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An electromagnetic ultrasonic reconstruction method for internal
temperature field of high temperature casting and forging
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Abstract ;: Aiming at the difficulty of non-contact measurement of the casting and forging’ s internal temperature field under high
temperatures and severe conditions, a reconstruction method for the temperature field of high-temperature castings and forgings with non-
contact oblique incident shear wave (S-wave) electromagnetic acoustic transducer ( EMAT) based on the bending effect and the
triangular forward expansion method is proposed. Combining the numerical simulations and EMAT testing experiments at 730°C , the
triangle tracking mathematical model of direct incident S-waves is evaluated. The effects of sound beam incident angle and temperature
gradient on the propagation path and flight time of oblique incident S-wave are studied, and the temperature sensitivity coefficients of
oblique incident S-wave with different incident angles are compared. Results show that the reconstruction error of direct incident S-waves
in the temperature field of the high-temperature forging based on the triangular forward expansion method is within 3% . When the oblique
incident S-wave is used, the propagation path of sound ray is greatly affected by the temperature gradient and the incidence angle, and it
is more sensitive to the change of temperature gradient. The internal temperature field of high-temperature casting can be reconstructed
by the flight time of the S-wave and the offset of the exit point of the S-wave.

Keywords : high-temperature castings and forgings; temperature field reconstruction; triangular forward expansion method; electromagnetic

acoustic transducer; oblique incident ultrasound

ek H #9.2021-05- 14 Received Date: 2021-05-14
« FEATH . HE B AR IES (52065049, 12064001, 51705231, 51705232) JL.PH4E AREFFEHS (20192ACBL20052) T A RHL T RS R
I H (20204BCJ122039, 20192BCD40028) VL.V44 4Rk 4542 (20181 BAB216020) 3 H ¥ Bl



A0 SCHEE A - el B ER I PN AT 7 v R P A Y 219

=
L
i

R SR RE S B EE TS5, BRI
B P L8 2% P P LA S8 e S BB AP v T 2 9 R i
AR R AL RSB . BET, &R N
PSP 7N 2 AR GE P AR A (AR L o
BHL ) 454 i ARG 752, SR, Hhy TS B IR R e v, i
RGN 7512 AR S 0 5 6 A7 PR ¥ T 2 3 1 ST I
W, e JRHT AR 2 PRS2 A I T i % s TR R AV )
PSR A U P S A A A DN £, O AR A0 S 0 R 8 % s i)
PN T 528, T DA skE G by 3 i B2 B 32 2o T 7 A iy v
OV AT AN BESCAE  mT DLk S T T RE A R 5N I 2L
(I AR S il , HLAT B TR FHAME

S I e U T SR A A S U 3 O AE P 2 DN 11 OC
TE T e A PSR SRR AR s v R P ARG e 2 T 5
ks FEL A AR AR ol A B i R 5 79, (EL O B A v ik
BE 1 BRRA I 25 45 ., FLXG ARG T 4t 3 T ' 4 3 R
A5 Ten , R X RO FH T 2 T REL RS ) v 1R 7 60 A1 P9 A
BRI, 23 SR P — O TR 21 4 52 5 bR 2
ZALBAEL, BB 15 M LR 7 R A
DR PRI FE e e e (EURS USSR B A
b it E SRR, R IR AR B 4P SR A, N3 TR R
ARSI 5 R O s SR A A
L R EE R e BE 2% ( electromagnetic acoustic transducer,
EMAT) HA7 TC /48 G ) A E Rl 5545 0, UGS & &
TR R TETHLRS 48 S B T A

AT, F WA 2T T 4 @ i 4 P9 A IR b
TS, A 2 S T EMAT $ R i R i
JEE RBUAR EE R XA A ER IR EE 3 A T S, b R A
BETEAE R HE 2 # 3T BL 5 1) B ARG 2 5 LB B 4
I, 2/NF 0.1°C . Dharmaraj %1 75 BE 48 o S8 1ok 5 b )
JFH R P 0 BRGNP T BE R AT I A, O HL B T AR
TR R 55 G 4 (0 A DS 1 X6 I RS ELA E S5
FE A5 DR ok b R R 53 T AR R A A e
s SCBL RS R FE T AR A A AT R A D A,
FEAXTIRZE AT 0. 68% , Myres %51 HR 5 I B o [1] A1y
P A AR5 kR R G A 2 LA R 0 U 1 A 0 il
Gy , 38 i Al SRR SO R PI2P S T A R
M PG AT, P aA S BRI T — R T Gabor
PRGN B A I e A A G 1 P TG A DN L D7 ek O %
Gabor JEJE AL S+ PEBESEAT T 900, Thara 557 F 30k
FE P H AR T 150°C 14 55 B R0 8 B il 32 37 0 4, A
UGS T RERNFRIRE Y . Jia 55 42 TH LT
A 1) i o 80T 1T AR S L Mk 1) 5 R B 3 TR O
Xof B WA (T IR BE 3 1 T R R R X 8 2 Y I Gk B T

3.53% ~7.45% , KEHE R AR A T ik
B F i = G gL SR K A B R Y = dEIAE S
AR R T 4% ) [] 42 a0, G 000K A b — R v T
10% ~31. 4% , BREEESE B T 06 BEYLAR AR 20
TR I A AT A AR B R i T T i/ A PR
FHE T T 20% LA b, B e S T —F
C/SiC E AR RHBERT 2= R R & 5 %, Bes il 2 = 1 ~
600°C YU [ S BEAS TR EE R, A LT FaRRE S A E
R/ AR SCHTR 0 = A T e R I A3 vk AR 2 fish
WGP HE A, v LASE I TR S T B A i iR S e,
I EBA —E IS I E .

S AIE T IR AR iR Ty b —Fh
SEBE T, EENSE LT TENIRANIR,
Yamamoto 25 R T —Fh 4 4R R L A LR
BERATR RO WAL, 1R T s A B, X M7k B = A TP
TR EITAE . 2 ™ e = MR A ) T 530 Y S il
R R T —Fh =Yl B B - 1E AR HE AT I A R
BB T =4 2R B ST E as R R, R A
o FH Ak zs (B v () = BT ) R AR . X R AR T
Sy (25 i B E A TS, SCBL T AN R £ B A R )
AR S DA S T PRI A ST AR A e AT #0461
B EANE 2 3, BRI R = A1) R P AR SR B
TR RAHEEE A B AR A 2k, TSR T 2% R s 42 il
BN ok AR T Y, RIS AH = MAIE A
FERRSCEL T ARSI 51 5 T R 7R 238 1 5 AR
ROEE A, (R T2 O ) S IR B IR g e i
PR A 0 E R A e — 2 R ESE

ARSCHEST T 5T IR 1) R TF 53 I 4N L R
75 ELA SR SRR 0 R 2 AR B AR A R ST TR
P AE AR50 T TR A Th AL A AT BT R | I 45 & v T R
A B R RS I S, B UE T I AR AR R R M A
E IR b, X A AR R I B R A g 7 A i A
T S [] %) 52 i B A T T RS

1 ETREBFHNEERFRENDEED
EMFHE

1.1 BEWERRE

UL T s D e e I P TRLEE 3 S B e
WAE [ O A AR LA 2 A RO BE 2 TR T
SES AR, P B B IR E B T e R A,
Ao R T R g 2 R T [ e A RS Bl | 3t S P A R
R SR (R A A BROTARE B AR UCTH 55 A BB 1 S
R Y RN H S B = AR ) R I i B 1%
AR RE e RV o B0 7 9 1 A 249 5 e il 4 B v A
LB ER,



220 % # AX

EE O

F42 8k

EMAT

LR [7)
eIy

TR R ) S5 .
. Pﬁ%
=

F IR b7

7 R
RS Eﬁﬁﬁﬁ
Pl 1 P I 7 BB 1 ik 3 37 D

Fig. 1  Principle of ultrasonic measurement for temperature

field of castings and forgings
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Fig.2 Conversion mechanism of normal incident shear

wave EMAT
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SV wave EMAT
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Fig.4 Finite element model of normal incident shear wave

propagation in non-uniform high temperature carbon steel
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propagation in non-uniform high temperature carbon steel

1.4 =fAEERAEXBEREELZREE

=AML R RIF IR A 7 fs AR BRI g R
EIES SO, 4k 5 8] N IZ X380 2608 3 L 4
ATLAHE 3 A~ 2 P S A 05 0, R A S5 I A a2
=M., fEBER R MK TR — A = AR
X3, A Snell 25 00 7T SR A5 % 2= 42, 39 11 15 31 75 26 7
T2 )R A ) NI P % I A% | S s B S O Y e
MUK 16 iy J T BV AT 45 380 75 26 AR 12 A (B v SRR



222 DO G I Ha2 %
I BT AL R AR LA P BT AT 1 A B th 55 AR R I — A7

WA AR N (X, ), ASHEYTT 1) o B =B,/ /B, +B,
AL AL RS SCR TS A ) 165 = A T 19 1 B (11)
(A, A) LIS TS AR Tl o 2 = A 1 5 B =B, JB B

5 T >R by B95EI0 =A0E , ATSRAS 55 Ah AR
FEIARAR, MR 3 AT AR BR 0] LIRS 3 AT A A
= AP R8N | I 7 A 7 AR A R LA 4R
P, TSR H =8 X0 (4 P 4 75 7

(m,n)

Kipi)

K7 = AIERTE R IT
Fig.7 Forward deploying triangles principle

HAANE R Y BT RN N

C(x,y)=ax + by + ¢ (6)

LM T P 2 R AR D RSN 26, - Snell 325 0]
ALK BI9REAR R

¢

R=7‘CS_CZ‘ (7)

Fl.L 0, WO =ax +by+cHy-Y, ==A /A (x~-X,)
TR 0, WA TTI0 5 « RIS 0, 4 T7
6] 5 x AT A, 0 A = L N mEL I, D, R
TR E y R

D =R~ . /R +h} (8)

(m,n)= (=A ,A,) JIEE T AL I7 10 19 5,
A R (X, Y, S ST (B, ,B,) R IE
EWp

qul = Xin + Axhl + Dlm
_ (9)
Y. =Y.+ A_},hl + Dn
h.m D,
B, = + (1 - 7) A,
’ R R
(10)

pEAE S Mt E AKX LU Q mit B AKX T
Jif7R 2

S=> R(6,-6,)=> RO (12)
sz 1 (1+cos€, -1—00592)
2./a% + b7 1 —cosf, 1+ cosb,

(13)

2 EASHEEEEHISEHFREDNE
BAETR

2.1 BEEWREREE

FEF =GB BRI R R R AR T L
SETRATTTE B SR I A5 A Pk st [ R 53 % O e
B IEA T X5 Eb PRI Ay Bt 3058 P TP v, A P I %) 0 A i) 2
ST SL )| e T /L 43 [ N g = N O L i
b YE (R WA N £ < = 7L T i o e s = e
BRI TH/NMRZE &, WA LI AL A8 o bR 0 3 0
ATt
2.2 EANGUREREZITELER

R EAIENE b, g TR R B, 38e b
AR =AY = T RN ARG B R = (EAH R A
T B S8 — I BGR B K AR 1.5% ~3% ) %
b, 0.1 mm, KR T BE [ E S 450°C T EE TR
850°C [FELAE_FZ YN 10°C , BEEIXFE S A 100 mm
HED TR T, = 450°C B RSB E T, X5
) RIS ] AN 35 2 T

£2 BRRE T, =450°CH , FRGERE T,
X Bz f) i ek BT 1)
Table 2 Time-of-flight for different core temperatures 7'

center

with the 450°C boundary temperature T,

T onen” C PERRA ]/ s T cenier” C AR ]/ s
850 71.962 870 72. 548
860 72. 154 880 72.751

WniE 8 s Bl SR T, A 450°C , & B I B
T i N 950°C B} TSR A5 U0 78 A 359 50 w5 1R Al 4 v 1) £
& 754 1R, 1L 4R % 72 o 200 mm, VE R (R] O
74.104 ps, ME 8 AT, NG IR 5 RS IR 58 e
AL R T IEE A G 7R AR A iR A R MR
hARSEES N,



A0 SCHF AR il S DAY I B 0 L A P A AT 223

100 Bt imE e | JENAT

507
567
80F 627
687

747
60 F l 807

[ 867

867
807 &
747
687
20F 627
567
507

40 50

1.0 20 30
FEJE /mm
K8 E SRR A w4 A4k A 2 A
Fig. 8 Propagation paths of normal incident shear wave in
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Fig. 17 Propagation path of oblique incident SV wave in

inhomogeneous high temperature carbon steel
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