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Surface Quality of SLM TC4 Titanium Alloy Surface by MAF

CHEN Haoxin ZHANG Guixiang LIU Ning JIANG Linzhi ZHU Peixin DU lJiajing
(School of Mechanical Engineering, Shandong University of Technology, Zibo 255000, China)

Abstract: To study the influence of the magnetic finishing process on the surface integrity of TC4 titanium alloy prepared by
selective laser melting (SLM), response surface analysis (RSA) tests of three factors and levels were conducted on TC4 titanium alloy
samples prepared by SLM using the response surface method. The effects of various test factors on the surface integrity were analyzed,
and the optimal processing parameters of TC4 titanium alloy prepared by magnetic finishing SLM were determined. TC4 powder of
15-53 pum diameter was used as SLM forming material, and the samples were prepared using a 67° rotating scanning strategy of 30
um thickness on SLM®125HL equipment. After sample preparation, prior to the magnetic finishing process, the TC4 titanium alloy
sample prepared by SLM was rough ground using a CNC forming grinder. The grinding process reduces the sample surface roughness
from 6 pm (after SLM forming) to approximately 0.6 um. The rough surface with defects such as spheroids and pits evolved into a
fine surface with scratches and pores. Subsequently, under different magnetic finishing process parameters, on the magnetic finishing
system modified by a XK7136C CNC milling machine, the new Al,O/ iron-based spherical magnetic abrasive prepared using an
atomization method was adsorbed on the slotted magnetic pole, and the magnetic finishing process test was conducted on the rough
ground sample. The RSA method involving three factors and levels was utilized in the test. A total of 17 groups of tests were
conducted, 5 groups of which were focused on the center test. The test processing parameters were optimized according to the
Box-Behnken analysis principle from the RSA method, and the sample surface roughness was measured and analyzed using
observational instruments such as a hand-held roughness meter, metallographic microscope, and a white light interferometer. The
surface morphology change throughout processing was subsequently observed. The change of residual stress on the sample surface
before and after machining was detected using a stress tester. By analyzing surface roughness changes, surface morphology and

residual stress of the samples before and after processing, the optimal process parameters for TC4 titanium alloy prepared by magnetic
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finishing SLM were obtained. Verification results demonstrate that the obtained optimal test parameters are true and effective. Under
optimal process parameters, that is, when the precise magnetic finishing process parameters are: spindle speed 1 000.00 r/ min,
machining gap 1.50 mm, and feed rate 15.00 mm / min, the magnetic finishing effect is the best. The surface roughness of the TC4
titanium alloy sample prepared by SLM, increases from the initial Ra of 0.6 pm to 0.065 um. The sample surface is uniform, and
scratches and surface defects are effectively removed, to achieve a mirror like effect. Among the three magnetic finishing process
parameters, the machining gap, feed and spindle speed have the greatest impact on the sample surface integrity. The residual stress on
the TC4 Titanium Alloy Specimen surface prepared by SLM changed from an initial tensile stress of +297.4 MPa to a compressive
stress of —237.8 MPa. Test results demonstrate that using the RSA method, the sample is polished by grinding and magnetic finishing
technology, and the influence of various factors on the surface roughness of the specimen after magnetic polishing is obtained. Finally,
the optimal magnetic polishing process parameters are obtained, the workpiece surface roughness is effectively reduced, and the
residual stress on the workpiece surface changed from the initial tensile stress to the compressive stress, therefore, this process
effectively improves the surface integrity and quality of the workpiece.
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K1 TCA kAR SEM MUY
Fig. 1 SEM photos of TC4 powder

R1 TCAEBRMRUFERD (RENE/ wt.%)
Table 1 Chemical compositions of the TC4 powders

wt.%)
Al \% c H 0 N Fe Ti
6.0-6.5 3.5-45 = < < < < Bal
o o 0.03 0.02 0.1 0.01 0.20 2

EH SLM®I125HL %% (SLM®250HL, SLM
Solutions GmbH, Germany) 1 AM 1%, Wl
2 7R

2 SLM®I125HL ¥ 4%
Fig.2 SLM ® 125 hl device

KA 67 et s, Ak 2=k 30 pm
#%1AFE, SLM FE WKl 3 . SLM BBt 2
A%, IESEAERFEA A B . SLM il
WIBRAL S H, ThE K275 W, #EZ R 1.1 m/s,
£ 500 0 mm, BREFIHE—IK. SRR BRI 2
B, TR 150 W, 35 4 550 mm /s, £ 58 0 mmo,
WRER LS, EK 100W, HE A
450 mm /s, £E50 0 mms,

Las

(a) Model (b) Material object

3 SLMTC4 H4
Fig. 3 SLM TC4 parts
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TR o WM AN ACRER B, DB ERAAL R
(1 i B L R, A8 P S D) 1) 7 A B
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1. Workbench; 2. Magnetic pole;

3. Connecting rod; 4. Machine tool spindle;
5. Handle; 6. Abrasive; 7. Workpiece;

8. Fixture.

(a) MAF platform

(b) MAF schematic diagram

(c) Magnetic pole

4 BIDCEMT RS
Fig. 4 The MAF system
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(a) MAPs outside morphology (b) MAPs cross-sectional morphology

KIS ALOs/ BEEERIBHATERE KL SEM
Fig. 5 SEM of Al,O; / iron-based spherical

magnetic abrasive particles
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Table 2 Factors and levels for response surface design

F4 TC4RHMERIGPIZSH
Table 4 TC4 samples grinding process (GP) parameters

Experimental factor Parameter

Grinding wheel abrasive Al,O;5 series mixed abrasive

Grinding wheel binder Ceramics
Grain size of grinding wheel / pm 160-200
Linear velocity / (km * min™") 1.4
Feed rate / (um » min~") 3
Processing depth / um 40

Xi X5 X3
Level Spindle speed / Machining Feed speed /
(r » min™") clearance / mm (mm + min~")
-1 800 1.0 10
0 1000 1.5 15
1 1200 2.0 20

#x3 MAFIMIIZSH
Table 3 MAF Process Parameters

Experimental factor Parameter
Magnetic pole material NdFeB N38
Pole size / mm $25X13
Abrasive filling amount / g 2.0
Number of abrasive grains 100-160
Abrasive particle size / pm 5-7
Grinding fluid type (dosage) MBl32Wge;Ea?eiii{ilr;ding fluid
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Table S Scheme and test results of Box-Behnken

central composite experiments

Test No. X X5 X3 Y (Ra / pm)
1 -1 -1 0 0.118
2 1 -1 0 0.103
3 -1 1 0 0.086
4 1 1 0 0.089
5 -1 0 -1 0.089
6 1 0 -1 0.091
7 -1 0 1 0.095
8 1 0 1 0.099
9 0 -1 -1 0.085
10 0 1 -1 0.078
11 0 -1 1 0.108
12 0 1 1 0.079
13 0 0 0 0.068
14 0 0 0 0.069
15 0 0 0 0.072
16 0 0 0 0.073
17 0 0 0 0.070
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Fig. 6 Comparison of predicted and actual values
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Fig. 7 Trend of predicted value and residual
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Table 6 Variance analysis and significance test for the regression model
Source Sum of squares Df Mean square F-Value P-value(Prob>F) Remarks
Model 3.349%x10° 9 3.722X10* 31.50 <0.000 1 Significant
X 4.500x10° 1 450010 ° 0.38 0.556 7
X, 8.405X10* 1 8.405X10* 71.14 <0.000 1
X 1.805X10* 1 1.805x10* 15.28 0.005 8
XX 8.100%x 107 1 8.100%x 107 6.86 0.034 5
XX 1.000X 10°° 1 1.000X10°° 0.085 0.779 5
XX 1210x10* 1 1210x10* 10.24 0.015 1
X3 1.260x10° 1 1.260x10° 106.66 <0.000 1
X2 5376X10* 1 5376X10* 4551 0.000 3
X2 1.416%x10* 1 1416Xx10* 11.99 0.0105
Residual 8.270X10° 7 1.181x10°
Lack of fit 6.550 107 3 2.183X10° 5.08 0.0752 Not significant
Pure error 1.720X10° 4 4.300x10°
Cor total 3.432Xx10° 16




ERE Wrotds, 55 GEXBEOLKIME TC4 SR S il )y 6 o 1) & i 5t 111

2.2 Moy g E 4 4

ME 8 T LUF H, B F A R,
TR W B B ) () s S PE B , Ra Wby 4 2l
TR ORI, R B RS2 B 20 3K, il &
Sy HU TG, AT A B R AR S K
ANBESZIUNT TAR AR T, W EK, Ra
oK. ik, BRI EHORGE R, WAREE /.
25 TR Y8 T WG B RLAE ] 5 I [R] P 6 A4

BHE R E, eSS RO, TR R F
AT TR KA, WS R B, Ra B K. T2 1]
B SRR, WA R RHIES ok 1) i 3 AT il AN i 56
A AE KRR, Jo i SEBlxt AR 1A 280in 1,
WHEEARTE 7, Ra K TN BRUR DS, G B R
SRR T > e, W2 B0 MAF 2k £ JL 0
1 0 T B Rl 0 3 N0 T (R R, IR T s TR
AFITARKE Ra () BEAE,
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(b) X and X3 interact

(c) X, and X3 interact

Pl 8 28 DR B3R A LA I g R 3 TR 32 () 1 g 2t

Fig.8 Response surface with the surface roughness(Y) of the sample when various factors interact

SR R i 2 B4l A 43 8] SLM 4511 TC4
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994341/ min, Ji T (AR 1.62 mm, #BF25H )%
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Table 7 Proof test results

Spindle speed/  Machining clearance / Feed speed /

Test number ( + min™) mm (mm * min™")

18 950 1.0 10
19 1000 1.5 15
20 1050 2.0 20

M9 rhaf A Y, B TR I e (RS, 1K
B AL R 32 26 S LS 5 2218 1 e ad,
A UCRE AR IR S PR B2 R e, R BT
Fa, AL BN T R v SIS /I8 2 38 ) B
%o I BRIRESEANTT BT B BT 9wl s,
FEIREE 19 IOAT T, DI RCR AR, B IR
RMRREE AT LUX 25K, 9 Ra 0.065 pm. iff5E 1
% 19 AL T2 %A

0.7r —=— Test 18
—eo— Test 19
0.6 —a— Test 20
e 0.5F
3
% 041
[
£
s 0.3F
=
=]
& 02t
0.1
1 1 1 1 J
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K9 ARTZSH NN TA
TR T RELRGS 32 Bt I 1) ) 22 4k
Fig. 9 Variation of sample surface roughness with time after

magnetic finishing under different process parameters
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(b) Surface after grinding

(c) Surface after 30 min of MAF (d) Surface after 45 min of MAF

K10 SLM il 45 1K) TC4 BRA il 25 B Bk A S0 A
Fig. 10 Metallographic micrographs of TC4 titanium alloy samples prepared by SLM at various stages
K 11 24 SLM %% i TC4 PR & Sl FERS I IR 30 min J5 3RAGR T — SUME B AR T, (HATIA7
=TS FHURE AR, N 1L AR e DA ZEIMIBTASEERE, N T 45 min J5 R T B S5 BRI
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80 um
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A T v [ S ] o
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(a2) Roughness curve of initial surface
o
4 um
MA I MU i, AN Pt A M L
PR W e I i
100 um
N =l
e 0 100 200 300 400 500 600 700 800 900
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(b2) Surface roughness curve after grinding

(bl) 3D surface topography after grinding
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(c1) 3D surface morphology after (c2) Surface roughness curve after 30 minutes of MAF
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(d1) 3D surface morphology after
45 minutes of MAF

K11
Fig. 11

] 12 3 SLM #4419 TC4 k& 4 RE & I 3 11
AL R, AT DL A SRR RE R T AR, geid

(d2) Surface roughness curve after 45 minutes of MAF

SLM il # 1) TC4 Bk & il FER-Bir Be it 3D R E 520

3D surface morphology changes of TC4 titanium alloy samples prepared by SLM

WEEHIN TR iR AR AR . P2, JLTH%
B RCR -

(a) Appearance of the initial surface

(c) Surface appearance after 30 min MAF

(b) Surface appearance after grinding

(d) Surface appearance after 45 min MAF

K12 SLM il (K] TC4 R Sl A 5B BUI BE AR
Fig. 12 Mirror effect photos of TC4 titanium alloy samples prepared by SLM at various stages
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Fig.13  Variation of residual stress on workpiece surface
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