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Abstract : Numerical simulation o thermal field was studied in laser processing. The 3-D
finite element model of transient thermal calculation is given by thermal conductive equation.
The efects o phase trandformation latent are considered. Numerical exanmple is given to
verify the model.  Finaly the real example o transient thermal field is given.
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I ntroduction

With the request of the high-powered surface, surface hardening and modifying have been
one of important subjects in the world. Laser melting process is one of the methods of surface
hardening and toughening of materials. It is the quick heating and cooling process. It is perfectly
different from the common heat treatment, but some problems need solving in laser surface
processing , for example, micro-crack on the surface, the one of its main cause is residua stress.
In order to deal with the problem, the material micro-structure and residual stress field should be
studied with temperature change. Now J. B. Leblond™ , S. Denis!? group in France and some
researchers in our country have been studied the subject.

Numerical simulation of thermal field and residual stressfield in laser processing are studied.
The 3-D finite element model of transient thermal and residua stress calculation is given. It
considers the effects of phase transformation latent’®*! | also thermal , structure and plastic
deformation. Fnally numerical example is given to verify the model. This is good contribution to
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study the technology of laser surface processing further.
1 The Finite Element Model

The progress of laser melting surface process is as follows: when laser moves on the work
piece, the materials of processed plane begin to heat , generate phase transformation of solid, and
then melt with the rise of temperature; ater scanning, the materials begin to cool , condense,
generate phase change of solid, and finally drops to room temperature, so that the temperature
changes of the work piece depend on the heat input model , heat conduction, latent heat of phase
transf ormation and surface heat |oss.

By heat conduction equation and its boundary conditions, the variational formulation is
obtained, and then applying variational rule and assuming the temperature is obtained at time t,
the thermal equilibrium equation corresponding to time t + At is given by!®!

I5 T'THAtK“AtTdV — t+AtQ +J‘ bo) TsnAth(HAtTe_ “Ath)dS+
\% S,

Isa TSHAkr(HAtTe-HAtTﬁdS, (1)

where
t+AtQ zj'sa THAthdS"'-I.Vé T(HAtaB'HAt(pC)HAlT)dV. (2)

In Egs. (1) and (2) , Tis the temperature variable; T°is the surface temperature variable; Teis
the ambient temperature; h is the surface convective heat transfer coefficient, K, = CE (T2 +
(199 (Te + T is the surface radiation heat transfer codficient; O is the Stefan-Boltzmann
constant , € is the emissivity; T is the temperature gradient; Kis the matrix of heat conduction
codficient ; gis the surfce heat flow input density ; qB is the internal heat generation density ;P is
the mass density; cis the specific heat coefficient.

Linearizing Eq. (1) and applying Newton Raphson iteration method as well as implicit time
integration, the iterative formulation of temperature increment is obtained. Employing the 8 node

block element discretization, the finite element equation of temperature increments is obtained
[6.7]

by
(th +th +tKr)A T(i) :t+AtQ(i) +t+Ath(i-1) +t+Ath(i-1) _ t+AtQk(i-1), (3)
where _
'K :I BT 'KBdV, 'K° :IS thHS Hds, 'K :.[S k. H Hds,
\Y
t+AtQ(i) — t+At(~g _ t+AtC(i—l) t+At-i-(i) +t+AtQ|(ai(- 1) ,
t+ t X sTt#At s
= H ds,
Q IS q
tfht ~(i-1) _ At (i-1) T
C = (9] H HdV,
v (4

1+A1Qc(i-1) :J.:Alh(i_l) HsT[ Hs(uAtTe _ uAtT(i-l)) ]dS,

c

) tfAt .
1+A1Qr(|-1) :J’S Kr(|-1) HST[ Hs(t+AtTe } t+At-|-(|-l)) ]ds,

t+AtQk(i-1) :J' B—Tt+AtK(i-1) B—HAtT(i-l)dV_
\%
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In the above formulations, H is the matrix of shape functions about eight-node solid; B is the
derivative matrix of shgpe functions, H and B are as shown in Refs. [6,7].

L etting
t+At-i-(i) — (t+AtT(i»1) +A T(i) _ tT)/At. (5)
Substituting Eq. (5) into Eq. (3) ,
(K + T + 1K+ 1D /A A TO = 0B 1Qeti-D bty (=D
t+AtQk(i-1) +t+At6 . HAtC(i-l) (t+AtT(i—1) _ tT)/At +t+At I(ait- 1) , (6)
where 'K*, 'K®and 'K" are conduction, convection and radiation matrix , respectively; 4 'Q4 Y is

the latent heat vector; "™ '‘Q%"" ¥ is the heat loss vector of convectioninstep i - 1; ™ 'Q " ¥ s

the heat loss vector of radiation instep i - 1; "™ 'Q*0" ¥ is the conductive vector in step i - 1.

If the temperature distributions of time t and step i - 1 of time t +A t are calculated, the
temperature distributions of step i of time t +A t are obtained by solving Eq. (6)

A L) - A () )

Computing o latent heat "™ '‘Q4% 2 in finite element method :

1) Latent heat of fluid-solid phase change

At node k, when the temperature of the node kis in the interval of fluid-solid phase change,
the latent heat increment is

- . . (- "7 .
Aol =-[ Ao (T - Mdv = S e (®

where myis the accumulative mass of node k; Tiis the material melting point; C is expressed as
c’ = /{{A_LtTJ +{t+AtC(i-l)J} , (9
whereA T; is temperature interval of fluid-solid phase change; L is the latent heat coefficient.
Therefore, the latent heat of step i at the node kis given by
t+AtQ|(j)k _ bt |(H<l) +A Ql(f)ka (10)
when the temperature of node k doesn’ t reach the interval of phase change, the corresponding
latent heat is zero.
2) Latent heat of solid phase change
At node k, when the temperature reaches the phase change temperature of some solid phase,
the latent heat increment is computed by
A F
At
where H " is the heat transfer coefficient ;A Fyis phase change increment of some phase at step i
The fractions of norn martensitic phase are obtained by Avrami equation
Fo = 1- exp[- bktnk], (12)
where by, ngare constants with the change of temperature, which can be obtained by C- G- T curve
and T-T- T curve. The martensitic fraction is calculated through Koistinen-Marburger equation
Fe = 1- exp[- 0.011(Ms- TW 1, (13
where Mgis the martensitic start temperatue; Ty is the temperature of node k. By Eqg. (10) , the
phase change latent heat of node k can be obtained.
The convergence criterion of iteration is as follows:

A Q|(E)k = mgH : (11)
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[ S i)™
[ NX Tﬁl)}z] 2
k=1

where N is the number of nodes; Ry is the tolerance error. At each iterative step, after the
temperatures of all nodes are calculated, verify the Eq. (14) , if it is right, compute next time
step; if not, continue to iterate until converge.

Based on the method, the numerical simulation program of the thermal field is completed.
Applying the soft , the temperature distributions of work piece are obtained.

S R10|1 (14)

2 Verification of the Model

Because the measure of temperature is very difficult in laser melting process, the model of
Ref. [8] is adopted to verify the present model. The model of Ref. [8] is the electrical arc
welding model , which is different from laser melting process about heat input model , melting and
solidifying speed and phase transformation. Except some sub-program, the other computing
blocks are the same. The work piece is 8 cm long, 20 cm wide and 10 cm thick low carbon
structural stell (0.23 pct C) ; the welding speed is 5 mm/'s; the heat input model ™ is

6*/éf e-3><2/ aze-3y2/ bfe- 3z+vi - 17 ¢

g(x,y,z,t) = Wi , (15)
1
6Jéf 2 2 2 2 2 2
G(x.y.z.1) = _CI'Qe-3x/ae-3y/bze-3[z+v(‘r—t)]/c’ (16)

-—B— The present result where q(x,y,z,t) and qr(x,y,z,t) are front

200‘.): —®-— Christensen {experimental} and rear quadrant heat input density , respectively;

g 1600: - forutz (FEM) & = z+ v(T - 1) is the coordinate transf ormation
g 1200 about the fixed and moving coordinate system;
g 8007 fi +f, = 2; f; = 0.6,f, = 1.4in the present
z 403 model ; a=2.0cm, by = 1.5cm, by = 3.0 cm,
0 1 3 3 H 3 C= 2.0cm, Q = 36568.35 W. The work piece

Distance dfcm is divided to 3968 elements. Applying the model
to compute the transient temperature distributions ,
the temperature distributions along the top of the
work piece perpendicular to the weld 11. 5 s ater
the heat source has passed the reference plane is
compared with the results of Ref.[8] in Fg. 1.

From Fg.1, the present mode is available.

Fg.1l Some temperature distributions aong
the top of the work piece perpendicular
to the weld

3 The Temperature Distributions of Laser Melting Process

Apply the present model to calculate the transient thermal field distributions of work peice in
laser melting process. The material of work piece is the same as one of Section2, the work piece
is 24 mm long, 20 mm wide and 10 mm thick; laser power P = 1000 W, absorptivity A =
0. 70, transverse speed v =20 mm/ s and characteristic radius of heat flux distribution r =2 mm.
By the present model , each point temperature of work piece can be obtained at any time. The
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Fg.2 Temperature distribution on 0.5 mm Fg.3 Temperature distribution on
inteface at 0.5 s surface at 0.5 s

Fg.4 Temperature distribution on 0.5 mm FHg.5 Temperature distribution on
interfface at 1 s surface at 1 s
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Fg.6 Temperature distribution on 0.5 mm Fg.7 Temperature distribution on
interfaceat 1.5 s sufacea 1.5s

Fg.8 Temperature distribution on 0.5 mm Fg.9 Temperature distribution on
interfface at 2 s surface at 2 s
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section only gives the results of top surface and interface 0. 5 mm from the top surface as shown
in Hgs.2 9.

4 Results and Discussion

From Hg. 1, the present results are better than the others, but there is also a error compared
with the experimental result. The reasons of the error are as follows: 1) The error of the 8 node
block element; 2) The error of thermo-physical coefficient; 3) The accumulation of the each step
error. The main reasons are 1) and 2) . Frst, the measuring of thermo-physical coeficients is
very difficult in high temperature, which can only be obtained by extrapolation of |ow temperature
data, so the erros must exist; secondly, the error of high degree of free (DOF) element is
smaller than those of low DOF element , but its computing quantity increases with high speed, it
costs the CPU time, so 8 node element is adopted in the reasonable error range. From Fgs.2
9, the results are consistent with qualitative analysis.
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