Ligry Lt
2005 F LBXFHE LML 94

ks L 3 0 4 5
Fe ARFERE 52

o L . MM F
* &5 f. BER A




LigRY Lt
2005 F LBXFHL

@ﬁ
s

fik i H /iﬁ{%ﬁ[ﬁlélﬂaa

F AR5

e EH . B & E
o £ . M H F
e 5. ER A

2 ( »_ : T = z{&
T T L LA
Yoo Wy ‘*wm“”!! ..
: '!h”ﬂhﬁﬁ"'""""‘ I‘ — -
' if |

!ﬂ--q“ ll‘
“*ﬂhﬂ!'
"---. ..ll

Wzm“mmmmmﬂ




B H R4 B (CIP) i#E

2005 4E g KFHE #0356 2 B/ o ghiE
o, — L. ¥ R2EH AL, 2009. 6
ISBN 978-7-81118-367 -2

T2 T L2608 i L
2005 IV.G643.8

rh [ Wi A B 451 CIP S % - (2008) 55 180878 5

2005 £ EiBKFBE2AIE L
— 2%
MR B AT RRR AT
(E¥gT LK 99 5 HREZRfS 200444)

(http: //www. shangdapress. com &47#4k 66135110)
HIRA W FE
MREBERERRAFAHER
LM BRI BRI ST A
FFA 890X 1240 1/32 Egk 274.25 F¥ 7641 T
2009 4E 6 A4 1 i 2009 4E 6 A4S 1 ENKI
EN: 1~400
ISBN 978 -7-81118-367-2/G « 490 sE#r: 980. 00 Ju(49 #H)



Shanghai University Doctoral Dissertation (2005)

Fundamental Resarch on
Refinement of Solidification
Structure of Metals
with Pulse Current

Candidate: Fan Jinhui
Major: Materials Science
Supervisor: Zhai Qijie

Shanghai University Press
« Shanghai -



NN

ARNGERBERARLEREZRHE, AT
LR A AR SRR ZOK.

ERER LR

FiE
%5

U

34 d
.t iR 5
1%
It
k7

ArZ

SO, EUPSOE AP
SR T, R SA L
B, EISOE AR
SO, LUK RTR B

SO, LUK R

BHE, LWk

200030

200122
200030
200072
200072

200072



WAL S
WA
LE $3
3d®

TERA L #
PRt
#£ K
#® &
R

HE WA BHER A BB
B MR EE DAL K E R 27 B
R, LSE R B

BB, L STE KRR B
HB AWM MR K F R EBE
B, ORI T KRR ERE
R, LR ERER

100083
150001
200030

200030
100083
710048
200072



BRSOV E

RABRFAEATREEASMIX kAR L, 28
“Brb b A B B AR AR AR AR AR
M, ABALLNEEREANBARLELIZELAAD G, LA
FE2HFRMEERTR,

EH AN ER RS R R T4, B X 2 EER,
R T Wb wiist i Ansie B A5 MEL 5L %
Ao B R Ak Bl 6900, BAF T A T A1 AR R

R B FIBRA &R E AR B mAT AR %
BEMGETER LB . SASMEL. S LA L S ME
BB E AR,

BEERERFPRFOINERT 4B  ARARE A
HEFHRGGBRE AL MRS R IR GEE KT
MEHZEXRAX AL TR CAZANALHE T2 EERA
iR EARD, FRIAZALKZ NG LR
BEEEmARENY A,

B EZAHAFBEHFEOLEEMHHERTCAREE
3B A G AT, R IR BA L AL A B BB R
BEHAEG RER RS, RE TR ASEEEEERY
“d M AR,

BRI ERFELE, ThS/HH, FRRETE Ey
RN RRER  LLAY A AL CEEET AFHESL
TSR AGRENNGE LR, LARBH R IAFE
AR S, BT P 4UR AW, B A F AR,



LR 2R R

EMERQBRIRRLEERE, —~KRAEBLELHERF
B LR AR, F R T I P $45,

ERZRA2ZER. 2@
200548 H 11 H



W =

RELRERFHT LA TLEREF RN T &® KA e
RERALRUERE, 20 T hor R E T 7 iR E
HAGANET R REE AR E A ARELRRS KM
HEEBETEE BABEMERAERUNTERR.

GomRWAR EEE. EEFERMTRIA %, U4
BRRKETFRI B REFRN LR, XA ALK
RELHAMBARME LN T E R T R B RAER TR
XANSEMHRELE RELALR I FERARH, XA
Jir v AL 4 4 B o 6 IR R At R, B B B R 4 A, 0B R A
BERANELRBEAR TARER Y X, REARE{, 1 ¥K
RAEKE, REZSRIALZ R T For &% AT 4 B B E K
Bl BT RN

Fr B AL B EAE A FREA AR EAERBER
AENEHE, TABRACAEABRNELR T;ERRETH
AR 5 1R BE A B 28 1, OF 38 g B A R o KPR B A A
B EER LY ENARBERAKTHIAAED AR A EMR
FHEREBE, BAUXEART. AL H T ALREH
T 48 RREFFRNPAXEREFGREARELERE
P e oy AR AR N EEXRR. RA M HAE
EAHRAEURRI A EEFEE FREMRR NG AT A,
HEREASET, ARABEEANCERBAR BN Y H R
Ko BRARERRZ, RRAKENE RN ZAFHIANK

Te— —



2005 £ _E AR
MR B

EERAMNBEASBCARAZTHD Y,

REAHLBEREENBEEEL, F4F RKF ERH
EHERAEE I ERN, HELA R LR ERERE, 247
ThesaREREL2BREEB AL A HHIE, At T
AN EENRIBN S EALEANN. BT kA, K
HERRER  ERSLBEFEMERRORTH AR TR
oM mT BB ELRERNERER Y ERERY
BB FHBRNT R EIAE  ELERETRRAE
NHRAFNFEN, RETLBNHRIR, A\TIELE R
B 4 R,

ETEAWRER. BFHRAEREATHLEHNEHX
B, HHRAEREATHRINEM S BRBEETEEL S
HMPEREBPRAPNE X, BREEFEEAFERBRAD, B
BB REHZ o LR ENT RBFREAERAS
R, B E D NERERY BBE e, WHEFHYT %,
T E R R R BB B, R SR TG Aok R
5| A Ay AR B0 A R B A R W R R TR A
mEEAL AN EZRE,

GALRHRMELIN, UEAMERRENEERKES Y
M, 00kl EATEAE  RREAFERNL 2 G
KEHBEAL AN RIERTT ENTR.

REWE fhwwm R, BE, AR, 48 ERETHEN, K
w45



Abstract

A high-energy pulse power source used for researching
solidification of metals and a Rogowski coil used for
measuring strong pulse current were developed according to
the requirement of the present experiment. The variation of
electrical current during the discharge of pulse power source
was analyzed. Furthermore, an examination was made of the
quantitative relation of peak current, pulse width and pulse
frequency etc. versus voltage, capacitance and transmission
line of discharging circuit.

Combined with the components, phase and solidification
characteristics, and engineering practicability, the pure
aluminum, austenitic stainless steel and hypereutectic gray
cast iron were selected as the research objectives. And the
effect of pulse current on. the solidification process,
microstructure and mechanical properties was investigated by
thermal analysis and metallographic examination. It was
found that pulse current treatment increases the solidification
temperature, decreases solidification time and depresses the
temperature gradient. In this case, the sample is inclined to
solidify in the mode of volume solidification, resulting in a
refined microstructure and improved mechanical properties.
Based on the experimental results, a concept of “Electro-
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undercooling effect” was proposed.

Pulse current treatment makes the solidification
microstructure of pure aluminum transform from coarse
columnar grains to fine equiaxed ones, reduces the grain sizes
of pure aluminum to a great extent and spacing of columnar
grains for austenitic stainless steels, and increases the
austenite percentage in the solidification microstructure.
Additionally, the pulse current treatment can also induce the
appearance of a large amount of D-type undercooling graphite
and developed austenite dendrites in hypereutectic gray cast
iron with high carbon equivalents as well as the refined
eutectic colonies. For the given experimental conditions, the
quantitative relation of refinement effect for those chosen
materials against the pulse parameters including peak current,
pulse width and pulse frequency etc. was analyzed. The
effect of grain refinement was shown to increase with
increasing the peak current, pulse width and pulse frequency
under the present conditions. Amongst the three interactive
parameters the peak current plays the most important role for
grain refinement, pulse frequency takes the second place, and
the pulse width only has a marginal influence. In particular,
remarkable refinement effect can also be gained attributing to
the coupled effects of these influencing factors.

Based on the theories of metal melts structure and
solidification, taking the Joule heat and electromagnetic force
into account and coupling the pulse current treatment
experiment, the mechanism of grain refinement was
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investigated, placing an emphasis on the multi-effect of pulse
current on the solidification nucleation. Theoretical analysis
indicated that the influence of pulse current treatment is
mainly focused on three principal ways. Firstly, both the size
of structural fluctuations and the number of embryos in liquid
metals increases and becomes more stable. Secondly, the
critical nucleus radius and critical nucleation work of liquid
metals decreases, as well as the critical nucleation
undercooling degree. Thirdly, the surfaces of heterogeneous
nucleation sites in liquid melts are activated and purified,
favoring the nucleation process and grain refinement.

According to the classical nucleation theory, a nucleation
model was derived considering the effect of pulse current. It
was pointed out that the nucleation work is closely related to
the conductivity and volume of nucleus and melt. Generally
speaking, a conductivity increase and volume decrease of
nucleus would reduce the nucleation work and facilitate
nucleation. Pulse current treatment has a dual effect on the
activation energy for diffusion. Electromagnetic force can
increase the activation energy for diffusion and suppress the
atomic diffusion, whereas the Joule heat depresses the
corresponding event and favors the atomic diffusion. Grain
fusion, fragmentation, dissociation and multiplication caused
by electromagnetic vibration and Joule heat are the important
factors that refine the solidification microstructure.

In combination with experimental investigations and
theoretical analysis as well as the intrinsic solidification
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characteristics and physical properties, an in-depth study for
the mechanism of the pulsed electrical current on the grain
refinement of pure aluminum, austenitic stainless steel and
hypereutectic gray cast iron was made.

Key words pulse current, solidification, grain refinement,
pure aluminum, austenitic stainless steel, grey cast iron
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