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ABSTRACT

The advantages offered by the laser technology to cut
materials are very attractive for the manufacturing in-
dustry. This is due to its versatility and to the fact that
they can be faster and cleaner than conventional ma-
chining techniques, leaving edges with a high qual-
ity surface finish. Nevertheless, this technology cuts
the material either melting it, vaporizing it away or
blowing it away by a jet of gas. It causes changes on
and around the cut off zone and therefore changes in
the mechanical response for the whole part. Geomet-
ric microstructure of the cut surface content micro-
notches, where fatigue cracks can nucleate. Consider-
ing this, the study of the influence of the laser optical
power (speed of a cutting) on the fatigue behavior of
laser machined 2024—T3 Alloy sheet was examined.
Specimens of different thickness from 2 to 6 mm have
been prepared by CO, laser cutting machine. The re-
sults show that the cutting speed must be optimized
for different thickness of a plate. Surface flaws have
a determinant influence on the fatigue life behavior.

1. Introduction

The laser cutting offers several advantages as com-
pared to other slitting processes such as plasma cut-
ting, punching and nibbling or wire erosion [2]:
m Processing the workpiece is possible without con-
tact or force.
m As opposed to punching and nibbling, almost ev-
ery contour shape can be made, without requiring a
single tool change.
m With the laser beam, both large cuts in any shape
can be cut as well as small, filigree and complicated
contours. Geometric shapes can be processed espe-
cially quickly with only a few piercings.
m Separation is precise. The extremely narrow kerf
remains virtually constant. Tolerances up to 0.05 mm
can be maintained in the series production.
W The cutting speed is high. Therefore, the course of
production can be considerably accelerated as com-
pared to wire erosion.
m Due to the high energy density, the heat-affected
zone can be kept very small: hardening depths from
0.1 to 0.2 mm are possible. An oxide film forms when
cutting with oxygen.
B Less heating of materials ensures less distortion of
the material at all events.
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m The roughness of the cutting surfaces is low: less
than 100 um. The workpiece does not require refinish-
ing.

® The most commonly used steels can be cut without
any burr formation, eliminating the need for subse-
quent burr removal.

2. Laser Cutting

What happens when a laser beam is used on material?
If a laser beam is used on a workpiece, the material
heats up so much that it melts or evaporates. The
cutting process begins if it has penetrated the work-
piece completely. The laser beam moves along the
part contour and melts the material continuously, see
Fig. 1. It is blown from the kerf with the help of a
gas current. A narrow kerf between the part and the
waste grid occurs. The cutting gas current exits the
nozzle with the laser beam.

Focusing optics Workpiece
Laser beam Cutting edge on the workpiece
Nozzle

Drag lines

1 6
2 7
3 Gasjetworkgas g
4 9 Cutting direction
5

Melt or slag

Fig. 1: Principle of a laser cutting.

3. Cutting quality criteria

Cutting criteria such as pitting, burr or groove coast-
ing, see Fig. 2, can be analyzed with the naked eye.
Additional equipment is used for the roughness, the
perpendicularly and the width of gap. Which criteria
are important and when, must be practically deter-
mined. The function of the part is decisive here.

When cutting the contours using the laser beam,
perpendicular drag lines are formed on the cutting
surfaces. Its depth determines the roughness. The
lesser the roughness, more even is the cutting sur-
face. During laser cutting using CO, lasers, the rough-
ness increases with the material thickness. A kerf oc-
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curs during laser cutting, which is usually not parallel
from the upper cutting edge to the lower cutting
edge.

The kerf width increases with the material thick-
ness. Its width and shape (Fig. 3) depends on the fol-
lowing factors:

m Focal diameter,

m Material,

m Wavelength,

m Cutting procedure.

Criteria for the Quality of the Cutting Edge

1 Material storage 4 Erosion
2 Pitting 5  Bur
3 Groove coasting 6  Perpendicularity

Fig. 2: Main considerations to evaluate a cutting edge.

NN

Fig. 3: Kerf shapes generated by laser cutting.

It varies between 0.15 mm (material thicknesses of
1 — 6 mm) and up to 0.5 mm (material thicknesses
of 20 — 30 mm). The width must be constant over
the entire work area; otherwise, the dimensions of the
parts and contours become inaccurate.

Burr-freeness is one of the most important criteria
for laser cuts. This is so because burr must be always
removed. Several different burrs can be formed: right
from crumbly slag residue that can be easily removed
up to sharp metallic burr that is firmly stuck to the
lower side of the edge.

4, Cutting Power and Cutting Speed

The laser power must be adapted to the procedure,
the type of material and the material thickness. The
maximum material thickness, that can be cut, de-
pends on the type of material and the laser power.
Generally: The material thickness increases with the
laser power, which can be still processed.

Like the laser power, even the cutting speed must
be adapted to the type of material and the material
thickness. An erroneous cutting speed can lead to
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roughness, burr formation or pits in the cut contour.
If the contour is cut too quickly, then it might result
in the material not slitting any longer. Basically: The
higher the laser power available, faster is the cutting.
In case of equal laser power, the cutting speed de-
creases with increasing material thickness. Optimiza-
tion of cutting parameters was the main objective of
this research.

5. Experimental Procedure

The studied samples were made from Al—alloy
2024 plates. The chemical composition of these sam-
ples is given in the Table 1, (ASM, http://asm.matweb.
com). Theses plates were thermally treated according
to T3 treatment, which consists in solution immer-
sion, cold wrought hardening and natural aging.

Dog bone specimens of 220 mm length, 80 mm
width and with the notch radius of 100 mm were pre-
pared, as shown in the Fig. 4.

Table 1: Chemical composition of aluminum 2024 plates [%].

90.7-947 | 38-49 | 12-18 | 03-09 max 0.5
— [E——— 1

Fig. 4: Sample geometry.

The tests were carried out for 4 different nominal
thickness series (2.0, 2.5, 3.0 and 6.0 mm) at 4 cut-
ting speeds. The nominal laser cutting power was
5 [kW]. The fatigue test machine used was reso-
nant pulsator Amsler type 10HFP (maximum of force
100 kN), with a working frequency about 90 Hz un-
der standard room temperature (23 degrees of Cel-
sius) and standard pressure conditions.

Considering that the nominal fatigue stress for this
alloy is about 130 MPa, 2 stress levels in the high cy-
cle range were chosen to test the samples: 115 and
170 MPa. Here we will comment results on the stress
level 170 MPa. Six samples were tested for thickness
series (2.0, 2.5, 3.0 and 6.0 mm).

The fatigue test was conducted using a stress ratio



R=0.05, with constant stress amplitude. Tests were
stopped automatically when the frequency fall down
about 10%, it represent cracks between 5—10 mm.

6. Statistical Analysis

The data analysis was carried out using a statistical
evaluation method, (ISO 3800:1993). A log-normal
statistical distribution is suggested and therefore the
number of cycles was converted to 10 base logarith-
mic scale and sort from lower to higher values.
The mean values and scatters of experimental results
in the finite life range can be observed in a diagram
with the nonlinear probability scale. By logarithmic
transformation, the experimental points in probabil-
ity graph determine straight line in basis the normal
distribution of log N and using the sorted ordinal
probability estimator (1):

P =0Gi-1)/GBn+1) (1)

where: P - is the probability of failure in the finite life
range; i - is the ordinal number of a test piece and
n - is the number of test pieces tested.

The procedure can be explained with an example:
Six samples of the nominal thickness 2.0 mm were
cut with the cutting speed 20 [m/s] and were test-
ed on constant stress amplitude ¢, =170 MPa. The
samples reached the failure at: N= (93441, 70352,
68870, 68955, 83253, 92815) cycles. Now the num-
ber of cycles is arranged according to size in logarith-
mic scale and ordinals probability P, are assigned to
them. All values are sorted in the Table 2. Finally, the
estimation of the mean value (2), variation (3) and
standard deviation (4) according next relations were
calculated:

> log N;
J=x= i (2)
n
Z(J?— log N; \
2= i (3)
n—1
and
s=K-/s° (4)
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where K is a correction parameter that depends on
the sample size n as follows [3]:

2
. ”_1F<g) (s)

Here I" is the gamma function. As n grows up, K
approaches 1, but for smaller sample size n the cor-
rection must be taken in the account.

The Table 3 below gives the parameter K for a few
values of n:

Table 3: Correction parameter K.

Samole size n Expression of Num.
P factor K eq. (5) aproximation
4 2. i 0.9213
kY4
5 3.0z 0.9400
4 V2
6 LAy 09515
3 V57

Also a slope of the scatter can be drawn for each
series in a nonlinear probabilistic scale. Nevertheless
this hasn't been drawn using linear regresion tools,
but with the help of the standard deviation. After that
we calculate (—1 s) and (+1 s) for each series values
and we plotted these points against their respective
estimated fatigue life data.

Looking the draws, which are depicted on the Fig. 5
to Fig. 8, we can see that most of the mean values (for
probability of fracture of 50%) lie on the range of 4.9
to 5.5 of the abscissa axis, which expressed back to
cycles gives 79400 as the lowest value versus 316200
for the highest one. It means that influence of cutting
speed and thickness on the final fatigue life is signifi-
cant for practical application.

Table 2: Example of the results procedure.

Ordinal i

Cycles [log N]

P, [%]
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After all data was plotted, the highest fatigue life
of each thickness series was chosen and drawn back
together on single charts. As a tendency was found,
that the best values correspond to the lowest cutting
speeds in almost all thickness series, the only one ex-
ception is for the 2.0 mm thickness series processed

Probability of failure vs Log of
the basis of 6 fatigue test with o, = 170 [Mpa] lnrdlfleren! cutting speeds.
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Fig. 5: Probability of failure versus log cycles for 2.0 mm nominal
tickness .
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Fig. 6: Probability of failure versus log cycles for 2.5 mm nominal

thickness.
Probability of failure vs Log of stress cycles determined for 3 mm
the basis of 6 fatigue test with o, = 170 [Mpa] for dlﬂereﬂ( cutting speeds.
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Fig. 7: Probability of failure versus log cycles for 3.0 mm nominal

thickness.
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at 12 [m/min] of the cutting speed.

Such comparison can be seen on the Fig. 9. Here is
clear to see that the 6.0 mm thick specimens have an
significant higher fatigue life as give results for rela-
tive thinner plates between 2.0 to 3.0 mm.

Probability of failure vs Log of
the basis of 6 fatigue test with o, = 170 [Mpa] for different cutting speeds.
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Fig. 8: Probability of failure versus log cycles for 6.0 mm nominal
thickness.

Probability of failure vs Log of for different thit d
cutting speeds, witho, =170 [Mpa] (best results from previousseries)
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Fig. 9: Best Probability failure results versus log cycles from all thick-
ness series at 170 [MPal].

7. Surface inspection of the laser processed samples

With the help of an optic microscope we can car-
ry out a surface inspection of the laser processed
samples. Fig. 10 shows a micro-photography of a
2.0 mm thick sample. The image shows a pitting flaw,
on which nucleates the fracture crack.

Fig. 11 displays micro-photography of a 6.0 mm
thick sample showing its edge. On it can be seen the
striations leaved by the laser cutting beam, which act
as stress concentrator. Fig. 12 shows the micro-pho-
tography of a 6.0 mm thick sample showing its edge.
Here again can be seen, on a different sample, that
the striations act as micro-notch or stress concentra-
tor and collaborate the cracks to nucleate.



1 [mm]

Fig. 11: Micro-photography of a 6.0 mm thick sample showing its
edge.

Fig. 12: Micro-photography of a 6.0 mm thick sample with a crack.

Fig. 13 demonstrates the effect of the over speed
processing on a speciment of 2.5 mm thick. On it we
can see three zones: from right to left it can be seen
the face on which impacts the laser beam and it cuts
around 1 mm perpendicularly to the sample, then a
transition zone, and finally an oblique set of striations
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due to the excess of speed.

All here presented damages and surface flaws are
ineligible for real applications because of reduction
of its fatigue life.

After these observations we can infer that some
surface errors have a major significance for the fa-
tigue behavior and its presence is particularly harm-
ful in low thickness samples, as we could see in the
Fig. 10, where a simple pitting originates the fatigue
crack.

1 [mm]

Fig. 13: Micro photography of a 2.5 mm thick sample with the effect
of the over speed processing.

8. Conclusions
The best fatigue life probability values were found on
the samples processed at a lower cutting speed.

The statistical data has not significantly higher stan-
dard deviation, comparing to standard fatigue tests
(slog N) <0,15).

The cutting speed is correlated with the surface
quality. When some pitting flaws or deep micro
notches occurred then the scatter of data was higher.
Surface flaws have a much more determinant effect
on the fatigue life behavior than other factors inher-
ent to the material, as the rolling directions, as both,
transversal and longitudinal cold rolled samples,
which have similar fatigue resistance values.

The different cutting speeds showed different results
after the fatigue test, nevertheless all data of Al 2024
laser machined was within the ASTM specifications
for fatigue.

By optimal cutting speed, the 6.0 mm thick speci-
mens had significant higher fatigue life as results for
relative thinner plates between 2.0 to 3.0 mm.
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