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1.1 IR

ARSLEG R H Invar36 & &M AE IR AT S, B 1 R RER T BRI GOULZH SURN Y 53 53 A R AIE o
38 5 L BT 3T (electron backscattering diffraction, EBSD) £ Rt 47438, &l 1(a) B9 % &l (inverse
pole figure, IPF) 3R W1, AL EAT S5 4 St 25 40 I & K il K 28 &, 248 115 200 46 FF 5l (0 738 d ki R
24 23 um; & 1(b) 193 B A7 5 4 (coincidence site lattice, CSL) RIERH, 1B & 25 54 Bt [q) 22 /1 4 60°, J& T
T3 fn A BT RS B M43 AT (electron probe microanalysis, EPMA) [& W4 7= 1 4l 1) % 1A A9 B2 00 2 70 A 2
P 5 B R AR AT AR AE, A& 1(e) NI 1(d) P o

)

gé%&“, 20 um
1 Invar36 34 fIHIIARAESS L (a) IPF &1, (b) CSL &, (c) HmIFES: ) EPMA B (d) 72K ) EPMA
Fig. 1 Initial characterization results of Invar36 alloy: (a) IPF map, (b) CSL map,
(c) axial sample EPMA map and (d) radial sample EPMA map
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Fig. 2 Schematic diagram of the heating apparatus
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Fig. 3 Free surface velocity profiles of (a) sample I and (b) sample Il at different temperatures
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Fig. 4 Thermal expansion behavior of Invar36 alloy
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Table 1 Parameter data of density and elastic modulus

T/ pol(grem™) E/GPa

20 8.110 14.960
150 8.102 15.487
300 8.020 16.094

=N\ nm 0

P RPE  Cy AR A T A 2 o XS SR TR A TR R A L T B
JEBLRBERA T APRHRGT S S NP BIRAIRE Ty o i TP ol 5256 rp J0 kBN B N R
I, J2 40 T o, 8 I A A 2 AP A A

O = poCLAu . (®

FANEE (DE) B B S e 1 4RI 2 2285 A e 5450 400 iR A A e P, B4 AL IR s s 80~ AR K S
A 9F. AT LAl DE B4R

" dt DE
A a. i DE Br BOR PRI 3R, ug oy A B TR, ¢ W IFE]

M DA B, R 2 BT Invar36 & 4 F T R E T AR AT 45 SR, L wg,, il U

SEREW, JREGRIE (og) HHLE (T) R 2PETUAHSC, B

oy =0y—a,T (10)
X o Mo, APAESH. FEM T, 0,=2.84 GPa, @ ;=0.003 7; #: /i T 1, 0 ;=2.47 GPa, a;=0.0027.
B, BEPERE AR LT 35 X Invar36 & 4 19 1 24 M R = A B B 52

)
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Table 2 Experimental parameters for the spall recovery experiments

C/ Cy/ Cy/ o Au/ o/ /
Materials T/OC L . T » B » ulmpfl u » sp arai2
(km's™) (km-s™) (km's™) (km-s™) (km-s™) GPa (m's™)
20 4.839 2.703 3.698 0.295 0.165 2.810 451
150 4.904 2.740 3.747 0.300 0.133 2.289 3.45
Sample |
300 5.024 2.807 3.839 0.299 0.101 1.763 2.75
20 4.862 2.701 3.730 0.292 0.145 2.482 6.68
150 4.926 2.736 3.780 0.290 0.118 2.045 5.14
Sample I
300 5.047 2.803 3.873 0.294 0.097 1.705 4.22

M5 AT LUF IR e FR dm s T BE X R 2T 9 £ A IALE o 75 = 2R 46 B BE, 4%

23 BRSO S A K, RSO e BH g vk 20 B A4 3 sl 0 g 4o, BT A e Tl 5 | 6 A

8 FLA A% , AT ARG 2 2240 58 o b Ah, BB SR8 1) T e, e 3 i AT x 2= 20 R A 52 i Dk 553, AR mT REAE
Fe it T AR PR A5 3 GRS L

080107-5



5540 3% JEEEIISE: WX Invar3645 4 1 24 e S 2 245403 1 s i % 8

281 = = Sample |
RN e Sample Il
261 ~ - - Linear fitting of sample [
: ~. - - Linear fitting of sample Il
. ~
o 240 o S
% \\\ N
& 22F :\\\) \\'\
20t Teel T
\.\\ \\
1.8} e Ve
-0t
1.6 .

(I) SIO l(I)O 1;0 2(I)O 2;0 300
T/°C
5 JRZREEANREE LA LR
Fig. 5 Spall strength as a function of temperature
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T A3 B A A I T AT, HAEOE A Bz s e gt TR S, s s R A, AN ) A 5 1] Y
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AD direction

300 °C

Bl6 IOk dh DL B B AR
Fig. 6 Optical microscopy characterization of recycled samples
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AR AR ARAETR, AL ff AR A SN A % (18] 7(a) FIE 8(a) HH A LI , 9 D Al D7 1] 23
A" TR Sy il 1] A i 14 SR 0 5 A 1 A ot ) B ALY, 2 D O 3R Al A 0T 500 e AR BT YRR . e b, 4
B 6 St AR IR A Rl LA B, A 1) AR i 4 408 0 R R By, K fR T A 1) R A B I 1 5 A Al
e B, AR AR [ B b o 8RR i B AR S 5 A DX o s LR A R 8, DT R AR A TR )R R
(A8

300 °C A PE T, LA DL S AE i S AR 1A%, WP 7(c) AN 8(c) H LT Cu B B Ak T /s, A i AR L -
TeAhi A, 2 it SO V2 SRS DX, R Rl P T i R O R O, H55 T In R e A LR AR K A T
FLEYHR . A, FLIR FE F Ao S B S I B, 1A 7 RAL 8 Hh BT (T HE A BT, R I LART A L
( geometrically necessary dislocations, GNDs) Jrjak £t R A P¥ H & iR AR & v €8 2 X 3 1 B3 22, GNDs % &
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Fig. 7 EBSD characterization results of recycled sample | : IPF map (a) and corresponding KAM map (b)
at room temperature; IPF map (c) and corresponding KAM map (d) at 300 °C

Shock

8  [HISHE S, I Y EBSD RARZEH: #E T /% IPF & (a) Fl KAM

By
o+

& (b), 300°C T4 IPF & (c) 1 KAM & (d)
Fig. 8 EBSD characterization results of recycled sample II : IPF map (a) and corresponding KAM map (b)

at room temperature; IPF map (c) and corresponding KAM map (d) at 300 °C
080107-7



40 JEVEIIAE . TR X Invar36-6 4 1P RE S S48 05 () 2 R % 8

B, 35 O A A 12 S YA OG0 38 2k FLATR BRI A b kA% - #41 BiL 7] 22 (kernel average misorientation,
KAM) B 0] DL E b 2% B, 300 °C 2k T 4 b 7 LI B8 28 S0 BT A7 76 30 0 7 55 1) S8 M AT, 16 I T i iR
FEAEHE T 4z gh, A R T LI A % AR K S REIE . A RS 1220 - h 2T DL g
IR, 53473 5 2 DA 2 5k 0 <<l AT 5 1) LR A Ay v R A B S A, S EORE A T SRR TG 2 0 R
REMGLRFAREER.

3 4 2

A 3 Al R T A AR bl SE R, ST T 3R X AN [ AT T 1) Invar36 5 < Bl 2 I I Y SR o
Invar36 5 4 Y /2% 2850 S5 B I B2 T iy S ek I W 5, 3R 1T veg il W 5 WU 55 1 A RHIR DL Bl A5 1 e A 1) e
Jio Wl ARAER, FLI A SE L & A A%, AR N SR 508D, 0 B R A Oy e A R, ELEISS T
L ER it Al 0T FLIR A A O LR T o 7 i LI B B AT, R WL B Wl P 5 7 X g~ PR RE B 2 R, R
450 BE 5 IR Y ZR IR OC ROR B . ARWETE R R T X Invar36 & 4 J2 2450 B 5 0 AL ] ) £ 5
PR, St s s Jk b o A5 4 J AR 9 3l 45 SRS 5 e A iR Bt T B A

S22 3k

(1] SMITH R J, LEWI G J, YATES D H. Development and application of nickel alloys in aerospace engineering [J]. Aircraft
Engineering and Aerospace Technology, 2001, 73(2): 138-147.

[2] YUY C, CHEN W Q, ZHENG H G. High-temperature oxidation behavior and formation mechanism of rolling cracks of Fe-
36Ni invar alloy [J]. High Temperature Materials and Processes, 2013, 32(1): 83-88.

[3] NAGAYAMA T, YAMAMOTO T, NAKAMURA T. Thermal expansions and mechanical properties of electrodeposited Fe-Ni
alloys in the invar composition range [J]. Electrochimica Acta, 2016, 205: 178-187.

[4] ALERS G A, NEIGHBOURS J R, SATO H. Temperature dependent magnetic contributions to the high field elastic constants
of nickel and an Fe-Ni alloy [J]. Journal of Physics and Chemistry of Solids, 1960, 13(1/2): 40-55.

[5] HAUSCH G, WARLIMONT H. Single crystalline elastic constants of ferromagnetic face centered cubic Fe-Ni invar alloys [J].
Acta Metallurgica, 1973, 21(4): 401-414.

[6] KANEL G I, RAZORENOV S V, BOGATCH A, et al. Spall fracture properties of aluminum and magnesium at high
temperatures [J]. Journal of Applied Physics, 1996, 79(11): 8310-8317.

[7] LUO S N, AN Q, GERMANN T C, et al. Shock-induced spall in solid and liquid Cu at extreme strain rates [J]. Journal of
Applied Physics, 2009, 106(1): 013502.

[8] LI C, YANG K, TANG X C, et al. Spall strength of a mild carbon steel: effects of tensile stress history and shock-induced
microstructure [J]. Materials Science and Engineering: A, 2019, 754: 461-469.

(91 BN, Zeghify, FEEEW, 25, il i R 2%t NbTize & 42 24052 [1]. 5 IEY AR, 2024, 38(6): 19-28.
LUO X P, LI X H, TANG Z M, et al. Effects of shock peak stress and pulse duration on spall damage of NbTiZr medium-
entropy alloy [J]. Chinese Journal of High Pressure Physics, 2024, 38(6): 19-28.

[10] SAVINYKH A S, GARKUSHIN G V, RAZORENOV S V, et al. Influence of the temperature-induced martensitic-austenitic
transformation on the strength properties of high-alloy steels under dynamic loading [J]. Combustion, Explosion, and Shock
Waves, 2015, 51(1): 124-129.

[11] ZARETSKY E B, FRAGE N, RATZKER B, et al. Impact response of a tungsten heavy alloy over 23—1100 °C temperature
range [J]. Journal of Applied Physics, 2021, 129(12): 125902.

[12] ZARETSKY E B. Impact response of nickel in the 150—1150 K temperature range [J]. Journal of Applied Physics, 2009,
105(9): 093508.

[13] THOMAS S A, HAWKINS M C, MATTHES M K, et al. Dynamic strength properties and alpha-phase shock Hugoniot of iron
and steel [J]. Journal of Applied Physics, 2018, 123(17): 175902.

(14) EAE, szubwhdr i3 (M. Jb 5T ERE Tl H ik, 2018: 190-191.

TAN H. Experimental shock wave physics [M]. Beijing: National Defense Industry Press, 2018: 190—191.

080107-8


https://doi.org/10.1108/00022660110694995
https://doi.org/10.1108/00022660110694995
https://doi.org/10.1515/htmp-2012-0073
https://doi.org/10.1016/j.electacta.2016.04.089
https://doi.org/10.1016/0022-3697(60)90125-6
https://doi.org/10.1016/0001-6160(73)90197-1
https://doi.org/10.1063/1.362542
https://doi.org/10.1063/1.3158062
https://doi.org/10.1063/1.3158062
https://doi.org/10.1016/j.msea.2019.03.019
https://doi.org/10.11858/gywlxb.20240771
https://doi.org/10.11858/gywlxb.20240771
https://doi.org/10.1134/S001050821501013X
https://doi.org/10.1134/S001050821501013X
https://doi.org/10.1063/5.0042939
https://doi.org/10.1063/1.3122523
https://doi.org/10.1063/1.5019484

5540 3% JEEEIISE: WX Invar3645 4 1 24 e S 2 245403 1 s i % 8

(15] Pk, Zggitg, S RUR, 55 . e 0 43-M00 403 I 4 26 A Cr-Ni-Mo H9 Y J2 245 05 [0, 5 R4 B~ 41k, 2024, 38(5):
117-126.
HONG Y F, LI X H, WU F C, et al. Spall damage of Cr-Ni-Mo steel under shock-release-reloading conditions [J]. Chinese
Journal of High Pressure Physics, 2024, 38(5): 117-126.

[16] ZHANG Z G, CHEN S, HONG Y F, et al. Multi-scale damage mechanism of hierarchically structured high-strength martensitic
steels under shock loading [J]. International Journal of Plasticity, 2024, 175: 103945.

[17] WANG Y G, JIANG Z X, XING M Z, et al. Dynamic yield and spallation properties of aluminum alloys at different
temperatures [J]. Materials Science and Engineering: A, 2014, 596: 222-228.

[18] ZARETSKY E B, KANEL G I. Yield stress, polymorphic transformation, and spall fracture of shock-loaded iron in various
structural states and at various temperatures [J]. Journal of Applied Physics, 2015, 117(19): 195901.

[19] CHEN L, SWIFT D C, AUSTIN R A, et al. Temperature dependence of dynamic deformation in FCC metals, aluminum and
invar [J]. AIP Conference Proceedings, 2017, 1793(1): 110008.

[20] SWINBURNE T D, DUDAREV S L, SUTTON A P. Classical mobility of highly mobile crystal defects [J]. Physical Review
Letters, 2014, 113(21): 215501.

[21] CHENCY, XIEY C, LIU L T, et al. Cold spray additive manufacturing of Invar 36 alloy: microstructure, thermal expansion
and mechanical properties [J]. Journal of Materials Science & Technology, 2021, 72: 39-51.

[22] HILL R. The elastic behaviour of a crystalline aggregate [J]. Proceedings of the Physical Society. Section A, 1952, 65(5):
349-354.

[23] HANIM S, KLEPACZKO J R. Numerical study of spalling in an aluminum alloy 7020-T6 [J]. International Journal of Impact
Engineering, 1999, 22(7): 649-673.

[24] JIAOZY, LI Z G, WU F C, et al. Phase transition, twinning, and spall damage of NiTi shape memory alloys under shock
loading [J]. Materials Science and Engineering: A, 2023, 869: 144775.

[25] HONG Y F, ZHANG J, WU F C, et al. Coupling between phase transition and spallation in hierarchically structured high-
strength martensitic steels under shock loading [J]. Engineering Fracture Mechanics, 2024, 309: 110431.

[26] CHENG J C, QIN HL, LI C, et al. Deformation and damage of equiatomic CoCrFeNi high-entropy alloy under plate impact
loading [J]. Materials Science and Engineering: A, 2023, 862: 144432.

[27] MA L, LIU J Y, LI C, et al. Effects of alloying element segregation bands on impact response of a 304 stainless steel [J].
Materials Characterization, 2019, 153: 294-303.

(28] KOUBEK D, KENNEDY G, BERTSCHK, et al. Spall damage mechanisms in laser powder bed fabricated stainless steel 316L [J].
Materials Science and Engineering: A, 2022, 851: 143622.

Influence of Temperature on Mechanical Properties and
Spall Damage of Invar36 Alloy

TANG Zeming'*, HU Jianbo’>, HU Changming’, CHEN Sen’

(1. School of Materials and Chemistry, Southwest University of Science and Technology, Mianyang 621010, Sichuan, China;
2. National Key Laboratory of Shock Wave and Detonation Physics, Institute of Fluid Physics, China Academy
of Engineering Physics, Mianyang 621999, Sichuan, China)

Abstract: This study systematically investigated the effects of temperature on the spall behavior of Invar36
alloy through plate impact experiments and microstructural characterization techniques. Utilizing a single-
stage light gas gun loading platform combined with a high-temperature heating device, the experiments
measured free surface velocity profiles and spall strength variations in samples with different segregation
orientations within the temperature range of 20 °C to 300 “C. Results demonstrate that the spall strength of
Invar36 alloy exhibits a linear decrease with increasing temperature, with elevated temperatures significantly
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weakening its dynamic tensile resistance. Microstructural damage analysis reveals that at room temperature,
voids nucleate and propagate along element segregation bands, while high-temperature damage concentrates
at grain boundaries. Elevated temperatures reduce the constraining effect of segregation and facilitate
material softening through thermally activated dislocation motion. The research elucidates the central role of
temperature in governing spall strength and damage mechanisms, providing a theoretical foundation for
failure-resistant design of Invar36 alloys under high-temperature impact conditions.

Keywords: Invar36 alloy; spall; element segregation; temperature dependence
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