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Foaming and drying

Sintering Titanium foam
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Fig.1 Schematic illustration of titanium foams prepared by slurry foaming
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Fig.2 Titanium foams prepared by slurry foaming
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Fig.3 Schematic illustration of titanium foams prepared by gelcasting

As-prepared green body

Porous Ti-7.5Mo “bone”
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Fig.4 Titanium foams ‘bone’ prepared by gelcasting[27]
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Fig.5 Schematic illustration of titanium foams obtained by freeze casting
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Fig.6 Titanium foams prepared using water as freezing
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Fig.7 SEM micrographs of titanium foams prepared using camphene as freezing vehicle with various freezing time of 1 d
(a), 4 d (b), and 7 d (c) at 42 TP
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Fig.8 Cross-sectional images of aligned porous structures for different casting time of titanium foams prepared by reverse
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freeze casting: (a) 20 h: columnar structure (74%), (b) 24 h: co-existing columnar and lamellar structures (69%), (c) 36 h:

most columnar structures have turned into lamellar structures (59%), and (d) 48 h: lamellar structure (51%)®

B9 BhES A VR B5 G VE I & IR R R
Fig.9 SEM images of titanium foams with various porosities prepared by dynamic freeze casting with various initial Ti
contents (volume fraction)*”: (a) 15%, (b) 20%, and (c) 25%
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Fig.10 Schematic illustration of porous titanium prepared by 3D printing technique
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Fig.11 Biomedical titanium bone scaffolds obtained by SLS!“?: (a) CAD photograph, (b) an actual part, and (c) SEM surface

image of biomedical Ti bone scaffolds
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Fig.12 SEM surface morphologies of SLM porous titanium®®
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- I S I i 2 ke S I A A0 BT

Parthasarathy %5 A 15 F b 7 5 [X 435 16 B A il
H T LB AT 49.75%~70.32% 11 £ LAk . EAITHI
My BROBE & AT R 9 B2 43 5 A T 0.57~2.92 GPa A
7.28~163.02 MPa. %53 3% ], EBSM H R & A f ik 1
B ] 4% B s N T A A IS 1R R o) B RN A
BHG PR i T2, 75 Nt 7 i R R
T2 2GR 2 FLEM BEI 2 200 77 2 1 e 1) 52
Mo S5 R, TER N RO R AR 5 B A AR
HfEE L2258, 7RIS ILEE L F B2 U 1
B4, & 14 Figs. Markhoff 25 AR F H SLM
TZ, WA T EBSM BRI % 2 fLEk. Bl % 1
% LK F ST 5 R B G S R R . L LR R K 4 &
51%. FLA2M 700 pm. MR E s N YT 1 xR
SCHR, EBSM 5 ARIEAF(E A — L8 IS EE R} 5 1) 3 1 oK B
Wi, #R. BESEREEHIEANRE. Bl RE
X LG ] B R 2 5, A A R RE SR EBSM AR B
KB R FH T 2 FLEK A i 4%
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Kl 13 LENS LZ#l& Z LR ARt A
Fig.13 SEM images of porous titanium prepared by LENS!®: (a, b) porosity 17%, pore size <100 pm, (c) porosity 27%, pore

size ~450 pm, and (d) porosity 58%, pore size ~800 pm

14 EBSM LZ##% Z LM AR B R
Fig.14 SEM images of porous titanium prepared by
EBSM (a) and its pore wall (b) %

1.45 3D &%

3D £F 4k (3D fiber, 3DF) YT AL+ A & % H £k K
BHE T ED JERL R ) & AL W4T 4 2 ALAK . B E k2
¥ Ti6AI4V K RLTE 3D-AE 1) % B AL A% B d ik i g g
o BE, KEETPE LB E &G4 5480+
ERFEAT PO BRI . b R E, BEMER . TS,
FTEN B fE =R R TR EBVNN JRE B TR T
AN Li 25 AR ] 3DF BREI& H T 5 Rl [H
M Z LK. AT BRARILE . LB
LB BUZFIBE FE AL % . & 15 BRI 2 el
M E LB R Z AL R BB R . B S
TR RY], XL RSB0 1 A B A R
I 1E H

2 ETHESIUFESHRIHI&EEE

B 7R R YE &, 0] DOE R Y B A S S R
i R % FLEH

2.1 FHERRLEE

2T Y 15 45 (fiber sintering, FS)/& — i — M AR
ERAF Y3 IR — 2 77 U Ge i R AT 4 B, 8 I B 45 ok st
DUER 27 4k 2 [BvR & 85 & M T 7. X — J7 1k T 1
#EA SRR Z LG ARFLAEREE . K
M S IR A RS &1 2 L& B MR

SE DR TR

Kl 15 3D L 4Eyi iR fil & m AL R L LA R B s
W
Fig.15 ESEM images of porous titanium prepared by 3D

fiber deposition®™: (a) top view and (b) side view

K 16 WOkl % 2 LK R E
Bl M S <, il &0l 72 B0 2 0 B 4T 4E e il i g
W4, HAE KR e 48 XA R % e, e
BN AT SR A . I H,  BRAT 4 1 B R g
GAE— . BoNERAEE, 98PR g5 B b iX
ME.

A 58 nig 2 N LOBI SR Y £F 4 e 48 vk ) & T LR
FEAE 29%~84%, SLFRR N 100~800 pm £ 1L
ko MFLERE N 55%~60%Mf, k44 IR 58 N
150~230 MPa, {4 &E N 4.0~4.2 GPa, 5&H H K
ML . 20 3% TH 45 B 1 7 Ab B 1) 22 LK 78 B U4 i v
R 3d 5, WAMLEES W KRB KA B &, Kt
RIS E AR M0 55— T/EMRSE T
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LB ZE AT 35%~84%. FLER L) AF 150~600 pm
(1 2 ALK, BT M RO &R 58 4 i A T
60~200 MPa fl 2.0~4.3 GPa. %%, AhA1x4k & 4k
1 458 &5 31 R~ R /N R B 6 22 FLAK 77 2 BRI B2
BEAT T BRI U, SE IR, R R T

Titanium fiber

Green titanium fiber

N A7 45 R R AR B B . e 5 3T BT MR R BUK
MR TR LA FI 3.5 1 . BREE SN B AR,
JE 45 e A 5 B R B TR B gk K . He 25 AVYTE %
J& 77 12~180 MPa I, ffill % i T fLER Z A T 48%~82%

Porous titanium

Twining

Sintering

—

—

16 ZF 4 be gt ikl 4 2 fLAR B FE R B

Fig.16 Schematic illustration of porous titanium prepared by fiber sintering

(1) 2 FLEK o« FLA5 2 A R HAE RT3 B py 200 2
BRI A . SRR, J12E VB BE A AL R 2 1 1 KT
BEMFEK. BT EMNRN RPN, ERMEE.
R T L A M BB ARG R AR, 1K — 2R R
VEREBHENPDRNS. AT 506 . B, AT SR 7t
TG &M P IR L RS2 LD
M EAE 1 AT N ARRY, & LB RN,
RN R 4 )2 e T R . BE R IR R
SRR EE I R 3N, 2 FLEK I 77 2 M e L AR
NT RS e B2 LN, Jiang & AUAH
xS T AN SRR ek A e . SRR, X —
75k LR 25 1 28 SR T o L 45 N USRI P 47 4 o 45 3k
BT ILBEAN T 30%~70%H 2 FLEK . HAEH SR
9 b KB & R IR 58 B 4> 0 A T 0.4~6.5 GPa fll
5~105 MPa. 2 fLEKFE V1 J7 a1 B A % 1) S 1t 4544
MAET A7 o) R MK LM, K 17 fis. 4iR%

Relative density=30%

'200 um &

B, FIXE BT 30%~40%0 £ FLEK/E A AE N 26/
S R TS B A B K BN 77

Liu 55 NV R 2T 4k 1 B 2547 Rt AT 7 09T -
SERIRWY, BE A BT R R BT S HOIL A
o8 22 I R R 08 45 S0 T RIS KA B R R, T
GE L BRA R . R NTIR AR R &
I8 45 14 7 12 1 o U U HE ) L HE S B % A R
AR 2 LK. EX AR I: 2 FALH
(k51 J7 38 A 7] B 22 6] 0 P 25 0 . 54 05 T AL A
HR I, 34 A A i R o S ) S B R R R R B
L 3 R B 0 R S A K T e IR R S B
& o I Sy S AT R Oy MR R, B T IR RN
AR TR EERNR. 85, It
Fo T AR A T N 2 SR SOV 45 14 A1 7 2 P e 1Y
ST, S5 RR W RV AL BAE 2 FLEK SR T B P
Pt B 2R D' 1 2 T, B A Ak B AE 22 FLBK 3R THITE B

In-plane direction =
__Titanium mesh

Out-of-plane
direction
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Relative density=30%

17 HFéepest ik & 10 % FLEK

Fig.17

Images of porous titanium prepared by fiber sintering!”®": (a) sample, (b, c) SEM images in the out-of-plane, (d) in-plane

direction, (e) mesh hinge, (f) micro-CT image, and (g) definition of in-plane and out-of-plane direction

19K L, 5004 R 0 A 3 U 7 22 LK 3R T Ji 32
SR EBKARE . 15 )1 MR, R e 4 2 %
il i Ak B e 3 M PR AR 2 FLEK R SR AR B, X T
I 5 FEE D) TG S 3 S R AR UL A VIR I A B DU e 3
e 2 FLEK I A IR B R AR . SO AR AT
W R G 7T T w4 et & R A 4k 2 FLER 2R AT
NEIRI . 5 R EIR, miE BN R &, Lk
R RN R O B RR K, BB R YR RE R BR . R/
12 LR R B R o B AR A R ISR AR TP B T
A, EHE P N B R B, SRR K
A BE B U R BN .

2.2 BmEeEsEk

it & 4 7% (Dealloying) & i & XF — Jo 1 & ¥ 14
B G AT OE 2 R oh R A RO TR TR 1 4 RV R
Tl A% BN T 1 1 42 @ DR T 48 T R A K B 28 T BROWL
HEHERYIKZILE MU, B 18 BRI A &k
&Kk EErRER. cEE BT EFEEL
5Bl A 2 R TR A 4 R R 1 B — B S gy SRR
BACK LI R R . BB Sk ) 25 Y 0K &R 1 AR
KRR 2% LR R [79]. B, A kT E
ZEESEERAMBMBREAEE. —&kifis, s
(A4 A 2 Hh ) A 4 4 o6 3R 2 1)1 H A PR A 2
RR, DRI FEBFELEN S S48, BMLPR
HIERM TR, REBRAEERITER.

W T HNCIDRE S &K Ti6AI4V 588
AR AR, LI NaOH &y HLfg T, FIH & &%
BRI % T Ak 2 ALK e . BRI R ok
¥ 0.4 mm JEERA & SRR I A 900 C A
AR 2 he B2 H ALO; Y 4RHL I 3l 6 J5 75 I B R i
Ve T, BRI EE, W1 om? fIXEHET
Ve, AT S8 X il . e, FETE AR =
FAR FLA 22 25 G DR R G v AT A 22 R . S5 R 3R
By, 0.6V A& F1H & H K. 24 i K X ANME R,

{=) | 3

{ Titanium all6y

+
.’

Titanium foam
with nanopores

Dealloying

—

K18 it & < ik i & 9 oK FLIR IR Bk 1 i 2 o =
Fig.18 Schematic illustration of titanium foams with
nanostrucuture prepared by dealloying

i & e A A A . B RIAE] 2.1V I, RE AR
TH B R & K S, an & 19 Fros o X 1E 3 P ae
for B 1 5% TR FH M B 4 vk R ) 2% Y AR B R E — —
T SCHR . X UEHIIX — 7 I BFFLE AR IR 5y, R
KTETFLE LM KA. KN, X7 L7 6] % 94
K AL AR BR T B RGN A 5.
2.3 BHEESESMKZE

H & % & i & & 7% (self-propagating  high
temperature synthesis, SHS), X Fr ¥k ke & W%
(combustion synthesis, CS) B, & & 7F & B4 5 />
Ji U GR RO R s YRR P AR A S SORE, A A RN
JCH B A= s A A5 I 30 1 P R iR 2 3R AR T e T 5l K
B SR, A 5 T B DA BR B U8 T 2 A A
MR . BRI BAEAT TR BN 5, S N AR %
AR . W B R H R B A, S EUK
W& R0 S B W AE R B R R T s AL L IR T T
RALIA B2, B L, R SHS e B f 3% — 45 4 7T DL
W2 LAk B 20 BRI H & I &R G 0L il %
WHRAKPEEREE, BB IR M4 R
WMARBRG WAV S G BIE . T S R AT
BT 1) H & SE RS LS B .

TS i 2k N8B B SHS ¥k ok 1l 4% FL IR 2 473 1
S LB A XA — 9k AL IR ER A B . S5 IR R
B, FIGREZZE W2 AR REENHER. S
PG 400°CHY, 2 FLAK AL B A IE i K 1E 70%,
JE 4758 25 100 MPa, JIRYK & ik 92%. FRAFHL
e NCURR I T A R 1 2 B R R TR SR AL
BURB Z %R . REHSANSWH RN, X
Ml SHS il 2% B IR Bk A B S5 K A0 g 22 1k e
NARF L R ARG 0 ) % P BEAH %5 1% - Barrabes
25 NI 98 7 SHS 03k TiNi 2 L3238 6 R0 7 2%
PERE. B 21 B0 92 it il 2 (VIR TiNi 2 SLA R}
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Titanium powder

K19 it < ik i 4% B 40 0K AL R B R 1 B0 45 4
Fig.19 SEM image of as-dealloyed titanium foam sample

with nanoporest®

'YX X X e®e
. . . . . Mixing . . ... Pressing lgnition and
combustion wave
29000 ° ®
. . . . . . . Titanium foam
Mixtures Green compact

Another metal powder

20 [ EAE R Ak ) A R AR R R A

Fig.20 Schematic illustration of titanium foams prepared by SHS

Bl 21 SHS vE Ml 2 B R NiTi 2 fLA R 004 1 i R Ay
Fig.21 SEM image of porous interconnected NiTi foams

prepared by SHS!®®!

MEMEER . SRR, MERE NE KR
etk g, ks NEIm R Ry, Esn
PR A R 2 FL & 4 BRI AN AT 2R FL IR 45
e R, MRaSMERAERNESEE = 4%8
MR LB g . HALBR A3 5, LR E N
60.2%, “FIJFLIE R~ 420 pm. 5 M a5 A B8y
WFFLR B, k7 B Sk S0 00 SRR A R (RS O
(B SVR )2 —Fp#lil SHS MK NiTi & &4k
LB RA % I7iE, WA SHS S RE A ZIL4H
MR NiTi & &M RHE LR 1R T .

.

3 & iB

2013 AR ORI PR R e, 0 R BR AT B
T KR R & T . XL & VA AT BLA K

P —RKEETHRGE, B -RKEETIERK
B e B Ak 2 A . BT R 3 E AR
KRR WL . BRI . R URPEIE VAR 3D T ED
BOR FE T Wy B el o & ROHT 32 AL HE £ 4 R 45
i & ik A H & T iR A L. FEEN ST, 3D AT
ENHARSE T2 MWL, DIOVE R RE S &
Prits B FLEE A o FLR TR I RORL R I R R
P WIRTEEIE . AgERESE. MESIENME 25T
e A R AT B W TR BB Z AR, R IZ T
TR FrEl, 3SDITEIRAR S 75— AR skl iz M
F B 0 3 AL AR A 2 19 BRI 2 g AL . X
AN T7 A B M IR B 1 R T . e AT
H AT A AT B AN A5 3D 4T B AR 5 B 0 AL v O
B RHE MR E AL 7 K, TS 0 L RS AE
e PR TR AR I IR B A R D TR 2 4 B R B
HERAMEM . AR, BRI RN LN
FY, 75 IR i 0 & LA AN 3D 4T B EOR 1 B
T, RO E -G R-VERE B0 FR IR o L, PR DL RS —
HARKIRN o A 5% g FL 70V i 2 1 0K BK R B 7T
PUR G HE R, (&AL — RO HEAT R4 4 .
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Research Progress in Preparation Methods of Titanium Foams or Porous Titanium

Xiao Jian®, Qiu Guibao?
(1. Jiangxi University of Science and Technology, Ganzhou 341000, China)
(2. Chongging University, Chongging 400044, China)

Abstract: As a novel kind of titanium alloy materials, titanium foams or porous titanium has obtained a rapid development in
recent years. They are attractive for aerospace, biomedical, submarine, automobile and environmental protection applications
because of their double attribute of structural and functional properties. This paper attempted to give a review on the
newly-presented preparation methods of titanium foams or porous titanium since 2004. The methods were divided into two
categories. One group was based on powder metallurgy and the other was based on physical or chemical synthesis. The
preparation process, technology characteristics, pore structure and properties of obtained titanium foams or porous titanium of
each method were introduced in detail and the development tendency was pointed out through a comparative analysis.
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