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Abstract
The joining of plastics is required because component geometries are severely restricted in conventional manufacturing processes
such as injection molding or extrusion. In addition to established processes such as hot plate welding, infrared welding, or
vibration welding, hot gas butt welding is becoming more and more important industrially due to its advantages. The main
benefits are the contactless heating process, the suitability for glass fiber reinforced, and high-temperature plastics as well as
complex component geometries. However, various degradation phenomena can occur during the heating process used for
economic reasons, due to the presence of oxygen in the air and to the high gas temperatures. In addition, the current patent
situation suggests that welding with an oxidizing gas is not permissible depending on the material. On the other hand, however,
there is experience from extrusion welding, with which long-term resistant weld seams can be produced using air. Investigations
have shown that the same weld seam properties can be achieved with polypropylene using either air or nitrogen as the process
gas. Experimental investigations have now been carried out on the suitability of different gases with regard to the weld seam
quality when welding polyamides, which are generally regarded as more prone to oxidation. The results show that weld strengths
are higher when nitrogen is used as process gas. However, equal weld strengths can be achieved with air and nitrogen when the
material contains heat stabilizers.
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1 Introduction

In industry, glass fiber reinforced and high-temperature plastics are
often joined by infrared welding [1], since the particle formation
that occurs during vibration welding is no longer desired or per-
mitted in production [2]. The challenges in infrared welding lie in
the selection of a suitable emitter system as well as in the complex
emitter-material interactions duringmelting of the joining partners.
The usage of quartz glass emitters is limited by the complexity of
the weld seam geometry, since the manufacturing of a contour-

following emitter system is not feasible with tight radii and high
contour jumps. Metal foil emitters can be designed to follow the
contours, but the electrical heating circuits must be separated, oth-
erwise there is a risk of short circuit. Therefore, overlaps and closed
weld seams can only be realized to a limited extent and often lead
to an inhomogeneous melting behavior of the seam geometry [3,
4]. Also, hot plate welding is often no alternative due to the melt
adhesion to the heating element, the temperature limit of the coat-
ing (approx. 270 °C) [5], and the damage of the non-stick coatings
by reinforcing fibers [6]. For these reasons, hot gas butt welding,
another non-contact heating process, is becoming increasingly
widespread in industry [7].

2 Motivation

2.1 Hot gas butt welding

Hot gas butt welding is a two-stage, contactless welding
process with a process sequence similar to infrared
welding. The process starts with the placing of the
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two joining parts into the part fixtures. In the subse-
quent heating phase, the required melt layer thickness
is plasticized with the aid of a heated process gas which
is directed onto the surface of the joining seam through
nozzles adapted to the component geometry. In industry,
round nozzles are mainly used in rows as nozzle geom-
etry, as they are more flexible than slotted nozzles and
their design is also less complex. However, slotted noz-
zles achieve a better visual and mechanical weld seam
quality [8, 9]. The convective heat transfer is addition-
ally overlaid by heat radiation emitted by the heated hot
gas tool. After a defined heating time, the changeover
phase follows, in which the hot gas tool moves out of
the heating zone, similar to hot plate welding, and the
two joining parts are welded together either force- or
displacement-controlled. The holding phase should be
carried out at least until the entire joining seam has
cooled down to a temperature below the melting tem-
perature of the material in order to avoid damage to the
joint produced. The component can then be removed.

The joining direction for hot gas butt welding can be
either vertical or horizontal. In the horizontal mode of
operation, the process gas flows onto the joining sur-
faces in a horizontal direction, and the joining direction
is also horizontal (Fig. 1). In the vertical joining direc-
tion, the parts to be joined are located one above the
other and are plasticized from above or below by the
process gas along or against the force of gravity. The
advantage of the vertical joining direction is that geo-
metrically symmetrical melt layer profiles are produced,
because there is no uneven melt flow due to the grav-
itational force lying parallel to the joining direction.
However, when designing the process, it should be con-
sidered that the upper joining part can be heated up
more than the lower joining part due to a stack effect.

2.2 Challenges

As process gas either an inert or an oxidizing gas can be
used to plasticize the joining surfaces by convection.
Welding in the presence of an oxidizing gas can, howev-
er, as in infrared welding [7], lead to excessive thermal-
oxidative degradation of the material and thus to a dete-
rioration of the mechanical weld properties. However, the
use of an inert gas, such as nitrogen, leads to increased
operating costs. In order for users of the process to be
able to make the best economic choice, it is necessary to
know which materials do not require the use of an inert
gas. Heating by hot gas offers the typical advantages of
non-contact heating, is also suitable for high-temperature
thermoplastics, and does not produce any particles via
abrasion. However, due to the low heat transfer coeffi-
cient, the gas temperatures required are between 350 and
550 °C, which are significantly higher than the melting
temperatures of the materials, i.e., in the range of the
thermally induced degradation of the materials. A distinc-
tion is made between purely thermal degradation, where
chain splitting occurs due to high temperatures, and
thermal-oxidative degradation. This occurs at high tem-
peratures and in the presence of oxygen and, in addition
to chain splitting, branching, and cross-linking, can result
in a change in the chemical composition of the plastic.
While thermal degradation in an inert atmosphere only
occurs at high temperatures (e.g., for PC starting at 340
°C), even lower temperatures in an oxygen-containing at-
mosphere (e.g., for PC starting at 200 °C) can cause ox-
idation reactions. The resulting reduction in molar mass
and the change in molar mass distribution and a splitting
off of low-molecular products (depolymerization, side
group splitting) have a negative effect on the mechanical
properties of the plastic [10–15].

Fig. 1 Principle of horizontal hot
gas butt welding with joining
parts (1), hot gas butt welding tool
(2), and process gas supply (3)
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[16, 17] are the only scientific publications that have dealt
with the heating behavior for welding of plastics by hot gas. A
significant part of the work is attributed to theoretical and
experimental research of hot gas preheating during extrusion
welding, parameter influences, melt formation, material reac-
tions, and the influence of nozzle shapes and jet behavior.
However, the conditions and findings from continuous extru-
sion welding cannot be transferred to the static situation with
two-sided mold part heating. At best, some basic findings,
e.g., on the volume flow, the basic material reactions with
regard to material degradation and the basically unfavorable
heat transfer can be used for comparison. However, the inves-
tigations in these publications were only carried out with poly-
olefins, which are generally considered to be less prone to
oxidation. It is known from extrusion technology that different
material reactions can occur when polyamides are processed
in inert or oxidative atmospheres [18]. A comparable behavior
is also expected in hot gas butt welding.

Tests carried out with unreinforced and glass fiber
reinforced polypropylene have shown that welding fac-
tors of 1 can be achieved with air as process gas [19].
The welding factor of a welded sample is the quotient
of the weld strength and the material strength and is
used to evaluate the quality of the welded joint.
Ideally, the welding factor is 1, in which case, the weld
does not represent a local weakness in the entire com-
ponent [20]. To determine which polyamides can be
welded with which process gas, extensive experimental
investigations were also carried out with air and nitro-
gen and various polyamides. The motivation for these
investigations is that the use of air as process gas leads
to a significant reduction of process costs.

3 Experimental

3.1 Materials

The materials selected for the experimental investigations
(Table 1) are used industrially in many areas. For the
investigations, plate specimens with the dimensions
130 mm × 70 mm × 4 mm were produced by injection
molding. The material strengths for the materials after the

injection molding process were determined experimental-
ly on five unwelded specimens to enable the calculation
of welding factors according to guideline 2203-5 (testing
of welded joints of thermoplastics plates and tubes—
technological bend test) of the DVS. All materials were
dried before injection molding and joining, each accord-
ing to the manufacturer’s specifications.

3.2 Experiment setup and procedure

A hot gas butt welding tool from KVT Bielefeld GmbH
(Fig. 2, left) was used for force-controlled welding of the
test specimens. Within this tool, the process gas absorbs
energy at the heated surfaces by convection and is thus
heated to a maximum temperature of 550 °C. Then, the
process medium flows through round nozzles with a de-
fined volume flow onto the surfaces to be joined and gen-
erates the required melt layer thickness. In order to reduce
the influence of the residual melt layer thickness on the
weld strength, force-controlled welding was used.

In order to reduce the number of experiments, design of
experiment (DoE) is used for the welding tests. To optimize
the system response (tensile strength) as a function of several
continuous or discrete parameters (see Table 2), the split-plot
response surface method (RSM) was used with an I-optimal
design that minimizes the average variance of the prediction.
Response surface experiments address the prediction of a val-
ue from given parameters. A split-plot design is chosen be-
cause the temperature in the welding experiments can only be
changed with a larger amount of time. Therefore, grouped
temperatures (whole plots) are created by the program, in
which heating time and type of gas are varied (subplots). In
contrast to the frequently used D-optimal design, an I-optimal
design is used here, since very good predictions can subse-
quently be obtained for optimizing the tensile strength, while
at the same time, the influence of the welding factors is pre-
cisely determined. Depending on the melting temperature of
the material, the lower limits of gas temperature and heating
time are selected to achieve sufficient weld strength and to test
the tensile strength of the welded joint. For the three materials,
it was determined in previous investigations that the optimum
joining pressure is 0.19 N/mm2. Therefore, the joining pres-
sure was set to this value. The holding time was set to 45 s to

Table 1 Materials for the
experimental investigations Material PA6 PA66 heat-stabilized PA6-GF30

Heat stabilization No Yes No

Manufacturer Lanxess DuPont BASF

Type Durethan B30S Zytel 103HSL NC010 Ultramid B3EG6

Determined material strength [MPa] 77.4 81.2 114.0
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ensure cooling of the joining zone well below the melting
temperature of the material before the welding part is removed
from the machine. This prevents subsequent, unintentional
damage to the welded joint.

Five welded joints were made per testing point in
order to obtain a statement about the reproducibility.
The welded test specimens were then prepared for the
quasi-static tensile test with a sample saw in accordance
with guideline 2203-2 (testing of welded joints between
panels and pipes made of thermoplastics—tensile test)
of the DVS. The flash was not removed. The tensile
test was performed according to DIN EN ISO 527 at
a test speed of 20 mm/min on a Zwick Roell Z010
tensile testing machine with a 10 kN load cell. To eval-
uate the weld seam quality, the measured tensile
strengths were converted into welding factors with the
help of the previously determined material strengths.
When interpreting the results, it has to be considered
that the flash was not removed before the tensile test
so that they could contribute to an increase of the tested
area. In addition, the coefficients of variation (relative
standard deviation) were determined to assess the repro-
ducibility of the welded joints. For reasons of clarity
and because a statement about reproducibility is not
the aim of these investigations, the coefficients of vari-
ation are described comparatively, but not shown

graphically. The microscopic images of the fracture sur-
faces were taken with a Keyence VHX-600 microscope
under reflected and polarized light.

To be able to make a statement about the service life of the
manufactured connections, the manufactured connections of
PA6 were also tested in a thermal shock test. The test param-
eters shown in Table 3 were used for this purpose. This setup
simulates an aging of about 10 years for applications in the
engine compartment of a motor vehicle (Karger O, HELLA
GmbH & Co. KGaA, personal communication, October 23,
2019). The results of PA6 before and after the thermal shock
test are not described in welding factors as the material
strength cannot be used as a basis for the calculation.

4 Results

In the following, the results of the experimental investigations
for the tested materials are presented and explained. In each
case, information on the statistical significance of the model
parameters and the degree of fit of the data to the model poly-
nomial is first provided in order to assess the quality of the
models generated. To determine the significance of the indi-
vidual influencing factors, the p-values of the model are ana-
lyzed. If the p-value is less than or equal to the significance
level α = 0.05, a statistically significant association of the
influencing factor with tensile strength is identified.

4.1 PA6

The R2 of 98.86% means that more than 98% of the variance
in tensile strength is explained by variation in the tensile

Table 2 Parameters of the welding process

Gas temperature [°C] 400 to 550

Gas [-] Air or nitrogen

Heating time [s] 15 to 35

Nozzle distance [mm] 2

Joining pressure [N/mm2] 0.19

Volumetric flowrate per
joining surface area [l/(min*mm2)]

0.0577

Holding time [s] 45

Changeover time [s] < 1.5

Table 3 Parameters of
the thermal shock test Upper temperature Tu [°C] + 125

Lower temperature Tl [°C] − 40

Number of cycles [-] 500

Cycle duration [min] 60

Fig. 2 Left: Test setup with hot
gas butt welding tool. Right:
Arrangement of round nozzles
adapted to the weld seam
geometry of the plate specimens
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strengths considered. The adjustedR2 of 95.07% indicates that
every factor contributed to an improvement in the prediction
of the tensile strength. In summary, these parameters indicate
a very good fit of the model to the model polynomial. The
information about the statistical significance of the model pa-
rameters are given in Table 4.

The comparison of the results welding with air and
nitrogen without the influence of the thermal shock test
(Fig. 3, left) shows that welding with nitrogen as

process gas achieves approximately twice as high weld
strengths as when using air. The results for air show
tensile strengths between 28 and 38 MPa for the param-
eters investigated, which corresponds to a welding fac-
tor between 0.4 and 0.5. When using nitrogen, short
heating times and low gas temperatures result in the
highest tensile strength of about 85 MPa, which corre-
sponds to a welding factor of 1.1. Welding factors for
nitrogen are higher than 0.9 over the entire test area. At
high temperatures and long heating times, the lowest
tensile strength of approx. 60 MPa is achieved, which
indicates increased thermal material damage. This is al-
so clearly shown by a strong brown coloration of the
material in the weld seam (Fig. 4). Furthermore, it was
found that the coefficients of variation with nitrogen are
significantly lower than with air, and the reproducibility
of the weld is therefore better with nitrogen.

The comparison of the results of air-welded joints
before and after the thermal shock test shows that the
tensile strengths over the entire test range are only
slightly reduced due to the influence of the thermal
shock test (Fig. 3, upper). The coefficient of variation
remains almost constant. By contrast, the tensile
strengths determined for the nitrogen-welded samples
are significantly reduced by about 30% for all process
parameters (Fig. 3, lower). In addition, the coefficients
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Fig. 3 Tensile strength of PA6 in
the short-term tensile test without
thermal shock test (left) and after
thermal shock test (right), both
heated with air (top) and nitrogen
(bottom)

Table 4 Statistical
significance of the model
terms for PA6

Model term p-value

A (gas temperature) 0.2419

B (heating time) 0.0841

C (gas) 0.0004

D (thermal shock test) 0.0001

AB 0.2898

AC 0.1304

AD 0.3066

BC 0.1554

BD 0.9359

CD 0.0001

A2 0.3652

B2 0.0311

Italicize entries are statistically significant.
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of variation are significantly increased by the influence
of the thermal shock test with nitrogen. During the ther-
mal shock test, no welded joints were broken due to the
direct influence of the temperature differences.

4.2 PA66 heat-stabilized

The R2 of 87.31% means that more than 87% of the variance
in tensile strength is explained by variation in the tensile
strengths considered. The adjustedR2 of 46.74% indicates that
almost half of the factors contributed to an improvement in the
prediction of the tensile strength. In summary, these parame-
ters indicate a good fit of the model to the model polynomial.
The information about the statistical significance of the model
parameters are given in Table 5.

The results of experimental investigations with heat-
stabilized PA66 show that very similar welding factors
are achieved with both nitrogen and air (Fig. 5).
Especially at low gas temperatures of 400 °C and long
heating times of 35 s, welding factors of about 0.6 are
obtained, where the melt layer is produced with material-
friendly process parameters. In particular, the long heating
time results in a large melt layer thickness. In force-
controlled joining, this allows the material near the surface,
which is thermally or thermally-oxidatively most degrad-
ed, to be displaced into the flash. As a result, the joint is
created by less damaged material. Furthermore, it was
found that the coefficients of variation are slightly higher
for welded joints produced with air.

The fracture surfaces of the heat-stabilized PA66 after
the tensile test are shown in Fig. 6. With a short heating
time of 15 s (Fig. 6, left), a smaller melt layer thickness is
built up, so that after joining, residues of the highly degrad-
ed material (brown discoloration) remain in the weld seam,
as they are not completely displaced into the flash. Due to
the force-controlled welding process, it is assumed that the
residual melt layer thickness remaining in the weld seam
after the joining process is approximately the same at both
test points. When a larger melt layer is produced by the
heating time of 35 s (Fig. 6, right), there are no thermally
damaged brown residues on the fracture surface. It is prov-
en that the thermally or thermally-oxidatively most dam-
aged material is displaced into the flash during the joining
process by the resulting squeezing flow. This results in a
slightly higher weld strength at constant gas temperature

Table 5 Statistical
significance of the model
terms for PA66 heat-
stabilized

Model term p-value

A (gas temperature) 0.0322

B (heating time) 0.0711

C (gas) 0.8008

AB 0.9346

AC 0.9276

BC 0.9052

A2 0.4933

B2 0.3573

Italicize entries are statistically significant.

500 µm 200 µm

Air

200 µm500 µm

Nitrogen

Fig. 4 Microscopy of PA6 weld seams, heated with air (top) and nitrogen (bottom); Tg = 550 °C, th = 19 s
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for longer heating times. The difference in the qualitative
behavior of the tensile strengths as a function of the varied
process parameters between PA6 and heat-stabilized PA66
can be explained by the higher melt viscosity of PA6. This
results in a completely different flow behavior of the melts
during joining.

4.3 PA6-GF30

The R2 of 95.09% means that more than 95% of the variance
in tensile strength is explained by variation in the tensile
strengths considered. The adjustedR2 of 78.72% indicates that
a large part of the factors contributed to an improvement in the
prediction of the tensile strength. In summary, these parame-
ters indicate a good fit of the model to the model polynomial.
The information about the statistical significance of the model
parameters are given in Table 6.

The results of the experimental investigations of PA6-
GF30 are shown in Fig. 7. They show that the highest welding
factors are generated with both air and nitrogen at medium gas
temperatures of approx. 480 to 500 °C. When welding with
air, similar to the heat-stabilized PA66, the longest possible
heating times should be selected to produce a large melt layer
thickness in order to displace the surface-near, thermally or
thermally-oxidatively degraded material into the flash. When
welding with nitrogen, high welding factors of about 0.8 are

achieved with medium temperatures and all heating times.
Here, as a result of the inert gas, no excessive thermal-
oxidative dame occurs, so that the surface material does not
necessarily have to be displaced into the flash to achieve a
high weld seam quality. The difference in the qualitative be-
havior of the tensile strengths as a function of the varied pro-
cess parameters between PA6 and PA6-GF30 can be ex-
plained by the higher thermal conductivity of the glass fiber
reinforced material. As a result, a greater melt layer thickness
can be produced in PA6-GF30 with the same process param-
eters, which influences the squeeze flow and hence also the
fiber orientation in the welded joint.

Table 6 Statistical
significance of the model
terms for PA6-GF30

Model term p-value

A (gas temperature) 0.0696

B (heating time) 0.0256

C (gas) 0.0011

AB 0.1058

AC 0.0117

BC 0.0555

A2 0.1511

B2 0.2199

Italicize entries are statistically significant.

Fig. 6 Fracture surfaces of heat-stabilized PA66 welded with air at Tg = 550 °C; left: th = 15 s; right: th = 35 s
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Fig. 5 Welding factors of heat-
stabilized PA66 heated with air
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short-time tensile test
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5 Summary and conclusion

Experimental investigations with non-heat-stabilized PA6 and
PA6-GF30 have shown that using nitrogen as a process gas,
higher weld strengths can be achieved with lower coefficients
of variation than when using air. A reduction of the weld
strengths can be prevented when welding the glass fiber rein-
forced PA6 with air by extending the heating time. This pro-
cess management causes the excessively damaged material to
be pressed from the joint surface into the flash, so that the
welded joint is produced by less degraded material.
However, the cycle time extension would again lead to an
increase in unit costs. Which influencing factor has a greater
economic impact here, the cycle time extension or the use of
an inert gas, should always be checked individually for the
relevant product. In some cases, the presence of a flash may
not be desired. So, choice of a process that uses the flash as a
way of carrying away the degraded material may not be
allowed. Flash traps could be used as a solution to this prob-
lem. In addition, it was shown that the use of nitrogen for a
heat-stabilized PA66 does not improve weld strength, and
therefore air can be used as a process gas for this material.
The results of thermal shock tests on non-heat-stabilized PA6
have shown that only the tensile strengths of nitrogen-welded
joints are reduced, by about 30%, but they still show accept-
able welding factors. These welds are still significantly stron-
ger than those produced with air as a processing gas.

Abbreviations DVS, German Welding Association; PA6, Polyamide 6;
PA66, Polyamide 6.6; PA6-GF30, Polyamide 6, 30% glass fiber rein-
forced; PC, Polycarbonate; Tg, gas temperature; th, heating time
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