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Abstract
Laser-welded joints of stainless steel AISI304 are investigated experimentally to determine the transfor- mation of
austenite to martensite during the welding process. This transformation, which occurs in the welded region due to
heating and residual stresses, can influence the fatigue and fracture properties of the affected material. Therefore, the
scope of the present study is to determine the quantity of introduced martensite in the welded region and hereby clarify
the influence of laser welding on the fatigue and fracture properties of welded AISI304 joints. The quantification of
martensite concentration is carried out by use of four different methods, namely Lichtenegger and Bloech (LB1) etching,
Ferritescope, X-ray diffraction (XRD), and Vickers hardness. It is found that a concentration of 1-1.6 % martensite is
introduced in the laser-welded area; a quantity that has insignificant influence on the fatigue properties of the joints.
Keywords: Metallurgical transformation, Martensitic phase, AISI304, Laser-welded joints.
1. Introduction
In the constant attempt to optimize the employment of joints in steel structures, various welding methods have been
developed since the Second World War. One of these methods is laser welding in which the heat source yielding the
melting process is generated by a laser beam. This specific welding method has a major advantage compared to other
methods, as it facilitates the joining of plates in several configurations (Li et al., 2014). For instance, the keyhole
technique (Li et al., 2014) makes it possible to weld perpendicular plates in one process (Morteza et al., 2007). This is
illustrated in figure. 1.

Figure 1. Illustration of the keyhole laser welding method in T-joints.
In the keyhole laser welding method, the top plate is penetrated with laser such the heat input is added to the underlying
plate. Hereby, the liquid material in the heated zone will interweave and, thus, create the joint. When a welding is added
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to a structure, it affects the material at both the melted area and the area next to the welding, known as the heat-affected
zone (HAZ). It is well known that the HAZ is of interest with regards to the durability of welded joints. However, when
using laser welding, higher temperature gradients occur compared to conventional welding methods. These higher
temperature gradients affect the joint, often by reduction of the durability.
In this laser welding process, metallurgical transformations, which alter, i.a., the fatigue and fracture properties of the
affected material (Müller-Bollenhagen et al., 2010; Jayaprakash et al., 2004; Rodríguez-Martínez et al., 2013), can
be triggered. In stainless steel AISI304, this transformation occurs under certain circumstances; primarily when the
material temperature is below 50 degrees Celsius (Rodríguez-Martínez et al., 2013). However, it is the impact from
the welding that causes the transformation. In particular, accumulated stresses and/or deformations can yield a
transformation from austenitic to martensitic phase (Kirk et al, 1999). The thermal variations produce no metallurgical
changes in AISI304 (Roth et al., 2010; Mostafa et al., 2012), but the welding process can accumulate residual stresses
that can trigger metallurgical transformations (Li et al., 2014; Mostafa et al., 2012; Mitra et al., 2004). In some cases,
the residual stress level is beyond σ0.2 in the welded region due to the asymmetric cooling of the structure. Consequently,
plastic strains are introduced, enabling activation of metallurgical transformation in the material (Ashok et al., 1989;
Paulo et al., 2013). This metallurgical transformation can only occur in a specific temperature interval. For instance, if
examining a thin plate made from AISI304, the temperature interval is about 40-50 degrees Celsius, thus providing a
measure by which the quantity of transformation can be controlled. This is documented in (Li et al., 2014; Mostafa et al.,
2012; Smaga et al., 2008) where a significant temperature rise due to adiabatic heating suppressed the transformation.

Figure 2. STT and DTT diagram of the ´transformation, where  and ´is austenitic and
martensitic structure.
Figure 2 shows the correlation of Stress-Temperature-transformation (STT) and Deformation–Temperature
-Transformation (DTT). Md is the maximum temperature at which transformation by deformation occurs, and Ms is the
transformation start temperature. At the Msσ temperature, the martensite transformation occurs when the stress level is
above σ0.2. For stainless steel, Msσ is between -10 and 50 degrees Celsius (Roth et al., 2010).
Since the transformation from austenite to martensite can result in significant degradations of fatigue and fracture
properties of steel material, multiple methods have been developed to estimate the volume of generated martensite
concentration. In the present study, four of such methods, namely Lichtenegger and Bloech (LB1) etching, Vickers
hardness, ferritescope, and x-ray diffraction (XRD), are utilized to quantify the amount of introduced martensite in
laser-welded AISI304 joints. As described in details in Section 3, each of the methods adds information about the
concentration of martensite, thus by employing these four methods instead of just one, the reliability of the martensite
concentration estimation is improved significantly. If the estimation is based on one method, it can be imprecise since
each method has inherent shortcomings. For instance, the ferritescope measures the magnetic elements and therefore it
cannot distinguish between martensite and ferrite elements in the welding.
The present study will investigate the martensite concentrations of the base material, welded zone and an oscillation
load influence on the amount of martensite. The scope is to identify which influence the metallurgical changes has on
the fatigue and fracture properties.
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2. Experimental Procedure
In the experimental work, specimens cut out mechanically from a 1 mm thick AISI304 stainless steel plate are utilized.
The chemical composition is determine by spectroscopy and the result is; 0.036 C, 0.42 Si, 1.28 Mn, 0.031 P, 0.0010 S,
18.21 Cr, 8.30 Ni, and 0.050 N.

Figure 3. Sketch of specimen used in the experiments.
In figure 3, a sketch of the specimens is shown. The welding was carried out with a carbon dioxide Nd:YAG laser,
which penetrates the surface with a spot size of 3 mm. The power input is 4 kW, with the laser head moving with a
speed of 200 mm/min.
As stated in the introduction, the transformation from austenitic to martensitic phase can only occur in the specific
temperature interval, [Ms;Md] (Kirk et al, 1999; Lin, et al., 2007; Müller-Bollenhagen et al., 2010). Ms and Md are
calculated with Eq. (1) and Eq. (2).
Ms (oC ) = 502-810(%C) - 1230(%N) - 13(%Mn) - 30(%Cr) - 12(%Ni) - 54(%Cu) - 46(%Mo)

(1)

Md (oC ) = 413 - 462(%C + %N) - 9.2(%Si) - 8.1(%Mn) - 13.7(%Cr) - 9.5(%Ni) - 18.5(%Mo)

(2)

Evidently, the content of C and N has the highest influence on the martensite trigger temperature. In this study, Ms and
Md define when the transformation occurs.
2.1 LB1 Etching
The LB1 etching method facilitates observation of numerous metallurgical phenomena (Alexander et al., 2012). When
etching AISI304, especially two of these phenomena are of interest namely transformation-induced-plasticity (TRIP),
which is martensite introduced by plasticity, and twinning-induced-plasticity (TWIP) (Roth et al., 2010). It can be
challenging to distinguish between TRIP and TWIP in a microscope view. This is exemplified in figure 4 where three
metallurgic compositions, TRIP, TWIP, and austenite, are presented. Clearly, judgments are necessary to achieve
satisfactory outline of the microscope view. However, etching will give an appraisal of the quantity of austenitic,
martensitic and ferrite phase (Paulo et al., 2013). Etching should be conducted immediately after mixing to ensure
that the dyeing will be sufficient.
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Figure 4. Etching of AISI304 with LB1. Austenite (A), martensite (M) and
TWIP (TW) formation are present.
2.2 Vickers Hardness Methods
The hardness of the material in the HAZ and the far field are measured by Vickers hardness. A concentration of
martensitic phase will yield a harder material, hence facilitating location of this concentration. Three locations on the
joint are measured; one in the center of the welding plus one 1 mm and one 5 mm from the center of the welding. The
hardness is then obtained as the mean of eight tests at each measurement point. By doing so, reliable results are
obtained in a simple way.
2.3 Ferrite Scope
The ferrite scope measures the amount of ferrite magnetic elements in the welded material (Alexander et al., 2012). The
measurements take place in two points, as indicated in figure 5. The results in these points are then converted to an
equivalent concentration of martensitic phase via Eq. (3).
Vol % martensite = 1.75 ∙ Ferritescope result

(3)

As mentioned in the introduction, the ferritescope method has a shortcoming because it cannot distinguish between
different magnetic elements. This is an issue in the present study since AISI304 can contain two magnetic elements, in
the form of martensite and δ-ferrite.

Figure 5. Ferritescope measurement points on test specimen. The point at the
welding is denoted center, while the other point is denoted far field.
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The presence of the latter in the HAZ is generally increased with high cooling rate (Eichelman et al., 1952). The
highest concentration of δ-ferrite is located in the zone between the melted and non-melted material (Prohaska et al.,
2012). Consequently, results from other methods, e.g. LB1, are a necessity to quantify the amount of martensite.
2.4 X-ray Diffraction
XRD measures the reflection from the examined material. Hereby, the distance between the atoms can be determined
and the crystal types identified. This method is based on Bragg’s Law of Diffraction, which measures the average
spacing between layers or rows of atoms (Li et al., 2014; Ashok et al., 1989).
In this study, Philips Xpert 3kV Cu X-Ray Diffraction equipment is used to examine two types of specimens; welded
and non-welded. Strain has been introduced to the non-welded specimens in accordance with four levels, namely 0%,
10%, 20% and 25% elongation. By doing so, the results can be used to analyse strain-introduced transformation in the
form of martensitic phase (Kurc et al., 2013; Jayaprakash et al., 2004).
3. Experimental results
The stress and deformation transformation levels of martensite are calculated by means of Eq. (1) and (2), resulting in
Ms = -236oC and Md = 42.5oC, respectively. The Ms is so low that no stress-induced transformation occurs in the weld.
Since Md = 42.5oC, the cooling subsequent to the welding procedure can introduce small amounts of DTT by thermal
deformation. The transformation can only occur in the temperature interval from 42.5 oC to the surrounding temperature,
thus the transformation level seems to be low such only a small concentration of martensite can be developed in the
welded area. In the following, the four-presented methods for detecting metallurgical changes will be applied to
examine the martensite concentration.
3.1 Application of LB1 Etching
The amount of transformation can be detected with LB1 etching (Talonen et al., 2004). The etching is used at a section
cut of the welding, and hereby a microscope photograph like the one in figure 6 can be established. The blue and brown
colors in figure 6 indicate martensite and austenite concentrations, respectively. Evidently, martensite concentrations are
introduced in the melted area and in the middle of the plate. The highest concentration of martensite is in the joint
between the two components. Additionally, the microscope photograph in figure 6 also shows a concentration of
martensite at the cut surface and along the rolling lines in the middle of the plate. The transformations in these areas are
caused by plastic deformations in the manufacturing process.

Figure 6. Etching of AISI304 with LB1 with indication of austenite, martensite
and TWIP formation.
3.2 Application of Vichers Hardness
In Table 1, the results from the Vickers hardness test are presented. Here, it is seen that the maximal hardness is found at
the center of the weld, with a value of 200 HV. The hardnesses found in the two adjacent points are 185 HV and 183 HV,
respectively. The findings clearly indicate martensite in the welded region.
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Table 1. Vickers hardness in specific distances from the welding center.
Distance (mm)
Hardness (HV)
0
200
1
185
5
183
3.3 Application of Ferritescope
The concentration of ferromagnetic elements is determined through a ferritescope. In the far field area of the welded
specimen, a concentration of 0.19-0.2 ferromagnetic elements is found, while the level in the center is 0.5-0.66. The
other welded specimen, which additionally has been loaded with an oscillation load, has a concentration of 0.2-0.22 in
the far field area and a concentration of 0.83-0.97 in the center. By substituting these results into Eq. (3), the
corresponding percentage martensitic phase concentrations are calculated. In Table 2, these calculated concentrations
are given.
Table 2. Results of percentage martensitic phase concentration found through ferritescope test of two different
specimens.
Ferritescope results Welded
Welded and loaded (HV)
Far Field

0.34%

0.37%

Center

1.00%

1.60%

Evidently, the amount of martensitic phase is 0.66 % higher in the center than in the far field for the welded specimen.
This difference increases to 1.23 % when examining the welded and loaded specimen.
3.4 Application of X-ray Diffraction
In the XRD study, references are generated for comparison with the welded specimens. The references are composed of,
respectively, undeformed (i.e. untreated) and deformed non-welded specimens of the base material, AISI304. As seen in
figure 7, where the XRD test results for the reference specimens are presented, the deformations lead to significant
decreases in the intensity of γ(311) and significant increases in the intensity of γ(111). Furthermore, it is observed that
the intensities of ’(200) and a’(220) increase slightly as a consequence of deformation.

Figure 7. XRD test results showing  and ´phase in references, i.e. untreated and deformed AISI304 specimens
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In figure 8, the results obtained in two analogous XRD tests of the laser-welded specimens are shown. Since the
results indicate consistency, only one set of test results is compared directly to the reference specimens, see figure
9.

Figure 8. XRD show γ and α´ phase in welded specimens of AISI304
When inspecting figure 9, it is evident that the intensities of γ(111) and γ(311) are lower in the welded specimen
compared to the untreated and deformed ones. This is due to disorder from the welding process. The intensity of α’(200)
is, however, highest in the welded specimen and lowest in the untreated, hence indicating a limited increase of
martensite in the welded area. Regarding α’(110), it is observed that the peak is wider for the welded specimen
compared to the corresponding peaks for the other specimens. This indicates that a larger amount of α’(110) is present
in the welded specimen. The highest changes is γ(311) between the welded material and the untreated material. For the
remaining phases, i.e. α’(220) and γ(200), insignificant changes are introduced as a consequence of welding.

Figure 9. XRD test results showing γ and α´ phase in welded, deformed, and untreated AISI304 specimens.
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4. Conclusion
In this study, laser welding-induced changes in the microstructure of AISI304 specimens are investigated experimentally.
In particular, the concentrations of martensitic phase have been of interest. These concentrations have been quantified
by use of four different methods, namely LB1 etching, ferritescope, x-ray diffraction (XRD), and Vickers hardness, and
hereby the following results have been obtained:
- LB1 etching shows a concentration of martensitic phase in the laser-welded material.
- The Vickers hardness test shows a significant increase of the hardness in the welded area. This indicates presence
of a limited concentration of martensite in the welded area.
-The ferritescope result is translated to percent- tage martensitic phase concentration. In the welded specimen, the
amount of martensitic phase is approximately 1 % and 0.3 % in the welded zone and at the far field, respectively.
By adding an oscillation load the martensitic phase concentration increases to 1.6 % in the welded zone and 0.35 %
at the far field.
-The XRD test shows a disorder in the microstructure in the melted material. Small increases in a’ (110) and a’
(200) are observed, hence indicating a limited increase of martensite.
The summative conclusion is that the laser welding- induced increase in martensite is less than 1 %, thus the laser
welding method has limited effect on the fatigue parameter.
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