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Abstract

The metallurgical evolubin of the Ti-6Al-4V samples is analydafter @ appropriate cutting

using a convergingwater jet/high power laser system.New surface microstructuresare
obtained on the cutting edge as a result of thermo-mechanical effects of such hybrid fluid-jet-
lasertool on thetargetedmaterial. The laserbeamallows to melt and the water-jetto cool

down andto evacuatethe materialupstreamaccordingto a controlled cutting process.The
experimentakresultshaveshownthat a rutile layer canbe generatedn thesurfacenearthe

cutting zone. The recorded metallurgiedflect is attributed to the chemical reaction between
water moleculesandtitanium, wherethe laserthermalenergybroughtonto the surfaceplays

the role of reactionactivator.The width of the oxidized zonewas found proportionalto the

cutting speed During the reaction,hydrogengasH. is formedandis absorbedy the metal.

The hydrogen atoms trapped into the alloy change the metastable phase formation developing
pure B circular grainsas a skin at the kerf surface.This resultis original so it would leadto
innovative converginglaser water jet processthat could be usedto increasethe material
properties especially for surface treatment, a key value of surface engineeringand

manufacturing chains.
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1. Introduction

For more tha one decadea lot of publications proposed the study of laser/material
interactionsn an aqueouanvironmentusng differentprocesseshat can beeparated in three
groups The first one gathers the processes where a laser hits targets completely dnimerse
waterpool. Amongthesestudies, wecan highlighttheworks of Sakka etal [ 1] aboutgraphite,
the works of Shafeeard Simakhin P] about silion and the works of Alfille et al3] about
steel The seond goup gathers the processes where the sample is inmanarsecontrolled
gaseoustmospheravherea laserits the materialsurfacealong with eitherwateror steamjet
that targeting simultaneously the areadte cut in order eitheotcool dow the material or to
activate chemical reaoim as n the wok done by Geiger et all]. The last group gathers
different type of exotic interactions suas fluidic optical fibelon copperas presenteby
Porter et al$], or silicon presented by Kray et a&], or the works done by Dupont et al using
waterfallon the material surfac&] orthe one made by Matsunaoét al in a fluid/air miX8].
For more detailé informations Kruusing [9-10] has publishe a very completeral detailed
review of all these techniqueslowever all these studies focum the physical phenomena
such asapor bubbkesformation, colloid formation, cracks and surface activation.

Few studies addressed metal egtand, ® our knowledgenone of them deals whittitanium
alloys reactionsrad transformations wimeusing a laser/water jet mixtur€luidic optical fiber
cutting which has existe for aound 15 yearsallows cutting of tm materials 100 microns)
due b the usage of only low laser power and static water presgoe \(y 10 MPa).
Engineers are currently working increase the power of gudybrid system allowing the

possibility of cutting thik sheets while limiting the Heat AffecteZone (HAZ) thus
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presenting a huge interest many applicative sectors as those conaknneaeronautic
industry.

Due b this hidn applicative potentialin a previous papemwe have preserdeexperimental
results ad interpretations of the structural changed phase transformations during cutting
of stainless steel wita coupld Laser Water Jet (LWJ) converging the surfacelll]. Using

a 400 W laser we have show by different characterizatn techniques that du® tthe
deposité energythe reactivity of water molecules Wwithe surface greatly increaseseating
an exoticoxidation ofthe material.

In order b analyze new possibilities of this hydbdaser-water jet cutig processand deeper
consider interactionsna new physical effectsnd properties that we naexpect wih this
techniqgueon other metallic materiglsve specially focusk on titanium alloys @d more
specifically on Ti-6Al-4\V. This alloy is one of the most conom alloy usd in aeronautic
industry applications because of its lightnessroson resistanceral mechanical properties.
But it is well known that this alloy is subjecb fphase transformain during quenchingVhen

it is coole down from hidh temperaturethe body centece cubic (BCC)p phase is
transforme into martensiter'. As we will show m this paperour investigations have allowed
us D oversee the formatn of exotic microstructures never sdgefore n this alloy dued the
very fast heat rad cooling associate process The obtaind original results further
demonstraterad confirm the ability of this process be usd not only n cutting but als as

tool for surfacetreatmenf awide variety of metallic alloys.

2. Experimental setup

The principle of the test is shown Fig.1. Excepted for the cutting speed now varying from 5 to
20 mm/min rated in steps of 1 m/min, the experimental parameters, instruments and machines

are the sameas thoseof our previousworks, herebeing summarizedj.e. a Yb:YAG laser



oNOYTULT D WN =

(wavelength= 1030 nm,spotsize = 113um, power = 400 W) ; water pumpedat 1 MPa
througha 0.25mm nozzle diametet]]. The optimal cutting speed with small-oxidized zone
and net shape quality cut is found to be equal to 11 m/min. This optimal cutting speed leads to

minimum streaks.

Figurel

The characterizain of the transformain at the surface (oxide layer formation) was
performed wih two different techniquesThe first one is the X-Ray Diffractin (XRD) with a
diffractometer MFDP equipplewith a curve positon sensitive detector CA20 (INEL) and

a copper anode (&= 0,154018 nm) The other characteristics of the X-Ray diffractometer are
0.027° (26 acquisiton stg with an acquisiton time equald 2 s at40 kV tenson and 200
mMA intensity collimatd at 0.6 mm.

The Rama spectrometer is a LabRam Aramis warkiwith an excitatbn beam ab32 nm
focuses wih an objective x20 ad the Scanning Elecin Microscope is a Carl Zeiss model
40. These apparatus and assodaparameters are the same as those of our previous work
[11]. The samples were prepdrasing a etching wih Kroll's reagent consisting @& ml of
fluoridric acid, 3 mlof nitric acid and 95 mbf water.

The resulting cutting residues are pdiewvay by the jetral recoverd after being filterd and
separaté into liquid effluent ad powders The obtaind dry powder material is then

analyzed.

3. Experimental resultsand discussion

During the cutting processa first stagebeforecutting being effective,leadsto the formation

of an initial craterfollowed by gas and material ejection. In the sametime, the adjacent
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material of the cutting zone is rapidly heated and quenched, leading to the formation of a non-
equilibrium temperaturefield propagatinginto the bulk. As a first result, we notice the

formation of oxide on the surface of the two wall sides of the kerf, as shown in Figure 2.

Figure2

The width of the oxidized zonerangesfrom 0.6 to 1.7 mmdependingon thecutting speed.

The 11 m/mincutting speedhasbeenfound to be the bestrelationshipbetweensize of the
oxidized zone and rough edddigher is thecutting speed, highewill be the roughness and,

at the opposite, lower it is, higher will be the oxidized area. This influence is shown in Figure

3.

Figure3

The linear decrease of the width of the oxidized zone with the cutting speed can be explained
as follows: the laser brings in enough energy to activate the oxidation reaction, leading to the
growth of the oxide layer. One canarguethatlesseris the cutting speed higherwill be both
the thermal diffusion inside the material and the expansionof hot reactive zone between

titanium and water.

A study of Boivineau 12] explains that at room temperature, the Ti-6Al-4V is a two-phase
+ B alloy with a small percentagébetween6 and8 %) of -phase.The o andp phasesave
two different crystallographicstructuresbody centeredcubic for the B phaseand hexagonal
compactfor the oo phase.The morphologyof the o phasecanbe either globular,lamellaror

acicular as function of the heattreatment.This last one prevails when the alloy has been
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solutionin B phasethen cooled.During heatingandin conditionsof equilibrium, thereis a
dissolutionof the a. phaseandthe p phasecontentincreasedo be equalto 1 attemperatures
above the normal phase transus temperatyeglial to 1000°C (for Ti-6Al-4V) as mentioned
by Tamirisakandalaet al [13]. For very high cooling rate from the p domain, the alloy
undergoesa martensitic transformatigh— o'. The martensitic phase hdigee same chemical

composition as the phase and its crystal structure is hexagonal-close-packed, HCP phase.

As confirmedby XRD analysisin the figure 4, beforebeing cut, the Ti-6Al-4V possessea
two-phasen + f microstructure. After cutting, we can observe a residue of martensitic phase.
XRD patternsmeasuredisingintegratedg-Y measurement$iaveshowedthat the peaksof
the p and martensitedo notvary, meaningthat the materialis isotropici.e. withoutspecific

crystallographic orientation.

The first stepto determinethe nature of the createdoxide is the analysisof the X-Ray

diffractograms recorded at the material surface near the cutting edge. On the Figure 4, we note

the appearance of rutile (Ta#diffraction peaks corresponding, for the first three peaks, to the
(110), (101) and (211) diffracting planesasreportedby Ding et al. [14] andHu et al. [15].

Surprisingly, no martensite peak is visible. This result will be discussed further in this paper.

Figure4

Figure 5 shows the Raman spectra obtained for the Ti-6Al-4V raw material, the oxidized zone

and for the cutting residuespowder.On this spectrathe first remarkableobservations the

disappearance of the amorphous carbon peaks after cutting. This carbon represents the various
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organic compounds involdeon the surface of the material (depasifioil, organic material
...)and iswashe& awaybecausef thewaterand theheat.

Moreover, the spectra obtathey Raman spectroscopy confirm the results of XR® show
the presence of rutileibot the oxidize zone ad the cuting residuesrespectively wh the
peaks aR38, 440 ad 607 cmi’*, which correspondsotthe positions of peaks associhte the
rutile accordinga Swamy [L6] and Samuel et all[7/]. We can deduce that the hybricutting
process creates a titanium oxide lay€his al® confirms that the cutting of Ti-6Al-4V
induces the same oxidati process asisteel cutting 11] but wih a different chemical

reaction.

Figure5

Jaroenworaluclet al [18] has describedthe formation of rutile on titaniumin presenceof

water. The laser heats the Ti-6Al-4V surface, and a part of this heat is transferred to the water

transformed into vapor. This last is very reactive with the titanium and forms a layer of rutile

by oxidation of metal. By this way, the water will reactwith the titanium following the
oxidation reaction:

Ti +2 HyOg) « TiO2 + 2Hy() (1)
Wouters et al19] have show that the oxidatin reacton, Ej. 1, of titanium ¢ rutile is much
faster n water tha in air and energy requik for the reactin is lower The rutile is
chemically very stableso afterwards there isno reactbn with water ad no by-product
formed. Althoudh the oxidatn of titanium n the air ale creates oxynitrideghey have not
been detectd because the sample always remamani aqueous medium during the process
without any contactwith theambientair.
Dihydrogen formead throughout the oxidain reacton will have a major influencen the

microstructure observed at the cutting edge (Figure 6). Surprisitigdyobtaind groove
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surfaceis constitutedof a fine grain equiaxedbetaskin while normally, after quenching,Ti-

6Al-4V is formed of fine needlesof martensitea ' as indicatedby the Sieniawski'sCCT
diagramof Ti-6Al-4V [20]. To our knowledge,this main effect has never beendetected
before and thus is originally considered here and explained in a relatively simple way with the

hydrogen effect.

Figure 6

At the convergence impact point of laser beamd aater jet wit the material the metal
spend during a very short time mtliquid state ad then is ejectd from the kerf ad cooled
down simultaneously by the water jdDuring this time the dihydroge diffuses inb the
titanium and very quickly ind the B phase The diffuson coefficients were give by
Sundaram et al for the phase 21] and by Christ et al for the beta phag2][ Their values
for the diffusbn in the cell are D= 2.6 x 10 cm2.§' and Dy = 1.1x 10* cm2.§" o the
diffusion is very hitp in thep phase compared to tlheone. Froes et alB] have shown the
importance of hydrogen influencen the titanium phase stability and fornoati It is a
powerful B stabilizing alloying elementra decreases the beta transus temperature until
300°C n the Ti-H phase diagranvioreover it changes significantly the kinetic of metastable
phase formatin during quenchingTo resumehydroge diffuses inb the matrix until5 um
deph (Figure 6a) ad changes the phase formatikinetic b stabilizep phase after quenching
(Fig 6b).

It is therefore possible to set that there is a zone whptee beta phase may exist (or may be
formed) at room temperature whthis alloy is heattand then cooleal very quickly wit the
presence of hydroge The Figure? illustrates thgd doman with the red curverad the fast

coolingcreated bythe LasematerJetwith thebluecurve.
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Figure7

The stability of the beta phase is particularly important as aluminiumg tebilising
alloying element evaporates under the effect of the laser. This effect is clearly visible in
Figure 8 wherein the aluminium percentage decreases rapidly as it approaches the cutting
edge. Indeed, Rober24] has noted that, during the formation of the keylolaser welding,

the ionized vapors, generated by the laser, cause the vaporization of aluminum (vaporization
temperature of aluminum is 2792°K, vanadium 3682°K and titanium 3633°K). The loss of

aluminum, especially as the gain of hydrogen is high, greatly favorspghage stability.

Figure8

Finally, Fig.6a and Fig.6¢ highlight an additional information resulting of this hybrid process
impact on surface of titanium alloys. It addresses the microstructure undelather of skin.

It is found that this microstructure can be divided into two sub-layers. In the first one (40 um
long), close to thg skin, we can observe primasy phase with very big distorted grains.

Both phase and shape are consequences of thermo-mechanical effect during quenching. In
fact, even if the cooling is very fast, it exists a shorter initial period of time when the pasty
metal is compressed by the water jet impact. This mechanical effect may prevent the
formation of martensite and promotgsphase recrystallization as explain by Combgs.[
Thesecond sub-layer is constituted by small and equiggeains due to the low temperature
(thermal effect) and dynamic pressure (mechanical effect), both recorded on the material to be
cut. Any particular orientation or texture may appear in those sub-layers. Then, under the sub-
layers, the material becomes classic again with a small HAZ and where the temperature is

higher than th@ transus and lower than the melting point.
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4. Conclusion

Using a hybrl Laser-Water Jet converging cagisystem in particular processing conditions,
we have originally demonstrated and studied the formatiomubile aroundthekerf performed
in a Ti-6Al-4V alloy. The linear evoluih of the oxide widt as funcitn of the feed rate due
to the thermal diffusion coupdeto mechanical effect has beeneasurd. The resulting
chemical reactin produces hydrogethat diffuses ird the molte@ material This interstitial
hydrogen leads the stabilizath of B phase after quenching’his means that wit this
technique it becomes possiblend easy to forn skin at the surface of titanium +  alloy
S0 as b increase the surface propertilse adsorpton and absorptin, © optimize them for
specific applicationsFurthermorewe have prowe with thea, formation that a hybd laser
waterjet presentsathermo-mechanicadffect during the cuttingprocessotentiallyinteresting
for applicationsof titaniumalloys having cutsrequiringa small heat activation zone.

The success of this innovative technology itiie formatn of novel phasesiimaterials is
challenging as it encourage its use the futureon many other metalso tsupplement

knowledge on phasdéermation in extremeonditions.
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Fig.1 : Schematic principle of the cutting system using converging water jet laser process
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Fig 2 : Macroscopic view of a sample after cutting (speed 6 m.min™) and zoom on the
oxidized zone (x5)
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Fig 3 : Evolution of the width of the oxidized zone as function of the cutting speed.
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Fig 4 : Comparison between XRD patterns of oxidized zone and unaffected Ti-6Al-4V sample
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Fig 5 : Comparison between Raman spectrum of oxidized zone, Ti-6Al-4V raw material on the surface and powder.
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Fig.6 : SEM picture of macroscopic view of the rough edge at the opposite of the laser water
jet entrance and focus on the edge: a. Band contrast, b. Phase map (blue as alpha and red as

beta) and c. EBSD map
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Fig. 7 : CCT diagram for Ti-6Al-4V extracted from Ref.[23]
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Fig.8 : Linear chemical analysis on the cross section across the beta phase skin with: a. SEM macroscopic picture and b. chemical results
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