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ARSTRACT

We have examined the eflecet of laser surface processing of T alloys
using pulsed excimer laser hght at 248 nm. Thermal transformations of the
surface are accomplished by heating: the surface and rapid cooling. Alloving
and formation of compounds can be obtainn d by melting and mixing surface
layers into the material and by pas alloving, Multiple melting
resolidification eyeles result in the inter-diffusion of surface lavers in the
liguid state and the diffusion of pas species mto the material, The effeet of
alloying from both solid and p:+ cources and the efTeets of thermal
transformations on the microstructure and surface hardness properties of’

chese allovs will be examined.
INTRODUCTION

Titamiam alloys are used in many apphieations which require a hipgrh
strenpth to weight vatio at velatively hiph temperatures tup to 300 (), as well
o surgieal prostheses an account of their biocompatibility! . However, I

allove ane al- o known for then poor tribomechanical propertios and as o



result. numerous surface modification techniques have been applied in order
to increase wear resistance of the alloy surface. These have generally relied
on forming a hard N rich surface Liver by ion?, 3,4 6 67 8 8 gp [gser!t 1112
I* technigues, although some work on C* and B* implantation has also been
carried out. M, 15 16 A1l of the laser techniques mentioned above have relied
on infrared (IR) laser energy, generally from cither COy lasers operating il
10.6 pm or Nd-YAG lasers operating at 1.06 pm, as these are standared
industrial lasers used for a number of surface modification processes!?,
lExcimer laser radiation at ulcraviolet wavelengths, where coupling between
the Laser light and the metal surfice s quite strong, is increasingly being
used for surface modification ™, 19 200 A second feature of excimer laser
processingris the high cooling rate (~ 1010 K<), which favors the formation of

non cquilibrium phases,

We have obaerved transformation of o - material to martensite as i
result of rapid cooling. We have also formed amorphous 'IN-B surface alloys
by mixing: an evaporated B layer into the surface, N alloyved surfice lavers by
processingsin Ny, and soluticn and dispersion strengthened surfaces by
oxyvpen alloving in air. In this paper we will deseribe the essential physies of
excimer laser surface processing and examine the effects of these
transformation and allovivgr experiments on the microstructure and surfaee

hardness of the alloye..
EXCIMER LASER MATERIAL INTERACTIONS

Althouph the enerpy per photon of excimer laser vadiation is high ¢ 5
eV ofor 248 nm, the eftest of Laser radiation on the surface of metals is

essentially purely thermal helow the threshold for ablation. Tha:, o the



fluences used in these experiments (~ 1. J-em-2), processing can be thought of
in terms of a short duration (<25 nsec eneryy pulse which is thermalized
ersentially instantancously. Further, the short absorption depth of
ultraviolet light in metals ¢ ~ 3 nm in Ti) means that this energy is deposited
at the surface of the material with no appreciable distribution. The
interaction can therefore be modeled in terms of one-dimensional heat flow
into the bulk of the sample from a surface source®!. "There is also radiation
from the ho! surface and some conveetion at the free iquid surfiiee, but these
cffects are relatively minor at the very short time seales of concern here,

With suflicient energy deposition the surface of the material melts, and the
melt front propagates inward until the energy of the | Iseis dissipated in the
melting proces=. The melt front then stops and a resolidification front moves
back towird the free surface. The time history of the temperature of the
melted surfice layer of metals can be ealeulated diveetly from the
fundamental optical and thermal constants of the material®™. Although this
type of caleulation ipgnores many significant aspeets of the solidification
process, such as the temperature dependence of many of the variables, we
have found it useful in predieting the effeet of excimer laser processingron a
nuniher of nuterials®, ™, The same ealeulation is applicable to heat

treatment below the melt threshold.

As an example or this tvpe of ealeuliation, Fipare T shows the
temperatine o a funetion of depth i the materials for an incident luenee of
LOG e 2 on T GAL AV af two times; shortly after the pulse terminates at 30
nsand just at final solidification at 80 ng. Based on the depth at which the
transition temperature exceeded, we expeet eepion about Q.6 pom Chick to

be transformed to mceete neate This correlsites well with meas ared



transformation depths24, At this fluence, the surface layer is molten for a
period of approximately 50 ns. During this time. diffusion in the liquid state
(1) ~ 105 em2-sec) ean oceur on a distance seale of the order of 10 nm.,
Multiple pulse processing can increase this distance substantially in direct
proportion to the number of pulses. Liquid flow (convection) over comparable
distances would require velocitics of the order of 0.1 m-s-1, substantially
higher than the ~ 0.01 m-s ! velocitios observed in IR laser processing!4,
Direet measurements of diffusion of 19C* in Fe support the assumption that
cffectively all mass transport occurs by diffusion in the liquid state and not by

convoection®?,

In comparison with IR laser processing, the high coupling efTiciency.,
short pulse duration, and shallow absorption depth result in fwo significant
advantages. The first is the rapidity of the solidification which follows
meltingn, Caleulations give a cooling vate after solidification in excess of 109
K-s IR This cooling rate is sufficient to suppress the formation of
cquilibrium phases, a feature we have noted in other systems", ‘T'he second
advantage is the overall efliciency of the process. For processing with 100
pulses per position at LOd-em =, a laboratory seale lnser with an output ol 15
W taverage) ean treat material at approximately 015 em2-s 1. Industrial
excimer Lisers with averigre outputs of 1H0 W oenist and ean process material
af rates of approximately LHh em® s 10 Comparable processing rates with IR
Lisers ceither 10,6 pmoor 106 pum) require tens of kilowatgs10.50 180 Sipee
excimer lasers are comparable to TR Lasers in output eflicieney, excimer laser
processiag provides aninerease in processing onerpy efliciencey of the order of

105 aver IR Laser processing

EXI'ERIMENT



Samples of commercially obtained T alloys were mounted in standard
metallurgical epoxy mounts and electropolished using an electrolyte of 844
methanol, 104 budanol, and 647 perchloric acid. Polishing conditions for a 1
em? sample were 30 Vde for 1.5 min at a temperature bhelow -50 C. Samples
were mechaniceally polished with 1 pum grit prior to electropolishing. A
comparison was made of the mechanical properties of electropolished,
mechanically polished. and as received specimens and the effeet of laser

yrocessing on these differing surliees,
E

Samples were Laser processed at varving fluences using 248 nim light
from a Krl® excimer laser. The beam was homogenized usings a multi-elemoent
relractive homogenizer which produces a square spot of uniform illumination
intensity, Pulses were overlapped at various repetition rates to alter the
number of pulses/ position on the sample. Because the samiple reiurns
essentially to room temperature within 0.1 see, repetition rates of up to 10-20
Hz can be used without siprnificant bulk heating of the saople. Samples were
processed i for the B and O alloying experiments. For the N allovings
experiments, the samples were mounted in a vacuum chamber which was
repeatedly evacuated to a pressure of the order of 1071 and baenfilled with
ultra-high purity nitrogzen before beingr filled to one local atmosphere (<600 1)

for the processing:,

Analysis of the oxypren content of the mateovial wa performed using:
resonant elastic seatteringg of o particles at 3.05 MeV27 T'his technique
provides relatve oxyvpen concentration (OT radion as o tunetion of depth from
the surtiee. Analysis of the mitropen content of the matenial was performed
vntng non-Rutherford resorant hackseattering of o particles at 8810 MoV i

T alloy siomples, This techngue provide:s relative nitropen concent aition



(N:Ti ratio) as a function of depth from the surface. The measured densities
of O and of N were normalized to at‘c concentration using the density of Th.
This analvsis was used to calibrate the oxyvgen and nitrogen concentration--

processing relationship.

The extent of boren mixing was determined by Rutherford
Backscattering spectroscopy (RBS) using 2.0 MeV alpha particles with the
substrate held at a 600 angle to the beam to maximize the depth resolution.

Boron concentration was determined from the RBS data using RUMP-Y.

Transmission electron microscopy (TEM) samples were obtained from
the various arcas and jet-thinned from the back side using the celectrolvte
deseribed above and a high-speed jet. The laser processed side of the TEM
disk was protected using microstop, which was removed with acetone upon
campletion of the thinning operation. The thinned samples were examined in
a JEOL 2000EX TEM-STEM operating at 200 KeV. Phase dentification was

made on the basis of selected area diffraction (SAD) patterns,

The surface hardness of the samples was measured using a
commercially available nanoindenter ™ This instrument directly measures
the load on o triangalar pyramid diamond indenter tip as a funetion of
displacement from the sureface. Hardness is determined from the load data
using the projected area of the indent, obtained from previous calibrations?t,
Measurements were made voder constant loadimgs rate. At least nine indents

were made oncench sample and the data for each sample averaged.

RESULTS AND DISCUSSION
Figzure 2 shows the effect of different polishing treatments on the

surfuce hardness of the samples. The chaonpgean hardness with depth is g



feature common to nanoindenter measurements and is primarily due to lack
of precision in the tip shape function used to calculate the hardness. At small
displacements, the effect of a native oxide on the surface may also plov a role.
FFrom this data it is apparent that the mechanically polished material 1s more
highly strained than the as-received or electropolished materials, resulting in
a surfice hardness about 1.4 times higher than the electropolished material.
The as-received material is about 1.1 times as hard as the electropolished
surface.

DifTferences in the surface hardness of the starting material may be due
to differences in the initial surfiace composition and strain state in the
starting matervial. Strains from mechanical polishing, not present in
clectropolished material, will serve to harden the material, Differences in
compozition, particularly at the w- B boundaries, due to segregation during
the fabrication of the plate, may play a role in the hardness of unpolished
material, Laser precessing of any of these surfaces results in the formation of
martensite, and the martensite in every case is less hard than the starting
material, The relative efTect of laser processing is similar for the different
starting surfaces, but the final hardness values depend as muen on the

starting sarlace hardness as on the Liser processing:,

Figrure 3 shows the oxypon concentration as a function of depth for the
four samples amalyzed. Intermediate oxvien concentrations and depth
dependence consistent with inereasings diffusion of oxveen with increased
laser processing tnumbers of pulses) are apparent. Beyond a certain point,
increased processing: does not result in preeater oxypren incorporation relative

to I, only in prreater depth ol oxypren incorporation.



Figure 4 shows the development of the microstructure of the alloy as
onvEen is incorporated. In 4a, the unprocessed material shows the diffraction
of the unprocessed material, typical of o + p T allovs. In 4b, the SADP for the
sample exposed to 15 pulses is shown. The transformation to o' martensite is
apparent and some grain refinement is observed. Rings in the SADDP indicate
the formation of a new phase, Ti0). The darkficld image based on these rings,
shows the prescnce of very small particles with a diameter of approximately
10 nm. For samples processed with 10 pulses, no TiO rings are observed,
suggesting that the solid solubility of Q in the alloy is exceeded between 10
and 5 pulses. In figure 4¢ taken after 30 pulses, further §§ grain refinement
is apparent, the particles are somewhat larger (~ 17 nm), and the rings that
correspond to TiO) are prominent in the SADP, Finally, after 60 pulses, figure
4d, the martensite rings have effectively disappeared, and the TiO rings in
the SADP ave veryv well defined. The final structure is of very fine TiO

particles.

By distorting the Iattice, oxygen atoms in interstitial sites in T
increase the resistance of the lattice to deformation. This hardening by
di-location-solute interaction is characterized by a square-root dependence on
the solute concentration®” | Figure 5 shows the normalized hardness at. a
depth of 100 nim Vs the square root of the oxyvgen concentration for samploes
treated with 1,2, 5, & 10 palses of Laser radiation at 1.0 J-cm 2 incident on a
mechanically polished surface. The hardness data is normalized to the
untreated surface hardness and the oxvpzen concentration is estimated from
the datiin fiprure 3. As expected for o solution hardening situation, the
dependence s linear. The slope of this line, as nermalized 1o the one

pulse ‘position valuc, i 04 (w1 00 Typical values for solution hardening in



this allov with the same normalization are between 0.6 and 1.2 (wi% )9 as
reported by Liu and Welsch33. Liu and Welsch report on material with 0.1-
1.0 wt% oxygen, while the data reported here is for 0.7-6.0 wt% oxygen. The
difference in slope is probably due to the fact that the mecnanism is operating
in o’ martensite in this case but the difference in oxygen concentration may

also play a role.

After 15 pulses of laser radiation, TEM observations demonstrate that
TiO precipitates from the solid solution. After 15 pulscs, or above an oxygen
concentration of approximately 25 at®, we therefore would expect that a
precipitation strengthening mechanism would be observed. The Orowan
strengthening mechanism™ predicts that the normalized hardness would

scale as the inverse of this mean-free-path between particles (MFP),

Using the specific densities of Ti0 and Ti-6A1-4V (7.72 x 10-2 and 9.40
x 102 respectively) we can calculate the volume fraction of TiO in the
material as a function of the »aypen concentration. Adding the particle size
information from TEM observations, the mean-free-path (MFP) between
these particles can be estimated?™. The data for the multiple pulse samples is
plotted in figure 6. Because of evidence for aceelerated TiO particle growth
above 45 pulses, data from the 60 pulse sample is not included in this figure.
The dependence of the normahized hardness on inverse MIFP is as expected

for a precipitation hardening mechanism.

Figrure 7 gives the concentration of nitrogen as a function of depth for
different numbers of pulses. In contrast to oxygen incorporation, many maore
melt solidification eveles are needed to incorporate significant amounts of

nitropen into the material. This is consistent with the relative diffusivitios of



O and N in Ti. However, a similar pattern appears, that is that the nitrogen
concentration appears to saturate at 50 at’c N. Extensive processing results
in both more nitrogen incorporation and a deeper alloyed layer. 'TEM

observations of samples processed with 200 pulses ot laser radiationat 10

cm-2 shows the development of TiN precipitates,

In figure & we show the surface hardness of Ti alloved with N as a
function of the number of pulses. Analysis of the mechanism for this surface
hardening is in process. Preliminary analyeis similar to that performed in

the TiO case suggests that the process is entirely a precipitation mechanism

Poron alloving experiments were performed by laser mixing of a 60 nm

B surface layver into Ti alloy substrates?t using 5 pulses of radiation at 2.5 .J-
cm 2, Despite the large negative heat of formation of TiB2, rapid
solidification apparentiy suppresse- the formation of this compound and the
resulting alloy is amorphous. Figure 9 shows the hardness-depth
relationship for the amorphous B-Ti alloy. Measurement of the B
cersontration gives a half-width of approximately 75 nm and a peak B
concentration of 36 at‘. The increased hardness of the B containing alloy 1s

seenin the top 100 nm of the material, consistent with the B distribution,
CONCLUSIONS

The data presented here demonstrates that excimer lasers provide a
fast and efficicnt method of surface modification of T allovs. We have
demonstrated allovings from both gras and <olid sources at incdustrially
significant rates despite the lnboratory seale laser used in these experiments,
(‘ontrollable changes in Loth alloy composition and microstructure lead to

predictable changesin the surface properties of the alloved materials, The

14)



excimer laser process thercfore enables effective surface engineering of these

matenals.
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FIGURE CAPTIONS

1. Temperature as a function of depth into the material for 1.0 J-cm-2
excimer laser pulse on Ti-6Al-4V. Curves represent approximate peak

temperatures (30 ns) and temperature at solidification (80 ns).

2. Hardness as a function of depth, relative to that of electropolished
material, for mechanically polished, as rolled, and single-pulse laser

processed materinl,

3. Oxygen incorporation due to excimer laser processing. As number of
pulses is increased, both peak concentration and depth of incorporation

increase,

4. Sclected arca diffraction patterns for showing oxygen incorporation in
Ti-6AL-AV a0 Asoreceived material showing typical a + b structure. b
Pattern after 15 pulses showing beginning of ThO formation. o). Pattern
alier b pulses; further poeain refinement and formation of O s evident, ¢,

Pattern after 60 pulses; only T0 rings are seen,

n, Hardness ata depth ot 100 qan normalized to that of mechanically

polished surfaee as o function of the square root of the O concentration for
low concentration samples. The data follows the behavior expected for

solutron strenpthening,

G, Hardness norntlized to that of electropolished surliiee as a function of
the mverse of the mean free path between precipitate particles. The data

follows the behavior expected for dispersion strengdhening:,



7. Nitrogen incorporation due to excimer laser processing. As number of
pulses is increased, both peak concentration and depth of incorporation

increasc.

8. Hardness as a function of the number of pulses for N alloyed Ti-6Al-

4V. Depth of the measurement is approximately 70 nm.

9. Hardness as a function of depth for amorphous 13 alloyed Ti-6Al-4V.
The depth of the hard layer is commensurate with that of the B

incorporation.
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