Effect of deposition rate on microstructure and mechanical properties of
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Abstract: Wire arc additive manufacturing (WAAM) is a novel manufacturing technique by which high strength metal
components can be fabricated layer by layer using an electric arc as the heat source and metal wire as feedstock, and
offers the potential to produce large dimensional structures at much higher build rate and minimum waste of raw material.
In the present work, a cold metal transfer (CMT) based additive manufacturing was carried out and the effect of deposition
rate on the microstructure and mechanical properties of WAAM Ti-6Al-4V components was investigated. The
microstructure of WAAM components showed similar microstructural morphology in all deposition conditions. When the
deposition rate increased from 1.63 to 2.23 kg/h, the ultimate tensile strength (UTS) decreased from 984.6 MPa to
899.2 MPa and the micro-hardness showed a scattered but clear decline trend.
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1 Introduction

Ti-6Al-4V titanium alloy is widely used in aviation, aerospace and other fields owing to its high specific
strength, good corrosion resistance and outstanding high-temperature performance [1—4]. However, it is
difficult to process by traditional machining, due to the low thermal conductivity and high chemical activity
of Ti alloy, causing excessive tool wearing and difficulties in forming chips [5]. The recent emergence of
additive manufacturing overcomes the limitation of machining titanium alloys and offers great potential in
producing highlycomplex 3D structures through a layerwise approach with little waste and much shorter lead
time [6—8].

Wire arc additive manufacturing (WAAM), using an electric arc as the heat source and metal wire as
feedstock based on welding principles, offers the advantage of producing large dimensional structures layer
by layer at a high build rate and minimum waste of raw material [9]. In the WAAM process, wire is fed at a
controlled rate into an electric arc and is melted onto the substrate or the previously deposited layer, leading to
a much higher deposition rate than powder-based metal additive manufacturing processes [10, 11]. It has great
potential in reducing the cost of tooling, energy consumption and carbon footprint. Wire arc additive
manufacturing of Ti-6Al-4V has become particularly attractive to the aerospace industry as it can
significantly reduce the buy-to-fly ratio, i.e., the weight ratio between raw material and final parts, cut the cost
of expensive high grade Ti alloys and overcome the difficulties in traditional machining [12—-16].

Large dimensional titanium components can now be successfully fabricated by WAAM based on various
welding principles, such as gas metal arc welding (GMAW) [12, 17], gas tungsten arc welding (GTAW) [18,
19], and plasma arc welding (PAW) [20, 21]. Typically, the macrostructure of WAAM deposited Ti-6Al-4V, no



matter what type of WAAM is performed, is featured by epitaxial growth of large columnar prior-f grains
across multiple layers [19, 22]. The deposited material undergoes a melting and solidification process followed
by multiple heat treatment cycles due to the continuous deposition of subsequent layers [23]. Titanium has a
hexagonal close-packed crystalline structure, called the alpha (a) phase, and transforms into a body-centered
cubic structure, called the beta (f) phase, at a temperature above 883 °C. During the WAAM process, solidified
material may experience the “f—a” phase transformation several times and end up with a fine a-lath and a
small amount of residual S phase. Besides, the repeated thermal impact can lead to inhomogeneity in the local
alloy composition [24]. WAAM structure often has a high level of residual stress and anisotropic mechanical
properties [8, 15, 25, 26]. Through the efforts of the researchers, some solutions have been found to solve the
poor mechanical properties of parts produced via WAAM, such as interpass mechanical rolling [26—29] and
forced interpass cooling [30]. In this way, the columnar structure and residual stress can be well solved, and
several studies have demonstrated promising results. At present, the mechanical properties of Ti-6Al-4V
components fabricated by the WAAM process are competitive with those fabricated by conventional forging
[31-33].

Compared to powder-based additive manufacturing techniques, the main advantages of wire-based
techniques are the high deposition rates, the flexibility of producing large dimensional components, much
easier and safer handling of the wire feedstock, and lower raw material costs [34, 35]. However, the excessive
heat input brought by the large deposition rate accumulated throughout the WAAM process has a significant
impact on the microstructure and mechanical properties in the final component. In a study carried out by WU
et al [36], the heat accumulation during the GTAW-WAAM process causes variation of the microstructure and
mechanical properties along the build direction. The microstructure of thin-walled parts at different locations
presented different characteristics due to different heat dissipation conditions. Among them, in the middle of
the deposited thin-walled part feature, due to a large amount of heat accumulation, the microstructure in the
solidified metal has a fully lamellar o morphology and interwoven with basketweave structures. Although the
heat input and thermal cycles are critical factors in determining the quality of the WAAM components, the
influence of heat accumulation on the microstructure and final mechanical properties is still not fully
understood and a quantitive correlation between these two is still yet to be established. For a certain WAAM
process, because the deposition rate (DR) is physically controllable during the process, it can be directly linked
with the heat input and therefore can be used as a controlling factor for quantitive study.

TIAN et al [37] analyzed the changes of the titanium/copper interface under different CMT arc modes.
GOU et al [38] used CMT arc to perform arc additive manufacturing of Ti-6Al-4V, and conducted heat
treatment and mechanical property testing on the formed parts. CMT is a variant GMAW based on a controlled
dip transfer mechanism that offers low heat input, almost zero spatter and high process tolerance. Because
CMT arc as a heat source has the above advantages of arc additive manufacturing, CMT arc is widely used in
aviation and aerospace, automobiles and bridges.

In this study, the influence of DR on the microstructure and mechanical properties of Ti-6Al-4V
components produced by cold metal transfer (CMT) based WAAM will be systematically investigated. Ti-6Al-
4V parts will be produced at different deposition rates and a correlation between CMT deposition rate and
microstructure evolution and mechanical properties of the Ti-6Al-4V part will be established. It is hoped that
this study can provide practical guidance for producing high quality Ti-6Al-4V components by WAAM.

2 Experimental

WAAM experiments were carried out using a CMT Advanced 4000R NC welding system (Fronius
International GmbH, Germany) with a VR 7000-CMT 4R/G/W/F++ wire feeder. The CMT torch was mounted
on an ABB IRB4600 robot arm to enable  3-dimensional movement and deposition (Figure 1(a)). Ti-6Al-
4V filler wire with a diameter of 1.2 mm was used and the chemical composition is shown in Table 1. The £
transus temperature for this composition is (996+14) °C. Because titanium is prone to absorb oxygen and
nitrogen causing undesired interstitial hardening, an Ar shielding chamber was designed to protect the melt
pool and heat affected zone, as shown in Figure 1(b). The specimens were built on a substrate at dimensions



of 200 mmx100 mmx5 mm with a composition as the same as the filler wire.

Three specimens in a single pass wall geometry were built layer by layer at different DR through a uni-
directional deposition at the X-Y plane. The layer thickness (AZ) of all specimens was set at 3.8 mm and the
interpass temperature was 100 °C. The length of all specimens was 90 mm while the width and
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Figure 1 CMT WAAM system: (a) Robot system; (b) Ar shielding chamber

height varied, as shown in Table 2. The DR was calculated by the mass of the as-built components divided by
the deposition time. The density of Ti-6A1-4V was 4450 kg/m>. The Ar flow rate was 2 L/min in the shielding
chamber and 20 L/min co-axially along with the torch. The parameters of the experimental setting are listed in
Table 2. The wire feeding speeds were 5.4, 6.4 and 7.4 m/min and the DRs were 1.63, 1.93 and 2.23 kg/h
correspondingly, i.e., an increase of 18.4% and 36.8% in samples 2 and 3, respectively.

After WAAM deposition, electrical discharge machining (EDM) was employed to cut tensile specimens
and metallographic samples. The cross-sectional surface was then ground and polished

Table 1 Chemical composition of Ti-6Al-4V substrate and Ti-6Al-4V welding wire (wt.%)

Alloy w(Al)/% w(V)/% w(C)/% w(Fe)/% w(H)/% w(N)/% w(0)/% Ti
Ti-6 Al-4V substrates 6.20 4.0 0.08 0.40 0.015 0.05 0.20 Balanced
Ti-6Al-4V wire 6.10 4.0 0.08 0.30 0.015 0.03 0.20 Balanced

Table 2 WAAM parameters for Ti-6Al-4V and geometries of specimens

Sample No. (;g/v(iliz?ﬁi) Wir(infii?nsgi ed/ f/]o(l;tl;./;g /g\;: ([:é:lr\e,;r‘g/g/i Depz)ks;t-i}(l)g)rate/ Width/mm Height/mm Length/mm
1 0.252 5.4 11.8 92 1.63 4.5 31 90
2 0.252 6.4 12.2 105 1.93 5.1 33 90
3 0.252 7.4 12.3 108 2.23 5.8 35 90

and etched with Kroll’s reagent for taking macro-scale morphology by optical microscope. An S-3400N
scanning electron microscope (SEM) was used to observe the microstructure of the cross section at the Y-Z
plane and the fracture morphology of the tensile specimen. Energy dispersive X-ray analysis (EDAX) was
carried out to analyze the chemical content and element distribution. The location and dimension of the tensile
test specimens are illustrated in Figure 2 by following ASTM E8 2016 standard. Tensile tests were carried out
by using an HB series 250 kN electro-hydraulic servo fatigue material testing machine manufactured by



Zwick/Roell, Germany. In addition, microhardness mapping was performed on the Y-Z plane along the building
direction by using an HXD-1000TMC microhardness tester.
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Figure 2 Tensile sample dimension and sampling positions: (a) Sampling position; (b) Tensile specimen dimension (Unit:
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3 Results and discussion

3.1 Microstructure

The morphologies of the parts produced at three different wire feed speeds are similar, so the most
representative sample 2 was used here for the analysis of the morphology. The single pass wall structures were
successfully built with the parameters listed in Table 2. Figure 3(a) shows the morphology of sample 2, the
surface of which was slightly oxidized, indicating the argon shielding still needs some improvement (Sample
3 also has slight oxidation). The overview of the horizontal deposition layers can be seen in Figure 3(b). Large
coarse columnar prior § grain structure can be seen growing through multiple layers, which are typical in
WAAM deposition of titanium alloys due to the relatively small cooling rate and unidirectional thermal
dissipation. Regularly spaced dark/bright heat affected zone (HAZ) banding with a slight offset from the
deposition interlayer boundaries can also be observed on etched cross-section, as shown in Figure 3(c),
except in the last few deposition layers.
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Figure 3 Morphology of sample 2 deposited by WAAM: (a) Thin wall structure; (b) Cross-section of thin-walled parts;
(c) HAZ banding

Based on the phase-transformation characteristics of the Ti-6Al-4V alloy, it can be seen that the
aforementioned coarse columnar prior § grain strips are mainly derived from the epitaxial growth of f-phase
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from the fusion boundary. As the heat source moves forward, the high-temperature § phase is cooled and
thereafter transformed into a mixed microstructure of a+f, which mainly consists of Widmanstatten colony
and basketweave a-lamella inseted with a small portion of retaining 8 phase. Figure 4 shows the microstructure
in the last deposited layers region of sample 2. The boundary of the parent S grain can be clearly spotted, as
indicated by the area 3. Within the parent S grain, a basketweave structure dominates (area 4), which consists
of a majority of acicular o lamellar (area 1) and a small portion of retaining S phase, while acicular a' occurs
adjacent to the parent § grain boundary (area 3).

2n(T —-Ty)kR —exp -v(R-X)
Q 20

1)

where T is the liquid line; 7o is the temperature of the substrate or prior deposited layer; v is the travel speed;
k is the thermal conductivity; R is the radius of T; Q is the heat input; x is the reference point; and « is the
thermal diffusivity rate. It is assumed that the value of R is equal to x and z, in order to calculate the z value of
the cooling rate. The cooling rate is calculated by
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where £=0.067 J/(cm-s-°C), v=0.252 m/min, 7=996 °C, and O=nIU (#=0.8). The substrate temperature (7o) is
assumed to be 25 °C, and each layer would be deposited only if the temperature of the previous layers fell
below 7o (100 °C). An infrared thermometer was used to monitor the temperature. The results show that the
cooling rates of samples 1, 2 and 3 were 163.4, 138.5 and 133.6 K/s in the top region, respectively. Figure
5 shows the macro-structures and micro-structures of the top region of the WAAM deposited Ti-6Al-4V
component at different deposition rates. The SEM images were taken away from the prior § grain boundaries,
as indicated by the red box on optical micrographs (Figure 4). As calculated above, a higher deposition rate
corresponds to a lower cooling rate. In the three experiments conducted in this study, the cooling rates
corresponding to 1.63, 1.93 and  2.23 kg/h DR were 163.4, 138.5 and 133.6 K/s, respectively. In theory,
different cooling rates should lead to different nucleation and growth rates of a lamella during the f/—a phase
transformation [39]. However, based on the SEM micrographs shown in Figure 5, no significant change can
be observed in the central region of the prior f grains.

The three cooling rates resulted in very similar basketweave a lamella morphology and therefore the
impact of deposition rate on microstructure of WAAM Ti6Al4V is trivial. In other studies, where the DR was
between 0.7 and 1.8 kg/h, the WAAM deposited Ti alloy also showed very similar morphologies [40—42].
However, a more quantitive study is still needed to draw a firm conclusion. ZHAO et al [43] developed an
automated image quantification tool to retrieve the o lath space; however, due to the limitation on resources,
it was not possible to conduct such quantification in this study.



Figure 4 Microstructure in last deposited
region of WAAM Ti-6Al-4V sample 2:
(a) Optical microscopy in top region;
(b) Acicular a and martensitic o' SEM
micrographs; (c) Basketwave-structure
SEM micrographs; (d) Transformed-f
SEM micrographs; (e) a-colony SEM
micrographs

B

Figure 5 Macro- and micro-structure of top region of WAAM deposited Ti6Al4V component at different deposition rates:
(a, d) 1.63 kg/h; (b, ) 1.93 kg/h; (c, f) 2.23 kg/h

On the etched cross section of the WAAM deposited sample, a series of parallel HAZ bands can be observed,
as shown in Figure 3. The HAZ band was caused by the successive heat treatment effect introduced by
consecutive layer deposition and was firstly reported by KOBRYN and SEMIATIN [44] in laser deposition of
Ti alloy. The previously laid material would be heated above the § transus temperature for up to 4—5 times
depends on the process parameters. The sequential heat treatment leads to a change in solute partitioning in a
lamella and retaining S phase so that this chemical segregation between a and f phases induces different
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etching reaction resulting in the dark/bright HAZ band. However, such chemical variation between the phases
can only possibly be revealed by high resolution TEM. Figure 6 shows the attempt of EDS measurement of
the chemical composition near the HAZ band. Three small areas, as labelled as A4, B and C in Figure 6(b), were
examined in EDS, but the results showed no significant difference between them. This is due to the relatively
large interaction volume of EDS indexing which cannot have enough resolution to differentiate between the
fine « lath and retaining the f phase. In the study of HO et al [24], the HAZ area was studied in detail through
EDS and TEM, and it was pointed out that the cause of the HAZ area was the segregation of elements.

3.2 Tensile properties
Owing to the size of the WAAM Ti-6A-4V component, off-standard tensile specimens have
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(©) Pposition Element W% x/%
Al 6.85 10.66
A Ti 79.06 69.30
Vv 4.25 3.50
Al 7.03 11.46
B Ti 81.94 75.24
\Y4 4.52 3.90
Al 7.11 11.48
C Ti 82.24 74.82
Vv 3.84 3.28

Figure 6 EDS measurement of chemical composition near HAZ band
been extracted along the longitudinal direction, as shown in Figure 2. Three specimens were tested for each
sample and the averaged results are summarized in Figure 7(d). It can be seen that the UTS values of samples
1, 2, and 3 were 984.5, 957 and 899.2 MPa, and the elongations of them were 9.48%, 7.96% and 12.62%,
respectively. There is a clear trend of decrease in the UTS as the deposition rate increases, but the elongation
does not follow. Figures 7(a)—(c) shows the morphology of fracture surface after tensile tests. It can be seen
that all the fracture surfaces contain a large number of dimples, indicating a ductile fracture.

It can be seen from the tensile results that sample 3 has the lowest tensile strength but the highest
elongation. In the process of Ti-6Al-4V parts manufactured by WAAM, the parts were subjected to several
solid solution aging treatments due to the many times heat cycles. In addition, the wire feeding speed of sample



3 is the largest, and it can be seen from Table 2 that the current during the production of sample 3 is the largest,
which is 108 A. This resulted in the maximum heat accumulation during the production of sample 3, and the
cooling rate was reduced compared to the other two samples. In the case of long-term solution aging, the o
phase precipitated from the £ phase of sample 3 is coarsened, and then uneven precipitation is formed, which
increases the plasticity of sample 3 and reduces the strength [43, 44]. In addition, according to the
microstructure analysis in Section 3.1, it can be seen that there is a small amount of Weinberger structure in
sample 2, while the growth of Weinberger structure in sample 3 is intensified due to the extension of cooling
time, thus further reducing the tensile strength of the sample [45, 46]. It should be noted that sample 2 and
sample 3 had some inclusion defects, which is probably the reason for a lower elongation as the test specimen
failed prematurely. Sample 2 and 3 were mentioned in Section 3.1 with slight oxidation on the surface. In the
process of continuous deposition, the oxide does not overflow from the molten pool in time, thus forming
impurities, which further reduces the tensile strength of the parts.

3.3 Micro-hardness

The micro-hardness of WAAM Ti-6Al-4V components was measured from the substrate, across the entire
build, to the top region of all three samples, as shown in Figure 8(a). The hardness indent was 0.5 mm apart
and the average hardness profile is plotted in Figure 8(b). For each sample, there is no
obvious change of hardness from the bottom to the
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Figure 7 Micromorphology of tensile fracture surface and tensile test results: (a) Sample 1; (b) Sample 2; (c) Sample 3;
(d) Tensile test results
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Figure 8 Micro-hardness of WAALM Ti-6Al-4V components (Z direction)

top region. Although the data were rather scattered, the data were shown in Figure 8(b) can still show a slight
trend of decrease in hardness from samples 1 to 3. That is, with the increase of deposition rate, the overall
hardness decreases statistically. This probably can be attributed to the softening effect brought by the excessive
heat input due to the larger deposition rate. As calculated above, sample 3 had the smallest cooling rate so that
an overall coarser microstructure would be expected. In addition, the sequential deposition during the WAAM
process causes the material to be heat treated up to 4—5 times and consequently the « lamella would be
coarsened leading to a smaller hardness.

4 Conclusions

In this study, the influence of WAAM deposition rate on the microstructure and mechanical properties of
Ti6Al4V was investigated experimentally. The WAAM deposited Ti6Al4V components showed similar
microstructures regardless of the deposition rate because the cooling rates were in the range between 130 and
160 K/s which was already in the lower regime for titanium phase transformation. There was a clear trend that
the micro-hardness and ultimate tensile strength decrease with the increase of deposition rate, but the
elongation was still scattered due to a possible inconsistency in the build quality.
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