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Abstract

The laser based functionalization ofthinsol-gel based (nano-)ceramic coatings re quires a two-step thermal process.
First, the solvent material, in which the ceramicis applied, needs to be removedina drying process. Afterwards, during a
second step that removes the last organic constituents, the ceramic’s full potential as wear protection coating is
achieved via cross-linking. As both steps require significantly different processing te mperatures, the material usually is
treatedintwo consecutive laser based processes. Thus, the process efficiency canbe increased to a greatextentby
using application specificbeam profiles. These beam profiles can be designedinsuchawaythattheycombine both
stepsinto asingle one byraising the induced material te mperature stepwise. To this end, we present a method to obtain
an applicationspedficintensity distributionthat inducesa prescribed te mperature profile in a layered system consisting
of a metal substrate and a thin (nano-)ceramic coating. Thisis done bysolvinganinverse heat conduction problem using
the conjugate gradient approach with adjoint problem. Afterwards, we give the design ofa free-form optic that
produces the obtained intensity distributioninan experimental setup. We conclude our work by verifying our approach
using the commercial FEM software ANSYS.
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1. Introduction

To increase the lifetime of hardly stressed machine components, it has become state-of-the-art to coat
the components in question with a thin wear protective film (Bach et al., 2005, Hieke, 2000, Mellor 2006).
While possible coating materials range from metallic to ceramic thin films, one frequently applied method
for the placement of ceramic thin films is the usage of sol-gels (Dislich, 1988). This process strategy has the
advantage that it is much less complicated than other commonly used deposition methods such as PVD or
CVD. In sol-gels, a preliminary stage of the ceramic is mixed with a fluid solvent in which itis deposited on
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the processed surface. To form the final state of the ceramic, an additional functionalizing step is necessary
inwhich the finishing chemicalreactions take place.

Therefore, the production of a thin wear protective sol-gel based (nano-)ceramic coatingis a three-step
process. First, the sol-gel needs to be deposited on the substrate’s surface. Here, several methods as e.g. dip
coating or spin coating are used. Afterwards, the solvent material must be removed in a drying step. In this
thermal treatment, lower temperatures (<500 °C) are necessary. Finally, the aforementioned functionalizing
step takes place at higher temperatures (>800 °C). Usually, the two thermal treatment steps are performed
in oven-based processes (Uhlmann et al., 2013). However, it can be shown that these steps can also be
conducted in laser-based thermal treatments resultingina much more efficient process (Hawelka, 2015).

Because of the two different temperature ranges for the drying step on one hand and the functionalizing
step on the other, no combination of those treatments in a single laser-based processing step has been
performed up to now. To this end, special beamshaping methods offer a great potential.

In our previous work (Voll et al., 2016), a strategy for beam shapingin laser heat treatment applications
has been presented that calculates a specific intensity distribution which induces a prescribed temperature
profile within the material. This numerical method is based on solving an inverse heat conduction problem
for the thermal treatment. To do so, the heat conduction equation is solved iteratively using the conjugate
gradient method with adjoint problem (Alifanov, 1994, Ozisik and Orlande, 2000). In Stollenwerk et al., 2015,
we also present an idea of how to create the resulting, very inhomogeneous intensity distributions. Hence,
one method might be the usage of free-form optics that can create nearly arbitrary intensity distributions
because of the possibility to adaptmany degrees of freedom.

In the following, we present the necessary temperature-time sequence that combines the drying and the
functionalizing steps of a laser-based process to create a (nano-)ceramic coating as wear protection. Using
our strategy for deriving an application specific intensity distribution, we will derive a corresponding
intensity distribution that induces the derived temperature profile within the material. Finally, we will
present a design for a free-form optic that creates the calculated intensity distribution on the workpiece’s
surface. We will furthermore verify our results using the commercial FEM-software ANSYS.

2. Material & Simulation Method
2.1. Material properties

Our goal is to create a (nano-)ceramic sol-gel based coating of Zr0, (Uhlmann et al., 2013) on a plane
100Cr6 steel (Spittel and Spittel, 2009) substrate. It has been shown that this coating can be used as a
protective layer on the steel surface byincreasing the component’s hardness on thatsurface (Uhlmann etal.,
2013). We assume that the coating has been deposited on the surface of the material by dip coating which
should resultin a layer thickness of about 100 nm (Hawelka, 2015). As the thermal conductivity of the ZrO,
solution is very low and because of this comparable small thickness of the layer, we assume that its
temperatureis identical with the surface temperature of the substrate material. Furthermore, the solution is
transparent at the wavelength of the laser beam. Thus, we assume that the coating is heated over the
substrate. With this reasoning, we will neglect the coating in the following temperature simulations to
increasethe numerical efficiency.
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Fig. 1. Temperature —time sequence to combine the drying step and the functionalization step in a process to create sol-gel based
(nano-) ceramic coatings as wear protection.

The general feasibility of a laser-based functionalizing of a Zr0, — Sol-Gel on the steel 100Cr6 has been
shown in Hawelka, 2015. Furthermore, it is possible to derive the optimal processing temperature profile
from this work. Accordingto Hawelka, the following temperature-time sequences areideal:

e Dryingprocess:400 °C for 2.4 ms
e Functionalizingstep:1 500 °C for 1.6 ms

This can be combined in a single-step process as shown in Fig. 1. First, the temperature is held at 400°C
for 2.4 ms to remove the solvent material. Directly afterwards, the temperature is increased to 1 500°C to
initiate the necessary chemical reactions that create the functionalized (nano-)ceramic coating. As we
assume that we process the material ata constant feed speed 7, this can be transformed in a temperature-
spacecurvevia§ = Ut. We aimto inducethis temperature-space profileinthe treated material.

2.2. Solution of the inverse heat conduction problem

In the following, we will summarize the results from Voll et al., 2016 in order to present a method to
derive the application specific intensity distribution for a prescribed temperature profile. This problem is
known to be ill-posed and special regularization methods arenecessary (Beck et al., 1985).

We assume that the laser beam is moving at constant feed speed ¥ over the material’s surface. For a
given intensity distribution, the induced temperature field can be calculated using the heat conduction
equation

—v(kvVT) = —UpcVT (k: thermal conductivity, p: density, c: specific heat) (1)



with appropriate boundary conditions. For the material combination described in the previous section, the
absorption ofthe laser beam at the steel’s surfacecan be represented by the Neumann boundary condition

—knVT = Al (m: surfacenormal, A: absorptance) (2)

Assuming, that the target temperature profile is prescribed at a given set of N points, the deviation
between a given temperature field T and the prescribed field Y can be computed using the least-squares
sum

§=%,(T, —Y)? (3)

Based on this quantity, an iterative method for the solution of the inverse heat conduction problem can
be implemented. At first, an initial guess for the intensity distribution is assumed and the corresponding
temperature profile is evaluated with Eq. (1). Using the outcome, S is calculated and it is checked if the
stoppingcriterionis met. Ifthis is not the case, the intensity distribution I is updatedvia

[Vl =4 5 (4)
Inthe conjugategradient method with adjointproblem,this update is given by

SI" =—-p"d" (5)
where d" is the combination of the steepest decent direction and the previous update direction

d™=vs(Um™) + yrd™ ! (6)

To calculate f and y, two additional partial differential equations need to be solved. To calculate the
steepest decent direction VS, the adjoint problem

—kv(WA) = =2(Y;, - T)6(x —x )6y — y,)6(z — z,) — ﬁ(pc + pg—;T + cg—g T) va (7)

is solved from which the steepest decent direction canbe calculated via

VS = Jpo,AAd0 (8)

Additionally, it is necessary to calculate the temperature change for an incremental change in the
intensity distribution. To this end, a sensitivity problem

~V(VkaT)) = ~3V((pc + pET + c2T) AT) (9)

is solved. See Voll et al.,2016 for a more detailed description.

The main advantage of this method compared to other inverse methods is thatin eachiterationstep only
three solutions of partial differential equations are necessary. This results in a strong reduction of the
computational effort.
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Fig. 2. Computed intensity distribution to obtainthe temperature-time sequence as shown inFig. 1. (left); Surface temperature profile
obtained with the computedintensity distribution (right).

3. Numerical Results
3.1. Application specific intensity distribution

In this section, we will use the presented method to derive an intensity distribution that induces the
temperature-time sequence presented in Fig. 1. Before running the simulation, it is necessary to define the
process parameters. We would like to use a diode laser beam with 450 W maximum output power. This
finite power is the limiting factor for the spot size and accordingly for the feed speed. This holds, as
increasing the spot size by keeping the temperature holding time constant would resultinan increased feed
speed. To fix spot size and feed speed, we run a few simulations with lower precision and fewer iterations
and compare the needed power. From this, we obtain a rectangular spot size of 0.8 mm x 0.8 mm which
implies a feed speed of 7 = (0.0,200) T mm/s. As shown below, this resultsina power well below 450 W.

Furthermore, we use the |-curve method (Hansen and O’Leary, 1995) to fix the number of iterations of
the solution algorithm to 10. Thus, the solution is regularized in such a way thatitis neither over-smoothed
nor over-fitted.

Fig. 2 shows the results of the algorithm from section 2.2 for this case. On the left, the intensity
distribution is presented and on the right the temperature profile is shown that is achieved on the steel’s
surface using this intensity distribution. In the intensity distribution, the two different processing steps are
clearly visible and the shape of each step is similar. In both cases, we obtain a high intensity value at the
lower edge, some elevations on the side edges and a rather small intensity value in the main area. The
explanation for this is rather straightforward (see also VoIl et al. 2016). In the beginning, the material needs
to be heated to the prescribed temperature. For this, the high intensity is necessary. Afterwards, the
temperature only needs to be kept constant. Therefore, only a smaller intensity is needed. The elevations on
the sides account for the heat diffusion into the material. The total power needed to obtain this intensity
distributionis350 W.

The obtained temperature profile on the substrate’s surface is very homogeneous in both steps, showing
a temperature of approximately 400°C and 1 500°C respectively. Thus, we have derived an intensity
distributionthatcaninducethe prescribed temperature profilefrom Fig. 1.



3.2. Freeform optic design & ANSYS verification

The intensity distribution in Fig. 2 (left) is inhomogeneous and has very prominent features as e. g. thin
lines and sharp edges. Therefore, it is rather challenging to create this intensity profile in an experimental
setup. Here, we suggest to use free-form optics for the realization of this intensity distributions. Free-form
optics have many more degrees of freedom than the commonly used spheres or aspheres. Moreover, they
can be designed in such a way that nearly every illuminance pattern can be obtained on the target surface
(Bruneton et al., 2013). Here, we use a state-of-the-art free-form optic design algorithm (Bduerle et al., 2012)
to obtain a free-form lens that forms the intensity distribution fromFig. 2.

The experimental setup which we assume for the free-form optic design is shown on the right in Fig. 3.
The incoming (collimated) laser beam, whose cross-sectionintensity profile is shown in Fig. 3 (left), is formed
by a free-form lens in such a way that the working distance between lens and workpiece surface amounts to
70 mm.
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Fig. 3. Measured intensity distribution of the inputlaserbeam (left); Sketch of the experimental setup for the free-formlens (right).
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Fig. 4. Intensity distribution obtained with the designed free-form lens (ray tracing result) (left); Calculated temperature profile on the
workpiece’s surface using this intensity distribution (right).
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Fig. 5. Intensity distribution obtained with the designed free-form lens respecting the finite divergence angle of the incominglaser beam
(ray -tracing result) (left); Calculated temperature profile onthe workpiece’s surface using this intensity distribution (right).

The result for the obtained intensity pattern is shown in Fig. 4 (left). It is obvious that the calculated
intensity profile from Fig. 2 and this result are in good agreement. Subsequently, the temperature field which
has been calculated with this intensity distribution using the commercial FEM software ANSYS (Fig. 4 (right))
agrees well with the prescribed temperature profile. This verifies our solution of the inverse heat conduction
problem as well as the free-form optic design.

However, in the free-form lens design process, the remaining divergence angle of the incoming beam has
been neglected. As the divergence angle of the laser beam is measured to be 2.5 mrad, it is possible to
estimate its influence on the obtained intensity distribution. Fig. 5 (left) shows a ray-tracing result for the
designed free-form optic with taking into account the remaining divergence angle of theincoming beam. Itis
clear, that this divergence has a stronginfluence on the obtained intensity pattern. The sharp edges from Fig.
2 (left) broaden and the overall spotsizeincreases.

Itis possible to estimate the effect of the finite divergence angle by calculating the temperature profile if
the inputintensity is replaced by the intensity from Fig. 5 (left). To do so, we again use the commercial FEM
software ANSYS. The result is shown in Fig. 5 (right). It can clearly be seen that the remaining divergence
angle consequently results in a broadening of the sharp edges in the temperature field. However, the two
temperature steps are still clearly distinguishable and the temperature in the center part is quite
homogeneous. As, according to Hawelka, the tolerance for the prescribed temperature-time sequences is
rather high, we assume that the achieved temperature profile from Fig. 5 (right) is accurate enough for the
functionalization of ZrO, coatings.

Alternatively, a different laser beam source with a higher beam quality or a higher total power — to
increasethe spot size which would diminish the influence of the remaining divergence angle — could be used.

4. Conclusion & Outlook

In this work, we showed how application specific intensity distributions can be used to increase the
efficiency of a laser-based functionalization of a wear-protective (nano-)ceramic coating on steel. To do so,
we derived a temperature-time sequence that combines the two necessary processing steps — the drying
step and the functionalization step. Subsequently, we demonstrated how the application specific intensity
distribution can be derived that creates this temperature profile in the workpiece. The obtained intensity



distribution is inhomogeneous and has several very sharp edges. To create this intensity distribution in an

experimental setup, we designed a free-form lens and additionally estimated the influence of the finite

divergence angleof the laser beam. We verified our approach usingthe commercial FEM software ANSYS.
Infuture work, we will usean experimental setup to validatethese simulationresults.
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