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Ab蛐阻ct： A robust multi—stage numerical modelis established to analyze the interaction process

and phase—stmcture transfom which occurs in the material surface layer during the material surface

hardening by means ofelectron beam．By the model，it giVes a calculation abilit)，of the model to deal

with the multi-parameter problem a“sing仔om electron beam transportation，temperature eVolution

and phase transform dynamics．The relationship between the input parameters
and fomation of stmc—

ture—phase is obtained．
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0 Introduction

The research丘eld of material surface modifica—

tion by using high energy electron beam attracts

much attention【1圳．The beam energy can be trans—

fonlled into the heat ofmaterial surface laver in very

shon time，thus the material surface layer tempera-

ture changes quickly，which 1eads to a伊eat伊adient

of materialtemperature【5刊．Consequently the material

phase and micro—stmcture in such layer changes．

This transfonll would always improve the material

characteristics．However，the traditional technique of

the modification bv electron beam is carried out in

vacuum吵Thereby，the emciency is伊eatly limited

and the modification cost is considerablv increased．

In order to resolve the problem，a innovational tech—

nique using electron beam in a仃nosphere is pro—

posed．with this technique，the hi曲energ)，electron

beam is transported into atmosphere through a mul—

ti—level difjFerential pumping section【删．Theref．ore，the

vacuum technique is u1111ecessa巧for material modi—

fication．one can use the beam to harden the material

in atmosphere directly，and the modification emcien—

cy can be伊eatly improVed．Note that the process is

detenlained by seVeral factors，such as beam energy，

beam current and surface stmctures．Thus it makes

the process become eVen complicated．IIl this work，a

multi—stage numerical model including pmcesses of

beam heating and phase transf．omation is est2lblished

to investigate the mechanism of material modifica—

tion Drocess．
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1 NumericaI modeI

1．1 Physical mechaIlism

The process of material surface modification by

using electron beam can be diVided into f-our stages．

First stage defines that the transponation behaVior of

the be锄in atmospheric air unt订it a盯ives at materi—

al surface．In this process，the characteristics of the

beam are detennined by gas pressure，gas component

and magnetic field．The properties of electron beam

are distinct仔om those of vacuum．Thus．the innu—

ences of air scattering should be considered in the

model．

Second stage denotes interactiOn process，which

describes the interaction between the beam and ma．

terial．When the beam arrives at material surface。the

beam elec仃Dns c01lide with the material atoms and

the ene唱y of electmns is transfo瑚ed into other

fonns．One part of the beam energy is transfomed

into heat of material and the other part of energy is

dissipated in enviro啪ent in the f’onn of scattered

electrons and X ray．Aiming at material surface mod—

ification．the research of this work f．ocuses on the

fbrIner part of energy．Usually，this part of energ)，

behaVes as the heat source and leads to a sha叩in-

crease of material surf．ace layer temperature．In this

stage，the model describes the process and then giVes

the heat source mnction．which would be used in

next simulation stage．

Third stage focuses on the eVolution oftempera—

ture field by considering the surface state．As men-

tioned in the second stage，the heat source leads to

tlle increase of temperature．Note mat the eVolution

of materialtemperature field detemlines the material

metallo伊aphic structures．Thereby a two dimension—

al heat仃ansf．er sub—module is included in the model

in order to obtain the temperature characte“stics．

The f．orth stage describes the changes of mi—

crostructures and Dhase仃ansfbnn．

1：EIectron beam

z：；裟翟嚣怒1翟。。。
3 Heater transfer

4 Phase transform

Fig．1 Schematic diagram of materiaI surf．ace hardened by

electron beam in amlosphere

1．2 M0deI Of heat SOurCe

One should consider the diff'erence bet、veen the

primary electrons and the local particles if the elec—

tron beam is used to harden materials under the con．

dition of atmospheric pressure．It is due to the eIec-

tron beam always changes its angle，radial distribu·

tion and energy spectll】m on the way ofpropagation．

When the beam reaches the material su渤ce，it pene—

trates into the material and loses energy in local re—

gion during collisions．The size of this region is de-

tennined by two parameters，i．e．beam penetration

depth and radial size．By analyzing the process，the

penetration depth equals the range of the beam in

material，whereas the radial size is detennined by

property of material surface and distribution of elec-

tron beam．Finally，the re百on can be treated as the

dense volume heat source．This process is considered

in the first and second stages of the numerical model．

Therefore，the following key factors should be in-

cluded：

1)The energy distribution in diff宅rent medium，

i．e．initial cross section of electron beam，the mul—

ti—level diH色rential pumping section and gas medi—

Um：

2) The magnetic field which is used to confine

the beam：

3)The energy deposition of electrons in gas and

material：
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4)The renection of。electrons by matenals．

Funhennore．when the numerical model is es-

tablished，the following parameters and characteris-

tics should be taken into account：

-The size and shape of material sample，the ini—

tial radial and longitudinal distribution of electron

beam．

一The energy spectrum ofthe beam．

一The chemical components of gas and material，

pressure and temperature ofgas medium．

一The distribution of magnetic field in multi—leV-

el difjferential pumping section．

-The physical process occurs when electron

beam propagates in material．

In order to select a suitable Monte Carlo soR．

ware Which can be used to achieVe the micro parti-

cles仃ajecto叫in material，lots of aVailable Monte

Carlo sonwares are analyzed and discussed．Finally，

GEANT4 (Geomet叫and Tracking)seems to be a

suitable one，which is deVeloped by an intemational

collaboration[10‘⋯．GEANT4 is a仔ee software pack—

age written in C+十which can be used to accurately

simulate the passage of particles through matter．

Now it is widely used in high energy physics，space

science and medical fields．When the user comes to

his concrete application，he needs to construct the

detector geometry，speci矽the physics list and gene卜

ate a primaW eVent．MoreoVer，in order to extract the

infbnnation he is interested in．the user is asked to

construct other GEANT4 use卜action modules．

With GEANT4，the trajectory of electron beam

and the energy deposition of high energy electron

were obtained and analyzed by the aid of a so—caned

data analysis software AIDA，which is a standard da—

ta analysis t001 and is widely used in particle physics．

1．3 EVolution of surface tenlperature

The evolution of surface temperatLlre is de—

scribed by Eq．(1)and is resolVed in the third stage by

considering heat nux如nction of stmcnlre and phase．

The primary pmblem is three dimension．MoreoVer，

the spatial and temporal Variation of the heat source

and the complex shape of material sample make the

problem eVen more complicated，and only can be

solved by numerical method．

c(丁)P(丁)等=V。[A(丁)V丁]+Qe。(丁)+Qph(r)
(1)

、Vhere c(丁)is speci6c themal capacity，p(丁)is

density，A(丁)is themal conduction coemcient，r is

如nction of temperature，Q。ll(丁)is heat nux of in—

putting material s姗ple，Q。h(丁)is heat nux during

difmsion and phase change．

IIl the process of establishing the model，the

eVolution propenies of temperatIlre should be con—

sidered：

1)The heat source is a temporal and spatial

Varying Volume source．

2) The themal physics and stIucture-phase

changes only occurs in near surface layer．

3)The material sample is always the pan of a

product，so it has the final size and complex shape．

4)The physical problems，i．e．the thennal prob—

lem and structure_phase problem，are coupled by

stmcture—phase dynamics heat nux mnction．

When coming to the calculation，a high speed

and large memo拶computer is necessary because of

the multi—parameter characteristics of this problem．

Hence a parallel numerical method needs to be de—

Veloped．Fortunately，a sophisticated sof研are named

OpenFOAM is adopted to solVe the problem．The

kemel of 0penFOAM proVides seVeral modules，

such as initial condition module，bounda呵condition

module and discrete equation module． In Open—

FOAM，the dif五：rential equations are solVed by using

the finite volume method and the nonstmctural伊id．

It releases researchers丘om writing codes and makes

them put their attention on the physical problems．

1．4 Model of steel structure—phase dynamics

When the electron beam penetrates into the ma—

terial surface，its kinetic energy transfoms into the
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heat on material sample．Thus，the phase and stmc—

ture of near surface layer material change quickly，

leading to a so—called self-quenching．So，the materi—

al su血ce (usually martensite)always has the hi曲

ri垂di够．The fo傩ation of manensite is deternlined

by似o factors：cooling rate and carbon content．

The phase changing process of sub—eutectoid

steel can be described as foUowing：firstly，the丘．ee

fb耐te transfoms into the hi曲temperature austenite

iIl the re百on of pearlite；secondly，the lamellar ce—

memite is decompounded in order to guarantee de-

sired amount of丘ee carbon；thirdly，austenite be—

comes unif-onn due to the infiltration of carl)on．

The beginning and ending point of austenitic

仃ansformation temperature usually shiRs about 1 00 K

in hi曲heating rate，e．g．1 03刚s．It铲eatly reduces

me tempemture tllreshold of difmsion process．

Hence，the phase changing process described aboVe

may occur simultaneously． 111 the model， these

processes should be included so as to make the

model even more accurate．It means that both two

processes，either decrease of cementite or increase of

austenite． should be considered in the numerical

model． h the third stage， the phase transfbnn

dynamics of material in each铲id is detennined by

heating and cooling processes．For a solid medium，

the material properties of each point in the

simulation region are assumed as an aVerage Value of

characteristic Volume or crystal黟ain．The symbols

are described as follows．^，／p，厂一，，厂。are the pe卜

centage of austenite，pearlite，cementite and fe玎ite

respectiVely．MoreoVer，the carbon contents o九hese

phases are also defined．In austenite and cementite，

the carbon contem is defined as<C>and<C>。eⅡ、

respectiVely． IIl ferrite， the carbon content is

<C>严const一0． Similarly，in pearlite the carbon

content<C>p is constant and equal to the percentage

ofmass．

For the lamellar ferrite—pearlite stllJctural

sub—eutectoid steel，f’our parameters are defined．

<C>o is the aVerage content of carbon in the steel

<C>o肼m is the initial content of carbon in the cemen—

tite．尺玎is de矗ned as aVerage size or effectiVe radius

of crystal伊ain．西is the aVerage distance beMeen

two pearlite layers．0ther parameters can be obtained

by carbon mass conservation equation．

The thicl(11ess of cementite in pearlite is giVen

by d。。2否羔≥．nee觚tive raaius or
pearlite region is尺I，一旷 The initial phase

of material has some characteristic propenies and al-

so is considered in the model． The percentage of

pearlite in the alloy obeys the relation工‰1ce。Mo∥

where／lo．。denotes the relatiVe content of eutectoid

ferrite in alloy．The relatiVe content of sub—eutectoid

f-errite obeys／o．。=1了lo，。．Thus，the total content of

feHite is，b_Zo．。埙o。．The relatiVe content of carbon

in cementite is厶．cem=<c>0／<C>o肼m．

If the heating temperature is higher than A cl，ce—

mentite (Fe3C)is decompounded into f沁e state car—

bon and ferrite．so that the carbon content of cemen-

tite decreases．The carbon content is obtained by Eq．

(2)．

孥：箸遗exph／￡) (2)
d￡ ￡

‘

where产旦型业i!11 is the characteristic time of
nO

decompounding process of Fe3C， U is the energy

threshold．Based on the temperature dynamics mech-

anism of crystal舒ain，the increment of austenite be—

tween two sheets is giVen as：挚=等b(害)}
Where do is the iron crystal parameters，￡。一1 is the

latent heat of d—}1 process．The difmsion coe伍cient

of carbon is giVen as：

D(C，71)叫(9)exp(一B(9)) (4)
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where啦(弘瓦)／(■一瓦)．
In high temperature，the material phase may

transf0加into manensite．It means that the remnant

pan of f-e币te transfonns into austenite．Thus．when

temperature reaches the tmnsfom point 4 c3 of fer-

rite。austenite，aU c巧stal伊ains change into austenite

except the remnant carbide：

^21氓。。，if cc。。<c0。。，

^21， if C。。。<co。。． (5)

In the austenite，the content of carbon is de—

scribed by the non—steady difmsion equation as Eq．

(6)．

号芦2軎D(C，r)号≯ (6)

where o≤r≤生≠生．This equati。n needs t。be

solVed based on the time vaWing initial condition，

which also includes the source如nction of 6．ee car—

bon in cementite region．If the equation is known at

time￡o，the initial condition for subsequent calcula．

tion is giVen as：

c∞饥)-c㈨o)+几争毗嘛≤争』O nt 7

c(01㈤o)=0，挚≤r≤学(7)
Ⅵ，here^1一p厶／扩o，p了。一)is the thickness of aus．
tenite．If eutectoid ferrite has alreadv transfo衄ed

into austenite，^1刊：．when cementite compIetes the

decomposition，工sh唧1y increases to工咿吣“And
if pearlite transfoms into austenite．the maximum

Value^’p can be obtained．Eq．(6)and(7)are self

consjstent because of symmetl一ical characteristics of

lamellar cementite and carbon conseⅣation equation

ofpearlite region．

The process of pearlite decomposition accom．

panies that l锄ellar cementite is transformed into
Sphe—cal cementjte．A smaller spherical cementite’

whose radius defines as RD，is f．onned in the center of

spherical steel crystal grain (radius is R0．The ca卜

bon which is surrounded by dense non—carbon laver

is unifonn．The processes described by Eq．(2)and

(3)are independent with each other．Therefore，the

fjnish criterion of this stage is a time while cementite

is completely decomposed，or an eutectoid ferrite

transf’onns into austenite．

After the decomposition of pearlite，the aug—

ment and carbon difmsion in austenite occurs sⅡbse．

quently in the steel crystal grain．The equations of

this process are similar with Eq．(2)and(3)，but it

needs to be modifled by considering the spherical

symme仃ical characteristics of c巧stal伊ain．誓=絮学卜“等))(8，
丛警丛=吉鲁内(c，r)丝≯，o≤r≤月，三咋扩，)协

(9)

The initial conditions of Eq．(8)and (9)include
two equations，i．e．the carbon conservation eauation

and another equation which is similar with the

sphere symmetrical equation．

In a single steel crystal 乒ain， the difm．

sion-phase dynamic 仃ansfbnn equation and heat

transfer equation are coupled by latent heat source e—

auation．

Q。h2_p L”m丧警忆，警)㈣，
where
L。一and￡。—叫

are the latent heat in the

processes of cementite deconlposition and austenite

transform respectiVely．

2 Validation of model

The main pu叩ose of this paper is to establish a

robust numerical model，which can be used to simu．

1ate the material hardening process in which the elec．

n．on beam is emitted in atmosphere．Therefore，here

it just giVes some figures obtained in difrerent stages
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ture transform which occurs in material surface layer

d埘ng material hardening by electron beam．By the

model，the transportation of high energy electron

beam in atmosphere，the

tron beam and nlaterial-

interaction between elec—

temperature eVolution in

material surf-ace layer and phase transfom dynamics

can be simulated．The calculation abilit)，is achieVed

to deal with the multi—parameter problem by the

model．Therefore，the relationship be铆een the input

parameters and fo瑚ation of s打ucture—phase is ob—

tajned．
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大气环境电子束材料表面强化机理数值模拟
邓永锋1，林榕1，韩先伟1，谭畅‘，R．N．Rizakhanov 2，A．A．Ba册in 2

(1．陕西动力机械设计研究所，陕西西安710100；2．Keldysh Research Center，Moscow 125438，Russia)

摘 要：建立了大气环境电子束材料表面强化过程的多阶段数值模型，用于对电子束与

材料表面层的相互作用过程和结构与相变过程进行研究。通过应用这一模型，使得对材料表

面强化中电子束传输、温度演化和相变动力学等多参数研究成为可能，由此建立了电子束输

入参数与结构相变结果之间的关系。

关键词：材料强化；电子束；数值模型
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