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Mathematical Modelling of Laser/Material Interaction.

_preface. !

Dr Mazumder and Steen collaborated at Imperial College during the period

1975-79 when they developed the first finite difference models for heat transfer
from a laser. There were two basic models developed that for a stationary

beam (ref 1) and that for a moving beam (ref 2).

The predictive power of the moving beam model was soon appreciated and found
to be useful in helping with the analysis of laser material processes such as
arc augmented laser welding (ref 3) and laser welding (ref 4).

Mazumder moved to the States and although both authors continued to collaborate
the distance between them was a physical disadvantage. This obstacle was partly
removed by the help of this grant. As a result the moving beam model has been

greatly refined as described in this report. The authors would like toacknowledge ‘
the help of the students in thets two research groups but in particular.

T. Chande (I1linois). P. Henry (ICST) K. Lipscombe (ICST), M. Sharp (ICST). ‘ |
They would also like to thank the USAF for enabling a useful cross fertilisation

of these two active research schools one in USA one in UK.




Introduction.

The finite difference model on which this work is based is fully described in
ref 2.

The objective of this programme was to develope this model and use it. Thus
this report falls into two parts. Firstly, aspects of the development of the

model to allow for: 1. Latent heat effects.

Surface reflectivity variations
Mode structure

Variable thermal properties
Keyholing

Fluid flow in melt zone.

DLW
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as well as the perpetual problem of speeding up convergence.
Secondly analysis of process performance ii.Jstrated by the model which can
not be seen experimentally because variables can not be isolated, or in some

cases even measured.

2. Model Development.

2.1 Latent Heat Effects

in general latent heat is absorbed in a leading location of the melt pool and
released in trialing location. Thus the overall heat balance is unaffected by
the presence or absence of latent heat. However, the exact melt pool shape is
expected to be affected. Infact a Tonger melt pool should result from allowing

for latent heat. Any variation in melt pool shape has a profound effect on cooling

rates, solidification rates, and thermal gradients. These variables, in turn,

describe the solidification mechanism and hence affect the weld metallurgy. Thus

to allow for the latent heat is important.

Several a]gorithbs were tried both at I11inois and London. The three algorithms

which were most successful were based on a variable specific heat.

One has an artifically high specific heat function during the assumed melting and

boiling temperature bands (described in appendix A).
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The function was:
G = G+ M /BT Jiom T < T= T4 47,
Co(T) = Cp,+ BHyAT, ftem T, € T < T, +8T,

where

—

C. = the normal constant specific heat J/kg C
(-

A“ AH = Transition energies - latent heat J/kg
vw'm

- Temperature band over which transition occurs ¢
AT, AT
m, v

although this model was felt to have good physical justification it predicted
lengthy melt pools ( 8mm for a 2kW laser power). The recovery of all the latent
heat of vaporisation in the trailing edge of the pool was considered to be the
cause. Improved versions of the model which ignore the recovery of the latent
heat of vaporisation gave reasonable melt pool lengths.

Another latent heat a]gorithh was to have a nu@érical hold for & set number
of interqfibns before passing the transition temperature. This has an analogy
with the temperature rise of a single point. For the quasi steady state solution
sort it had little effect on the answer cofpared to the model without this
algorithm

A third algorithm used was to have an artificial Mnear variation of specific heat
with temperature to accommodate the latent heats over an extended temperature
range. For example:-

Tm
Cp AT = GAT + 4
o

where 4T = (Tm=7%) and (-;: = the specific heat

used in that interval. (described in appendix 8).
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This third model gave the best convergence. The first model had instabilities
due to the step change in specific heat. The first and third models both had
resonable predictive power.

This aspect of the work is written up in "Modelling Laser Heating Effects"

by P. Henry et a].(appendix A)and “Estimating Effects of processing conditions
and variable properties on pool shape, cooling rates, and absorption coefficient
in laser welding" by T. Chande et al(appendix B)

2.2 Surface reflectivity variation.

The complexity in modelling laser interactions is the intimate interrelationship
of the variables concemed .This not only means experimentation is so complex

that a real understanding can only be found through mathematical analysis but
also that in building the model it is difficult t& verify the result. The
variation of surface reflectivity with temperature, phase and surface shape,

and gas plasma effects is such an example. Hard experimental data at high
temperatures are not available and if obtained of doubtful value due to the
strong variations possible with such localised events as surface deformation
(including keyholing) and plasma generation. Thus any algorithm is produced
against a blank background of experience. It is known that the material property
of reflectivity (as opposed to the surface property of reflectance) falls with
rise in temperature due to the lattice phonons and atomic vibration states

being more available for absorption to electromagnetic radiation. However

the reflectance experienced by the beam is made up of the material property
reflectivity .and a shape factor. The shape, in the form of roughness, or melt
depressions; may be such as to cause a single ray to be reflected twice or more
before leaving the surface. In consequence greatly reducing the surface reflectance.
This geometric factor is not temperature dependent and it may be the dominant
term; for example the reflectivity of aluminium to lo.q’m radiation is around

96% shot peened aluminium has a reflectange of around 50%.

SR S

M ASER




The gaseous absorpticn in laser generated plasmas becomes
significant at gas temperature of 7000°C (Saha Equation ).

This factor is highly temperature dependent. The chosen algorithm
needs to be responsive to these main features of the surface
reflectivity. Several algorithms were chosen. Firstly a constant
reflectivity up to the boiling point after which it was zero - due
to the formation of a blackbody keyhole. As in the case of latent

heat modelling this step function contributed to instabilities.

Seccndly a constant reflectivity was assummed up to a temperature
Ty, it then steadilv fell to temperature T, after which it was

zera.

Using the first model fig. 10 of appendix B shows how insensitive
the weld pool is to the surface reflectivity provided it is low
enough to allow boiling. Once boiling occurs the power absorbed in

the keyhole totally dominates the process.

Using model 2 with T} = Tg/p To = TB the same effect is noticed
where Tg = Boiling Point.
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Z2.3 Mode Structure.

Considerable debate within laser manufacturing circles is
centered on the significance of mode structure. A Gaussian beam
is known to focus to the finer spot defined by diffraction

limited optics as:

d .. = 2.48A/D
!
where !
f = Focal length of lens mm
A = Wavelength of light used mm
D = Incident beam diameter on lens mm
dmm = Minimum focal spot size mm

In practice this is never achieved because of finite aperture in

laser cavities and off axis oscillation states known as TEWmn mode '
(traverse electromagnetic modes). Thus different lasers have ‘
different limiting spot sizes for given focal length lenses and ‘

spherical abberration

doin = 2:4 {m+ 1) £X/D

where m is a mode factor(usually around 4)

The model can accommodate any defined surface power distribution
expressed as the average power over the finite elemental areas. f
Thus an equation for the power distribution P (r,8) or Pix,y)
is easily translated to the model input. Even an experimental
mode print can also be digitalised for the model. In trying to !
describe high order modes mathematically a problem is immediately

found. It is the definition of beam diameter. The characteristic S
radius found in mathematical representations of various oscillation
modes (eg ref.5) is a function of the laser cavity alone and is
therefore independent of mode structure. What is required for material
processing is the radius within which (1 —é—z) of the power falls -
this factor makes the beam radius~equa1 to the radihé'For a Gaussian
beam out to the point where the power has fallen to 1/e2 of the I

central value.
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Tty the ospot size was defired as: ) ere: ‘—e ) t
r i efired 3 \//7((-'9)" (
=0 O30
Where Pt = total incident power W
Plp.p) = intensity distribution W/em®
r,e = cylindrical coordinates

and a mode factor K defined to relate the processing radius % to

the characteristic radius of a Gaussian beam, w

R = Kw
This particular work is described in appendix C. "An analysis of
the effect of Mode Structure on laser material Processing” by

M. Sharp et al.

2.4 Variable Thermal Properties.

The thermal properties describing the flow of heat in a solid are
the thermal conductivity, specific heat. and density. Together they
define the thermal diffusivity. The original model in common with
most models assummed constant values for these properties. However,
this variation with temperature in most metals is by no means
insignificant. Swifthook & Gick (ref.5) used average values over
the temperature range considered; but reference to fig.1 below and
fig.1,2,3 of appendix B shows this can only be a convenience rather
thanan allowable approximation.
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Thermal diffusivity ms'x10%




Treocolreas rrnpert e ef Sk Tinold piosce o are cver coore cieficglt o te
defire due to the strong convection forces within i maolten pool. (see
appendix ) oas well as the lack of haird Jdota.

Ir. the model an enchanced thermal conductivity af =ne melt pool is assummer

to allow for convection.

In one version of the model (see appendix B) the individual grid volumes
are given thermal properties by the elements temper: ro.

According to the algorithm below:

K = A+ BT +CTS or AT
Cp = ATP
<.' *keyholing
Hy tefining 4 prid element to have boiled away if it exceeds the boiling

puint &c 2llow the radiation to fall on the element beneath it, a key~
hole car be computed. This simple model means if keyholing starts then

the deptt oF penetration is very large. Infact for certain power densities
1Y woul? be infinite if the power is sufficient to boil an element with
tre narrourdgicg elements co ld. This is not the case in reality so the
medel hac tn include some factor to limit the penetration depth. In
reality the penetration depth is probably kerbed by either plasma
absorptior or keyhole instability - that is the liquid walls flowing
downwaras. txperimentally it has so far been impossible to seperate these

two possible mecharismg

In the model a plasma absorption mechanism was assummed such that the
radiant intensity falling on the element dist ance Z from the surface
after the elements above it have toiled away, is defined by a Beer-tLambert
relationship.

P, = P exp (=p2)

where P2 = Power density at depth Z N/m2

= Surface power density w/m2

n

Beer-Lambert coefficient m |

n

10
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the values are harc to use since I35t 3o wele 2. Rnawl, 1t ]

possible to evaluate/S, assuming it has a constant value, from
penetration data. Alexander ref. 6 found a slight plateau in weld
penetration depth vs speed. Using this plateau penetration the following

values DFP were derived.

(ref 3 Steen) by assuming the surface snergy at the

Power Depth J /3 Power at base
W mm m~ 1 Keyhole W
l
130C Sl l 7 260
1500 2.7 200 260
1700 2.72 l 700 256
basi of the keyhole, whi: = ouro reflection, was the same as the

energy required to start thekru! igainst the surface reflectivity.

The Beer-Lambert coefficient is a sensitive processing parameter as
illustrated in appendix B fig. 9. Possibly the only way 2 hard value
can be found for it is by comparing the model with fusion profiles.
This would be a dangerously circular way of finding the value ofﬂ and
proving the model'’'s validity. Convergence is a difficulty when ’
keyholing is operating. There tends to be a thermal vibration on
certain grid elements. There does not appear to be any instability in

the heat transfer equations. i

The problem appears to be associated with the very high power input

into the vaporised elements and the element below. The vaporised

elements are kept at artificially high temperatures in the conductinn
matrix. This and the lack of any sophistication in power distribution i

within the keyhole by wave guiding is currently forming one area of

further development.

The modelling of a keyhole forming is jllustrated in fig.l of
appendix A. '




c.b tluid Flow in Lne Melt Zone.

The flow within the melt pool would stimulate heat flow and huence behave
as an avngmentation of the thermal conductivity. It differs from the
thermal conductivity in that it is not a scalar property. However, in
the laser interaction zone the flow is driven by a surface tension

force operating in the direction of maximum thermal gradient, and thus
on the surface the flow vector is parallel to the thermal flow vector.

Beneath the surface this is unlikely to be the case.

The best mathematical model would incorporate a flow analysis via the
Navier-Stokes equations. Such analysis would increase the storage
requirements for computing and the computing time. However, a start

was made on this complex problem as discussed in appendix D.

For the thermal model an arbitrary increase in thermal conductivity
was tried. The algorithm was:

kl = m (k)

where m® 2 or 3 for al
4 or 5 for Fe

The effect of this modification was negligeable. This is probably

because an increase in conductivity of the melt pool only should increase
the melt pool temperature and hence size but the consequent increased
gradient over the outer area of the pool undersurfacs would have the

opposite effect.

2.7 Convergence.

The original model had an exponential grid pattern (ref.1). This led to
difficulties in defining powar inputs correctly and the temperatures

of elements. It was believed that mismakbhes of tempeatures and powers

led to mathematical lack of focus in the model and hence some instability
Convergence with a uniform grid was comparatively swift but the boundary

conditions were less assured.

12
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For example the edge boundary condition was assumed to be:

dT dT
=0 . =0

dge dy dge

Thus the model was arranged to cycle a fixed number of times (s~ 50)
with an exponential grid and then redefined to a uniform grid up to
the limits of convergence. The removal from the model of step
function algorithms as far as possible also contributed to stability.

1500 iterations in 11 min 55 sec.
CDC/Cyber 174.

Typical computing times are:-

-~

-
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3. Application of the Model.

The model produces an answer which is the temperature matrix for the quasi
steady state profile beneath the laser beam. This thermal matrix is moving

through the material at the traverse speed.
Thus this data needs adapting to whatever application is considered.
The usual parameters calculated from the model are.

Boundaries of specific isotherms - eg fusion boundary, or Ac3 boundary.

Boundaries for regions above a certain temperature for longer than a
certain time,

c. Thermal gradients
Solidification rates
Cooling rates.

3.1 Isotherm boundary applications.

One of the earliest applications was in the evaluation of the role of the
electric arc in arc augmented laser welding by Eboo et al (ref 3,7) and
theoretical welding speeds by Mazumder et al (ref 4,8) and appendix A fig
10,11,12,13. Currently appendix B shows the more intraverted applications of
assessing the significance of the variation of parameters which are impossible
to experiment with such as,ﬂ » reflectivity, thermal conductivity (fig 9,10,

11 appendix B).

The experimental determination of depth of hardness was originally attempted

by Courtney et al (ref 9 ) in which the parameter ‘?T><r____
Vv

where P = Power W
D = Incident spot size m
V = Traverse speed m/s.
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was found to be proportional to the depthof hardness when there was no surface
melting. Analytic studies using the model are discussed in appendix A.

Fig 14,15 appendix A show that this experimentally observed linearity is only
approximately true, the beam diameter behaves in a more complex manner but not

one causing sufficient variations to be noticed from the normal experimental noise.

In appendix A the weld penetration is calculated for large unfocussed spots
because this falls in the region of rapid solidification or surface alloying.
These laser processes are currently attracting considerable attention and the
model is capable of reasonably accurate melt pool size predictions. But it
must be remembered that precise reflectivity and beam sizes are not known in
practice.

3.2 Thermal gradient and cooling rate application.

In these processes,as well as welding, the solidification structure is very
important. The fineness of the solidified structure (eg dendrite arm spacing)
is found to be inversely proportional to the cooling rate (G.R)

(thermal gradient G C/ m x solidificatio ‘rate R m/s) and

for eutectic growth *R = consta 1] ?m‘}r; = plate spacing,m

The solidification mechanism (planar, cellular, dendritic) is described by the
tendency to constitutional supercooling which is defined by the parameters (G/R).
The phases which crystalise or undergo solid state transformation are

decided by thermodynamics and kinetics. During rapid quenching supercooling is
normal, this can affect which phases are favoured thermodynamically.

What actually occurs is determined by the nucleation and growth mechanisms in the
melt. In this respect the crystals at the base of the melt represent nuclej
encouraging epitqial growth while at the same time undergoing grain growth.

This extremely complex interaction of events in a moving melt pool is difficult
to describe by the data from the model. The cooling rate G.R and some extra

—
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daty sucho as a 177 curve for the alloy considered are currently the
cent o analysis possible, some initial studies involving the basic
kinetic and nucleation parameters have been made by Bergman (reflo).
Whatever eventually matures in this area the thermal gradient G and

the solidification rate R are almost certain to be required.

The scale and extent of segregation in the weld metal would be expected

to be determined by the concentration "bow wave” ahead of the

solidifying front which if governed soley by diffusion in the melt

Y

x‘=x,{l - '-:,;é ‘”‘P(’ﬂp? {

= partitioning coefficient = X solid / X liquid

can be described by

where
= concentration
solute diffusivity in the melt m2/s

= rate of solidification m/s

X W O xX x
n

= distance from solidifying front m

Thus a knowledge of R would allow some semi quantitative analysis of
segregation.

Cooling rates G.R. are discussed in appendix A,B, and E

In appendix E“ﬁange of rapid solidification structures with laser
surface treatment of special steels‘by G. Christodoulou, P. Henry,
W.M. Steen Proc 4th Int. Conf on rapidly quenched metals (Seedai 1981).

Graphs are shown of G.R. and G/R contours in a keyhole weld.

In appendix B an advance is made by identifying a dimensionless melt
frorJ’velocity P where @ =(P/d2) /{/t( Cp ATm.)

W
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This is a psuedo melting efficiency. This group may prove to be a useful
parameter for collating the data obtained from each run,

Dimensionless operating parameters which allow generalised results to be
expressed is the next step in the application of this model.

AttempE to apply the model to other processes than welding are underway.

Appendix F shows the coupling of the thermal conduction model to a

variable surface shape and power distribution to simulate laser pneumatic
cladding.

The success of this is quite striking (eg fig 11 appendix F)

17
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A sophisticated finite difference model has been developed capable of taking
account of surface variations in convection, radiation and reflectivity

bulk variations in thermal conductivity, density and specific heat.and
Physical events such as phase transformations involving latent heat

keyhole formation, plasma absorption and fiow in the melt pool.

The computing time is reasonable for a large mainframe computer.

Applicatiomof the model are currently centred on calculating thermal gradients,
G,solidification rates,R, and locations of specified isotherms for processes
such as surface melting and welding. It has also been adapted to model clad
thickness and rate of dep Osition as well as G.R, and isotherm locations for
the process of laser cladding with blown powdeﬁ feed.

18
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ABSTRACT

The results shown here are some preliminary studies 1n the co-operative developrent ot g

s finite difference model of the laser heating process. Two models are currently
investigation that derived at Imperial College and that at the University ot Iliino:rs,
They have a similar root in the original work of Mazumder and Steen (1).

Penorted

nere are sone results of the working of the model.  These 1llustrate
'3 the flexibility of this form of calculation and our abiiity to disc
irportance of latent heat, variable reflectivity, vartiable thermal

thr

properties
INTRODUCTION

Laser 1rradiation produces rapid local heating in metallic substrates, this can ve

followed by high cooling rates when irradiation is stopped or withdrawn due to conduction

into the substrate. Metallurgically attractive surface structures can thus ke read:ily
generated.

Laser naterial processing involves complex physical processes and interactions tiat would
require considerable experimental effort to understand. A mathematical modcl offers a

nowerful addition to an otherwise purely experimental approach when it comes to resolvine
these nroblens.

Analytical mathematical models are limited by the assumptions necessary to make the
nroblem tractable. Numerical models can be more general and can be made to allow for non-
linear surface events, such as radiation losses, or variable absorption due to surface
evaporation as in "keyholing”. Thev can also be made to accommodate variations in the
power distribution across the laser beam (mode structure) as well as variations in the
substrate optical and physical properties due to temperature dependence.

A number of numerical models of laser/material heatino have been suggested. The
simple one dimensional heat flow model of Kear et al (2), has its attractions since the

answers can be displayed in a fairly generalised form, as for the spot heating solution
of Ready (3).

More sophisticated three dimensional models are less easy to express as generalised
solutions. Kou et al (4) derive a model based on an oblate spheroidal coordinate
systen which is converged by a Gauss Siedel iteration method. Since this coordinate
pattern would be expected to fit the isotherms better than the orthogonal system
discussed here, it should achieve a more accurate solution faster. However, it appears
that Kou's method involves a considerable computing penalty, and is not yet able to
account for keyholing and surface heat losses.

The model described here allows for surface heat losses by radiation or convection,

variable thermal properties, and reflectivity as well as latent heat cffects and
"keyholing”.

There arc so many variables that dimensional analysis does not significantly simplify
the presentation of the solutions. Thus the working of the models is illustrated here by
examples of particular laser/material interactions.

DESCRIPTION OF MODELS

In this project two models for laser material processing were compared. They arce both

based on a 3D numerical finite difference model described clsewhere by Mazumdoer and ftecen (1),

The original root form had an exponential grid to remove the boundarics so that
had effectively no thermal gradient across them. The Tllinois model
staqge arid settinag, starting with an cxponential grid to roughly find

they
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the heated corn ag
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The effect of these cdifferences ancé their physical significance forms the main area ot

cooperation work between the two centres.

So far this cooneration has resulted 1in a

of increasing accuracy and sophistication vith decreasing convergency times.

FFSULTE

Fig. 1 shows cross sections of the nelt
pool for typical laser glazing runs on CPTi
{Commercially Pure Titaniur!. The reflectivity

in this run changed linearly from a value such
as C.7 down to zero at the melting point. The
onset of keyholing can just be seen at the
slower speed. In this figure latent heat was
allowed for, sirilar shaped profiles are ob-
tained if latent heat affects are ignored,
however in these cases the melt pool and
isotherr fields produced are wider and deeper
across the track but shorter along it.

Latent heat effects suppress the thermal pen-
etration by introducing heat sinks vhich slow
up the heating process and linit the peak
terperatures and therral gradients.

In figs. 2,3,4 the affects of increasing
traverse speed on the melting (196CK;, 130CF
10COK and 700K isotherms, is dermonstrated,
Keyholing is just apparent at the slowver
speed of 18 cm/s, but above this at 30 or
1CC cn/s the melt pool is conduction limited
with only surface absorption of the laser
radiation. The 1CCCK isotherr roughly narks
the extent of the FAZ (heat affected zone)
There is a noticeably steeper gradient at
the faster speeds. Figs 5 and 6 arc views
of the melt pool from above. The lines shov
the extent of the pool at cdepth intervals of

.at
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LTI i e oefrect of latent heat

1% Lo Causc an enerav absorption at the
leading edae of the pool and an energy
release at the trailing edge, thus
extending the length of the pool. The
results from the Illinois version which
does not allow for latent heat by the
quasi-specific heat method, but by the
nunerical hold method produces a shorter
»wol of around 1.5 mm for these para-
meters. It 1s possible to argue that

<he latent neat of vavorisation will be
totally or partially lost to the system
ancé not repaid at the trailing edge as is
assuncd here. It s also possible to araue
that the reflectivity is only zero once
201ling occurs and not once melting occurs,
both of these arguments would nroduce a
shortened weld pool and variations such as
these are currently under development.

Fig. 2.-4 The effect of increasing tra-

verse speed on the 700,°k 1000°k,

1300°k, and 1960°k isotherms in CP

Titanium using 2 kw laser power and
O+J mm diameter beam size.

Fig. 5.

vals: for 2 kw laser power; O0-4 mm
spot size and 30 cm/s traverse speed.

Fig. 6.
speed of 18 cm/s
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Tne “"heat sink”" affect of the latent (Power(v) = 2kw; spot size(D) = O+4mr,
heat 1s illustrated in Fig. 9 where {speed = 100 cm/s CP titanium.
Fia. 7 1s transposed from temperature
to temperature equivalent based on
the enthalpy
Y T v N T
Teq = T + Io
Cpo -
S surface
0 = Any stored latent heat —~ )
X
It is seen here that the plateau region o
in the temperature profile is actually ngg
a region in which the latent heat of r-:-o. b
boiling is conducted out of the system. < ™
As argued previously this is probably not g webld”
true physically and the latent heat of a o orrom
boiling is lost to the system by =St 1
evaporation. fhere allowance is made _
for this the plateau region of Figs. 7
and 8 would be considerably reduced.
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at traverse sneed less than 12 cm /x5 O 5
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cutectoid temperature) isothern
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diameter (Fig. 12) and 2 kW of power speeds
in excess of 55 cm/s are required to suppress

relting giving a 700K isotherm penetration deoth Fig. 10. Depth of penetration of the
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0 1 KW 2
The symbols are for the following con- POWER[ ]

ditions:

P D v
x = 2kw O 4nrm various Fig. 15 variation of penetration 9{
+ - 2kw 1 Omm N the 700"k, 1000°k, 1300°k, and 186G°k
C - Zkw 2 Omn " isotherms with power
V- 1k;' . 3 ?:$ 300m/5 (D = O-4mm, V = 30cm/s, CP titanium)
t+ - variou

reduced to around 0.2 mp. It is thus possible .to calculate the reqyired ?perat}??c iso-
curves of sneed, power and beam diameter to achieve certain penetrations of speci
therms in ahy naterials of interest.

Experimentalists have tried.to correlate penetration data asainst a variety
of parameter droups such as specific energy'(P/[V), thermal penetration (P//DV) or even
nower density (P/D2). Fig. 14 shows the theoretical predictions of depth vs P//DV,

A nesting of the data is observed which if it had been experimental could be considered
as a viable correlation within the bounds of experimental accuracy, theoretically we find
a significant scatter to be present. The fit to 1//V is good but that for Pvs 1/+/D

is not so cood. The reasoning for a nossible correlation of depth of HAZ with
P//DV is based on

the simnlification that the variation in temnerature with denth can be
exnressed in the form:
T* = A+* where T* = ykD/P i
and 0% = J4at/x

The heating time, t, is approximately given by the interaction time (D/V) and thus:

"0 = 1 /44D
X v
substituting these terms into the dimensionless equation yiclds
TnkU = A /4ap
P X v

and hence for a given Trdepth of penctration x is
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Fig. 16 The variation of cooling rate gxg.A17 As 1in fig. 1t out for a4 con-
G.R with depth in a keyhole weld pool, Guction lirited weld go?l. -
for the centreline and a planc mr (p = 2kw, D = © 4mm, V = 100 cm: s,

to one side of the centreline.
(P = 2kw, D = O+é4mm, V = 18cm/s)

To fit the actual data a more refined model than equation (1) is bein~ developed.

Fia. 15 shows the non-linear increase in denth of theoretical penetration with nower.
This is partly due to the temnerature suppression with latent heat but principally

is due to the rate of heat flow within a solid body being limited by the Fourier number,
which is not power denendent.

Finally Figs. 16 & 17 illustrate the possibility of calculating important metallurgical
narameters which cannot normally be measured. In this case the solidification interface
cooling rate (G.R where G is solidification rate (m/s) and R is the thermal gradient
%X/s) which affects the scale of metallurgical microstructures is shown for the centreline
and line adjacent to it (67 pum to one side). The curves show thﬁziise in cooling rate
as the surface is approached as has been predicted by Kear et al nd Kou and Mehrabian (4},
Fig. 17 which represents a conduction limited track shows the same kind of form as that
predicted by /Kou. Kear's one dimensional model predicts a generally nuch steeper
increase in cooling rate up to an equilibrium value. Fig. 16 which represents a keyhole
track shows an area where the cooling rate is higher than the material above it this is
due to the three dimensional cooling of the thin neck of the keyhole. As would be
expected higher cooler rates are obtained with the smaller melt volume of 'the
conduction lirited track (an order of magnitude difference).

CONCLUSION

This is a preliminary survey of some results from the 3D finite difference models being
developed at University of Illinois and Imperial College. These models are being developed

to minimise the number of assumptions which need to be made in the theoretical predictions
of laser/material processes.

Currently the models are being used to study the effect of latent heat on weld pool
characteristics; the correlation of operating parameters with effects within matcrials,
the mapping of important metallurgical parameters (such as G.R and G/R) and analysis of
various physical models of the laser/material interaction of latent hcat, variablce rceflecti-
vity, variable thermal properties and kcvholing.
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APPENDIX B

ESTIMATING EFFECTZ CF PROCESSING CONDITIONS AND
VARIABLE PROPEZRTIES UPON POCL SHAPE, COOLING RATES

AND ABSORBTION COEFFICIENT IN LASER WELDING

by
T. Chande and J. Mazumder |
Materials and Design Diviasion
Department of Mechanical and Industrial Engineering
University of Illinois at Urbana~-Champaign

1206 W Green, Urbana, IL 61801
ABSTRACT

This paper examines the role of traverse speed, Beer Lambert
absorbtion coefficient,p , surface reflectivity and changing
1iquid thermal conductivity upon the shape of the melt pool,
and the cooling rates that occur. The dependence of 3 upon
processing conditions is also examined. A three-dimensional
variable property, moving heat source, quasi steady state,
finite difference model for heat conducticn into the substrate
during laser welding is used. With an increase in traverse
apesed, the pool flattens out, is swept back, and cooling rates
increase. An increase in 8 sharply decreases the depth of
penetration. With the onset of melting, changes in
reflectivity did not change pool shape significantly. An
increase in effective liquid metal thermal conductivity

increases melt pool aspect ratio. Cooling rates increase as
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the energy density in the pool decreased. A dimensionless
melt front velocity, ¢ , 1s defined such that cooling rates
exceed 1000 K/s as @ approaches wnity. The product Bz, where
z 1s the depth of penetration, 1s shown to vary linearly withn
the natural logarithm of @. These results imply that 8
affects depth of penetration more than the widéh, that an
upper bound for 8 may be deduced from ¢, that variations in
surface reflectivity are less critical in laser welding, that
the maximum thickness that can be welded in a single pass
decreases as fluid flow becomes more dominant in the melt
pool, and that cooling rates increase as pool energy density

decreases, especlally for values of @ < 100.
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2. INTRODUCTION

Laser welding has received much experimental attention{1],
but not all the physical phenomena involved are fully
understood. Laser material interactions consist of complex,
and generally short-lived, but intense events. Many important
aspects and effects of these interactions are not directly, or
routinely measureable, such as the absorbtion coefficient in
the keyhole, and the temperature and fluid flow velocity
distributions. It is also somewhat difficult to isolate the
effect of a particular variable without extensive
experimentation, due to the many substrate properties, and
operating conditions, contributing to the observed effects.

On the other hand, a mathematical model, based upon insights
gained during experimentation, can be used to calculate the
above parameters. A mathematical model, within the
limitations of the assumptions made in the formulation, offers
a powerful alternative to a purely experimental approach in
identifying important process mechanisms and trends, which can

be used to obtain better laser welds.

This paper examines the role of traverse speed, surface
reflectivity, Beer Lambert coefficient, and changing liquid

thermal conductivity, on the shape of the melt pool, and the
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cooling rates that occur. Dependence of absorbtion
coefficlent on processing conditions is also examined.
modified form of a finite difference, heat conduction
model[2], that now allows for temperature dependent substrate
properties, in addition to keyholing, and surface convective
and radiant heat losses ia used for the purpoée. A variable
property model is a more realistic approximation of the
substrate’s response to laser irradiation. The model
calculations are of interest, as the pool shape determines the
magnitude and distribution of cooling rates, as well as the
maximum thickness that can be welded in a single pass.
Cooling rates, in turn, govern the solidification behaviour,
and the nature, extent, and fineness of solid state phase
transformations that occur, including the extent of the heat
affected zone. Knowledge of the absorbtion coefficient is
desirable, for it determines the laser power required for a

desired melt depth.

A review of earlier models for laser welding appears in (2].
A moving line-source model with non-uniform heat input{3], and
a model with heat flow in V and U grooves in three-dimensions
using variable properties[i] are among thos; proposed. A
model for surface melting with a scanning laser, that obtains
the temperature distribution by superposing the known Green’s

function solution for the thermal distribution for a unit
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point source has been reported(S5]. Cline and Anthony(S]
assume constant substrate properties, no surface heat losses,
and do not account for keyholing or heats of transformation.
Using an approximate exponential relation for temperature
penetration into the substrate, they estimate the depth of
penetration for laser welding, and report goo& agreement for
304 stainless steel for depths greater than 1 cm. A
three-dimensional moving heat flux numerical model for rapid
melting and solidification of a surface has recently been
published[6]. This model provides information on the
solidification behaviour of laser melted materials, but its
application to laser welding is limited because keyholing,
surface heat losses and variable substrate surface and bulk

properties have not been considered.

Results of present calculations show that with an increase
in speed, the pool flattens out, is swept back, and cooling
rates increase near the pool surface and edges. An increase
in Beer Lambert coefficient, 8, sharply decreases the depth of
penetration. With the onset of meltin.g, sensitivity to
variations in surface reflectivity is reduced. As the thermal
oonductivity of the melt pool was increased, for a given set
of operating conditions, shallower pools, with a higher aspect
ratio were obtained. Cooling rates increased as the energy

density in the pool decreased. A dimensionless melt front
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velocity, @, is defined,( see APPENDIX), tnat provices an
upperbound for processing conditions, such that cooling rates
exceed 1000 K/s as @ approaches unity. An equation to
estimate an upperbound for the Beer Lambert absorbtion
coefficient, B, using @ 1s derived. The product Sz, where z
is the depth, was found to be linear function of the natural

logarithm of @,

34 |

N M e ne -




T LY W AN

3. THE MODIFIED MODEL

A moving heat source model for three dimensional heat
conduction in the substrate during laser materials processing
is used. It calculates temperature fields, mélt widths and
depths of penetration. A quasi steady-state i3 assumed to
exist, and allowance made for keyholing, laser beam mode
structure, variable substrate properties, and surface heat
losses from a semi-infinite slab of finite thickness. The
major modifications are the incorporation of variable
substrate bulk and surface properties, and a change in the
method of solution to a point successive overrelaxation
scheme. A linear grid is incorporated as an option, and the
listing has been streamlined to reduce execution time. For

other details, see [2,7].

The assumptions are:

1. The laser beam is stationary relative to the earth,
and is incident at right angles at the ceater of the
substrate width. The substrate mo§es in the positive
x direction, (along the length), with a uniform

velocity, u, and is infinite in length, but has

finite width and thickness.
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5.

6.

7.
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Quasi-steady state 1s assumed.
The power distribution in the beam is Gaussian.

The substrate thermal conductivity, specific heat,
thermal diffusivity and the surface x:eflectivity are
temperature dependent. The substrate density is
assumed to be independent of temperature. Specific
heat variation accounts for heats of fusion and
vaporization by converting them into equivalent step

increases in values of specific heat, as for example,

T
m

€ aT_ = ¢ dT + 1
p m T d P L
o]
Surface reflectivity is considered to be zero when

the temperature exceeds the boiling point.

There 1s a radiation loss at the upper and lower

surfaces of the workpiece.

Convective losses occur at the upper surface due to

shielding gas flow.

When the temperature at any location exceeds the
boiling point, it is considered to have evaporated,
but remains in the conducting network at a

fictitiously high temperature, to simulate the effect
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of high convection and radiation trangfer effects

frem the fast moving plasma in the keyhole.

9. ‘adiation penetrating the aubstrate is absorbed

_scording to the Beer-Lambert law,

Pz = PS exp(-£z) 2

where B is the absorbtion coefficient @~") and is
considered independent of position within the
keyhole, and P, is the absorbed power density at

depth z which was of value Pg at the surface.
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4. MODEL CALCULATIONS

Calculations were made for a Ti-6AL-4V substrate. Data on
property variation (Fig. 1-3) in the solid state are from
published literature(8]; projections above melting point are
thought to be reasonable approximations of the expected
behaviour. Actual data for these high temperatures are

unavailable.

Changes in pool shape and variations in cooling rates were
the two areas of interest. Changes in depth of penetration,
and in surface melt widths were used to quantify variations in
pool shape. Computer calculations were made to find the
effects of-changes in traverse speed, Beer Lambert

‘ coefficient, ﬁ, effective thermal conductivity in the liquid
state, and surface reflectivity upon pool shape. Overall
rates of heat transfer are increased by convective heat
transport, due to fluid flow in the melt pool. This effect is
approximated by arbitrarily increasing the effective thermal
conductivity in the liquid state in the model as it assumes a
static pool. Temperature gradients in the x-direction, and

el the traverse speed, were used to determine the variations in
cooling rate with melt depth and traverse speed. The cooling

rates were related to the energy density in the pool, assuming
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good voupling between the laser and substrate. A

dimensionless melt front velocity, @, was defined, where

2 -
$= (P/d )/(upCpATm) 3

Using Q, it is possible to compute an upper limit to the value
of the absorbtion coefficient, (see APPENDIX), and effective
limiting values for different energy densities in the pool
are calculated. The value of the depth of penetration used to
calculate '{7 here, are derived from the model itself, for a

constant p value of 1000.

It should be noted, that P/udz is only a measure of the
actual energy density in the melt pool, as it assumes that the
melt pool is a rectangular parallelopiped, of crossection d",
of length u, which absorbs W joules of energy every second.
It assumes that no losses occur into the subatrate, and that
laser-substrate coupling is perfect. In practice, under
steady state conditions, the actual energy density will be a

constant fraction of this estimate (see also [9])).
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5. MODEL RE3SULTS

With an increase in speed, the the pool flattens out, is
swept back, and the leading edge makes a smaller angle with
the center line (Fig. 4-6). The point of hig'hest temperature
shifts behind the laser beam. The width decreases too, but
not as sharply as the depth. For a given incident power
density, an increase in speed, increases cooling rates, with
higher rates being observed near the surface and the edges of
the melt pool (Fig. 7,8). An increase in ﬂ results in sharp
decrease in depth (Fig. 9), while the width of the pool is
not affected as much. If the surface reflectivity is too
high, (0.99 say), no melting occurs (Fig. 10). However, if
the reflectivity is such that the fraction of energy absorbed
is sufficient to initiate melting, then, the sensitivity to

changes in reflectivity is greatly reduced.

Increased effective thermal conductivity in the liquid state
can significantly affect the shape of ihe weld puddle (Fig.
11). The aspect ratio of the pool increases as the Peclet
number (ud/a ) decreases. The decrease in depth implies that
materials with a higher thermal conductivity are harder to
weld, as is observed in practice, for a given set of operating

conditions.
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As the energy density (J/mm®) of the pool decreases, cooling
rates increase (Fig. 12). Cooling rates in excess of ten
thousand degrees a second are obtained when values of the
dimensionles melt front velocity are less than a hundred (Fig.
13). Changes in energy density in the pool also affect the
values of the Beer Lambert absorbtion coefficient, B, with tae
product of B and z, the depth of penetration, bging linearly
related to the natural logrithm of ¢, the dimensionless

energy density, (Fig. 14).

41

13

S



. et

LR T <Y g

6. DISCUSSICN

The paucity of high temperature material property data is a
source of major difficulty in using variable property models.
An assumption of constant properties is unreaiistic, and leads
to predictions of doubtful value. In the present model, the
variation in thermal conductivity at high temperature reflects
the expected effects of convective heat transport due to fluid
flow in the melt pool, and the rapid heat transfer in the
plasma filled keyhole. Specific heat variation accounts for
heats of fusion and vaporization. The heats of transformation
are easily converted to apecific heat equivalents. The
thermal diffusivity is derived from the conductivity and
specific heat, assuming a constant substrate density. While
the arbitrary choice of these temperature dependencies is
unavoidable, the assumed temperature dependence is crucial to
model results. Hence, it is the trend that emerges; rather
than the exact numerical value, which is of greater importance

here.

As the traverse speed incre--. *, the time of interaction
between the laser and the substrate decreases. This results
in shailower, colder pools, as the substrate absorbs a smaller

amount of the incident energy. Also, front-to-back velocity
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of the molten material increases, so that convective heatl
transport past the beam increases, resulting in pools that are
swept back. Both these factors lead to Fig. 4-6. The
shallower, colder pools have a higher surface area per unit
volume, in contact with a relatively cooler substrate. They
are thus subjected to higher rates of heat extraction by the
substrate, and cooling rates increase. In general, cooling
rates increase as solidification proceeds towards the
surface[10], as happens at the trailing edge of the pool.
While this information is not entirely new(see [(5],{11]), it

does serve as a check on model predictions.

Laser radiation couples to a substrate better when it 1is
molten rather than solid(12]). Thus, small variations in solid
reflectivity will have a lesser effect if the laser is
incident upon a pool of molten material at the surface (Fig.
10). Surface reflectivity variations will be more critical
during laser heat treatment, when no surface melting occurs,

than during laser welding or alloying.

Since this model does not explicitly allow for fluid flow,
the increased convective heat transport away from the beam can
only be accounted for in an approximate way, by increasing the

effective liquid thermal conductivity(Fig. 11). The trend
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there {s reasonable, in that the aspect ratio increases as
fluld flow becomes more vigorous, or effective thermal
conductivity increases. Actually, flow at the surface will
increase melt widths, and reduce depths, as more material is
melted by heat transported laterally away from the beam. It
also implies, that if an arbit;.rary increase in effective
liquid conductivity is assumed in models with constant
substrate properties{6], then the choice largely dictates the

predicted melt pool shapes.

A measure of the rate at which the solid-liquid (S-L)
interface sweeps through the material is provided by the
cooling rate. 1In laser welding, solidification occurs at the
S-L interface trailing the beam, and moving with it. The
cooling rate, except for atarting and stopping transients, is
determined by the rate at which this part of the S-L interface
travels through the substrate. As @ approaches 1, the S-L
interface will sweep through the material at faster
velocities, increasing cooling rates. Hence, § may be used to
estimate a working range of processing conditions, where we

can expect high cooling rates (Fig. 13).

@ is also the ratio of the energy density in the pool to

that required to cause melting. As ¢ approaches 1, the
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superheat in the pool, decreases, so that the pool will be
subjected to higher rates of heat extraction, increasing

cooling rates(Fig. 12).

In modeling of laser processes, as well as iln practice, a
knowledge of the absorbtion coefficient, 8, is desirable. In
as much as ﬁ has not been directly measwred, the equation for
estimating an upperbound on A :0uld be quite useful. A
better estimate can be obtained, if actual depths of
penetration are used, with the energy density required to
initiate melting. Both these quantities are readily measured
experimentally. B can be estimated 1f the depth of
penetration is known, and the constant A is estimated from

experiments, by using the relationship plotted in Fig. 14.

The results of this model are relevant to laser welding.
The effects of a change in the absorbtion coefficient, its
variation with pool energy density provide new insights. A
means to estimate an upperbound for 8 is useful. The role of
varying reflectivity, and increased fluid thermal conductivity
in the pool point to important mechanisms. 'A knowledge of the
variation of cooling rates with energy density, and a means of
selecting operating conditions that will produce high cooling

rates via @ should help in the production of better welds.
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7. CONCLUSIONS

The following conclusions can be drawn from the above

results:

1. The absorbtion of laser energy in the keyhole, as
determined by the Beer Lambert coefficient g, affects
the depth of penetration more than the width of the

weld.

2. Variations in the surface reflectivity are less
critical in laser welding or alloying, as surface

melting occurs.

. 3. The aspect ratio of the weld pool increases, as
‘ effective liquid thermal conductivity increases, with

an increase in the vigor of fluid flow in the melt

pool.

4. Cooling rates increase as the energy density in the

melt pool decreases.

5. An operating region of high cooling rates may be

2t

) estimated using the dimensionless melt front

‘ velocity, ©<100, where
( L3
2 —_

: ¢ = (P/d%)/(upT aT ) 4
l . P m
i
t
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6. An upperbound for 8 may be estimated, using

s = 1 2n (A 5
Z

where the constant A can be determined from the
experimentally determined power density required to

initiate melting at that speed as
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9. APPENDIX

A simple one-dimensional model may be used to relate the
incident energy fiux, P/d to the sweep rate of the
solid-1iquid interface, and the cooling rates. For a thin
layer of molten material at the surface, a heat balance

indicates that to melt an incremental amount of material

32 = PC_ AT 4 A1

\]

where, the left hand side represents the incident heat flux,
corrected for heat loss into the substrate by conduction. The
right hand side is the incremental rate of enthalpy change.

The limiting rate of melting is achieved when the heating is
80 rapid, that very little heat 13 lost by conduction into the
substrate. The limiting melt front velocity would then

] approach
dz 2 -
ac +(P/d )/(pCpATm) A-2

If this is scaled by the traverse speed, the dimensionless

upper bound on the melt front velocity is obtained, and

o= (P/d”)/(uT AT : A-3

- et

Assuning that a cylindrical keyhole exists in the melt pool,

at the bottom of which, the laser {3 actually incident on a
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portion of the substrate itselfl, melting will cccur only if
the irradiation intensity is greater than the energy density
required to produce melting. The energy"density at the bottam
of the pool is Af; /u, where A is a constant, u is the traverse
speed, m/s, and E is the power density, W/m2 . For melting
to occur, APz /u must at least equal pUpATm. . Using the
Beer Lambert law, and substituing for l"z , we obtain

ue EEATm - P exp(-8z) A4

A

Recognizing that Ps/upEpATm is just the dimensionless melt

front velocity, ¢, we obtain

A-S
Bz = 2n(A 9
The constant A may be estimated if the power density to
initiate melting,(P/dZ)expaé: that speed i3 determined
-experimentally. Then,
A = (uwC_aT )/(p/a%) A-6
p m expt

In the keyhole, the reflectivity is assumed to be zero, due to
internal reflections. 1In actual practice, there will be a
layer of liquid between the bottom of the keyhole and the
unmelted substrate. Thus, excess heat energy, will have to be
supplied at the bottam of the keyhole, to heat fresh substrate
through the liquid layer at the floor of the keyhole. Hence,

this estimate of g is an upperbound.

50




23

10. LIST OF CAPTIONS

1. Variation with temperature of thermal conductivity
for Ti-6A1-4V. Data above melting point are

arbitrary.

2. Variation with temperature of specific heat for
Ti-6A1-4V. Data above melting are arbitrary, and
have been adjusted for heats of melting and

vaporization.

3. Variation with temperature of thermal diffusivity for
Ti-6A1-4V, derived from Fig. 1 and 2, assuming

constant substrate density.

4, Predicted melt pools, assuming Beer Lambert

] coefficient of 1000 m~'.

5. Predicted melt pools, assuming Beer Lambert

coefficient of 1000 o,

6. Predicted melt pools, assuming Beer Lambert

coefficient of 1000 m™' .

Y.

7. Center line cooling rate at the surface, for laser

power of 2kW, and beam diameter of 0.2 mm. Note how

51




9.

10.

1.

12.

13.

24

point of peak temparature snifts with increasing
speed. Cooling rates plotted for trailing half of

pool. Abcissa shows distance behind beam center.

Center line cooling rate 0.4 mm below surface, for
laser power of 2kW, and beam diameter of 0.2 mm.

Note how point of peak temperature shifts with
increasing speed. Cooling rates plotted for trailing
half of pool. Abcissa shows distance behind beanm

center.

Predicted melt fronts for different values of Beer

Lambert coeffient.

Predicted melt fronts for different values of surface

reflectivity. Note that for reflectivity of 0.99, ‘
model predicts no melting will occur. Assumed of ,

Beer Lambert coefficient 1000 m™'.

Predicted melt fronts for different values of )

effective thermal conductivity.

Variation of center line ccoling rate near beam, with

estimated melt pool energy density.

Variation of center line cooling rate near beam, with

52
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dimensionless melt front velosity.

Vartation in product of Beer Lambert coefficient, g,

m", and z the depth of penetration, m, with changes
in dimensionless energy density, @, for different

values of A.
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11. LIST OF SYM3JLS

Constant relating measured and calculated
energy density of melting '
Specific heat of substrate

Specific heat of substrate corrected for
heat of fusion

Beam dlameter

Thermal conductivity of substrate

Latent heat of fusion of substrate
Incident laser power

Incident energy flux at surface

Absorbed power density at depth z
Temperature

Ambient temperature

Melting point

(T,-T)

Traverse speed

Melt depth

Thermal diffusivity of substrate

Beer Lambert absorbtion coefficient
Substrate density

Melt front velocity or pool energy density

54

no unit

J/kg K
J/kg K

W/m K

J/kg

W/m?

H/m2

kg/m3

no unit

26
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RPPENDIX C

Aoonarp,w . Steen, Podenry,G.c.bam
Imperial lollege, London, ngland.
INTRODUCTION

Hizhopowoer laser Wwelding 1s now an accepted material  procossing
Leonnique. In gaining this acceptance a large amount of research nig
hean done odn the effect of various paraneters e.g. traverse
s3prei,laser power,etc. /1,2/.0n¢  area  which has received little
attention i3 the =2ffect »f mode structure >f the laser beam oOn the
Jweld profile.

There are two main reasons why such an investigation 1s import-
ant. ¥irst, many of the larger power machines do not produce a
Gaussian Dbeam,and so the significance of a3 non-Gaussian beam is
important in assessing the use of these machines. Secondly,since the
mode structure of the output from a machine may vary over a period of
time,it is necessary to have a knowledge of the effects of the mode
structure so that the reproducibility of the weld can be guaranteed.

As a starting point of this investigation ,the profile of a
focussed beam operating in a TEMmn mode is shown to have the sane
profile as the unfocussed beam when aperture effects are neglected and
perfect optics are assumed. From this it can be deduced tnat the
focussed beam has the same intensity as the raw beam for any intensity
profile.

A new definition of the spot size is introduced which allows a
consistent comparison of the spot sizes of the different modes. Using
a finite difference numerical model of the laser welding process an
investigation is made into whether t-= effect of the mode structure on
the weld profile is due soley to the virying effective spot sizes of
the modes,or whether the actual mode structure itself has an effect.

A theoretical investigation is made into the effect of a finite
lens aperture on the spot size,and it 1is also shown how lens
aberrations can be taken into account. Finally an experiment is
described to validate the theoretical results outlined in this paper.

FOCUSSING OF LASER BEAMS

The TEMmn modes for a laser with cylindrical symmetry are given
in /3/ as

Ana (5:6) = (j%)n L,:(l—vjl) e% ™ (1

w

where (r,8) are polar coordinates,w is the characteristic radius of
the beam. L is thc Laguerre polynomial of order n and degree m, ani
Ann i3 the amplitude of the TH¥Mmn mode.The intensity 13 siven by

I('\,a) = 'Amn\l '

tan b et o AN 1 ooy e W IR A
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where the seonetry involvea o tloas ratel 1o Figat. k=m/ X ,f 1s the
focal length of the lens,and ¢ 15 tne aperture radins.

¢ g Figl
Pertorming the integration vl S) Jreld
@
wnd r ey oy
Q.. (p¢) = € JAMn(;)e 1is *)\I‘(zr‘)rdr (4)
rzc
where z=kg/s. At focus the complex exponential term disappears.
Aperture effects can be neglected by taking a as infinite. In this

case it can be shown that

am" (F"”) = Amn(“g‘ l¢’) (

o2l
~——

where
Vif = lf
ww

is the characteristic radius of the focussed beam. Since the Amn form
an orthogonal set of functions and (3) defines a linear integral
operator on the functions Amn,then it can be shown that

@ (ee) = AL, +) (6)

for all beams with unfocussed amplitude A(r,8) .
SPOT SIZE

There have been many definitions introduced to describe the spot
size of the 1laser beam. The characteristic radius,w,is not a good
measure of the spot size since the effective spot size of the higher
order modes 1is much greater than the characteristic radius. The
important point about the characteristic radius is that it is a
function of the geometry of the laser cavity alone /3/, and is there-
fore independent of the mode structure.

. The one drawback with the characteristic radius and other
- ) definitions 1is that the power contained within the defined radius is
dependent on the mode itself.

To rectify this the following definition of spot size 1is intro-
> duced. A laser beam of total power P and intensity distribution
: I(r,8) has radius,R, defined by

~
-1
[ 1w caeds = Q-e)p o
e 65
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R = Kw
Mode factors for the lower order modes are given in table 1 belouw

Mode factors of TEMmn modes

e

5 1
| ol 1.00 1.32 1.56
M1 ]1.65 1.85 2.8
| 2| 2.12 2.31 2.48

APERTURE EFFECTS AND ABERRATIONS

It has been shown that the focussed beam profile is that of the
raw beam if aperture effects are neglected,and so the spot size will
be given by the characteristic radius multiplied by the mode factor.
The integral in (4) was calculated numerically to show the effect of a
finite aperture on the spot size for the low order modes. The results
are shown in table 2.

TABLE 2
Increase in spot size due to finite aperture

a/w | m=0,n=0 m=0,n=1 m=1,n=0 m=1,n=1

0.5 2.55 2.87 1.64 2.04
1.0 1.37 1.61 1.55 1.28
2.0 1.00 1.00 1.00 t.00

It can be seen that if the aperture radius is greater than twice
the characteristic radius of the beam then the effect is negligible.

Aberrations can be accounted by including an extra factor

exp ik W(r8)) (9)

in (4),W is the aberration function /5/ and describes the deviation of
the actual wavefront from a spherical wavefront. For example|

w (r,ﬁ) = Cr’ (10)

describes spherical aberration. C depends on the amount of aberration
present. Since the beam extends over a wider range for higher order
modes,it would be expected that higher order modes would be affected
more by aberrations.

THF. EFFECTS OF MODE STRUCTURE ON LASER WELDING

Having detailed the relationship between the  raw  beam and the
focussed  beam, 1t 1 now vossthle Lo (avestieate the offfosts 0 mode
stractaure asinge 1 thraoe fimensionnal tin: te it terence v io] /6
iapted to o aecept v axdsyumetrie Aol

It s well <nown that  weld  wifth anceoases and pon teation
Loy ney a0 the snst e of the oo peam in-oregaes, I* & there-

11 .
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Tor L b eypes Sed Uhee T e Wel D L th Wl e pnereased g pene-
tration  decreased Ly asing s iener arder mode sincs the eftective

ot sioe would be ogreater.

In order to see if the actual mode structure itself has an effect
the model was run for a TEMO!* mode and for a 3Jaussian mode of the
same effective radius,as well as a Gaussian beam of the same
characteristic radius,table 3

TABLE 3
Effects of mode structure oun weld profile
(all lengths in =m)

p= 1600W ‘ 2000W

w= 0.25 0.50
- W d W d
TEMO1 * wl 0.8 1.7 2.0 1.4
TEMOO wl - - 1.8 2.0
TEMOO 1.32w] 0.8 2.2 2.3 2.0

It can be seen that the TEMO1* beam has less penetration than a
Gaussian of the same effective radius. This suggests that the mode
structure does have an effect apart from just its increase in size,but
it is felt that further investigation is necessary.

EXPERIMENT

Experiments are in progress at Imperial College to validate the
ideas expressed in this paper.The experiment simply consists of
placing an ALL Laser Beam Analyser in the path of a beam from a
Control Laser Ltd. 2kW CO laser,so that the mode structure of the raw
beam can be monitored while welding is carried out.

The ALL beam analyser can also be used to measure the focussed
beam profile,and this will be used to check the relationship between
the raw and focussed beams.

REFERENCES
. DULEY,W.W. CO Lasers effects and applications Academic press 1976

2. READY,J.F. Effects of high power laser radiation
Academic press 1971

3. KOGELNIK.H.& LI,T. Proc IEEE 54 1312 1966
4. BORN,M.& WOLF,E. Principles of optics Pergammon
5. LONGHURST,R.S. Geometrical and physical optics Longmans 1967
6. HENRY,P.et al Proc ICALEQ 1782 Laser Institute of America

72




P o

et

i

il e el ekl i Son N A a0 3

APPENDIX D.

PO A TS LA

SHTONAL TRANSIENT MODEL FOR CONVECTION

1, LASERNMELTED POOLS

RTINS

e, TWALT
A tw3a-dimensional transient model for convective
heat transfer and surface tension driven fluid flow is

developed. The model describes the transient behavior
of the heat transfer process of a stationary band
source, Some semi-quantitative wunderstanding of

scanning is obtained by a co-ordinate transformation.
The non-dimensiona) form of the equations are derived

and four dimensionless parameters are identified,
namely, Peclet number (Pe), Prandtl number (Pr),
Surface tension number (S), and dimensionless melting

temperature (T* | ). Their governing characteristics
and their effé%iton pool shape, coaling rate, velocity
field and solute redistribution s discussed. Numerical
sotution is obtained and presented.

NOMENCLATURE

C constant which defines the interface.
no unit, dimensionless

a diameter of laser beam; mm, (L]
Dot effective glffusion coefficient;
m¢/sec, [L°/t]
X thermal conductivity; kw/m*K, (ML/t2r)
t length of the rectangular heat source; mm, (L]
? pressure; N/mz, [M/tZL]
Pe Peclet number Y, d/«;, no unit, dimensionless
q net neat flux from laser; kW/mm?, [M/t?)
Re Reynolds number u, d/v; no unit, dimensioniess

¢ Graguate Research Assistant
e pAssistant Professor

e Drotonyg”

© e

Lana A M Chent*®

P TP

Cat

i

[SEL I

melt

L ]
Tme\t

Tmetal

13

J

w

X,y,2

Greek

3

t

Coeeer

radius of laser beam; mm, {L]

Surface tension number; no unit, dimensionless

temperature; °K, [T]
melting temperature; °K, [T]

Dimensionless melting temperature
(Tmelt ) Ymetal),
qd/K '

temperature of metal when it {s not heated;
°x, (7]

no unit, dimensfontess

velocity vector; mm/sec, [L/t]
x-component of u; mm/sec, Lt}

scanning speed of the laser beam;
mm/sec, [L/t]

y-component of u; mm/sec, [Lre]
z-component of u; mm/sec, (L/t]

Cartesian coordinate; mm, (L]

o denstty,; kq/ma. [M/Lz]

< thermal diffusivity; mé/sec. [ti/t]

v kinematic viscosity: m/sec, (L)

u viscosity; kg/sec-m, [M/t-t)

Pl surface tension, N/m, [M/lz]
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PP that  convection plays 4 magur vt ' [N
Yaser, amd elpctropn beam weld pontls,  Conoection o the
cagle nost important factor intlueacing the  jeometry
ot the  pogl racluding poud  shape,  unitercul,  4and
ripplas, It 15 also primaryly responsible for mixiay,

(7,13,20-22), affecting the composition of the weld
pool and the melt pool encountered in laser surface
alloying.

In this paper, the convective heat transfer and
fluid flow in a laser melted pool is analyzed. A
transient two-dimensional model for surface tension
driven fluid flow in laser melted pool was developed,
The model describes the transient behavior of the heat
transfer process of a stationary band source. Some
semi-quantitative understanding of scanning can be

obtained by a coordinate transformation. Four
dimensionless parameters arising from the general
three-dimensional mathematical formulation are scanning
peclet number (Pe), Prandtl number (Pr), surface
tension number (S), and the dimensionless melting

temperature (T'elt)' €ach of these would govern the
characteristicit 6f the problem and each has its own
physical interpretation, MHumerical solutions using the
program SOLA (9] are obtained for five cases and their
results are presented. The recirculation fluid flow
can be observed clearly. The prediction of the pool
shape, in terms of aspect ratio {width divided by
depth), as a function of the governing parameters, Pr
and S, are plotted and discussed. The cooling rate
along the interface is calculated and its implication
to microstructure is discussed, Some semi-guantitative
prediction of mixing is also discussed.

PHYSICS OF THE PROCESS

A two-dimensional analysis is presented, modeling
a band source laser beam having a defined power
distribution striking the surface of an opague material
of infinite width, thickness, and length (Fig, 1).
Some of the incident radiation is reflected while the
rest is absorbed. The heat absorbed developed a molten
pool. Owing to the high temperature gradient on the
surface in the transverse direction, the surface
tension gradient is developed. 1t is this mechanism
that drives the flow. As the flow develops, energy
transfer mechanism becomes a convection problem with

the flow driven by the surface tension gradient. The
basic assumptions are:
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1. The gt welators gongrdered Lo tw Tua ntar o
Jhat the Navier-Stokes egquation 15 appiy ahle,

2. ATl tne properties of the ligquid mets’ 21 safie

metal are constant, independent of temperature
(except the surface tension}. This  allows
simplifications of the model; however., variadle

properties can be treated with slight modifica-
tions. The dependence of surface tension on
temperature, the driving furce of the fiow, s
assumed to be linear.

3. Laten heat of fusion is neglected since tne eneryy
liberated is small compared to total enthalpy
change associated with temperature differences.

4. Thermal conductivity is assumed to be the same for
both liquid and solid phases for the sake of
simplicity of the model.,

5. Surface of the melt pool is assumed to be'flat, to
simplify the surface boundary condition and,
hence, surface rippling is neglected.

MATHEMATICAL FORMULATION
The appropriate governing equations are:

Enerqy equation,

Mt e (u - T s VT ()
Continyity,
Veu=09 (2)
Momentum equations,
2

3u/at + {u - ¥) u = -(1/p}(3P/3x) + v V" y (3)
WAL ¢ (u - TV s (170} (P/Ay) v v TE Y (4)
and buundary conditions are 4t the surface

y = 0, v =0, u(d/dy) = -¢'(37/3x}

(4 x<d
k(3T/3y) t o, otherwise (5
and at the liguid-solid interface
f(x,y) = constant; u =v = U, T =7 (6)
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y 0 otherwise

and at the l13uid-solid interface,

f* {x*,y*) = Const,

(14)
uv = v o=y, It '.melt
and
fx*f, y* ¢+ = Tv -0 (15)
where
Pe =y _d/«, Pr = v/«
0
(16)
. T - T
s .. 9'9d . . _melt metal
vu K melt qd/k

It s mportant to point oyt that the four
dimensionless  parameters, namely Pe, Pr. S ang

.« Are indepgendent.  They arise naturally from the
However, in the
cdse  af  two-dimensional heat source, there s a
degeneraty.,  Raynolds number and surface tension numbe -
can  be  grouped  tugether, their product 3s  on
pardieter. We  consiler these four dumensionless
para-eters 0 understand the convection i1n the puol
Thys  particelar w3y of  nundvaensionalizing  the
equations 3150 peraoit 3 simple transformation to obtain
the sLanning Process,
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FTY = a5y {(v

h]

+ ulvi,j
n

- ga

- alv®

v
LRV g
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n n n
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1t v?'J n ) (19)
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n n n
i = 255 Ty

n n 0
i SEUTERIEI AR I (20)
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The secon
of the interfa

d modification is the irregular boundary
ce. It is approximated by steps of grids

that are closest to the interface (see Fig. 2).

lBoundary for Numer:col Sclution
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Stel U, tne s nlugm gt e e LU
Peteglogs T e step termperat e . ' o B ’
g 1y tren repeited, . . A ot eyt .
. , . Ve .-
e e rtan salutran ey e
w o an o Tty 15t PR A ce . co [
LTS R R L T N O B Lot e - o 2 EN T . L
. ey sdly Since volorre, o - M * L the ratag gt R A L L
withiet tne melten pool, IR VI . AR AN AT A BN U L W '
L R T T T T T S PRI L T,
DESEISSTON OF THE “anE: Thomlten mean theret gra el g -y s e
. e L Tmpives mte Tame oo S
The Joverning  parameters irt . R PR T S N K T LT L L T TS R T
Sonensionalized  pguattons  are e taroeer BN T als rnoreases the ooplin; cgte--gir o thp meas
Prandtl aymbar (Prl surface tenn onocgeter 1) s Cransipe  eIngcl ., NS Yy hote nvesty o a0t
fimeniageless melting  temperat e 0 0. tacr ot tactran, Surface  tension nymher  woylt  Gaeers tee
these woyld yovern the Charactertstiiat Wl the prontes saisterce 2 magnitude of the conveltinn flow o .
And each has its own phystcal interpretation, molten puol,  Far surface tenston number to be very
small, convection flow does not exist and so the
Peclet number can be interpreted as the ratio of problem becomes conduction. On the other hand if the
heat diffusion time to scanning interaction time, number is very large, convection flos would be very
Reynolds number is the quotient of Reynolds number and vigorous and the physics of the problem s Qquite
Prandtl number. The latter is a property of the molten different. In fact, it becomes convection dominated,
material--the ratio of momentum diffusion and the The shape of the molten region tends to bz wider,
Dimensionless melting temperature would govern the size
of the molten region. The higher the number, smaller
the size.
Table ! Pnysical Property of Steel, Al, and NaN03
Steel Al NaNo3
3
o 7.0 x 10% xg/m? 2.385 x 107 kg/m’ 1.904 x 107 kg/m]
u 5.6 x 1073 N s m? 2.8x 1038 sm? s2.98x 103N s Al
v 7.84 x 1078 m/sec 17 x 1078 m?rsec 1.6 x 1076 wé/sec
k 3 W/meK 100 W/m°K 1.0 x 107% w/mk
K 1.0 x 1075 n?/sec 6.0 x 1075 mZ/sec 5.6 x 1077 méysec
o o °
Tmelt 1500°C 600°C 306.8°C
g -0.112 x 1073 Wym/ox 20,35 x 1073 N/m/ok  -0.7 x 10 N/msex
Table 2 Order of Magnitude of Parameters
Steel Al NaNo]
Re 2.55 to 8.29 17 to 55 14 to 45
Pe 2t0 6.5 0.3 to 1.0 36 to 120
s 5 x 10% to 2.5 « 10° 10% to 5 x 10° 2.0 x 103 to 10°
Tagie  0-005 to 0.00) 0.006 to 0.016 3 x 10710 g 7 4 10°10
74
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3. Surtace Temperature

The surface termperature w1tnin tne molten region,
tor I ffereat  surface teasian nunbery  and  Prandtl
nymoers are plotted in Fig. B ang 9 respectively.  The
Curve exmiBils  the gsual feature, 1t attends its
m3a«imum Al the cenler 3and decreases 4s 1t moves to the
edge, The temperature gradient, driving force of the
fluid flow, is greatest at the edge of the laser beam
{x* = 0.5). The effect of surface tension number on
the surface temperature, as can be seen in Fig. 8, is
rather small as compared to the effect of Prandt]
number on it, Ffig. 9 Prandtl number, as explained
earlier, s the ratio of momentum and thermal
diffusivity. An increase in Prandt! number can be
interpretted as a decrease in thermal diffusivity.
Thus, tne material 15 heated up more slowly when its
Prandtl numbder 15 nigher. As can be seen in fig. 9,
the temperature yradient decreases with Prandtl]
number. This causes the magnitude of the recirculating
flow decrease with Prandtl aumber.

C. Horigontal Surface Velocity

The norizontal surface velocity at t* = 1 and
x* = 0.5 as a function of § number 4s plotted in
Fig. 10. Tnhe magnitude increases with S number which
is expected. The horizontal surface velocity at t* = 1
and x* = 0.5 as a function of Pr number is plotted in
Fig. 1, The velocity decreases with the Prandtl
nunmber, As explained earlier, this is dur to the
decrease in temperature gradient.
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fig. 4 velocity fiela in Molten Region i

Table 3 Value of the Governing Parameters of the Five Cases

Case 1 2

Re 12.% 12.5
Pe V.25 0.25
P g 0,02
> 55,000 55,000

o

3 4 5
12,5 12,5 12.5 ‘
32.5 1.25 1.2%
?.6 a0 o i
RO R 30,000 IERNTRE
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treat, The Braaatloaemhee MaL a0 gner eftedt an
both  toe shgpe and saze ot T Tten  poyui Lee
Frg. b3, A Uhe Prangtl o oangreg o, e medt e e
rare dittrc it to grttgge. Theret e e 5100 9t tne
malien regtan e redses, Mareager, fre e let mocher
erodtult ot doynod s ngmber ant Yranlt)t o wagrd oalsy
inirease.  As A result, the convedtion Lecomes more and

mare limpartant.  Tnis s reflected by the fact that the
aspect ratio (width divided by depth), as plotted in
Fig. 15, increases with the Prandtl nuwdber,

E. Cooling Rate

The cooling rate along the interface of the first
case 1s plotted 1n Fig. 16. The cooling rate i3
calcylated from €g. {9). Tne . .oling rate incredases as
one moves away from the bhottan {center), thea 1t
attends a local maximum and decreases, finally 1t
increases to the edye of the pool. The existence of
the local maximum is unusual, but expected. The reason
15 because of the existence of the two counter rotating
vortex. The cooling rate attends its local maximum at
the location where the two vortex meet. 1In al} five
cases, the cooling rate at the edge of the pool s
nigher than that at the bottom (center) of the pool.
Thus, tne molten region, 4s 1t solidifies, would shrink
faster in its width than its depth. This predicted
trend is consistant with the experimental fact that the
microstructure is finer at the edge of the pool than at
the botton of the pool. The cooling rate at the edge
of the pool as a function of S number and Pr number are
plotted 1a Figs. 17 and 18, respectively. The cooling

_rate ntreases with the S number since higher the 5

nymber, nigher the convedtion and thus more efficient
is the heat transfer. The cooling rate increases at

first and then decreases with Pronumber, The reasan
behind 15 that there are two parts in the couling rate,
convection  and  conduction, For smll  2r ngaher,

conduction 1§ dominating so Uhat an increase 10 s
number Jerreases the conduction amt thus the canliay
rate. On the other hand, where Pronumber 15 ldfge,
convection 1s more impofrtant. Convectiron 1ncreases
with Pr number, hence more efficient heat transfer, 1«
a result, the caoling rate V1n¢redases.
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F. Salute Redistribution

The recirculating velocity, as predicted by this
model, 1s of one or two orders of magnitude higher than
the scanning speed. This means a fluid particle would
recirculate several times before it solidifies. This
can account for the highly disperse and uniform solute
redistribution within the molten region. The transport
process is convection dominated, The solute s
actually transported by the carriage of the flowfield,
molecular diffusion play a rather subordinate role,
Because of the fact that there are two counter rotating
vortex, one would expect to have segregation, if any,
at the location where the vortex meet.

CONCLUSIONS

This two-dimensional convective heat transfer and
fluld flow analysis has revealed many important aspects
of the surface tension driven fluid flow in weld pool
and fts effect on pool shape, cooling rate, velocity
field and solute redistribution, The important
findings are as follows:

1. Recirculating velacity is predicted with the flow
one or two order of magnitude higher than that of
the moving heat source. There are two counter
rotating vortexes except in the high Prandtl
number (2,6) case.

2. Surface temperature gradient, which is the driving
force for the fluid flow, is maximum at the edge
)¢ the beam leading to the most rigorous outward

velacity,

3. A5 Prandt] naumber increases, the aspect ratio
fwrqtn divided by depth) increases.

L A syurface tensfon number tncreases from 30,000 to

S5, 000, the aspect ratio increases. However, when
Ytoanireases from 55,000 o 100,000, the aspect
ratin gecreases leading to “key-hole” mode
pesetcation due to the counter rotating vortex.

5. v iouling rate at the edge of the pool is found
to be higher than that at the bottom of the pool
below  the centerline. This implies the
s0' 1 f1cation will proceed from the edge of the
poaci,
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Irateters

e crperimental results are described, toge-

ther with some preliminary mathematical modeliing.
INTRIDULT DN

“ne use of @ laser tu | roduce rapidly solidi-
fied structures in the surface of different mate-
r1als has recently received considerable attention
(l'2)4 This 15 principaliy because it is one of

i the few methods available for producing these inter-

‘ esting structures on the surface of articles of

use in engineering, such as wear surfaces,

The current level of research is aimed at cate-
gorising what structurescan be ob*ained, with some
work on detailed structural analysis (3) and others
on their engineering properties such as wear resis-
tance, corrcsion resistance, and fatigue resistance
(4}.

Discussed here are the structures obtained by
traversing a laser over four different steels.

-

EXPERIMENTAL

The steels were received in two states, the fully
austenitised condition and the fully heat treated
condition; except for the S8Z which was surface
carburised to around lmm depth and then heat treated
at 100°C for 4 hours or 140°C for 4 hours.

The range of traverse speeds explored was from
8mm/s to 1200mm/s while the beam diameter (defocu-
sed Gaussian beam) was varied from 0.2mm (focus) to
4. 3mm.

RESULTS AND DISCUSSION

The results were examined to establish:
1) The dimensions of the laser treated zone
2) The solidification mechanism
3) The Crystal structure
4) The extent of any surface modification and upset.

THE DIMENSIONS OF THE LOWER TREATED ZONE

The variation of depth and width of the melted
zone is shown in fig.1 and 2. The laser coupling
varies from deep penetration by “"keyhole" formation
to conduction limited melting and surface transfor-
mation hardening with no surface melting (5).

It is apparent from fig.1 and 2 that the prior

heat treatment had no effe~t on the melt zone, nei-

A Control Laser 2kW CW COp laser was used. The ther did it change the size of the heat affected zore.
laser power output was fixed at 1.7kW and passed There is only slight variation between the steels
with various beam diameters over four different with the S99 being a little more difficult to pene-
steels whose compositions were:- trate. The hyperbolic relationship between speed ami

Material C Si Mn S P Ni Cr v Mo
S82 0.14 ) 0.23 0.35 0.005 0.005| 4.03 ] 1.09 - 0.26
I 599 0.37 ] 0.21 0.68 0.022 0.007 | 2.46 | 0.69 - 0.605
| o 0.43] 1.57 | 0.88 | 0005 | 0.009 | 1.90] 0.80 | 0.70 [0.35
13 1.0 | 0.29 | 0.42 | 0.01 u.omj 0.17 | 1.39 | 0.02 | -
S . SN U UGS IO S
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Teady * 0 tne concluston that seynhoeling oeouer, at.

P/VD . 60 + 2G J/mm

conduction limited melting if 60 + 20U, P/VL , 2+

1J/mm2 and transformation hardening if 2 + 1 .P/VD

2 0.7+ 0.4 J/mmz where P = incident power W,

r beam diam, mm, V - traverse speed WS,

SOLIDIFICATION MECHANISM

Solidification is by a dendritic, or cellular
dendritic growth. Fig. 3 shows a theoretical cal-
culation for a keyhole melt of the thermal gradient
G divided by the solidification rate R (G/R ratio;
which has been c.rsidered related to the stability
of various solidification mechanisms (6). A consi-
derable variation in value is calculated particular-
1y at the chill edge, giving the possibility of a
thin equiaxed zone, leading to a dendritic core with
a tendency towards cellular dendritic growth towards
the centre surface. Fig. 4 also for a keyhole melt
is a plot of the cooling rate (G.R) over the melt
zone. This parameter has been noted (6) to be cor-
related to the dendrite arm spacing. This parti-
cular calculation suggests a variation in arm spa-
cing with a finer arm spacing at the
centre of the keyhole and the central surface,obser-
ved values in a comparable keyhole run vary fromium
tomim. For this calculation it was assummed that
the dendrites grew along the maximum thermal gradi-
ent, but examination of dendrite growth directions
showed that although basically following the predi-
cted direction there were notable exceptions which
must be due to convective movement within the melt.

Some solidification crdacking and blind weld
porosity was observed in the deeper keyhole samples.
Fig. 5 is a structural map of the $S82 steel.

CRYSTAL STRUCTURE

Optical microscopy showed martensite and a
white etching retained austenite . The hardness
figures were used to confirm these structures.

The high C, low Si and V steels favoured retai-
ned austenite at the faster processing speeds. The
300M steel did not show any retained austenite.

The $135 steel showed an unusual banded struc-
ture which is apparently molten since the surface
had moved in some samples but was apparently not

82

T et e o The PRV QT eleree T
nave beer partially molten due tu the large ditte
rences between solidus and liquidus in this 1:(
steel.

SURFACE PROFILE

By using larger beam diameters sSmootn surfa. o

were obtained.
CONCLUSTON

vata on the dimensions of laser treated zunes
are given, together with preliminary mathematica!
predictions of the solidification mechanism. The
crystal structure is martensite with some retained
auste.aite in the high C low Si and V steels.
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ABSTRACT

The process of laser cladding using gas
borne injected powder has already achieved
tndustrial acceptance. The cladding material

1n the form of a fine powder is injected
tnto the laser generated melt pool on a
moving  substrate. The present model s
aimed at calculating the resulting clag
weld bead dimensions and the temperature
distribution in the heated zone. A simula-
tion model 1s also presented for the over-
lapping of single clad tracks to produce
ltayers of uniform thickness,

INTRODUCTION

Cladding 1s one of the many material proces-
sing applications for which a laser has
been and i1s being used. Fig 1 1llustrates
the powder 1njection process, currently
being used by Rolls Royce (1),

Fig V. Laser cladding by powder 1njection.

The <cladding material in the form of a

fine powder (usually of non-spherical shape

and averaqge si1ze of 70 microns) i1s 1njected

intr, the laser-generated melt pooul on thae

Moving substrate Thr ather meet ot nf
23

laser cladding 1s by melting a pre-placed
powder layer. The use of the claddiag
material in the form of a powder is pre-
ferred as an instantanecus layer of powder
on or near the surface appears to enhance
the laser energy coupling efficiency.

The mathematical model presented here
1S applicable to the injection process.
The main parameters of this process and
the effect of these parameters on the
dependent parameters have been studied
and reported elsewhere (2},

The model described here assumes a quasi-
steady state with the axis of reference
fixed relative to the laser beam, the
beam being incident normal to the substrate
and stationery with respect to the earth.

The beam is assumed parallel, with a mathe-
matically defined power intensity distri-
bution similar to that produced by a

T.E.M.00 mode. The spot radius is defined
as the radial distance where the central
intensity is reduced by a factor 1/e.

The present model, although not lacking
in generality, is aimed at co-relating
experimental data obtained for flat plate
cladding of stainless 316 to & mild steel
EN3 substrate, using a8 2 kw CO, laser.

The temperature dependence of some physical

properties is allowed for. Eftects due
to latent heats are accounted. Heats
generated by chemical reacticns and ‘body
convection' due to melt pool turbulence

are neglected.

A semi-spherical reflecting device was
used to measure the total reflected powe:
{rom a shot blasted mild steel surface,
Fig 2. A reflectivaty value of 0.4 =as
nbtained for a norrmal incident CO, lacnr
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Fig 2. Measurement of the reflected beam
power at normal incidence.

The powder particles are assumed to be

of spherical shape. A weighted average
value, based on a sieve analysis, is used
for the particle diameter. An average
measured value of 1.6 m/s is used for the
particle velocity. For the loading ratios

used, the particle distribution in the
powder cloud is assumed to be uniform.

The temperature distribution in the clad
bead and the surrounding heat affected
zone is obtained by a finite difference
heat balance.

PROPOSED CLADDING MECHANISM

Before the quasi-steady state is established,
there is a transient period in which the

clad bead is initiated. At time zero,
the laser beam traverses through the powder
cloud and impinges on the substrate. A

fraction of the laser power is absorbed
by the powder particles. The energy coupling
efficiency may be enhanced by a fine powder
layer on and near the substrate surface.
A molten pool is quickly generated extending
initially below the substrate surface.
The incoming powder particles are then
entrapped in the molten pool forming a
clad bead above the surface. The so0lid/
liquid interface will extend below the
substrate surface if there is insufficient
powder flow to match the laser power density,
Fig 4. If there is excess powder flow,

then the resulting clad bead would be smaller.

Some particles may be ejected out of the mol-
ten pool as is evident from a fast action
cine film.
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Fiq 4. Effect of powder mass flow.
Powder mass flow 0.090 g/s toup
0.212 g/s bottum

Criterion for successful cladding 1s melting
of the substrate by <conduction through
the super heated clad bead molten pool.
Microscopic examination of 70 M m stainless
steel particles which were injected through
a 5 mm beam of 1B830W, revealed no melting
{i.e. no dendritic structure or rounding
of sharp edges), Fig 5. Although somr
smaller ©particles present in  a mixture
may melt before arriving at the clad bead
molten pool, pre-melting of the particles
is not a criterion.

Fig S. Microstructure and shape of stain-
less steel particles which were
injected through & 5 mm beam of
1830W. 500 x
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*rr beads of similar widths pbut of Jiftercat
he ghts when cladded on the same substrate,
provided no chemical reactions occur (e.g.
excessive surface oxidation or formation
of inter-metallic compounds), Fig 6.

i i i
Fig 6. Similarity of substrate melt width
{iii) and clad bead width (i,ii}.
Substrate mild steel, clad - (ii)

Brass, (i ) Stainless steel.

Beads of cladding materials with a higher
melting point than the substrate, spread
out to the full width of the substrate
surface melt. If the energy input is insuf-
ficient to generate temperatures higher
than the melting poinc of the clad, then
individual particles are observed entrapped
in the substrate molten pool. Similarity
of the two widths will be greater for clad/
substrate combinations with similar high
temperature physical properties. Satis-
factory cladding is not possible when the
melting point of the clad is much higher
than the substrate (2).

(b) The section profile of a single clad
bead is a segment of a circle. This profile
has been observed to be {(ndependent of
all process parameters. Clad beads of
stainless steel, iron, hrass, stellite
and nickel were examined.

Laser cladding is * comparatively calm
process relative to plasma, flame or arc

processes. There are no electro-magnetic
forces or gas jets to disturd the molten
pool. Also it is evident that there is
little molten pool turbulence. This was

verified by cladding pure iron to a stainless
steel (18% Cr) substrate under conditions
which would create a high dilution Jlevel.
Although there was about 308 dilution,
(i.e. J0% of the molten pool extending
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Fig 7. Three basic clad bead sectirvn pr.
f1les. Clad - Stainless steol,
Substrate - Mi1ld steel.

MODEL OUTLINE

Certain parameters are first calc:late
usiny an existing finite difference laso-
heating model (3) assuming no format o

ot a clad bead and no powder inrecrjion
These parameters are:

fc) Surface melt width and centrelinc melt
length

{d} Surface melt area

(e) Position of the beam centre tn th
molten pool

(£} The length of the heated zone 1i1n the
x,y,z direction: XR,YR,ZR.

The objective of the above calculation
is to obtain a first estimation of thy
bead section profile.

Observation (8) allows a first estimation
of the clad bead width to bhe ohtained using
{c) above. A first estimation of the clad
bead height is calculated by using tay
above, assuming that the clad bead is made
from all cthe particles falling on to the
molten pool area and by expressing the
injected masx flow as mass flow per un;t
area.

A cartesian matrix is set up allowing suf-
ficient grid points inside the estimated
clad bead profile. The lengths of the
heat affected zone calculated in (f) above,
are used as initjal limiting lengths.

The power input to each surface element
is then calculated using a procedure simila:
to that described in (3}, i.e.:

POHER(K.I)-J];P(x.y)dydx

where 'R' is the region bounded by grid point
{(K,1I} and4 P{x,y) is the power intensity
distribution function.
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The shadowing effect of the particle cloun
is evaluated for each surface grid pouint.
The progressjive temperature rise of a4
powder particle traversing through the
AXIS OF LASER DEAM laser beam and falling on toc a particular

R ’/——" sucrface grid point is calculated for the
-0 3 om various energy inputs en route, allowing
\ conveying gas flow and a radiative loss.

for a forced convective 1loss due to the

N x{=0 In the subsequent heat balance, the heat

content of the partic es is added to the
respective surface grid points as a body
convection term and the power input 1s

adjusted according to the shadowing effect
of the particles.

—_ —t

) If the resulting temperature distribution
does not satisfy certain criteria which
depict the quasi-steady state of the moltern
pool, then the clad bead width and height
are varied until a satisfactory distribution

¥

ELLIPTICAL BOUNDARY is obtained.

" MATRIX SET UP - TEMP (K,I,L}

The circular bead section is modelled
as a stepped cartesian grid as shown 1n
Fig 8. Symmetry allows only one half

of the bead to be considered. The boundary
of the grid is defined by the bead radius.
Giv) The (front end of the clad track, i.e.
the molten pool end, is modelled as follows:
With reference to Fig 8(iii), the molten
pool elongation factor 'RM' is calculated
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: saed 0 oL earmw et relae
] the molten pool. The bead rad.us
calculated at eacth sectian ie.q, wsinn
'H1' as height and 2Y) as width at x = X1,
and a stepped grtd synchronous with the
clad body grid :s ser ip.
Twelve grid points are allowed o o Sy
direction between U1 and 02, The  tota
gria size 1s 10« 3% 'S
THE SHADOWING FEFFEUT W THE PARTICLE CLOUT

- RLOSS (K, I}

Assuming a weighted average particle dia-
meter, the number of particles per unit

valume is farst calculated. This 1s a
function of the particle velocity, particle
diameter, mass flow and injector tube

drameter,

Fig 9 shows the powder cloud 1i1n relation
to the laser heam. The powder <cloud is
considered to be of square s~ction for
the purpose of statistical analysis, a
correction being made at a later stage.

The shadowing effect is evaluated as a
percentage laser power loss for each surface
element within the powder <cloud. As the
particle distribution is considered to
be wuniform, the problem is reduce! to a
single dimension, the effect being indepen-
dent of the element location in the ‘'y'
direction.

Reference to Pig 9, the instantaneous number
of particles in the volume of space above
each element is calculated. A two dimen-
sional matrix is then set up, the matiix
lengths being the element length in the
x-direction and the <cloud range in the
Yy direction, The matrix ocaitions  are
spaced one particle diameter apart, The
particles are randomly distributed into
the matrix postions and using a statistical
technique described in {(4), the percentage
laser power loss is expressed as the percen-
tage occupied space in the matrix allowing
for particles situated on top of each other
and a correction for the area difference
between square matrix and circular particle
section.

Fig to illustrates the shadowing effect
of the particles on the gaussian power
intensity distribution of the beam, The
total power loss is usually 10-20V for
the range of cladding parameters used.
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Fig 9. Powder cloud 1n relation
substrate surface.
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The traverse time across a typical element
shown outlined in Fig 9, is calculated
assuming the particle travels along a
straight itne inclined to the substrate
ar an angle equal to the injection angle.
The power input to the particles 1n the

vertical column containing this rlement
will be RL (K,?ixPOWER (K, 1), The ‘raction
abscrbed 1s (1, - RF] where RF 1s the reduced

reflectivity due to multiple reflections,
The fraction absorbed from the beam reflected
from the clad/substrate surface 1s also
calculated 1n a similar manner. The energy
input to a single particle 1i1n the element
ts calculated using the traverse time and
assuming that the power i1nput to the vertical
column 1s shared equally by all the particles
in  that column. Although the particles
at the top are likely to receive a higher
proportion of the laser energy directly,
the process 1s reversed for the reflected
beam from the clad/substrate surface.

The net effect is assumed to be an egqual

power sharing. The temperature rise is
calculated assuming the particle to be
of uniform temperature, A convective and

4 radiative loss is allowed for. The convec-
tive loss is based on an established empiri-

cal relaticnship (5,6). A conveying gas
velocity of 4 m/s, relative to the particle
is used. Both losses are based on an average

of the temperature of the particle at the
Current position and the immediate previous
pPosition, The temperature of the current
position is jterated to within 10% of the
calculated current temperature using a
trial and error loop. The progressive
temperature rise of the particle is calcula-
ted  until arrival on the clad/substrate
surface, The model calculates the highest
temperature of 70 micron stainless steel
particles injected through a 5 mm beam
of 18)0W to be 1200k for a powder mass
flow of 0.2 g/s, particle velocity of 1.6 m/s
and injection angle of 18 deg.

HEAT BALANCE

The usual three dimensional finite differ-
ence heat balance equation is used (7,8,9),
with two ‘body convection' terms. A body
Convection term s wused for the ‘'kinetic
heat flow' in the substrate traverse direc-
tion, i.e. the ‘x' direction. This is
similar to that described in (3). The
other term accounts for the powder injection
process as follows:

e = temperature of a4 particle
n

size range, i.e.,

n = 1 parrticle size < S um

a = 2 §0um :> particle size > Su um

n o=k

m =M where A o1s the fraction ot Tt ape
n

s$1ze range 1n the powder mixture.

mass injection per uynit time to tne
surface area.

Only o©ne s1ze range 15 Consitore . i
we'ghted averaqge si17e 4 .sed

The term s adde
points which are molten, *he [N

for other points the par®i “les o .. R
off' with negligible hea*t *ransta-

A further assumption s that eshe {are; ..
melts and attains the grid puint temjerar .g.
within the grid point boundar, Fir some
larger particles, this may not be  trye
as ejecrion of particles fr - the m,'ter

pool has been ohserved.

The latent heat effects are A LLnte
for using the ‘temperature equivaler oe
method, If a grid point temperature reaches
the melting point (i1.e. an average be’weer
solidus and liquidus temperatures) ther

the temperature is reduced by the value
Lf/Cp.

A convective and & radiative loss 18 allowed
for all surface grid points.

The temperature dependence of the thermal
conductivity s accounted by using linear
functions (1'0,11,12) for the clad {(stainiess
316} and the substrate (mild steel EN3,
materials, the values being calculated
en route in the iteration process, and
limited at 1650K.

The temperature dependence of the Specific
heat is allowed for the mild steel sub-
stratye, The specific heat of stainless
316 clad is assumed constant &5 varidtiuns

with temperature are not significant.

Convergence is usually achieved after
500 iteration cycles. A low relaxation
parameter coupled with a low convergence
criteria is used.
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(h) The temperature at point (! {(21.e. the
fully developed <lad bead height) should
be the melting point of the clad.

{11 The temperature of points after ci
in the positive x direction should be below
the clad melting point if they are within

the powder injectior. range. If this is
not true, then the fully developed bead
height will not pe at point C1. The above
argument should apply to all other points
in the molten pool. However, only (x,0,0)

points are coensidered as they are not affec-
ted by the 'step' 1n the grid.

iy A continuous interface zone at the
melting-point of the substrate to facilitate
a fusion bond. This 1¢ obtained if (g

above is satisfied.

{k} The substrate surface points adjoining
the clad bead boundary (including the ellip-
tical boundary at the front endj} should
not be molten.

The temperature distribution is accepted
as a solution Iif the above criteria are
satisfied. In operating the model, the
temperature distribution of the first esti-
mated bead section profile is observed.
The temperatures of the critical points
of a first estimated bead profile are as
follows:

Width = 2.5 mm Height = 0.612 mm
Temperature at Cl = 1487K

C2 = 1603k

€} = 1575K

The above temperatures are seen to be too low
the melting point being 1650K. The limiting
lengths of the heated zone, XR,YR,ZR are
now adjusted if reguired. The program
is re-run with a new width and height value
until a satisfactory temperature distribution
is obtained,

Temperature distribution for various widths
and heights were studijed,. It was found
that only a single combination of width
and height satisfy all criteria concurrently.
with experlence, it is possible to arrive
at this solution with 4-6 runs of the pro-
gram.

Temperatures at the critical points of
the accepted bead profile are as follows:

Wwidth = 2,36 =nm Height = 0,669 mm
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0.149 - - - - - R .

3.297 . - - . -

RER Y <. - - - -

2.595 1650 164y - - . R R

2.743 1511 1508 STt a6y 14d%  t3¥iw 3T T Lzstrets
*.399 'O00R 1004 994 97€ 951 31~ g

* Temperature At J/7

{1i) Part:al temperaturs k!
transverse secrtion at X

Y 3,000 2,262 S.304 T.TAT 104w 1V 2 L e
z
0.000 - - - - - -
0.149 - - - - - -

0.446 1818 1B20 1853 1763 - - -
0.595 1730 1730 1735 1703 1649" - -
0.743 1628 1627 1625 1612 1587 1562 1213 Substrate
1.399 1191 1189 1181 1166 1143 1112 3ty

* Temperature at C3. The width is fully
developed before the height.

{iii) Partial temperature (k) distribution o
transverse section at x = 2.584 mm,

T 0.000 0.262 3-526 0.787 1.049 1.311 2.296 s
z

0.000 1650 - - . . . .
0.149 1604 1607 1548 - - . -
0.297 1547 1543 1511 1471 . Z -

0.446 1487 14082 146) 1441 -
0.595 1425 1421 1408 1391 1381 - -
C.743 1362 1359 1349 1332 130T 1254 978 Subetrate
1.399 1077 107¢ 1065 1050 1028 997 822

¢ Temperature at Cl.

The above solution is obtained for the

following parameters: Laser poser 1830w,
Spot diameter 5 mm, Powder flow 0.2 g/s,
Cladding speed 6.67 mm/s, Factor ‘RM' .},

Factor ‘RN 0,26.

A clad bead of 2.24 mm width and 0.622 mr
height is produced experimentally for the
above process parameters. The error ir
the mass deposition rate is 14%,
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LERLARE NG Sl TR TRALY sk i AT e e as trear e
ACCLAD LAYER Gt NirooEM THICKNESS distritbutiun, bed dirareter, surface refle-
tivity, values of which can only te esvaluate
The Dbasic technigue of producing miforrm to A limited accuracy using presenr tech
~lad layers by laser cladding 1s by wverlap- nlgues although advarces are hetnr; myd
ping of single <lad rtracks. Ao omodel iy v, v4, 50 In :aser cladding, additiona.
developed toe simulate this process. The ambiguous parameters are introduced r
model 18 based on the following experimental the powder 1njecticn system. 1f sume exper:
shservations and assumprions., mental data are 3varlanrle, thens *hess pac
Teters A HE cormalased A B -
"kt The sangle tracx section oty e 15 tan be  gs8ed T pre af L LN
3 segment of 1 rareje Pretess  parameters., HE O T I
ivailable, reasonable informaticon
{1 The widtn ot a  wultiple Track layer provided 1f high temperature data :o avag
Gf 'N' rracks 1s egqual to We(N-tix where 'x’ akle for the clad, substrate materials an.
1s the transverse index and 'W' 1< the bead 1f nu excessive heats are produced by “her,
width. cal reacrions.

(m) Equal amouun*t of clad metal s .depusited
each time A track 1s laid.

Using the apbove simple tdeas, rencrkaple
agreement with experimental data has been

obtained. This 18 illustrated in Fi1g9 11,
where the computed develomment pattern
of a clad layer is compared with the experi-
mental. The simulation technique is sShown
in Fig 12 and a macrograph of a clad

layer ‘'leading edge' is shown jn inset Fig 11,
The 'leading edge' (i.e. the distance before
the clad thickness become uniform) has
been substantially reduced by a higher
initial overlap, the model being used to
calculate the required parameters.

1.8 S
r;:ﬂ track width S.425awn
single trock Mafght 0.912mm

overtap 63

—— computer zlmusation
@ oxperimentel

Cled hatgnt mm

N t

|
-l

. [] r [] [ [T
Distance mm

Fig 11. Development pattern of a clad layer.
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12. Technique used in simulation of overlapping single track clad beads.










