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Abstract; In this paper, a new high throughput characterization of fluid-micro-test mechanical property is studied. The
flat surfaces of different materials will deform slightly when loaded with the same pressure fluid, like using a smaller indenter
than nanoindentation to load on the material surface. The entire micro deformation of the material surface is measured exactly
by a 3D surface profiler, then the deformation values can be analyzed with Pauta criterion. Finally, the correlation between
surface micro deformation and microhardness of different materials can be established. Finite element analysis ( ABAQUS) is
used to simulate the deformation behavior of two phases with different hardness under isostatic pressing. Five kinds of metal
materials with different hardness and microstructures, including bridge steel, high carbon chromium bearing steel, as cast

nickel base superalloy, nickel base single crystal superalloy
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isostatic pressing. The relationships mathematical model of
surface micro deformation and microhardness of 5 samples is
established, and the correlation coefficient is 0. 9948. The
resolution of this method can reach the nanometer level,
which can be regarded as a non-destructive testing method

of hardness.
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Table 1 Information of testing samples
Sample No. Materials Hardness/MPa Corrosive solution Typical microstructure
1 Q355 1734 3% HNO;+C,H;O0H Lamellar pearlite and reticular ferrite
2 GCrl5 3234 3% HNO;+ C,H;OH Pearlite and carbide
3 As cast FGH96 4508 170 mL H;PO,+10 mL H,S0,+15 g CrO,4 Trregular shape vy’ phase
4 DD4 4606 1% HF+33% HNO;+33% CH;COOH+33% H,0 Square shape vy’ phase
5 Forged FGH96 5635 170 mL H;PO,+10 mL H,S0,+15 g CrO,4 Near spherical ¥’ phase
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WK, 1 SRR O ZSUN R R BR G AN AR 2k 2 1A
TP H SRR, H 0. 18% (Fiasrsk, TR, Hit
— B B R B RE EE (1734 MPa) , {HHREF A S . ¥
BT, A REGMPUEST . B b BoR, 2 SRS IR
HEURAN 5] SRR BOGIR B AT e fk
Yy, HmasEEE, N0.97%, FILHET 1 ka4
BN LA B v 0 B BE (3234 MPa) AT EEME, B 1c TR,
3 SRERI O S Z RO B NE S 1Y B A, Bk
IE . BORABEIREY ¢/ A8 R F258 30~ 100 nm, & FE7E R ST
UK BSR4 18 1d o, 4 5B AR
OMLHZUR T HeR vy BT A, RF2520 400 nm, & le &
N, S SRRSO RRIE SO AL UK ERE 1Yy BT A, R
1295 30~100 nm,, B RS A AU R DL R A
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Table 2 Chemical composites of testing samples

Sample No. Chemical composites, w/ %

0.18C, 0.30Si, 1.28Mn, 0.016P, 0.004S,
1 0.035Cr, 0.015Ni, 0.031Cu, 0.046Al, 0.023Nb,
0. 015Ti, residual Fe

0.97C, 0.28Si, 0.37Mn, 0.018P, 0.004S, 1.48Cr,
0. 020Mo, 0.067Ni, 0.083Cu, 0.020Al, residual Fe

0.071C, 0.36Si, 0.021Mn, 15.52Cr, 4. 18Mo,
0.66Nb, 4.23W, 13.38Co, 3.26Ti, 1.89Al, 0. 60Fe,
0.037Zr, 0.014B, 0.013Cu, 0.048V, 0.004P,
0.005S, residual Ni

0.038C, 0.049Si, 0.015Mn, 3.24Cr, 2.57Mo,

0.023Nb, 6.17W, 8.07Co, 0.019Ti, 6. 13Al,

0.024Fe, 5.00Ta, 5.08Re, 3.04Ru, 0.019Cu,
0.010V, 0.003P, 0.005S, residual Ni

0.062C, 0.024Si, 0.017Mn, 15.68Cr, 4.20Mo,
0.66Nb, 4.21W, 13.48Co, 3.43Ti, 1.92Al,
0.11Fe, 0.067Zr, 0.017B, 0.013Cu, 0.050V,
0.002P, 0.004S, residual Ni

y FEVRAHAN LL, By R0 OR oy AR E A R NijAlL
2y IR A A 60% ~ 70% , 2 fi T B (U UE SR AL AH
WM il A I E R e B R, 3 SRR A
5S9rEmER T2 ARG a, fArEmAt, Ay
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Fig. 1 Tmages of the typical microstructure of five samples; (a) 17,

(b) 2%, (¢) 3", (d) 4", (e) 5"

3.2 BETFERTITENALTEIHN

HRFE AT T S8 00 2 243 BT AT A1, 1 ~ 5 5 B i 2 2
2 FPLA_EASIE) A ARAS B, FR T R — A ) B B R i
A, FEEREHA GRS, AT
G3 AT 24 4 JE AR SR A 20 5 A 22 (R SRR
AECANRE ) 22 S0, SR AARZE MY 7E & K RS AR R 1 A8
RS TG AL, SR ABAQUS 4 FRyCE 1, #4177
JUAu] fa A AE TR () N R AR, A&l 2 R AR R AR R
o BB R — A OR RO (R R, i R 254 R A
TSR A AT . SRR S A, ARl 2a
iR, Hpfs MARESIRA L, 55 PARESE M,
3 4 AR S AR T AS [R) A e v A i e S
PERESHL, o DXl e B B2 RO AE BE A AH . AE AR B RY o
B A (9 )8 IR SRy 800 MPa., BPERI RN 228 GPa;
BRAR Y R A 350 MPa, $PEREE N 150 GPa, AT
BLALURE i 7 5 TR A P ¥ 5] 2 s e, ZERE Y
6 /INTE 43 Bt I 190 MPa 4 1K J1, 15 B 4% 1 folt 1fg G B8

BV A 2b iR, YRR R R LR S O
S A RE AR PR TR A SR A SR T i L R Y
S I AR B K, T S S0P AR 5 5 R A Ak
ZHE AR A, WE 2e, RZ, SITEERGE
ESAARREAT | 5 A ORI, AR A
BRI Bl A A B B 42, I 6 1A 5 55— A 1 &k
A RARBAEEDE, WE 2d s, ok, ©iE
THE R AR | B o AR AR S A b 5 20 A 7 A
FrEEm TS, AU ARG, SRR AT #
PEAR—F, ULl W, XT B RE R AN TR Y A 2H
SRS ) FE Sy i, WAL VR K A AR,
RAYLE LA T R, 17 fe 20 ek 5 1 AR 2 T+ 0T
AN

K2 HLEEMESETE T R (a) HTHAR P 54 M
BOJLT oA, (b) &5 i I BEAL 9 SR S2 D0, (o) BEK
Shy R ELAT H AR R AR I R R A S A A 1 L, (d) AR
BEAR LA HAR S ORI ASE 28 5428 53 A 7

Fig. 2 Deformation simulation of microstructures under isostatic pres-

sure: (a) geometric distribution of precipitated phase P and ma-
trix phase M, (b) external pressure setting of model during iso-
static pressing, (c) deformation distribution of the model when
the matrix phase is soft and precipitate phase is hard, (d) de-
formation distribution of the model when the matrix phase is hard

and precipitate phase is soft
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Fig. 3 Surface height information of 1* ~5* sample before cold isostatic pressing( CIP) ; 2D surface hight distribution of sample 1%(a) , 2*
(b), 3%(e), 4"(d), 5%(e) ; and the dataset of sample 17(f) , 2*(g), 3*(h), 4*(i), 5"(})
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Fig. 4 Surface height information of 1% ~5* sample after CIP; 2D surface hight distribution of sample 1%(a), 2*(b), 3*(c), 4*(d), 5*

(e); and the dataset of sample 1*(f), 2%(g), 3*(h), 4*(i), 5%(j)
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Table 3 Statistical data

of sample 1* ~5* under 2. 50

f
Sample N Sum of Standard Mean/ Median/ Negative Number of Positive Number of b Sluin 0
SAMPIE N0 ata number deviation can/pm edian/pm threshold ~ negative errors  threshold  positive errors & So;l @ cror
pm
1 3916 875 27.691 0. 022 -0.116 -69. 206 10 168 69. 250 14 736 5667 107
2 3913 204 13.795 0. 185 0.204 -34.303 18 664 34.673 16 920 3518 262
3 3918 957 11.098 0.013 -0.076 -27.732 18 451 27.757 19 477 2 338 793
4 3916 818 14.756 0.129 0.183 -36.760 9263 37.019 6735 1 848 669
5 3919 389 8.910 0.176 0. 126 -22.099 12 506 22.450 14 567 1 685 248
®4 1~5 SHR 30 BERERENGITHE
Table 4 Statistical data of sample 1% ~5* under 3o
. .. Sum of
) Sum of Standard . Negative Number of Positive Number of
Sample No. L Mean/ pum Median/ pm . . absolute errors
data number deviation threshold  negative errors  threshold  positive errors )
pm
1 3916 875 27.691 0. 022 -0.116 -83.052 8750 83.095 12 431 5385013
2 3913 204 13.795 0. 185 0.204 -41.201 15 735 41.571 13 863 3292 263
3 3918 957 11.098 0.013 -0.076 -33.281 14 067 33. 306 13 804 2 033 924
4 3916 818 14.756 0.129 0. 183 -44.138 7864 44.397 5442 1740 208
5 3919 389 8.910 0.176 0. 126 -26.554 10 065 26.905 11 065 1 540 336
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Median [a] [4] ASTM. Standard Test Method for Small Punch Testing of Ultra-High
Molecular Weight Polyethene Used in Surgical Implants; F2183-02
\\ [S]. USA; ASTM, 2002.
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Fig. 5 Surface deformation statistics of samples: (a) Pauta criterion,

(b)) correlation between surface deformation and hardness

of samples
45

MUV AFER BT K 1 — B B 14 1 faf 2 41 i
fET5 3 o SR R AL A AR DAy 2 o A 2 T 7= A T 2
FIHRETESCR AL M AR AL L, #id R K
BARAGEHitr, HSr TR Al R Y AR 5 B AR S
Boerionl, Jf Hom s A BROTEERE, B 1 A () 6 2 4 P
SRR RS T 0 AZTRAT N, Bk 1A [ 2850 4
JE AR AL 5 6 B2 35 B AR AR O, iR
AET7 73 Bl LUK BV AR G, R R A fiff 14 JIG 451 4 1
Jrik, BESCBUMADKEI DK (H KRG HAE E 2L R
JESBPEILASRAL

S#E#k References

(1] Z=gfs, B, sk6h, 4 J1%2R(], 2020, 52(2) : 333-359.
LI J G, HUANG R R, ZHANG Q, et al. Chinese Journal of Theoreti-
cal and Applied Mechanics[ J], 2020, 52(2) : 333-359.

[2] MANAHAN M P, ARGON A S, HARLING O K. Journal of Nuclear
Materials[ J], 1981, 104(C) ; 1545-1550.

[3] CEN Workshop Agreement. Small Punch Test Method for Metallic Ma-
terials, Part B; A Code of Practice for Small Punch Testing for Tensile
and Fracture Behavior; CWA 15267[ S]. Brussels: CEN, 2006.

[5] TAKAHASHI H, SHOJI T, MAO X, et al. Recommended Practice for
Small Punch (SP) Testing of Metallic Materials ( Draft): JAERI -
M88-172[ S]. Japan: Japan Atomic Energy Research Institute, 1988.

(6] Wi, Mobpte, AR /Nl fLRORE AR R BR R
[M]. dbxt: Blesiihudt, 2012,

LING X, ZHEN Y Y, ZHOU ] X. Testing Technology and Application
of Material Properties of Small Punch Micro Sample[ M]. Beijing: Sci-
ence Press, 2012.

[7] LIUBY, LIU F, YANG N, et al. Science[J], 2019, 364(6448) .
73-175.

[8] Z=f, RIINI, skAete, 45 Jif2éR()], 2003, 35(3) : 257-264.
LI M, LIANG N G, ZHANG T H, e al. Chinese Journal of Theoreti-
cal and Applied Mechanics[J], 2003, 35(3) : 257-264.

(9] sk, i, Bk, 45 JrAsrdi[J], 2019, 51(1): 159-169.
ZHANG Z J, CAI L X, CHEN H, et al. Chinese Journal of Theoreti-
cal and Applied Mechanics[J], 2019, 51(1): 159-169.

[10] FEA&, g, Peib, % J2%4M 1], 2018, 50(5): 1063
1080.

YU S M, CAI L X, YAO D, et al. Chinese Journal of Theoretical and
Applied Mechanics[ J], 2018, 50(5) : 1063-1080.

[11] OLIVER W C, PHARR G M. Journal of Materials Research[]],
1992, 7(6) : 1564-1583.

[12] ZAMBALDI C, RAABE D. Acta Materialia[ J ], 2010, 58(9) ; 3516—
3530.

[13] BUCAILLE J L, STAUSS S, FELDER E, et al. Acta Materialia[J],
2003, 51(6) : 1663-1678.

[14] LILL, SUY, BEYERLEIN I J, et al. Science Advances[]J], 2020,
6(39) : eabb6658.

[15] Brls, B0k, FIK, % J1%5AR[I], 2020, 52(2) : 400-407.
CHEN K, HUANG B, WANG Q, et al. Chinese Journal of Theoretical
and Applied Mechanics[J], 2020, 52(2) : 400-407.

[16] RENNER E, GAILLARD Y, RICHARD F, et al. International Journal
of Plasticity[J], 2016, 77. 118-140.

[17] DELINCE M, JACQUES P J, PARDOEN T. Acta Materialia[ J ],
2006, 54(12) ; 3395-3404.

[18] ZHANG H, LI D Y. Acta Materialia[ J], 2008, 56(20) : 6197-6204.

[19] POKLUDA J, CERNY M, SOB M, et al. Progress in Materials Sci-
ence[ J], 2015, 73. 127-158.

[20] SULZER S, LI Z, ZAEFFERER S, e al. Acta Materialia[ J], 2020,
185; 13-27.

[21] #HAR. FERUIEMEREIM]. dbat. MU T LA, 2018.

PENG R D. Mechanical Properties of Materials[ M]. Beijing: China
Machine Press, 2018.

[22] FRICK C P, LANG T W, SPARK K, et al. Acta Materialia[ J],
2006, 54(8) : 2223-2234.

[23] KIM H J, HAN J H, KAISER R, et al. Review of Scientific Instru-



414 rf Ak i EXYE
ments[J], 2008, 79(4) : 045112. 137; 69-72.

[24] UCHIC M D, DIMIDUK D M. Materials Science and Engineering A [31] NIEJ, WEI L, LID L, et al. Additive Manufacturing[ J ], 2020, 35.
[J], 2005, 400/401; 268-278. 101295.

[25] LI Z, ZHAO S, RITCHIE R O, et al. Progress in Materials Science [32] 1ot JRAGERNAEEAI G AT RAERARMISE[ D], U5T. Bk
[J7, 2019, 102; 296-345. T AABE, 2019.

[26] LIUY, CAO Y, MAO Q, et al. Acta Materialia[ J], 2020, 189; 129— FENG G. Study on Original Position Statistical Distribution & Charac-
144, terization Technique of Fluid Micro-Explored Strain [ D]. Beijing:

[27] CAO G, GAO H. Progress in Materials Science[J], 2019, 103; 558— Central Iron & Steel Research Institute,, 2019.
595. [33] AEZR, ZHRIF, R, 4. J1I2R([J], 2017, 49(4) . 763-781.

(28] EifgH. HEBE(BE)[J], 2002(6) : 481-485. XIONG J, LI Z H, ZHU Y X, et al. Chinese Journal of Theoretical
WANG H Z. Science in China (Series B)[J], 2002(6) ; 481-485. and Applied Mechanics[ J], 2017, 49(4) : 763-78L.

[29] WANG H, ZHAO L, JIA Y, et al. Engineering[J], 2020, 6(6): [34] GOTO K, WATANABE I, OHMURA T. International Journal of Plas-
621-636. ticity[J], 2019, 116 81-90.

[30] FENG G, QIN HL, JIA Y H, et al. Scripta Materialia[ J], 2017, (%% k@)



