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the Y-TZP base and the finished item will have a
glazed ceramic veneer to give a lifelike finishhisr
Abstract process is a perfect example of mass customization
) ] . where large quantities are to be produced but gewch
Anovel laser processing technique is demonstriited s ynique and subject to tight design toleranc&he
cutting up to 13mm thick sections of Yttria-stahéd item shown in Figure 1 was machined from a sintered
Tetragonal Zirconia Polycrystal (Y-TZP) ceramic- Y plock of Y-TZP by grinding using diamond tipped
TZP is a high toughness engineering ceramic which i {gols. The process gives a good end result buerig
extremely difficult to machine in its final state. tjme and tool intensive. Laser machining represent
Hovyever for some applications this is nevertheless possible alternative process for machining thisemiait
desirable. As an example Y-TZP based dentures\yhich could potentially provide much more rapid
represent an example of mass-customization in WhiChprocessing times and avoid problems of tool wae
it is essential to machine the required shape folial material properties of Y-TZP, specifically its high
billets rather than to produce customized moulds. {harmal expansion coefficient (10.3X¥8C) and low
Currently this is done mechanically and necesstate haormal conductivity (2.2 W/(m.K)) [2], make it a
the use of diamond tipped grinding and drillingl#00  gificult material to machine using laser processes

however this process is a very slow and suffermfro (typical comparative values for alumina are 8%2Q
problems of high tool wear. and 20 W/(m.K) respectively [3]).

In this work a Ytterbium fiber laser system hasrbee
used to achieve full thickness cuts via a novel
controlled crack propagation technique. This rssul

a limited surface heat affected zone and no crgcisn
observed to propagate into the bulk material.
Processing rates are substantially faster thamaltige
cutting techniques available for this material witled
rates of up to 1.8 mm/s demonstrated. A finitenelist
model is used to achieve a better understandinbeof
cutting mechanism.

Introduction

Yttria-stabilised Tetragonal Zirconia Polycrysta¥- (
TZP) is a particularly tough engineering ceramie t
high toughness arises from a crack arresting psoces
that occurs due to a stress induced phase tramsitio
(tetragonal to monoclinic) at the crack tip [1]. hiF
property makes it desirable for a wide range of
industrial and medical applications including bone,
tooth and joint implants, however it also makes the
material very difficult to machine in its final s¢a For
applications requiring customized and/or high

precision components final state machining is often ) .
necessary. One example of this is for the manuffact ms-pulsed Nd:YAG laser material removal rates 6&f 2.

of dental restorations such as dental crowns andmm3s'l have t_)leen demqnstrated in. cutting opergtions
bridges. An example of a typical dental bridge (and 13 mrs™ for dilling operations) producing

manufactured from Y-TZP is shown in Figure 1, tkis through-cuts in material of up to 4.5 mm thicknasd

Figure 1: Dental bridge machined from Y-TZP
In previous work our group has successfully
demonstrated laser machining of this material i@ th
ms-regime [4] and the ns-regime [5]. Laser macigni

in the fs-regime has also been investigated byrothe
authors [6]. In general laser processes at lopgkse
durations can provide high material removal rated a
are suitable for cutting and drilling operationdsing a



through-holes of up to 12 mm depth [4]. Such mm are the standard size from which a dental bridge
(relatively) high removal rates come at the expasfse  would be manufactured; the largest size billet galhe
surface finish and leave a significant surface heat used is of dimensions 13x18x44 mm. These two sizes
affected zone (HAZ), surface finish is improved by of billets were used in this work.

moving to shorter pulse durations but at the expefis

processing rate (2 mimin® for ns processing [5]). Low initial absorption of Y-TZP at 1075 nm and the
Different laser processes may be used in conjumé¢tio  granular nature of the material created an inteemit
combine the benefits of each individual process, fo problem with back reflections to the laser (tridggra
example in previous work a ns laser process has bee safety cut-off switch). It was found that coatinitjets
used to remove the HAZ from ms laser-cut with a thin layer of graphite (colloidal spray) to
components. Additionally smaller feature sizesldou provide a consistently absorbing surface both sblve
be achieved with the ns-laser than are possibll wit this issue and significantly improved the consisyenf
mechanical machining [7]. results due to improved initial absorption.

The work presented in this paper demonstratessbe u To start with the capability of the laser to dhithles in

of a high average power fiber laser as a tool idkb  the Y-TZP blocks was assessed in single pulseated |
processing of Y-TZP blocks. Although limited inrtes multiple pulse operation. The main aim however was
of peak power compared to a Q-switched laser a fibe to produce consistent full thickness cuts. A ncased
laser can produce a high fluence by virtue of ithh  effective cutting mechanism was developed. To
beam quality single mode operation that enables theachieve a better understanding of this cutting gssa
output to be focused to a small beam diameter with model was developed using the finite element
long depth of focus. This laser was operated énnis- modeling (FEM) software package, Abaqus.

regime by modulating the output; however the rasult
demonstrated are a substantial improvement upon
previous Q-switched ms laser work.

Fibre Bundle Fibre

Experimental Work Collimator

The laser used in this work was an YLR-1000-SM Sealed Gas
Ytterbium fibre laser system manufactured by IPG. IPG LASER Machame " Head
This is a continuous wave (cw) laser capable of Lens G:ﬂ )
delivering up to 1 kW at 1075 nm. The output may b [ HighPressure | . : | (| Cover Stie
modulated at up to 50 kHz with an arbitrary dutgley \___ Gasinet

The fiber core diameter is 14 ym and a 7.5 inclo.@9

mm) focusing optic was used to give a beam waist -
diameter of approximately 45 pum. !
High Pressure

e Gas Outlet
Figure 2 illustrates the experimental set-up used f et

machining. Fiber-optic beam delivery is incorperht ‘ Samele
into the laser system and this is mounted ontoedfi XYZ High Precision Stages
assembly containing focusing optics and a gas flow
system. The gas flow serves both to protect thieop
from debris and to assist with material removalrfro
the work piece. Oxygen was used as an assisttgas a
pressure of 6 bar with a stand off of 2 mm betwiben
nozzle tip and the workpiece. Oxygen was chosen as
in previous work [8] it was established that
discoloration produced in this material by laser
machining as a result of oxygen depletion at high
temperatures could be avoided by using oxygen as aMpyilling
assist gas. The sample was mounted on precision
translation stages synchronized with the lasensbke The laser was found to easily drill through 13mm
the sample to be located and moved under the beam.  thickness of material. The on-time was modulated t
find the shortest time required to penetrate this

This work focused on processing blocks of dental thickness. It is desirable to find the lowest paeters
grade sintered Y-TZP. Billets of dimensions 8x18%4 in terms of power and pulse length to minimize the

Figure 2: Diagram of experimental set up
incorporating fibre laser, focusing optics, gasvflo
apparatus and precision stages.

Results and Discussion



thermal impact on the material. By stepping thigoou produce deeper holes. It is believed that thiduis the
directly (rather than ramping the intensity) to 400it limitations in expelling the molten material froret
was found that a minimum laser-on-time of 26 ms was top of the hole and the interaction of the lasdhihis
sufficient to consistently penetrate 13mm thickeess material. For long laser on times a cavity is fedn
around the hole as the laser energy is absorbedelty
Holes drilled in the Y-TZP blocks were typically@5 in this region without penetration to greater dspth
pm in diameter, approximately three times larganth
the spot diameter at focus with an aspect ratio of
93.3:1. AHAZ extended a further 70 um into thékbu
material, this is apparent in Figure 3 in whichiaad
cracks can be clearly seen extending from the hisle.
Figure 4 a layer of re-deposited molten material is
apparent as well as a layer of material that hfiersd
thermal damage. The material removal processris ve
similar to that investigated previously for a mdgau
duration laser system and a closer examinatiorhef t
HAZ is available in that work [4]. Material remdva
rates compare well to the Q-switched ms-pulse
duration used in previous work (of ~13 M.
Approximately 0.41 mrhof material was removed in a
26ms pulse creating an effective material remostd r
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Figure 4. ESEM image showing cross section offibr
laser drilled hole in Y-TZP. Re-cast material isile

on the hole walls and a HAZ extends into the bulk.
Drilling with multiple pulses gives time for matetito
be removed from the hole between pulses and reduces
the average power used. This enabled deeper twles
be machined without bulk cracking. Best resultsewe
achieved for four laser pulses of 25 ms at 1 kWit
250 ms delay between pulses. These parameters
consistently produced a through-hole in 18 mm thick
billets. Increasing the pulse duration or the nenf
pulses for thicker material sections produced Eahit
increases in depth. For example, 12 pulses of 5 m
with a 250 ms delay produced a blind hole of
approximately 23 mm depth. This does not compare
well to a through hole of 18mm depth from 4 pulses.
Attempts to drill to greater depths generated tamim
thermal shock within the billet and resulted in kbul
fracture.

Cutting

Initially attempts at laser cutting were in the @gime
however the results were poor, the main problem
appeared to be related to removal of melt fromctite
The good beam quality and narrow cuts produced by
the laser was actually detrimental to the process a
little space was available to effectively eject trisEdm
deeper cuts. Trapped molten material then inhibits
further cutting

Figure 3: ESEM image of fibre-laser drilled hate¥-

TZP (section taken at mid-depth). Cracks can ba se
to propagate radially into bulk.

Thicker sections of material were used to investiga

the laser penetration at greater depths by inargakie

laser-on-time in steps. The maximum depth achieved

for a single pulse was 15.4 mm by operating therlas

at 1 kW for 56 ms. Longer duration pulses did not Moving to a pulsed regime proved far more succéssfu

as can be seen from Figure 5. A process was



developed in which a series of through-holes were
machined in a line across the billet. For appetpri
parameters cracks or fractures were caused

temperature gradient that is induced here. Onefie
side of the image it appears that one of thesésiaas

toacted as an initiation point for fracture that exie

propagate in a controlled way between holes. Theseaway to the previously drilled hole to the left.

fractures extended to the full thickness of theemat
and joined holes to make a cut. In this way full
thickness cuts could be produced in 13mm thick Y-
TZP.

Holes were drilled using 400 W for 26 ms, as
discussed previously, to give consistent througleso

The off time between holes and the hole separation

within the material are important to the successhef
process. A 3.6% duty cycle (26 ms on, 694 ms off)
was found to be most effective. This gives suffiti
time for material to cool between laser pulses stoa
avoid uncontrolled cracking while maintaining
sufficient pre-heating to drive the fracture pracafter
the following pulse. Using these laser parameters

maximum feed-rate for successful cutting was shown
to be 1.8 mm$ corresponding to a hole separation of
1.3 mm.

Figure 5: Profile cut of 13 mm thick Y-TZP using a
1 kW fiber laser.

Figure 6 shows a close up view of the cut surftioe;
individual laser-drilled holes are clearly seencioss
section. In this instance holes were drilled frdme
right of the image to the left. Cracks are visiblethe
surface to the right of the holes extending towahds
previously drilled hole. It is believed that thesme the
initiating points of the fracture that occurs betnwehe
holes indicating that the fracture travels from the
newly machined hole back towards the previous hole.

From Figure 7 the origin of the cracks is apparent.
This image shows the top of a hole at the sidelaser
machined cut. Cracks propagate radially from thie h
to a depth of approximately 100um into the bulk
material, this is a result of the rapid heating and
cooling that occurs in this region and the steep

gl S
Figure 6: Close up view of cu
moving from right to left relative to this image.
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Figure 7: ESEM image of individual hole on cut edg
The laser was moving from left to right relativetiis
image.
Directional variation is possible with this process
demonstrated by the shaped cut in Figure 5. This i
important as it means that profiled cuts are fdasib
Limitations in term of maximum angular variationdan
curvature have not currently been investigated.full

There does however appear to be a minimum limit on
the width of cut sections of approximately 3 mm.
When machining within 3 mm of a surface parallel to
the cutting direction there is a tendency for fuaes to
propagate towards the nearest edge rather thamdswa
the next laser drilled hole.



The material available to test provided a choice of sample. However in between the two holes there is
thicknesses for cutting that was limited to 8 mB, 1 also stress distribution which drives the craclkarfr
mm or 18 mm. As discussed previously it was pdssib the second hole to the first during the coolingcpss.

to drill through the 18 mm thick material but this This is further clarified in Figure 9, where a f@hn
required multiple pulses (4 pulses at 1kW, 25ms on shaped stress distribution is apparent between the
250ms off). A cut was attempted by drilling sepada  holes. This stress field moves from the directadn
holes through this thickness of material howevés th second hole to the first during the cooling pefithdrd

was unsuccessful, with the block shattering as the step).

second hole was drilled.

Modell First hole
odelin
g 5 933 Second hole
To gain a better understanding of the mechanisms at| tAvq: 75%)
work in this process finite element modeling wodsh teaneetls
been carried out to represent the thermal- andsstre +14988+403
field evolution proceeding single and double laser thoasedls A2
pulses. Y-TZP has a melting temperature of 2Z00 fr12-18?609e++0022
data on temperature dependent mechanical propertie: .5j203§+02
is available up to around 15D [9,10]. However in 3 adeetls
this temperature range the material is starting to -1.732e+03
become susceptible to significant plastic creep. [11 Leetls
Neglecting the effects of this creep in this fasigess
of heating and cooling cycle, temperature dependent )
variables were approximated for the FEM. A coupled L

temperature displacement model was adapted to mimic
the temperature and residual stress distributiarserh

by the laser processing. As the emphasis in thikwo
was on the understanding of heat transfer between t
two neighboring laser drills, element deletion wax
adapted to model the laser to drill the hole. ladte
holes of the correct dimensions were assumed to be

Localised stress distribution near the holes

Figure 8: Model geometry and localized stress
distribution ©33) at the end of second step.

Stress distribution in the bulk material

driled by the laser, and appropriate boundary
conditions applied to mimic the temperature
distribution on the inside of the hole geometryeDa
symmetry, only half of the geometry was modeledhwit
appropriate boundary conditions, as shown in Fig,re
where in the first step, the hole on the left haide
gets heated up to the appropriate temperature eof th
material within 26ms. The laser then moves to the
second hole on the right hand side in the secosl st
and applies heat for the 26ms period, whereas the
boundary conditions of the first hole are modified

5,533

(Bvn: 75%)
+2.853e+03
+2.273e403
+1.693e+03
+1.114e+03
+5.338e402
-4 6092+01
-6.250e402
-1.206e+03
-1.786e+03
-2.365e403
-2.945e+03
-3.525e+03
-4.105e403

mimic the cooling process. Finally, in the thirebmst
the whole body is allowed to cool to room tempamtu
within the next few minutes.

In terms of the crack propagation caused by the
internal stresses in the material, the cracks seen
Figure 3 and Figure 7 which were initiated by thselr
drilling can propagate from the second hole tot firs
either in tension or in shear. Figure 8 showstypeal
tensile stress distributionod;) perpendicular to the
surface of the cut at the end of step 2. It can
appreciated from the figure that the stress distidin
caused by both holes is localized near the hol¢sisat
time period, and covers the entire thickness of the

P ———
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Figure 9: Stress distribution driving cracks from
second hole to first during the cooling period; the
funnel shown in the dotted line progresses frorhtrig
to left in the figure driving the cracks.

These results indicate that the temperature digtab
and diameter of the holes drilled by the laserlingo
be provided by the oxygen, and spacing between theshol
is critical for controlling the crack propagatiomda
enabling a clean cut between the two holes.



Conclusion [8] F.C. Dear. (2008) Laser Machining Of Medical
Grade Zirconia Ceramic For Dental
The use of a fiber laser has been evaluated for  Reconstruction Applications, Ph.D. Thesis Heriot-
processing Y-TZP in its final state. Laser drilled Watt University.
through-holes have been demonstrated for a thisknes [9] E. Sanchez-Gonzalez, J.J. Melendez-Martinez, A.

of 18mm and a novel cutting process has been  Pajares, P. Miranda, F. Guiberteau and B.R. Lawn.

developed relying on controlled crack propagation (2007) Application of Hertzian tests to measure
between Ia_lser drilled holes. Both empirical evizken stress-strain characteristics of ceramics at edevat

and modeling work suggest that cracks propagate fro temperatures, Journal of the American Ceramic
a laser drilled hole back to the previously drilledle. Society, 90(1) 149-153.

Modeling work indicates how the process is drivgn b [10]M. Fukuhara, I. Yamauchi. (1993) Temperature
the thermally induced stress field that arisestia t dependence of the elastic moduli dilational and
material as a side effect of the laser drilling. shear internal frictions and acoustic wave velocity

for alumina (y)TZP and -sialon ceramics,
Profile cuts have been demonstrated through 13 mm Journal of Material Science 28, 4681-4688.

thick Y-TZP. Compared to other techniques foriogtt  [11]M. Jimenez-Melendo, A. Dominguez-Rodriguez.
this material in its final state this laser procisssuch (2000) High temperature mechanical
faster than any mechanical technique available and  characteristics of superplastic yttria-stabilized
cuts through significantly greater thicknesses than  zirconia. An examination of the flow process, Acta
alternative laser processes with no evidence of Materialia 48(12), 3201-3210.

undesired bulk fracture. While the surface finistof

limited quality a two stage process could be emésa

in which the fiber laser is used for profile cuttiand a

secondary process (short pulsed laser or mechaiscal

used for finishing and fine detail. Advantages in Meet the Authors

machining time compared to an all mechanical preces

would still be substantial. Jon Parry graduated in 1999 from Nottingham
University with a BSc(Hon’s) in Physics before jioig
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