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Abstract: With the development of mechanical testing technology in recent years, the nanoindentation, a technique
wildly recognized in micro-fabrication materials research, has been introduced into shale study, and become an
important tool to test the micro-mechanical properties of shale. At present, it has been one of the hot research topics to
study the mechanical properties of shale from the microscopic perspective. In this study, we summarize the influences of
shale sample preparation methods and nanoindentation test system on test results, elaborate the application of
nanoindentation technique in micro-mechanical and creep rupture characterization of shale. The advantages and existing
problems of this technique are thereby analyzed and discussed, while looking to its development trend. The results are
shown as follows. First, the technique can serve for precisely characterizing the mechanical properties of the bulk shale
and its matrix phases. Second, the micro-creep rupture behavior of shale can be obtained by studying the displacement-
time curve during the loading stage, which is of significance to having an in-depth understanding on the creep rupture
deformation mechanism of shale in micro view. Third, testing the evolution characteristics of micro mechanical
properties of fluid/shale interactions can provide basic experimental data for actual hydraulic fracturing or supercritical
carbon dioxide fracturing of shale. In all, the nanoindentation technique serves to get an even finer understanding of

shale in micro level, which is conducive to analyzing the mechanical behavior of shale in essence, and provide
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theoretical basis more reliable for the exploration and development of shale gas.

Key words: test system, micro mechanical property, creep rupture behavior, fluid/shale interaction, nanoindentation, res-

ervoir fracturing, shale
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Fig. 1 A typical nanoindentation P—h curve (a) and schematic representation of an indentation test (b
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Fig.2 Surface morphology of shale rock slices under optical microscope after mechanical polishing (a,b) and Ar ion milling (¢,d)"
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Table 1 Polishing methods and corresponding roughness of shale samples

Mo Wa/H THFE A WA PR/ um Hoh HURE B /nm SCHRK IR
400 — 9.00,3. 00, 1. 00 pm L4 450 [42]
400,600, 1 500 6.00,1.00,0. 04 — — [20]
1 .000,4 000 1.00,0.50,0. 10 0. 02 pm FEE — [21]
600, 1200 5.00,3. 00, 1. 00 — — [22]
GIRIEI6
45 1.00 — 150 ~ 300 [11]
— — 0.30 pm FALEHR,0. 05 wm i — [23]
400 9.00,1. 00 — 30~ 150 [19]
B — 0. 05 pwm L8 <200 [32]
3000 — — 100 [26,31]
BTt 60 ~ 3 000 — — — [39]
50 ~2 000 6.00,1.00 — — [8]
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Fig. 3 Rules for statistical nanoindentation technique'"®’
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Table 2 Mechanical parameters of different minerals as identified by nanoindentation

RVE: 1 [ A5 /G Pa i Z/GPa
K04 LT 12. 4~ 18. 5% 0.59 ~ 0. 60"

K89 6.2 ~42. 1%1351 3018 55 - 62038 20, 37 ~ 25. 86+ 0.05~1.69%7,1.5"1,1.60 ~ 1. 80"

5 f 70 ~ 751%0,79 ~ 8727 7903 2.00~3.00"%,2. 16 ~ 2. 39/

Hz=f 115~ 120", 1155 7.00 ~ 8. 00"

HERY 2971271 204125 16. 19/
FaE 50 ~ 108+1%7 105 ~ 110',100 ~ 110"*7,10027, 993" 6.03 ~ 14.431%1 12,00 ~ 14. 00", 14. 00 ~ 16. 00"
KA 75 ~ 858,80 ~ 90187, 7203 9.00 ~ 10. 00'*1,8. 00 ~ 10. 001'%),4. 51 ~ 4. 812!
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Table 3 Mechanical properties of organic matters (modified from reference[9])
Tk AR k=t
S S SCHRAAR
FHLTALBRE WK RCPa WE/GPa LG RL/GPa o
— — 10.0~15.0 — — [54]
KRBT =421 °C — 10.5~11. 1% 0.55~0.57 — [23]
AT R <1.0% — 6.2~10.7% 0.28 ~0.31 — [20]
A I~ 50 mg /g — 7.0~15.0 — 2.0 [28]
11.8% 2.0+0.2 0.14£0.01 —
R =0.54%
0 8.7+1.0 0.90+0. 10 —
R =0.90% 0 6.9+1.2 0.55+0.08 —
. [26]
R =1.61% ik 7.6+1.3 0.68+0. 14 —
R,=3.60% 5.8% 4.7+2.4 0.39£0.36 —
R,=6.36% 0 15.3+1.5 2.00 +0. 60 —
R,=0.37%~0.53% — 5.6 0.20 —
0 8.7 0.90 —
R =0.54% — [39]
" 2.0 0. 14 —
R =1.61% 0 7.6 0.50 —
AT < HI = 633 mg/g — 15.0~20.0 — —
A HT = 126 ~ 257 mg/g — 7.0~10.0 — — [29]
AR HI = 6 mglg — 7.0~12.0 — —
R, =0.40% — 6.1 — —
R,=0.82% — 16.0 — 7.5 [56]
R=1.25% — 15.8 — 8.5~19.2
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Fig. 4 Dynamic Young modulus (E,) vs. nanomechanically

tested Young modulus (E,)™”!
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