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Abstract

Hybrid jets (laser guided by water jet) are commonly used in the area of
microelectronics for cutting thin wafer plates and for the design of special
pieces. In this context, the hybrid jet works with a low power and low pressure.
Efforts are made to apply and to improve this hybrid technology for cutting
thicker metallic materials. In order to facilitate this development, we have studied the effects induced by a water jet–laser system coupled to the same point on
a metallic material. The pressure of the water jet is about 1 MPa and the power of
the laser source is about 400 W, which is much higher than the actual hybrid jet
power. As a result, in the case of 301 L steel plates, we have noticed the formation of a magnetite layer around the cut in accordance with the high temperature reactions between water and iron, but, surprisingly, in this case, the
reaction is practically instantaneous. A small percentage of hematite also
appears, from a secondary reaction of reduction of magnetite. By using different
techniques (Raman spectroscopy, optical microscopy, SEM, XRD…) we have
observed, ﬁrstly, that the width of the oxidized zone is proportional to the cutting
speed and on the other hand, that there exists a phase transformation in a small
heat-affected zone, consistent with the hybrid jets literature.
Keywords: oxide formation, steel cutting, coupled laser-waterjet, phase
transformation
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1. Introduction

Description and understanding of the interactions between a ﬂuid, light and matter at the
interface between the three areas help to control surface changes related to these phenomena.
For ﬁfteen years, several papers proposed to study those interactions using various
processes. All these experiences can be classiﬁed into three main groups. The ﬁrst one includes
all experiments in which the sample is completely immersed with a laser that hits different
materials targets. Sakka et al [1] have studied these interactions in the case of laser-ablation of
graphite. The inﬂuence of a laser beam modulation on the etching rate of silicon/liquid interface
has been described by Shafeev and Simakhin [2]. Alﬁlle et al [3] have extensively studied the
laser cutting process of steel. The second group includes conﬁgurations where the sample is
immersed in a gaseous atmosphere with a laser hitting the material surface while a jet of water
or steam is sent near to the area to cool it down or to interact chemically (Geiger et al [4]). The
last group is formed by exotic interactions such as ﬂuidic optical ﬁber on copper (Porter et al
[5]) or silicon (Kraya et al [6]), waterfall on the material surface (Dupont et al [7]), ﬂuid/air mix
(Matsumoto et al [8]). All these experiments were reported by Kruusing [9–10]. Most of these
works deal with materials such as polymers or ceramics. Thus, these studies focus on physical
associated phenomena such as cracks, steam bubbles, surface activation and colloid formation.
Few studies are about metal cutting and, among them, to our knowledge, none deals with the
phase transformations and the emergence of surface oxides in a laser/water jet mixing. Fluidic
optical ﬁber cutting, which has existed for a decade, allows cutting of thin materials (100
microns) because of low power and pressure used (100 W, 10 MPa). Engineers are currently
working to increase the energy of the system to cut thick sheets while limiting the HAZ to
interest the aeronautics industry.
That is why we propose to study here, for the ﬁrst time, the structural effects of phase
transformation during cutting of stainless steel with a ‘coupled water laser jet (WLJ) converging
on the surface’ to be cut. This last approach, as will be described later in this paper, minimizes
the interaction zone and allows rapid evacuation of the cutting residues.
The power provided by the laser is 400 W; the deposited energy greatly increases the
reactivity of water molecules with the surface, resulting in the oxidation of the material under
extreme conditions. Conditions created this way can form a layer of magnetite on the surface
near the cutting area as shown by the results of XRD diffraction, Raman spectroscopy and
electron microscopy.
As a ﬁrst application, this process has been applied for austenitic stainless steel 301L.
These are attractive materials for industrial applications requiring excellent corrosion resistance
in combination with good mechanical properties. But it is well known that 301L stainless steel
is subjected to phase transformation. Austenitic stainless steels have face-centred cubic (FCC)
crystal structure. The stacking fault energy (SFE) of austenitic stainless steels is low and the
austenite stability is strongly dependent on temperature and strain rate. During plastic
deformation, depending on the stacking fault energy, we can observe the formation of straininduced martensite phases, as shown by Curtze et al [11].
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Figure 1. Schematic drawing of the cutting system.
Table 1. 301L steel chemical composition.

Element
Content %

Cr

Ni

Mn

Si

N

P

C

S

17.5

7

2

1

0.14

0.045

0.03

0.015

2. Material and experimental setup

The chemical composition of the 301L stainless steel used in this investigation is given in
table 1.
The cold rolled sheet of 0.8 mm thickness is ﬁxed on a moving cross-table following two
axes X and Y. The water jet and the laser beam are ﬁxed to a collimating/focusing system that
can move perpendicularly to the top plane of the sample (along the Z axis). The light source is a
continuous Yb:YAG disc laser with a 1030 nm wavelength. The lens has a 150 mm focal length
that forms a 0.113 mm spot size. The water passes into a softener and a pump to be sent at
1 MPa through a 0.25 mm sapphire nozzle diameter. All components are standard and currently
used in water jet cutting technology.
As shown in ﬁgure 1, both water jet and laser beam are focused at the same point on the
surface of the sample to be cut. The laser beam arrives perpendicularly to the sheet and forms a
20° angle with the water jet. The feed rate vector is contained in the plane formed by water jet
and laser beam. We have varied the cutting speed from 0.3 to 1.1 m min−1 rated in steps of
0.1 m min−1. Following preliminary cutting tests, we have obtained that the optimal speed rate
exists and is equal to 0.7 m min−1. This optimal cutting speed leads to a minimum streak.
A tank located below the device allows the recovery of efﬂuents (residues and water).
The presence of oxide and the expected phase transformations were studied by using two
different techniques. The ﬁrst one is the x-ray diffraction (XRD). The XRD equipment
comprised a diffractometer D5000 equipped with a linear position sensitive detector and a
chromium anode (Kα = 0.229 nm). The other characteristics are 0.034° step, 2 s acquisition time,
40 kV tension, 35 mA intensity, 0.8 mm collimator and a graphite monochromator.
To obtain more information about the oxides, the samples have been analyzed using
Raman spectroscopy. The spectrometer is a LabRam Aramis at 532 nm focused by an X20
objective. This wavelength limits the appearance of ﬂuorescence. The results are processed with
the software Labspec.
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Figure 2. Macroscopic view of sample after cutting (0.4 m min−1 speed) and zoom on

the oxidized zone (X5).

Finally, the samples were analyzed by scanning electron microscopy (SEM) using a Supra
40™ Carl Zeiss to study the heat affected zone, the expected phase transformation and the
chemical composition. Grain orientations and phase crystallography were determined by
electron back-scattered diffraction (EBSD), using the Channel 5 system (Oxford Instruments,
HKL Technology) for data acquisition and analysis. The chemical compositions of the different
phases present in the material were analyzed by energy-dispersive x-ray spectroscopy (EDX),
using the Bruker Quantax system and the Spirit 1.8 software.
The samples were prepared using an electrochemical etching of 2 h consisting of 85 mL of
ethanol, 5 mL of hydrochloric acid and 3 mL of nitric acid.
In addition, the cutting residues are carried by the jet and recovered after ﬁltering in a tray.
The obtained material is also analyzed after separating efﬂuent and powders.
3. Experimental results and discussion

As observed during the cutting process and for the cutting to be effective, a ﬁrst stage
corresponds to the formation of an initial crater, accompanied by gas and material ejection.
During the cutting process, the material adjacent to the zone of cut is rapidly heated and
quenched, leading to the formation of a non-equilibrium temperature ﬁeld propagating into the
bulk. As a ﬁrst observation, we can notice the presence of oxide on the surface of both wall
sides of the kerf, as shown in ﬁgure 2.
The width of the oxidized zone ranges from 0.2 to 1.5 mm depending on the cutting speed.
The 0.7 m min−1 speed has the best relationship between size of the oxidized zone and smear
size. The higher the speed, the higher is the smear; the lower the speed, the higher is the
oxidized area. This inﬂuence is shown in ﬁgure 3.
The linear decrease can be explained as follows: the laser brings enough energy to activate
the oxidation reaction and to grow up the oxide layer. One can argue that lower is the speed, the
higher is the thermal diffusion inside the material and the higher is the expansion of hot reactive
zone between steel and water.
As conﬁrmed by XRD analysis of the material before being cut, the 301L is an austenitic
stainless steel. We can observe a residue of martensitic phase. XRD patterns, measured using
4
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Figure 3. Evolution of the width of the oxidized zone as function of the cutting speed.
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Figure 4. XRD pattern after cutting in the oxidised area.

integrated ϕ-Ψ measurement, show that the peaks of the austenite and martensite do not vary,
meaning that the material is isotropic, i.e., without speciﬁc crystallographic texture.
The ﬁrst step to determine the type of the created oxide is the XRD study of the material
surface near the cutting edge. In ﬁgure 4, we note the appearance of magnetite (Fe3O4) peaks
corresponding, for the ﬁrst three peaks, to the (220), (311) and (400) diffracting planes as
reported by Mahadevan et al [12] and Ren et al [13], respectively. One can notice a higher
intensity of the (110) α’ martensitic peak that means an increase of the martensitic phase
amount.
The SEM microphotography (ﬁgure 5(a)) as well as the EBSD and phase maps
(ﬁgures 5(b) and (c)) of the cutting area cross-section show the presence of martensite which
results from the cutting process. These observations conﬁrm that a martensitic transformation
occurs near the cutting area leading to the formation of a metallurgical affected zone (MAZ).
The water ﬂow instantly cools the kerf area, which limits the HAZ width at most 100 μm in the
energy range used.
Thus, it is clear that during the cutting process, all the martensite is not reverted to
austenite, as indicated by the higher amount of recorded martensite. As for the uncut material
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Figure 5. (a) SEM micrography of the cross-section of the cutting area (b) EBSD map

of the selected area (c) Phase indexation: martensitic in yellow and austenite in blue

(steel sample before being cut), using EBSD results, we do not observe any speciﬁc
crystallographic texture for any phase.
Indeed, the water will react with the iron in the steel following the oxidation reaction (1):
3Fe + 4H 2 O ↔ Fe 3O 4 + 4H 2
(1)
Matthews [14] has described the formation of magnetite on steel in the presence of water.
The laser heats the steel surface, and a part of this heat is transferred to the water which is
transformed into vapor. The latter is very reactive with the steel and forms a layer of magnetite
by oxidation of iron. But the reaction (1) is limited by the reaction (2) below. In fact, the
magnetite can react again with water to produce hematite (Fe2O3) by reduction (2), as follows:
2Fe 3O 4 + H 2 O ↔ 3Fe 2 O3 + H 2
(2)
But as shown in ﬁgure 4, the hematite does not appear on the XRD diagram. So to validate
this theory, we have used Raman spectroscopy. Figure 6 is a linear mapping of the surface of
the sample from the cutting edge towards the center of the sample.
As we can see in ﬁgure 6, some Raman peaks appear next to the kerf and disappear slowly
with the distance from the edge. The peaks ﬁeld is 1.5 mm width in the sample cut at
0.3 m min−1. This result matches the measurement obtained by optical microscopy given in
ﬁgure 2. If we look more precisely at a slice of this mapping in the kerf zone, we can see that the
peaks correspond to iron oxide (ﬁgure 7).
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Figure 6. Linear mapping on the surface sample from the kerf towards the center of the

sample (0.3 m min−1 speed).
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Figure 7. Comparison between Raman spectrum of oxidized and unaffected zone on the
surface sample

Raman signature of magnetite was captured as well as that of hematite. The location of the
different peaks corresponds to those found by de Faria et al [15] for natural magnetite. They
correspond also with results obtained by Oblosky and Devine [16] for oxidized steel, by
Dünnwald and Otto [17] for oxidized steel in corrosive atmosphere and by Zeng et al [18] in the
case of metal dusting. We have obtained for magnetite two characteristic peaks at 538 and
665 cm−1 and for hematite four main peaks at 291, 411, 499 and 615 cm−1. Even if it is an
aqueous environment, there is no formation of hydroxide, but in this area, in addition to these
oxides, there is a formation of disordered carbon whose peak is located at 1326 cm−1. Ferrari
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Figure 8. Linear chemical analysis on the cross-section across the MAZ (from the

border to the core)

and Robertson [19–21] have calculated theoretically and demonstrated the presence of this
disordered carbon peak around this point. The Raman scattering coefﬁcient of carbon is much
larger than for oxides. This fact explains the high intensity while the carbon content is very low.
An interesting fact is the absence of the signature of chromium oxide in the Raman spectra
whose peaks have been detected by Maslar et al [22] and conﬁrmed by Chen et al [23]. This
result is consistent with the measured x-ray patterns despite 18% chromium in steel. EDS
analysis was performed to check either the presence or the absence of chromium and the
obtained results are given in the ﬁgure 8.
Only the oxygen content decreases when the distance increases from the cutting area; the
chromium is still present in the oxidized zone and in the same proportions as in the core of the
sample. The same observation is valid for the other metallic elements. Various studies on the
corrosion of stainless steel under water atmosphere at high temperature have shown that
chromium forms an oxide called chromite. Its formula is FeCr2O4 where nickel can replace
either an iron or a chromium cation. As the chromite crystal parameters are really close to the
magnetite, the XRD peaks are nearly the same for both. Concerning Raman results, Lister and
co-workers [24] have shown that the chromium oxide is not located at the surface but in an
internal layer. Raman spectroscopy measures only the ﬁrst nanometers depth, which is why the
chromite peaks are not seen in the spectra.
There are two other observations result from ﬁgure 6 as a function of the distance: the ﬁrst
one is the maximum peak width at half height; the second is the wavenumber shift of the peak
(ﬁgures 9(a) and (b)).
Changes presented in ﬁgure 9 are the same for amorphous carbon, magnetite and hematite.
When moving away from the cutting area, the peaks shift to higher frequencies, meaning that
the vibration modes are limited. So the structure is less chaotic and more stressed. The increase
of the peak width at half height means that the compounds are more evenly distributed in the
matrix which forms a homogeneous mixture. The melted area and unaffected zone are visible in
ﬁgure 5.
Due to thermal diffusion and oxidation reaction zone, the disordered structure extends
along the upper and lower surface of the sample according to the Raman shift. These gathered

8

Mater. Res. Express 1 (2014) 036501

L Weiss et al

Figure 9. (a) Wavenumber shift of the amorphous carbon peak as function of the

distance (b) Amorphous carbon peak width at half height as function of the distance

results constitute our conclusion about the phase formation and transformation on the cut
sample. But what type of reaction takes place in the kerf where the material is removed? The
response to this fundamental question can be given by a careful examination of the residue.
As shown in ﬁgure 10(a), the powder collected in the tray consists of microspheres
meaning that the material was melted and was expelled by the water jet. These microspheres are
composed mostly of magnetite and a smaller amount of hematite as conﬁrmed by Raman
spectra (ﬁgure 10(b)).
This composition can be explained by the fact that the limiting reduction reaction of
magnetite can hardly take place because the powder is still in solution in the water and is no
longer in the heat affected zone. The lack of hydrogen as a reagent results in only a trace of
hematite. Many spheres can be seen on the sample, next to the kerf (ﬁgure 10(a)). They were
expelled by the water jet but do not fall into the tray: they fall on the sample and merge with it.
One last thing to be noted is that the magnetite always takes a chaotic form: the crystals are
mixed randomly (ﬁgure 11(a)). But when the feed rate is too high, the sample is not completely
cut (doted kerf). At this time, around the generated holes, we have observed euhedral magnetite
(ﬁgure 11(b)). Those crystals are not ejected so they still to grow up slowly to a few hundred
nanometres.
It is very difﬁcult to compare the results of this study with a simple laser or water jet
cutting. Indeed, in the case of the laser for example, a high pressure of neutral gas (argon,
helium…) is necessary and does not cause chemical reaction on the surface. In our case, in view
of the results, it appears that part of the energy supplied by the laser is not used to cut but is used
to increase the kinetics of the formation of magnetite from iron and water. We have tested the
laser alone and water alone but they have not cut; only the coupling allows the machining of the
sheet.
4. Conclusion

We have designed and used a special water laser jet converging cutting system to simulate a
high power hybrid jet. We can observe and explain several phenomena:
9
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Figure 10. (a) Powder residues and magnetite powder ﬁxed on the sample surface near

the cutting edge. (b)Raman spectrum of powder.

• We have observed the formation of magnetite and hematite on the 301L sheet surface.
These oxides are the reaction products of successive oxidation and reduction of iron in the
presence of water. In our case, the oxides are instantly formed which means that a
signiﬁcant part of the laser energy is used to increase the reaction kinetics
• The linear evolution of the oxide width as function of the feed rate is due to the thermal
diffusion
• Depending on the feed rate, magnetite is formed either chaotically or euhedrally. This
advantage would allow our system to be used as a surface treatment to protect parts
including localized protection against corrosion.
• It is possible that the formation of a large oxide layer at the kerf edge helps to cut by
weakening the matrix.
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Figure 11. SEM pictures of chaotic and euhedral magnetite next to the kerf with: (a)

0.7 m min−1 speed (b) 11 m min−1 speed

• Raman spectroscopy has allowed showing the evolution of the stress into the
microstructure of the oxidized zone and the homogeneity of the reaction products.
All of these results should be taken into account in the interest of increasing the laser
power hybrid jets for cutting larger thicknesses. Further tests could be conducted to check the
evolution of the reaction as a function of water jet pressure. We suggest extending this study to
other materials and using other ﬂuids than water to activate other reactions and therefore other
surface treatments.
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