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Surface defect detection model for zirconium alloy plates based on YOLOv8n
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Abstract : Traditional quality inspection of zirconium alloy plates mainly relies on manual methods, which are time-consuming, labor-
intensive, and prone to low accuracy. To improve the detection accuracy and efficiency of surface defects on zirconium alloy plates, the
network structure of the YOLOv8n object detection model was enhanced, and a lightweight multi-scale fusion defect detection model
(LEF-YOLOv8) was proposed. To address the issue of small defect features being easily lost, a C2f-edge detail enhancement module
(C2f-EDEM) was designed to extract defect edge features while incorporating spatial information, thereby enhancing feature extraction
capability. To overcome the lack of explicit feature selection and attention mechanisms in the original model, a global-local interactive
attention ( GLIA) module was introduced, improving the integration of local and global semantic context. Furthermore, to mitigate the
weak information fusion and high computational cost of the original detection head, a lightweight multi-scale fusion detection head
(LMSFD) was proposed, which enhances feature representation while reducing model complexity. Experiments on a self-collected
zirconium alloy plate dataset and the NEU-DET public dataset demonstrate that LEF-YOLOv8 achieves mAP @ 0.5 of 86.7% and

75.9% , respectively, improving by 3.2% and 2.4% over the baseline YOLOv8n, without introducing significant computational
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overhead. These results indicate that the proposed model improves detection accuracy and is suitable for resource-constrained inspection

systems, providing an effective solution for automated surface defect detection of zirconium alloy plates.

Keywords : zirconium alloy plate; defect detection; YOLOv8n; multi-scale gated information aggregation
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Table 1 Details of various defect data in the dataset
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(e) Measurement trace

K2 BEeiaRimbs

Fig.2  Zirconium alloy surface defect

2 LEF-YOLOvS & B3

Ry P v A TR A A A 3 T AR A D A 5 P 1
fie, U Sk | A it 2 280 1R, A SR T — R
HRZ R RGBS A 4 M2 T B R R BB LEF-
YOLOv8 , HZ5 N[5l 3 i
2.1 C2{-EDEM sy

YOLOv8 HU R T KRR cor " e | 3= Bk i 4
FILG B BURRAE | 35 T4l 2% 42 Je 1 I8 5001 R A, SR
TE D G R 5 R AE 7 T8 AT R i, AE AL 38R SRR AE RN
P44 Ry b S22 )7 A - 167 M R 52 e A5 R 1Y) i
e BeAh, Cof BEHOCR FHVR 2 M 4 454, F 3K

TR B S A BB AT 80, Sk, A SCaR i —
it 2% R AE 5 25 B {5 B AR 245 5 19 BB (edge detail
enhancement module , EDEM ) #fx A & C2f #ibkrfr | H.Z5H4
Wk 4 iR . EDEM BEHREE ST Sobel Block Al £/

%, Sobel Block il iz Sobel 5T $2HUE % 2 4~ 7 ) L1
WGAFAE , 73— DA B 43 3 [m) o 32 Uik 4 1) 25 )45
T F I Concat PHEIAT IR AL & , PREE S HU4RAE 8
it Ix 1 B BRZ AT R AE R 4 AR L2 M et o OR DF £
o YRR B BB R i R A R 1x 1 &
FRRZAE B S 19 5 1E GE 06 55T e 5 31 58 — 19 RP Ak =5
], A6 B A A 2= 4 BV B gk 25 % 4 | B
UATE iy Vg S ) B A D R P e N QR S

(EPSE



- 194 - LSRRI SR A 440 B

C2f-EDEM

E i
] n L
o e i
! 1

(Upsample) ( Conv )

v

1
( c2f H Concat ]

t " pa all
GLIA }—( Concat ) ( c2f )—L.—'_._[:_. E
f i ::

(Upsample) ( Conv )

GLIA

3 LEF-YOLOv8 BiI4fHY
Fig.3 LEF-YOLOv8 model structure

Conv
k=1,5=1,p=0

k=3,s=1,p=1

Kl 4 EDEM 544
Fig.4 EDEM structure

Sobel B R M AY GG 7, B EE ML BRI R Y M RS AE R IR R
T MG AR KA TE By ) (ARG BE i B, B RS ) R E A B A5t B 25 1) — )2, [T e 8
R ZERFIE, N S BT, Sobel Block #id 2 4~ 3x3 % 52 IN=F & A ZE-IE

%5 Sobel Block %5#4
Fig.5 Sobel Block structure

LA, Sobel Block sk T WUEFE 1 FRUERAE, HA  BER TSR GTRE, R ARHELEZ ] H x W
Z 5B, LA S 2k 280, BEAR Sobel  Him AMEECH C,,, Wi @EECH C,,, BREKNH
Block 1E4RHUGH GRFERMIIAA T 2R THE (BT 33,



FEF YOLOvSn (A4 4 A 3% T SR ozl AL 75 - 195

%5
PREB TR RN .
FLOPs,,, = H XWX C, x C,, x3’ (1)
Sobel Block HJiHH- N
FLOPSsobel = H X W x Cin X 2 (2>

3LH:2 4 Sobel Block £ 2 4~ J5 il Ly % BURAE,
S(2) T, Y i 38 E 5K T 4 A 38 18 AT, Sobel
Block 115 2 B FAaEB TR,

A3 Sobel Block HY EDEM fHAH L C2f Hid
Bottleneck fERZESFNEALG 3 it 81k,
2.2 GLIA #&h

E YOLOvS 19 3= T W 45 5 350358 W 4% 17 e 1F 38 B3

N B SRR (1o 35 RE A N I = €|
FAETE A SCH B A 28 53 R W0 RCE L, i A T 0
BRI T A FAL ., X0 22 S Ab B 5 51 A JC 3K
IUARTR R HI S5 T RFAE R 78 09 50 4 BT 52 i of
/NABREY I RE T, I T AE S B 2R R R MR AR [
ALY ISR YOLOVS BEEL X /N H AR A 2% 3 5t i
HERLRE 7 AR AR THIR)Z 40 95 R AR 5 )2 0 R IR 2
(] 14 P ) 2 38 BB 0, AR AR Hh — b 22 R - R TR
BRI GLIA, & 6 Bros, i 05 B iy Jay 38 47 A $2
W A Ry A AR 2 250 B ARCE 0L [T AL E. 4
R 4

Local Feature

I
HxWxC |

|
L Global Feature

HxWxC

PW Conv+BN Channel-wise Max Pooling

' DW Conv ' Channel-wise Average Pooling

Sigmoid

DW-D Conv ® Element-wise Multiplication

@ Element-wise Summation

K6 GLIA Bitkaity
Fig. 6 GLIA module architecture

JRIHRARHAE SR BURE H R FHSUR TR JEE w1 73 B & R ZA A
DAB SRR X Jm B0 B B R RE 0, B e, ETHRAE X
bR ERY 33 TRIE T 73 6 5 BRAL B, S B X 4% 3 11
T ST b | A 50 S R M S 8] ) R TR AR, AT B G 1
T HFRBOA YRR R BT, RS, SIS R
TR EE RT3 B AR LA RS2 B, A7 B T4 s R R

PIZERIE LS5 BT SUE R 32T R SRR XS 2 24 3%
SHEER BE N BeJ5 , S%H BN( batch normalization ) /2
XPRFIE 5341 HEA T im HE AL, 2F — 20 R U1 kot B 01 1Y)
2RI,

AR IR S U B A AR R X 42 Ry bR SCRy
BERE ST, MHITCAR T 5T, IR Je XS ok A BT



- 196 - LSRR R e o

40 &

SIFRHE Y HEATIE A V-2 Ak 38 2 7 2 (R 4R T
SRR EIE R UNTE NI B S N o i e I S (1
BifLf , SR FH 388 T8 5 Kt Ak DA 4 BRUTE 25 (R 4k B2 1 fe 2 i iy
FORFIE, 2 35 X B 25 M 15 B . 2 BRP AR TE PR RS
i 1x1 BRI BEE G, 2 BN JZAE i — K i
S RIACE B, XA B TRERL SR A X 42w 4544
FRHIRE T, DT T X6 DG B DX 14 2R 4 [ If AR A1 5t
Mg P SR AE 3 I 4

SASEE RS 131 B BN 24— R
55040 SRR RRAE | & R AR I R AR A Al R
HYAFFIEIE T softmax #RAEXTEEAMR R A S 1Y A4S 1 )
AT IH— 1k, e e T T ARE X 5]
FHIE Y, SRR LG b AN 6] 43 SCER AR A 3 A L
T BB A7 7E 3 25 5, B AR N s PE 4 4 5 BUE IR
Zt1O0 BT A A T R A AR R B % okt 52 o) 7
EAHSCHIRE , JF B2 [ Sh 248 7 BOAE, ATy it
DEARRCRAE , B THE Y (R IE R SR BT

e 2R JR BRI A RRIE R A

A =Conv, (X®DY) (3)

Wi softmax F2AE, W& MER R 2 MERE JBIE M
a1k

[a,‘j ’Bi,.f] = SoftmaX(A:J'j) (4)
o,; B, =1 (5)
W FOrE D T T HRHE RIS | S RAAE .

X =X® (a®X) (6)
V=Y® (BRY) (7)

ot Conn,,(+) WERURIE: ., B8, /910 EFASE
SIS REAETER S R AG XY 4300 T 5 B
THHEME SAHE ;DM TCEMN @ B L EMTE,

WL T3 R i — AT TR 5]
BEE 2 0175 ) D LRI J) | 03 e Sigmoid b L
S IUPIB (B A SRR T

R T4 S TR

M, =o(X') (8)
R G4 S TR M

M, =a(Y) (9)

FA G T4 SR i ]
X =M, @X' (10)

Y =M, @Y (11)
A o (+) N Sigmoid PREFERAE; X A FTHEZ /X
WEE N P S =t o (1 Rde st M E 8 N i A F S
fEGEARE R | B — PR AR A4 M LA [R] B 3R TR SR A 1 54
JEy v SC, X T AL 8 E oA 5 R A0 5 2 E 4
YR G B A RE A B by 51 50 3l at

TS T AN B AT B XL B T4t
SCAFAE N B0 | I ELAE A5 A 5 9 Y o SR A ¢
FEX I, DT ST RRRIE AR

2.3 LMSFD =&k

YOLOv8n HERIRN SR FH T kit sy 2 4~
Oy A S RS 2 A4 3x3 BRUI— 1x1 B,
G Sk T 43 1B R X A K5 AR, YOLOvS At 3k 1
BRI E R (] 5, i = 5 2 W RRAE 2635 A B Rl Ag
F1 AERCERAN/IN F AR B 2430 2k X SCRR A RGOR R
DAL I AT LA e e 0 Sk ok e AR 76 5 4% B8 R 15 22 R
JE AR A5 8, DA T S BAE 780 A 2 b O LB TR R A
FRIERIARES

e BRI R B — R R R 2 ROE RS B
Krilisk TMSFD,, & 56, K I 3k 5 AR b g9 4k 9 — 1k BN
ERHN 4 IH—1K GN( group normalization) JZ, GN JEAR
2RI BRI 1 o A ] o 24, 4
R PTHREE A 22, R AE B AR AT 55 R B
TNFESE , & 8925 Fh O Ak R v Ak S50 ol A5 750 RE T 4 3
RS A RIRE A 0, I OGN 2 £k e BN JZ2 1T LU
PSR Sk B9 2 A8 A4y 2k B, 1 T R A AT 55 (R RS
FE RS E

T AR g 2 R R R A Sk R
GBRREER , EEBEE B 25 08 6 BUR VR B,
NIRRT 2 B ARRIELEE N H x W, Fai
FEERN C,, HEBERZEMWITERE M MSHE S
G350 .

M=9C +C, (12)

S=HxWx (9C? +C,) (13)

ER R 6 AP IR 1 1 =2 Y3 N T Ok B (1 s 0
FEEEBS LR T 9k #2236 BUE S 4% b i A v
R R A T ), AR A Sk 5 A AT S 5L B S AR
DBB, H 25 L 45 M AR e R4 A A v, AR TR Y
PR B RE S A 8058 L, $2 T AR R X 5 2% b 3 ) 3
HEJT .

DBB BBl E 5 | A 2 Z LAY 1T 2 2] S50 B
WA KN BB A s AL A ) | 3858 T R0 2% 7F
YIZRB BRI S BUAE /1, DBB Z5M 4018l 7 s, & R
VA5 B AE Y1 25 i 4 3 A [F)ORUBE AN [R) 5 1) 9 4R AR AR
B SR T BB ZRIRRE T, AT 7R AN B A A 7
WK BE R AR I3 A, DBB 3R T 76 1 B0 Y Bl 3+ 8
SEAE ZA AR 5 32 S B AT — A 3 L
%, LA B B B A T — A B B A, 538 5 AU
5o XA R Al B PRIE T HE PR FIAR
TR | e —Fh ik 5 % .

T kA AL R AL R 1T H 53 52 ( Conv_Reg)
143254337 ( Conv_Cls) PAILZHBUAY 5 =X 2= 49 1) 4k 38



$5 FET YOLOvSn HIAH-A 4 M 35 T S b A 0 A 20 197 -

input

1x1 1x1
Conv Conv
| BatchNorm | | BatchNorm | ‘ ik ‘ | ek ‘
Conv
BatchNorm BatchNorm
kxk
| BatchNorm | | BatchNorm |
[ ]
AN
Nonlinearity Nonlinearity
Training-time Inference-time

7 DBB 454
Fig.7 DBB structure diagram

P3 P4 P5 2441 DBB Z/EMFHEE, IR oreb s Ge8E R4 3E 18 S A 3 B bR i ROBEEATEE J7,
HBRTCE A FHE Z i SRSk BAr MR RIRRE 2 8% B8 438 WA 6] ROBE (9 H A ks U 7
JFRHIR 25, 76 Conv_Reg J5 5| A Scale |2, Scale JZ SRR Sk B A A5 N E 8 s

Conv_Cls

Scalex3
ShareConv

m Output Result
|
|

B8 LMSFD 254K

Fig.8 LMSFD structure diagram

3.2 iEMIERR

3 LI5S AR A UE R 2R ( Precision) 43 [M1 3% ( Recall ) 14
K (mAP @ 0.5) . & ¥ i ( Params) | 7% & i1 &

3.1 KEIREE 12 ( GFLOPs ) >R (frames per second, FPS)6 NEHRIT

ARG 4T Windows1 1 #4E RS AT fhBmpgdEge, S48t AT,

Y5,CPU EMWiN 3.8 GHz B LB R 8, i 1T NN . TP

16 GB, 14 GPU M NVIDIA GeForceRTX4060, &t Precision = p (14)

fER/NR 8 GB, B 75, IR %> HE 2 R H TP

pytorch2. 2. 2, B AF 35S &y CUDA12. 1 python3. 10, # 2% Recall =y (15)

B EITIH IR 25 2 R E R 0. 01, Hit &R 16, VI 25k ¢

W4 200, sha 2800 0. 937, B F I R ECH 0.000 5, ;APi

A1 1L 288 SGD. mAP ="

(16)



- 198 - B IR SRR R

540 %

K, TP FoRFIEN]; FP FRBIER]; FN Fom B,
AP, N i JEEREAPRIIRS B 5 C BB IBIEL,
3.3 C2{-EDEM I & ¥tk 55

T RETHE R RRIE SRR AR ) I H A W A M 254 1
K YOLOV8n IZS AR b ) C2f T84 A it )5 1)
C2f-EDEM #iH RIS [] B 46 (o7 i X A5 70 P B 11 5
W, BT 4 1 SEg IR AE R ANER 2 R,

HR A% i 45 S v] LLAS 0, 5236 5 8% C2f-EDEM £
HeB 5] YOLOv8n Backbone F¥ 4V & I, #5581 1Y) mAP @
0.5 iKF e 85. 4% M FHRMERI AR T T 1.9 il
4345, T Backbone J&7& 2 HRREH2 B AY SC 88 B BY , 3X 2 B
T C2{-EDEM BB % A7 2 HE BB il b 1) 1 SRR AE I 72
OYEEA A AR D, (AR AR B 4 A I /N B br I 24T
S HER,

%2 C26-EDEM #EIR7E R [F] i B YR B 46 T 14 8
Table 2 Detection performance of the C2f-EDEM module at different positions in the model

C2{-EDEM Position

SR mAP@0.5/%  ZHHE/(x10°%) GFLOPs FPS
Backbone Neck

1 x x 83.5 3.0 8.1 156

2 Vv 85. 4 2.8 7.7 161

3 x 83.2 2.8 7.8 152

4 2 84.9 2.7 7.5 168

(a) B4R
(a) Scuff marks

(b) 5L
(b) Pits

(c) W BEHIE

(c) Excessive polishing

(e) PRI

(e) Measurement trace

(d) &R
(d) Scratches

K9 RRIER A

Fig. 9 Feature heatmap
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Table 3 Ablation study
YOLOv8n  C2{-EDEM GLIA LMSFD  Precision/%  Recal/% mAP@0.5/% 4t/ (x10°) GFLOPs %I /\/MB
VvV 81.0 78.8 83.5 3.0 8.1 6.3
2 VvV 79.2 82.7 85.4 2.8 7.7 5.6
Vv VvV 86.5 80. 1 85.7 3.9 10.0 8.1
vV Vv 82.3 85.6 83.9 2.3 6.5 5.2
vV VvV v 87.0 82.2 86.5 3.8 9.7 7.7
Y vV vV v 89.4 83.8 86.7 3.2 8.1 6.8
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Fig. 10 Visualization comparison on zirconium alloy plate dataset
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Table 4 Comparison of mainstream detection models

(el mAP@0.5/% Precision/% Recall/% SRR/ (x10%) GFLOPs LI/ MB
Faster R-CNN 81.8 79.1 80. 4 72.0 167.3 143
SSD 76.7 82.8 74.5 41.1 145.3 29.3
CenterNet 83.7 81.7 81.9 34.5 72 127
YOLOv6n 79.6 75.8 76. 6 4.2 11.9 8.7
YOLOv7-Tiny 85.9 79.8 82.4 6.0 13.1 12.3
YOLOv8n 83.5 81.0 78.8 3.0 8.1 6.3
YOLOv9n 85.3 82.2 82.4 4.4 18.2 9.1
YOLOv10n 83.0 78.8 76.4 2.3 6.5 5.5
YOLOvlln 86.3 80.0 86.0 2.6 6.3 5.2
LEF-YOLOv8 86.7 89.4 83.8 3.2 8.1 6.8
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Fig. 11 NEU-DET steel defect dataset
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Table 5 Comparison of detection performance of two models on the NEU-DET dataset

g Model mAP@ 0. 5/% Precision/ % Recall/ % 72%(%/( x10° ) GFLOPs FPS
YOLOv8n 73.5 67.7 75.3 3.0 8.1 129
NEU-DET
LEF-YOLOv8 75.9 73.6 71.9 3.2 8.1 148
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Fig. 12 Visualization comparison on the NEU-DET dataset
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