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Morphologies of open-cell Ni foam: (a) Whole;
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Table 1 High-temperature solid-phase diffusion process

Heating Heating rate/ Holding Type of
temperature/C ("C'min") time/h cooling
12
1200 15 24 Air
48

FI LB (SEM/EDS) R X SR 175 (X (XRD)
A Al JE T FLIETR Ni-Cr-Fe #EATROWESE . A1
RS e hir . [EINF, AR Fick-Onsager 3 i€
% Cr Ml Fe 7EIIK Ni-Cr-Fe =70 & WP B HURHL
BEAT VB, U 7 et R SRR AE AT 1R EE A A
HIH Instron5569 /3 A& LT R GG HLA T L Ni-Cr-Fe
TR G AT SR R AAPERE RS MU B 0.5
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mm/min, Z03E K4E 8 fi/min, f2 K ER AL & 500
kg, E4E0iF N 8 mm.

2 FHRE5DH

2.1 AEREXT Cr-Fe &8 EF s
K 2 Fior BN Ni EAARLE AR AR T AR5
10 h J& Cr-Fe LiBZ RIS . HE 2T LLEH,

B2 UK Ni SRR R ORI 10 h J5 Cr-Fe 3552
EJpZ T

Fig. 2 Surface morphologies of Cr-Fe permeation layer on
open-cell Ni foams at different temperatures for 10 h: (a) 900 C;
(b) 1050 C; (c) 1100 'C
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Fig. 3 Cross-section morphologies of Cr-Fe
permeation layer on surface of open-cell Ni
foams at different temperatures for 10 h:

(2) 900 C; (b) 1050 C; (c) 1100 C
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Fig. 4 Line scanning and energy spectrum analysis of the Ce-Fe coated open-cell Ni foam at 1050 ‘C for 10 h: (a) Cross-section

morphology; (b) EDS point analysis
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T FIRE, FEIRIR Ni LR = A A —
SE B Cr Al Fe TRV, K24 TH 4 F &AM
XMIeEEREMT, WLLRIEIKM 22K H Cr Il Fe
TEEEED RN T1.36%M 22.27%(BE /R0 %0), HM2L
T PIHFRTE 3 40)4 11.86%A1 5.63%(EE /K73 %0), P
WAFAERCR IR 2, X PR AR NBE G o %=
PO A SR AL T AT

#F* 2 1050 'C/10 h JGIEIK Ni-Cr-Fe M4 b F X 45
EDS 43 43 #r
Table 2 EDS composition analysis of different regions of

open-cell Ni-Cr-Fe foam at 1050 C for 10 h

Mole fraction/%
Location
Cr Fe Ni
1 71.36 22.27 6.37
2 39.87 16.24 43.89
3 11.86 5.63 82.51
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Fig. 5 Line scanning and energy spectrum analysis of open-cell Ni-Cr-Fe foams at (1050 ‘C, 10 h)+(1200 ‘C, 12 h): (a) Cross-

section morphology; (b) EDS analysis
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Fig. 6 Line scanning and energy spectrum analysis of open-cell Ni-Cr-Fe foams at (1050 ‘C, 10 h)+(1200 ‘C, 24 h): (a) Cross-

section morphology; (b) EDS analysis
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Fe fI Ni JLER A H NS . B 6(b)4H 7 1200 CR
I 24 h J5IEE Ni-Cr-Fe BB HEGERE M. 5
(1200 °C, 12 hy LI LA EARSS L (B 5), BEE Y BL
B S A F I R K, W 225 228 Cry Fes Ni
TG 3 M2 BE W B B AIG, RS2 Cr. Fe o & -2 AN
TP, R3IBMTES 6 FEMIXMTEE
04T, FIH EDS el A0, LK Ni-Cr-Fe W
2ot 3 TR S BANVIRAFEIREERL L, N 22 P A48
R KEM) Cry Fe i1, Mz L KE Ni J5i
F(X K 1~6).

K 7 Fi7r (1050 °C, 10 h)f i FEfh 4 1200 C
{735 48 h JEIEIK Ni-Cr-Fe B850 R 34 X ALl 4>
Bro M7 HATLAEH, UORRE AR 48 h 1), i1

£ 3 (1050 C, 10 h)+(1200 °C, 12 h, 24 h, 48 h)¥ 54k Hsb
HUF IR Ni-Cr-Fe W 228 28 EANA XI5 EDS 1853 73Hr
Table 3 EDS composition analysis of different regions of
open-cell Ni-Cr-Fe foam at (1050 ‘C, 10 h)+(1200 C, 12 h, 24
h, 48 h)

) Mole fraction/%
Location No.
Cr Fe Ni

1 35.94 21.46 42.6
2 27.43 12.26 60.31
3 37.25 23.53 39.22
4 38.68 22.41 3891
5 33.09 18.23 48.68
6 37.86 21.57 40.57
7 37.21 21.68 41.11
8 35.63 20.13 44.24
9 36.47 21.39 42.14

50 umg

Element concentration/%
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1$(1200 C, 48 h)ISIHALEE J5 VIR Ni-Cr-Fe X 22
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Fig. 7 Line scanning and energy spectrum analysis of cross-sections of open-cell Ni-Cr-Fe foams at (1050 C, 10 h)+(1200 C,

48 h): (a) Cross-section morphology; (b) EDS analysis
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PRI IE], ss Ax ORNYERAOEE B, pm.
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x4
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W22 B 32N ) Cry Fe M N 70 5 R IHB6 1 0 A 230
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48 h J& Cr. Fe JEFEIRAK Ni P EH BHARE. N
FARALURBL, R Ni Z4A, Cr R TR
RYUE Fe R TP HUREUN 1.5 £5. Kk, fEHGEE
it e, 5 Fe MINi JR AL, Cr [ R-FRe7Eif
K Ni W22 ik B3 5140504, BEJG Fe Jo R A
FEA AT T IKF .

9 FinA 1200 CHISEHALER 12 h J5 Cr #
Fe 7RI Ni F 4 #lok i i BUE B S Segaxf . A
Bl 9y el LUE H, HAH B B S H0mi k) Cr
JCRIREE 2R LRI, I8 SR A LE A S I

1200 ‘CHISAL AT JE Ni-Cr-Fe =0 & 1P B 8RR 3

Table 4 Average interdiffusion coefficients (D,y) of Cr and Fe in Ni at 1200 C for 48 h

Dy (m*s™)

Temperature/‘C Anneal time/h P P P o
D, CrCr D, CrFe D FeCr D FeFe
1200 48 4.79X107" 2.1X107 1.52x107 3.23x 1071
@) |— 12h (®) 1— 12h
100 2— 48h 20 2—48h o
3 — No homogenization 3 — No homogenization
80 40 |
= L. ° 2
< 60 ‘N | 1 = 30
— ! [5)
) , 2 = ‘
K ‘ |
o b ) Ayl W I #‘“W‘
le \ M""MM‘ ‘leﬂw* ‘('{m M " 1 ‘F i '
20 | ! ‘ 10 : w 1
: Al
0 50 100 150 200 250 0 150 200 250
250 points along Ni-Cr-Fe foam codeposited layer 250 points along Ni-Cr-Fe foam codeposited layer
100 |©
8ol 8 1200 CHISILRHIIF Cr fil Fe £ EIH Ni
. , I B ORI L
e 1 | | . . . .
= ‘ i | I MY Fig. 8 Comparison of diffusion profiles of Cr and
2 ‘ j”" 1l ,u“l' »1“ IMH'M))»)‘“I\ “ M ig p p
= w " ! "’- Fe in Ni foam matrix before and after heat treatment
| at 1200 C: (a) Cr; (b) Fe; (¢) Ni
1— 12h
2— 48h
3 — No homogenization

0 50 100 150 200 250
250 points along Ni-Cr-Fe foam codeposited layer
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(a) —&— Experimental
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Distance from interface/pum
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(b) —&— Experimental
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< 30t
>
&
= 20F
10}
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Distance from interface/pum
B9 1200 CHILIMEALLTE 12 h J5 Cr Al Fe fEIIK Ni
R T A AL, 5 SRS B
Fig. 9 Comparison of simulation fit to experiment Cr(a) and
Fe(b) diffusion profiles in Ni foam strut annealed at 1200 ‘C
for 12 h

BEAT XS LRI A Cr 3 HOREERS 5 SERAE AR &
Kl 9(b)Hh &t T AETEIA Ni H Fe so R AUA R 5 525
WL 2k, I AUE AU 5 SIS EAR E i, TR
TR B Y SRR R T TN ) 1200 'CHY
SIS LA Fe TR AUY B0

2.4 FFLNi-Cr-Fe A EFERLRS=MNEL

FFAL Ni-Cr-Fe M & G HA 2= = AT B 4 i
THIZERE), NI R 22, AR S0 e A T3 L K Y 22
I [ X 35k 33E 4T Ni-Cr-Fe R & &R e . & 5 4
HT 1050 CHREAFBE+(1200 C, 48 h)/F 1L
Ni-Cr-Fe {3 & & % n w4 . 14 EDS Beil 74
UL 4)afAE Y, BE%E Cr. Fe B HZEK, JFIL
Ni-Cr-Fe /&4 3 Mot RS & 20— 12k
U, WIRE4ET Cr Ml Fe TR R B W8 i,
R, Ni TGRS EA WK, H Ni-Cr-Fe /& A
& X 22 AR T J 0 ¥ ST B

RS 1050 CHRURAFIM A &G0 FTF L Ni-Cr-Fe JR 15
B TTER ALK
Table 5 Element compositions of open-cell Ni-Cr-Fe alloy

foams at 1050 “C for different time

Mass fraction/%

Time/h
Cr Fe Ni
4 28.45 16.23 55.32
6 32.36 18.47 49.17
8 34.34 20.38 45.28
10 35.29 22.16 42.55
12 36.47 24.36 39.17

2.5 FFFL Ni-Cr-Fe J@ X & &S

10 254 7 1050 CORIEA [FHF[A]+(1200 C,
48 h)J5HFfL Ni-Cr-Fe i3 & £ FF 5 1 XRD i, did
XFEE 3 FANFE > Ni-Cr-Fe #4421 XRD i ((a)
Ni-32Cr-18Fe. (b) Ni-34Cr-20Fe. (c) Ni-36Cr-24Fe)m]
PLARIFFFL Ni-Cr-Fe WA S &K M JZE F 2 H(Fe, Ni)
FI(Ni, Cr, Fe)El ¥R k. 13 75 FhAH 0 7 B 32 B2 2
F1E1200 C, 48 hyy Byt fEd, R
Cr. Fe JR-¥ a5k A4 8L, R4 Fe-Ni oA,
TEmT 913 CHY Fe Al Ni BEZRICIR B3 44, AIrLA,
Ni T2 KEMEVAS] Fe i, B (Fe, Ni)lE Ak,
HHERSY Cr JRFiE—0 A 2 (Fe, Ni)EEAF, B
BN, Cr, Fe)[El k. JFH, J@idxtt 3 FiASF pesy
Ni-Cr-Fe J# & 4 /) XRD i, 1] LLE HFE#H K 5 4
1 Cr. Fe JUHRESHIIAWHE R, FFFL Ni-Cr-Fe
KRG RH)Z T (NI, Cr, Fe)lE VA4 IIAT 5 16 55 15 1]
SEIEIN, T (Fe, Ni)[F A4 A7 G I 5k B S0 T RS, X
FIABEA 1050 CLRREEF IR, Ni JiF M KA P
MAMNEYHL, Cr. Fe JEF25 5 [BIA 21544 Ni B AL
(Ni, Cr, Fe)[E &4 .

2.6 FFFL Ni-Cr-Fe j@ X & &R EFEMERE

Bl 11 fr7s o 800 “C B AN 4H s 73 FF L Ni-Cr-Fe
BEESWEGE N ) -NA L. aTLoEH, JFoL
Ni-Cr-Fe &G 4 I N ) — AR 2 52 30 HS SRS i vk
B 3 ANBIEI B, RIZa kB MY & B
Feaa A, 3f H, JF4L Ni-Cr-Fe 3K ) e 15 K 45 B
JI—-RAR P, N7 06 BRIGE 5 AR 1R 3 i S 38
JaPo% TR AR FEXS T FL Ni-Cr-Fe MK & 41
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Fig. 10 XRD patterns of Ni-Cr-Fe alloy foams: (a) Ni-32Cr-
18Fe alloy foam (1050 ‘C, 6 h)+(1200 C, 48 h); (b) Ni-34Cr-
20Fe alloy foam (1050 ‘C, 8 h)+(1200 °C, 48 h); (¢) Ni-36Cr-
24Fe alloy foam (1050 C, 12 h)+(1200 C, 48 h)
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Fig. 11
components of Ni-Cr-Fe alloy foam at 800 ‘C

Compression stress—strain curve of different

6 800 CI AL RS Ni-Cr-Fe Wik 10 J1 24 L AE
Table 6 Mechanical properties of bare Ni-Cr-Fe alloy foam
with different compositions at 800 ‘C

Foams Relative Yield Plateau
density/% stress/MPa  stress/MPa
Ni-28Cr-16Fe 52 1.108 1.089
Ni-32Cr-18Fe 6.5 1.175 1.187
Ni-34Cr-20Fe 7.8 1.225 1.136
Ni-35Cr-22Fe 8.6 1.448 1.143
Ni-36Cr-24Fe 8.9 1.511 1.485

B 12 Fron N 800 °C B AN [H JE 4 B A2 J5
Ni-36Cr-22Fe ik & &ML ES . SEM BEY], %
A FEIA R 20% 5, TRFE 1 Hp IR 5 A 4y 1 S R AR
W22 B RS AT, Wi 12() TR . BEE N AR AN
W38 11 (e=30%) , A P o 1) Ab L3R I 221 8 P AR B K
FERE LM AIFZE, R 12(0)FiR. N AR R IA
50%J5, KA S T8 R 40 i A A L FLA R AL BE R AR
TR A& ER, WM RIRIEERE T2 M
I EEANSPT YT JE, R KA TR IR B8 I 22 ifa 1
WrEL %R, W 12(c)fim. &RERWH: miRESEN,
FFFL Ni-Cr-Fe 13K & 4 R P H s A ) 4 )& 1 A8
FHAIE o

B 13 Fias A 1000 °C A [ 41 Bk 2 7T AL
Ni-Cr-Fe Wik & & I EZE RN - R fi k. M 13
ATLVE M, BEEEAREA S, L Ni-Cr-Fe i8&K A
S JE RS RN 6 B EI A R K. o, B
A b JE AR A B 800 C B [ T3 67%, “F& M
JHAFFAK T 67%~73% 01X 72 K b A5 & 4 it FE iR 34
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Fig. 12 Compression deformation morphologies of Ni-Cr-Fe alloy foams after different compression strains: (a) e=0.2; (b) e=0.3;

(c) e=0.5

BARE SRR B R A, LGS RIS T 7% (4 . 108/ o
L THHT 1000 CHFAFIA RS Ni-Cr-Fe K&
SR RN SR G B S ME . IR 6 il 7 XF AT LAE
t, B Cr. Fe R S EMIEMN, A4 Ni-Cr-Fe
TAE A SRR RS I0, WP & R S Ja3En
JE BRI . Hf, Ni-36Cr-24Fe JKA 410 i
N iEeoR, B Ni-28Cr-16Fe WK S &I T 51%:
Ni-35Cr-22Fe 3K & & 0 F & B J) & K,
Ni-28Cr-16Fe KA &M T 28%. XA HEH T
1000 C i E4EIT, Ni-Cr-Fe K& &1 J124 PR
BT VIR A G A 25 B R RO 4) o FEZR B
BB, BT RAERT IR, ASF % Ni-Cr-Fe ik
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Fig. 13 Compression stress—strain curves of Ni-Cr-Fe alloy

foams with different components at 1000 C
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Table 7 Mechanical properties of bare Ni-Cr-Fe alloy foam
with different components at 1000 C

Foam Relative Yield Plateau
density/%  stresssMPa  stress/MPa
Ni-28Cr-16Fe 52 0.334 0.325
Ni-32Cr-18Fe 6.5 0.383 0.375
Ni-34Cr-20Fe 7.8 0.413 0.405
Ni-35Cr-22Fe 8.6 0.415 0.415
Ni-36Cr-24Fe 8.9 0.505 0.386

2.7 FFFL Ni-Cr-Fe fEix A &SR aE M 88

BT Ni-Cr-Fe WG4 BAA = 4EMIR I 4550 %F
fiE, (EREGEIEREr, B LN - AR i 2k B A T
TNV G, KPR Rk 48 A 5w i g
FEIRUSCREE o R R RE it 2 SR TN A A L () i
P, MU TR R R 40 R BUF AN A & (e )BT
I - RiA ih 28 LR B A L T AR, R A AR AR IR
e, tns(6) k.

wy = 0 o(e)de (6)
A E B T R R R SR VR, () PR

Wu =Wy /p= I;D o(e)e/ p (7)
X wy MIBE S B AR RIR AL, MI/m®s Wy A
WEE AR EWREE, kikg: p NIBKEEHIE,

glem’s ep NEUHERA, mm/mm; o NXTRIIR T,
MPa.

14(2) (b)) TR 73519 800 °C AN [FIZHL Fi il 73
Ni-Cr-Fe A 6 ) S A7 R BRI BT i B BEVE fE -
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Fig. 14 Energy absorbing performance of Ni-Cr-Fe alloy
foams with different components at 800 °C: (a) Per unit volume,

(b) Per unit mass
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Fig. 15 Energy absorbing performance of Ni-Cr-Fe alloy
foams with different components at 1000 C: (a) Per unit

volume; (b) Per unit mass
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Table 8 Energy absorbing performance of bare Ni-Cr-Fe
alloy foam with different components at 800 ‘C and 1000 C

800 C

1000 'C

Foam

Wyl Wi !
MJm?)  (kIkg™h

Wy ! Wy !
MJIm?)  (kI'kg™)

Ni-28Cr-16Fe  1.018 2.122 0.342 0.713
Ni-32Cr-18Fe  1.118 2.282 0.403 0.763
Ni-34Cr-20Fe  1.304 2.028 0.408 0.712
Ni-35Cr-22Fe ~ 1.067 1.975 0.411 0.763
Ni-36Cr-24Fe  1.309 2.291 0.407 0.704
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Preparation and high temperature mechanical properties of
open-cell Ni-Cr-Fe alloy foams

PANG Qiu"? HU Zhi-li%, SUN Dong-li*

(1. School of Mechanical and Electrical Engineering, Wuhan Donghu University, Wuhan 430212, China;
2. Hubei Key Laboratory of Advanced Technology of Automobile Parts, Wuhan University of Technology,
Wuhan 430070, China;

3. School of Materials Science and Engineering, Harbin Institute of Technology, Harbin 150001, China)

Abstract: In order to meet the requirements of the high melting point open-cell foams in aerospace applications and in
view of the problems existed in open-cell foams with the low-melting point, poor strength and oxidation resistance, low
porosity and uneven distribution of pore, the 3D reticulated Ni-Cr-Fe alloy foams with 95% porosity were synthesized by
co-deposition of chromium and iron onto open—cell nickel foams. Then the open-cell Ni-Cr-Fe foams were homogenized
by the high-temperature solid-phase diffusion. To understand the rule between Ni-Cr-Fe skeleton formation and element
diffusion behavior, the microstructure and elemental analysis of the open-cell Ni-Cr-Fe alloy foams were conducted by
scanning electron microscopy (SEM) and energy spectrum diffraction (EDS) before and after homogenized. At the same
time, the quasi-static compression and energy absorption performance of the open-cell Ni-Cr-Fe alloy foams were studied
at 800 C and 1000 °C, respectively. The results show that the Cr, Fe and Ni concentration gradients are smooth along the
strut thickness, when the diffusion time of high temperature solid phase is extended. The struts of open-cell Ni-Cr-Fe
alloy foams are homogenized after heat treatment at 1200 ‘C for 48 h. As compared with the open-cell Ni foam, the
Ni-Cr-Fe alloy foams keep the original reticulated structure. At the same time, the Ni-Cr-Fe alloy foams show the
deformation characteristics of typical ductile metal foams in the high temperature compression test. With the increase of
Cr and Fe contents in the alloy foams, the compression strengths of the open-cell Ni-Cr-Fe alloy foams increase and the
energy absorption performances first increase and then decrease.

Key words: open-cell metal foam; pack cementation process; high-temperature solid-phase diffusion; alloying;

mechanical properties
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