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Effect of SLM process parameters and pickling treatment on the porous
structure of TC4 titanium alloy
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Abstract: Based on the three-period minimal surface (TPMS) porous structure of TC4 titanium alloy
and the horizontal differences of laser power P, scanning speed v and scanning distance 4, a three-factor
and three-level orthogonal experiment was designed. On the one hand, the influences of laser selective
melting manufacturing (SLM) process parameters on the dimensional accuracy, mass and mechanical
strength of TC4 titanium alloy porous structure were studied through range and variance analysis. On
the other hand, the porous structure of titanium alloy was treated by HF pickling, the influences of pick-
ling process on the parameters and mechanical properties of porous structure was studied. The results
show that the physical size and mass of TPMS porous structure are positively correlated with the en-
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ergy density £ of SLM process. The mechanical strength of TPMS porous structure is less affected by
SLM process parameters, and the optimization of SLM process parameters should be based on the ac-
curacy control of size and mass parameters of 3D printed porous structure. Pickling treatment can im-
prove the surface roughness of TPMS porous structure, enhance the size and mass accuracy of TPMS
porous structure. In addition, pickling treatment makes the elastic modulus of TPMS porous structure
closer to the mechanical properties of natural cancellous bone.

Key words: SLM process parameters, TC4 alloy, TPMS porous structure, pickling, dimensional accur-

acy, mechanical property
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Table 1 Main components of TC4 alloy powder %

Al v Fe C N H o Ti

6.0700 3.9600 0.0360 0.0060 0.0240 0.0025 0.076 0 Bal.
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Fig.1 TC4 alloy powder
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Fig. 2 3D model of TPMS scaffold
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Table 2 Level table of SLM processing parameters

- Y HMOtThRP 1]
1 1 000 150 0.1
1250 200 0.14

3 1500 250 0.18

®3 SLM IZSHIEXHKBERKFR
Table 3 Orthogonal test factor level table of SLM pro-
cessing parameters

R By Eotsh®Rp BRI GRREEE

5 /(mms') /W /mm /(Jrmm™)
® 1000 150 0.1 50
@ 1000 200 0.14 47.6
©) 1000 250 0.18 46.3
@ 1250 150 0.14 28.6
® 1250 200 0.18 29.6
® 1250 250 0.1 66.7
@ 1500 150 0.18 18.5
1500 200 0.1 44.4
© 1500 250 0.14 39.7

1.3 st
ZAUREALTENSE MU, THIC H,O : HF {RFRLLH



56 - N

2025 45 46 &

910 = 1 BERBRIB RO M@ TPMS £ fLEE
A TEE IR T (25 C)fRYE 2 min, 20 51c AGRRYER
@Mk

KT R 5 W iR R 5 & e 2
fLFE S B 5 RTS8 285 MR TSR =
Ao S R A e (5 VK-X1100, H 7R KEY-
ENCE) M, 8 3 Be &5 e 2 L5 A i FLAR AN
BEJEL s 2 FL &5 0 AE 5 09 46 150 56 7E INSTRON
E10000 #4464 S350 ML AT, 5030 S 4 il
BEAT RS, MRS RN 1.5 mm/min, 5% B 2 fLEE
i P JeE IR 5 3 A L 2% R AR T N AL, A PR i
SRR R R I EL

ARG AR ERVEESHDO ~ @, R
VeRE ORI FORTE, 45 S H0T FE i il 2 50
R34, BRI E R RECh 3 K,
1.4 Bt

A G5 R A A E AR R 2 . (R IE
LG T BRI TAE ST, I K55S R{E
S L Bl S A S HE {8 Tukey HSD )5
o 6 Xo B R A T B 2R O 25 3, JTAE SPSS i
TTALE b . Bt W el A p (E K] 43 **
1 p<0.001. **3 0.001<p<0.01. *3 0.01<p<0.05.
ns K p>0.05, p<0.05 A K& B E 1 .

2 ER5i#
2.1 SLM T &% TPMS ZFL45H R~ 35000
Al

P 3 W BE R N 2 FLRE S 4 H R ST A R
g R, MG RE R BN, 2L LR R
TR (M 22 -2.81%) , BEJE 5 | FH## (#)
25+6.04%), FH SLM il £ 1) ZFLAE i SRR R R
E e R, LR R R —E S5 R
PE I, A LR N S5 H 23 0 S50 B 5Ll 4%
P SEAR SRR £, ERUE T IS5 A 3k o [RIEs,
ZALEE Y I R Bl A R ARSI AR T
P 2E+1.31%), X5 Z LR SH0h SRR
AE T2 I N A 25 SRARXT N . X2 Rl
FTED T 25 RE 128 B (36N, SO CHE Fa Rk A 1 3 A
YR EAL AR AR B N, SEORE AR AR K,
EZ K= NS RUNN TN 2RIk i1

T AOBEERGEE v, BOLTIE P 5 A
S E S T2 S 80 &, itk 745 SLM T
R ZAURE a5 F R R R S0 IE A
WIGZE R E A AE R 28T, SLM T2 S804
X} TPMS RT3 WA E R SR v> 434

(B BE A>T % Py SLM T. ¥ S 50748 & % TPMS
J e SR A T A O R P> v>
FAHEEEE ho BEAN, XSEGETTHEE RV T 22534, 45 I
EONATE Gy B0 N 1 S VR gl
T5 2T s R S 2= B I HE P AR B, SRR R
R | BRI 2L R S S ECE B
WO NS AL R BB B S E N,
FETPR GG | EH TR A 38 B 2 LI R
SR 2, R S R TR A 22 B 2L
i SE —E R, =N R X 2L fLiER
Wi S o AT LR EE SRR, 44l A i A
SRS, SLM B A [ 471 48 Fr) 425 T84 B 14, 84
&R AR TE AR, B —E B B R R
e, SO R A S R S H0k D, RS 5z
I F T AR 1) B 5 T 20507 3 i ot = D25
WOLYR RS W E R THER G S B R A Rl R i, 48
FOAE Al FIRPR A T 280K, SERGHS
WS FESEINM, UL 3D ITENZ L4 R, i
WS AL = YRR Y S8R 22 S N ik
JEN], SLM T2 S BB AEK -4 A U v,
1500 mmy/s, HOEIIE P 150 W, FEIEE A,
47 0.18 mm, X — T.ZSHA A BA KR PR
AIRE RS B, M EDUEE 3 s DS FE i 7 4 eI
RE % NI RS RS EUR T 3D AR

45

o

800 - —0.80
—— fLiF —— il
—a— REJEL
@ 0) C )
700 + ._O® ®®®@® ©® 1o7s
g
E‘ on
'sz 600 SE
= 40.70
£ e — =
=500 N
=
N
40.65
400 +
[ S U o i
300 L 1 L 0.60
20 40 60 80

ZALRERE EZ/(J-mm )
B3 geEZEN TPMS S7LERRT/REXN
Fig.3 Effect of different energy density on size/mass of
TPMS scaffolds
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Table 4 Statistics of orthogonal test results of size/mass of scaffolds
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Table 5 Interaction effect of test factors of porous sample
in size/mass
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Fig. 4 Effect of different energy density on mechanical
properties of TPMS scaffolds
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Table 6 Statistics of orthogonal test results of mechanical properties of TPMS scaffolds
G T KT -2 WOCTIZP- )50 B A- 1 200 B
N ’ ) JEARGRE/MPa i BRGRE/MPa JEARGRE/MPa B BRIE S/ MPa JEMRGEE/MPa  ABRIESE/MPa
1 129.25 130.69 128.23 131.10 128.41 131.79
K 2 130.13 132.79 129.06 131.84 128.46 131.33
3 129.37 131.55 128.55 132.09 128.97 131.91
1 43.08 43.56 42.74 43.70 42.80 43.93
Kavg 2 43.38 44.26 43.02 43.95 42.82 43.78
3 43.12 43.85 42.85 44.03 42.99 43.97
K 2 2 2 3 3 3
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FR5 2.03 3.53 0.32 0.84 0.18 0.31
BEE ns w3k ns ns ns ns
K HE 3 3 3 3 3 3
AV -E 3 3 3 3 3 3

Rk KB —T S50 5 R KSE B RE b e 5 5 SR, Kavg h KA ER LARE S M8, S KBS AL 50 e B, BRAER
FKavgl A2 . BEH RN *++4p<0.001. **40.001<p<0.01. *%0.01<p<0.05. nsHp>0.05.

VE-ZNEVS

e BEL B B 4 BIEAIR T 26.84% 1 24.8%, #5514 6
W ZFLAE L R V5 BE SRR . FLARSE n L o a2
HAS LR

1000

800

600

400

; o 2 R ﬁ'f «
(a) A ORTLRLLE; (b) FEMORRVERIHBLR; (o) FEMO@FK
HIBEE; (d) R @RRTER LA

ZALFUE RG] /um

200

=
N
=
R

B 5 ERsEX TPMS SFLEMR IR ER0 BN, & Omik @Rk
Fig.5 Influence of pickling on surface roughness of ZFLRE L)
TPMS porous structure 6 BRVERIE TPMS B7LHS R <H/REX L

Fig. 6 Comparison of size/mass of TPMS porous samples
&l 6 MARAIBIHA . FRUERT G 2 fLA5H Rl before and after pickling
TR R SE 45 R T EL R IR SRR S @ ©
VI BEIEL S BIEAR T 24.43% Fl 22.59%; A, FR P -
VeI RE AR FLAR 22 HIE N T 16.54% F1 8.09% . ML 40
i 25, BRI M RE i o e S B 2 R
BOE AR, VRV RS A A R I S AL e ST gor |7 S
E R PR 45 0 AR, 4185 T 4T EN AT Sl I
PE—2Hb, FRVE IS RE 1 5 AR AE O R 24 !
B ER, UL BEE RE AR, ZALIRuE Rl o[
s ELRE S ORRUE 5 SR B SR A— L, 1 3
BA % BT 30 I/mm’ 247 (AR OIE T 2 4L ’ 10 2 30 20
SRR AL IS FICR. n B ‘
517 Sy AL Ak (i SRS 1A 2 S TR i Fig. 7 CmeiﬁEi}E;fiz?nq:riztiﬁti}ffﬁ Tf%l?;l[\:/llss por-

ZALEE B4 T2 E IR AR . OO TE

ous structure after pickling



#24

FEAE, 4 SLM T ASERGEAE XS TC4 Bk G 4 Z LA T - 59 -

ULk, B 7 R VE IS 1 Z2 AL i h 4 RER (G
PR ) A FERR VR RTARIC, @ 115, BRSO @M
VEJE W SRR R 2 BIREAR T 32.35% F11 28.86%, A
601.6 MPa il 594.2 MPa, 1fiji -5t (8 AR 51
SRR A S DRI R VAL HE AT LAE 24 R
ZALRE S A, FRARZE WIS, 2 AL R
SRAN BN 124 B

3 &%

KR T ZHE = AKFWIESS T, s T
SLM T. 2%} TPMS ZFLZ5H S50 124 PERE N
Wi, %5 b T BRVEALBRRT S (1) TPMS ZFLE5H 1k .
W 22 R 22501 T T T 2 S50 TPMS £
FLESISEI M, AF9E 45 R R .

1)TPMS ZALE5HZ803%Z SLM T. 2. 28052,
B % BE 25 B E BN, TPMS £ L 405 #4 1 JEE 85
fLARwE > . FER . 405 SLM T. 2. 3%, *t

ARG >BOETE P, Hop Ak
& v=1500 mm/s, $4# [E] . ~A=30.18 mm. G
% P=150 W,

2)TPMS ZALE5H J1 2458 BEXT SLM T 2 fig it
W ENURR, 5 2 LA T R B2, I
1k SLM T 22800 A 3D FTENZFLAE R~} i
SR AL — AR N S8k R) 25 5B/ IME R S

3)HF ¥R YE T2 T KL Bk SLM T 21l %
) TPMS ZALE5H R Z R TC4 ¥R, MR THMH
BERE, (S MRVE IS 1Y TPMS ZFLE5H7E R TS50
J i b W 2 FL A R ) — L E AR A I HLRR
VEJE I TPMS 2L 2544 S AR £ B 00T R AR P o
BRI SI2EERE, T SE BB R R T
B,

B

TR B IR LA R P M B AR A 1 2
PN RIBIE A 00 H ARG 5% B

TPMS ZALEH R SF S BG4 v>

S5 3Lk

[1] LIUJQ,LIU J, TANG Y J, et al. Research progress in titanium alloy in the field of orthopaedic implants[J]. Journal of
Materials Engineering, 2021, 49(8): 11-25.

CAIGURR, XU, R4, 55, kG S7E R A SO I TR (1], MR TRE, 2021, 49(8): 11-25.)

[2] XURW, ZHANG Z J, LIU Q Y, et al. The forming deviation, mechanical properties and compression failure of porous
structures fabricated by laser melting were analyzed[J]. Transactions of The China Welding Institution, 2022, 43(10): 49-56,
10006.

(PR, TRARR, XA, 5. 2 DXIOGIE b i 25 2 ALAH I IROP B 22 K 01 2# 1 RE 5 T 46 2R 3803 0. Je2741e, 2022,
43(10): 49-56,10006.)

[3] LI SJ, LI X K, HOU W T, et al. Fabrication of open-cellular(porous) titanium alloy implants: osseointegration,
vascularization and preliminary human trials[J]. Science China Materials, 2018, 61(4): 525-536.

[4] LIX, GAORN, XIONG Y Z, et al. Fabrication and characterization of porous titanium based on TPMS structure[J]. Rare
Metal Materials and Engineering, 2020, 49(1): 325-330.

(L, T, RRJALEE, 55, 25T TPMS S5H Y 2 FL Bk 53R AE[]. W7 @ AR TR, 2020, 49(1): 325-330.)

[5] GU D D, ZHANG H M, CHEN H Y, et al. Laser additive manufacturing of high-performance metallic aerospace
components[J]. Chinese Journal of Lasers, 2020, 47(5): 24-47.

(BRAC 28, TRETH, RIS, 25, T2 MR mtERE & IR AT RHE PREOEHI M I3 (1], T EIEOE, 2020, 47(5): 24-47.)

[6] SUNJIJ, ZHU X G, LI P, et al. Effect of laser bulk energy density on densification behavior of TC4 titanium alloy by SLM[J].
Materials For Mechanical Engineering, 2020, 44(1): 51-56.

(P0G, A/INRI, 2208, 45 O RE R %5 BE X OCIE XA AL B TC4 3G & B AT i 2 [J]. JLBC TR KL, 2020,
44(1):51-56.)

[7] YANGLIJ,LIYH,ZHU Y'Y, et al. Study on the influence of process parameters on the densification and surface hardness of
TC4 titanium alloy formed parts by selective laser melting[J]. Applied Laser, 2022, 42(4): 55-62.

(Binr 28, 2308, RBVE, 46 WOt KR HE T2 S 400 TCA BhG 4 B F S50 B FRE FE ) 52 RLHE L. 1 FHOE,
2022,42(4):55-62.)

[8] YANGY C, RONG Y Z, WANG X, et al. Simulative and experimental study on basal sintering process of TC4 powder via



- 60 - W gk Pl K 2025 455 46 &

[10]

[11]

[131]

[14]

[15]

[16]

[171]

[18]

[191]

selective laser melting[J]. Modern Manufacturing Engineering, 2022(12): 19-26.
(MR, SR AL, TR, 2. TCA BiAE X BOLK (LRl FeLS 1T 205 5 518 0 5e (], SACHIE TR, 2022(12): 19-26.)
YAN T Q, CHEN B Q, LIANG ] Y, et al. Quality optimization of TC4 alloy fabrication via selective laser melting[J]. Laser &
Optoelectronics Progress, 2022, 59(17): 317-325.
(FIZ&R, PRokig, Ra0E, 5. BOGEIX L TC4 ki S UE BRI S []. ot 5t 722, 2022, 59(17): 317-
325.)
LU Y C, SUN Z G, GUO Y H, et al. Compression performance of TC4 titanium alloy lattice structures manufactured by
selective laser melting[J]. Rare Metal Materials and Engineering, 2020, 49(6): 2067-2075.
ORBR, AN NI, SR, 45 JBOLE XL TC4 Bk G & R 4 M YRR PERE ()], #iAT &R A1 RHS TR, 2020, 49(6):
2067-2075.)
WANG J, ZENG S J, WEI Q T, et al. Process optimization of selective laser melting for Ti6Al4V gradient porous
structure[J]. Journal of Netshape Forming Engineering, 2023, 15(9): 17-27
(3, 8754, MWK, 55 HEXHOUH L TioAI4V BRI Z AL T ZIAL )], K808 T4, 2023, 15(9): 17-27.)
DANG X A, JIAO X L, YANG L J. Effect of SLM technology process parameters on tissue defects of porous scaffolds[J].
Applied Laser, 2020, 40(6): 998-1004.
GEWTE, e, M 2. WOGKE DX AL T 2 S BO UE 2L S AR T Bt (52 BIF5E [T, B HIBOL, 2020, 40(6): 998-
1004.)
CHEN J, FU G S, CHEN H L, et al. Influence of selective laser melting forming process on microstructure of porous TC4
titanium alloy[J]. Materials For Mechanical Engineering, 2023, 47(11): 96-103,110.
(e, (i Th, BRIGES, 45, 3 K HOBE (LBE T 20 241 TC4 B4 4 AU m[I]. HUMC TR bR, 2023, 47(11):
96-103,110.)
SHI Z L, WANG W, LU X L, et al. Parametric porous structure design with TPMS for bone tissue[J]. Machinery Design &
Manufacture, 2024, 400(6): 265-270.
(SR, T, /N E, % TPMS B4R ZALEMSEACBAT I EPTE 1] HUBBE TS i, 2024, 400(6): 265-270.)
WANG Z L, LIAO B, LIU Y S, et al. Influence of structural parameters of 3D-printed triply periodic minimal surface gyroid
porous scaffolds on compression performance, cell response, and bone regeneration[J]. Journal of biomedical materials
research. Part B, Applied biomaterials, 2024(1): 112.
JI Q. Study on toxicity of TC4 porous scaffold to mouse fibroblasts and mouse embryonic fibroblasts[D]. Zunyi: Zunyi
Medical University, 2021.
(285, TC4 ZfL 3N /INE LT AE A e/ BRUVR IR 2T AR 20 M REPERIT S [D]. 38 5L 38 SCBERLR, 2021.)
ZHENG F, CHENG T Y, ZHANG Q Y. Pickling technology of titanium and titanium alloy[J]. Rare Metals and Cemented
Carbides, 2009, 37(3): 26-28.
RS, REHET, 5K 1T 5. BRMBRG B RRUEEOR ] WA 828 S5 i 5T 548, 2009, 37(3): 26-28.)
ZHANG J G, HUANG D Y, HU F L, et al. Mechanical properties of Ti6Al4V alloy with porous structure prepared by
selective laser melting[J]. Rare Metal Materials and Engineering, 2022, 51(10): 3619-3625.
XU G S, KOU H C, LIU X L, et al. Influence of different solution media on microstructure and mechanical properties of
porous titanium[J]. Rare Metal Materials and Engineering, 2014, 43(S1): 377-381.
(IR e, S, X w22, 45 AN TR s WRO0S 22 FLABR IO 45+ Fn g 2= P R I 52w D). A 4 J8 A RHS TR, 2014,
43(81):377-381.)
OUYANG J, YANG G T, ZHOU W Z, et al. Biomechanical characters of human lumar vertebral trabecular bone[J]. Chinese
Journal of Biomedical Engineering, 1997, 16(4): 289-293,309.
(BRFREY, ki, 2SO, 55, ANANEMERR BT R B9 A= 90 0S4 PE ). vh AR B TR 4R, 1997, 16(4): 289-293,309.)

¥ EH



	0 引言
	1 试验方法
	1.1 试验原料与多孔模型设计
	1.2 样品制备及工艺参数
	1.3 试验操作
	1.4 统计分析

	2 结果与讨论
	2.1 SLM工艺参数对TPMS多孔结构尺寸参数的影响
	2.2 SLM工艺参数对TPMS多孔结构力学强度的影响
	2.3 酸洗处理对TPMS多孔结构的影响

	3 结论
	参考文献

