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ABSTRACT

The effect on final processing quality resulting from a deviation from optimum beam

focus during laser surface alloying has been investigated in this research. An elliptical

laser beam was used to experimentally process samples, which were then analyzed to

determine processing characteristics such as melt depth. A linear relationship was found

between the melt and heat affected zone depths and defocus distance, which was ~13.3

- um/mm for the melt depth and —22.3 um/mm for heat affected zone. The dynamics of an

automated fo.cus correction were im;estigz‘itea, and a required vertical velocity of 4000
mm/min was needed to correct a defocus distance of 4 mm. The maximum surface
variation radius was found to require a‘horizontal resolution 3.5 times the radius. Finally,
a simple moving source analytical heat flow model, which can approximate an elliptical
laser beam, was examined and shown to be unsujtable for feedback control applications

under the conditions of this study.
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NOMENCLATURE

surface absorptivity
A; transformation temperature (K)
thermal diffusivity (m’s™)

laser beam spot diameter (m)

- specific heat J kg 'K) =~

distance ﬁom fe'ns(rh)

focal length of lens (m)

length of rectangular- beam paraﬂgl to direction of beam velocity (m)
latent heat of fusion (J)

beam power (W)

beam power (W)

aspect ratio of rectangular beam

radial distance from beam (m)

"radius of Gaussian beam (m)

surface variation radius (m)
input beam radius (m)
output beam radius (m)
temperature (K)

melt temperature (K)

initial temperature (K) -

peak temperature (K)




X W Z

Zo

surface temperature (K)

time (s)

tﬁne to peak temperature (s)

beam velocity (m s™)

width of rectangular beam noml t(l)‘beam veiocity (m)
Cartesian coordinates with origin at beam center (m)

characteristic length-(m) .

~ thermal conductivity (J s'lm'lK'l)—

density (kg m™)

Dimensionless Variable Deﬁnitions

T = (T —Ty) (Tyy —Ty). ‘ dimensionless temperature

.T; =(T) - T 0) /(T —Tp) dirnen;ionless peak temperature

q =Aq/ rA(Ty —T,) - dimensionless.beam power

v = vrg/a ‘ dhnensionless beam velocity

th=t/t, dimensionless time

t; =t, 1ty dimensionless time tp peak temperature
to=ri/4a heat flow time constant (s)

x =x/ry dimeﬁsionléss Cartesian coordinate x

y =yl

dimensionless Cartesian coordinate y



2" =z/ry
zS:zO/rB
qr = A4q/ wA(Ty —Tp)

*
vp =ww/a

Abbreviations

HAZ  Heat-Affected Zone

dimensionless Cartesian coordinate z

.characteristic length

dimensionless beam power of non-Gaussian beam

dimensionless velocity of non-Gaussian beam

'LSA  Laser Surface Alloying
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- Chapter 1
. 'lntroduction |

l"l“he laser has arguably hecome one of the most versatile and valuable tools to
many mdustrles Aerospace automotlve and electronlc 1ndustr1es to name a few, rely
heav1ly on the laser (Charschan 93). Welding, drilling, surface modlﬁcatlon, cutting, and
marking have become the laser’s mainstays m‘materlal processing (Ready‘97). These '
processve‘sall hai'e a common requirement from the laser, that ‘of‘ maintaining a desired .
level and spatial distribution of the laser’s'energy incident on the _inaterial. The
requirement can be met with proper focusing of the laser beam onto material,,which is s
normally not a problem when material dimensions are precisely known within a small
tolerance. In applications where dimensions vary significantly from piece to piece and
laser material processing is needed, vi/orking distances can deviate -from the ideal focus
- distance. |
The effect oi‘ this deviation on processing quality must be ?understood in order to
cori‘ect it. While changes in laser energy densities resulting from improper fo‘cusing ha\ie
been well studied for Gaussian sources (Cline and ‘Anthon}'i 77, Lax 77),-more complex .
' beam profiles can present problenis m calculating these/changes. In many cases these '
problems are solved‘numerically, but when rnoving non-Gaussian heat sources are taken -'
into account the numerical’ solutions become more difficult. While these problems can be
solved numerically by updatmg m1t1al condltlons at each new beam position in time
- based on the beam’s prev1ous tran51ent temperature ﬁeld solution, th1s can require long

computer processmg times. In additlon the mformatlon gained from such calculations




can be more than needed for single track gpredictions of melt z_oﬁe depth and heat affected
zone .(HAZ) depth fo'r a mO\./ing hon—GausAsian heat source. For the main focus of this |
rgseérch, whi‘ch is Laéer Surface Alloying (LSA), these me;cl'surements’will be the scope
of the properties that"will be considered as"an indicator of final processing quality.

Surface modifications such as laser hardéning and LSA are known methods for

changing a material’s surface properties in order to improve them (CHarschan 93). Inthe

case of LSA, corrosion and wear resistant surface properties can be achieved on base

metals such as aluminum and steel. The LSA process used for this research begins with

application of a precursor layer, which consists of the powdered metals to be added along -

with a bihding agent, on to the base metal surface.. After the precursor has dried and

stabilized the powdered metals within thé binding agent, the new surface components and

a portion of the base metal are melted by the laser and mixed primarily by surface tension

driven convection. The del;th of the"alloyé‘c'l ,layclar is i;rimarily controlled By laser
pararheters such as beam eﬁergy deﬁsity, total absor‘bed beam power, and beam ve;ldcity.

| As the beam energy dehsity' valiie becomes uﬁe'lé‘éeptable‘thr‘ough improper beam
focusing, thé result can be undesirable melt dep,th'é;ﬁd ;cfaék georﬁetry;-along with process
inéfﬁciency if more beam power is iﬁcorrectly aﬁplieci to correct shallow. melt -dgpth‘. For
the LSA process, maximum aerial coverage per processing track is needed in order to

. minimize the number of tracks gna thus processiné, times. Using a laser beani profile "
with a lafge width and a‘r‘el;citively Darrow léngfh‘incrve‘arlvses fhe; aerial cbyera‘ge m this
‘case. This line bea‘rﬁ iiroi';le"'éan" 'Vl;nlas'elnt‘ p“rpblems 1n deternﬁnhg terhp'erature'
'dli‘stribut“ions as alludga to eéﬂi}'er‘. If fgfﬁf;éfafure distlributiohs can be aco;uratély o "

predicted, the extent of negaﬁvé defdcus}ing 5éﬁ‘ects on final .SA quality can be
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quantiﬁed before proce’ssing,‘thus providing a range of acceptable focus distances. In.
order to keep the focus distance within this range techniques must be dev1sed to insure
that the optics are held W1th1n these d1stances from the Workplece' Workpleces w1th
known d1mens1ona1 tolerances smaller than the optimum processing focus range usually

- present no problems 1n mairntaining"proper focusing because the motion system can be
prdgré.nimed to accurately follow the surface geometry, so items that have relatively large
dimensmnal tolerances outs1de the optimum‘ processmg focus range will be con51dered as
.examples of processmg difﬁcultles which need to be addressed. These pieces mlght be
encountered Whéﬁ processing e’xisting' inj-use'jistructural assemblies for corrosion
resistance or processing vvear prone items for rebuild Or repair. -Due to the unknown

- variations of geometry from piece to piece, it would be impractical or irnpossible to

follow the geometry without a .form of a distance feedback sYstem. The idea that is
considered here Within isan automatic focus control system. |

| The a‘bility to measure distances iiom the Workpiece in-process can provide the
necessary‘feedback to correct focus distances that are outside an acceptable range. A o . ]
si1'np1e mechanical follower that is allovvedto ride along the workpiece surfaceAcould g . l
, ‘accomplish this One problem with'this approach is that the foliower isa contact device.
" This is not ideal for the LSA apphcatlon in this mstance because the precursor that is.
: apphed before processmg may be d1sturbed by contact In other laser processmg
apphcations a contact device mtroduces the poss1b111ty of wear contammatlon and low
resolutlon for sharp changes m workplece geometry Alternately, a non-contact
measuring dev1ce such asa laser triangulation d1stance sensor.can be used._ ‘These
devices providevquick samplingl rates and high resolution, but e)rtra equipment needed for

3



the measurement system can be expensive to initially install and also. to maintain over

. time. Inorder to justify any distance feedback system’s use, the acceptable range of

focus distance must be shown to bé smaller than the intended application’s geometrical

tolerances. Also, in considering a coht;ol system, limitations on the dynamic response of

" the focus reiated motion system need to be considered. The intended purpose-of this

research is to provide evidence 't'hallt‘ in general cases the use of an automatic focus
correction system is warranted and fgasibie for laser processing aﬁd LSAin pa.rticular.
A basic outline of the step; needed for tile investigation of final processing
propertiés will vbegin w1th an'‘experimental approach. In this approach, material samples
weré subjected to trhe LSA pfocéss at ,vari(;ﬁs dist:ances frorﬁ the 6ptimurr’1 p;océssing
focus distance. Laser beam velocity, precursof thickness, 'material tjpg, and laser power
were héld constant for all frials. 'Las‘er Beam profile measurements wére also conducted

for the various trials. After undergoing the LSA proceés, each set of tracks corresponding

- to the different trials were ‘anal;yzed-; Through visual microscopy analysis of the melt and

heat affected iongs, measurements.of Zone hbu‘r'lc_ié';ies were conducted. Next, the
expchentalldqta weré analyz{edvt‘o- dgternliﬁe the extent of an automatic focus control

system's theoretical performance based on existing pijocessing equipment specifications.

Finally, a theoretical temperature distribution simulation technique will be used to

deternﬁne tile positibns of peak' pfocessing temperatures. This approadh will include a'n"
analytical line beairﬁ heat somée ;}pproxilx_lation of inovmg source which will aléo include |
a superposition of rﬁultiple Gaussiaﬂ héa;c édurces in order to simulate a non-GaussiaI}

line beam profile absorbed at the surface. By analytically approximaﬁﬁg terﬁperatme

distributions, the major physical events governing heat transfer during LSA can be




studied without extensive numerical calculations. Since the approach allows for a non-
Gaussian beam profile, more relevant and realistic conditions can be modeled, and
experimental beam profile measurement information was used in the modeling stage as
the basis in the’ construction of the non-Gaussian beam profile simulation. Due to the
investigation of temperature distributions in a cross-sg:ctional plan;e of'the LSA track
perpendicular to the beam velocity direction only, a line beam approxirﬁation has been
considered. By scrutinizing the data from the theoretical and experimental sections of the
research, the extent to which deviation from the optimum processing focus distance

affects final processing properties was determined.



“Chapter 2

Ba_bk_groﬁnd

In this chapter, the key characteristics of laser material processing and LSA
assodiated with laser beam defocusing effects are discussed. Background information
such as desériptions of laser beam power density levels and laser beam profiles
associated with laser material processing and LSA were covered. Additional information
includes a description of the temperature distribution simulation technique used, the basic
principles used to construct the simulation technique, and limitations and assumptions of

the technique.

2.1 Laser Material Processing

The use of the laser has found its way into many applications. Since its invention
in 1960, the unique properties of the light produced by the laser have proven useful for a
range of devices and processes. One application that has been widely adopted because of
these properties is material processing. At the present, the laser has widespread use in the
areas of the aerospace industry, electronics production, and the automobﬂe industry
(Charschan 93). The production of nearly monochromatic light by the laser allows the
selection of a laser light wavelength that is matched to a particular material’s peak
absorption wavelength. Similarly, a transfer medium, such as a fiber optic, with a peak
absorpﬁon wavelength differing from that of the laser’s wavelength can be used to avoid

excessive energy loss or overheating. Also, because laser light is highly collimated, it




_can be focused into a very small beam spot, which proxﬁdes large laser power density
levels. These power density levels make the laser ideally suited for the hardening,
melting, or vaporization of materials. In order for these processes to be precisely
controlled, the po§ver density must be maintained at the desired value and distribution
along with proper regulation of other processing parameters such as processing velocity
and surface preparation. The processing velocity and silrface'preparetion can usually be
well controlled through the mechanical movement of the focusing optics and thorough
preprocessing preparation of the workpiece respectively. Furthermore, if the laser power
output does not ﬂuctuate‘ e#cessively, the beam poWer density magnitude and distribution
ean be maintained during processing if proper focusmé of the laser beam spot is held
constant. | |

in the case of material r)rocessing, the movement of the laser beam spot over the
rnaterial surface during processing is usuain necessary. If the mater'ral is not flat, or
plane.r; there will be the need to translate the focusing optics up or down relative to the

" material surface in order to maintein proper laser beam focusing. 4As ‘Iong as the spatial
relations.hip' between the focusing opﬁcs and the material is known, necessary moxremerrts
carr be programmed and executed as the beam —spot is translated across the material
surface. If, in general thlS spatial relationship is not known before processmg, the

relatlonshrp must be momtored and corrected during processing if it is outside of a
selected range. This range is based on the extent the beam pewer density profile changes
during a change in the. displacement of the focﬁsing optics from the material surface and
how much fluctuation in the beam power ~derrsity. profile is acceptable for a particular

application.



Iﬁ order to ﬁnderstand these ideas, the behavior of the laéer beam éroﬁle at the
material sufface dming focus relationship chaﬁges aﬁd temperature dist'r.ibuti()nsrin the
material resulting from these laser beam profiles must be investigated. This investigation
© is the goal of this reécarch and could be accomplished through purely theoretical
calculations using ideas ﬁofn geometric optid.gil theory and analﬁical or nume;ical
temperature distributibn solutions f;)r‘rr‘ioving heat sourcés. This approach can require
extensive calculations or computer run-time and provide unneeded information such as in
full numerical temperature distribution solutions tﬁrpugh time. Analytical temperature
distribution solution§ ca;n also be limited to simplified point, line, or Gaussian laser beam
characteristics. However, if the laser applica;cion being studied has m‘ore complicated
beam characteristics, a mo£e efficient eipproach is a combination of experimental studies

and analytical approximations.

2.2 Description of LSA
| Laser surface 'modiﬁc‘ation is performed b§ heating or melting a thin layer of
material at the surface of the wo‘rkpiecé with a lgsgr in ord;er to modify its surface
’pererties (Réady 97). The main forms of laser surface modification are surfaée
| hardening, alloying, glazing, and cladding with these techniques having many.
cﬁaracferistics in common (Grigoryants 94j. La;ér surface hardening is the‘process of
using a laser to heat and change the microstructure of a thm layer of material at the
surface in order to modify the la);er’s hardness. This change in microstructure usually
consists of transformation hafdem'hg thfough austenite formation of the surface of

materials such as carbon steels, tool steels, and cast irons to depths of up to 2.1 mm for



AISI 4340 steel using a 3.6 kW CO; laser beam at a power density of 1.48 kW/cm2 and a
translation rate of 1.27 .cm/s (Charschan 93). Laser glazing is a similar. process to laser
surface hardening except melting of the surface occurs. This procedure produces a
glassy, non-crystalline surface, which can be resistant to corrosion and has very small
grain sizes in the surface layer that is melted (Ready 97). Laser cladding involves
metallurgically bonding an éverlay material to surface of a base material by melting just
enough base material to perform the bond. In this process costly material can be bonded
on to an inexpensive base material thus providing the surface properties of the expensive
overlay to the base matefial (Ready 97).

LSA combines the basic idea of laser cladding with greater mixing of the base

material with the elements to be added. Some examples of the elements added are

silicon, boron, carbon, titanium, and chromium (Grigoryants 94). A powder mixture

called precursor containing the substance; to be alloyed with the base material’s surface
that is either dry or mixed witlh a bindipg agent is applied to the surface before LSA in the
case of the bgund poWder @e. The: dry i;owder mixture can be applied before LSA
or during LS’A:Such'adls‘with a péwdqr jelf. }n tile: éa‘se of the powder mixture and binder,
the slurry is ;Howea to dry before pf;)ceésihg, ‘v;/hich stabilizes the powder mixture during

material handling. Usually a CO; or Nd:YAG laser operating at multi-kilowatt levels is

~ then used to alloy the powder mixture into varying depths of the base material depending

on precursor thickness. The laser beam is scanned over the surface in a raster pattern
creating processed strips called tracks. Each track slightly overlaps the previous track to

insure complete coverage as indicated in Figure 2.1. This process is continued until the






desire area of the workpiece is covered.. Uses for LSA include corrosion prevention and

wear resistance.

2.3 LSA Laser Beam Power Density Levels

Laser beam energy transfer into the material during laser surface modification
techniques is usually small when compared to other laser processing techniques such as
welding, cutting, and drilling. This shallow heat penetration deptﬁ is accomplished
through the use of lower power density levels than that of welding, cutting, and drilling.
Typical power densities used for laser surface treatﬁents are‘around 10%to 10* W/em?® as
opposed to i)ower densities greater than 10° W/em® for welding, cutting, and drilling
(Charschan 93). Unlike other laser material processing fields such as laser welding,
cutting, and drilling where beam power densities are high enough to allow for material
vaporization, beam power densities for laser surface modification at the material surface
are not sufficient to reach the target material vaporization regime.

Beam power density levels used in laser surface treatment must be precisely
controlled because heat penetration depth and thus final processing characteristics for
given material are dependent on iche power density levels assuming other processing
conditions are maintained such as absorptivity and beam Ivelocity. The melt depth can be

approximated by

AP
b

d, = 2.1)
vo[C(T —To)+Ly]

11



r;vhere vis the beam velocity, P is the beam power, 4 is the surface absorptivity, Ly is the
latent -heat of fusion, 7, ,,, is ttle melt temperature, Tyis the initial temperature, and b is the
diameter of the beam spot, and is direcﬂy related to the beam power over the beam
diameter or area which is the power.der:lsity (Charschan 93) Irr LSA heat penetration
depth arld melt depth also dictate surface alloying mixing percentages of base material
and prectJrsor materials. A decrease in beam power density levels can result, in -

. ﬁnacceptable surface alloying due to insufficient transfer of iaser energy to the
r;vorkpiece. Insufficient mixing of precursor materials with the base metal or no melting
of the base metal result if insufficient transfer ot‘ ’laser‘ beam errergy to the workpiece
occurs. An increase in power density levels can lead to over-mixing of precursor

| materials with the base metal and a oeeper than expected alloyed layer. If these
variations in beam power depSity levels from the.desired level take place, the ideal
operating conditions are not met and ﬁnal processing‘qual'ity‘ suffers. The extent of the
effect that variations in beam power density due to beam defocusing have on final

processing quality is investigated in this research.

2.4 L SA Laser Beam Profiles

Laser surface treatment techmques for the most part involve processing a surface
track by track in a raster pattem In order to reduce the number of tracks and processmg
time needed, the laser beam spot must cover as much area as p0551ble while maintaining a

sufficient power den51ty level It is'therefore de51rab1e 10 use a laser beam profile that has

EY
4"

a large w1dth across the processmg track as compared to the length along beam travel for

t ;
é-

: surface treatment processes. This is opposed to most other forms of laser materials

12



processing such as welding, cutting, of drilling. In these cases, a laser beam profile with
a circular distribution is generally used. Spherical lenses and mirrors are generally used
for the focusing optics because the basic laser beam profile output from the laser is
sufﬁciént for these applications. There ié no need to modify the general beam profile
with the delivery optics. LSA and other surface treatment processes, however, do benefit
from a laser beam profile modified from that of the profile output directly by the laser to
that of a profile with a larger width described earlier. This modification can be
accomplished through the ﬁse ;1 beam mtégratpr or the focusing opticé. A beam
integratof’ usuz;lliy consists of a multifaceted mlrror, which overlaps individual images to
create a square beam péttérn with a rélatively uniform power distribution (Charschan 93).
Focusing optics which can create a wide beam can be comprised of two plano-cylindrical
lenses rotated 90° relative to each other in the focusing optics assembly. Plano-
cylindrical lenses are used refract light in one dimension only, and due to this property,
can be ﬁsed to transform a circular source of light in into a rectangular or’ oblong source.
The effect of the first cylindrical lens in the assembly is to refract the circular beam
profile into a diverging line proﬁle. By placing the second plano-cylindrical lens as a
converging lens and rotating its refraction axis 90° pelative to the first lens, the diverging
line profile produced b}; the first lens is refracted into a beam profile with a relatively’

large width as compared to its length at certain focus distances.

2.5 Basic Principles of the Temperature Simulation Technique

As a laser beam irradiates an area on the surface of a material, that area absorbs a

portion of the laser’s energy through radiation heat transfer and heating of the area

13



begins. If the laser energy is not sufficient to vaporize the material, the radiation heat
transfer can be said to occur strictly at the material surface since laser radiation
penetration is generally limited to range of 0.1 to 1.0 pm (Grigor};a;lts 94). The
transmission of the heat throughout the material _is prhnarily performed by conduction

. and, in the melted region, surface tension driven convection. Conduction of heat
‘donﬁnafes the transfer of heat until the laser-induced temperature rise is sufficient to melt
the mat'e‘rial.‘ Also, melting is limited to a shallow layer at the surface for those power
densities found in the field of laser surface treatment, and thus the heat transmission can
be approximated by heat conduction theory. Any method of solving a heat conduction
problem must begin with the fundamental expressions predicting heat flow in a

substance. The heat conduction rate equation for a three-dimensional solid is given by

or _0(,0r), 0(,0T| 0,00}, -
pcg_ax(zax}ay[zay}az(z az)+q (%, 9,2,0) 2.2)

where g'" is the volumetric heat source, :p is the material’s density, C is the specific heat,
and A is the thermal conductivity. If the thermai properties are time, space, and

temperature-independent, then this equation reduces to

g qlll

NG L Ay a=2 , (2.3)
ad 1 pC :
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where a'is thermal dlffu51v1ty Solutlons to thls rate. equatlon for different source
conﬁguratlons related to laser processmg have been performed and are well documented
’ The temperature ﬁeld SO lutlon found usmg £y movmg point source for the heat generatlon ‘

term inthe rate equatlon by Rosenthal (46) is -
T—T0=ﬂéxp;{l(x+r)} o SR (2.4)
- 2m . |2a . ' _

where 4 is the surface absorptivit;f, q is the beam power, v is beam velocity; ais the

thermal diﬁusiyity,_ ris the radial distance to point of temperature rise, and x is the beam

: position. Further vi/ork with point source solutions' has also been performed by Carslaw -
and Jaeger (59). Cline and Anthony (77)1 eicten'ded these point source éolutions to include

a Gaussian beam shape by integrating point so_urcesiover the area of the beam. The

_expression for the temperature field,

! )

T = J' J' J' I(q/C)(xyzt)*G(xyzt Ixyzt)dz'dy'dz'dt ' :
00— . : @5)

exp[—r {4a(t ' _
dmat ] re=(x - x) +(y- y) +(z- Z)

is quite complex involving multiple integrals and a Green’s function. Lax (77) and
. Sanders (84) have completed similar u'(ork. Although these solutions are thorough,

numerical teohniques must be used to evaluate them. Furthermore; results are often more
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than needed for the peak temperature field solutions, which can be used to approximate
final processing characteristics for laser surface processing techniques.l

Bass (83) developed z;.nother approach of approximating peak temperatures of
materials heated by a moving iaser beam. In this approach, limits are taken on
temperature field equations for various beam geometries to provide analytical results.
Ashby and Easterling (84) continued this technique and developed an expression that
approximates the complete temperature distribution. By using a form of the Gaussian

line source developed by Rykalin et al. (78),

. 2 2 2
I-T,= = 1/2 exp—i (z420) T » L =12 (2.6)
2Mt(t +1,)] 4a| (t+1y) 4a

Ashby and Easterling introduce the term, zy, which limits the surface temperature to finite
values by offsetting the hea‘t source a disiance of zg above the true surface. They evaluate
zp,the charééteristic length, 'in tw6 limits: ‘Thése‘ lhﬁits are for heating times much less
than and mﬁch gréater fhaﬁ the heat trlénsAfc;r time f9 and are equivélént to the near field
andl far field solutic-)ns respectively. The characteristic length zjis then determined
separately in each case. Shercliff and Ashby (91) expanded this technique by describing
a method fér determining z that is adequate for the entire temperature field, and this is
the temperature distribution approximatipn used in this research. This approach is

discussed in detail in the Chapter 4.
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. 2.6 Description of LSA Temperature Distribution Simulations

' Due to the noh-Gaussian 'shape of the beam used in this case for LSA, traditional
analytlcal approaches to the pred1ct10n of temperature distributions cannot be d1rect1y ’

apphed An approx1matlon of the temperature distribution must be made. In this

‘ investigation a moving non-Gaussian laser beam profile is approximated by a stationary

beam constructed of the superposition of multiple Gaussian beams. The theory is based
on the work of Shercliff and Ashby (91). They have developed a method of predicting

approxunate temperature dlstrlbutlons for a moving arb1trary laser beam proﬁle used in

laser hardening. The basic procedure utlhzed by Shercliff and Ashby involves combmmg |
‘ multiple Gaussian beams with various power levels in a spatial orientation so > that the

~ integrated profile closely matches that of -the general laser beam. The power levels and

location of the Gaussian beams are adjusted to resemble the beam power profile of the

‘non-Gaussian beam with the sum of the individual beam power levels equaling the total

power ot the non-Gaussian heam. The measured beam profiles from the experimental
Sectroﬁ of this research are constructed in this manner. The temperature contributions
ﬂom each Gaussiarr_beam are then summed to approXimate the temperature distribution
ﬁom the total non-Gaussian beam (Shercliff and Ashby 91). In this approach, the
temperature distribution for the p,lahe located at the mid-ploint-of the beam’s length |
parallel to a cross-section normal to the direction of beam travel ofa processed track at a

point in time-is given. If the t1me to reach peak temperatures is used, then the final

" processing temperature d1str1butlons are found thus providing the final processmg

. characteristics. The expreSs1on for the time to reach peak temperature along with all

other equations associated with this technique are detailed in the following chapter.
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2.7 Limitations and Assumntioné of the Temperature Simulation Technique

As this technique is an approximation there are some limitations and assumptions.

Shercliff and Ashby outline their explicit assumptions in their article. There are‘ also
~ some assumptions imposed in association with the research involving LSA." Shercliff and
» Ashby (91) state that it is assumed that the surface absorptivity, thérmal conductivity, and

diffusivity are all constant along with the assumption that the Gaussian beam radius is |

measured from the center to 1/e times the ‘peék‘intehsity position and the domain of

" interest is semi-infinite. They go on to state that the heat of fusion is-assumed negligible

compared to other terms in the heat flow equations. Implicit assumptiohs imposed for

this research that follow closely to the above are that there are no convective or radiative

losses ;elétive_: to the major terms in the heat flow equations at the boundaries. The initial

o fempefature of the material is also assumed to be constant spatially throughout the

material.

. Limitations of this technique include the fact that temperéturq distributions are

predicted for single processed'tracks only since there cannot exist a non-uniform initial

témperaﬁurc distribution. ‘Furthermq;re, Shercliff and Ashby state a»béaﬂun profile

-geometry limitation invdlvhig-the keipéri'rAr‘ientalv beam peak te'mperature calculation that is-

&iscuss'ed in Chapter- 4 in'detail.
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Chapter 3 -

Experiméntal Technique

Experimental research procedures and supporting materials are covered within the
chapter. Along with the LSA procedure, this material includes processing material
classification, equipment descriptions, beam measurement techniques, and metallurgical

analysis procedure.

3.1 Processing Sample Description

Thrc;ughout the experimental period of the research, metal samples consisted of
AISI-SAE 1010 steel. Thé steell can be classified as commonly used plain steel with a
chemical composition of 0.10 % carbon and 0.42% manganese. The samples (coupons)
consisted of 7.62 cm by 15.24 cm by 0.635 cm plates shown in figure 3.1. There was no
significance to the geometry other than the coupons are commonly utilized in the
research facility. Each coupon was sandblasted to remove surface contaminates and to
provide a surface of uniform roughness for the precursor slurry to adhere.

The precursor coﬁsisted of a binding agent and component metals to be alloyed
into the sample surface. A water-based binding agent was used that allowed met;al
powders to be applied through air propelled spraying. Once the binding agent had dried,

metal components-were stabilized on the sample surface. The binding agent would then

~vaporize during processing. Precursor application thickness was based on previous

experiments and quantiﬁed during application by the number of coats applied. After the
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precursor slurry had dried and before processing, precursor thickness was measured with
a coatiag: thickness gauge and a measuriné microscope.

" The samples were then diyided up into the dﬁerent cases to be processed. Each
case had three prc;céssing passes or tracks-tha;c were the Width of the laser beam spot. The

tracks for were separated by 6-8 mm to avoid heat migration into previous tracks. -

3.2 Precursor -Cqmnonents

: Powder'éd‘metalg inqlilded, 1n the"bie;:msor siurry were nickel 'and chromium. The
partlcle s1ze of tha powders was ,-:32"5 meshfor chrommm and less than 1 pra for nickel.
Approximatg:‘ly 66% chro;jniﬁm a;)d 34% nickel comprised the precursor by weiéht. No
“other sabstances were used except the facilifcy"s' own water-based binding agent. The
slurry was mixed thoroughly before three cqats'ware applied. The t}}ickness of the three

-precursor coats totaled 96 pm.

3.3 Laser Processing Equipment

Throughout the length of the processing period, a 3 kW‘Nd:Y'fAG industrial iaaer
 was use&'and is shown in ﬁgure'3.2.’ The laser operated at a wavelength of 1.06 pm and
in multi-mode. A model HLP 3000 laser maﬁufaaturea by Hoi;art Inco‘rporated was used
and was operated with a continuous duty—cycle An optlcal fiber was utilized to deliver

the beam to the fo;:usmg or end eﬂ"ector opt1cs These optics conmsted of a series of

water-cooled cylindrical and spher1ca1 lenses The effector optlcs were also situated at
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15° from nprr_nal to the \;V0rkpieqe away frqm the direction of tra_ifel ’as‘ noted 1n figure 3.3
to avoid a back _réﬁecti@n into the fiber optic. A compréssed air flow was kept in place
ag‘:ross the ‘len‘s closest tb thé workpiece 1n order to keep contaminants such as spatter
blown ﬁee of the lens. Mofion of thé effe;:tor.optics was vaccomplis>hed by"ci computer
cor’;trolied motion system. |
A motion system cénsis,ﬁng of .t'hr‘ee linear motion étages and ohe rotaryv stage Was

" used for the duration af the }aser surface processihg trialé. An Aerotecil Unidex 500™

“ contfoller card» was quated ina bersonal comPuter.' AThe pefsonai computer provided an A
) interféce t‘hat" was used to program the individual inovements.of fhe system and allow for
program file and §ystem se;ttingé‘ management. The motion stéges were manufactured by

Techno-Isel Incorporated and featured encoder feedback sérvos, ‘

3.4 Las'er Beam Measﬁrerheﬂt ,

‘The ;ylindrical lcnéés used in the effector optics are mountéd rotated 90 ° relative
" to one another in the éft;ectof"aséeihbly. ThJS configuration is ué_ed to produce the line
beam empléye_d in ;ch'ése:: éxpérir‘nerité. The BeamScan™ model beam-scanning device
was manufa..cti]réd by Photon Incorporated and was utilized td rﬁeasure the beam profile
at various aﬁomt of beam c'l‘e.focus.v The scan he'ad'-was of the rotating type and was
interfaqed with a personal computer: Parameters such as resolution, measurement _
'av\er‘ailging, and measmément géin ;:ould be adjusted with the persoiial computer. Beam
. méasurénierfts afe»list_ed intable 3.1. -The‘ beam aspect .ratio', which is defined as the beam

leﬂgth divided by the beam width, is shown for various defocus distances in figure 3.4.
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Table 3.1 Beam Profile DiménsignsAFor Va;'ious Fbcﬁs Distances .

‘ Focus

Distance

‘Width

pm

Léngthl ‘
pm

JArea -
Ccm- -

Area

Ratjo.

- Aspect Ratio

Mm

-0

3203

1017

0.0326 - |

1.00 -

(Length/Width) {

0.318

e

3286

1084

0.0356

109

10330

3394

1155

0.0392.

- 1.20

0.340

3514

1233

00433

1.33

0.351

13627

1333

' 0.0483

-. 1.48

0.368

3723

1485

10,0553 -

170

© 0.399

3854

1503 |

0.0614

. 188

0.413

3924

1745

0:0685

210

0445

© 4079

1860

| 0.0759

2.33

0.456

| 4194 |

1991 -

- 7:0.0835

2.56

0.475
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Figure 3.4 Beam Aspect Ratios For Various Defocus Distances
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As focus dlstances grow smaller than the optunum processmg focus dlstance of

z

115 mm as determmed from previous research experlence (Schwartz 00), the beam power

: dens1ty decreases wh11e its d1men510ns gow larger in both w1dth and length Any large
peaks in: the beam power proﬁle soﬁen Or grow smaller in magmtude ‘but the ba51c shape ‘

of the beam proﬁle remains constant The increases in the beam proﬁle d1mens1ons and

resultmg decrease in beam power den51ty produces a s11ghtly w1der and shallower

.processed track. The same can  be said for distances growmg larger than optimum
processing focus if optimum focus is at the true focus distance. These changes in‘the

- laser beam profile occur at the same rate in relation to a change in focus distance whether

growing smaller or larger. than true focus as given by for a thin lens and a circular beam, -
(3.1)

where rp is the 1nput beam rad1us rpis the output beam rad1us d is the d1stance from the

‘lens and f'is focal length of the lens (Pedrott1 and Pedrotti 93) Since thrs rate of change

'A is constant the eﬁ'ect of these beam proﬁle changes resultmg from shorter than opt1mum

processmg focus distance only are stud1ed in this research Due to the use of cyllndrlcal o

. lens in the focusmg opt1cs durlng experunental trials, the beam pro ﬁle becomes elongated §
in the direction of beam veloc1ty aﬁer focus d1stances grow larger than the true focus

' d1stancef “For this opt1cs set, information gamed ﬂom expernnental trials conducted at

focus distances greater than the true focus distance are uriclear because the maximized :
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aerial coverage is negated. Thus, the effect of defocusing for focus distances longer than

that of optimum processing focus have not been considered in this research.

3.5 Operating Conditions

Environmental conditions during laser surface processing were kept at room
temperature and atmospheric pressure. Laser output power level was held con-stant for all
processing trials with delivered power calculated using optical fiber loss percentages.
There was no variation m laser beam traverse speed between trials, so only changes in
focus distance-were made ,‘tgetwegn processing trials. Shield gases were not used during
processing yvith the workpiece being fastened to a water-cooled copper plate with a thin
high heat c;)ndﬁcting material placed between the plate and the workpiece. All relevant

operating conditions are listed in table 3.2.

3.6 Laser Surface Alloying Procedure

After the .sample was moﬁnted to the copper plate, the laser beam was positioned
on the sample. The motion controller then execﬁfed a program dictating the movements
of the laser beam. By processing each new track beside the previous track with a small
amount of ov;arlap, the entire surface can be proceséed. However, in this case single
tracks were processed for each trial. Power levels, processing épeeds, optimum
processing focus distance, and the focus disftance range of 115-106 mm were determined
from previous processing experiencé performed at the facility (Schwartz 00). To process,

the laser was turned on at the beginning of each track and moved across the
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* Table 3:2‘E>‘<perimental Operatiﬂg Cbnditiqns L

Laser - . Hobart HLP 3000
Laser POWf:r | 2000 W :
De;l’iv';red.Lase‘r Power 1850'W‘-
P\I;oc:essingi Velocity 5000 mm/min
Tfécks Per Tria_l .3
Coats of Precursot : 3
FPrecurs‘or Com‘pos‘it’ion Cr _?Jgr%elfgilf%

‘Optimum Processing Focus

‘ Distance”

115 mr from optics

" Precursor Thickness

96 pni

Materjal

_ATSI-SAE 1010 Steel




sémple at the selected speed. As energy was added to the: matérial by the lasér, the

precursor was alloyed into the surface along with a portion of the base metal.

3.7 Metalldr.gieal Analysis
'Aﬁer' the ste‘glvnsarlnpleé wére proqegsgd, ‘each had any unprbcegsed precursor
ma;terial rér%10§¢ti by ‘s.Cmbﬁin-g with wafer and a solvei;t to aid e'aée of handling. A .
" portion of each set of tracks, which cc;f;ééponded to ;tﬂaL wa‘s,sectioned out of the
| ‘001‘1pon using a wet cut-off séw, Thisﬂ allowed fqr minimal introducﬁ(m of additional heat
‘into the processed tracks. The secfioned pieces were mounted into epoxy cylinders using
a mounting press and then ground and polished ﬁsing wgf érinding techniques and
| pq}ishir‘lg‘paste..‘ A 5% NitaI etchantd, which is 5% hitri'c aéid .mi);ed with ethanol or
‘methano‘l,’ was applied to c'_larify the various :la.yers in thé cross—s'ecfion 6f the tréck. ,
Th;qughl the use of 'visgél microscopy, trackb nﬁcr&structu_re was gxaminéd. The
: processéd layer and heat-affected zone '{JVefe visually iocatedlin each track. ’Measurement
of the prqc;es;séd layer was acéorﬂplished by ﬁsing a visual length scale W’i'th‘thye
. microséopé. ‘The same method was applied to the HAZ, but the ac;tua’l ‘t;or'ders Between
fhé ‘zof;és _V\;Iére estiiﬁated usiﬁg thé subtle visual vériétions m the microstructure.
Typically, AISI-SAE 1va10 stéel. does not heat treat vel;y weli, however, the high cooling

rates of LSA préduce a relatively small HAZ that is easily identified as seen in figure 3.5.
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Chépter 4  |

Temperature Distribution Simulation

: "T‘he te;chnique of rﬁédeliﬁg the températuré distribﬁtion of tﬁe m“ater'ialr procésse;d
durihg the.LSA experimental tﬁals is diécuééed., T,opicsl éover‘éd mclﬁc;e a; brief -
description of the entire éhnulatioﬁ fechniqué;, the sﬁpérpo‘sitioﬁ approx@atioh of the
,' laser ﬂbe'a.nﬁl ﬁroﬁle? the calculation of the total te}rlperatmq d_istriﬁution, the déterminatioﬁ

of the characteristic length, and the Vél;idatiori of the simulatiori technique.

YRS
A

4.1 Terﬂn.erat?;e ?igt{ibutiah Silrnxulat_‘igrnb;P\‘l.'ocedﬁre Deécfiptioﬁ ‘
A étationary laé;er beam approxim:;.ti'on ofa ﬁloviné hon—Gaﬁssian lasér beam
profile is thg basis fpr the temper,é.tme‘ distri_butionAsimulation. This approach is based on
. the work of Shérciiff and A§hby 91), and uses the sﬁpefposi‘tion of multii?lc Gé.ﬁssian '

sources to simulate a non-Gaussian source. During experimental procedures, laser beam

‘profile data are gathered and used to fit thé multiple Gaussian heat sources in orderto - - |

" construct an approximatioﬁ of the non-Gaussian source.' A FORTRAN computer

program is written to solve the equations giVen by Sheréliff and Ashby and to.aid in data -

organizatidn; Data manipulatioﬁ includes finding temperature rise contributions from
each Gaussian heat source, summing these é'ontributions, and calculating necessary |
" constants unique to each non-Gaussian heat source by iterative methods. The output data

are then plotted and analyzed.
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4.2 Non-Gau551an Heat Source Constructlon Procedure
Bymvestlgatmg the laser beam proﬁle data obtained during the ei(perirnental
section of this research, it'can be noted that the beam-proﬁle is generally not Gaussian 1n
shape. In order to utilize the temperature distribution s1rnulat10n techmque based on the
work of Sherchff and Ashby, the non-Gauss1an laser beam proﬁle must be approx1mated
. by comblned,mulﬁple Gaussian heat sources. Th1s proce;ss,'bas1cally consists of
collecting the laser beam profile data taken during the e}(perirnental proeeSSing trials and
adjusting the spatial arrangement and power levels of multiple Gaussian heat sources .
 until their summed intensity proﬁles best approximate the ei{perimental laser beam
| profile. |
The laser beam profile data collected consists‘ ofa three-dimensional .visual
representation olf the intensity profile of the laser beam and sets of values for the
centerline 1ntens1ty proﬁles for length and width of the beam Along the beam’s length,
. the d1mens1on parallel w1th the laser beam veloc1ty, a nearly Gauss1an proﬁle was noted
' B Th1s fact greatly sunphﬁed the laser beam proﬁle approxuna‘uon in that a s1ng1e Gaussian
: beam is sufficient to approxunate the beam proﬁle along 1ts length A dec1s1on was
therefore lo glcally made to‘ use multlple Gaussian heat sources with a beam rad1us equal
" to half the experlmental laser beam’s length Because of the expernnental laser beam’s

relat1vely s1mp1e proﬁle five Gauss1an heat sources were used to prov1de a sufficient

- relative spat1al mten31ty dlstrlbut1on approx1mat10n of the laser beam proﬁle. These

' Gauss1an heat sources were located symmetncally along the experlmental laser beam’s
w1dth about the beam profile’s centerline Power' levels were then ass1gned to the

‘Gaussian heat sources and mtegrated over the ent1re experlmental beam proﬁle in order -
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" to approx1mate the laser beam s mten51ty proﬁle The exper1mental beam proﬁle data for
the beam s w1dth and length along w1th a graphlcal representatlon of the Gaussian heat
’_sources and then' summatlon wh1ch is the constructed beam’s proﬁle are shown in ﬁgures
;4. 1-4.l0 for c_ompanson. A“three-dnnensional representat1on‘ of the composite
constructed beam and GauSSian heat source inteﬂ—ns'ity proflles can be seen in figre 4.11,
and a comparlson of the Vinten’sit'yipr‘o‘ﬁles “ofl the constructed beam:proliles at the- beam’s
W1dth axis for all defocus dlstances is shown in ﬁgure 4 12, Each Gauss1an heat source ‘s
beam radius for all trials is shown in table 4, l ‘The power levels of the. Gaus51an heat
sources were a551gned as percentages of the total exper1mental beam s power and added
- to equal the beam s total power. These percentages along w1th the Gaussian heat ‘
' sources’ p051t10ns are hsted in table 4. 2 and for each focus dlstance Duetoa slight
“mlsallgnment of lenses i in the }focusmg optlcs, some asymmetry was noted-m trials for -0
mm and -1 mm of defocus, but was negligible"in other trials.
| Although q sirnpliﬁcation was made in the approiirnation'ofthe experimental
‘laser beam it should be noted that th1s approxnnatlon procedure was not l1m1ted to
’ symmetry along the laser beam s length The techmque developed by Shercllff and
Ashby allows for any number of Gaussmn heat sources to be used to approx1mate a non- \.
: .Gaussmn lasér beam 1nten51ty proﬁle in the dlmensmn parallel to direction of beam
"velocity. ThlS use of an:unlim_ited number. of Gaussian'heat ‘sources to approximate a -’

laser beam intensity profile also holds true along'\the beam width.
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Table 4.1 Radii of Gaussian Heat Sources

Defocus Distance (mm)

Beam Radius r, (measured to

1/e *peak intensity) (Lm)
-0 505
-1 540
) 575
-3 615
4 665
-5 740
-6 800
-7 870
-8 1930
-9 1000
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Table 4.2 Power Percentages, Average Intensity, and Positions
for Gaussian Heat Sources

Defocus Distance Source | Source | Source | Source | Source
#1 #2 #3 #4 #5
Percentage 0£ 2000 W 21% 16% 21% 19% 23%
-0 | Average Intensity (kW/cm®) | 52.4 | 399 | 524 | 474 | 574
Position (um) -1096 | -548 0 548 1096
Percentage 02000 W 21% 17% |. 22% 17% 23%
-1 | Average Intensity (\W/em?) | 45.8 37.1 48.0 37.1 50.2
Position (um) -1102 | -551 0 551 1102
Percentage of 2000 W 22% 17% 22% 17% 22%
2 | Average Intensity (kW/cm?) | 42.4 32.7 42.4 32.7 42.4
Position (um) -1121 | -561 0 561 1121
Percentage of 2000 W 2% | 17% 22% 17% 22%
-3 | Avérage Intensity (kW/em®) | 37.0 | 28.6 | 37.0 | 28.6 | 37.0
Position (um) -1144 | -572 0 572 1144
- Percentage of 2000 W 22% 17% 22% 17% 22%
_4 | Average Intensity (kW/cm®) | 31.7 24.5 31.7 24.5 31.7
Position (um) -1150 | -575 0 575 1150
Percentage of 2000 W 22% 17% 22% 17% 22%
_5 | Average Intensity (kW/em?) | 25.6 19.8 25.6 19.8 25.6
Position (um) -1125 | -562 0 562 1125
Percentage of 2000 W 22% 17% 22% 17% 22%
-6 | Average Intensity kW/em?®) | 21.9 16.9 21.9 16.9 21.9
Position (pm) -1128 | -564 0 564 1128
Percentage of 2000 W 22% 17% 22% 17% 22%
7 |_Average Intensity (kW/cm?) | 18.5 14.3 18.5 14.3 18.5
Position (nm) -1096 | -548 0 548 1096
Percentage of 2000 W 22% 17% 22% 17% 22%
_8 | Average Intensity (kW/em?) | 16.2 12.5 16.2 12.5 16.2
Position (um) -1107 | -553 0 553 1107
Percentage of 2000 W 22% 17% 22% 17% 22%
9 | Average Intensity (kW/em?) | 14.0 10.8 14.0 10.8 14.0
Position -1100 | -550 0 550 1100




4.3 Calculation of Total,Termpe're.ture Distribution

In the research)performed by Silercliff and Ashby, each Gaussian heat source
contributes to the total temperature distribution tilrough superposition with the other
Gaussian heat eomces used to approximate the experimental laser beam intensity profile.
These contributions are found by calculating the temperature distribution from each

single Gaussian heat source. From this temperature distribution, a temperature rise can

be determined at a point in time and space relative to the coordinates of the single heat
source. The temperature rise from the heat sources is summed at each coordinate to
simulate the temperature distribution of the material affected by the experimentally

- measured laser beam. A contribution to the total temperature distribution for an

individual Gaussian heat source is calculated by Shercliff and Ashby with the expression,

A CIL) A I -[(z* r20) ¥ } @.1)

[ + 1)) A (RS )
In this equation, " represents the distance of the heat source from the beam centerline
along its length. The total temperature rise at a point in time and space is calculated by

summing these temperature rise contributions and is expressed as,

(4.2)

[t ¢ +1)]"? *

N * * * *‘2 *)
O el ks W (R
& t @t +1)
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o calculated by th1$ character1st1c 1ength ThlS offset creates, in essence, a second surface

- The ylk 1n the aboye equation represents a relativleldistance frorh a particular source to
location of temperature rise. 'A characteristic length,lz*o, unique to the experimental laser
"beam proﬁle is calculated separately as 1s dlscussed in the next section. Smce a tnne shlft
of £’ = 4x /v .1s‘ used to a551gn the pos1t1on of the Gaussian heat sources along the beam
proﬁle lengthland only one heat source is used',\t}o approxunate the laser beam proﬁle in
- that d1rect10n, 'azs‘ingle yalue for £ is ‘used.’i This yalue is the time to re'ach peal<
" temperature, £ p, due togthe fact that interest :lies m the ﬁnal processlng properties and not
 transient temperature distributions. The time to reach peak temperature is discussed‘in
fthe next section. | A list of the temperature s1mulat1on constants that were used is listed i m |

table 4.3 (Sherchff and Ashby 91)

44 lCharacteris‘tic Length Determination‘ l’rocedure -
The charactenst1c length, Zh, isa constant that allows for this temperature
| d1str1but10n 51mulatlon to be used for all beam speeds Its purpose 1s to essentlally hmlt
calculated surface temperature toa ﬁmte value eqmvalent toa peak surface temperature
as calculated by a supplementary equat1on (Sherchff and Ashby 9l) As seen in equatlon A
' ‘L(4 l) z o accomphshes thls by offsettmg the depth at which the temperature 1s to be

o

'below the true surface that is used to calculate the temperature d1str1but1on The

, ' charac_terlsttc length then must be adjusted, or cal1brated,‘ in order to. model the

| .temp\eratur_e vdinstributi'on'correctly. The adjustment»'is conducted-th'rough viterativ‘e‘
techniciues by comparing the‘ calculated peak temperature ’sol:ution usmg superposition
.~ witha guessed initial z*oto that of a peak temperature solution for the' entire experimental-
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Table 4.3 Temperature Simulation Constants (Shercliff and Ashby 91)

Absorptivity 0.70
A
Thermal Conductivty 25.6 Js'm'K !
A at 1053 K
Thermal Diffusivity 3.6e-6 m’s’!
‘ a at 1053 K
Initial Temperature 300K
Ty
A; Temperature 996 K
Aj
Melting T;mperature 1756 K
Delivered Beam Power 1850 W

q
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laser beam profile lising' a supplerriental%y é)épres,sion. The characteristic length is then
adjusted until these two peak temperatures agree. A FORTRAN computer program was
written to perfonﬁ this iterative procedure.

An expression which accounts for the complete experimental laser beam profile
including its shape, is the peak temperature expression developed by Bass (83) and used

by Shercliff and Ashby,
T, =2/ 7")gx (Rvp) " | @3)

This equation is valid for cases where v'r is much greater than 16R and was calculated
first by the prograrﬁ. Note this expression is for a uniform intensity rectangular beam. It
can be seen that if equation (4.1) is differentiated with respect to ¢ and set equal to zero,
an expression, for the time to reach peak temperature is found. Since the lopation of the
peak temperature usually occurs at the center of each Gaussian heat source, y* is set to

zero yielding
(£ = %[2(/ F2)? —1+[4 +20) +12(2" +20)2 +1172] (4.4)

after differentiation. An initial guessed characteristic length is inserted into the peak time
expression (4.4) along with z" =0 due to the. fact that the peak temperature occurs at the
surface. This peak time, t*p, is then used in place of f” in equation (4.2). Each

temperature contribution from the Gaussian heat sources is found and summed with
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equation (4.25 to calculate the pes.k temperature.‘The position of this peak temperaturb
must be known before its calculation and is determined by using the positlio‘n of ldrgsst |
laser beam inténsity along the width normal to beam velocity. Equations (4.2) and (4.3)

~ are then cornpared'ahd z'o is adjusted until the values of these equatiohs are within the
desired error range. However, equation (4.3) provides a peak tsmperature based oh 'a
uniform rectangular beam profile. This fact reduces the accﬁracy of ’bhe calibration of the
charabterist'ic length, which in turn reduces the accuracy of the temperature distribution

“approximation for-highly non-uniform beam profiles.

4.5 Valida’;ion of Temperaturé SimuIation Technioue :

LA order to verlfy the Shercllff and Ashby (91 technlque was correctly
nnplemented several pomts on figure 1 of the Shercliff and Ashby (91) publication were
reproduced. These case depth predications were made using the single Gaussian source |
temperature distribution technique. This technique uses a pbak surface temperature
calculation that is different from the one used for the multiple Gaussian source technique

as seen with
T, =(/7)**q" tan™' (8/v")!/? - - j (4.5)

The reproduced pomts agreed w1th Sherchff and Ashby s calculations, and the same
technlque was used for the calculatlon of the temperature rises and characteristic length

- determination for multiple source case.
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A one-dimensional heat conduction approximation was used to roughly predict

the extent of heat conduction into the material. The heat conduction approximation is

given by
T-T z |

= =erf , A - (4.6)
TO —'Ts f(2Vat] '

where 7' is the temperature rise, T is the surface temperature, 77 is the initial temperature,
z isthe depth, a is the thermal diffusivity, and ¢ is the time the surface temperature acts on
the surface (Wong 77). The surface temperature was calculated using equation 4.3, and
the interaction time, 273/v, was used for the time of conduction. A plot of the temperature
rise depths for defocus distances of -0 mm and -9 mm is shown in figure 4.13.
Interaction times used were 1.21 s for the —0 mm defocus case and 2.40 s for the -9 mm
case. During thes¢ interaction times, the maximum depth of a temperature rise is about
4.00e-4 m or 0.04 cm. The thickness of the workpiece used was 0.635 cm, and the ratio
of the maximum heat conduction depth to the,v;/orkpiece thickness is 0.063 or 6.3%. This
shows that a semi-infinite domain temperature distribution model would be valid for the

workpiece geometry because 0.04 cm << 0.635 cm.

54




4500

4000

Temperature (K)

One-Dimensional Heat Conduction Approximation

For Temperature vs. Depth

-0 mm Defocus

\ . - = = =9 mm Defocus

0.00E+400 5.00E-05 1.00E-04 1.50E-04 2.00E-04 2.50E-04 3.00E-04 3.50E-04

Depth (m)

Figure 4.13 One-Dimensional Heat Conduction Approximation
of Temperature vs. Depth

4.00E-04

55



" Chiapter 5

" Resulfs

This chapter includes the data resulting from the experiments and temperature

‘ d1str1but1on snnulat1ons conducted durmg th1s research Included in the exper1mental -

data are layer and HAZ depth measurements along w1th processed sample cross-section
images. The experrmental data are analyzed and related to needed vert1cal transverse

times and velocities. The data include temperature d1str1but10n melt proﬁle plots A

' compa_rison of temperature distribution and experimental results and an investigation of

the temperature simulation technique are also presented. ‘

5.1 Description of Experimental Results

The range of processmg tr1als for the experrmental sect1on of this research
corresponds to the optimum focus distance of 115 mm from the focusing opt1cs through 1
mm increments to a focus distance of 9 mm shorter than optrmum focus d1stance totaling .

ten trials. It should be noted that the optlimum focus distance was determined from

' previous laboratory research experience and is not equivalent to the true focus distance of

the focusing optics. Three tracks were processed for each trial under the same conditions.

. The materials used, operating condit'io-ns, and metallurgical analysis are as described in

Chapter 4. Using a microscope, the image of the cross-section for each trial was taken

and presented. -Alloyed layer and HAZ measmements were taken fromﬂthe mid-point of

- all processed track widths and vertically from the alloyed layer top surface:
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5.2 Processed Track Cross-Sectional Image
After each trial was cross-sectloned mounted ground, pohshed and etched as
descrlbed in Chapter 5, d1g1ta1 images of the processed tracks were created. Each image
was made at various magnitication values. Although three tracks were processed and
analyzed for each tnal, one image for each trial is presented due to the fact that all three
. tracks for each trial were very similar in'appearance and proportion. In ,each‘ image the
processed layer zone and the HAZ has been indicated; however, variations in the etching
process resulted in the HAZ seemingly consisting of multiple zones for some trials. In
these trials the HAZ extends-down to"the lowest point where the HAZ microstruc':ture
: appears different from the base materlal’s microstructurel An area of pronounced
mcreased layer depth located to one s1de of the processed layers can be noted. The cause -
of this asymmetry is generally unkn‘ow'n but could be contnbuted to convectlve
.crrculatlon eddies in the molten layer zone durmg processmg (Drazin and Re1d 8 1) ThlS
- 1dea is. supported by the. fact that the lower ‘boundary does not dlsplay this pronounced
area of mcreased depth and the area decreases with a decreased molten layer depthas
seen in the trials w1th shorter focus d1stances. A slight ‘_misahgnment of the focusing
‘ optics, which caused an area of higher: intensity to one side of the beam profile, was noted
in the beam profile analysis. . This area,rnight intensify eddy circulation to one side of the
processed track. The images for the experimental processing trials are presented in

figures 5.1-5.5.
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5.3 Melt Zoﬁe’ Depth and HAZ Depth Méasﬁre;ments

As\ detaiied in Chai)tér 4, each depth of the melt zone and the HAZ was measured
from the alloyéd la};ér sur"ifa'(_:"e"-and ih»fhé'éenter of the track. These measurements were
made with éfﬁéro Séb’p‘e a%nd tﬁe approprlate ;é;:éle. The depths of the melt zone and the
HAZ for‘»égch'of-ihe .threé‘ftrécljcs of a trial :i;vére averaged to give the overall melt zone
* depth and HAZ depth mea@sure,fnent for the trial. The measurements are presented in .
numerical fo'rm‘in table 51 ‘and in graphical fofm in figure 5.6 that a1s<-) contains the melt

and HAZ depth measurerients as a‘function of beam intensity.

5.4 Exberirnéntal Data Anﬁlvsis

| By examiﬁing the irhages of the éross-se'ctior'ls. of tile experiméntal trials, the .
quality of the final processing charactevris;tics. can‘ be detérﬁﬁned. Thesé' characteristics
‘can be further suppbrted by the layer and HAZ depth measurements. One example of a
ﬁnal procésSing vcl.laracterifstic is tﬁe procésscd layér's_ geometry. ;Fhe processed layef's
‘geometry at optimum progi:eséing focus is copsiciered ideal, so all other trials were
compared to thé ideal for éimilarity in geometry. An examplé of a desired flﬁal
process‘ithcharacteristic 1s the proper mix of precursor components into the melted base
métal. ‘The ratio of this m;ixture can be e;(pressed By cOﬁparing the thickness of the
procés;sed layer at optimu;n chus diétance w1th all other trials since the pfecursor |
thickness and, thus, the umt \;;)lume, is relatively~eque‘11 for ;'«.111 frials.l This comparison is
éhown in ';able 5.2, As aﬁ;example, the. l'imit4f6r dgfb(;usiﬁg appeé.rs to bg -4 mm of

.defocus since the melt de;;th of 100 um and the HAZ depth um of 352 compare well with
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Table 5.1 Layer and HAZ Depth Measurements From Track Midpoint

Defocus | Track #1 | Track #2 | Track #3 | Average | Standard L Ave]r)a geth/
Distance Depth Depth Depth Depth | Deviation aziferaglz:
mm um um um pm pm HAZ Depth
L 180 18 1 180 0
o =2 0 80 0.400
HAZ | 450 450 450 450 0
L 155 155 155 55 0
g L 0.363
HAZ | 425 430 425 427 3
L 40 140 140 140 0
o [Laver | ! 0.352
HAZ | 400 400 395 398 3
L 125 120 120 1
3 ayer 22 3 0.325
HAZ | 375 375 375 375 0 |
Layer | 100 100 100 100 0
-4 28
HAZ | 355 350 350 352 3 0284
L 85 85 85 85 0
5 = 0.256
HAZ | 330 335 330 332 3
Layer 75 75 75 75 0
N "HAZ | 300 310 300 303 6 0:248
Layer 65 60 65 63 3
7 HAZ | 275 275 275 275 0 0229,
Layer 50 55 50 52 3
-8 .
HAZ | 245 245 245 245 0 0212
Layer 45 45 50 47 3
P THAZ | 230 225 225 227 3 0207
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Experimental HAZ and Melt Depths v. Defocus
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Table 5.2 Comparison of Layer and HAZ Depths

Defocus | Layer Depth.| HAZ Depth Layer/HAZ
. Do . Depth Ratio
Distance mm | -Percentage Percentage p
: ercentage
-0 100% 100% 100%
-1 86.11% 94.89% 90.75%
-2 77.78% 88.44% 87.95%
-3 67.78% . 83.33% 81.34%
-4 -+ 55.56% 78.22% 71.03%
-5 47.22% 73.78% 64.00%
-6 41.67% 67.33% 61.89%
-7 35.00% 61.11% 57.27%
-8 28.89% 54.44% 53.07%
-9 26.11% 50.44% 51.76%
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the ideal. The layer and HAZ depth percentages of 56% and 78% of those at optimum
processing focus, respectively, are acceptable for providing a sufficient mix of precursor

components with the base metal. These requirements are somewhat application

~ dependent, and thus, this limit of defocusing is a general example.

As noted in figure 5.6, the plots of melt and HAZ depth as functions of defocus
distance and intensity reveal a linear relationship between ‘;he melt and HAZ depths and
intensity and defocus distﬁnce. The melt and HAZ depths decrease with and increase in
defocus distance by a slope of —13.3 pm/mm and —22.3 um/mm respectively. Increases
in melt and HAZ depths v;fith an iﬁcrease in intensity are shown in the plots with change
of about 3.57 p‘m/kW/cnié for the melt depth and about 5.97 um/kW/cm? for the HAZ

depth.

5.5 Focus Correctfon Analysis

Given the pfocessilng velocity, th§ time allowed to correct a focus distance from
defocus to optixﬁum focus can be founci if the reéuired horizontal resolution is known.
The horizontal resolution is defined as the length parallel to the processing direction that
the beam moves as a focus distance correction is performed. 'This length can be used to
determine the minimum horizontal size of a surface fluctuation that can be successfully :

corrected. A limit for the correction time can be found by dividing the horizontal

resolution by the processing velocity. Correction time plots for various processing

velocities and horizontal resolutions are shown in figure 5.7. The response time of the
distance measuring device and computer system would have to be added to this

correction time to represent an accurate value of the time needed to make a correction.
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Horizéntal Resolution v. Correction Time Limit
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An example of these response times are around 0.512 ms for an optical based distance

measuring device (Keyence website) and around 1 ms for the controller card (Aerotech
catalog) which totals approximately 0.0015 s. Using the horizontal resolution as the sole
determination of the correction time limit, a minimum vertical velocity needed to correct
a certain defocus distance can be determiped by dividing the defocus distance by the
correction time. This mmlmum vertical velocity assumes constant velocity and does not
account for acceleration. The required vertical velocities for various defocus distances at
a processing velocity of 5000 mm/min are plotted in figure 5.7. If the maximum amount
of defocus is -4 mm as deiterm'ined above'and the needed horizontal resolution is 5 mm,

; the correction time limit would be around 0.06 s. The corresponding required vertical

velocity would be 66.66 mm/s or 4000 mm/min. The vertical stage would at the very

|

‘ least need to translate at 4000 mm/min. However, in realistic terms this vertical velo_city

would need to be around 100 mm/min greater to compensate for the respbnse time lag of

| approximately 0.0015 s in the systems mentioned above.

| - If a surface contour changes along the processing path, these changes can be
expressed as the distance change in the vertical direction z related to the distance change
in the processing directioﬁ x or dz/dx as showﬁ in figure 5.8. The rate of the change in

the x direction is the procéssing velocity or dx/dt. This rate of change can be related to |

the rate of the change in the vertical direction by |

E_yE (5.1) ‘
a dy ' :
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Figure 5.8 Schematic of Focus Correction Parameters
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Each surface contour variation can said to have a radius of curvature, which is noted by
rv. The radius of cufvaturé is'shown at a45° degree angle from horizontal in figure 5.8.
At this angle, the dx and dz eqﬁal 0.707 timeé #». When the angle of 7, is 90°, dz is at its
maximum and is equal to 7,. The change in the vertical distance over the angles between

45°-90° is
dz=r, —0.707r, = 0.293r, (5.2)

So, if dz/dt can match dx/dt, variations of radius 1/0.293 or 3.50 times dx or the horizontal
resolution can be corrected. If, for example, a variation of radius 10 mm were
encountered, the horizontal resolution would need to be 2.85 mm. At a processing
velocity of 5000 mm/min, a vertical velocity of 292 mm/s or 17454 mm/min would be
required for this example.

The current motion system maximum vertical and horizontal velocity is 305 mm/s
or 18300 mm/min (Techno-Isel catalog). The current hardware capacity is more than
" adequate to correct a defocus distance of -4 mm with a horizontal resolution of 5 mm and
is sufficient to correct a defocus distance of -10 mm with a horizontal resolution of 2.85

mi.

5.6 Temperature Distribution Simulation Results

Using the temperature distribution simulation technique developed by Shercliff
and Ashby (91), temperature distributions were simulated for the ten focus distances.

These distances include the optimum processing focus distance of 115 mm as determined
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from prev1ous experlence through a d1stance of 9 mm shorter than optlmum processmg
focus d1stance inl mm mcrements (Schwartz OO) In each tr1al the normallzatlon
constant which is the same as the beam rad1us Fbs for the spat1al.coord1nates is unique.

By llmltmg the levels of temperatures represented in the temperature dlstrlbutlon

' snnulatlons to that of the eutect01d (transformatlon) and melt temperatures the sunulated

. HAZ and melt proﬁles are plotted All 51mulatlons con51st of 500 data p01nts along the

wrdth dnnens1on and 100 data pomts along the depth d1mens1on Each s1mulatlon
represents the temperature dlstrlbutlon at the dnnens1onless time to reach peak

¥ temperature for that laser beam proﬁle asrdlscussedt in Chapter 4.

‘5 7 Melt and HAZ Temperature Slmulatlon Proﬁles

' Usmg a melt temperature of 1756 K and a eutect01d temperature 0f 996 K, melt
and HAZ proﬁles were plotted from the temperature s1mulat10n results in figures 5.9-
5 13 In the plots the meltlng and eutect01d temperatures are dnnensmnless values of
-1 00 and 0. 4;8 respectlvely Snnulated temperatures correspondmg to these values were
used aslboundarles between_the melt Lzone, 'HAZ'and the unaffected base»rnetal. The
dimensions used in the si-:r%nulat-ion pIOtsa‘redimensionless as well with th’e’normali,zation

. t
constants shown.

" 5.8 Comparison of Result's

 Simulated melt and HAZ depths with dimensions of um were determined by
examining the temperatur:e distribution simulation results and noting the depth at which

- the melting and HAZ temperatures occur at the center of the track. These dimensionless
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depths were then multiplied by the normalization constant to obtain depths with .
dimensions of urn shoWn in numerical form in table 5.3 and in figure 5.14 as a function

‘.

of defocus and mtens1ty The depths 11sted for the melt zone appear to be almost constant
. \

while the depths listed for the HAZ actually increase w1th an increase in the amount of

defocus distance. Although this may seem counterintuitive, the beam translation rate,

beam intensity, and energiy diffusion rate all enter into the behavior of these curves, and

under conditions in which the translation rate is relatively high compared to the

interaction time and diffusion speed, the above behavior may be anticipated.

When comparing the simulation depths with experimental depths a difference in

trends can be noted along with a difference_in absolute melt depth as seen in figure 5.15.

- In order to better to'provide a better understand these differences, the temperature

simulation technique has been investigated.

5.9 Investigation of Temperature Simulation Technique .

. As’noted in the previous section, Lthe experimental and sinlulatio‘n melt and HAZ
depth'data differ in both trend and abso lute' values. An examination of the temperature
sirnulation technique has been conducte‘dto better evaluate the technique. The single
Gaussian temperature simulation technique developed by Sheicliff and Ashby 91) is
investigated first in order .to analyze its performance. Using the center source from the
constructed beam pro‘ﬁlies and a single Gaussian source with a radius equal to the center

source’s radius and its power matched to the total power of the experimental beam, melt

and HAZ depth simulations were conducted. These depths can be seen in figure 5.15.
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Table 5.3 Simulated Melt and HAZ Depths

Defocus

Melt Zone

Distance Depth .~ Depth /11\{421;11))?1:51

mm pum pm

0 68 108 0.630
q 7 112 0.643
2 68 113 0.602
3 68 116 0.586
4 64 116 0.552
-5 64 124 0.516
6 60 124 0.484
P 60 128 0.469
3 52 128 0.406
-9 48 132 0.364
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Simulated HAZ and Melt Depths v. Defocus Distances
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Figure 5.14 Simulation Melt and HAZ Depths as a Function of Defocus Distance
and Intensity at 2000 W, 5000 mm/min
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Figure 5.15 Comparison of Experimental and Simulation Results and Single
Gaussian Source Melt and HAZ Depths at 2000 W, 5000 mm/min
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As noted in the figure, theitrends for the center source match more closely to those of the
experimental measurements while the matched power source has a decreasing trend for

~ the melt depth and an almost constant trend for the HAZ depth. However, the values do
' not rnatch experlmental results in e1ther case. Next the temperature depths for the —0

mm and -9 mm defocus d1stance case were examined for the center Gaussian source,

: matched Gausswn source; and the multlple source case. These depths are shown in figure
5.16 and ﬁgure 5.17. The plots for the smgle Gau551an. source cases indicate httle or no
intersection in the temperature depth data while the multiple source case shows a distinct
intersection. This vdata reifeals a difference in the heat diffusion curves‘ between the

‘ single Gaussian source and multiple source cases. The value of the characteristic length
determines the general shfaipe of these diffusion curves by dictating how quickly the heat
difﬁises in the .material. The characteristic lengths and time to peah temperatures are
listed in table 5.4. Thus,fthe method of the determination of these characteristic lengths is -

. -not satisfactory’ for the rnultiple source beam geometry simulation used m this research.

The difference mqthe absolute values was exammed by using various input
parameters to mvestlgate the1r effect on snnulated melt and HAZ depths. The
absorpt1v1ty was mcreased to 1 5 for one trial, the thermal conduct1v1ty was mcreased to,

38.4 for a second tnal the‘absorpt1v1ty was increased to 1. 5 for the peak temperature

calculation for a third tr1al and the velocity was reduced to 3000 mrn/mm for a fourth

trial. These depths are shown in figure 5.18. As noted in the ﬁgure none of these

" modifications change the absolute values or trends drastically. This mvestlgatlon of

absolute values was continued for the speciflc case of 5 mm of defocus. Absorptivity

values of10.5, 1.0, 1.5, 25.0‘ and velocities of 500 mm/mln, 3000 mrn/rnin, and 5000
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Table 5.4 Time to Peak Temperature for Defocus Distances

Defocus Distance - Characteristic Length Time to Peak
Z0 Temperature
mm
pm ms
-0 103.83 ' 1.40
-1 109.96 1.57
-2 114.55 1.70
3 119.67 187
-4 127.18 211
-5 139.64 2.55
-6 148.25 2.88
-7 160.60 338
-8 168.87 374
-9 177.95 4.16
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Modification to Simulation Parameters
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mm/mm were used i in the: s1mulat1on of HAZ or case depths shown in ﬁgure 5 18. The ‘

' absorpt1v1ty var1at10n in each ve1001ty case shows little effect on'the case depth whrle the

ﬂ case depth was 51gmﬁcantly mcreased for the 500 mm/mm veloc1ty case, which are only

'10% of the true processmg ve1001ty These s1mulat10ns show. a poor prediction of the

,absolute values with 11ttle or no var1at10n in the values for a change in input parameters in

the immediate range of the actual parameters.

The fact that the peak temperature Calculation used in the temperature simulations

was predlcted by a statlonary rectangular beam approxunatlon The relatlonshrp of this

_' peak temperature pred1ct10n with the defocus dlstance is shown in figure 5.19. This.
o lmear relatlonshrp agrees w1th the experimental values in trend When the peak
) temperature is mcreased art1ﬁc1ally as in ﬁgure 5 18, the melt and HAZ depth actually

| '. udecrease Thrs again, appears to be the result of the characteristic length bemg decreased

to accommodate for the hrgher surface temperature. Thrs method of the characterlstlc
length once agam appears to be unsatlsfactory for the application used in this research.
As a last examination of the temperature simulation technique,.the dimensionless

simulation éﬁd.¢x1§éfiinér;1ta1~‘b'asé depths z”, were plotted against the dimensionless total

!

- ,li)eélm;pcwe;r q*sh’own in ﬁgure 5:197 “The plots show the correct trend but contain an

absolute value"diffe'rence': of around“15'64%-423% These percentages compare wit-h the
multrple source rectangular beam error percentages in ﬁgure 8i in the work of Shercliff

and Asbhy (91) which are around a maximum of 200% for a qQ* of 11.2.
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- From this investigation, it can be seen that although this temperature simulation

technique as applied to these conditions compares favorably to the calculations
performed by Shercliff and Asbhy (91) in absolute value, it does not satisfactorily predict

temperature distributions in trend because of inaccuracies in the diffusion curves.
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Chapter 6
_Coﬁclusion‘é and Recommendations

i

" This final chapter contains concluding sections of this research, including key -
points and possibic futuré work. The key points section highlights notable areas of

discovery in this research; and the future work section suggests possible improvements.

6.1 Résearch Key Points

. By im}ésti;gatihglc;hanges'tow ﬁrfa-lll";processing quality resulting for focus distances
chéngeé, several ideas. we{r'el reSebichéd. The degradation of ﬁnal processing quality as the
resuit of défocusing for an elliptical laser beam profile was determined by co.mbaring
ﬁﬁai processing charactefistics such as geometry, pféces‘sed layer depths, and HAZ
depths aﬁd sﬁown to have lfnéar relation‘silip of —‘13.3 p.m/mm for the melt depth é.nd
-22.3 pm/mm for the HAZ depths. Similarly, the influence of intensity on depth was
determined to be 3.57 pn;/kW/cm2 fof the melt depth-and about 5.97;im/kW/cm2' fof the
fIAZ depth. An incrgase;in width across the processed frack of the melt and HAZ
" regions was also noted a$ the depths of ‘fhesé regions bec;xme smaller. Requiréd ‘
correction reaction dynérilic_s were investigated to present a range of specifications
encountered during focus distance correction and found to require a correction velocity of
4000 mm/min for defocuf's distance of -4 mm. The required horizontai resolution was
found tc; be 3.5 ti;nes the':radius of the surface variation encountered. The current

* hardware capability, with a maximum vertical velocity of 18300 mm/min, meets these
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’

veloc1ty requ1rements A temperature dlstr1but10n simulation for laser’ surface treatments.
mvolvmg melting and non-Gaussw.n laser beam proﬁles has been 1mplemented and
shown to be unsuitable for the application used 'm this research. The values for melt and
HAZ depths were in the error range of 164%-423% when compared to the experlmental

~ data, and although thJS may be adequate for some apphcatlons it is below the accuracy
required for nnplementation ina process control system Melt and HAZ- depth trends in |

relatlon to defocus dlstances were also shown to be 1ncons1stent with observatlons for this

application. A more accu‘rate model is required for control system purposes.

6.2 Proposed Future Vi’orl:(

Future work could includethe possible ’investigation of the influence on the -
relation'of process quality and: laser beam defocus for different 'proc'essing velocities.
Also, an automated focus correction system could be irnplemented and tested.to '
determin‘e‘ its success. F inally, a more precise temperature simulation model could be

investigated and‘impleme'nted for use in focus correct'ion system,
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