Surface micro-cracks and microstructures of Ti6Al4V alloy fabricated by high-layer

thickness multi-laser directed energy deposition additive manufacturing process

Sapam Ningthemba Singh'", Amdadul Mahmun?, Ashish B. Deoghare?, Yadaiah
Nirsanametla®, Sohini Chowdhury®

1- PhD Research Scholar,
Department of Mechanical Engineering, National Institute of Technology Silchar — 788010, India
Email: sapam_rs@mech.nits.ac.in
2- PhD Research Scholar,
Department of Mechanical Engineering, National Institute of Technology Silchar — 788010, India
Email: amdadul_rs@mech.nits.ac.in
3- PhD, Associate Professor,
Department of Mechanical Engineering, National Institute of Technology Silchar — 788010, India
Email: abdeoghare@mech.nits.ac.in
4. PhD, Assistant Professor,

Department of Mechanical Engineering, North Eastern Regional Institute of Science and Technology,
Nirjuli — 788010, India

Email: ny@nerist.ac.in
5- PhD, post-doctoral researcher,
Department of Mechanical Engineering, Indian Institute of Technology Madras, Chennai - 600036, India.
Email: me22r003@smail.iitm.ac.in

“Corresponding Author: sapamthemba@gmail.com

*Corresponding author email: sapam_rs@mech.nits.ac.in or sapamthemba@gmail.com.

Abstract: Implementing a high-layer thickness additive manufacturing (AM) can significantly
reduce the manufacturing time. With this, the cracking phenomenon and microstructure of the
additively manufactured parts should be controlled. This paper investigates the surface micro-
cracks and microstructures of Ti6Al4V alloy manufactured by high layer thickness laser-based

directed energy position additive manufacturing process. No cracks were visibly present under the



naked eye. Solidification cracking within a disposition boundary was present on some parts of the
as-printed Ti6Al4V surface. Trans-deposition boundary cracks were visible under the optical
microscope as liquation cracking. After polishing, the cracks were almost eliminated, with small
isolated cracks on the polished surface. These cracks and concentrated C depositions confirmed
with SEM-EDX can act as stress concentration points and crack initiation sites. SEM images
showed a-lath structures with Widmanstétten pattern, and a+f Ti grains were observed. Post-
processing methods such as removing the topmost crack surfaces, shot peening, laser shock
peening and heat treatment can be adopted to reduce the cracks and enhance the performance of

the as-deposited parts.

Keywords: additive manufacturing, cracking in additive manufacturing, laser-directed energy

deposition, high layer thickness metal additive manufacturing, Ti6AI4V.

1. Introduction

Metal additive manufacturing (AM) is a rapidly progressing field with applications in aerospace
[1], automobile [2], biomedical [3], and marine applications [4]. Laser-directed energy deposition
(LDED) is a directed energy deposition (DED) AM process where laser power is used to fuse
metals as it is being deposited according to design data [5-8]. Similar to the arc-DED process [9-
13], the L-DED process has the capability of manufacturing parts with a higher deposition rate
(i.e., layer thickness) than other metal AM processes like the powder bed fusion (PBF) processes
such as selective laser melting (SLM), electron beam melting (EBM), etc. The layer thickness in
PBF techniques generally ranges in microns, while in the DED process, it can be more than 1 mm

[14,15]. The increased layer thickness enables a shorter manufacturing time, thus saving time and



cost for production. This also comes with increased difficulties in terms of operation,
complications in material properties, higher sensitivities to dimensional inaccuracies, and
performance-related issues [15-18]. Favorable microstructural conditions are a prerequisite for an
acceptable additively manufactured product. Finer microstructure provides higher strength, while
coarser microstructures have more ductility [19]. Increasing the layer thickness results in a more
diversified and increased grain size [20,21]. Determining such microstructures on additively
manufactured products brings forth much-needed data and helps adjust the process and post-
processing methods based on the requirements. Cracking during and after the metal AM process
is also one of the main concerns leading to distortion and compromised performance of the

fabricated parts [22].

Ti6Al4V is known to have high strength-to-weight ratio, biocompatibility, thermal stability, and
good corrosion resistance [23]. Despite applications in aerospace [24-27], biomedical [28-30], and
marine [31-33], manufacturing of Ti6AI4V alloy has been difficult due to its tendency of strain
hardening, reactive to oxygen, and poor thermal conductivity [24,34-36]. The conventional
manufacturing of Ti6AI4V follows a large amount of material wastage, a series of machining
processes, and post-processing methods, often significantly increasing the manufacturing cost.
Due to this, metal 3D printing of Ti6Al4V is becoming a popular alternative to conventional
manufacturing processes. LDED process also allows the fabrication of complex shapes and highly
customized products [23,37]. While most of the reported research is focused on the thin layer
thickness AM processes, the research on the microstructure and surface cracking pattern on the

high layer thickness LDED AM is still limited.

Formation of a laths and refinement of prior-f grains led to an increased tensile strength of 1091

MPa by 280 MPA and plasticity to 4.09% on Ti6Al4V alloy manufactured by the DED process



[38]. Lack of fusion defects is one of the common stress concentration points that act as crack
initiation points. These defects can be on the surface as well as inside the additively manufactured
parts. The main cause of lack of fusion defects is due to un-optimized process parameters [39].
Post-processing techniques like the HIP can significantly reduce these defects [40,41].
Solidification and liquation cracking have been the prominent types of cracking in additively
manufactured parts. The long cracks in the fusion zone are due to the transmission of residual
stress in the solidified dendrites. The liquation crack generally appears in the heat-affected zone
due to repeated heating and cooling cycles [42]. Wang et al. reduced the cracks by tuning the
process parameters to reduce the interaction between the crack-inducing phases during the additive
manufacturing of Ti-48Al-2Cr-2Nb alloy [43]. Other methods to reduce crack formation include
the addition of additional materials [44], HIP [40], surface removal during post-processing, shot
peening [45-47], and laser shock peening [48-50]. Additively manufactured metal parts with
minimum defects should be the target, even though the post-processing methods can mitigate these
defects. Such research on high-layer thickness Ti6Al4V metal additive manufacturing is still
limited. The present research is focused on the analysis of surface micro-cracks and
microstructures of Ti6Al4V alloy fabricated by high-layer thickness laser-based DED additive

manufacturing process.

2. Experimental methods and materials

The bulk block sample of 40 mm long, 60 mm width, and 150 mm height was prepared using
MELTIO M450. The M450 is a wire feed-based laser-directed energy deposition machine. A laser
power of 1000 W with a scanning speed of 10 mm/s and a layer thickness of 1mm was used to
prepare the sample. An alternate 45° laser scanning pattern was employed during the Ti6AlI4V

alloy deposition. The average diameter of Ti6AI4V alloy was 1 mm diameter. Inert Argon gas with



a flow rate of 20 L/min was supplied for an inert environment so that oxidation is minimized as
much as possible. Initial 5 mm deposition was provided for easy removal of the additively
manufactured part from the substrate and to pre-heat the substrate. The laser source, wire feed, and
substrate are shown in Figure 1(a). The wire feed is located in the middle of the laser head and is

surrounded by six lasers. The fabricated sample is shown in Figure 1(b).

The additively manufactured Ti6Al4V sample was removed from the substrate using wire-cut
electric discharge machining (wire-EDM). The bulk sample was then divided into small sections
for different tests. Before any post-processing, the printed raw surface was analyzed in an optical
microscope to check the surface cracks and behavior. Then, the samples were polished with grit
sizes ranging from 100 to 2200 and were etched using Kroll’s reagent (92 ml water, 6 ml Nitric
Acid, 2 ml Hydrofluoric Acid). These samples were placed under the same optical microscope and
field emission scanning electron microscope-energy dispersive X-ray (FESEM-EDX) to
investigate the micro-structure, cracks, and voids both on the surface and cross-sectionally. X-ray
diffractometer (XRD) analysis was performed with a range of 25°- 90° to identify the constituent

phase of the fabricated samples.

3. Results and discussions

The Ti6AIl4V additively manufactured sample using the LDED process is shown in Figure 2 from
different directions. Figure 2(a) shows the side view, 2(b) shows the front view, (c) shows the top
view, and (d) shows the magnified view of the marked section of 2(b). As seen in Figure 2, overall
proper deposition was observed, and the alternate 45° deposition pattern is also clearly observed
at the top of the LDED prepared sample in Figure 2(c). Some spatters were also observed, as shown
in Figure 2(b&d). These spatters are the result of an end or start of layer deposition. Even though
larger spatters are not desirable, small spatters are bound to happen as the laser is turned off just
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after the tool path is finished for the layer. Turning off at the exact end of the tool path may result
in improper and insufficient deposition of the Ti6Al4V alloy from the supplied wire spool. Spatters
can be reduced if the toolpath is continuous while changing the layers, but excessive heating may
occur, resulting in a higher tendency to distortion and the presence of higher residual stresses. For
this, a gap of one minute was provided between each layer. A 5 mm raft at the bottom of the part
was added to make the extraction of samples easy and to act as pre-heating the substrate to prevent
excessive residual stress and distortion (Figure 2.a&b). The spatters and other physical defects

should be removed during the post-processing.

There were no spatters, and smooth surface depositions were observed in the areas that were not
the end or start of layer deposition, as seen in Figure 3(a&c). The presence of a and B Ti was
confirmed with the XRD peaks. It revealed mainly a-Ti (JCPDS #44-1294) and some B-Ti (JCPDS
#44-1288) phases in the Ti6Al4V alloy distribution, as shown in Figure 3(b) [51-54]. The
manufactured surface was smooth, and there were no cracks under the naked eye. Macroscopically,
the additively manufactured sample is absent of any unwanted cracks and lack of fusion due to the
LDED process conditions. The patterns of deposition and changing of tracks as well as layers, are

clearly seen in Figure 3(a&c).

Further examination of the as-printed Ti6Al4V surface using optical microscope shows the nature
and distribution of the material on the surface. Figure 4 and Figure 5 show a microscopic image
of the as-printed Ti6Al4V alloy. As mentioned above, no cracks were visible under the naked eye.
Figure 4 shows an as-printed surface without cracks, while Figure 5 shows an as-printed surface
with cracks. The different color curves show the boundary of fusion between different deposition
tracks. Figure 4(a) shows a tri-junction of three different deposition or fusion boundaries. The

yellow and orange curve shows the deposition fusion of the same layer, while the green curve



shows the fusion from the next layer in a part of the re-melted yellow and orange deposition. Figure
4(b) shows another fusion boundary between two different layers. Figure 5 shows an as-printed
Ti6Al4V surface with cracks on it. The cracks are inside the red mark in Figure 5(a), while the
curve is the crack in Figure 5(b). Two types of cracks were observed: (a) cracks within a deposition
track and (b) cracks that spread to other layers and deposition tracks. These solidification cracks
developed during the solidification of the molten Ti6Al4V alloy. These cracks are due to the
solidification shrinkage and thermal contraction during cooling that happens multiple times during
the LDED additive manufacturing process [55]. When the solidification starts, the dendrite
formation in the semi-solid region reduces the proper liquid flow, and due to the extreme heating
and cooling cycle during the LDED process, tensile stresses develop and transmit in these regions,
resulting in crack formation [56,57]. The trans-boundary cracks are developed due to continued
solidification and the temperature differences between the current fusion zone and heat-affected

zone (HAZ) as liquation cracking phenomenon.

These micro-cracks can act as stress concentration points and crack initiation points, leading to the
failure of the additively manufactured parts. Further investigation were carried out to see if these
surface micro-cracks were also present deep inside the fabricated part. It revealed that such cracks
were primarily limited to the surface only. The constant re-melting of the previous layer eliminated
the cracks that developed during the deposition in the last layer. Figure 6(a) shows the microscopic
image of the polished Ti6AIl4V surface without any cracks, while Figure 6(b) shows the cracks on
other parts of the surface. These cracks were on the top surfaces after polishing. However, the
cracks were negligible and were limited to small areas. The cracks spread like a river pattern with
small tributaries from the main branch, sometimes connecting with other main branches. As

mentioned above, these cracks will act as crack propagation points during loading, leading to



failure of the parts. SEM images in Figure 7(a) show such cracks. The cracks had no clear patterns,
but some were interconnected, like those in Figure 6(b). The dark dots in Figure 6(b) are
concentrated carbon distribution as confirmed by SEM-EDX, as shown in Figure 7(b&c). A point
EDX test on the dark spot revealed a spike in the Carbon content (67.41%) in the elemental
distribution. During a high-layer thickness additive manufacturing process, such as in the laser-
based directed energy deposition process, partial re-melting of previous layers and substrate pre-
heating is vital to reduce crack formation. The pre-heating can be in the form of normal pre-heating
or by providing a raft, as presented in the present paper, to act as pre-heating as well as provide
sufficient space for the separation of the additively manufactured part and substrate as the
fabrication is completed. Other post-processing methods, such as removing the top cracked
surface, shot peening [58], laser shock peening [14], and other stress-relieving operations [59] can
be applied to reduce the cracks imparted on the additively manufactured parts and improve the

performance of the LDED manufactured parts.

SEM images showed a-lath structures with Widmanstatten pattern, as shown in Figure 8(a&b). In
most parts, the cracks were absent. As the cooling starts above the transformation temperature, 3
grain starts growing, and once the temperature reaches below the transformation temperature, the
a grain starts forming in the B grain boundaries. As the cooling continues, the o grain continues to
grow across the B grains, forming a+f Ti grains. The high-temperature gradient during the heating

and cooling cycle resulted in the formation of columnar grains as seen in Figure 8.

4. Conclusions

The high layer thickness additive manufacturing can significantly increase the material deposition
rate, thus reducing completion time. This paper presents the surface cracking behavior and
microstructure of Ti6Al4V alloy manufactured by multi-laser directed energy deposition additive
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manufacturing. Solidification cracking, which is known in welding and additive manufacturing
process, were present on the as-printed Ti6AI4V surface. Some cracks were limited within a
deposition track as solidification crackings, while some spread beyond a single deposition track to
HAZ as liquation cracking. These cracks were significantly reduced once the surface was polished
in the post-processing period. The limited cracks after polishing were in a river-like pattern, with
tributaries connecting with other cracks. There were some concentrated Carbon distributions
confirmed by SEM-EDX. These cracks and concentrated C depositions can act as stress
concentration points and crack initiation sites during loading. SEM images showed a-lath
structures with Widmanstétten pattern along with a+p Ti grains with columnar grains. Post-
processing, pre-heating, and partial re-melting of previous layers are some measures to reduce
crack formation. Post-processing methods include removing the topmost crack surfaces, polishing,
shot peening, laser shock peening, and other stress-relieving operations to reduce the crack and

enhance the performance of the additively manufactured parts.
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Fig. 1: (a) printing chamber of M450 and (b) printed bulk sample.
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Fig. 2: (a) side view, (b) front view, (c) top view of the fabricated parts, and (d) presence of

spatters on the additively manufactured part.
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Fig. 3: (a) Ti6AIl4V spatter-free surface manufactured by LDED process, (b) XRD pattern of the

additively manufactured Ti6Al4V alloy, and (c) a magnified portion of (a).

(o)

5000

Intensity

(o)

2500 -

(o)
() (B)

B T oy Ty

|

Fig. 4: (a) and (b) Fusion boundaries between different layers and scan tracks on as-printed

Ti6AIl4V alloy fabricated by LDED process.
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Fig. 5: (a) cracks within a deposition zone, and (b) trans-deposition boundary cracks in additively

manufactured Ti6Al4V surface.

Fig. 6: (a) microscopic image of additively manufactured Ti6Al4V surface after polishing, and

(b) cracks on the polished surface.
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Fig. 7: SEM images of (a) crack surfaces, (b&c) concentrated Carbon dots.
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Fig. 8: (a), (b) microstructure of additively manufactured Ti6Al4V under SEM.
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