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Research on Mechanical Property Deterioration and Energy
Evolution Mechanisms of Iron Ore under Microwave Irradiation

YANG Xiao-lin ,ZHANG Shao-bing ,CHU Huai-bao ,GUO De-kun,
WEN Zi-long ,LU Yi-ming ,CUI Lai-zhou,CHENG Zhi-kai ,SUN Bo
(School of Civil Engineering, Henan Polytechnic University, Jiaozuo 451003 , China)

Abstract: To systematically reveal the influence of laws of microwave radiation parameters( power,time) on the
degradation of the mechanical properties of iron ore and the energy dissipation mechanism,and to improve the crush-
ing efficiency of iron ore, this iron ore from Sishanling in Liaoning Province is the research object. By adopting a
method combining microwave pretreatment, multi-scale mechanical tests, and microscopic tests, this thesis conducts
static and dynamic impact tests as well as XRD tests on iron ore samples under different microwave actions. By analy-
zing the mechanical properties of iron ore subjected to various microwave treatments and utilizing the principles of
energy conservation, this study elucidates the damage evolution characteristics and the laws governing energy evolu-

tion of iron ore under the coupled action of microwave and mechanical forces. The research results show that:
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(1) With an increase in microwave power and irradiation time ,the sample mass decreases slightly,and the longitudi-

nal wave velocity , uniaxial compressive strength,and elastic modulus exhibit a linear degradation trend. Microscopic

tests have confirmed that the damage is caused by thermal stress cracking, rather than a change in composition. (2)

The analysis of energy evolution indicates that microwave pretreatment diminishes the total input energy density of the

sample , reduces the proportion of elastic energy, and elevates the proportion of dissipated energy. This phenomenon

suggests a deterioration in the ore’s storage capacity and a transition toward plastic yielding. (3) Dynamic impact

tests show that an increase in microwave damage leads to a 45.58% increase in reflected energy,a 16. 12% decrease

in transmitted energy,and an increase in energy dissipation to 37.49%.
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Table 1 Content percentages of main constituents in iron ore
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microwave irradiation duration
2.4 WEERBRESYANFELISME - e »

B 11 R R R B s R gy R TR SRRSO B AR K S
R S 6 B 1 nrs s TR s OB b R B B O LC
e R s R TR B 13- 25 %



a2t H3H

B/ bk, sk SRR, S RO VE R B 2 M RE 2 Ak M R e A LR T Y 5

SRARLRAE AT B IH 2R SR B I iR WLRAE | 1
B B 285 A AN AR 5 R B - AR A 45 3R A

FHUKEAE J) PRI, R & A R IE T R, ok
TR PR 2T PF B I S A
150
—O0kWOs
—3kW60s
120 - ——3kW 180s
——3kW300s
<
; % 90
R
&£ 60
30
0 0.2 0.4 0.6 0.8 1.0
BiAE(107)
Strain(107)
6 R IR G D 2™ 1 g - T 2%
Fig. 6 Stress-strain behavior of iron ore
at constant microwave power
2.4.2 MEALGRE AR

B bR IR ) S8 W R 141,96 MPa, 5
PERHE 28. 97 GPa LI AL FR S , P46 br 4 52 30
WETREBE, 6 kW IR 4R IRET R 60 s 2
300 s IE(EBRE H 103. 17 MPa [% % 84.26 Ma( [&iE
40.66% ) , BiPEAE R 17.9 GPa &% 13.45 GPa
(BEMR 53. 57%) . £t BLA o, B B A5
1 min , WEAE 58 2735 R % 5. 47 MPa,  IJj 500 [ 4§
P < [ 4R BREF ] 3 min B, DR 1.5 kW 27+ &
6. 0kW : I {E 35 B fH 129. 76 MPa [% % 107. 5 MPa
(BRI 17. 15% ) 5 P A i i 23. 66 GPa fF &
19.3 GPa( [41E 18.43% ) . ThRAEHN 1.5 kW, 3
PR F 2 R B 1. 45 GPa,

W 7 prs AR BUR R M 141,96 MPa [ 5
96.2 MPa, [§MEIA 32.23% o ik D Za48  B ,
HE R PR R, 2 X Ll A, 28 3 B B ko6 (it
PERE R ) B8/ o VAR g Bt AT ] S22 e P 5
TR, T DA P 1 28 b 38 16 K, 3 WY e oy 0 40 400 A
T
243 HENFEABREHE

EHpS IR, anE 8 Fros , Gk e R AT S A
DAL RS D A 4 BT AR ) R PR A 5, B A2k
MASTE BB, W FTIE AL B BE « Bl A N 038, i 2k 2
IR MDEAS, ShA N I 35 e 0 2, IS 5 1ok
AN 5 | K A 45 RERLON A G . BERETE A A
R AN AT, S0 B s, 3508 1 15 388 B A%

SR VAR AR (] 5B BE IR B 2SN A
Pl AR, Hh TR A s B BRI, R A AL
A A 5 ] 3, 2 WA BB A FH T A B T R R

AETT.
WP 55 B2 PP B
150 Peak strength Elastic modulus 7 30
e 1.5 kW -a-1.5kW
140 F -A-30kW  -m-3.0kw |28
. e 4.5 kW —W-45kW 2 y
=£ 130 F A 6.0kW =
SE 124 £%
< Q =
=120} S 2
-4 122 %
b 1=
S0} 5 B
90 16
80 14
1 2 3 4 5
fif [B{min)
Time(min)

P 7 AR s TR F SR D5 s A b A (R B AR Al
Fig. 7 Changes in elastic modulus and peak strength

with microwave exposure time and power

220 -
200 | —— 0.0kW
— 1.5kW
180 1 ——3.0kW
160 —— 4.5kW
- < 140 L I 60kW
o, A
= =120
~ u
ﬁ £ 100
HZE gl
60 F
40 +
20 H
0 0.1 0.2 0.3 0.4 0.5 0.6

N7 (107%)
Strain(107)
B8 NIRRT T B R A i £k
Fig. 8 Changes in elastic modulus and peak strength

with microwave exposure time and power

R A e 5 e o P R B AT OG : B
LA SN SR M P () S, SR AR R R AR, W
IO ST 26.38% (6 kW £1) o X FfRE - 455728
TR G R fa7n 1 e At 3] 35 i e £ R I
SEPE AV IPLEE
2.5 BpSHEEEUMESW

M T A U AN A A A L R AR K
FR 28 5, RO 0 0 T B AT 6 R B RO o TR R
FRRAERDR BBk £ B0 SAMR R G T e i
A MR IA T A — SRR, A R AR
JFCRAESM IR T R A3 2 7, bk REARE



6 1%

i3 2025 4E9 H

RLRESC R UNIA 9 o S ifsh B U ¥k
HARSRPERE U, MIFERLRE U, KA N

U: Ue+U(l (2)

U =Ji0'idgi (3)
U= Llye =2 (4)
c T 27 T g

u,=U-1U0, (5)

SN ARTC NG O i S T P I T D R T
PERREE . U, NFERLRE U, 9 5PERE.

ZLBEP 5 B B - AN RE A 2 2K Bl R AR R
BRI P 5 52, R T ) 286 1) B ol P R A 2 SR
o SRR B « S0 T e Al o S 1 78 RE A A
TEG AT B AR SRR RE I £k 5 7 -1 A8 T 2 5 B 1R
K, FERIRE IR AR, R WX B g i LA s A e
NETF REGHEH B v REE BRSO A S
PRI RN, W0 4A RE BRI BUR TFR IRE T R,
B 280 M 4 SUE 51 A RE B R ZUFERL . IS A By
B RIS RE LR B, KBl A1 5 K R S g
HAEHL, M AR S R i 2 gl b s PR R BE R L
e AR

— RLJ) - RIS Stress—strain curve

—— KABEdE Total energy
— PR Elastic energy

150 FEHLAE Dissipated energy 1500
L2o0i) 1 400
= 100 g E
= 1300 T -
=< —_
RE 75 =
Ay | {200 B
% 50t # g
=
o 1 100
— n L 0
0 0.2 0.4 0.6 0.8

JE7E (107%)
Strain(107%)

(a) BB R IR AE B SE R A

(a) Energy relationship diagram without microwave irradiation

0
FEHAE
Dissipated energy
PPEER
Elastic modulus N
HrERE
Elastic energy
0 e

K9 A ReFERRE e R E
Fig. 9 Correlation of strain energy and

dissipation energy in rock

w10 B R, 78 W AE N AR B RE & Ok 2
418.71 kJ/m’ , Hirhap:fk 5 1t 85.59% (358. 39 kJ/m3),
FEBLAE 5 L 14.41% (60. 32 kl/m®) |, BB B DR Gl
] o, 76 B 22 S 8 e sh BB b . il T
A T BF, PR e Ak B i R AE . Bl 5 R i IR 2
R A A7 0 5P RE A o PN S R 2 B RE R B Bl
A FEHL

— W J7- W ZE £k Stress—strain curve

150 p — A&LBEH Total energy 21500
— #HitEfEElastic energy
| — #EH(BE Dissipated energy
125 1400
< 100 F g E
= 1300 -
=< =
S =2
22 2003 ¥
Ba 5ol 59 8
Aalles!
25t 1100
. i 0
0 0.2 0.4 0.6 0.8
RL7E(107)
Strain(107)

(b) B 4R B 60 s RE RS R A

(b) Energy relationship diagram of 60 — second microwave irradiation

— [ 7 - N A i 2% Stress—strain curve

150 f — /A AEHE Total energy 500
— itk fE Elastic energy
| — #EHLAE Dissipated energy
125 1400
=100 8
£5 {300 ¥ -
== g
<% 75 ¢ z=
i § 200 \\/E
a5 | e g
=3
25 100
0 0.2 0.4 0.6 08 0
RL7ZE(107)
Strain(107)

()P FE IR 300 sRER L R A

(c) Energy relationship diagram of 300 second microwave irradiation

Kl 10

bl 1.5 kW SREE T Bk 7 BE F: Bl ] ) A2 1

Fig. 10 Temporal energy evolution of iron ore subjected to 1.5 kW microwave radiation



a2t H3H B/ IR, SR B REIRR 45

PR kA 1 12V BE 25 b X e IR AL LT 52 7

P B — AR B DR - T, ~ Ty 4, S RE R
W P 1] S22 58 i /D i A, A5 U A LG (R R 3. 77% )
RINERBPAEREZ AR . 7E 1.5 kW/S min
I HPERE T 5 13. 50% , FERLAESE fn 54. 10% , 571
P g e 2 2400 i 5 S R ALY R IR AR SR S5 AE

— R - N A HH £k Stress—strain curve

150 p — &L REHE Total energy -500
— it RE Elastic energy
| — fit Dissipated ene
125 %%ﬁ(ﬁ 1ss1pated energy {400
= 100 (s 's
£5 {300 = -
S= h
'E \g 75 = é
g < 5
= 200 g &
HE st ™
=
25 100
0 . ; 0
0.2 0.4 0.6 0.8
MEAE (107%)
Strain(107)

(a) T 1.5 kW Ik 48 IR

(a) Microwave irradiation with a power of 1.5 kW

W 11, B RN < [ % B A] 3 min, BEERAR LS
Bl DR A0 i 2 (T2 4.5 kW 41 5 5%F FR 20 [ AI%
11.42% ) AHFPERE RN (21. 22% ) , FEFR BE[R] 2P 3
K (46. 78% ) , & I 17 B ARG N = 5 e = L 1k

—— N J] - A8 H1 £k Stress—strain curve

125 r—— . fE# Total energy 1400
— B RE Elastic energy
100 F— FEHLHE Dissipated energy ’\
1300 _ ~
T ‘E
<
SE 751 S
== -z
_E @ 200 2 <
o ~
= £ 50 &
B a gg g
95 {100 *
—
| ! . 0
0 0.2 0.4 0.6 0.8
MEAE (107%)
Strain(107)
(b) Zh23.0 kW ¥ ik 48 JE

(b) Microwave irradiation with a power of 3.0 kW

— R F7 - AE £k Stress—strain curve 400

12 JB BB Total energy
— it fE Elastic energy
100 F — FEHLBE Dissipated energy
1300~
T8
Qf 53 75 + E 8
= E —
=B {200 22
9 < =
SEs0f 2
8=
{100 "
25
7 0
0 0.2 0.4 0.6 0.8
RAE (107%)
Strain(107%)
OEELRINE ¢ e
(c) Microwave irradiation with a power of 4.5 kW
BT et 180 s T 8:m™ 11 fE i R ) A2k

Fig. 11

LRI, IR B o - TR A 7 AR
UL RS A RS A LR B - SR RE LE 191
WEARS , FERIHE LU AR B3 I, X R 1 AR AR ey it
PERIBPE I o I RE A A5 R TAL B T
A IEYERE R ESIE— 2L,

2.6 FHEREEEUMESH

£ SHPB X564, Jy faj fL g oA ad %, e AR
B, A BRI AR R B RE (29 R RE R AY
0.1% ~0.3% )t/ T5 41 WHCRE, BT 208 AT
A5 2 A fh T R Y g 1 R0 94 790 Ak B, A7 25
PRI T EE 45 (EE 52 AR K < 0. 05) , DA 2t JEE 45 7= 4K
MM o A AT PORHE S A I aad 7 b, Ol g o€
AN RO PTG BIFEHEE , & HA %

Power-dependent energy evolution of iron ore during 180 s microwave irradiation

R, HTF LR, G54 R S 5 Re R sF
fe JEHE B LN T A e S

C=VEp (6)
W, = ECAjg%u)dt (7)
W = ECAfgf(wdt (8)
W, = ECAjg,?(t)dt (9)
W, =W, -W, - W, (10)

bW W, W W, i m A s AR A
SYRE R ATRE BURBE AFEHLEE. & .6, .6 A AIAA
S R I S DR AR RS S E L Cp A
G REOEL B e h i SN



2025 4E9 H

HIE(6) ~ (10) TR AT A, 3 T A A i iple oy
FRIE N SR A ShASRE R 0 FCRUE R 2, Al AR R
MU B GO IR D AR A 1 o, aURE sh 28 b i i
e S U AE -5 RE HRE 20 1) 1 LR 0 1 4
1117325 9 BE U R £ B AR . LR SR B - i Tl o
IKEN6 kW I, Sz S RE AL X IR 20 (0 kW) 2 2% 14
45.58% , #& HU AE $2 Tt 37. 49% , i& 4 A€ T K&
16. 12% . i Ak 12t o Bic 53 o 1 38 Ak i o LA HIL A
R

K2 AEARWKNEHEHRETRESH
Table 2 Impact-induced energy partitioning under

varying microwave irradiation powers

MR RARE) ESRE) FEHLRE/]

Microwave Reflected Transmitted Dissipated

power energy/J energy/] energy/]J
0.0 kW 21.19 153.31 42.30
1.5 kW 23.13 145. 63 46.94
3.0 kW 25.35 134.39 50.58
4.5 kW 28.00 129.51 53.61
6.0 kW 30.85 119.59 58.16

fole iz T Ak L BB AT A0 PN R A BB R
o0, AR D B BT o AR N g A% I 3K
Ao HAT 5 1 3 BT % E 3 19 , 5 3505 o R g
Tt P SR R Y TR i 22 R 24
%, EROY RIHAE R, W RO EHAERE, &
HOFEHCRERE N o A3 473 5 |2 1) 7 T o o B30
TI VAL BEAR K A 22 TR, 375 S i B 3
P AT, B 2 5 28 MO i 5 B0E 3 B0 2

3 &g

(1) Bt cie 2 3 R 1] (9 38 hm, 5 B08a £
PR B i TR A 5, R A ) S i
FHBH AP 55 M T B

(2) BRAT™ A X AR A0S AR e, R I i) ey 2y %
EREPRE THild . KA 22 JZ BRI RS, Bk 4
WAL o3 R e A AE S, UE 552 A AL 05T AR
Ty BRI R

(3) Wit e A FH R B 38 8, 7 50l s 4
WA IR ALLE R, BR A it BE A BR
AR/ SRR B /)N , FERLAESE N

(4) st el B, il TR I T
P05 T BOR DT 3G R, SO RESE . REERY
Ko e R EOFERIRESG I o TR A03 5 | AL R D e A% 4
AR R 2 R S A S RE DD

[4]

2 % 3wk ( References)

BOF3C,E LR B8 R £ 8 ) 2a SR At
FEHEELT]. A )15 5 TR, 2021,40(3) 1448
475.

XIA Kai-wen, WANG Shuai, XU Ying, et al. Advances in
experimental studies for deep rock dynamics[ J]. Chi-
nese Journal of Rock Mechanics and Engineering,2021,
40(3) :448-475. (in Chinese)

B, Wk S ORI I R R
< 45 s 3 B [ /0L ], TR Jy %% 1-8. [ 2025-02-
2471, http: // kns. cnki. net/kems/detail/11. 2595. 03.
20250217.1050.018. html.

DUAN Zhi-bo, ZENG Shu, YANG Jun, et al. Study on
the damage of granite under different micr-owave heating
methods [ J]. Engineering Mechanics: 1-8. [ 2025-02-
247]. http: // kns. cnki. net/kems/detail/11. 2595. 03.
20250217.1050. 018. html. (in Chinese)

LB RS RIS XA B
LA MIRER TS [T]. A 4 J17%,2022,43(S2) 43-
51.

GAO Feng,XIONG Xin, XIONG Xin, et al. Experimental

study on influence of saturation on the microwave respon-
seof basalt [ J]. Rock and Soil Mechanics, 2022,
43(S2) :43-51. (in Chinese)

YANG Ben-gao, GAO Ming-zhong, XIE Jing, et al. Ex-
ploration of weakening mechanism of uniaxi-al compres-
sive strength of deep sandstone under microwave irradia-
tion [ J ]. Journal of Central South University, 2022,
29(2) :611-623.

BT S RPN LA AR R pia Mg S HEOR
WETE it S [ )] M 241, 2024,49 (2) - 801-
832.

WEI Jian-ping, CAI Yu-bo, LIU Yong, et al. Progress
and trends in non-tool rock breaking theory and technol-
ogy[ J 1. Journal of China coal society, 2024 ,49 (2) .
801-832. (in Chinese)

A SRR I N W n oW o SR ER R Ok
GipLBRAT 5[ D] Kb . iR 57,2023,

JIN Fei-yan. Study on dynamic mechanical properties
and microscopic damage mechanism of basalt under mi-
crowave radiation|[ D ]. Changsha; Central South Univer-
sity,2023. (in Chinese)

WEI Wei, SHAO Zhu-shan,ZHANG Yuan-yuan, et al.
Fundamentals and applications of microwave energy in
rock and concrete processing-A review [ J ]. Applied
Thermal Engineering,2019,157.113751.

(F3% 105 W)





