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Abstract
High-speed videos of the cut front and spectrometric measurements were applied to
detect local vaporization on the cut front at high cutting speeds to show that with
increasing feed rate, temporally short and intense flashes are generated by vaporization
phenomena on the upper part of the cut front. The latter are accompanied by the
emergence of an interrupted striation pattern on the surface of the cutting edge. The
findings support the assumption that local vaporization at the cut front might be the
cause for reduced quality of the cutting process at elevated cutting speeds. The
observation of vaporization serves as a diagnostic method to anticipate a fail cut and
the interrupted striation pattern.

Keywords Laser cutting . Vaporization . Camera observation . Spectral emission .

Interrupted striations

Introduction

In the area of laser cutting, the structure of the striation pattern is one of the most
important quality factors of the cutting edge. At the fusion cutting process with a solid-
state laser, striations can be interrupted at high cutting speeds in thick metal sheets [1].
Previous investigations on the influence of the geometry of the laser cut front on the
absorbed intensity and the gas flow suggest that the change of the characteristic
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striation pattern is most probably induced by the changed energy deposition and not by
the geometry-dependent gas dynamics [2].

In a regular fusion cutting process of steel, striations are generated that contin-
uously extend from the top to the bottom of the cutting edge, as shown in Fig. 1-a.
However, with increasing cutting velocity, the striations develop an interrupted
pattern, as shown in Fig. 1-b. The so-called interrupted striations do not run from
the top to the bottom of the cutting edge continuously. This constitutes a major
deficit of the quality of the cutting edge [1].

The transformation of the striation pattern in the example illustrated in Fig. 1 a) and
b) was generated by increasing the velocity from vlow = 9.5 m/min to vmedium = 11 m/
min. At the further increased cutting velocity vhigh = 12.5 m/min the interrupted striation
pattern is even more pronounced (Fig. 1 c)), and the interruption is closer to the top
surface of the metal sheet. All other parameters were kept constant, see Table 1. Note
that the characteristic pattern of interrupted striations is only known from the cutting
process with a solid-state laser [3, 4].

There are different approaches to explain the origin of the interrupted striation
pattern, all of which mention the influence of vaporization on the process behavior:

Olsen et al. [4, 5] suggest that a keyhole is formed in the lower part of the cut
front at high cutting rates and high intensities. The assumption is supported by
Petring et al. [6, 7] who estimate the surface temperature of the cut front to be
highest near the bottom. This is in strong agreement with the experiments of
Onuseit et al. [8, 9] who measured line emissions of iron emitted from the surface
of the cut front for the CO2 laser cutting process. With increasing cutting velocity,
they showed an increase of temperature up to boiling temperature of iron and that
the temperature is highest near the bottom of the cut front.

Fig. 1 Regular striations on the smooth surface of the cutting edge at a cutting velocity of vlow (a) and
interrupted striations at vmedium (b) and at vhigh (c). Parameters: see Table 1
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In contrast, Sparkes et al. [10] assume that a temporary keyhole inside the cut kerf is
formed in the upper part of the cut front as cutting speeds increase and molten material
accumulates inside the cut kerf. The flow of the molten material around the keyhole is
suspected to be responsible for the interrupted striation pattern.

As shown in the camera observations reported in [11] for cutting with a CO2 laser,
short and intense process emissions from the cut front, so-called flashes, indicate
plasma events in the upper part of the cut front. Local vaporization accompanied by
short and intense flashes was also found on the top surface of the humps on the front
wall of the keyhole for laser welding by Kaplan et al. [12, 13].

The vaporization associated with these flashes so far, however, was neither referred
to as the cause of an interrupted striation pattern while cutting with a solid-state laser
nor it was differentiated whether the flashes are caused by the heating or ionization of
the cutting gas or by hot vaporized metal.

Here we therefore report on investigations to identify whether and where vaporization
takes place at the cutting front at high cutting speeds. To do this, flashes on the cut front
were localized by analyzing high-speed videos at different cutting speeds. In addition,
spectrometric measurements were used to determine the temperature and to attribute line
emissions to the hot vapor of iron. It is shown that vaporization of metal is locally
concentrated in the upper part of the cut front at high cutting speeds. The applied
diagnostics can also be used to anticipate the formation of interrupted striations and
therefore prevent fail cuts by reducing the cutting speed as soon as flashes are detected.

Methodology

To answer the question of whether interrupted striations coincide with local vaporiza-
tion on the cut front at high cutting speeds, process emissions were first localized by

Table 1 Cutting parameters

parameter value unit

material EN 1.0038 –

sheet thickness 5 mm

laser type TruDisk 8001 –

beam parameter product 4 mm*mrad

laser power 8000 W

focal length 200 mm

focal position −1.3 mm

focus diameter 210 μm

nozzle diameter 2.7 (conical) mm

distance from nozzle to work piece 0.7 mm

cutting gas N2 –

pressure of cutting gas 16 bar

cutting velocity vlow 9.5 m/min

cutting velocity vmedium 11 m/min

cutting velocity vhigh 12.5 m/min
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high-speed imaging. The temperature inside these detected bright zones was then
determined by means of spectrometric measurements.

Localization of Flashes on the Cut Front by High-Speed Imaging

Hot vapor of iron (Fe I) is known to emit characteristic lines in the spectral range
between 500 nm and 550 nm [8, 9]. The camera used to image the cutting front was
therefore equipped with a bandpass filter transmitting in the range between 500 nm and
550 nm. The experimental setup with the imaging camera used to observe the cut front
is sketched in Fig. 2, details are described in [14]. The x-z plane is identical to the plane
of symmetry in the cut kerf, which is spanned by the axis of the laser beam and the
moving direction of the work piece. The camera is orientated at a tilt of 15° with respect
to the top surface of the metal sheet.

Before the main cut was performed from which the high-speed video was
taken, the metal sheet was first cut for only 1 mm from the edge of the sheet to
generate a solidified cut front. The camera was then focused on the solidified cut
front. The position of the laser head and the camera were kept constant, while
the machine table with the clamped metal sheet was moved in negative x-
direction for cutting. By this, the position of the cut front was kept constant
with respect to the position of the camera and ensured well focused images. The
cutting parameters and the parameters for the camera observation are listed in
Table 1 and Table 2, respectively.

To compare a process exhibiting regular striations to processes leading to
interrupted striations on the surface of the cutting edge, all parameters were kept
constant except for the cutting velocity, which was increased from vlow to vmedium
and vhigh (see values in Table 1).

In order to localize the area of maximum process emissions on the cut front, the gray
values of each pixel were compared over one hundred frames and the maximum value

Fig. 2 High-speed imaging setup for the observation of the cut front in the plane of symmetry (x-z plane).
During the experiments, the metal sheet was moved in –x direction whereas camera and the laser head were
stationary
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was adopted for the given pixel. To smoothen the signal the gray values of each pixel
was first averaged over three consecutive frames by a moving average.

The area exhibiting the highest process emissions on the cut front is referred to as the
region of interest (ROI) in the following.

Spectral Analysis of Process Emissions

The temperature at the location of the flashes in the ROI on the cut front, was
determined by two different spectroscopic approaches. On the one hand, the temper-
ature was determined by a gray body fit to the thermal emission out of the ROI. On the
other hand, the intensity of the emission lines was compared to determine the temper-
ature of the iron vapor. The setup used for these experiments is shown in Fig. 3. The
focusing optics for the spectral analysis was again orientated at a 15° tilt with respect to
the surface of the sheet, to observe the cut front from the same direction as with the
high-speed camera used before. The optical axis of the spectrometer was again in the
plane of symmetry of the cut kerf. And again, the laser head and the measurement
optics remained fixed at one position while the metal sheet was moved in negative x-
direction (see Fig. 3).

Considering the 15° tilt of the camera with respect to the surface of the work piece
and the assumption that the angle between the cut front and the surface was between
70° and 90°, the observation angle was estimated to range between 0° and 20° with
respect to the surface normal of the cut front. Under these conditions, the emission
coefficient ɛ can be approximated by the one at normal incidence [8].

Table 2 Observation parameters for the high-speed camera

parameter value unit

sensor type CMOS –

frame rate 10 kHz

exposure time 1 μs

optical resolution 12.2 μm/pixel

bandpassfilter 525 ± 25 nm

Fig. 3 Experimental setup for the spectral analysis of the process emissions from the cut front
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The parameters used for the spectrometric measurements are listed in Table 3. The
sensor of the spectrometer was protected by reducing the amount of collected light with
the bandpass filter specified below and an aperture with a diameter of 5 mm. The
achromatic lenses, each with a focal length of 200 mm, were positioned at 200 mm
from the optical fiber and 200 mm from the cut front. The magnification therefore was
1:1. The diameter of the measuring spot on the cut front was 200 μm and was adjusted
at a position at 1.9 mm below the upper surface of the metal sheet. The spectral
measurements were averaged each time over ten frames.

In order to detect the emission lines of the stimulated iron vapor on top of the
thermal radiation emitted from the interaction zone, the range for the spectral analysis
was chosen to be 380 nm - 730 nm. This spectral range includes emission lines of iron
[8, 9] and lies within the sensitivity range of the charge-coupled device (CCD) sensor.
For all measurements the raw signal of each pixel was at least 10% of the maximum
gray value (255 counts at 8 bit).

The temperature of the cut front in the ROI was estimated by means of spectroscopy.
To this end, the spectral radiance

Lpr λð Þ ¼ K λð Þ: Ipr λ; Tpr
� �

−Ida λð Þ� � ð1Þ

of the process at the temperature Tpr must be derived from the measured raw spectrum
Ipr(λ, Tpr) emitted by the process. Here the dark spectrum Ida(λ) corresponds to the
response of the spectrometer without illumination. The raw signal of the sensor was
calibrated using a tungsten strip lamp. The calibration function

K λ; Trað Þ ¼ Lts λ; Trað Þ
I ref λð Þ−Ida λð Þ ð2Þ

relates the measured reference raw spectrum Iref(λ) of the tungsten strip lamp and the
dark spectrum Ida(λ) to the known spectral radiance Lts(λ,) of the tungsten lamp at its
known radiance temperature of Tra = 2500 K. In order to calibrate the measurement
setup to the absolute temperature of the tungsten strip inside the lamp one further needs

Table 3 Observation parameters for the spectrometer

parameter value unit

spectral range 380–730 nm

sensor type CCD –

record frequency 500 Hz

exposure time 1 ms

optical resolution 0.3 nm/pixel

bandpass filter (FWHM) 507.5 ± 187.5 nm

aperture 5 mm

focal length, both lenses 200 mm

fiber diameter 200 μm

magnitude 1:1 –
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to take into account the emissivity εt(λ) of the tungsten strip and the spectral transmis-
sion τb(λ) of the glass bulb of the lamp according to

Lts λ; Trað Þ ¼ εt λð Þ : τb λð Þ
�
: Lbl λ; Ttsð Þ: ð3Þ

The transmission τb(λ) of the glass bulb of the lamp was derived from [15]. The
emissivity of the tungsten εt(λ) was derived from [16]. The spectral radiance of a black
body is given by

Lbl λ; Ttsð Þ ¼ 2 : c2 : h

λ5 : e
h:c

λ:k:Tts−1
� � ; ð4Þ

where c is the speed of light, h is Planck’s constant, k is Boltzmann’s constant and λ the
wavelength of the radiation [17]. All the constants are given in Table 4. The temper-
ature on the surface of the tungsten strip was derived from eqs. (3) and (4) at the
wavelength λ = 650 nm, at which the radiance temperature Tra = 2500 K is known, and
was found to be Tts = 2790 ± 15 K.

The error estimation of Tts = 2790 ± 15 K results from the minimum and the
maximum values of the uncertainty of the radiance temperature ΔTra = ± 8 K and the
uncertainty of the transmissivity of the glass bulb Δτb = ± 0.0005, both are taken from
the data sheet of the manufacturer [15]. The uncertainty of the emissivity of tungsten
ΔεT = ± 0.0082 was extrapolated from a graph in [16].

Knowing Tts, the raw spectrum Ipr can be calibrated with eq. (1) and (2) to obtain the
spectral radiance Lλ,pr. Under the assumption of a temporally and spatially constant
process temperature Tpr on the surface of the cut front in the ROI during the measure-
ment, the spectral radiance

Lpr λ; Tpr
� � ¼ K λ; Trað Þ: Ipr λ; Tpr

� �
−Ida λð Þ� �!

¼εpr:Lbl λ; Tpr
� � ð5Þ

is described by a gray body, where the emissivity of the process εpr was assumed to be
constant as well.

Table 4 Specific values to determine the temperature of the process Tpr.

parameter value unit

radiance temperature of the tungsten strip lamp Tra and its uncertainty ΔTra [15] 2500 ± 8 K

temperature on the surface of the tungsten strip Tts 2790 ± 15 K

speed of light c0 2.99 × 108 m/s

Planck’s constant h 6.626 × 10−34 J*s

Boltzmann’s constant k 1.38 × 10−23 J/K

emissivity of tungsten εT and its uncertainty ΔεT at a wavelength of 650 nm
and a temperature of 2800 K [16]

0.4278 –

± 0.0082

transmissivity of the bulb of fused silica τb and its uncertainty Δτb at a
wavelength of 650 nm [15]

0.93 –

± 0.0005
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In the experiments, the temperature of the process Tpr and the emissivity of the
process εprwere both determined by a least-square fit of eq. (5) to the measured spectra.

The determination of the temperature was performed to check whether the temper-
ature on the surface of the cut front reaches boiling temperature when local flashes
appear. The detection of local flashes is discussed in the following section.

Results

In order to determine the location of the flash phenomena at the cut front, high-speed
videos of the process were recorded. The area was then examined for vaporization.

Local Flashes on the Cut Front

Sequences of single frames (1) to (5) taken from the high-speed recording of the
cut front with cutting speeds of vlow, vmedium and vhigh are shown in Fig. 4, Fig. 5
and Fig. 6, respectively.

It can be seen in Fig. 4, that at a cutting velocity of vlow only a few and weakly
visible process emissions occur in the upper part of the cut front. In contrast, temporally
short phenomena of high brightness, referred to as flashes, can be seen on the cut front
at vmedium in Fig. 5 and at vhigh in Fig. 6. For both cutting velocities vmedium and vhigh, the

Fig. 4 Sequences of single frames taken from high-speed videos showing the cut front at the cutting velocity
vlow. The vertical dashed lines indicate the edges of the cut kerf. The horizontal dashed lines show the upper
and lower limits of the ROI. The diagrams below the images show the spatial average of the gray values of all
pixels in the ROI of each frame plotted over time
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visible process emissions are concentrated in the upper part of the cut front. This region
is considered as the region of interest (ROI) and is located between −1.3 mm and −
2.5 mm below the top surface of the metal sheet. The diagrams located below the
pictures in Figs. 4, 5 and 6 show the temporal evolution of the mean gray scale values
as given by the spatial average over all pixels in the ROI. The ROI is between −1.3 mm
and − 2.5 mm below the top edge of the sheet in the z direction and covers 24% of the
surface of the cut front.

Mean gray scale values exceeding 100 (39% of the peak value 255) in the ROI are
referred to as flashes and can be counted in 2% of the images of the video at vmedium.
The intensity and quantity of these flashes even increase for vhigh, as shown in Fig. 6.
For this cutting speed 4% of all images exhibited flashes that exceed a mean gray scale
value of 100.

The maximum duration of each of the flashes in the videos was between one and
three frames, making a total of less than 0.3 milliseconds per flash. It is possible that the
duration of the flashes is much shorter, which cannot be determined due to the
limitation of the frame rate of the high-speed camera. Nevertheless, the occurrence of
flashes at high cutting speeds can reasonably be observed with this method.

Figure 7 shows so called “stacked” images of the process emissions on the cut fronts
at the cutting velocities of vlow (a), vmedium (c) and vhigh (e). These images are generated
by comparing the gray values of each pixel over one hundred frames and selecting the
maximum value of the pixels to form the stacked image. In addition, the images of the

Fig. 5 Sequences of single frames taken from high-speed videos showing flashes on the cut front at the cutting
velocity vmedium. The vertical dashed lines indicate the edges of the cut kerf. The horizontal dashed lines show
the upper and lower limits of the ROI. The diagrams below the images show the spatial average of the gray
values of all pixels in the ROI of each frame plotted over time
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cutting-edge surfaces at each velocity are shown in Fig. 7-b), 7-d) and 7-f). The
comparison shows that flashes only occur when interrupted striations are formed.

Since it is unlikely that these flashes, which were recorded in the narrow spectral
range between 500 nm and 550 nm, stem from black-body radiation of the surface of
the cut front they have to be caused by vaporization phenomena, as discussed in the
following two sections.

Temperature on the Surface of the Cut Front

In order to determine whether the local flashes on the cut front are accompanied by
vaporization, the process emissions in the ROI were analyzed with a spectrometer.

The spectral radiance Lpr(λ,Tpr) recorded in the ROI at a cutting velocity vlow is
shown in Fig. 8. Discrete emission lines with low amplitude are visible in the spectral
ranges between 380 nm and 450 nm and between 480 nm and 550 nm. The process
temperature was determined by a least-square fit of the gray-body spectrum to the
measured spectrum in the ranges between 450 nm and 480 nm and between 580 nm
and 730 nm – where no line emission was present. This yielded the temperature
Tpr,vlow = 3080 K and ɛpr,vlow = 0.32. The temperature is below but close to the vapor-
ization temperature of iron Tv,iron = 3134 K [18]. Hence, if at all vaporization takes
place – as suggested by the just detectable emission lines in the recorded spectrum –, it
can be assumed to be comparably infrequent and weak.

Fig. 6 Sequences of single frames taken from high-speed videos showing a higher intense of flashes at the cut
front at the cutting velocity vhigh. The vertical dashed lines indicate the edges of the cut kerf. The horizontal
dashed lines show the upper and lower limits of the ROI. The diagrams below the images show the spatial
average of the gray values of all pixels in the ROI of each frame plotted over time
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The spectra (experimental and gray body) of the process with a cutting velocity of
vmedium are shown in Fig. 9. The more distinct emission lines indicate a stronger
vaporization than at vlow. The least-square fit of the gray body spectrum to the
experimental data yielded ɛpr,vmedium = 0.24 and Tpr,vmedium = 3210 K, which now ex-
ceeds the evaporation temperature of iron.

The same evaluation at the cutting velocity vhigh is shown in Fig. 10. Here the least
square fit of the gray-body spectrumwas applied only in the spectral range between 580 nm
and 730 nm, where the intensity of emission lines was small. The least-square fit of the gray
body spectrum to the experimental data yielded ɛpr,vhigh = 0.27.While the extracted process
temperature Tpr,vhigh = 3240 Kwas only slightly higher than Tpr,vmedium (but again exceeding
the evaporation temperature), the intensity of the emission lines was significantly higher.

It should be noted, however, that although the temperature determined at vlow is
below and the ones determined at vmedium and vhigh are higher than the evaporation
temperature of iron, the differences are of the same order as the overall uncertainty of
the measurements. Considering the uncertainty of ±15 K of Tts mentioned above, the
uncertainty of the process temperature Tpr,vhigh is ±20 K. Another uncertainty of ±0.3 K
of Tpr,vhigh comes from the uncertainty of the emissivity εT of ±0.0082 [16]. The
resulting uncertainty of the determined process temperature was therefore estimated

Fig. 7 ” Stacked” images of process emissions on the cut fronts, extracted from high-speed video sequences
of 100 frames of a process with a cutting velocity of vlow (a), vmedium (c) and vhigh (e). The corresponding surface
of the cutting edge with regular striations and the cutting edges with interrupted striations are shown in (b), (d)
and (f), respectively
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Fig. 8 Calibrated measured spectrum Lpr(λ, Tpr) (blue line) of the cutting process, recorded at the cutting
velocity vlow (process with regular striations) and fitted spectrum of a gray body (gray line) with the
temperature Tpr,vlow = 3080 K and the emissivity εpr(vlow) = 0.32. The spectrum was recorded at the spectral
ranges between 380 nm and 730 nm, whereas the gray body fit was applied in a first range from 450 nm to
480 nm and a second range from 580 nm to 730 nm where no line emission was present

Fig. 9 Calibrated measured spectrum Lpr(λ, Tpr) (blue line) of the cutting process, recorded at the cutting
velocity vmedium (process with interrupted striations) and fitted spectrum of a gray body (gray line) with the
temperature Tpr,vmedium = 3210 K and the emissivity εpr(vlow) = 0.24. The spectrum was recorded at the spectral
range between 380 nm and 730 nm, whereas the gray body fit was applied in a first range from 450 nm to
480 nm and a second range from 580 nm to 730 nm where no line emission was present
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to be ±20.3 K. Additionally, the evaluated process spectra were averaged over ten
measurements. The absolute deviation of the temperature estimation within the ten
measurements is ΔTdev,vhigh = ± 292 K. As a further confirmation that evaporation is
indeed taking place at the elevated cutting speeds it is therefore shown in the following
that the emission lines stem from the vaporized material of the processed sheet.

Metal Vapor and its Temperature

The spectral lines emitted by the process that were recorded at the cutting velocity vhigh
were analyzed to determine whether they can be attributed to the evaporated base
material, which consists for the most part of iron (Fe).

Assuming a local thermodynamic equilibrium (LTE) [17], the emission coefficient
εL of a spectral line is given by

εL ¼ h : c
4π

:
g21 : A21

λ21
:
n Tvð Þ
Z Tvð Þ : exp −

E21

k : Tv

� �
; ð6Þ

where g21 is the statistical weight, A21 the Einstein’s coefficient, λ21 the emission
wavelength and E21 = E2 - E1 the energy difference between the higher and the lower
level of the considered transition of the iron atom. The wavelength of the spectral lines
are given by the NISTAtomic Spectra Database [19], which has been searched for the
lines of Fe I in the spectral range between 380 nm - 730 nm. The index 1 describes the
lower and the index 2 the higher energy level, whereas the index 21 describes the
transition from the higher to the lower energy level of the atom. The electron density

Fig. 10 Calibrated measured spectrum Lpr(λ, Tpr) (blue line) of the cutting process, recorded at the cutting
velocity vhigh (process with interrupted striations) and fitted spectrum of a gray body (gray line) with the
temperature Tpr,vhigh = 3240 K and the emissivity εpr(vlow) = 0.27. The spectrum was recorded at the spectral
range between 380 nm and 730 nm, whereas the gray body fit was applied only in the spectral range from
580 nm to 730 nm where low line emission was present
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n(Tv) and the partition function Z(Tv) are assumed to be constant over the wavelength at
the same degree of ionization and at the same temperature of the vapor Tv in an LTE.

The spectral radiance

LL λð Þ ¼ Lλ;pr λð Þ−εpr : Lλ;bl Tpr;λ
� �

−Loffset ð7Þ

of the line emission is derived from the measurements by subtracting the radiance of the
gray body εpr*Lλ,bl(Tpr, λ) and a constant offset Loffset of 105 W/(m2*μm*sr) from the
calibrated measured process spectrum Lλ,pr(λ). The measurements were found to
exhibit a constant offset of Loffset in the wavelength range between 495 nm and
533 nm. The emission lines were examined in the wavelength range between 480 nm
and 550 nm because the intensity of the emission lines is comparably strong in this
spectral range and single lines can be distinguished more easily (see Fig. 11-a)).

Since the vapor can be assumed to have a high temperature Tv, the measured and
theoretical spectral distribution and the relative values of the emitted lines LL were
compared for temperatures Tv ranging between 3000 K and 10,000 K. A good match of
the theoretical εL with the measured LL was found for Tv = 7000 K. Fig. 11-b) compares
the measured spectrum LL(λ) with the calculated emission coefficient εL for stimulated
vapor of iron (Fe I) at a temperature Tv = 7000 K.

The maximum difference of the wavelength of all peaks of the emission coefficients
of Fe I from the NIST data base [19] and the peaks of the measured and examined
emission lines were smaller than 0.11 nm. This difference is smaller than the resolution
of the measuring instrument of 0.3 nm/pixel, which shows that the values are in good
agreement. The NIST data base [19] was also searched for Fe II lines, which could not
be attributed to the examined spectrum. Hence the detected emission lines can reason-
ably well be attributed to the lines of Fe I.

The above discussed flashes that can be observed during the cutting process, suggest that
also the temperature experiences strong fluctuations. It should be noted that the spectrometer
has a much longer exposure time than the camera, whereby the Planck fit yields an average
temperature over time. Since the lines in the spectrum are associated to the short flashes, they
can therefore be used to determine the higher vapor temperature present during these events.

Fig. 11 Measured spectral radiance of the line emission LL(λ) + LOffset from a cutting process with the cutting
velocity vhigh where LOffset contains the background radiation (a). Detailed examination of the spectral radiance
of the line emission LL(λ) in the spectral range between 480 nm and 550 nm where LOffset was subtracted from
the spectrum in comparison to the emission coefficient εL(λ) as calculated for stimulated vapor of iron (Fe I) at
a temperature of Tv = 7000 K (b); numbering of the examined emission lines, see Table 5
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In order to estimate this elevated temperature of the vapor Tv, the quotient

εL1 λ; Tvð Þ
εLx λ; Tvð Þ

!

¼ LL1 λð Þ
LLx λð Þ ð8Þ

of the emission coefficients εL1(λ) and εLx(λ) is fit to the quotient of the intensity of the
two closest lines LL1(λ) and LLx(λ) of the measured spectrum. The indices indicate the
number of the examined lines. The estimation was made by comparing line L1 (highest
intensity) to line L2 and L3, see Table 5. As n(Tv) and Z(Tv) are assumed to be constant
over the wavelength at the same degree of ionization and at the same temperature of the
vapor Tv in (6), both are cancelled from the fraction on the left of eq. (8). Using the eqs. (6)
and (8), as well as the measured values for LL from Table 5, the temperature of the vapor
Tv can be estimated for each pair of emission lines. The quotient LL1 / LL2 results in a vapor
temperature of 7024 K, while the quotient LL1 / LL3 yields a vapor temperature of 6355 K.

The investigation shows that interrupted striations only appear as soon as flashes
occur, which are generated during the phase transition of the vaporization. Therefore,
the critical temperature of the process emission which come along with the interrupted
striations must be between the evaporation temperature of iron Tv,iron and the estimated
temperature Tv of the vapor.

Although one can clearly state that these high temperatures are associated to violent
evaporations during the flashes, it remains to clarify whether evaporation also occurs in
between these flashes. Spectral measurements with a higher temporal resolution will be
required to clarify this point.

Discussion

As mentioned before, the duration of the flashes and the associated local vaporization is
much shorter than the exposure time of the sensor of the spectrometer. This leads to the
assumption that the spectral radiance of the process

Lλ; pr λ; Tpr
� �! ¼ A:εpr:Lλ;bl λ; Tv;iron

� �þ 1−Að Þ:εpr:Lλ;bl λ; Tvð Þ ð9Þ

is composed of a contribution from the thermal emission of the surface with a
temperature which is equal to the vaporization temperature of iron Tv,iron and a
contribution from the emission during the flashes in which the vapor reaches the

Table 5 Expected and measured wavelength of three distinctive emission lines L1, L2 and L3 and the
measured intensity LL. The theoretical values of the wavelength were calculated for a vapor temperature of
Tv = 7000 K [19]

Line-No. Expected wavelength Measured values

λnm [nm] λme [nm] LL [a.u.]

L1 495.75961 495.86 4.71

L2 526.95366 526.97 3.23

L3 532.80381 532.73 3.03
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elevated the temperature of Tv. The two contributions are weighted by the fractions of
time A and 1-A without and with flashes, respectively.

The recorded spectral radiance Lpr(λ,Tpr) at a cutting velocity vhigh is shown in Fig. 12.
The temporal component A was determined by a least-square fit of the gray-body
spectrum, which is described in eq. (9), to the measured spectrum in the range between
580 nm and 730 nm. This yielded the temporal component A = 99.46%. This means that
the temperature on the cut front in the ROI is Tv = 7000 for only 0.54% of the duration of
the measurement, while the rest of the time the temperature is Tv,iron = 3134 K. This result
is consistent with the observation in the high-speed videos at vhigh, where only 4% of all
captured images show flashes on the surface of the cutting front, see Fig. 6.

This approach assumes that there are only these two temperatures present. Based on the
low temporal resolution of the spectrometer, however, it cannot be clearly determined which
temperatures actually prevail between the flashes on the cut front. To clarify whether
vaporization on the cut front exists during the entire cutting process or only during the
flashes, measurements with a higher resolution would be necessary in the future. The
presented measurements however show, that the evaporation is very strong, and tempera-
tures are very high during the flashes. The results show that vaporization increases at higher
cutting speeds. On the other hand, the vaporization and generation of interrupted striations
can be controlled and reduced by reducing the cutting speed.

Conclusion

Both, the high-speed videos and the spectrometric measurements indicate that the transition
to an interrupted striation pattern is associated to a greater degree with flashes caused by
local vaporization with high vapor temperatures, than with increasing temperatures on the

Fig. 12 Calibrated measured spectrum Lpr(λ, Tpr) (blue line) of the cutting process, recorded at the cutting
velocity vhigh (process with interrupted striations) and fitted spectrum of a gray body (gray line) with the
temperature composed of two components: a contribution from the surface at vaporization temperature of iron
Tv,iron weighted by the temporal faction A = 99.46% of the process without flashes and a contribution from the
emission of the vapor at the elevated temperature Tv weighted by 1-A. The gray body fit was applied only in
the spectral range from 580 nm to 730 nm where the line emission is weak
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surface of the cut front. It seems likely thatmost of thematerial evaporation takes place in the
upper part of the cut front, which does not mean that there is no vaporization in other parts of
the cut front as well. The vaporizationmight disturb themelt flow and cause the formation of
interrupted striations, as stated in [10]. Further investigations will be required to verify this
finding, but in any case, the observation of the flashes can be used to foresee cutting flaws
and to identify the generation of interrupted striations.
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