJE
VERERF, PRUEJMEN S A ERTE.

(3) T Sl R S B . DU S AP0 B e 0 1 2 A TR A
B FomiEe %, 40Cr ik WpE. FBL. 2. e, BEHl.
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B2 E eyt e B 22 TR K AT AR ELA T S 6 B ot 7 6

T, PRUEFATEE 0.015 mm), bHwIHA BRI, i Rz,
W wURE Zom B R BEAE 2 Sy B

(4) HHLIZEH

O AR ZSE kbR e hr, FEAR BrT DO PR g, AR EALE R 1
Ak, e el 1 ANk S A, ANMSEIAZ RS, By, ARk
WA B Bt R kb ) Th g, BT AR Ak LR e i — N A, Rk
oof LSRR R ik, XA, R IR FE AL B2 B K B T R, B Y A
W, EFERGURSEER T 20kt es mAREHL, BRSO T 200 ke
[BIoK, R A A ARG B )42 i FEUDL IR e 5l AT S JURE 8 1) € £

@A ik AL TR AL, 3 N EE R SR AL, HATieshis
il — SRR [F B FL, e R DGR, AT DM EMR R DhEE . K 15
B, e RS, HEEE DR O PR PR . PRI ik
FRIBAT IR o

Al Ak AL A B )5 12 /K W, IR s 5111 U/V/W = A B TE RY
Wi, ¥ AEWR e RS, R L E A I g i & SO E 5
EIREN G, IXBNEEARE R BHE S BARMERAT LU, BT 1 B
frl Hi AL RS B2 e T w2 RS . (2300

@ =A™ it R R AT IR X B

AT, @, =2 =M R R LR A B B RS H R A
MREAL. I3 2.1 Pros, EEHVERENSS, T2 HAR IR FE L2 AL &= 1) 20
Hee, oy P E FARE M R AE S 1) 2Bk i, XA DRAIE SRS B EAR OB
AR N, =3 )1 AR Ak F AL 23 9% % 23 5 9 10000, 131072 (17 A1),
1048576 (20 fir), W] WMIFHEF ERWAMK KL RN > =25 > Fa T o A
MRENLEE TR BE, &) ha TR =382, XMV H w0 i
B, MR FTER I 22 NIRRT SR . AU R R 38
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HBFE IR ARG A A ER A 2 5 A R R 22 S5 N2 W 8 Y S B B

JUHGE A SEPEAR BN = % AR b, 21 =R A
EHISETIMENG S, =28E. PAEHAERTERE oRIER:
AR AE =R AR AR AL PEREAR S T 5 B 22, Rl e L v i SRR
7, BENTANC. =2 A AR TS BAA TR R R — 2, Ak
REFEARARARANES , 2 )1 Ma] ik AN BE ARV e LR U I 1222 =M el ik Fa L rh A
grRy, MFEZhR A AR R, L BRe S, BARERERLE, R
BRI AANL EF LRI WEEEISTE], g S, ARE A,
AT HLAR 1K) Th B S5 22 7 T AR B0, 2 X6 4 AR AT 8¢ B 37 15 A
BZ. i Epng, 7 eI L o B R A2 e M, A AR AR
Hlo

R 2.1 =Fa ik AL RE LR
Table 2.1 Comparison of Three Servo Motors
2z =3F AR
T JEE AT M N 1.6 kHZ 1.5 kHZ 1 kHZ
I 2 1R R ) R, 4ms FH12, 50 ms 12, 100 ms
SE ARV M 2R 0T, ) »
SRR it SR A b AR s =,

WL, DA )50 S A5

) £ A b

RELF, ATHIHIRS), B
SRR, L BAE iR

AR RS, o B AE R

A E RS, 300%0%(E

W, 350%IEAE Ji5E
M, 350%IEE
T Y ] 1—6000 1—6000 1—5000
TE R 217/220 217 217
il AL b, K E e st A Imi s, 5 o
ELI TR o B
= =
BTt W8 47, R e AT Hish, it 2K REECTE £13h

B AR R DhEE R3S PE )

Rk ) o2z
AR
PRI SRR a5 2 BE AL o

(5) PRI AL £

JRE AL — MO TARFE R A AL sh B, miia e 1) s/ id i
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B2 E eyt e B 22 TR K AT AR ELA T S 6 B ot 7 6

JRREATL PR N 2 0 0 0 1 R o i el PR K UG 5 SRk S0
HI o JRENLE — MBS AL AU, T UG8 R A e 2%, ik 1
[ % B B P L 1) B R, IRAR BRI ML . — IRIIRE WL A
RARFROENL CRAETATIRNA SRR IREC RN HE LG A R A
B AT R NREOENL . SRR IR AR RO L AT B EEEE
WURTC AR NS . 722X I ML s LA R A 0 P o

ORI i A 3 2 B — AR A JR 3R T B 45 18] B 26 T B AT 2l B HL A A
RIWIE A H R ELE T wiksl BN N s . F2PH
a2 TR shi b RBHEs AA s, £Lahtiae,
AR AL

@AT AR JREN L B A RGN . R R L3 &z,
— A A R B = S B (1 B0 R I AT R R IRCEATL  \Nl E
Ho b UG R A S % R OGRS BRI H 1. AT R IR AR B H
FERFUVN HER. AR SR A AT R BEN AL AR S5 E
Bk, BIRRMBAN R R, AR, B0 A T LA
RK.

i b, AT RN, EEERELEE ., e b
I FR RIS ER, e AT B A A AL IR LA o

2.2.4 PR BRI AT

(1) PR A

R AR IS AL FH 1) AR I B A 28 A AR L i 7 =, 0o SR A IR BE WL
FERGU T 0 oo, H AN ER 5 HEH] 0.01 pm, IGHLEIEE
HAT B R G AN 2.2 B
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o FERHH 0 A (RO ERA 27 5 55 e R 22 5 7 9 1 S B 7

[==1] ) (4001} ) 0.0 J (O TR () -3 | 14 (26mn,S0mm) 0.0 firf3

0.000

iakn  [hER S Qe DEGE LA
. s bilie] A @l
e ot

2.2 ZN IS R S5

Fig 2.2 Control System Interface of Differential Stress Loading Mechanism

QWA RA R RN DhRes. BRAERESR A, A
win XP/win7/8/10 S5 #4E R 40 T I 215 & Bl Y) 4 H ;

@M KAF LB idsR, HANEBER: JI-BHEL ATR-If ) A F%-i)
B ST bk BiJj-RNARSEAIG 4, XRFZ KSR, JFrRE
ARk S =g

@K AWAE B.J7 5 Ak FEAT R AU e b, I 4R
I BE [ BT S A L i IR L AR EL I N % GRIG T IEAN ],
SRS AED, RS ITEEAR E, B NI 4
R, RS HT BHER

@F F br s e BB 5 dl, B s Rl th 4, JF4R
TR X Ht 42 11

WAy P AR 2 T R 4T BB VRN R AT ENBEAR, FH P
A AR EXCEL A8 T ARk g AT BN K, I8 SCRARE I EFTEN D)

an)
[y

©MFHAF e i BRI S, Dy B0E % e ke
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78 p

@M A2 F T 8 B br v G B A X, A D A SRR
GB/T228.1-2010. GB/T1040-2008 & JL ik dabnE, T dom] LLJ7 g
I A A A o

(2) fa iz il 4%

PEMIER KA 32 frEd ARM SR N TS, BB s fiR
FEANEHEALFERE T, Be 8 7ERL I (] Py SEIAEE KA PID iz 5. W45
TR R F i) BN AR AT SIS S B8 AL R it P P 2 1

iy N\ -

3 PR EREFE 24 £ A/D HRIEIE, RFFIZEbRE S0Hz, AR %
AlIK 1/500000, #rrlifiGas, fAMERG ST 2 S IE;

3 B IR gL A A NI, 1 BCSRH 10 M/Bit SR T 25>
P 24 G AL 25 B3] A L G 0 25 R B

8 BE A A A 1, AIRC BN PR S ST RE, AT T
B Z AT RE

(@i HH 1

1) 1 2% SWP $itH, 0-1 Mhz, H T fa] ik FRATL AL 32 1], mT 0 B O X
[l 4R 2 AN FLATL

2)1 B PNM #ith, A&#fflkebdaitt, SCREITIEaEM] (RHK. 1E5%
V&P

3)6 1 DO Hitt, RS422 Z#i .

O ESTP

D USB2.0: S5it&EHL. BilAsmE@E R, TR TPt WKsh
Y FHT & windows FR1E R4t

2) WIFIL: 802.11 b/g/n, W LA winl0 “FH B 2 H.5K;
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3) LML PLKMEEA: 10/100 Mbps i# % ;

4) Tk RS485 #211: ¥ MODBUS 5 HMI FLEX.

@ARRAE: NIRRT NE S, REH 2 AR, IF
BN 9 F P B 5 e i i 25 2k SR 58 42 280 (JESiR 4l
)

2.2.5 FENLHI AR

(1) ENEYIR i’ 2.3 Fros, EVLETIE 2.4 B,

OIZALR H VYA B3 (] 2548 s R e XU

@18 2 45 K F Al IR R 42 S S i Al IR L, PERERRE W 58, A
At dE. SEERYRE. HETEERTIE 0.001~200 mm/min.

AL BN ES 3K FH AR iR A LAC B (AT B2 Do LA T IR0, # 25 IR 2k
YA RMES), Rsh TR, BEE%, EahR .

OPRUERI RO, AR AT ER 7 AR UHERE X AL 23 (1 520

GLVDT %2%& 7% Sl 2 B elodE e iy 7 i m) AR T il =k B2 . &2
SOE LA N AT O, B, b A LVDT YREE e gk
¥ em e b, @Rt iR AR 23777, 113 LVDT Reils
(K15 21 J7 1747, IR H LVDT [ 4 B A 2Bl 5 71 K/
%3 5, LVDT Mk B 5l 59 R A feful, 5o 073 R 57
ZE P RRAGAS T A 2% AR R 5 RS I B R 2
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2.3 100 kN Z= 3 7 inkH LA % B 1]
Fig 2.3 Device Diagram of 100 kN Differential Stress Loading Mechanism

I
i

] 2.4 100 kN 2252 7 N LA £ ¥ s e P
Fig 2.4 Device Diagram of 100 kN Differential Stress Loading Mechanism
I EEERESE; 2. AIRHE; 3: [KJ)%4%: 4: LVDTL; 5: ALEFETRG 6: fH
PSR 70 I 8 BMARES: 9 IIAVPME R 10 BALE IR 11:
SRISCEE; 12: LVDT2; 13: Ak 14: R 15: 186 16: Bahkiit; 17
RERZZAT; 18: H7K=E: 19: AWEEMEE: 20: 17REBGENL: 21 HEHE2 22: fd)
R AL o
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VAR RS B2 s PEREARE 14 20 Al IR T T 2R 48 KA i rL
PWENIREN RS, EFIEHESE AR RS0, Ll Windows N4
G Az ) S B A B, SRR Y IR A . BRI . K
B AR T Kol Ber th 2 1) B o, P IR Be R AR 24 mT DLd i SRR £E T AL
FAEITER. REFMAAR RIS B . 256 L B & T,
AR, AZNLUAT ASEIRES 77 SRS S A, W SEBE R ) fE
R HIR A, JF B P h R U A D ). Zili 2 JGI
144-2004 ZEARIE ) TAEEORAAZEE K . [F] AT 4l GBLISO.JIS\ASTM.,
DIN K P #2482 Fibr AT iR A At b 3, 5F R RIFMY Bt

(2) FEH AR

O K5 /7: 100 kN

@RI /M E TG . 2%--100% F S (400 N-20000 N)

@l EFEEE: £0.5%

@RI S153HE47: 1/300000 (4FE53 3 1A

G EL: 1: 100000

©FETHZ: 1%

@REESF: 0.001—200 mm/min, TS IHE

@M EHREL: £0.5%

ORI BN E: P ST 0.0025 mm

g7 [: AfHZE: 50 mm

B.JE4i75[A]: 50 mm
MBI (AEHA): 50 mm
OB RIS HIREE: HHE<0.05% F S A +£1.0% % EH A
HA=0.05% F S B4 £0.5% % € EH N
OfE/y. ERE. EABEHVEE:  0.2%~100%F S
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GfE 1. HA. fEA IR

BWEMH< 10% F S I, BOEMEK £ 1.0% AN

wEM= 10%F S, WEMERE0.1%UN
O T/EAE:: =i ~35°C, MXHREAET 80%
OMIERG: PC HLRGH TR b3 S a0 ok Fi 4

2.3 400 MPa @5 RS A INEREEE

23.1 WItFHW

(1D BT E 0 B R R RS0 L 7176 0.1-100 MPa,
AREFH T Hh 52 3R 3.7 km YO B NI SEEGREL, 9T PRSI T A s
IO FEIRIRE 77, Kl Ie R 14 & 400 MPa, XFRHBFRIRELIN 15
km, FULTHEEFH R FERAEERIIME TR, LA Zse 03 & 1
E#K.

(2) 7E il 88 e 1 1D o] 4 r 5 2 ) B AR LR e M B AR v, 7R
TG A BHR M — R IL 400 MPa (IR E, 1M B T7EsRie i i, 47
fERR (>400°C) HIZAE, REEW P AR KIALE S T 400°C 1)1+
LR, WERRHAKSERE R, AR KRR -3 I 072 0] & ] 4
LRI R, DR R SR A PR SRS [ AR AR AR R . i H AT
e P AU S TR IR T B SR e I v R IR BRI, A RN T )
ME| 300 MPa, Jf H 6 G R R AR 2%, i LR N, H4E
P AL o

2.3.2 TR

(1) PR R BB BN, 09 20mL, [k, TBIRFHER
I o 0 U R 5

27



HBFE IR ARG A A ER A 2 5 A R R 22 S5 N2 W 8 Y S B B

(2) 400 MPa ()4 )& T8 s ARG &, BN HaTASgeA i
300 MPa [ SMAIE R E, AT LZR A MHERAEE B S . BT 3
SRR SRS R, EORUEERVE N RS 1) 2 4, BRI T & 1 %2
APERIA]SEVE N E R

(3) H 83 SLe = HAh B & 3G R 7R oK, EoRZR A M EREER
T, HARIL, mrEREN: & A szl 2T,

(4) T 400 MPa [1JJE ) FE N FE R T Jiva, Rz &
FRYG HoRG FE A HoORG TS SR B A, % R8 3 400 MPa 1) 4% A% H A i
HRFE N 0.5% F.S., DRI 8K FH WA AN [R] A% () TR AR IR A8 34T 70
Bl & .

(5) FERNF RIS ARRIRE B, AN Re I 10 it 1 B Rk
TR R, RSB E T ER, SRR .

233 Wit T %

400 MPa i 5 AR DN 2R B 158 B B WK 2.4 Fros, HUmR 21 E i
Kl 2.5 o, s R AR SS e ST SEY) A& 2.6 Frow, e A S Hedit
gikn s B 2.7 Fos, EH A 2.8 Jrs.

1228 B AR U I TE R SR H ORI 1R B D
N 2, B — 3 FIBA AR — 4, B IR 4 3E R IN R B4 1 Tk
JIE5, BRI — 3 5 R 4 AR R R L 6. SRR GL 6
M I BT A VRS 2R 7, VAR AR 7 B R BIUA R 12,
VARG 2 7 REE BB R 8. ML 9 AN Ut DEdR
10 VLR B 4575 SH 11

A5 5HEIE 4 RIEE EREME S SCEE, MRS
Bl R R 13 AR 14, 3 AT R R O T A
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\]
it

7T, R T DR AN RS T RS, B 68 RS 1 4 ) i
Fed 2, AR EEE S, 7, R IR T R IR o O R R
HPAPIRAS, REMEEE R ORI T H B I AT AR R

R0 5 S — 4 IS L H K& — 15, RRigsr
o B U0 e R 3 KN, S B A ) 2 RO i 4

JEJ310 5 S — 4 MEIE L el K& — 16, itk
JEES 16 MERE/DNT LRSS — 15 R, KGR — 16 Eik
JIE 5 SRR R 4 A R R e A AR IR 17, SR A [EDRS BE AN TR
BRI R GRS, IR RN R A S RS FE S v, DRI
F 36 Bl Y AR S BEAS . 24 D0 AR A% 1k B 200 MPa i, SCH#RLE
8] 17, ER RS SR = 16 HKITEA] .
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Fig 2.5 Photograph of 400 MPa UHP Gas Supercharging Device
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Fig 2.6 Photograph of UHP Gas Supercharging Cylinder
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Fig 2.7 Structural schematic diagram of super high pressure gas supercharger cylinder
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Fig 2.8 Mechanical schematic diagram of 400 MPa ultra-high pressure gas pressure
control system
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Fig 2.9 Automatic Control Software Interface of 400 MPa UHP Gas Supercharging Device
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Fig 2.10 Structural sketch of heating furnace and cooling water jacket
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Fig 2.11 Schematic Diagram of Temperature Detection and Control
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Fig 2.12 Photograph of Temperature Control Box
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Table 2.2 Data of Temperature Calibration

JEJIR 2R N BEIR IR AR e 18] JE IR AR AR B
°C °C min °C
20 20 40 20
100 128 40 115
200 250 40 224
300 366 40 327
400 475 40 424
500 584 40 513
600 685 40 602
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. o [k JyFRAS AhEER
700 - o
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500 - o
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15 A N EEIREE (°C)
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Fig 2.13 Curve of Temperature Calibration
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Fig 3.1 Processing Drawings of Quartz Crystal Samples
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Fig 3.2 Experimental device diagram
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Fig 3.3 3-D Fitted Surface Map of 464 cm™ Peak Position of Quartz Crystal at
20-200°C and 10-35 MPa Confining Pressure
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Fig 3.4 Raman spectra of quartz crystals under different differential stresses at room

temperature and pressure
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Fig. 3.5 Raman spectra of quartz crystals under different differential stresses at

atmospheric pressure and 100°C
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Fig. 3.6 Raman spectra of quartz crystals under different differential stresses at

atmospheric pressure and 200°C
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Fig. 3.7 Raman spectra of quartz crystals under different differential stresses at

atmospheric pressure and 300°C
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Fig. 3.8 Raman spectra of quartz crystals under different differential stresses at

atmospheric pressure and 400°C
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Fig. 3.9 Raman spectra of quartz crystals under different differential stresses at

atmospheric pressure and 500°C
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Fig 3.10 Raman shift diagram of 207 cm™ peak of quartz crystal at different

temperature and differential stress

= 20°C

«100°C
"Ll
455 - e s 200°C
v 300°C
464 - < 400°C
A b ad » 500°C
463 S ‘ B
= " . A“‘
" . il
4624 ", . &
e ® ,
I . AA“A 'Yv"
s 461+ R ik
L Iy vy T ‘1“
” 460 g NP P =
"'v 114‘< >.>”>
459 v “ >
a2 .'>’
»
asg{ 7 i EE
i
4574 v
T v T . T . T T T v T v 1
0 100 200 300 400 500 600

Uniaxial Stress (MPa)

301 A3 SR 464 om™ VEAEAS B B R 228 ) R IHL S8R = E

Fig 3.11 Raman shift diagram of 464cm™ peak of quartz crystal at different

temperature and differential stress
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Fig 3.12 3-D scatter plot of 464 cm™ peak position of Raman spectra of quartz with
differential stress (0-550 MPa) loaded along C axis at 0.1 MPa, 20-500°C
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Fig 3.12 3-D Fitted Surface Map of 464 cm™ peak position of Raman spectra of
quartz with differential stress (0-550 MPa) loaded along C axis at 0.1 MPa, 20-500°C
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Fig 3.14 3-D scatter plot of 464 cm™ peak position of Raman spectra of quartz with
differential stress (0-550 MPa) loaded perpendicular to C axis at 0.1 MPa, 20-500°C
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Fig 3.16 Raman spectrum curves of quartz crystals at 20°C, 5 MPa and different

differential stresses
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Fig 3.17 Raman spectrum curves of quartz crystals at 20°C, 10 MPa and

different differential stresses
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Fig 3.18 Raman spectrum curves of quartz crystals at 20°C, 15 MPa and

different differential stresses
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Fig 3.19 Raman spectrum curves of quartz crystals at 20°C, 20 MPa and

different differential stresses
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Fig 3.20 Raman spectrum curves of quartz crystals at 20°C, 25 MPa and

different differential stresses
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Fig 3.21 Raman spectrum curves of quartz crystals at 20°C, 30 MPa and

different differential stresses
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Fig 3.22 Raman spectrum curves of quartz crystals at 20°C, 35 MPa and
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different differential stresses
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Fig 3.23 207 cm™ Raman peaks of quartz crystals (differential stresses loaded

along the C axis) at 20°C and confining pressure of 5-35 MPa
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Fig 3.24 464 cm™ Raman peaks of quartz crystals (differential stresses loaded
along the C axis) at 20°C and confining pressure of 5-35 MPa
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Fig 3.25 808 cm™ Raman peaks of quartz crystals (differential stresses loaded

along the C axis) at 20°C and confining pressure of 5-35 MPa
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Fig 3.26 Raman spectrum curves of quartz crystals at 100°C, 10 MPa and

different differential stresses
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Fig 3.27 Raman spectrum curves of quartz crystals at 100°C, 20 MPa and

different differential stresses
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Fig 3.28 Raman spectrum curves of quartz crystals at 100°C, 30 MPa and

different differential stresses
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Fig 3.29 Raman spectrum curves of quartz crystals at 100°C, 35 MPa and

different differential stresses
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Fig 3.31 464 cm™ Raman peaks of quartz crystals (differential stresses loaded along

the C axis) at 100°C and confining pressure of 10-35 MPa
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Fig 3.32 Raman spectrum curves of quartz crystals at 200°C, 10 MPa and different
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