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Abstract: Laser cutting is used in the production of formed sheet metal components. However, the
cyclic load capacity is reduced compared to other subtractive processes. Laser cutting results in a
significant loss of fatigue strength; however, thermal joining has its own effect on the cyclic load
capacity. Accordingly, brazing causes a significant reduction in the mechanical strength. However,
the open question is what consequences a combination of both processes may have on the overall
fatigue strength of sheet metals. Laser-cut samples of AISI 304 with and without a brazed-on element
were investigated for their microstructure and mechanical properties. The brazing process was found
to have an annealing effect on the microstructure. It was further observed that the fatigue behavior
of brazed specimens is dominated by inhomogeneities at the surface of the filler metal fillet located
in the geometric notch of the brazed joint. Fatigue strength decreased by almost 50% compared to
as-cut specimens. As long as no shared diffusion zone is formed between the laser-cut and the brazed
joint, the use of laser cutting for the production of such components appears to be reasonable and
does not further contribute to the loss of cyclic strength.

Keywords: laser cutting; brazing; fatigue behavior; crack initiation

1. Introduction

As a versatile tool, lasers have been used in industry and research for many years. The
laser cutting of metals, especially, is a widely used process in industry [1]. The advantages
of laser cutting are, among other things, high feed rates, flexibility in contour cuts, low heat
impact to the material, and integrability into production lines such as robotic systems [2].
The process of laser cutting is based on the local melting of the material and expulsion
by a gas jet flowing coaxially to the laser beam [3]. In the process zone, a curved melt
film is formed at the cut front, which flows in the direction of the beam exit due to shear
stress of the process gas and causes the typical cut edge phenomena of roughness and burr
formation [4]. These phenomena represent typical quality aspects in the laser cutting of
sheet metal.

Despite the process advantages, laser cutting is often avoided in the production of
load-bearing components [5]. The reason for this is the significant decrease in the observed
fatigue strength compared to milled or polished edges [6]. The reason for the reduced
strength of approx. 50% is a notch effect of the burr and the heat input of the melting
process [7].

Nevertheless, laser cutting is being considered for the production of specific formed
sheet metal components such as heat exchangers or components of the exhaust systems of

Metals 2021, 11, 2063. https://doi.org/10.3390/met11122063 https://www.mdpi.com/journal/metals

https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://doi.org/10.3390/met11122063
https://doi.org/10.3390/met11122063
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/met11122063
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met11122063?type=check_update&version=3


Metals 2021, 11, 2063 2 of 11

automobiles. Frequently, adding elements such as brackets on the components mentioned
is realized by means of brazing.

The challenge consists of evaluating the load-bearing capacity of the asymmetrical stretch
impediment as a result of the one-sided stiffening by the mentioned element. Many studies
have investigated brazed specimens where the joint is loaded directly [8]. However, this load
scenario does not correspond to the applications addressed here and is not transferable to
the joint connections of a brazed-on element. In contrast, component-like pipe specimens
with a brazed-on element were investigated by Baumgartner et al. by means of different
loading configurations [9]. They introduced a load into both the base sample and the brazed-
on element. They observed that fatigue cracks started in the fillet of the brazed joint and
propagated along the filler metal. They also emphasized that the surface condition and
internal inhomogeneities have a great influence on the fatigue behavior.

For the implementation of laser cutting in the production process of brazed components,
the question arises as to what extent laser cutting and brazing may have a summative effect
on the mechanical strength. On the one hand side, it seems possible that changes in the
microstructure and the surface integrity from both thermal processes may interfere with
each other. On the other hand, one process may dominate fatigue crack initiation due to the
formation of increasingly stressful features, superimposing the influence of the other process.

In order to address these questions and to determine whether laser cutting is suit-
able for the production of sheet metal components with brazed-on elements, application-
oriented investigations on AISI 304 sheet metal were carried out. The microstructure
and the mechanical properties were analyzed. Particular emphasis was placed on the
identification and description of the failure mechanism under cyclic loading.

2. Materials and Methods
2.1. Preparation of Base Specimens

The base specimens for all tests in this study were fabricated from an AISI 304 sheet
using laser cutting. Figure 1 shows the specimen geometry. AISI 304 showed pronounced
adiabatic heating [10]. The specimen geometry was designed to address this issue considering
the high frequencies during fatigue testing (see Section 2.4). The chemical composition and
the laser cutting parameters used are listed in Tables 1 and 2, respectively. In Table 2, fcoll
stands for collimation length, ffoc for focal length, dnozzle for nozzle diameter, PL for laser
power, vf for feed rate, dz for focal position, ds for stand-off distance, and pgas for gas pressure.
The laser cutting parameters were determined in advance by testing a parameter field. The
parameter set with the lowest burr formation was selected for the studies presented.

Figure 1. Specimen geometry manufactured by laser cutting, with dimensions in mm.

Table 1. Chemical composition of AISI 304 sheet metal used in this work.

Elem. C S P Mn Si Cr Ni N Fe

wt.% 0.02 0.006 0.03 1.42 0.38 18.4 8.1 0.035 Bal.

Table 2. Process parameters for laser cutting.

fcoll/mm ffoc/mm dnozzle/mm PL/kW vf/m·min−1 dz/mm dns/mm pgas/bar

100 150 2.3 3 16.5 −0.3 0.5 11
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In order to provide a benchmark of the fatigue strength of non-brazed specimens and
to evaluate the influence of the brazing process on the cyclic loading capacity, part of the
laser-cut specimens was subjected to fatigue testing in the as-cut condition.

2.2. Characterization of Pre-Deformed and Thermally Treated Base Samples

The investigations presented here focused on exploring the applications of formed
sheet metal components to which further elements are brazed after forming. Accordingly,
in these applications, the formed microstructure is heated by the brazing process, which
should lead to annealing effects. The influence of both factors, pre-deformation and
a subsequent thermal treatment (mimicking the heat input through the brazing), was
analyzed through preliminary tests. For this purpose, laser-processed test samples were
pre-deformed to a total strain of 28% by means of a tensile testing machine. The deformation
was intended to simulate the forming of the sheet into the component. Afterwards, the
brazing process was simulated by means of a specific heat treatment in an oven, replicating
the thermal input through the actual conductive brazing process as accurately as possible.
The mentioned process of conductive brazing was used for all of the brazed samples in
this work, and is presented in detail in Section 2.3. Figure 2 shows the temperature–time
curve of brazing in the conductive brazing test stand.

Figure 2. Temperature–time curve of the conductive brazing process.

As-cut and pre-deformed specimens were heat-treated according to the temperature
regime presented in Figure 2. This approach resulted in 4 different specimen conditions:

• As-cut;
• As-cut and heat-treated according to conductive brazing;
• As-cut and subsequently pre-deformed (28% total strain);
• As-cut, subsequently pre-deformed (28% total strain), and finally, heat-treated, mim-

icking the thermal input through conductive brazing.

The microstructures in all conditions were analyzed. For this purpose, cross-sections
were prepared, which were electro-chemically polished and then etched with a mixture of
hydrochloric acid, nitric acid, and etching additive. Subsequently, three specimens of each
condition were subjected to tensile testing. The specimen geometry shown in Figure 1 was
used, which is not a standardized tensile test specimen. Accordingly, the measured values
primarily serve as bases for relative comparisons of the different sample statuses, and not
so much as design criteria under standard conditions.
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2.3. Preparation of Brazed Specimens

The brazed test sample shape was derived from the base specimen, as described in
Section 2.1, and from load-bearing components with a brazed-on local reinforcement (LR).
A cuboid piece was brazed onto the surface of the specimens, located in the middle of the
sample. The shape enables a direct comparison with the base material properties while
displaying typical geometrical details, as given in the applications considered. Detailed
geometry of the base specimen with brazed-on LR is depicted in Figure 3.

Figure 3. Geometry of the base specimen with brazed-on local reinforcement, with dimensions in mm.

The samples with brazed-on LR were produced by a test stand developed in-house at
Technical University Dresden, hereafter called a “conductive test stand”, as shown in Figure 4.
This test stand enabled the video documentation of high-temperature brazing processes due
to its local heating mechanism. In contrast to industrial vacuum furnaces, this test stand does
not require heating a whole vacuum chamber, but rather heats up the test sample alone due to
the conductive heating principle applied. As such, test samples are fixed in the test stand by
means of two clamps made of copper. An external voltage leads to an electrical current in the
sample, and due to the geometric tapering in the middle of the sample, there is an increase in
the electrical resistance at this point. In the controlled process, this increased electrical resistance
leads to defined heating and enables the brazing process.

Figure 4. Conductive brazing test stand developed at Technical University Dresden.

The brazing was conducted at high vacuum conditions of 10−4 mbar and at a maxi-
mum temperature of 1120 ◦C. The temperature–time curve is shown in Figure 2. The filler
metal was a brazing paste of Ni620, according to ISO 17,672, with a B2 binder provided
either by a dosing syringe with a 10% mass proportion of binder or a brazing tape, both
prepared and provided by Innobraze GmbH.

2.4. Fatigue Testing

The fatigue testing was carried out on a Gigaforte resonance testing machine from
Russenberger Prüfmaschinen AG. This fatigue test system is able to generate test frequen-
cies of approximately 1000 Hz. AISI 304 is known for adiabatic heating during testing at



Metals 2021, 11, 2063 5 of 11

high test frequencies [11]. For the specimen geometry shown in Figure 1, the ratio of the
test length to the test cross-section was specifically designed for a best possible application
at very high test frequencies. The individual design is based on preliminary investigations
focusing the heating tendency of the material. While using the mentioned geometry with
the smallest possible test volume, an external cooling with compressed air prevented the
material from heating during fatigue testing. The stress ratio, R, was set to 0.1, and the
number of load cycles at which a test sample was performed was defined as 108 load cycles.
A frequency change, ∆f, of 3 Hz was defined as a stop criterion for testing, indicating
technical crack initiation. Fracture surface analyses were performed on failed specimens
using scanning electron microscopy (SEM).

3. Results
3.1. Influence of the Brazing Process on Microstructural and Quasi-Static Properties

Figure 5 shows the results of the microstructure analysis as part of the preliminary
tests. This analysis was performed directly in the middle of the test samples (Figure 1). The
presented conditions were as-cut (a), pre-deformed to 28% strain (b), and pre-deformed
to 28% strain and heat-treated, simulating the thermal input during conductive brazing
(c). The as-cut and heat-treated condition is not explicitly exhibited, because no noticeable
difference in microstructure from the as-cut condition was observable.

Figure 5. Microstructure of specimens investigated in the preliminary tests: (a) as-cut; (b) pre-deformed to a total strain of
28%; (c) pre-deformed to a total strain of 28% and heat-treated in accordance with a conductive brazing temperature regime.
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The microstructural analysis showed that the initial as-cut condition had a predomi-
nantly austenitic microstructure, with twins and precipitates. As a result of the plastic pre-
deformation to 28% total strain at an initial temperature of 22 ◦C, a deformation-induced
phase transformation from γ-austenite to α′-martensite occurred [12]. This material be-
havior is used in the field of TRIP steels [13]. Measurements with a type MP30 Feritscope
from Helmut Fischer GmbH showed an α′-martensite content of 5% to 8%. However, this
phase transformation was completely reversed by applying a heat treatment inspired by
conductive brazing, which was already expected as per previous investigations [14]. Fer-
itscope measurements showed an α′-martensite content of less than 1% after the treatment.
Meanwhile, the very short treatment time resulted in hardly any change in grain size.

Figure 6 presents the results of the tensile tests. It can be seen that the yield strength
of the 28% pre-deformed condition was significantly increased and the elongation at
break was significantly reduced, which can be attributed to strain hardening and α′-
martensite formation [15]. All other conditions showed almost similar tensile strengths
and elongations at break. Five samples of each condition were tested. However, due to
the small scatter of the results, only one tensile curve was presented for each condition
for ease of visualization. The results suggest that the yield strength of brazed specimens
actually decreases. Taking the results of the microstructure analysis into account, it can be
stated that the thermal input into the material largely reversed the strengthening effect of
the previous forming step, i.e., strain hardening and α′-martensite formation, even though
the maximum temperature was only subjected for a few minutes. Consequently, it was
assumed that the strengthening effects provoked by an initial forming process were at least
in the vicinity of the brazing joint revoked by the thermal input and did not have to be
further considered in the test matrix for fatigue testing.

Figure 6. Stress–strain curves for different processing conditions from preliminary tests prior to
fatigue testing.

3.2. Fatigue Behavior of As-Cut and Brazed Specimens

Figure 7 shows the results of the fatigue tests. It can clearly be seen that the specimens
in the as-cut condition showed a significantly higher fatigue strength than was the case for
specimens with brazed-on LR. Most of the run outs for the as-cut condition were observed at
a stress amplitude of 400 MPa, whereas in the case of brazed specimens, it was only 225 MPa.



Metals 2021, 11, 2063 7 of 11

Figure 7. Results of the fatigue tests of as-cut and brazed specimens.

Fatigued samples were subjected to fracture surface analysis by SEM. Figures 8 and 9 show
fracture surfaces representative for samples in the as-cut and brazed condition, respectively. For
the as-cut specimen, it can be seen that the fatigue crack initiated at the burr and propagated
through the material. In the case of the brazed specimens, on the other hand, no specimen
failed in relation to the laser-cut edge. Instead, process-related inhomogeneities in the filler
metal always led to crack initiation. The brazed connection between base material and LR
never failed.

Figure 8. Fracture surface analysis of an as-cut specimen: (a) overview; (b) crack-initiating site at the burr of the laser-cut edge.
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Figure 9. Fracture surface analysis of a brazed specimen: (a) overview; (b) crack-initiating defect.

Cross-sections were prepared on selected fractured brazed specimens. This is shown
in Figure 10. It was observed that crack initiation started at inhomogeneities positioned
in the diffusion zone of the filler metal and the base material. Multiple cracking was also
partially observed.

Figure 10. Cross-section of the brazed joint of a failed specimen: (a) overview; (b) filler metal seam
where the failure occurred; (c) filler metal seam featuring crack propagation into the base material.

4. Discussion

In many cases formed sheet metal components are characterized by an increase in
strength due to strain hardening, which is realized during forming of the final component
geometry. In the case of sheet metal components made of AISI 304, α′-martensite formation
leads to further strengthening of the material [16]. However, the preliminary tests on
pre-deformed and heat-treated specimens showed that a heat input is typical for thermal
joining, with brazing which completely reverses the strengthening effect, both in the
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microstructural analysis and in the tensile tests. The yield strength in the tensile test tends
to be even lower compared to the as-cut condition, the latter already having a negative
effect on the mechanical strength on its own. It can be concluded that, consequently, brazing
must have a significant influence on the cyclic loading capacity, because the local brazing
of elements to the formed component leads to local microstructural changes in the effective
area of the brazing joint, which can be compared to annealing effects due to the heat input.

In fact, the fatigue tests showed a decrease in fatigue strength of almost 50% in the
case of a brazed-on LR compared to as-cut specimens. Examination of the fracture surfaces
revealed significant differences in crack initiation mechanisms. Laser-cut specimens failed
at the burr of the laser-cut edge. The heat input of laser cutting led to microstructural
changes on the cutting edge of the work piece, and the burr acted as a micro-notch for
crack initiation [17]. Therefore, the fatigue behavior in the range of high cycle to very high
cycle fatigue is dominated by competition of the different crack initiation mechanisms, i.e.,
microstructural notch versus geometrical notch.

In the present study, a comparable interaction was observed for brazed specimens.
The fracture of the specimens started at inhomogeneities at the surface of the filler metal
fillet, where a diffusion zone between the filler metal and base material was formed. A
typical fractured surface is shown in Figure 9. The signs at the fractured surface clearly
indicate the defect as the cause of failure. It acts as local notch and leads to a microscopic
stress concentration where the fatigue crack initiation was located. In some cases, this
severe geometrical and metallurgical notch effect even leads to multiple cracking (see
Figure 10). However, in contrast to the burr of the laser cut, the interactions between
metallurgical and geometrical notches are significantly more pronounced. This results in a
heavily reduced cyclic load capacity compared with as-cut specimens.

It should be emphasized at this point that a nickel-based filler metal material was
used, which exhibits a higher hardness than stainless-steel base material. To what extent
the failure mechanism could change with a filler metal material of similar or even lower
hardness than the base material is yet to be investigated. The open question in this respect
is whether a more ductile, and hence, more failure-resistant, filler metal material may
compensate the coincidence of macroscopic and microscopic notch effect in the brazed
joint up to a certain degree.

From the overall observations, it can be concluded that there is no interaction between
laser cutting and brazing features in the experimental design conceived for these experi-
ments. However, mutual interaction cannot be ruled out if the filler metal and laser-cut
edge form a shared influencing area and diffusion zone. Regarding the use of laser cutting
for the production of formed sheet metal parts with brazed-on elements, it can therefore
be stated that a laser cutting process can be used without negative effects on the fatigue
behavior, as long as brazing does not take place in the immediate vicinity of the laser-cut
edge. As long as this is ensured, the cyclic strength of the components is dominated solely
by the microstructural and geometric notches of the brazed joint and focus should be on
optimizing the process to minimize these effects.

5. Conclusions

Microstructural analysis, tensile and fatigue tests were performed on laser-cut speci-
mens made of AISI 304, partly with brazed-on LR. The test sample design was based closely
on the application model of formed sheet metal components with brazed-on elements. The
aim of the study was to assess whether laser cutting could be used as a manufacturing
method for such components. The investigations led to the following findings:

• Heat input of the conductive brazing reverses the strengthening effect of pre-deformation,
both through a decrease in strain hardening and the reverse transformation of α′-
martensite to γ-austenite;

• The fatigue strength of laser-cut specimens with brazed-on LR is almost 50% lower
compared to the as-cut condition;
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• As-cut specimens failed at the burr of the laser-cut edge, whereas samples with
brazed-on LR failed due to inhomogeneities at the surface of the filler metal fillet at
the transition area between the filler metal seam and base material;

• The macroscopic- and microstructure-related notch effect of the brazed-on LR domi-
nated the fatigue behavior and no interaction with the laser-cut edge was observed,
because there was no contact area with a shared diffusion zone;

• Laser cutting can be considered as a manufacturing method of formed sheet metal
components with brazed-on elements, as long as the brazed joint is not placed in the
immediate vicinity of the laser cutting edge.

Future work should focus on the possible interactions of laser cutting and brazing.
The question remains as to what extent the cyclic loading capacity is further influenced
by a shared diffusion zone of both processes. Regarding the brazed joint, it was observed
that crack initiation always occurred at microstructural defects on the surface of the filler
metal fillet. The question here is in how much defects induced by the brazing process will
further lower the fatigue strength or not, and how this can be considered during the fatigue
assessment of safety-relevant parts.
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