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Abstract

Aim of this work is to investigate joining of additively manufactured Ti-6Al-4V with conventionally
manufactured Ti-6Al-4V by laser beam welding. In this context the influence of different heat-treatment
conditions on the joint strength is examined. The samples were analyzed by optical microscopy on polished
and etched cross-sections and by microhardness measurements. Furthermore tensile test were performed
to evaluate the mechanical strength of the samples. In dependence of the heat-treatment condition an
average ultimate tensile strength of up to 866 MPa was measured for joints between L-PBF material and
conventional hot rolled sheet metal. Hence, the joint strength is in good accordance with reference samples
consisting of laser welded sheet metal parts reaching only a slightly higher average ultimate tensile strength
of 912 MPa. However, the standard deviation (n=10) of the joint strength is increased from 8 MPa for the
reference group to 41 MPa for the L-PBF/sheet metal joints.
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1. Introduction and state of the art

Additive manufacturing (AM) is currently gaining an increasing importance in industry (Wohlers, Caffrey,
and Campbell 2016). By producing parts layer by layer on basis of digital data complex geometries can be
fabricated without the need of product specific tools. This offers a flexible manufacturing approach for e.g.
individualized parts or high-performance parts for various applications ranging from industry (Uhlmann et al.
2015) to medical (Jardini et al. 2014). The most widely used process for AM of metals is laser powder bed
fusion (L-PBF) (Wohlers, Caffrey, and Campbell 2016). The basic process schema is shown in Fig. 1. L-PBF
facilitates processing of a wide range of alloys like stainless steels (Lavery et al. 2017), aluminum alloys
(Brandl et al. 2012) or nickel-base alloys (Sadowski et al. 2016). Due to their superior strength to weight
ratio, corrosion resistance and biocompatibility (Leyens and Peters 2003) titanium alloys are especially
interesting for AM applications. These excellent material properties of titanium alloys in combination with
the freedom in design offered by L-PBF allows the production of highly optimized parts.
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Fig. 1. Basic process schema for L-PBF of metals

However, despite its advantages L-PBF faces, several restrictions. Firstly, the maximum part dimensions
are limited by the available build envelope of the machine. Current L-PBF machines feature build envelope
dimensions ranging from about 100 mm (EOS GmbH 2019) to 500 mm (SLM Solutions GmbH 2019). The
largest commercial L-PBF machine is offered by Concept Laser GmbH (Lichtenfels, Germany) with a build
envelope of 800 x 400 x 500 mm?* (Concept Laser GmbH 2019), thus defining the maximum manufacturable
parts size of L-PBF parts. In addition to the restricted maximum part size, the L-PBF process is relatively slow
and expansive compared to most conventional manufacturing technologies like sheet metal forming, casting
or milling (Baumers et al. 2016). Hence, for manufacturing larger parts novel solutions need to be developed.
To overcome the drawbacks of a limited part size and slow build rates, manufacturing of hybrid-parts from L-
PBF and conventionally manufactured elements can be an attractive solution to exploit the benefits of two
manufacturing technologies. This would allow to manufacture the bulk of a part conventionally and apply
additive manufacturing only where necessary. These hybrid-manufacturing approaches are already
investigated e.g. for the combination of L-PBF and milling, for L-PBF and forging (Rosswag GmbH 2017) or for
L-PBF and sheet metal forming (Huber et al. 2019). All these approaches have in common, that a
conventionally manufactured base body was prepared, positioned in the build envelope of an L-PBF machine
and an L-PBF structure was built on top of the base body. This is promising for speeding up the overall
process route and allows the functionalization and customization of conventionally manufactured
components by AM. Nevertheless, the build envelope restriction remains, since the whole base body has to
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be positioned in the L-PBF machine. Furthermore, a flat surface is required to build upon and hence L-PBF on
complexly shaped three-dimensional surfaces is limited.

In this context, the availability of a capable joining technology for metal AM-parts and conventionally
manufactured parts would provide another alternative for producing hybrid-parts and for realizing part sizes
exceeding the build envelop of typical L-PBF machines. For this purpose, laser beam welding of Ti-6Al-4V is
investigated. The alloy Ti-6Al-4V is the most common titanium alloy and is widely used for L-PBF (Herzog et
al. 2016). Welding of Ti-6Al-4V is in general feasible and well investigated for conventionally manufactured
material (Akman et al. 2009). However, during L-PBF the material faces cooling rates in the range of 10° -
10°K/s, which are significantly higher than at conventional manufacturing processes. This results in non-
equilibrium a’-martensitic microstructures (Thijs et al. 2010) that have different physical properties than
conventionally manufactured Ti-6Al-4V and might have an influence on the welding process. Furthermore,
with respect to practical application a heat-treatment has to be considered in conjunction with L-PBF. This is
common to remove the process inherent internal stress and to adjust the microstructure and mechanical
properties (Vilaro, Colin, and Bartout 2011). It is expected, that the order in which the process steps heat-
treatment and welding are undertaken has an influence on the resulting properties of the weld seam and is
hence investigated.

2. Aims and Methods

Aim of this work is to investigate the influence of different sequences of heat-treatments and laser beam
welding on the resulting quality of joints between additively manufactured Ti-6Al-4V and conventionally
manufactured Ti-6Al-4V sheet metal. For this purpose, seven groups of samples each consisting of ten tensile
test samples and one sample for metallographic investigations were prepared. For four groups AM material
was welded with hot-rolled sheet metal with heat-treatments before welding, after welding and before and
after welding. One group was welded without any heat-treatment. To identify the effects of L-PBF on the
joint quality also three groups consisting only of hot-rolled sheet metal were welded. The heat-treatments
were performed before and after welding and for one group no heat-treatment was performed at all.
Furthermore one group of sheet metal was tested without welding and heat-treating as a reference group.

Table 1. Sample groups investigated within this work

Description Abbreviation Number of samples

Sheet metal + AM material, no heat-treatment SM + AM, no HT 10+1

Sheet metal + AM material, heat-treatment after SM + AM, HT after 10+1
welding

Sheet metal + AM material, heat-treatment priorto ~ SM + AM, HT prior and after 10+1

and after welding

Sheet metal + AM material, heat-treatment prior to SM + AM, HT prior 10+1
welding

Sheet metal + sheet metal, no heat-treatment SM, no HT 10+1

Sheet metal + sheet metal, heat-treatment after SM, HT after 10+1
welding

Reference, no welding, no heat-treatment Ref, no HT 10

The sheet metal samples were prepared by laser beam cutting from a hot rolled plate with a thickness of
2 mm. The L-PBF samples were built using an SLM 280" L-PBF machine from SLM Solutions GmbH (Libeck,
Germany). The parameter set that was applied for producing the parts was taken from previous work (Huber
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et al. 2019) and is shown in Table 2. The parameter set facilitates the production of almost defect-free parts
with relative densities of 99.8 % and higher. The gas-atomized Ti-6Al-4V powder was provided by TLS Technik
GmbH & Co. Spezialpulver KG (Bitterfeld-Wolfen, Germany). The particle size distribution of the powder,
which was determined by laser diffraction, is 20 um to 63 um.

Table 2. L-PBF parameter set for the building the Ti-6Al-4V samples

Laser power Scan speed Spot diameter Hatch distance Layer thickness

400 W 900 mm/s 110 um 120 um 50 um

The chemical composition of the powder, the sheet metal and one L-PBF sample was analyzed by energy-
dispersive X-ray spectroscopy (EDS). The concentration of the metallic elements is well in accordance with
the specifications given in DIN 17851 for the alloy Ti-6Al-4V (DIN 17851: Titanium alloys, Chemical
Composition 1990).

The laser welding experiments were performed using a TruDisk 6001 disk laser from Trumpf GmbH + Co.
KG (Ditzingen, Germany) and a PFO 33-2 focusing optics, also from Trumpf. The welding parameters were
selected on basis of preliminary experiments. The selected parameter set results in sound weld seems
without typical welding defects like incomplete fusion or major undercuts across.

Table 3. Parameter set for laser welding of the samples

Laser power Welding speed Spot diameter Shielding gas
6000 W 7 m/min 170 um Argon

The samples that were designated for heat-treatment were annealed for two hours at 850 °C in argon
atmosphere and slowly cooled in the furnace before and/or after welding respectively (see also Table 1). This
heat-treatment was chosen based on (Vrancken et al. 2012) and already applied in previous work (Huber et
al. 2019). Since the heat-treatment temperature is below the B-transus temperature of Ti-6Al-4V (Leyens and
Peters 2003) no a = B phase transformation is expected. However, the o-martensitic microstructure that
forms due to the high cooling rates during L-PBF (Vrancken et al. 2012) and laser beam welding respectively
(Akman et al. 2009) is supposed to be converted into an acicular a-p microstructure.

Following welding and heat-treating the tensile strength of the samples was investigated to evaluate the
quality of the weld seams in dependence of the heat-treatment condition. The tensile teste were performed
according to (EN ISO 6892-1 2016). The sample geometry with a rectangular cross-section, a thickness of 2
mm and a sample width of 6 mm was chosen according to (DIN 50125 2016) and was produced by milling.
For the microstructural investigations the samples were cut by abrasive cutting, embedded in epoxy resin,
grinded, polished with 3 um diamond suspension and further polished with an active oxide polishing
suspension (colloidal silica and hydrogenperoxide). To reveal the microstructure the polished samples were
etched with Kroll’s reagent (Petzow 2015). The microhardness was measured using a KB 30 S testing machine
from Hegewald & Peschke MeR- und Priiftechnik GmbH (Nossen, Germany).

3. Results and Discussion

The resulting average ultimate tensile strength (UTS) of the sample groups (compare Table 1) is shown in
Fig. 2. The highest UTS of 91248 MPa was measured for welded sheet metal (SM) samples without heat-
treatment. This value is well in accordance with literature (Casalino, Mortello, and Campanelli 2015). All
samples fractured in the base material, hence indicating a good weld seam quality. As shown in Fig. 3 and
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also demonstrated in prior publications e.g. by (Kabir et al. 2012) the weld seam consists of a’-martensite
which is stronger, but less ductile than the globular a-p microstructure of the base material. Consequently,
the welded samples are even stronger than the non-welded sheet metal reference group with an UTS of
88219 MPa. The a’-martensitic microstructure of the weld seam is converted into an acicular a-B
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Fig. 2. Average tensile strength in dependence of the heat-treatment condition and the manufacturing process (additive manufacturing
(AM) and hot rolled sheet metal (SM)); abbreviations resolved in Table 1

microstructure by the heat treatment at 850 °C. This reduces the strength but is supposed to increase
toughness and ductility (Vrancken et al. 2012). As a consequence of the heat-treatment the UTS of the
welded samples decreases to 83511 MPa.

Comparing the samples welded from AM and SM with the SM-only samples similar trends can be
observed. Thus, the highest UTS is measured for the non-heat-treated samples and heat-treating decreases
the strength. The average UTS of the SM+AM samples is significantly lower (compare Table 4) than the
average UTS of the SM-only samples with a similar heat-treatment condition. Furthermore, the standard
deviation of the SM+AM samples is significantly higher (compare Table 4). Breaking of the samples occurs
predominantly in the weld region, with the exception of the SM + AM, no HT samples, that break in the SM
base material. This indicates, that L-PBF has a negative effect on the weld quality independently from the
investigated heat-treatment states. However, no major welding defects like pores, cracks, or unmolten areas
are visible in the microsections of the weld seams (see Fig. 3). Another possible explanation could be
aluminum evaporation during L-PBF. However, the aluminum content of the L-PBF samples, that was
determined by EDS-measurements, is in the range of 5.9+0.03 wt.% and hence only about 0.2 wt.% smaller
than the aluminum content of the sheet metal. Both values are in the range defined in (DIN 17851: Titanium
alloys, Chemical Composition 1990). For this reason it is assumed that the aluminum content of the L-PBF
samples is not the source of the reduced tensile strength. A further possible explanation could be an
increased oxygen, hydrogen or nitrogen content entrapped in the rapidly solidified L-PBF material, due to
residual air or humidity in the argon atmosphere of the L-PBF machine. It can be assumed that the
concentration of these elements in the hot rolled sheet metal, is lower than in the AM material. This could
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possibly lead to small scale defects after re-melting during welding, that are not detected by optical
microscopy and would explain the lower UTS and the increased scattering of the of the values for the SM +
AM welds.

Table 4. Results of U-test (test for equal mean value) and Bartlett test (test for equal variances) for SM + AM, no HT vs SM no HT and SM
+ AM, HT after vs SM, HT after; statistical tests performed with the software Minitab

Test Combination p-value
U-test SM + AM, no HT vs SM no HT 0.000
Bartlett test SM + AM, no HT vs SM no HT 0.000
U-test SM + AM, HT after vs SM, HT after 0.007
Bartlett test SM + AM, HT after vs SM, HT after 0.000

Another effect that is observed is that heat-treating of the AM samples before welding further decreases
the average UTS independently whether an additional heat-treatment is performed after welding. Thus, the
lowest average UTS of 711466 MPa was measured for the sample group SM + AM, HT prior and after. A
possible explanation is an additional incorporation of oxygen or nitrogen, which could lead to welding
defects. A coarsening of the a-B microstructure due to the second heat-treatment was not observed.

Fig. 3 shows etched microsections of three welded samples with different heat-treatment conditions. No
major welding defects like porosity or insufficient melting are observed. Only small underfill defects that are
also reported in publications by (Shariff et al. 2011) or (Kabir et al. 2012) can be seen. The welds have an
hourglass-like shape and a width of approximately 500 um in the narrowest section. The heat-treatment
condition of the AM-sample doesn’t seem to have an impact on the morphology of the weld seams.

Weldseam

/ Cross-section
th !

HT before and after welding No heat-treatment

Cross-section

Welding
direction

Fig. 3. Microsections perpendicular to the weld direction etched with Kroll’s reagent



LiM 2019

The microstructure and the microhardness of two AM + SM samples with and without a heat-treatment
after welding was further investigated and is shown in Fig. 4. The microstructure of the sheet metal is a
globular a- microstructure (B appearing darker) with a microhardness of 322+3 HV0.01. The microstructure
of the weld is a’-martensitic with a hardness of 443116 HV0.01 and the heat affected zone (HAZ) forms a
transition between the sheet metal and the a’martensitic microstructure of the weld. This was already
reported e.g. by (Squillace et al. 2012). The AM material also has an a’-martensitic microstructure with a
hardness similar to the weld. The HAZ between AM base material and weld can’t be distinguished in the
microsections (see Fig. 3 and Fig. 4). However, probably due to tempering effects and relaxation the
hardness of the HAZ on the AM side is slightly reduced to 429+20 HV0.01. A transformation of a’-martensite
into an a-B microstructure, as it could be expected, doesn’t occur in the HAZ. It is assumed, that the
necessary temperatures are not kept for a sufficient time, to facilitate this transformation. Following the
heat-treatment at 850 °C the a’-martensite is completely converted into an acicular a-B microstructure as
reported by (Vrancken et al. 2012). In this process the microhardness is reduced to about 370 — 380 HV0.01.

The microstructure and the microhardness of the sheet metal part stays unchanged. These
microstructural changes are in good accordance to the tensile test results and explain the reduced UTS of
heat-treated samples.
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45546 HV0.01 & [429:20 HV0.015 SN ¢

Fig. 4. Microstructure and microhardness (n = 12) of two AM + SM samples with and without a heat-treatment after welding
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4. Summary

Laser beam welding of additively manufactured Ti-6Al-4V with conventionally hot rolled Ti-6Al-4V was
investigated within this work. Since a heat-treatment is commonly applied after L-PBF, different heat-
treatment conditions were taken into account. The heat-treatment below the B-transus temperature of Ti-
6Al-4V, that was investigated, leads to a decomposition of a’-martensite in the weld seam as well as in the
AM part into an acicular a-f microstructure. In the process the microhardness of the material is reduced
from 440 — 450 HV0.01 to 370 — 380 HV0.01, but the toughness and the ductility is supposed to be increased.

It is shown, that sound weld seams without major welding defects like strong porosity or incomplete
fusion can be produced from additively manufactured Ti-6Al-4V and sheet metal independently of the heat-
treatment condition of the AM-material. However, it is observed, that AM samples show a lower ultimate
tensile strength and an increased variance of the ultimate tensile strength compared to welded sheet metal
(e.g. 866141 MPa compared to 912+8MPa). This could be explained by an increased oxygen, nitrogen or
hydrogen content of the L-PBF material compared to the hot rolled sheet metal, which might lead to small
scale welding defects.

Furthermore, a heat-treatment before welding reduces the ultimate tensile strength of the samples no
matter whether a second heat-treatment is applied after welding. One possible explanation could also be
oxygen or nitrogen incorporation during the heat-treatment caused by impurities of the argon atmosphere
of the furnace, which might affect the weld quality. Hence, for practical applications it is recommended to
perform the heat-treatment after welding.
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