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[ HAZ & recast layer

HAZ: heat affected zone;
TBC: thermal barrier coating
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Fig. 1 Schematic diagram of back strike caused by fabrication of micro-holes on thin-walled cavity parts such as turbine

blades using laser machining. (a) Turbine blade; (b) flat thin-walled cavity

Z RO BT LL L BN E R Y B %) SR
O TR s AR A AL R K

SR FBOG I T DA 58 0 R S A 3R 9 2 5 P4 v
I A B 0 3 403 )7 47 TR T SR AL A I 1 SO i
HAEwR L. BB IR, B R L F RO F R HIM
SN T A R B 0 B 4 0 5 R SR I S i AL
Ji 25 3 B RG0S 3L S R AP M R R A T A DL R AR
WOLRER 2 )7 ¥, B0, Gregory 255 & B T S i
FLJ5 2 B B e e ) 15 0 AR B O L i O ik TP B
TS AT WSCHR A3 SO R A O 5N T 70 %6, DT Sk
B 7T NS 05, Corfe &5 & W] T 31 76 4
R G R4 OF S T 36 R R LR RR
FEREFLEOEIN T2 00, A it B IS ST R U &
B (PTFE) MR S AW RAY SR EHRMES
PTFE ‘& 42 H 47 058 56 940 4 Ak 1 R I I 1 i
AL DL B35 O3 R 8L R B B R AR
PRI AR B2 AR 45 i o i RO sl B A S 44
Turner™™ HUE A BRI L F RS B, 18 0 R P 6 328 7 40
TBORE NaCl 8¢ KCL 57K B B i Wk 9, 88 J5 6
HEF T BT A AN ) AROR 33X 28 R i T R AT
DA S5 AT O OB I B AR I TR 58 5, A
1717 7S 3 5 405 AR B (8 VR S T 285 R0 R K Bk
PhE R AT 25 B F kL, Hu 255 R Y RO & A R
B, A0 5 P M SE TR R e T LU B0 i R E A
R iS00 R BT AE A8 PN I i 32 70 S 30 v O A
S L F PRI . Knowles %5 41 X6 55 3k 5 Y
505 [P0 g 1 A S A i s Ak L BEL ol 9 O B 1
Hu %5 R BT AR R (IR0 A B 05 18 U FL 9 3
SN Tk 2 v, 58 o % o SBEAL R 8 17 kPa 1Y
TR K 2R IR B A AR AT S B 5 R E

TE P R IO in T 9 R s A Bk L B4 5 455 Bl
PO ITR A B M IR T D A S
3T UK-B OB TR B W 6 SR O I T e fcFL B Y
TR I BAT — 2 R . P AR SR S A A

WFFE T AL OGN T 5 45 S LB 47 5 vk, 45 R 3R
B, Y AR E A 3] 3 mm B, 3 5 PAM-SIO, B4
W] 7E R FH Y105 SEA T RFL O i T R LR AT
PASEBLICTE M5 o FH AR Bl 20 4 A o e O 33
Fo W B0 01 B 40 7 2% 3% A AR R O T
FLon T oAl s e T A

AR T P 4 38 RT A& E RTER X 0% n T3 B
JEE AR B AL B %) 3 403 B3 4P O i R A AU IR T A TR %
LBz e i R S 5O AL AR bR . E A0
T V3B 3 H AR A A RO B R xR %
B, B, UV E AT REME LM R IR E R
PO T TR s R L S ) 45 T BBL B B L A
J7 % BB S W SO N TR 5 R B ) R B R, T
A AR /N 2 A 7 B R OGN T i 4 A
AR

WOt T 5 A B OO SRR E 5 0 T2
BEmVIME, mEotm T HGRENHZEAZ,
F B PN RSE 0 T AR B T R RO R 4 ik
DR N QLR R N QUL R N L S e S |
— OEERAEAE F O R BEJEL O TR AU T AT,
FESEAT AL AN Tk 72 9, 3 mm 58 P 1 BT B AR
T i e ELAR RN B 4 29 R 1 mm 58 9 R 1Y
1/5 F /11 A6 ) — RSF R s & L 2 BN T3 i
TR B S 30 AN O I Ty 2.6 £5 . Xt
FAS A SO, A ) B TR o8 9 B LR SO A
TRAER T RHIMKTE N 1 ms THHRBE N 10° W/ em?
1 Nd = YAG 2R EOGHET I T 87 7™ A 1 35 i bt i
JE 28 R SR K 55 R 100 fs DR 85 Bk 10" W/ em?
) Ti: sapphire “&RP OGN T BT 7™ A2 (9 3 05 bt
R 8 f51Y . WK oA 532 nm A9 UGB 0L
Pk 1064 nm #Y — UK U IO BT Y e
U ok AT & AT T AL 7= A i 35 4 W 8 L S &
ANEOT A TR BE R R PN M W R R, RO R A h
15 pm YOG BT DT R B JLTFJ2 5 pm S

1002201-2



48 % F 10 H1/2021 £5 /R E#EL

AR IO BT T R T BT IR E R 2 A5 R
WFFE IO I T2 806 I T35 45 88 B e 0% 25 14 5% i)
R B RO T3 05 B 5 BR B S S At 1 Skt
AN SCH S OG5 5 BE IO R Al R L
KB R HOLIN T2 8 T, 38 1 R HoEm T
TR JE AL 1) S 9 o BIF 58 AN [R) 2 00 3 4 JLART O 36
MSZ M AL . SRS SR AL B OGN R (CTQ) $a ik
I R7 S I € o A N NN TR N e ol i A B W
Bl BT R B Z R RHE S B 7075 4R
G 4 WHERE AR b HEAT OGN T 3 B 4 SE SR BE Y
FE AT EOE I T B P vk Re . A SCRF ST R AT
o Ji SR FH G T R o R A OB AT FLIR

A5 S W P BE I R S S A5 SO A T 05 B 4 O k4R
PEAR S L A SEE0 IR 58 I R S5 U RE I R B FL Y BT
Jin TR AR A

2 MRS

2.1 fFLin T

WEE AR R T — I RS & AW B
R 5 SRR B T R <6 4 O 547 IR L R
e vy e B 4 M B A ARG L B RE I B R R A K
N R AR BT 5 5 B 7075 4R A A O SR g b kL
e By L3R 1. S5 BIDRE AR G IR U AR N B
HEATHE P I R AL B

# 17075 A AL g OB R 50
Table 1 Chemical compositions of 7075 aluminum alloy (mass fraction) %
Cu Si Fe Mn Mg Zn Cr Ti Others Al
2.00 0. 40 0. 50 0. 30 2. 80 6.10 0. 40 0. 06 <0. 15 Balance
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Table 2 Physical and chemical properties of partial filling materials

Material Melting point /°C  Boiling point /°C

Properties

PUR 105115 Unfixed
PAM Unfixed Unfixed
Paraffin 47-65 >371
Graphite 3652 4827
SiO, 165050 2230
wC 2870 6000

Transparent, easy to discharge bubbles, and high viscosity after softening
Softening temperature is larger than 10 °C ; vitrification temperature is 188 ‘C
Insoluble in water; soluble in gasoline, acetone, etc.

Ignition point of graphite in air is 850—1000 C

Abundant in production and low in price

High melting and boiling points
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Fig. 2 Experimental stage of nanosecond laser machining
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Fig. 3 Schematic diagrams of laser processing methods. (a) Tap drilling; (b) trepan drilling; (c¢) scan filling drilling
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Fig. 4 Schematic diagrams of cavity simulation of back strike protection experiment. (a) Triangular prism cavity;
(b) quadrilateral prism cavity
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Table 3 Experimental parameters

Focal length of galvanometer / Energy density / ) ] Scanning speed / )
. Processing time /s Focal shift /mm
mm (J+cm (mm=+s ")
160 31.067-64. 596 10-60 100-2000 —2-2
2.4.2 FYHL B CTQ IiE F4 WHBIP R CTQ
St U0 iR e R A5 A 2 Y B A g K R L I Table 4 CTQ of for back strike protective materials
G BEE TSR A 2 5 1T 90 B e T 876 crQ Flid __ Colloid Solid
CTQ. HGBiY MM CTQ Wk 4. BG4 Transparency Yes/no Yes/no Yes/no
B CTQ B 3iF 5 5 % 25 B A s 4 4y 5l tn 1| 5 A Fillability Porosity Porosity Porosity
B 6 . HorfE 5 o s s 4 sk a3 45 Removability Residual ratio Residual ratio Residual ratio
PR RSO SR Y BB B LB O E AT B 4 Corrosivity Yes/no Yes/no Yes/no
Self-sufficiency ~ Yes/no Yes/no Yes/no

6 B e B 32 2 ok T 4 b7 3 6 R S ol
. H QA@\ ,\?ﬁ P R B M Comprehensive

Unsuitable/to be determined/alternative/

optional/preferred
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Fig. 5 CTQ verification device for back strike protective materials. (a) Schematic diagram of device; (b) photos of

device and the back strike
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Fig. 6 Filling and removing experiments of water-soluble back strike protective materials. (a) Without filling; (b) filling

PAM; (c) immersion in water; (d) after soaking for 8 h; (e) thin-walled cavity simulated piece after material is removed
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Fig. 9 Relationship between energy density and depth

of back strike pit
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Fig. 10 Morphologies and sizes of back strike pit at different scanning speeds. (a)(b) 100 mm/s; (¢)(d) 1000 mm/s
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Table 5 Scanning speed and depth of back strike pit

Scanning speed /

Depth of back strike pit

(mm=+s ') 1 mm 2 mm 3 mm 4 mm 5 mm 6 mm
100 448. 18 420. 77 390. 20 321. 88 269.73 171. 20
200 446. 94 409. 11 384. 44 331.99 279. 84 181. 31
300 455. 27 400. 52 381.95 302. 65 250. 50 151. 97
400 434. 42 386. 86 374.91 284.98 232.83 134. 30
500 395.53 349. 50 321. 40 279.78 227.63 129.10
1000 379.09 339. 36 316.01 273.82 221. 67 123. 14
1500 382.97 341.67 283. 65 205. 14 152.99 54. 46
2000 375.33 321.82 288.72 183. 86 131.71 33.18
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Fig. 11 Relationship between diameter of back strike pit

and defocusing amount
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Table 6 Preliminary CTQ verification results of back strike protective materials

Colloid Colloid/solid Solid
CTQ
PUR PAM Paraffin Graphite Si0O, wC
Transparency No No No No No No
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Fig. 13

Cross section of micro-holes in 7075 aluminum alloy tri-prism cavity unfilled with protective material and depth of

back strike pit varying with drilling time. (a) Cross section of micro-holes; (b) depth of back strike pit varying

with drilling time
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Fig. 15 Cross-section of 7075 aluminum alloy quadrangular cavity and its micro-holes and back strike. (a) 6 mm cavity;
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Abstract

Objective Many thin-walled cavity parts in the industrial and aerospace fields need to be processed with many
microholes. As a non-contact processing method, laser processing has unique advantages in precision and low-damage
processing of such thin-walled cavity structure; however, it causes a back strike problem. First, the materials near
the back strike area will be damaged in the working state, leading to a chain reaction and reducing the comprehensive
performance of thin-walled cavity parts, such as the turbine blades. It makes the severe back strike area become the
key reason for the failure and fracture of multiple parts. Thus, reducing or even eliminating the back strike is of
great significance to laser machining of thin-walled cavity parts. The back strike protection of laser machining of the
semiclosed thin-walled cavity microhole, represented by a turbine blade, is a worldwide problem, and most current
ones are limited to public patents, lacking in detailed process parameters and quantitative indicators. Laser
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processing back strike protection technology is the core technology of all countries. Thus, systematic experimental
researches are urgently needed to investigate the formation mechanism and protection methods of the back strike in
thin-walled cavity microhole laser machining, to identify the main factors affecting the degree of the back strike in
laser machining and effectively reduce or even avoid back strike and improve the reliability of laser machining.

Methods Nanosecond laser drilling with the scanning filling method was used to process microholes in 7075
aluminum alloy. The microscopic morphology of the back strike pits was observed by a three-dimensional (3D)
confocal laser scanning microscope. First, the effects of the machining parameters, such as the laser energy density,
scanning speed of the galvanometer, and defocusing amount on the back strike, were investigated using a single
factor control variable method. Afterward, several feasible back strike protection materials were selected through
the CTQ verification tests, including polyurethane (PUR), polyacrylamide (PAM), paraffin wax, graphite, silicon
dioxide (SiO,), and tungsten carbide (WC). Then, PUR, PAM, and paraffin were filled into the thin-walled cavity
of 7075 aluminum alloy for the back strike protection test of the laser processing of the microholes.

Results and Discussions At the same energy density, the diameter of the back strike pit decreases with the
increase in the cavity thickness. With the same cavity thickness, the pit's diameter increases with increasing energy
density (Fig.8). The change trend of the pit depth was consistent with that of the diameter (Fig.9). The scanning
speed has little effect on the entrance diameter of the pit. Under the same cavity thickness, the back strike depth
decreases with the increasing scanning speed; however, the fluctuation range was not large. When the scanning
speed increases, the spot overlap rate and laser removal ability will decrease, so as the depth of the pit caused by the
back strike. Although the taper of the microholes is small, the low laser scanning speed may cause severe thermal
damage (Table 6). The diameter of the back strike pit increases with the defocusing distance, which first decreases
and then increases (Fig.11). The pit depth is mainly affected by the cavity thickness, and the negative defocusing
distance is equivalent to reducing the cavity thickness. The pit depth increases as the defocusing distance changes
from negative to positive (Fig. 12). Through CTQ verification tests, PUR, PAM, and paraffin can be used as
protective materials of the back strike of microhole laser processing (Table 7). Based on the back strike protection
test of three protective materials of 7075 aluminum alloy triangular prism cavity filled with paraffin, PUR, and PAM,
it is found that the protective materials play a significant role in the back strike inhibition compared with cavity
processing without protective materials. The protective effect of flowing PAM was better than that of PUR, which in
turn was better than that of paraffin. The protective effect of flowing PAM on the back strike is almost one order of
magnitude higher than that of PUR and paraffin (Fig.14). Further back strike protection tests on 7075 aluminum
alloy PAM with quadrilateral prism cavities showed that when the flow rate of PAM increased to 3.0 m/s, all cavities
of 0.5-3 mm thickness had no back strike for laser processing within 50 s (Fig.16).

Conclusions At the same energy density, the diameter and depth of the back strike pit decrease with an increase in
the cavity thickness. With the same empty cavity thickness, the diameter and depth of the back strike pit increase
with an increase in the energy density. The scanning speed has little influence on the entrance diameter of the back
strike pit. With the same cavity thickness, the back strike depth gradually decreases with an increase in the scanning
speed; however, the fluctuation range is not large. The defocusing distance has a significant influence on the
diameter of the back strike pit. When the focus is near the workpiece surface, the back strike is more severe. Proper
processing under the state of forward defocusing can reduce the back strike. For 7075 aluminum alloy cavities, the
depth of the back strike pit increases with the extension of processing time after filling paraffin, PUR, and flow PAM
with 2.0 GW/cm® laser intensity and 0.5-6 mm thickness triangular or quadrangular prism cavity. The back strike
protection effect of PUR is better than that of paraffin. Besides, the back strike protection effect of the flowing PAM
is better than that of PUR and paraffin. At the same cavity thickness or processing time, the pit’'s depth decreases
with the increase in the flow rate of PAM. When the flow rate of PAM reached 3.0 m/s, all cavities with a range of
0.5-3 mm had no back strike for 50 s. These studies are expected to provide a basis for the follow-up back strike
protection methods by real-time monitoring of laser drilling status and turning off the laser on time. Besides, it will
lay a foundation for the complete processing of microholes on the thin-walled cavity, such as the turbine blades
without back strike.

Key words laser technique; laser processing of micro-hole; back strike protection; thin-walled cavity; filling
material; critical-to-quality
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