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Abstract. For the present significant progress has been made in understanding additive
manufacturing processes Additive manufacturing techniques such as selective laser melting and
laser-based directed energy deposition are widely used, but in comparison, electron-beam
melting offers two unique advantages that are particularly important for titanium alloys: a high-
vacuum medium and a preheating capacity for both substrate and feed material. This work
describes experimental studies of a component built from 321 stainless steel and Ti-6Al-4V. The
coating was formed through deposition of a wire with the use of a high-voltage electron beam in
the high-vacuum medium. Two materials of deposition on the substrate were carried out in this
study. As a result, 321 stainless steel composite coating can successfully form surface with
gradient microstructure during EBAM cladding process. At Ti-6Al-4V of compositions was
cracked, which led to the destruction of the top of the sample. The presence the intermetallic
compounds of the top of the sample adversely affected of the composite that cracking occurred
in the material.

1. Introduction

The modern world has a very high rate of development of technology. The main objective of
development is to improve technological processes in order to improve the quality of technical devices
and create new types of devices. Extreme-environment applications require parts that, for instance, must
perform at radically different temperatures at different locations in the part [1]. Joining of dissimilar
materials or functional grading of two or more materials is therefore required [2]. These materials can
offer unique solutions to engineering problems. This approach has been previously tested to additively
create various polymaterial structures, ranging from Ti [3], CoCrMo [4], stainless steel [5] and Inconel-
based composites [6]. Additively manufactured materials have demonstrated improvements in
properties such as hardness, wear resistance [7], and even reduction in elastic modulus [8] compared to
single metal/alloy parts.

The research has been carried out in these sectors in developing various welding technique to produce
high strength and low weight components. The thermal welding of Ti/Al dissimilar alloys is a challenge
because of great dissimilarities in physical-chemical properties between Ti and Al [9]. Recently, surface
modification with concentrated heating source, such as laser or electron beam radiation at reactive
atmosphere (such as N) has been presented for titanium alloys. Although, the electron and laser beam
surface processing time is very short, requiring vacuum chamber, costly manufacturing procedure and
expensive initial investments are the main limitations of these processes [10].
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Additive manufacturing (AM) is ideal for the constructive method of preparation of metallic
structures. In particular, Electron Beam Melting, which uses electronic emitters, so-called electronic
guns, as energy sources for melting in the high-vacuum medium.

In this paper the creation of metallic structures made of 321 stainless steel and Ti-6AI-4V in the
process of electron-beam additive technology is investigated. Influence of printing parameters on
macrostructure, formation of defects on the surface of polymetallic structures.

2. Materials and methods

The samples under study were obtained using the Laboratory Experimental Installation for additive
electron-beam production of metal wire products as shown in figure 1. The device reads data from a file
containing a three-dimensional digital model and applies sequential layers of material wire. The contours
of the model layers are drawn by an electron beam that melts the wire at the point of contact. Melting is
performed in vacuum working chambers, which allows working with materials sensitive to oxidation.
Eight layers were deposited. Layers were approximately 1 mm tall [11].

Electron beam
gun

Swift
Controller
Electron beam

Layers )
Substrate

e
Figure 1. Schematic drawing of electron beam additive manufacturing.

321 stainless steel and Ti-6Al-4V wires of compositions noted in Table 1 were used. For optical
metallography, samples were cut using electro-discharge machining and were mechanically ground and
then polished and pickled in HOOC-COOH solution.

Table 1. Chemical composition of 321 stainless steel and Ti-6Al-4V wires used for electron beam

melting.
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For micro and macrostructure of the sample surface an Altami MET-1C microscope was used. The
hardness distribution of the cross-section along the Z-axis direction was investigated using the micro
Vickers hardness tester Duramin 5. The Vickers hardness test was conducted more than three times for
each test point and the average value was plotted in the graph. Microhardness values are an average of
five measurements, with standard deviation indicated by error line mark on the graph. The compartition
of Fe and Ni in the cross section of the profile was investigated by scanning electron microscope
SEMTRACK mini.

3. Results and discussions

Figure 2 (a) shows a crosscut of the built object. The samples were etched chemical action to visual the
border between the materials. From the side view, the building up of the layers can be readily observed.
Figure 2 (b) schematically shows the geometrical features for a single clad. In brief, a single clad has a
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height, h (mm), which is the measure of its thickness above the adjacent substrate surface, has a width
that is shown by w (mm), and has a penetration depth, b (mm), which is defined as the thickness of the
substrate melted during cladding process and is just under the clad and below the substrate surface.

(b)

Clad

Substrate

1 mm

Figure 2. Macrostructure (a) and schematic design (b) of the sample of
321 stainless steel fabricated by electron beam additive manufacturing.

Analysis of the built object shows that various defects such as porosity and/or crack formation were
not indicated, indicating a fully dense as deposited part. Hence the wettability between substrate and the
buildup of the clad were good. The overall shape of the substrate was conserved, but had a deflected
position. The limited mixing that occurred between the clad and the substrate was confined to less than
1.42 mm, as indicated by the interfacial region. This occurrence of local interaction may be related to
the differences in respective fusion temperature Teag®?! = 1425 © C and Teu™™ = 1500 ° C.

Figure 3 (a) and (b) displays the morphology of the border between the materials. The cross section
of clad is composed of substrate, bonding zone and clad. There exists a narrow bright strip at the bonding
zone, which is the solution interface layer generated by the alloy interdiffusion between clad and
substrate under the action of heat source. The microstructure of solution interface layer is planar grain
zone with the width a few tens of microns. Over bright strip, there exists a zone without distinct
microstructure, which is created when the planar grains grow epitaxially and slowly into the clad inner.
Further, up on this figure 3, the dendrites appear and grow in the direction nearly vertical to the interface
[12]. According to the related solidification theory proposed by Hunt [13], the ratio of temperature
gradient G and solidification velocity VS, namely G/VS, is an important control parameter for the
morphology preference of solidification microstructure. If G/VS is considerably great or VS tends to
zero, then forming the planar grains. If G/VS is relatively great, then volume fraction of equiaxed grains
is minor. Therefore, the solidification microstructure is prone to generate columnar dendrites. However,
if G/VS is relatively small, then volume fraction of equiaxed grains is major.
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Figure 3. The optics microscopy of different areas of the substrate to the top of the sample.

In this experiment, G/VS is relatively great at the interface substrate and the build-up of the clad,
accordingly the microstructure grows slowly with planar interface, thus forming the bright band
composed of solid solution phase and the structural region without distinct microstructure
characterization [13].

The microstructure is highly variable depending on the layers. Several areas are clearly visible even
by the naked eye for their different etched degree. Microscopic observation of these areas by optical
microscopy shows that morphologies of microstructure are quite different in these areas, as is shown in
figure 3. The vermicular morphology of the delta ferrite is dominant at low layers, the structure having
dendritic features (figure 3 (b)).

During the deposition process, a later deposition layer melted the upper part of the previous layer,
which causes recrystallization. Fine and regular shape austenite grains were formed as a result of this
recrystallization. Most of the austenite grains exhibited cellular (figure 3 (c)). The resulting gray-etching,
blocky ferrite and the lacy, dark-etching networks in figure 3 (c) and (d) represent these primary dendrite
cores. nucleates at the grain boundaries, occurs along specific habit planes in the ferrite; this ultimately
results in the formation of alternate austenite and ferrite laths. With build-up of the layers the
solidification microstructure changed from planar crystals into cellular dendrites and columnar dendrites
along the direction toward the centre of the deposition, as shown in figure 3 (e —f). Different grain
morphologies were found for the dendritic and cellular crystals with different growth directions,
especially in the middle part of the deposition sample (figure 3 (g — i). Microstructural examination of
the built specimen that a zone of gradient was successfully produced.

The microstructure obtained at Ti of compositions is given in figure 4. As can be seen from the
composite, Ti decomposed and the material was cracked, which led to the destruction of the top of the
sample. There are tunnel shaped defects apparent, cavity, crack and microcrack in resulting from
insufficient consolidation. During fabrication metallic parts experience a complex thermal history
involving directional heat extraction, and repeated melting and rapid solidification.
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Figure 4. Macrostructure (a) and schematic design (b) of the sample of 321
stainless steel and Ti-6Al-4V fabricated by electron beam additive
manufacturing.

The structure samples of top had a transition of composition variation across the layer (figure 5). The
horizontal axis shows the distance from the bottom to the top of sample. Composition analysis from the
substrate toward top of sample shows that the Fe content falls significantly to 46.856 + 2.490 wt. % and
the Ti content rises significantly sharply to 30.189 + 1.536 wt. % in the area from 5.5 mm to 6.5 mm
away from the substrate. Then the Fe content decrease smooth to 36.613 + 2.413 wt. % whilst Ti content
increases to 40.254 + 1.920 wt. % to a constant level.
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Figure 5. Measured composition of the sample of 321 stainless steel and Ti-6Al-4V fabricated by
electron beam additive manufacturing.

As shown in figure 5, the amounts of Fe and Ti near the inter-face between 321 stainless steel and
Ti-6Al-4V change greatly. The amounts of Fe and Ti were constant in other areas. The amount of Ti
changed in the area from 7.75 mm to 8.00 mm away from the bottom of the test piece. The Fe distribution
had the same tendency. A range where the smooth amount of Fe changed was about 0.75 mm. The

precipitate intermetallic compounds in this area give rise crack. Table 2 shows the elemental analysis
results of the top of the sample from figure 6 (a — c).
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Figure 6. The micrograph of the interface between 321stainless steel and Ti-6Al-4V.
Intermetallic compounds of elemental composition noted in Table 2.
Table 2. Intermetallic compounds of elemental composition.

Elt. Area Al Si Ti Vv Cr Fe Ni
1 3.144 1.315 20.217 0.000 13.065 53.056 9.203

1.999 1247 28.798 0.646 9.896 51.670 5.745
1.337 1.202 0.148  0.157 19.122 70.999 7.035
8 3.107 1.028 3126 0.066 19.485 65.999 7.189
10 2.819 1905 0.643 0.218 19.764 63.590 11.062

As can be seen, the gray zone is rich in Ti (46.907 wt. % compared to 51.527 wt. %) and is depleted
in Fe (30.959 wt. % compared to 33.269 wt. %); in comparison, the dark zone shows less content in Ti
(20.217 wt. % to 28.798 wt. %) and above content of Fe (51.670 wt. % to 54.384 wt. %); the light zone
shows deficiency of Ti and rich in Fe (63.590 wt. % to 70.999 wt. %). Such a Ti depleted zone could
occur due to the enhanced elemental segregation during the deposition process.

For further identification of phase structures, an X-ray structural analysis was performed
(figure 7 (a)).

600

2 3918 1237 46907 1517 6297 33269 6.856
3 4198 1175 51529 1090 5721 30959 5.328
4 2064 1272 14561 0117 18474 56.767 6.746
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Figure 7. X-ray diffraction patterns (a) and microhardness (b) of the sample of 321 stainless steel
and Ti-6Al-4V fabricated by electron beam additive manufacturing.

According to the results of X-ray phase analysis, it can be seen that the sample is comprised of the
v- and a-Fe. In the contact zone of dissimilar layers is represented by two phases of a solid solution and
several intermetallic phases consisting of Fe compounds with Ni.
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Thus, the intermetallic compounds consisting of Fe compounds with Ni would strengthen the
material compared. In addition, the consolidation of 321 stainless steel and Ti-6Al-4V compounds
reduced the overall strength. The hardness distribution of the cross-section shown in figure 7 (b).

The red line shown in figure 8 indicates the hardness of Ti compounds. The hardness trends shift at
the interfaces and then smooth out as a function of distance away from the interface. The hardness of
the material two layers of 321 stainless steel deposited on substrate is equal to 5.3 GPa that is
considerably higher in comparison with the value of 3 GPa determined in the base area. These increases
in hardness were due to exists a zone without distinct microstructure as small as 0.5 mm. In the direct
deposit structure of 321 stainless steel in both samples the hardness values between 1.6 mmand 6.0 mm
is equal 2.36 + 0.29 GPa. The hardness of Ti-6Al-4V layer deposited on a 321 steel layers jumped from
4.57 GPato 5.77 GPa. Hardness on the side layers of 321 steel remains nearly constant. The graph shows
that the hardness of the Ti-6Al-4V is significantly higher than that of layers of 321 steel. The hardness
trend in the top of sample, however, does precisely overlie the center of sample. Because were achieved
high values of hardness within the top deposited layer. They average around 11.68 + 0.29 GPa. Higher
hardness values could also be attributed to intermetallic compounds, as shown in figure 7 (b).

4. Results and discussions

Metallic structures of 321 stainless steel and Ti-6Al-4V have been successfully processed using electron
beam additive manufacturing. However, the composite with buildup of the Ti-6Al-4V was decomposed.
It is found that proceeding from 321 stainless steel to Ti-6Al-4V characteristically of the Fe content
decrease smooth to 36.613 = 2.413 wt. % whilst Ti content increases to 40.254 = 1.920 wt. % along the
height of the buildup deposit. The presence the intermetallic compounds of the top of the sample
adversely affected of the composite that cracking occurred in the material. Tunnel shaped defects
apparent, cavity, crack and microcrack was recognized. But the intermetallic compounds strengthen of
the Vickers hardness within the top deposited layer to around 11.68 + 0.29 GPa.
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