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Abstract
When dissimilar metal welding of high-manganese (Fe-Mn) steels with low-alloyed steels, martensite may form in the weld
metal. Current constitution diagrams for weld metal microstructure prediction cannot be used for Fe-Mn steels since the influence
of the high manganese content in those steels is not sufficiently considered in the Ni equivalent. This paper concentrates on the
development of a new constitution diagram for reliable weld metal microstructure prediction when dissimilar metal welding of
Fe-Mn steels with low-alloyed ferritic and martensitic steel grades. For developing the constitution diagram a specially designed
arc melting technique was used to experimentally simulate dissimilar weld metals in different dilutions and compositions. The
resulting samples were evaluated regarding the type and quantity of the microstructural phases by means of hardness and ferrite
number measurements as well as light-optical microscopy. Using this dataset it was possible to determine functional correlations
between the chemical composition and the weld metal microstructures. By means of statistical analysis, a new constitution
diagram was developed. Actual GMAWwelds of different material combinations were performed to validate the applicability of
the diagram. The new constitution diagram has a very high prediction accuracy and also distinguishes between the different types
of martensite (ε and α’).
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1 Introduction

In recent years, particular importance has been attached to aus-
tenitic Fe-Mn steels for applications in automotive vehicle
structures. These steels achieve excellent mechanical properties
in terms of high strength and plasticity due to the TWIP
(twinning-induced plasticity) effect. [1, 2] Particular challenges
in fusion welding of those new steel grades result from their
integration in existing structures of established high strength
auto body steels, such as ferritic or martensitic steels. Previous
studies showed the presence of martensitic constituents in the

dissimilar weld metal depending on dilution, welding process,
and cooling conditions as well as the used filler metal for those
dissimilar metal welds (see Fig. 1). This can lead to brittle
component failure under dynamic or multiaxial loads. [3, 4]

Historically, industrial users utilized constitution diagrams
for determining the weld metal microstructure. However, cur-
rent available and also scientifically recognized diagrams,
such as the Schaeffler diagram or the WRC-1992 diagram
cannot be used for the novel Fe-Mn steels. The effect of their
very high manganese content of 15 to 25 wt.-% is not suffi-
ciently considered in the nickel equivalent.

Klueh et al. [5] and Lee et al. [6] developed modifications
of the Schaeffler diagram particularly for high-manganese
steels (see Fig. 2). Klueh et al. [5] realigned the boundary lines
in the Schaeffler diagram. This modified Schaeffler diagram
was used as basis in Lee’s investigations [6] to adapt the
equivalents. However, the applicability of these diagrams for
the prediction of weld metal microstructures should be
questioned. The test alloys used to create the diagrams were
not produced under actual welding conditions, but as rolled
products with a final annealing process for several hours
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between 1000 and 1150 °C and subsequent cooling under
helium atmosphere or water quenching. The maximum tem-
perature as well as the heating-up, holding, and cooling con-
ditions have a significant influence on the transformation and
precipitation conditions, so that the microstructures of the
wrought alloys and weld metals can differ significantly [7].

Since there is no constitution diagram for reliable micro-
structure prediction for dissimilar metal welds of high-
manganese steels, the objective of this study was to develop
a new constitution diagram for dissimilar metal welding of
austenitic Fe-Mn steels in combination with low-alloyed fer-
ritic or martensitic steels. The focus of the investigations was
not only on the development of functional relationships be-
tween the alloying elements and the microstructure formation
but also on the correlation between the weld metal microstruc-
ture and the resulting properties, e.g., the weld metal hardness.

2 Experimental

2.1 Test materials

Materials for this study included three different austenitic Fe-
Mn steels with varying alloying content, along with a ferritic
low-alloyed steel HC340LA (EN 10268 [8]) and a press-

hardenable boron-manganese steel 22MnB5 (EN 10083-3
[9]), which has a ferritic-pearlitic microstructure as delivered.
The base metals are received in as-rolled condition with a
sheet thickness ranging from 1.5–3.0 mm. In addition, three
different high-manganese welding consumables are used be-
sides the commercial available Cr-Ni filler metal ISO 14343-
A - G 18 8 Mn (FM-III) and the low-alloyed filler metal ISO
14341-A-G 3Si1 (FM-V). Table 1 shows the chemical com-
position of the test materials.

2.2 Experimental weld metal simulation

Most of the established constitution diagrams were deter-
mined on the basis of the evaluation of numerous actual weld
metals, which were iteratively produced in various combina-
tions of base and filler metals and different dilutions. An al-
ternative to this very laborious procedure is a simple arc melt-
ing technique, also known as button melting technique
[10–12]. This procedure has already been successfully applied
by Balmforth and Lippold to create a constitution diagram for
dissimilar metal welds of ferritic and martensitic steels [10,
13].

Based on the principle of the button melting technique an
arc melting technique was set up and optimized that enables
an experimental simulation of dissimilar weld metals, which
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Fig. 2 Modified Schaeffler diagram according to Klueh et al. [5] (left), and modification of the equivalents according to Lee et al. [6] (right)

Fig. 1 Hardening structure in the weld metal of a dissimilar GMAWand laser beam joint consisting of an austenitic Fe-Mn steel (lower sheet) and the
ferritic steel HX340LAD (upper sheet) [3]
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was already shown in detail in previous articles [14, 15].
Samples of different material combinations are melted in a
range of dilutions using a GTA process in a water-cooled
copper crucible under argon atmosphere (see Fig. 3).
Homogeneous mixing in the sample is obtained by a rotary
movement of the GTA electrode and multiple remelts. As a
result of optimization measures (e.g., crucible shape) it is pos-
sible to produce dissimilar weld metals of any material com-
bination in defined dilutions under GMAW adequate cooling
conditions (cooling time t8/5 = 11–15 s). Thus time-consuming
and cost-intensive processes of iterative production of actual
welds can be avoided.

A significant factor for the resulting microstructure consti-
tution in dissimilar weld metals is the dilution. According to
Herold [16], it is defined as the unavoidable pick up of base
metal, filler metal or metal from already welded beads or layers
in the welding zone. The degree of dilutionΦ specifies the area
proportions or mass proportions of the melted joining partners
in relation to the total weld metal. In the context of the exper-
imental weld metal simulation, the degree of dilution is to be
understood as the mass ratio of the joining partners. The degree
of dilution is designated hereinafter asΦj, with j =A (austenitic
Fe-Mn steel), F (ferritic steel), or M (martensitic steel).

The test materials were combined in a variety of different
combinations and dilutions to produce a wide range of differ-
ent weld metal microstructures and chemical compositions.

This should ensure both a precise determination of the bound-
ary lines between the resulting types of microstructures and a
reliable development of functional relationships between
chemical composition and type of microstructure.

2.3 Weld metal characterization

The dissimilar weld metals were characterized by hardness
(HV10) and ferrite number (FN) measurements as well as
light-optical microscopy (LOM) performed on cross-sections
through the center of the samples. The correlation of hardness
and FN provided an initial evidence of the forming micro-
structural phases in the weld metal as shown in a previous
paper [14]. In dissimilar weld metals of Fe-Mn steels, the
two types of martensite ε and α’ can form. However, only
α’-martensite has ferromagnetic characteristics in contrast to
the paramagnetic ε-martensite [17, 18]. Therefore, a simulta-
neous increase in hardness and FN is only to be expected in
the case of α’-martensite formation. The correlation of hard-
ness and FN can also be used to distinguish between martens-
ite and ferrite. For example, an increase in FN with a simulta-
neous decrease in hardness indicates ferrite formation [14].
The FN was measured using a Fischer-Feritscope® MP3C.
Based on a magnetic induction, the device records all ferro-
magnetic constituents. LOM provided the final information
about the present microstructural constituents by revealing

Table 1 Chemical composition
(wt.-%) of the test materials Test materials C Mn Al Si Cr Ni P S Fe and other

Austenitic Fe-Mn steels

Fe-Mn-I 0.37 19.1 1.21 0.54 2.10 0.30 0.020 <0.001 Bal.

Fe-Mn-II 0.65 15.3 2.30 2.23 0.08 0.10 0.006 0.0002 Bal.

Fe-Mn-III 0.30 15.9 0.003 0.16 14.7 0.41 0.025 0.003 Bal.

Ferritic/martensitic steels

HC340LA 0.09 1.0 0.03 0.29 0.02 0.01 0.017 0.007 Bal.

22MnB5 0.23 1.2 0.04 0.24 0.11 0.01 0.017 0.005 Bal.

Filler metal

FM-I 0.60 17.4 – 0.33 – – 0.002 0.009 Bal.

FM-II 0.64 14.5 0.02 0.74 4.0 0.21 0.002 <0.031 Bal.

FM-III 0.08 7.0 – 0.80 19.0 9.0 0.002 0.009 Bal.

FM-IV 0.15 17.6 0.04 0.006 0.02 – 0.002 0.003 Bal.

FM-V 0.07 1.5 – 0.86 0.03 0.01 0.01 0.016 Bal.

base metal 
combination 

base and filler metal 
combination 

GTA melting standard melting 
sample 

optimized melting 
sample 

Fig. 3 Illustration of the process from the base material to the melting sample
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the morphological appearance of the phases. For this purpose,
a number of different etchants were used including mainly
Klemm I, LePera and Beraha. Most of the alloys responded
well to Klemm I, but at higher Cr contents LePera and Beraha
delivered better contrasts between the phases.

2.4 Statistical data analysis

The alloying elements most commonly used in steels can
be subdivided into two groups. These are the austenite
formers (e.g., Ni, C, Mn) that promote the formation of
the non-magnetic, face-centered-cubic austenite, and the
ferrite formers (e.g., Cr, Mo, Si, Ti), which promote the
formation of the magnetic, body-centered-cubic ferrite. To
determine which elements and their coefficients should be
used in the new equivalency relationships for the predic-
tion of weld metal microstructure, statistical classification
methods were used. The type of microstructure (austenite,
austenite + martensite, etc.) was defined as the dependent
variable, while the elements affecting the phase stability
were defined as the independent (explanatory) variables.
The objective of the classification analysis was to deter-
mine simple prediction rules that allow the user to esti-
mate the resulting microstructure at a glance. The new
diagram should linearly combine austenite and ferrite for-
mers in separate equivalent formulas as established in
previous constitution diagrams. These linear combinations
should be recorded at the horizontal and vertical axes in a
two-dimensional system. For the classification based on
the available data an approach via a canonical discrimi-
nant analysis was used, which is also applicable when the
data are not normally distributed. [19] The discriminant
analysis was performed using SPSS Statistics software.
This process produces a linear combination of the form:

Y ¼ b1X 1 þ b2X 2 þ…þ b jX j ð1Þ

In this case, Y is the discriminant variable and bj are the
coefficients for the alloying elements Xj. The elements
initially included in the discriminant analysis were C,
Mn, Ni, Cr, Al, Si, Mo, Co, Ti, N, and Cu. Starting from
a canonical discriminant analysis including all elements,
all subsets of variables were tested, which produced a
variety of linear combinations. Various potential discrim-
inant functions including different combinations of ele-
ments with different coefficients were developed. These
discriminant functions were examined regarding the suc-
cess rate of accurate classification of the data by cross-
validation. Moreover, it was checked whether the coeffi-
cients have the expected signs to provide meaningful in-
terpretations. The optimum solution was chosen in terms
of prediction accuracy and metallurgical plausibility.

3 Results and discussion

3.1 Effect of dilution on weld metal properties

The results of the FN measurements show an increase of the
FN with increasing dilution of ferritic or martensitic joining
partner (cf. Table 1) as expected. Fig. 4 shows an example of
this phenomenon using a material combination of Fe-Mn-II
and 22MnB5. The threshold between paramagnetic (FN = 0)
and ferromagnetic (FN > 0) response of the dissimilar weld
metals varies slightly depending on the material combination
and dilution. In the example of Fig. 4 this threshold is at a
dilution of ΦM = 30% (FN = 0.2). Also in the overall view for
all material combinations, this threshold is reached at a dilu-
tion ΦF or ΦM of approx. 30%. The ferromagnetic response is
a first indication for the formation ofα’-martensite in the weld
metal. The trend of the hardness is very similar to the FN. In
the example of Fig. 4 the hardness is comparatively low (~
200 HV10) up to a dilution of ΦM = 40%, but then increases
significantly, which also indicates a martensite formation.
When looking at the correlation between hardness and dilu-
tion for all material combinations (see Fig. 7 later in this pa-
per), the hardness is less than 300 HV10 if the dilution ΦF or
ΦM is below 30–40% and then increases rapidly. However,
while the hardness decreases after passing through a maxi-
mum at a dilution ΦF or ΦM of approx. 60–80%, the FN in-
creases continuously until reaching its maximum at a dilution
of 100%. This characteristic suggests a gradual formation of
ferrite at higher dilutions.

As a result of the metallographic characterizations by
LOM, the following types and combinations of microstruc-
tures are distinguished that are present in the weld metal de-
pending on material combination and dilution (see Fig. 5):

& A = austenite
& A+F = austenite + ferrite
& A+M(ε) = austenite + ε-martensite
& A+M(ε) + F = austenite + ε-martensite + ferrite
& A+M(α’) = austenite + α’-martensite
& M(α’) = α’-martensite
& M(α’)+F = α’-martensite + ferrite
& F = ferrite

This confirms the assumptions made on the basis of FN and
hardness. Depending on the material combination, martensite
forms for the first time in samples with a dilution ΦF or ΦM of
approx. 10–30% (see Fig. 7). At low dilutions of ferritic or
martensitic steel and high amounts of Fe-Mn steel, a multi-
phase microstructure consisting of A+M(ε) is present, where-
as α’-martensite is forming at higher dilutions ΦF or ΦM. The
FN was used here complementary to distinguish between ε-
and α’-martensite taking advantage of their ferromagnetic
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characteristics. The paramagnetic ε-martensite is optically
characterized by a structure of thin, flatly bounded plates,
which partly have a ribbon-like shape (see Fig. 5 b).
Schumann [17, 18, 20] already described the possibility of
the formation of ε-martensite in Fe-Mn alloys with high Mn
content (> 10% Mn) and low stacking fault energy. The α’-
martensite that is formed with increasing dilution ΦF or ΦM

occurs in the dissimilar weld metals in the morphological ap-
pearance of both the plate and the lath martensite. The needle-
shaped plate martensite is found together with fractions of
residual austenite (see Fig. 5 e), whereas the lath martensite
shows a massive appearance without residual austenite (see
Fig. 5 f). Furthermore, mixed forms of ε- and α’-martensite
can also be assumed, but these cannot be clearly separated
metallographically. Additional XRD analyses were used to
prove the simultaneous presence of ε- and α’-martensite
[21], but the analysis of every single sample using XRD
would have been too expensive due to the high amount of

samples. For this reason, the double formation of martensite
was not considered as a separate microstructure constitution.

Studies regarding the hardness of weld metal depending on
the type and fraction of martensite show that samples having a
high amount of ε-martensite are relatively soft (< 250 HV10),
while samples having the same amount of α’-martensite in-
stead of ε-martensite are more than twice as hard to some
extent (see Fig. 6). In conclusion, a high martensite fraction
without distinction between ε- and α’-martensite is not an
evidence for a hard weld metal structure. Therefore, it is im-
portant for the subsequent analysis and correlations to differ-
entiate between ε- and α’-martensite.

As can be seen from the correlation of microstructure and
hardness as a function of dilution ΦF or ΦM (see Fig. 7), the
formation ε-martensite does not affect the hardness significant-
ly. As already mentioned above, the hardness starts to increase
significantly at a dilution ΦF or ΦM of about 40%. The corre-
lation with the results obtained by LOM shows that this is
directly related to the formation of α’-martensite. The highest
hardness values are determined in the A+M(α’) and M(α’)
microstructures at dilutions ΦF or ΦM of approx. 60–80%.

3.2 Statistical data evaluation and development
of the new constitution diagram

The arc melting technique was used to produce a large number
of dissimilar weld metals over a wide range of different com-
positions. A total of 132 differently alloyed weld metals were
produced and characterized with regard to hardness, FN and
microstructure. The classification of the samples using the
Schaeffler diagram shows a poor correlation to the actual weld
metal microstructures, as already expected (see Fig. 8 left).
Only 64% of the data are classified correctly. The Schaeffler
diagram predicts martensite in compositions that are
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martensite-free and a mere shift of the microstructure bound-
aries is not appropriate because of the high overlap of different
types of microstructures when using the Schaeffler equivalent
formulas. Moreover, the Schaeffler diagram does not differen-
tiate between ε- and α’-martensite.

The new equivalent formulas were developed using canon-
ical discriminant analysis. This led to a complex mathematical
correlation for classifying the data. To obtain a two-dimensional
illustration, the number of discriminant functions had to be
reduced. In the present situation, only the first discriminant
function was used to constitute the equivalent formulas. Thus,
the alloying elements were combined linearly with the coeffi-
cients of the first discriminant function as follows:

Y ¼ 10:563� Cþ 0:523�Mnþ 0:682� Nið Þ
þ 0:278� Cr þ 0:756� Al–0:590� Sið Þ ð2Þ

The coefficients were multiplied by a scaling factor and
practically rounded. Then the discriminant function was di-
vided into two separate equivalents. In accordance with the
established constitution diagrams, the equivalent with the aus-
tenite formers was placed on the vertical axis and that with the
ferrite formers on the horizontal axis (see Fig. 8 right).

Furthermore, a correction factor of 2.5 was added in the equiv-
alent of the horizontal axis so that all points are located in the
first quadrant. The sectioning between the microstructure re-
gions is arranged by straight lines.

The newly developed constitution diagram, the COHMS
diagram (short for Constitution of High Manganese Steel
Welds), classifies 93% of the weld metal microstructure cor-
rectly. The other 7% are close to the boundary lines. Besides
the different coefficients and the additional distinction be-
tween ε- and α’-martensite, a significant difference to the
Schaeffler diagram (and also to other diagrams) is that silicon
is assignedwith a negative factor. In principle, silicon is one of
the ferrite formers, so a positive coefficient would have to be
assumed. However, in Fe-Mn steels, silicon reduces the
amount of the face-centered-cubic austenite phase and pro-
motes the formation of martensite [3]. Studies by Zhao [22]
on the influence of silicon on martensite transformation show
that the martensite starting temperature increases significantly
with increasing Si content. According to this, it can be sup-
posed that a martensite formation in dissimilar weld metals of
Fe-Mn steels is also promoted by silicon, which is indicated
by the negative sign.

The statistical software could not estimate a clear influence
for nitrogen. This is probably due to the fact that the Fe-Mn
steels have only very low nitrogen contents. Since the influ-
ence could not be calculated, it cannot be taken into account in
the equivalent formulas. However, the high classification ac-
curacy indicates that there should not be any negative
implications.

3.3 Validation of the COHMS diagram

The applicability of the constitution diagram for microstruc-
ture prediction in dissimilar GMAW welds was evaluated by
GMAW-CMT lap welds. For this purpose, mainly dissimilar
joints and also partly similar joints were produced for selected
material combinations with different degrees of dilution. To
achieve different dilution ratios, the variation of torch offset
and wire feed speed (≙welding current) was mainly used. The
heat input per unit length varied between 2.4–4.4 kJ/cm,
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resulting in cooling time t8/5 between 9 and 22 s in the weld
metal. Based on the metallographically determined dilution
and the calculated chemical composition of the GMAW weld
metals, the equivalents for the respective GMAWweld metals
were determined and plotted in the COHMS diagram (see
Fig. 9). The comparison of the actual and predicted weld metal
microstructure shows that 89% of the GMAWweld metals are
predicted correctly under the above welding conditions. The
other 11% are in the near range of the boundary lines. Slight
deviations in the area of the boundary lines cannot be avoided
completely. On the one hand, the diagram was developed on
the basis of a limited dataset and therefore represents a suffi-
ciently accurate approximation solution for the underlying
data. On the other hand, the formation of the weld metal

microstructure depends on many random influencing factors
that cannot be fully taken into account. These include, for
example, chemical inhomogeneities in base and filler metals,
discontinuities in the welding process, varying cooling condi-
tions, welding process-related burn-off, inaccuracies in the
determination of the dilution, preparation-dependent micro-
graphs, etc. Therefore, when applying the COHMS diagram
in practice: The boundary lines are not to be considered as
universal fixed boundaries between the different types of mi-
crostructure. As in the Schaeffler diagram and in all other
constitution diagrams, the boundaries are to be understood
as transitional areas determined under laboratory conditions.
Especially between the regions A+M(ε) and A+M(α’), a tran-
sition area is to be assumed due to the possible concurrent
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presence of both types of martensite. In fact, the constitution
diagrams are only valid under the test conditions under which
they were established. This is why the COHMS diagram, as
well as the other constitution diagrams, is a simple tool for
predicting the resulting weld metal microstructure with suffi-
cient accuracy.

3.4 Use and limits of the COHMS diagram

The new constitution diagram can be used in the same way as
the Schaeffler diagram. The chemical composition of the base
and filler metals are recorded as points in the diagram using
the equivalent formulas and then connected by straight lines.
With knowledge of the dilution, the point of the dissimilar
weld metal can then be plotted on the connecting line and
the microstructure expected at room temperature can be
predicted.

The diagram was developed for dissimilar joints of austen-
itic Fe-Mn steels and low-alloyed ferritic or martensitic steels
produced by GMAW welding. For this reason, the diagram
may only be used for material combinations whose alloy con-
tents are within the limits listed in Table 2. The compositional
range of confidence is derived from the compositions of the
used database. Moreover, the diagram is only adapted for con-
ventional arc welding processes with cooling conditions com-
parable to those of a GMAW-CMT process (see above).
Welding processes with high energy density, such as laser

beam welding or resistance spot welding, result in very high
heating and cooling rates as well as different mixing condi-
tions. This may lead to differences in phase transformation
behavior and weld metal microstructures. Furthermore, it is
not recommended to extrapolate the microstructure regions
outside the boundaries of the diagram.

3.5 Additional indication of weld metal hardness
in the COHMS diagram

Based on the hardness valuesmeasured in the melting samples
and GMAW weld metals, HV-ISO lines were determined and
recorded in the COHMS diagram for additional estimation of
the weld metal hardness (see Fig. 10). Above the < 300 HV
line hardness values of less than 300 HV are to be expected.
Hardness values between 300 and 350 HV can occur in the
gray band below. Beneath this, a weld metal hardness of sig-
nificantly greater than 350 HV is expected in the microstruc-
ture regions A+M(α’), M(α’) and M(α’)+F. The hardness
only decreases again below 350 HV as soon as ferrite (F) in
the weld metal is present.

4 Conclusions

1. An arc melting technique was used to experimentally sim-
ulate dissimilar weld metals. Thus the influence of the
chemical composition on the resulting type of microstruc-
ture could be investigated effectively and a comprehen-
sive dataset was generated.

2. It was shown that different types of martensite (ε and α’)
can form in dissimilar metal welds with Fe-Mn steels. Due
to the very different properties, especially the hardness,
they have to be distinguished.

3. By means of a discriminant analysis, a mathematical cor-
relation between chemical composition and weld metal
microstructure was developed. This enabled the deriva-
tion of new equivalent formulas. As a result, the
COHMS diagram shows a significant better accuracy for
microstructure prediction of high-manganese dissimilar
metal welds than the Schaeffler diagram. It is also possible
to distinguish and predict the different types of martensite
(ε and α’).

4. In addition to the microstructure prediction, the weld met-
al hardness can also be roughly estimated.

Table 2 Compositional range of confidence for the COHMS diagram

Elements [wt.-%]

C Mn Cr Ni Al Si Mo Ti N (Mn+Ni)/Cr

0.06–0.66 0.9–19.1 0–19.3 0–8.5 0–2.3 0.09–2.23 0–0.35 0–0.02 0–0.3 > 0.78
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Fig. 10 COHMS diagram with additional HV-ISO lines to roughly esti-
mate the resulting weld metal hardness
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5. The new diagram should be applied only within the given
compositional range of confidence and for conventional
arc welding processes comparable to a GMAW-CMT
process.
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