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A hysteresis loop modeling method considering the transition
characteristics of hardened ferromagnetic components
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Abstract ;. The depth of the effective hardened layer and the extent of the transition layer are critical factors that influence the performance
of surface-hardened mechanical components. They constitute significant parameters in the process of quality control for product
evaluation. By exploiting the variances in magnetic properties among different structures, a magnetic detection technique can be
developed for assessing hardened layers, offering non-destructive and rapid advantages over conventional metallographic observation
methods. This method holds promising potential for direct testing and analysis of hardened layers in components. The Boltzmann function
is proposed to describe the gradient law of hysteresis characteristic parameters of materials along the depth direction. By discretely
layering multi-layered materials and considering the magnetic field coupling between layers, a T(x) hysteresis loop model for multi-layer
structural materials is formulated. The hysteresis loops of the hardened layer sample, obtained by cutting them layer by layer, are
calculated by using the particle swarm optimization algorithm and the proposed multilayer hysteresis loop model. The accuracy of the
model is validated to evaluate its capability in accurately describing the hysteresis loop of multilayer materials, as well as determining and
characterizing both the depth of the hardened layer and transition layer.
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Fig. 3  Hysteresis loop diagram of simulated double-layer plate
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Fig. 4 Hysteresis loop detection system

2.2 Fh#ESE

Sk R A A 3 R AL, 3 ) R AN [) 7 35 il
SR AR B 45 S AR TR I A28, W S
JIE 7S B ST Rl AR R R 1 Hz AN [R]85 0l e A 25 12 T A5 31 Y
T [T £ R TH 5 A5 H H ok B A o0 1 S R, 4%
R R TE 1.5 VRTINS 3053 1 T 25 0 AL
UG R R W AN BH I8 i 55 3850t s 1 P 85 ok 06 3% iy 2
o 7E 3V B R AR B0 T AT LI E G o 1 5 R A L
U (25 R B R 10 2R AERE 78R 6 000 A - m ™' B I8 K
KB RE AR P LSl IR (7 S V.,

457 5V 1Hz Fig Wi

401 o 15VIHz

351

ﬁ&ﬁ@%'ﬁiﬁyd/(Hm X104
= s N W
(=] wn (=] wn (=]

e
W

S BRI I (kA m )
BSR4

Fig. 5 Differential permeability diagram with different

excitation amplitudes

P 6 SR & U IR ETE 5 V R RI B &4 T
B AR 11 2, B T 3584 1 X 0 A o 5 3 i
2R, 25 WOREOBURTE 10 Ha UL BI040 #E SR 10



59 1) 5

B A T B VR BN T PR A R [ 2 5 253

XU GE | B Sl 0 23 (1 ARG T D i 2 1 o TR Ll
s 1] 2 PRy SR AL SR IRAEL S5 2 1 Ha,

250 5V1Hz
............. 5V5Hz 2
—=--5V10Hz ) \
20F I/ \\

AR Ry, (Hm 1 X 10 %)

-10 -5 0 5 10
JB3% 38 BEHI (kA -m ™)
K6 ARERISER T SR
Fig. 6 Differential permeability diagram at different

excitation frequencies

2.3 WNRFEREM

XSRS N 2R G i A7 R AR S, X R — i A
K 5 Wk, B 7 NAES V, 1 Hz B 444 ,2. 66 mm il
3.90 mm AL ZIAPF R A AGIN AR IA R e
I H,  RER AN B, MR 5 B, WIbRERE A B
BJ/INT 0.8% , PRIHCUE B SR A R G AR E

2.0 — mmswsK P 3 —— ESRABIK

ERNRBK )
1 — —ERAAHSY /

Tk IR JSE B B B/ T
T J2% L 5 B B/ T

915 -10 -5 0 5 10 15
Y 3% 98 B H/(KA-m ™)
(b) 3.90 mmiRfF
(b) Sample with 3.90 mm
thickness

=15-10 -5 0 5 10 15
YR 58 H/(kA-m™)
(a) 2.66 mmikfF
(a) Sample with 2.66 mm
thickness

K7 REErEEE R
Fig.7 Repeated detection of system stability

2.4 RHEHE

SEG T A R A 45 S0l i OB AR T2k
TAbE, W 8 Fron, A RS 200 mmx 100 mm x
30 mm, VI 1 3 T A Ak J2 3 1R R AT e R AG U
kT A A B A 2 R 3B A R 4 G S SR
R R (R, 0 G T A e JE AR 6 T AN [ R Ak
Y RE (8. MR [E AR GB/T 5617—2005 . GB/T 1172—
1999 FHOCHLE 5 S B M RESE B RUST, 6 B8 £ J2 A b 124 A
BT BA I i, 5 2L E N 1.4 mm, 2 P 2
1.4 mm, RIS VIR KT 2. 8 mm, &5 8050

FRZLEL i )2 KRB AL 2 09 Z2 )2 AR, i i R T
2R RS A 75 mmx 15 mmx4. 66 mm , PIFH| 77 &0 5%
i 9 MR 2 Fron . RUTE 5 5 BN AT BORE AL R AR
IMRURER TR F, T J0 1 R U T 12 F A OK 20K
JE o PR R DT EIAR A A (0. 2~0. 5 mm
Z 0] Je I i RS IR AR IR SR e il RO Bl
IPFRRE TR 28, H =R AR TR SE 2 DI S,
L AR ANE 10 Bros

d=3.6 mm

(a) TEALJR FERE
(a) Hardened layer thickness

(b) BEALZ B
(b) Hardened layer specimens
9r
gl LR

< »
« L |

2 FOIE A/ (H X 10%)

0 i 1.0 2.0 3.0 4.0 5.0
DR Z /mm
(o) AL B R PR 4 IRRE

(c) Vickers hardness of hardened layer
K8 2RI BB BEVT R BT [l Y2 AL il 2k
Fig. 8 Variation curves of multilayer specimens and

hardness along the depth direction

d\
A
d, 9
3 Y]
Vil 34,
f H

Ko ZZliFrEr

Fig.9 Cutting method of multi-layer specimen

R : \
\ 4.2

d,BL5 / v‘w

K10
Fig. 10 Modeling process



254 O % 2 i 45k
x2 IREMVEEE
Table 2 Cutting thickness of nine-layer structure
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Fig. 20  Convergence process of particle swarm optimization
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Fig. 21

Relationship between the magnetic parameter B,

and the depth of the hardened layer in relation to

the magnetization intensity
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Fig. 22 Relationship between coercivity a, and hardening

layer depth
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Fig. 24  Relationship between reversible magnetization A,

and hardened layer depth
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Fig. 25 Simulating the hysteresis loop of a multilayer board
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