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High Pressure Behavior Study of Azurite
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ABSTRACT : Azurite (Cus3(CO;),(OH),) was compressed up to 21.52 GPa for its behaviors at ambient
temperature. High pressure experiment was performed using the symmetrical diamond anvil cell
employed in the angle dispersive X-ray diffraction method. Pressure was determined by ruby
fluorescence calibration method. No phase transitions were observed within the present pressure limit
and bulk modulus was determined to be 54.4 GPa when K’ is fixed to be 4. Applying the normalized
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pressure-strain analysis, reliability of the azurite compression pattern was checked.

Key words : Azurite, high pressure, bulk modulus, normalized pressure-strain analysis
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Fig. 1. Crystal structure of azurite at ambient
pressure and room temperature conditions. Cul ions
are coordinated by O1 and 02, and Cu2 ions are by
01, O3 and 04 ions. O1 with Cul is connected
with H, and O2 with Cul is with carbon which is
also connected with O3.
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Table 1. X-diffraction data of the azurite at ambient
conditions

Ul davs (A) dea (A) (h k1
55 5.16775 5.16489 002)
35 5.09109 5.09038 ©011)
10 5.00433 5.00771 (10 0)
4 3.87325 3.87161 012
45 3.67603 3.67462 (-102)
100 3.53391 3.53275 ai1u
7 3.11221 3.11171 112
3 2.95707 2.96717 013)
8 2.92439 2.92511 020
7 2.81408 2.81442 ©021)
8 2.59636 2.59509 (-113)
22 2.54558 2.54519 022
20 2.52516 2.52578 120
30 2.51386 2.51235 113)
18 2.46999 2.46581 121
20 2.33823 2.33615 (-104)
18 2.28846 2.28855 (122
28 2.26583 2.26580 211
5 2.22836 222821 @11)

4 2.17175 2.16956 114
4 2.10610 2.10489 114
20 2.01619 2.01584 123)
5 1.94960 1.94939 (213)
2 1.90175 1.90216 (220
15 1.87968 1.87647 213)
4 1.82618 1.82542 124
3 1.79297 1.79107 115
2 1.78462 178640 (124
2 1.76119 1.76023 204
3 1.72101 1.72143 0 0 6)
2 1.69671 1.69479 03 3)
17 1.64587 1.65142 01 6)
4 1.59648 1.59683 (133)
3 1.56893 1.56878 (302
4 1.55629 1.55585 (224
10 1.52734 1.52759 231
6 1.51560 1.51524 (312
7 1.50935 1.50817 215)
8 1.47807 1.47834 (-313)
5 1.43192 1.43071 017
4 1.41828 1.41862 (233)
6 1.40764 1.40721 042
5 139142 139102 117
4 1.38212 1.38250 (322
5 1.37460 137522 (30 4)

* Relative intensities were determined visually. Lattice parameters were
calculated on the basis of the present experimental data; a = 5.012(1)
A, b=5847Q2) A, c=103533) &, # =9245°, V =303.12(1) A°.

3000

(11)

Intensity

(213)

1000

70

Fig. 2. X-ray diffraction pattern of the starting
azurite powder sample at ambient conditions. Miller
indices were assigned on the base of the monoclinic
crystal system.
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HWE 9J3] ©]&3 ICDD PDF (#01-070-1579)2]
e, a = 50109 A, b = 58485 A, ¢
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oA Aelg d#el gd ~HEYo] Fig. 39 F
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AN, el B3 7o) d-gk Aolrt AR A
ol e Fel2 vepsd], ooz A
1S BEas] 98 w9kl XRD ¥ H(Fig. 3)& &
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Table 2. Lattice parameter, volume and volume ratio of azurite at high pressures

P (GPa) a (&) b (R) c (R) Q) V (A% VIV,
0.0001 5.019 5.852 10.345 92.4 303.6 1.000
1.18 4.982 5.809 10.293 92.4 297.6 0.981
1.92 4.960 5.789 10271 923 295.9 0.975
3.25 4.933 5.746 10.155 91.8 287.7 0.948
5.93 4.879 5.685 9.900 91.3 271.7 0.895
9.24 4.833 5.638 9.849 91.6 265.5 0.875
11.36 4785 5.563 9.690 91.9 258.0 0.850
14.10 4753 5.532 9.530 91.0 250.6 0.825
16.71 4.749 5.509 9.478 90.7 247.9 0.817
19.80 4.730 5.450 9.360 90.7 2423 0.798
21.52 4.699 5.438 9.360 90.3 2403 0.792

0.00GPa

2000 - (unloaded)

@11)
(120)
©15)
(032)

©13)
(-104)
023)

p 4.29GPa
(unloaded
21.52GPa
16.71GPa

9.24GPa

1000 H
5.93GPa

3.25GPa
M

T T T 1
10 15 20 25

26

Intensity(arb.)

Fig. 3. A series of angular dispersive spectra of
azurite with pressures at room temperature. A
spectrum at the unloaded to ambient pressure is
shown at the top.

FAE 9 3= AAZE 3719 F=A (002), (011)
2 (100)°] Az Aoltt, webA o] F71sHA
HH Az 9 b4l el 33271 #elEo] v
Efdth 2 o-FE oEle] XRD 339 sfE A
T At #e27F wEEY Yehda ok 39t
slo| Al AE53 Zhzbe] XA 31 HolHERE d-
s AL o, 7 9139 ASFE o] 83t
ALkt GeAe] Aot Hul 9 Hoju|zt
Table 20 YER} Atk ko] F71gt] me} aZ
£ 5019 AA 4.699 A, b= 5852 AdA
5438 A, c=£ 10345 AolA] 9360 AoE 7HAs}
o, B 92.4°04 90.3°Z W&kl ¢tk Table 2
o Z1A=] Je dHe] FTt mE AR a,

b 2 ¢ ¢+ FElo] Fig. 40 YR} Qloh

1.000

14
©
N
a

0.950 4

0.925 4

Lattice Parameter

0.900 4

T T T T T
[ 5 10 15 20 25
Pressure(GPa)

Fig. 4. Compression of the lattice parameters of
azurite with pressures.

E29] e A (equation of state, EoS)> ¢
g(P), FI(V), 25N FsdAoltt 7P ¢
WA QL AR A o d7IAl A APV =
nRT, R; ol7IAd)el Atk AFHEE 74
st B9 P-v AE HA-HUEE e 2
(Birch-Murnaghan EoS, BM-EoS)2.2 #H& <
Jom o A Atk P = 15K, (x7x°)
[1-0.75(4-Ko)(x-1)], 9714, x = (V/IV))'™, K¢
= (dK/dP);°]tHAngel et al., 2014). Table 2°] 7]
o] Bulo] Wzlel B-MAS o] &3le] A2 e
AES AMSATE Ky = 42 7HHE9S 1), U5
o] AASHEL 544 GPaollom, o] ALt gk
2 Xu et al. (2015)°] W3ES $X(F, 45.1 GPa)
o nla) Tk & Fro|tKTable 3). AAYSG 222
AERHAT e A¥ 3-BM-EoS (linearized

[I-BM-EoS)& ©]-83t Al4FalthAngel, 2000).
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Table 3. Zero pressure bulk modulus (Ko in GPa) of carbonate minerals and azurite

Sample Formulas Ko Ko’ References
Calcite CaCOs 73.5 4 (fixed) Redfern and Angel (1999)
Magnesite MgCOs 113.0 23 Ross (1997)
Aragonite CaCOs 64.8 4 (fixed) Martinez et al. (1996)
Dolomite CaMg(COs), 9.1 4 (fixed) Ross and Reeder (1992)
Malachite Cu,CO5(OH), 43.0 9.2 Merlini e al. (2012)
Azurite Cu;(CO5),(OH), 45.1 4 (fixed) Xu et al. (2015)
Azurite Cu3(COs)2(OH), 54.4 4 (fixed) This study
1.000 4
0.975 4 VNV 0 i
E 0.975 -
k]
g 0.900 4
© 0.950 4 >
£ S
o
2
E 0.925 | i 0.825 - - 4
0.900 4
0.750 T T T T T
ll) é 1I0 1‘5 2‘0 25 0 5 10 15 20 25
Pressure(GPa) Pressure(GPa)

Fig. 4. Compression of the lattice parameters of
azurite with pressures.

a, b, ¢l W @& ALk o5 2o
Kap = 270.5 GPa, Kby = 249.0 GPa, K¢, = 183.6
GPa. $549] a-57 b-59] UFHL o A
olF Holil YAFL -FE KT} & YSAS
Hola ok o]e} o] o tigk AASE] o]
WAL FAE1E FHrshe SR AR YERY
I glom, F4kE)7t fle WelA 2ol okt
TUelE OF 9 EEu|E OFMAE 353
22 Yeh= EA|THGao et al., 2014; Holl et
al, 2000; martinez et al, 1996). 2F8}7]7} Q=
SAEY IEolA, gl tigk o]3 Ase B
o ATE [COsT 9 45d0] =& [MOe] A
7} ol AATRE o]F= 7E W E oA
o 7I9E st Q7] wEolth wekA Wt
[COsI"Stell sFa)et Wake Ex 2 HgE4e,
T2 ek oL 2 dsAHs Holn t
(Redfern, 2000).
2 AFoA ARE EEHel

o th3t A =E Uitk F3HeEHd
(finite strain analysis)< ©]-83}H, B-M EoSZE A

%
id‘,
2
Ao ot
o

Fig. 5. Compression of the volume of azurite with
pressures.

Ak AHEEY] AT FrE & Y
(Jeanloz R., 1981). H7}IE 37| flaiAe shel

2 539 ¥sl goleE vty e B4
He ot 2tk i SEWES Uiy ALt
2 ot Zol uyehd & Aok i =
0.5[(V/Voy*-1]. Fe= A8ket 38 Zh(normalized
pressure)o|™, AMAe oS3 Fok F =
P/[3f(1+26p)""]. f-Fr TIOJEIE fabeey
Aol H3Fet=s AAs) FH o 2o Fe =
atbfptefi’+ . o] oA 4 a, b, cv T
2ol fxd & Atk a = [(a*-1)2] @’ K[ 1+ £ (1-
a)], b= a'K[14H2E(-a?)], ¢ = 2& a’K,, A
71M, @ = (ViVy)'®, & = 0.75(4-K»)0lth K,
9 KHhE 44 a, b, ¢Z A7 WA v"
(fitting)3l] A3 tHJeanloz and Hazen, 1991;
Ming et al., 1995). Table 39| = &} F3]9
o5 Atakst e akFe)d Akt 9y
FH(fe) o2 A3kt Fig. 69l YERITE Fig. 694
7} glo|Ej7} o] F= HAle] 7er]E AR 4o
WEFs o] Stk oL KoY #el 4.0% &
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Table 4. Zero pressure bulk modulus (Ko in GPa) in sheet silicate minerals and azurite

Sample Formulas Ko References
Phlogopite KMg;AlSi;0,(F,OH), 58.5 Hazen and Finger (1978)
Chlorite (Mg,Fe,Al)s(Si,A1)4010(F,OH), 55.0 Hazen and Finger (1978)
Muscovite KAIL3Si30,9(OH), 61.4 Faust and Khnittle (1993)
Forsterite Mg,SiO4 135.7 Will et al. (1986)
Fayalite FesSiOy 1239 Williams et al. (1990)
natural talc Mg;Si;040(0OH), 78.6 Kim and Yi (1999)
synthetic talc Mg;3Si4040(0OH), 72.4 Kim & Kim (2014)
Azurite Cus(CO3)2(OH), 45.1 Xu et al. (2015)
Azurite Cus(CO3)2(OH), 54.4 This study
Aol g Ho|z| kARt 40 Rk & e Yeh © o
FIL Sl Zoltk o] HaAs=Ao] y-F(Fe-5) %] ]
I3 whts @ 5 ¥l AHEAE(544 GPa)©l |
THAngel, 2000).
B ATolA 2AR e AARHE F, 1. ' ix |
T

54.4 GPax Xu et al. (2015)] 45.1 GPakt} T}
A B A°0F YebtiTable 3). 3242 A%
B4 E(Merlini et al., 2012) 9A] 43.0 GPaZ v
2], 2818 2 SRS K, = 43-54
GPa)2> 74 eHFE3E9] BHEK, = 65-113
GPa)¥} &S o] BT e S Holw gl

5 k] 9 gubA o g T o] it
7ol 719k AFAel YA BAE Hola rk
npId| AR EL] A9 Mg®t o)W 0.72 A9]
o, ¥ A19] Ca?'& 1.00 Aolth ZEu WA
A ilaTl 491 Cutte] o]k 0.57A0%
O Atk 7 BFE9e] A 54 o279
3719} k54 AHBAZE DATE (OHYE $Hr
St BRHEEEY J%A ¥4 FE AATE
7 EEY ApolE oF 5 A= T8 88loE)
T 5 Yok

Table 494 B S4FAUR] Ao A2 kA
B2 MbBPE ke 2 MESES vl
SHH AR W ghs Holal JAT FE(~59
GPa)lt =U4)(~55 GPa), Tt W-2-H(~61 GPa)
o} & Aolg Holx| & itk WES] FTHFE
2 mdo) we} xto]lE Hola YA AEE)
A 7HE B FETEE SEN(Mg,Fe)Sios)
< FAS 4 gloy SEnle A8 Z2H|go]
E9} dolglolES] Ux AHFEHE #FHe 47
~136 GPa®} ~124 GPaolt}h. ulehA &4} 2

F_/GPa

—
-
-
—
L

S

40 4

30 4 4

20

Fig. 6. Relationship between normalized strain (fg)
and normalized stress (Fg) for azurite. Solid line is
the linear fit of the azurite compression data.
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