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Abstract: A robust multi-stage numerical model is established to analyze the interaction process

and phase-structure transform which occurs in the material surface layer during the material surface

hardening by means of electron beam. By the model, it gives a calculation ability of the model to deal

with the multi-parameter problem arising from electron beam transportation, temperature evolution

and phase transform dynamics. The relationship between the input parameters and formation of struc-

ture-phase is obtained.
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0 Introduction

The research field of material surface modifica-
tion by using high energy electron beam attracts
much attention!"*). The beam energy can be trans-
formed into the heat of material surface layer in very
short time, thus the material surface layer tempera-
ture changes quickly, which leads to a great gradient
of material temperature!. Consequently the material
phase and micro-structure in such layer changes.
This transform would always improve the material
characteristics. However, the traditional technique of
the modification by electron beam is carried out in
vacuum!”. Thereby, the efficiency is greatly limited

and the modification cost is considerably increased.
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In order to resolve the problem, a innovational tech-
nique using electron beam in atmosphere is pro-
posed. With this technique, the high energy electron
beam is transported into atmosphere through a mul-
ti-level differential pumping section®. Therefore, the
vacuum technique is unnecessary for material modi-
fication, one can use the beam to harden the material
in atmosphere directly, and the modification efficien-
cy can be greatly improved. Note that the process is
determined by several factors, such as beam energy,
beam current and surface structures. Thus it makes
the process become even complicated. In this work, a
multi-stage numerical model including processes of
beam heating and phase transformation is established
to investigate the mechanism of material modifica-

tion process.

BLTH: HEARRFESETH (No.10905044, No.50911120076 )
EER: Bk (1983—), B, Bit, PRSI EEFUEAR



E3HEE LW

Xk, & KIIPEHR THRPPRR R L HLREER

61

1 Numerical model

1.1 Physical mechanism

The process of material surface modification by
using electron beam can be divided into four stages.
First stage defines that the transportation behavior of
the beam in atmospheric air until it arrives at materi-
al surface. In this process, the characteristics of the
beam are determined by gas pressure, gas component
and magnetic field. The properties of electron beam
are distinct from those of vacuum. Thus, the influ-
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 electrons collide with the material atoms and
the energy of electrons is transformed into other
forms. One part of the beam energy is transformed
into heat of material and the other part of energy is
dissipated in environment in the form of scattered
electrons and X ray. Aiming at material surface mod-
ification, the research of this work focuses on the
former part of energy. Usually, this part of energy
behaves as the heat source and leads to a sharp in-
crease of material surface layer temperature. In this
stage, the model describes the process and then gives
the heat source function, which would be used in
next simulation stage.

Third stage focuses on the evolution of tempera-
ture field by considering the surface state. As men-
tioned in the second stage, the heat source leads to
the increase of temperature. Note that the evolution
of material temperature field determines the material
metallographic structures. Thereby a two dimension-
al heat transfer sub-module is included in the model
in order to obtain the temperature characteristics.

The forth stage describes the changes of mi-

crostructures and phase transform.
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1.2 Model of heat source

One should consider the difference between 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 elec-
tron beam always changes its angle, radial distribu-
tion and energy spectrum on the way of propagation.
When the beam reaches the material surface, it pene-
trates into the material and loses energy in local re-
gion during collisions. The size of this region is de-
termined 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 determined by
property of material surface and distribution of elec-
tron beam. Finally, the region 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 different medium,
i.e. initial cross section of electron beam, the mul-
ti-level differential 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 reflection of electrons by materials.

Furthermore, 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.

-The energy spectrum of the beam.

-The chemical components of gas and material,
pressure and temperature of gas medium.

-The distribution of magnetic field in multi-lev-
el differential pumping section.

-The physical process occurs when electron
beam propagates in material.

In order to select a suitable Monte Carlo soft-
ware which can be used to achieve the micro parti-
cles trajectory in material, lots of available Monte
Carlo softwares are analyzed and discussed. Finally,
GEANT4 (Geometry and Tracking) seems to be a
suitable one, which is developed by an international
collaboration"™". GEANT4 is a free software pack-
age written in C++ 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, specify the physics list and gener-
ate a primary event. Moreover, in order to extract the
information he is interested in, the user is asked to
construct other GEANT4 user-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-called
data analysis software AIDA, which is a standard da-
ta analysis tool and is widely used in particle physics.
1.3 Evolution of surface temperature

The evolution of surface temperature is de-
scribed by Eq.(1) and is resolved in the third stage by
considering heat flux function of structure and phase.

The primary problem 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.
(T p(T )22 - [A(T) VT 140, (T )+Q, (T )

o
)]
Where ¢ (T ) is specific thermal capacity, p (T ) is
density, A (T ) is thermal conduction coefficient, T is

function of temperature, Q, (T ) is heat flux of in-

eb
putting material sample, Q,,, (T) is heat flux during
diffusion and phase change.

In the process of establishing the model, the
evolution properties of temperature should be con-
sidered:

1) The heat source is a temporal and spatial
varying volume source.

2) The thermal physics and structure-phase
changes only occurs in near surface layer.

3) The material sample is always the part of a
product, so it has the final size and complex shape.

4) The physical problems, i.e. the thermal prob-
lem and structure-phase problem, are coupled by
structure-phase dynamics heat flux function.

When coming to the calculation, a high speed
and large memory 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 software named
OpenFOAM is adopted to solve the problem. The
kernel of OpenFOAM provides several modules,
such as initial condition module, boundary condition
module and discrete equation module. In Open-
FOAM, the differential equations are solved by using
the finite volume method and the nonstructural grid.
It releases researchers from 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 transforms into the
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heat on material sample. Thus, the phase and struc-
ture of near surface layer material change quickly,
leading to a so-called self-quenching. So, the materi-
al surface (usually martensite) always has the high
rigidity. The formation of martensite is determined
by two factors: cooling rate and carbon content.

The phase changing process of sub-eutectoid
steel can be described as following: firstly, the free
ferrite transforms into the high temperature austenite
in the region of pearlite; secondly, the lamellar ce-
mentite is decompounded in order to guarantee de-
sired amount of free carbon; thirdly, austenite be-
comes uniform due to the infiltration of carbon.

The beginning and ending point of austenitic
transformation temperature usually shifts about 100 K
in high heating rate, e.g. 10> K/s. It greatly reduces
the temperature threshold of diffusion process.
Hence, the phase changing process described above
may occur simultaneously. In 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. In the third stage, the phase transform
dynamics of material in each grid is determined 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 grain. The symbols
are described as follows. f,, f,» fe» f. are the per-
centage of austenite, pearlite, cementite and ferrite
respectively. Moreover, the carbon contents of these
phases are also defined. In austenite and cementite,
the carbon content is defined as <C> and <C>,
respectively. In ferrite, the carbon content is
<C>g=const =0. Similarly, in pearlite the carbon
content <C>; is constant and equal to the percentage
of mass.

For the structural

lamellar ferrite-pearlite

sub-eutectoid steel, four parameters are defined.

<C> is the average content of carbon in the steel.

<C>, _ is the initial content of carbon in the cemen-

O.cem
tite. R is defined as average size or effective radius
of crystal grain. d, is the average distance between
two pearlite layers. Other parameters can be obtained
by carbon mass conservation equation.
The thickness of cementite in pearlite is given
<C>

R i . .

by d ., Gy, The effective radius of
. S <C>, L

pearlite region is R =R < The initial phase

p
of material has some characteristic properties and al-

sois considered in the model. The percentage of
pearlite in the alloy obeys the relation f, =f( ., /104 >

where £, denotes the relative content of eutectoid

ferrite in alloy. The relative content of sub-eutectoid

ferrite obeys f ,, =1, . Thus, the total content of

ferrite is fv= f1o. .- The relative content of carbon

in cementite is f; . =<C>, / <C>,_,...

If the heating temperature is higher than Ac,, ce-
mentite (Fe,C) is decompounded into free state car-
bon and ferrite, so that the carbon content of cemen-
tite decreases. The carbon content is obtained by Eq.
).

dCrrm = <C>0,cem -
P exp(-t/t ) 93]

Where 1= & (U/RT ) is the characteristic time of

Ty
decompounding process of Fe;C, U is the energy
threshold. Based on the temperature dynamics mech-
anism of crystal grain, the increment of austenite be-

tween two sheets is given as:

df, _DICT) [ Lﬂu]
&~ R x| RTAc, o

Where a is the iron crystal parameters, L, ., is the

latent heat of a—y process. The diffusion coefficient
of carbon is given as:
D(C,T )=A (O )exp(-B(O)) C))
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where @=(T-T,)/(T -T,).

In high temperature, the material phase may
transform into martensite. It means that the remnant
part of ferrite transforms into austenite. Thus, when
temperature reaches the transform point Ac; of fer-
rite-austenite, all crystal grains change into austenite

except the remnant carbide:

ﬁ = 1 _j;),cem ’ lf Crem <C0,rem 3
fy = 1 ? if Cuem <C0.cem * (5)

In the austenite, the content of carbon is de-

scribed by the non-steady diffusion equation as Eq.

(6).

aC(rt)_ 0 aC(rt)
ot or DiCT) or )

d..+d . .
where 0 <r < LZ& This equation needs to be

solved based on the time varying initial condition,
which also includes the source function of free car-
bon in cementite region. If the equation is known at
time #,, the initial condition for subsequent calcula-

tion is given as:

C(O)(r,to):C(r,tOHfodg%dr, O\rs%m
" (ry)=0, d%ﬂs rS—’—d“‘“;h %

where hy=d f,/ (f 0p S cem ) is the thickness of aus-
tenite. If eutectoid ferrite has already transformed

into austenite, b, =d, . When cementite completes the

decomposition, f, sharply increases tof, +f_.,.. And

if pearlite transforms into austenite, the maximum

value f; can be obtained. Eq.(6) and (7) are self-
consistent because of symmetrical characteristics of
lamellar cementite and carbon conservation equation
of pearlite region.

The process of pearlite decomposition accom-
panies that lamellar cementite is transformed into
spherical cementite. A smaller spherical cementite,

whose radius defines as R, is formed in the center of

spherical steel crystal grain (radius is R,). The car-
bon which is surrounded by dense non-carbon layer
is uniform. The processes described by Eq.(2) and
(3) are independent with each other. Therefore, the
finish criterion of this stage is a time while cementite
is completely decomposed, or all eutectoid ferrite
transforms into austenite.

After the decomposition of pearlite, the aug-
ment and carbon diffusion in austenite occurs subse-
quently in the steel crystal grain. The equations of
this process are similar with Eq.(2)and (3), but it
needs to be modified by considering the spherical

symmetrical characteristics of crystal grain.

& pleT)f -L, (T—ACIJ”
T R, a I-ex XTAC, ®)

/2]

aCrt) _1 8 aC(rt) -
Sl =g DICT) S 0<r<R =R, [f |
®

The initial conditions of Eq.(8) and (9) include
two equations, i.e. the carbon conservation equation
and another equation which is similar with the
sphere symmetrical equation.

In a single steel crystal grain, the diffu-
sion-phase dynamic transform equation and heat

transfer equation are coupled by latent heat source e-

quation.
0.=p|L _Joom  dCon g dfy (10)
ph y cem <C>O‘Ccm dt oy dt
where L . and L . are the latent heat in the

processes of cementite decomposition and austenite

transform respectively.

2 Validation of model

The main purpose of this paper is to establish a
robust numerical model, which can be used to simu-
late the material hardening process in which the elec-
tron beam is emitted in atmosphere. Therefore, here

it just gives some figures obtained in different stages
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to validate the model ( see Fig. 2, 3 and 4). A de-
tailed research results are available in other paper.

Fig. 2 Electron trajectory during material hardening

The result shown in Fig. 2 was obtained from
GEANT4 model in the first stage. It indicates that
the beam electrons are scattered by air atoms, which
is different from vacuum case. Fig. 3 is the result of
energy dissipation distribution in material surface
layer. It is given by the model in the second stage.

vz section

(a) YZ cross section

¥z section

100 150 200 250 300 350 400
x/pm
(b) XZ cross section

0 50

Fig. 3 Distribution of electron beam energy
in the material surface

Fig. 4 gives the evolution of temperature during
material hardening. It indicates that the temperature
of material reaches the transform point of austenite

leading to the transform of micro-structures.
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(a) Evolution of temperature during austenite transform
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Depth/mm

(b) Distribution of temperature
Fig. 4 Evolution of temperature during martial hardening

By analysis, all of the figures indicate that the
multi-stage model can be used to investigate the
mechanism of material hardening and is so robust that

can solve the multi-parameter problem accurately.

3 Conclusions

A robust multi-stage numerical model is estab-
lished to analyze the interaction process, phase-struc-
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ture transform which occurs in material surface layer
during material hardening by electron beam. By the
model, the transportation of high energy electron
beam in atmosphere, the interaction between elec-
tron beam and material, temperature evolution in
material surface layer and phase transform dynamics
can be simulated. The calculation ability is achieved
to deal with the multi-parameter problem by the
model. Therefore, the relationship between the input
parameters and formation of structure-phase is ob-

tained.
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