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energy density heating of CW lasers. The coatings are applied by either the laser spray process.
in which powder is heated and propelled to the substrate surface for deposition , or by plasma
spraying with subsequent laser remelt. This report descfl bes the development of methods for
carrying out and analyzing these processes, the selection of materials, and the early experimental
results. The kinetics of laser spraying of aluminum oxide in air are reported.
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SECTION I
INTRODUCTION

The curren t intense research on materials produced by
rapid solid ification , com bined with the availabili ty of
lasers which can be focused to give extremely high radiant
power densi ty, has generated much Interest in the use of
lasers for surface hea t treatment of materials . Early
experiments investigated the changes of surface microstruc—
ture which could be made without changes In the material
composition. A much wider range of useful surface proper-
t ies coul d be ge n e r a ted I f  a l l o y ing e l e m e n ts w e r e  ad ded
concurren t with the laser heat treatment .

Although numerous methods are presently available for
the appl ica t ion of coa tings , i t is f reque n tly f oun d tha t no
method is adequa te for  p roduc i n g coa t in gs fo r  use in severe
env ironments. Poor adhesion to the substrate and porosity or
inhomogenelty of the coating are some of the most frequent
pr oblems. Because laser heating can be used to fuse the
surface of ma terials without greatly heating their bulk , it
can solve these coa ti ng p ro b lems wi thou t thermal ly  deg ra d in g
the substrate.

The ob j ec t i ve  of this  program is to develo p me tho ds f o r
.5 apply i ng pro tect ive coa t ings by the laser spray pr ocess and

by the plasma spray plus laser remelt process. The micro—
structure and the protective properties of these coating s
w ill be characteri zed. A particle pyrometry system has . I
been developed to analyze the thermal behavior of hot
particles moving rapidly in the laser beam.

The Laser Spraying Concept

It is well known that momentum is transfered to solids
wh ich are impacted by high energy pulsed laser beams: CW
beams of sufficient power density also can impart momentum
to solids. Although high levels of force or pressure may
no t be a ttained , significan t accelerations may be Imparted Vto small particles.

The process of photophoresis , in wh ich light causes
par ticles to move by preferentially heating the surround ing
a tmosphere on one si de of a par t icle , an d thus increas ing
the pr es s u r e  on tha t s ide , has been analyze d by several
au thors (1, 2) . With the radiation levels available from
high—energy lasers , vaporiza tion from the particle surface
becomes an important driving mechanism. Par ticles may be
heated to well above their melting points and achieve high
downstream velocities In the laser beam. Radiation pressure ,

Note: Manuscript su bmitted January 15, 1979.
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due to pho ton m o m e n tum , can ma ke an additional contri-
bution to propulsion of the particles.

When these mechanisms of particle propulsion are
com bined with the concepts of laser surface heating, In
which a laser beam of high energy density is used to rapidly
hea t a material surface with subsequent rapid cooling by
hea t flow to the interior of the material , we derive the
concep t of TMlaser spray lng.* In this process (Fig. 1), a
coating is applied to a material by Introducing a powder of
the coating material Into a laser  beam. The beam heats  the
powder p a r t i c l e s  and propels them t o w a r d  a subst ra te where
they Imp inge to form a coating . By bring ing the laser beam
to a focus  a t or nea r  the  s u b s t r a t e  s u r f a c e , a t h in layer
may be melted on this surface to obtain maximum fusion of
coa ting to substrate. In cases where mixi ng of coating
an d s u b s t r a t e  m a t e r i a l s  is un de s i r a bl e , t he  laser beam can
be adjusted to avoid high maximum temperatures at the
substrate surface.

The laser spraying process Is well sui ted to the
forma tion of corrosion resisting coatings because It results
In rap id solidification of the coating material , with the
resul t that this material can be microcrystalline or amor-
phous. Par ticles which attain extremely high temperatures
In the laser beam are solidified as they impinge on the
substrate surface. The first evidence of this rapid solidi—
fica tlon was seen in alum inum oxide particles deposited on
coppe r an d aluminum substrates. Those particles which
impin ged with the highest velocities spread out and wet the
surface , and these particles are glassy clear in appearance ,
ind icating tha t they are either amorphous or have crystal—
li te sizes well below the wavelength of light. Particles
which di d not wet so well cooled more slowly and had a
cloudy or opaque appearance.

Many wear—resisting coatings contain extremely hard
par ticles of carbides or Laves phases In a matrix of more
duc tile material. To produce such coatings by laser spray ing ,
one can spray mixe d powders (such as titanium carbide and a
duc tile ferrous composition) . In such systems the laser
beam p a r a m e t e r s  s h o u l d  be selected to result In limited
f u s i o n  of the ha rd  and d u c t i l e  phases and of the  subs t ra t e .

The P l a sma—S p ray  P lus  Remel t  Concept

The second m a j o r  l i n e  of r esearch  w i t h i n  t h i s  pro jec t
Is to explore the potential for improvement of properties
which can resul t from laser remelting of plasma—sprayed
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coatings. This concept is not new , fo r  the f i r s t pa ten t on
the process dates back to 1963 (3) . It is only in the last
few years , with the accessabi lity of multik llowatt CW
l as e rs , that experime ntal work has proceeded. Even now
there is very little pub lished information available on
e x p e r i m e n ta l resul ts , par tly because the work Is considered
pr oprietary. Most of the information which is available
comes from the Avco Everett Research Laboratory, and
It deals largely with increasing the chromium content in
t h e  surface layer of steels. This program will survey the
r emel t  c h a r a c t e r i s t i c s  of a s e r i e s  of c o m m e r c i a l  and experi-
men tal corrosion and wear preventing coatings .

Corrosion preventing coatings applied by the plasma
spray process, for a wide range of application , degrade more
rap i d ly than des i red  i n se rv i ce f o r three  basic  reas ons:
inap p rop r i ate chemis tr y ,  chemica l Inhomogertelty, and lack of
st ru ct u r a l  i n t e g r i t y  In the as deposited coating . Laser
remelting cannot , o f cours e, ma ke any be n e f i c i al chan ges in
the n o m i n a l  coa t i n g c h e m i s t r y ,  but with some coatings
signif icant improvements can be made in chemical homogeneity
and in structural integrity . Because solidification of thin
laser  mel ted s u r f a c e  lay ers Is very  ra pid , partitioning of
alloyin g elements is minimized , thus m i n im i z i ng the ch emica l
activity of localized galvanic corrosion cells. These cells
can take the form of separate phases or of partitioning to f
grain boundaries — in either case rapid solidification is
beneficial. Perhaps the ideal structure , with respect to
chem ical par t i ti o n i n g , is an amorphous phase. We hope to
produce such a structure in the form of an amorphous coating
on a steel substrate. Candidate materials , to be discussed
la t e r , h ave been prepared.

Structural integrity of p.~3sma sprayed coatings can
be improved bo th by fusing the coating to the substrate and
by c l o s i n g  t h e  p o r e s  w h i c h  a r e  n e a r l y  a l w a y s  p r e s e n t .
For corros ion prevention these pores pose a special problem
because the corrosion producing fluid can penetrate through
the pores to the substrate. In the case of wear resisting
coatings , improving adhesion to the substrate and closing
the pores can both toughen the coating appreciabl y. Only
w h e n  lu b r i c a n t re ten t ion  wi th i n  the p o r e s  is de s i r a b l e
would eliminating them not prove beneficial.

Unli ke most corrosion preventing coatings , it is often
desirable for wear resistant coatings to consist of two
phases wi th markedly different properties. The directional
solidification aspect of laser melting can be exploited in
this respect to produce microstructures with the hard , wear
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resis ting phase alllgned In rod or plate—like forms norma l
to the substrate surface. Such structures will be studied
because they should prove superior to randomly distributed
ones.

SECTION II
POWDERS IN LASER BEAMS

Theory

The temperature history of powder particles in a CW
in fr ared laser beam can be calculated assuming several
physi cal idea~ iza t i~ ns. For inci dent beam power densities
less than 10 W/Cm , plasma effects can be ignored
leaving three principle energy transfer mechanisms . Parti-
cles a r e  hea t ed  by direct absorption of the incoming radi— -j
a tlon and liberate energy by therma l radiation. If an
a tmos pher e is presen t, particles also lose energy to the gas
by convec tion. In equilibrium , the a bsor bed energy mus t
equal the energy loss; otherwise , the temperature change is
pr oportional to the difference in these terms .

I ,-

We make the follow ing simplifying assumptions: the
density of powder particles is considered low enough that
collective effects (laser reflection , r e f r a c t ion , in ter—
par tic le  hea t ing , beam shadowing) cart be neglected. The
par ticles are spherical with variable radius R. For these
f i r s t ca lcu la t ions , the flux is uniform and constant. The
par ticle temperature is assumed to be uniform. Rough
calculations indicate that surface temperatures may vary as
much as 20% from illuminated to dark side. It is not
now clear how much calculational error is introduced by a
temperature gradient of this magnitude.

• F b = irR 2ctJ (1) 1
where  ~ is the particle absorptivity at the laser wavelength.
The particle radiant energy loss follows the Stefan—
Bol tzmann equation

2 4F d = 471R ~ (T)a T (2)

where c Is the total emissivity , a is the Stefan—Boltzrnann
cons t an t , and T is the absolute temperature in K.

For  i r r a d i a t i o n  In  a i r , certain assumptions must
be made  c o n c e r n i n g  p a r t i c l e  m o t i o n .  M e a s u r e d  p a r t i c l e
ve loc i t ies an d sizes indicate relatively low Reynolds numbe r
fl ows. Thus , l am e l l a r  f l o w  i n  t h e  s t a g n a t i o n  l i m i t  is
assumed for the convection loss term.

4
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11(T) ~ Kf (T/2) (3)

wher e H Is the surface coefficient of heat transfer and K
is the therma l conductivity of the surround i ng medium at th~film temperature (T/2) . The energy loss becomes

• F = 4irR 2H(T) = 4iiRK f (T/2) (4)

For a small time interval t, the temperature rise is
as f o ll ows

• A T 3At (F  b — F — F ] (5)
4~ pR C(T) a s cony rad

where p is the particle material density and C is the
specific heat . Since AT depends on both time and tempera—
ture , the temperature history must be calculated by finite
difference.

The procedure above is applied to 24O~.tm alumina
particles exposed to fluxes of 2—10 kW/crn in Fi gure 2.
The irra diation takes place in air. Log T Is p~otted versuslog of lnte rac ti~~n time. For .3 = 2kW/cm , the m€ ’~ t
temperature (2300 K) is not reached; for 3 = 4kv/cm ‘• the particle becomes a molten droplet; at 8 kW/cm , the
i l l u m i r~~ted surface should reach the boiling point ; at
10kW/ cm , the code pre d ic ts total particle vaporization.
Ultimate temperature is reached by 0.05 second.

Fi gure 3 shows the temperature profiles for 4Oi.~mAl.,O.~ particles in vacuum . Note the much higher maximum
tem p~ ratures for a given flux than were attained during the
atmospheric irradiations of Figure 2. The difference indi-
cates the Importance of convective cooling in the control of

• powder temperatures.

Similar calculations have been applied to previously
con ducted Al

2O~ pow der experiments using a converging
• lO.6 IAm laser b’~am in air. The result is shown in the

pho tographic exposure of Figure 4. The laser beam is
inciden t from the left and focusing toward the right . The
powder ~ijectlon nozzle can be seen on the extreme left. The
lowe r horiz ontal axis marks the horizontal distance from the
nozzle while the upper scale estimates the average laser
flux at that location. Arrows note the fluxes where 50 and
25pm— rad ii particles are predicted to melt.

5
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The par t icles f i rs t become visi b le in the photog raph at
the melting region and become much brighter thereafter.
This behavior is consis tent wi th other photog raphic tests
which Indicated that alumina particles below the melt point
wer e prac t ically Invisi ble when heated by flames. Powders
which were subsequently found  to be mel ted, had suff icient
lumi noisi ty for detection. Therefore , the calculations
appear to have general validity .

Ini tial Ex perimen ts

The ini t ial ver i f i ca t ion of the laser spray ing pr ocess
was carrie d out using aluminum oxide powder. This material
was chosen becau se it can be hea ted i n air wi thou t deg ra-
dation: it Is also a good absorbe r of 10.6 ~j  m radiation.
The initial experiments were Intended to demonstrate that
propulsion took place , to measure the velocities of the
powder part icles ,to determine if the particles suffered
excessive material loss due to vaporization , and to demon—
strate that the particles could be deposited on metallic
substrates.

In the f i rs t experiments , powder was s imply d roppe d
fr om a small funnel into a horizontal laser beam. It was
dramatically evident that some of the powder was heated to f.
an extremely high temperature and propelled in the laser f.
beam. Powder which was collected after downstream transport
was found to have been t ransforme d Into spher es , ind ica t ing
that it had been molten. However , convec t ive a i r flow - *

resul ted in a very low eff ic iency of powder insert ion into
th e l a s e r  beam , an d some pow der was t ranspor ted by a i r
cu r ren ts an d f ell Into the s t ream a t poi nts ups t ream
or downstrem from the funnel. Better inje”tion mechanisms

• were needed to allow quantitative studies of powder pro-
pulsion.

For a subsequen t ser i es of exper iments , pow der wa s
inserted into the laser beam by means of both a water—cooled
nozzle wh ich was inserted into the cen ter of the beam , and a
m irror with a very small hole through wh ich powde-~ was blown
In to  the  r e f l ec t ed  beam. These me chan i sms  resu l ted  in  a
much h i g h e r  powder i n s e r t i o n  e f f i c i e n c y  and  v i r t u a l  elimin-
ation of convection effects near the I n j e c t i o n  p o i n t .  A
more detailed description of these devices is found in
Section IV.

The veloci ties of particles in the laser beam were• determined photographically, using a ligh t choppe r arrange-
men t (also described in Section IV)

6
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It was found that the most effective heating of powder
particles resulted when the powder was injected into the
beam with the minmum velocity needed to suspend it in the
transport gas , which was in the range of 0.5 to 1 rn/sec.

Measured velocities of particles In a 6 kw laser beam
wh ich was rapidly converging toward a focus were found to be
increasing with time , wi th the g rea tes t veloci t ies sl ightly
above 4m/sec. Because the particles were moving into
reg ions o f progressively higher energy density, it was not
possible to distinguish how much of this acceleration was H
due to the i ncreasing power densi ty and how much was due to
an approach to a steady state velocity. Additional experl—

• men ts, In wh ich particle velocities are measured at dif
ferert t points In the beam , will clarify this point.

One c oncern , i n v iew o f the evapora ti ve pr opulsion
mec hanism , was that excessive material would be lost fr .m
the powder particles. To i nvestigate this effect , collectors
were placed under the laser beam at various distances
downstream from the injection nozzle , an d c losel y size—
sortea powder was injected Into the beam. The size distri—
bution of the collected powders , wh i ch had been melted and
sph eroldized , was then determ i ned. ;~

The resul ts shown In Figure 5 from a test In a 6 kw
beam , indica te at mos t a small decrease in par t icle d iam eter
resulting from transport In the beam. It is concluded that
evaporative loss Is not a serious problem in this system. f

SECTI ON I I I
SURFACE MELTING

Materials Selection and Preparation

A se r i es  of ma te r i a l s  has been pr epare d f o r  laser
r emelt processing. The mat erials include conventional
har d fac ing alloys , commercial coatings resistant to cor—

• ros i on , experimental corrosion resistant coatings , and
materials selected with the specific objective of obtaining
amorphous surface layers on engineering alloys. Hardfaclng
alloys in bulk form which will be teste d for response to
laser remel ting Include Tribaloys 400 , 700 , and 800 (a
series of cobalt based alloys in which a Co,Mo Laves phase
contributes to wear resistance) and Ferrottc C (a powder
metallurgy product consisting of TiC in a ferrous matrix) .

If the Tribaloys respond favorably to laser remelting
they will be prepared as coatings on engineering materials 

- ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ .—..— ~-..:. I. .-,. -



for further testing . The Ferrotic C has already been
acquired as a plasma sprayed coating on a tool steel sub-
strate, so a comparison can be made of its behavior in the
two conditions. Additional wear resisting materials which
have been p repare d as plasma spray coa ti ngs are listed i n
Table I. These and other plasma sprayed materials were
secured on contract from APS Materials in Dayton , Ohio. The
ma terials of Table I were selected because they are repre-
senta tive of different types of wear resisting coatings. The
Ferrotic d~~-rives its wear resistance from the TIC , wh i le in
Metco 34FP , wc par ticles serve the same purpose. Metco
16C and Glidden 72 are self fluxing alloys in which hard
borides and sUicides resist wear. The final coating
contains MoS2 as a solid state lubricant.

One add it ional plasm a spray ed ma teri al has been
prepared to exp lore the feasibility of producing a new type
of hardened surface. A coating of titanium about 0.012
inches thick was sprayed onto 4340 tool steel with the
objective of laser melting to alloy the Ti into the surface.
The Ti should reduce the other carbides present to produce
TiC, perhaps the most wear resistant of carbides. Of A,
cour se , optimization of properties would require a higher
Ini tial carbon concentration than the 0.42 percent typically
present in 4340, but experiments on this material should
reveal the effectiveness of the reaction.

Table II lists three corrosion resisting coatings
which were prepared by plasma spraying . Additionall y ,  some
of the materials listed in Table I have good corrosion
resis ting properties when properly processed . Th~ sta inless
steel coating listed in Table II is a standard alloy for
aque ous co rr osi on res is tance whos e p roper t ies m ight be
improve d by laser mel t ing, wh ile the others are materials
combinations which might prove attractive for energy conver-
sion applications. Hastelloy, which has good resis tance to
hot corrosion , would permi t energy ef f icien t use of copper
i n hea t exchan gers  if it can be cons oli da ted by laser
mel ting . The Ti—B coating will be fused with a view toward
pro ducing titanium borides , c ompoun d s which are wi dely
studied because of their ability to improve the corrosion—
erosion behavior of Ti in turbines.

The remaining , an d perhaps most exciting, approach
toward corrosion prevention which is be ing pursued is that
of producing amorphous surface layers on crystalline ma t-
erials. Two ma terials of promise have been plasma sprayed
and others will be prepared this year. In addition , a group
of electroless nickel—phosphorus coatings were deposited on
Ni substrates . Because these coatings are amorphous 
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deposited , they will permit a study of the resolidification
behavior of a partially melted amorphous material . Melting
through to the substrate will provide a crystalline solid—
mel t inteface for comparative studies.

The plasma spraye d materials p repare d f or this study
a r e  C u~ flZ r A 0 , a ma terial which has been plasma sprayed
previou’~’1y ~ o form an amorphous structure (4,5), and AWS
4777, a brazing alloy which is commercially available in
amorphous s tr ip. Coincidentally, certain of the wear resist-
ing alloys are similar in composition to AWS 4777 and may
prove of interest in this effort. For example , the X—ray
studies to be discussed in the next section have shown that
three of the alloys listed in Table I are partially amor-
phous in the as sprayea condition.

In addition to the materials discussed so far , we
have contracted with APS Materials to have a series of
coatings plasma sprayed in vacuum. These coatings will
duplica te some of those alr eady ava i lab le suc h as Ti on tool
steel , Ferrotic CM on tool steel , Ti—66%B on Ti , and
Cu~ Q Zr Al on Cu. These vacuum sprayed materials will
alrow J~’ to test such materials variables as the effects of
trapped gases, and the importance of oxides formed during
spraying .

Materials Characterization

The principle means of materials characterization used
to date are optica l microscopy and X—ray diffraction. After
irradiation these techniques will be supplemented , wh en
appropriate , with electron microscopy , bend testing , cor-
rosion tes t ing, and wear testing. The latte r techniques
w ill be applied when X—ray analysis and optical microscopy

• suggest that the more time consuming testing is justified.

As an example of the type of informa tion pr ovided by
the otpical microscopy and X—ray analysis employed already ,
we have determined that the 316L stainless steel coating s
and the Cu 6 Zr coatings have an appreciable volume
f rac t ion of o~cid~~ . These ox ides will likel y prevent good
we tt ing during laser melti ng, so wi th these coat ings vacuum
sprayin g may be required. More promising results were
obtained on some coatings such as the Ti on 4340 , which
shows li ttle evidence of oxidation.

X—ray charac terization of the coatings which will be
used in our attempt to generate amorphous coatings is also
enc ourag i ng . Figure 6 shows X—ray traces of A~~ 4777 in

9
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three different forms. The upper trace shows the dif-
frac tion pattern of the powder as received from the vendor.
The many peaks in the trace show that several crystalline
phases are pres ent. The bottom trace was obtained from
an am o r p h o u s  st r i p o f the ma t~~~i a l  obt a ine d f r o m  A l l i e d
Chemical. The two broad peaks (one of low intensity)
ar e those expected from an amorphous material. The center
trace was made from the plasma sprayed coating done for
us by APS Materials. The two broad maxima show that the
coating is partially amorphous. The sharp diffraction peaks
are from a Ni rich fcc terminal solid solution. We are
op t imis t ic that laser mel t ing will pr oduce a fully amo rphous
s u r f a c e  on this material. Other materials which exhibit a
par t ially am o r phous s t ruc ture are th e M e tco 34FP , the
Metco 16C , the Glidden 72 , and the Cu Zr 4 . However ,
none of these exhibit as few crystal~~l

0ne peaks as the
4777 .

SECTION IV
INSTRUMENTATION AND MECHANISM DEVELOPMENT

Basic facil it ies availa b le for laser processing include
NRL ’s 25kw , CW CO l a s e r w h i c h can  p r o d uc e beams  i n
several d iff erent c~onfigura tions , and an evacua b le laser
processing chambe r with water cooled internal moving mechan—
isms for laser spraying . To carry out the objectives of
this pro g ram , it has been necessary to develop several
d evices f o r  han d l i ng ma te r i a l s  an d f or a n a l y s is o f powder
kinetics. Some of these systems are described in this
section.

Powder Feed Devices

Eff ic ient application of powder to a subs tra te surface 
• 

-

requires that the powder be injected into the center of
the high energy laser beam. We have demonstrated two
me thods for accomplishing this. The first method uses a
wa ter—cooled nozzle such as that shown in Figure 7. Nozzles
such as this were constructed from 2.5mm o.d. thin—walled
copper tubi ng, gold plated to enhance reflectivi ty and to
preven t discoloration. The U shaped water cooling section
shadows the powder feed section from the laser beam , and the
total obstruction of the beam is only a strip 2.5mm wide
runnin g from one side into the center of the beam. Th~ s
nozzle was found to survive in beams of at least 4kW/cm

The second powder injection method uses a mirror with
a small hole drilled directly through its center. Powder
is blown out through this hole in the direction of the beam ,
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which is ref lec ted a t an angle off the mirror , wi th suf-
ficient velocity to move the powder past the incident beam
before it is heated enoug h to be propelled. With a hole
h a v i n g  a diameter of 0.5mm the power ~ntering the hole In
the mirror in a beam of density 1kw/cm is only 2W , and it
was found that the mirror was not damaged .

The powder is fed to the nozzle or mirror by a stream
of gas regulated by a flow control system. This system Is
Intended to bring the powder to the nozzle with a minimum
volume of gas flow , particularly when spraying into a vacuum
system . It was found that the gas flow needed to transport
powder when spraying Into atmospheric pressure was 3—5 cfh
an d when spr aying in to an evacuated chamber was l.Scfh .

• With this small flow rate , it will be possible to maintain a
continuous low pressure in the processing chamber . Powder
particles emerged from the nozzle with velocities of typi—

• call y 0.5m/sec when spraying Into atmospheric pressure and
3m/sec when spray in g into vacuum.

Powder is fed into the gas stream by the system shown
in Figure 8. The system is constructed to allow relatively
rapid chang i ng of the powder charge , while be ing able to
retain vacuum conditions. Powder from the reservoir is
dropped into the gas stream through a sieve and shaker (1

• m echanism. Sieves are interchangeable to allow use of
different powder sizes. Powder feed rate is regulated by

• sieve diameter and vibrator amplitude , with minimum feed
• rates being used for measu rements of powder particle -

~~~

dynamics and larger feed rates for application of coatings.

Pyrometry and Particle Velocity
The temperature histories of laser heated powder

particles cannot be measured by standard pyrometric methods.
Though the radiant intensity of each particle is high , the
small par ti cle s i z e and sho r t inte rac t ion t ime requ i re high
sensitivity and speed of the radiometric device employed .
This dual requirement necessitates the design of a special
pyrometry system.

We investigated photographic methods whereby an image
would be alternately attenuated by color filters. Densito—
me tric measurements of the exposed film images would yield
waveleng th ratios which could be calibrated for temperature.
It was found tha~ If the system is to be used with temper-
atures of 1000 C or lower , the f i lm  ex osures of  the
f iltered images were impractically low even when broadband
color filters were used .

Since the total radiation from a particle varies as

11
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T , a photographic measurement based on total (unfiltered)
image density was considered. The calibration of such a
system would require a consistent photographic and optical
procedure fr om film acquisition to processing . This con-
sistency requirement was considered achieveable but dif-
ficul t. An analysis of optical resolution and field of view
effec ts on film exposure revealed that photographic images

• would depend on particle size and position in the field of
view direction. Since these effects could not be corrected
accura tely, total radiation methods were ruled out.

The idea of a totally imaged dynamic temperature
m easurement was discarded in favor of viewing a small ,
selectable area for each laser irradiation. The area can be
chosen so that par t icles are v iewe d ind ivi dually or as a
collection. The light can be split and/or filtered to be
measured by photomultiplier tubes which have the speed and
sensitivity required.

A block diagram of the  constructed system is shown in
Fi qure 9. A hi gh e f f i c i e n cy col l e ctor lens an d f oc u s i n g l ens
image the object radiation onto a flat plate with selectable
cen tral aperture. Here , the region in the object plane is
chosen as well as the view i ng area. The apertured radiation
is then collimated and divided by a diferential beam split—
ter. The splitter reflects wavelengths greater than 0.6~imand transmits shorter values . The two collimated beams are
then focused onto separate photomultip lier detectors. The L
detectors are operated In high gain and pulsed for ~ 75 ms
duratIon.

Note that with this system , both signals are monitored
simultaneously (no chopping) without throw i ng away signi-
ficant amounts of light to get wavelength discrimination.
Thus , the speed and sensitivity requirements have been met
at the expense of image resolution. A pre limnary calibra-
tion of the system yielded ratios of the “red” to “blue ”
signals that varied by an order of magnitude for temper-
atures of l000—3000°K.

The system was tested for sensitivity by dropping
alum i na powder into a hydrogen flame . The resulting data is
shown in Fig. 10 with the uppe r trace representing the “ red ”
channel . Individual par ticles can be observed and cor-
rela ted between channels. Single particle transit times of
Ims yiel d velocities of 2—10 rn/s which Is similar to the
laser spray da ta obtained so far. Torch operation at low
flow rates resulted in broader data peaks with a high red
ratio indicating slower , cooler p~wders.

12
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We are In the process of procuring an optical spectro-
me ter which also views small areas of the object plane. A
mul ti—element detector array gives more spectral resolution
than our 2 channel system described above . The spectrometer
can be operated in a mode whereby very short scan time s are
employed , or a time integrated signal can be obtained. The
sensitivity will allow the monitoring of a small number of
particles (3—6) or a region of many particles. The added
spectral resolution will be valuable in determining average
powd er temperatures and the presence of vapor species.

Particle velocities are measured by forming a photo—
graphic image of the incandescent particles , wi th a mech-
anical li ght choppe r in the optical train. The system is
shown in  F igure 11.

Surfac e Mel ting

A su r f ace  mel t ing appara tus has been des igne d an d
built which combines rapid setup and ease of opera tio n wi th

• wide f1~ xib ili ty in processing capability. The apparatus
was designed to perm it either sing le pass or mult iple pass
melting . With single pass melting the beam power and sample f~.translation speed can be varied systematically to quickly
determine on a small sample the optimum proc essing cond i-
tions. Using these conditions , and employ ing a unique
specimen translation mchanism , the appara tus permits uniform

• glazing of specimens as large as 2.5 x 6 inches.

The appara tus is easily moved by two people and can
be se t in the laser labo ra tory wi thou t di srup t ing o ther
experimen ts. Thus it is possible to set up quickly and
acquire data on a shor ter t ime scale than is required for
more cum bersome equipment. It Consists of a two foot
diameter aluminum table which is spun by a variable speed
electric motor , and upon which are mounted sample holders
which incremen tally translate the specimens between passes
under the laser beam.

The incremental sample translations , which are accomp-
lished by a gear device that is advanced with each table
rev olut ion , can be as lit tle as 0.2 mm or as much as 1.2 mm ,
a rang e which spans the breadth of expected individual melt
passes. The specimens are protected from oxidation by an
inert gas sh ield.

SECTION V
POWDER KINETICS MEASUREMENTS

A series of experimen ts has been carried out to
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de termine the kinetics of particles in laser beams as a
function of par ticle size and power density. In these
experiments we used a beam of top—hat geometry reflected off

• a concave mirror such that the beam diameter decreased from
3.8cm at the mirror to a focal point 110cm from the mirror.
Powder was injected into the beam by means of a noz7le
loca ted at the point where the beam diameter was 1.9cm ,
and powder velocities and temperatures were measured 15cm

• downs tream from the nozzle , wh e re the beam d iame ter ha d
decreased to 1,3cm . The total beam power was varied between
2 and 10kW (resulting in power densities at 2 the po in t of
measur ement ranging from 1.5 to 7.5kW/cm ) and three
different sizes of sorted aluminum oxide powders were used;
— 230+325 mesh (45—63i~m d Iame ter ), —170+200 mesh (75—90gm
diameter) , and — 100+140 mesh (l06—150~~m diameter)
Velocities of numerous particles were measured for each
par ticle size and laser beam power. Normalized histograms
resul t ing from these measuremen ts a re shown in Figures 12 ,

• 13 , and 14.

As expected , the velocity histograms show considerable
scatter. Much of this can be attributed to particles which
are travelling along the periphery of the laser beam , or
which have passed out of the beam but are still glow ing .
Because most photographs showed overlapping tracks or tracks
which were faint or ou t of focus , it was necessary to be
selective in choosing tracks for measurement. Emphasis was
directed toward the faster tracks in each photograph ,
because these rep resent par t icles which hav e rema ined wi th in
the uniform region of the laser beam. However, bri gh t clear
t racks ly ing wi thin the central region of the photograph
wer e also measured , even if they were clearly travelling

• well below the maximum velocity. The histograms reflect
t h e s e  selection choices in that they do not include the
t r a c k s  of f a i n t , slow moving  p a r t i c l e s .

• The o v e r a l l  t rend  of the  his tograms wi th increas ing
• beam power is evident. ‘the v e l o c i t i e s  a re  not g r ea t  because

the measurements were carried out in a wide part of the beam
• so that the power density would be reasonably uniform.

Two other presentations of the same data are shown in Fig-
ures 15 and 16. Figure 15 shows the average measured
par ticle velocity at e~~.h power density and particle size ,
w h i l e  F i g u r e  16 sho’is the average of the four fastest
p a r t i c l e s  measu red  under  each set of c o n d i t i o n s .  The la t t e r

• Is t hough t  to be more  r e p r e s e n t a t i v e  of p a r ti c l e s  w h i c h  have
r e m a i n e d  w i t h i n  the beam . A g a i n  the variation of velocity
w i t h  power d e n s i t y  is  c lear  and the  t r end  is as expected .

p
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The varia tion of velocity with particle size , however , Is
more surprising in that it shows a definite maximum for the
in termediate size prtic]es. The relatively slow velocity
of the smallest particles is undoubtedly attributable to
atmospheric drag. Qualitatively, it was observed that
the smallest particles were the most strongl y affected by
convective air currents. Under vacuum conditions , the

• particles should not attain steady—state velocities , and the
smaller particles should accelerate most rapidly.

Because many par t icles wer e swe pt out of the laser beam
• by the convective air currents , a quar tz tube with a dia—

me ter of 2.5cm and a length of 30cm was placed around the
laser beam immediately downstream from the nozzle. This was

• extremely effective at keeping the powder within the laser
beam with the result that a large fraction of the powder was
accelerated to near the maximum velocity. Further experi—
ments with this type of device are contemplated .

SECTION VI
STATUS OF THE PROGRAM

The init ial stages of the program emphasize d ma terials
acqu isition and the design of systems for materi als proces—
s ing an d a n a l y sis , whi le actu al use of the NR L laser was

• delayed until it became available in Octobe r , 1978. Since
• that time , work has progressed rap idly on both laser spray-

ing and surface melting aspects of the program. In addition
to the particle velocity measurements described in this
repo rt, par ti cle tempera tures were successfully measur ed
wi th the pyrometry system. Preliminary analysis of the data
indicates that the masured temperatures agree with calcu-
lated values in the vicinity of the melting point , but that
a t higher power d ensi tie s the par tic les ar e co o ler th an
predicted . The processing table has been used to surface
mel t a lar ge number of plasma sprayed coa t ings and o ther
ma terials, and to carry out uniform melting on the surface
of a 2 X 6 inch test sample. The surface melted samples are
now being analyzed.

The laser  proc essing chamber , m anufac tured by AV S
in Ayer , Mass., has now been delivered after long delays
caused by difficulties with rotating water—cooled seals.
The chambe r is now undergoing modifications to i ncorporate
design Improvements , and to increase it s mo bi lit y so it
can be m oved in and out of the cramped quarters of the

• laser test cell.

15
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No s i gn i f i c a n t  d i f f i c u lt i e s  are  a n t i c i p at e d  in c ar r y i n gou t the laser processing tasks of this program . The• f a c i l i t i e s  a v a i l a bl e  are capable of producing tes t samples• a t  a rap id  r a te , such that  the subsequent sample evaluationIs the r a t e — l i m it i n g  step.
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Fig. 4 — Laser irradiated powder stream in air. The shaded central region -•
predicts positions where particle melting should be reached depending on
initial powder size.
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Fig. 10 — Pyrometer response to A1203 particles heated by an H2-02
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- 0.7 pm (“red”); the lower channel peak Is at about 0.5 pm (“blue ”).
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Fig. 11 — Photographic system for particle velocity measurement.
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TABLE 1
PLASMA SPRAYED W EAR RE SISTING COATINGS

COATING MATERIAL SUBSTRATE COATING THICKNESS

________________________ _____________________ 
(10 3in)

FERR OTI C CM 4340 STEEL 12—15

METCO 34FP 4340 STEEL 12—15

METCO ].6C LOW CARBON STEEL 21—23

GLIDDEN 72 LOW CARBON STEEL 12—24

HARDFACEING ALLOY LOW CARBON STEEL 21-23
WITH 1.0 wt% MoS 2

TABLE II
PLASMA SPRAYED CORROSION RESISTING COATINGS

COATING MATERIAL SUBSTRATE COATING THICKNESS

(10 3 j n )

316L STAINLESS STEEL LOW CARBON STEEL 5 and 2 1—23

HASTELLOY C COPPER 16

T l — 6 6 % B  Ti 20
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