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Abstract

Electron Beam Welding (EBW) is employed to both melt and unite materials,
influencing their thermal history and subsequently determining the micro-
structure and properties of the welded joint. Welding Titanium alloys in-
volves undergoing local melting and rapid solidification, subjecting the ma-
terial to thermal stresses induced by a thermal expansion coefficient of 9.5 x
10 m/m°C. This process, reaching range temperatures from the full melting
alloy to room temperature, results in phase formation dictated by the ther-
modynamic preferences of the alloyed elements, posing a significant chal-
lenge. Recent efforts in simulation and calculations have been undertaken
elsewhere to address this challenge. This study focuses on a joint of two plates
with differing cross-sectional areas, influencing heat transfer during welding.
This report presents a case study focusing on the metallurgical changes ob-
served in the microstructure within the welded zone, emphasizing alterations
in the cooling rate of the welded joint. The investigation utilizes optical me-
tallography, Vickers’s Hardness testing, and SEM (scanning electron micro-
scopy) to comprehensively characterize the observed changes in addition to
heat transfer simulation of the welded zone.
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1. Introduction

Titanium alloys are highly valued in aerospace applications due to their excep-
tional combination of strength, low density, and corrosion resistance. Here are
some key reasons why titanium alloys are extensively used in aerospace: High

Strength-to-Weight Ratio (HSWR) property as a crucial to aerospace engineer-
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ing, where minimizing weight while maintaining structural integrity is a primary
concern due to fuel efficiency; Corrosion Resistance (CR) essential to varying
atmospheric conditions in aero-engines and space shuttle; High Temperature
Performance (HTP) around 425°C, Low Thermal Expansion (LTE) crucial for
dimensional stability and in components and Fatigue Resistance (FR) essential
to cyclic loading and long-term reliability [1]. Ti-6-4, Ti-6-2-4-6, and Ti-17, are
effective up to 300°C, are utilized in the fan and low-pressure compressor sec-
tions of modern high-bypass-ratio aircraft engines. As mentioned early, the spe-
cific strength (density-corrected strength) of these titanium alloys is crucial for
achieving the increased bypass ratios seen in contemporary, quieter, and more
fuel-efficient engines. Near-a alloys like Ti-6-2-4-2S and IMI 834 are employed
in the front of the high-pressure compressor. Also, Ti-6-2-4-2S operates up to
500°C, while IMI 834 can withstand up to 600°C. These alloys are approximately
50% lighter than the steel or Ni-base alloys they replaced in earlier jet engines,
contributing to weight savings [2].

The integration of computer simulations, particularly through finite element
modelling, has significantly contributed to the understanding and optimization
of manufacturing processes like EBW and IFW for titanium alloy components in
the aerospace industry. This knowledge is crucial for meeting the increasing de-
mands and harsh working conditions imposed on modern aerospace compo-
nents [3].

Electron Beam Welding (EBW) used to melt and join materials change
thermal history and in determining the microstructure and properties of the
welded joint. The rapid heating and cooling rates associated with EBW can in-
fluence on the formation of phases, grain, and metallurgical structure on the
welded region [4] [5]. The microstructure of titanium alloys is closely tied to
their mechanical properties. Rapid cooling rates in welding processes can lead
to the formation of fine-grained structures, affecting strength and toughness.
In EBW, the heat-affected zone (HAZ) adjacent to the weld and the fusion
zone itself undergo distinct changes in microstructure [6]. Controlling the
cooling rate can influence the size and distribution of phases. Joining of tita-
nium alloys using processes like EBW requires a deep understanding of ma-
terial compatibility and the potential formation of intermetallic compounds at
the joint interfaces [7]. The practical considerations and challenges associated
with moving heat sources in a thermal process, particularly in welding are very
important to achieve understanding of the metallurgical structures in the af-
fected zone. The complexity of the calculations involved in estimating thermal
features in welding was approached by Mendez [8]. In the present work
asymmetric joint configuration of two, practically, infinites plates of Ti6246
were Electron Beam Welded to observe the effect of the heat transfer during
cooling process due to the asymmetric. Basic heat transfer calculation was car-
ried out and related to the metallurgical structure. Optical metallography and

micro-hardness are reported.
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2. Experimental

The Titanium a + B phase alloy utilized in this study is Ti-6-2-4-6, and its no-
minal chemical composition is detailed in Table 1. The alloy underwent heat
treatment following AMS 4981 standards, involving solution treatment and ag-
ing at 885°C for 1 hour, followed by 705°C for 1 hour, both in an air-cooled en-
vironment. Although Mechanical Properties were assessed, they are not included
in this presentation. The recorded values are as follows: 970 MPa for 0.2% Yield
Stress, 1056 MPa for Ultimate Tensile Strength (UTS), and 24% deformation.

The schematic representation of the plate edges subjected to the welding
process is depicted in Figure 1(a) & Figure 1(b). Using a commercial device,
two electron beam welds (EBW) were performed on the same joint. The first run
utilized 136 kV and 10 milliamperes for a two-millimeter spot diameter, while the
second run used 136 kV and 11 milliamperes, maintaining the two-millimeter spot
diameter. Both runs covered a length of 100 mm at a welding speed of 50
cm/min. The high-speed electrons, diverging from the source, were focused to a
1 - 3 mm spot size to achieve the required power density.

For metallurgical and hardness inspections, a cross-section of the weld joint
was cut and observed and characterized by optical and SEM metallography in
addition of Vicker’s hardness test of the different zones. Simulation of the heat
transfer and the heat flow in the welded zones was carried out at different times

after the welding and presented.

3. Results

Figures 1(a)-(e) shows the different zones of the EBW cross sections and
present the changing of the metallurgical structure that was obtained during the
process. Figure 1(a) present the sketch of the jointed parts before the welding.
In Figure 1(b) the jointed parts are presented before etching and the numbers of
interested zones that have been observed and investigated. Figure 1(c) shows
the etched cross section with a Kroll solution which does not expose the metal-
lurgical structure of the fused zone in the weld. After few tasks with different
solution and electrolytic polishing techniques, the fused zone exposed the mi-
crostructure by 10% HF 20% HNO; 70% H,O etching as shown in Figure 1(d).
Figure 1(e) is a kind of photoshop of Figure 1(c) and Figure 1(d) to present the
microstructures of the basic metal and the fused zone together. The heat effected
zone (HAZ) is more difficult to expose from the microstructure point of view

but was exposed in a different metallography in Figure 2(b). Figures 2(a)-(d)

Table 1. Nominal alloy composition (weigh pct).

Element

Al Sn Zr Mo Fe Ti traces
Alloy
X Less than 0.04, 0.15,
Ti 6246 a + f8
5.50 - 6.50 1.75-2.25 3.50 - 4.50 5.50 - 6.50 <0.15 Bal. 0.0125, 0.005 and 0.04, C,
phases alloy

O, H, Y and N, respectively
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Figure 1. Cross section of the welded Ti-6-2-4-6, (a) Welded zone draft before EBW, (b) Welded zone after
EBW, (c) Welded zone after the EBW and etched with a Kroll’s reagent, The arrows are the path of the Vick-
ers Hardness that are shown in Figure 4 and Figure 5. (d) Welded zone after the EBW and 10% HF 20%
HNOs 70% H:O etched, (e) Superposition of (c) and (d). Two runs of welding; first run in the bottom and
second run on the top.

show the 4 areas 1 to 4 marked in Figure 1(b). Figure 2(a) shows the equiaxed
grain microstructure of the as received alloy Ti-6-2-4-6 with a very fine acicular d

phase that grow close perpendicular to the grain boundaries in small amount

DOI: 10.4236/jmmce.2024.122008 103 J. Minerals and Materials Characterization and Engineering


https://doi.org/10.4236/jmmce.2024.122008

D. Moreno et al.

© o )

Figure 2. Cross sections of the welded Ti-6-2-4-6 in different zones when a, ¢ and d at same magnifica-

tion; (a) Bulk of the homogenized and aged received base metal, (b) HAZ zone as presented in Figure
1(b) by no. 1, (c) Second run of the fused zone after the EBW, as presented in Figure 1(b) by no. 2, and
(d) First run of the fused zone after EBW, as presented in Figure 1(b) by no. 3.

transformed from the prior S phase. The difference between a and d is the satu-
ration level when a is saturated and «' is pre-saturated in the p phase. Figure
2(b) shows the effect of the additional heat due to the welding process on the
basic metal where the structure emphasis a martensite @' phase by very fine ser-
rated d. Figure 2(c) and Figure 3(b) show the second welding run after the full
joining of the 2 parts of the Ti-6-2-4-6 basic plates and the heat transfer to the
edges was improved due to the continuity of the metal after the first weld. The
picture in Figure 2(c) shown a very fine lamellar &' formation attributed to
thermal stresses and a good heat transfer from the welding zone. Also, the solidi-
fication front lines can be observed with a parabolic form and the assumed per-
pendicular direction of the heat transfer presented by arrows in some of the soli-
dification lines. Larges arrows present the first zone to be solidified where
equiaxed grains can be observed. In the smallest arrows zone, the last zone to be
salified, the finest lamellar @' structure can be observed with lager grains with
some preferred orientation. Enhanced metallography of this zone can be ob-
served in Figure 3(b). Figure 2(d) is from the first welding run in the bottom of
the (zone 4 in Figure 1(d)) where the difference in the microstructure is attri-
buted to the different heat transfer rate between two sides of the center line weld-

ing. Preferred grow orientation is observed in the left side when the right-side
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(@) (b)
Figure 3. Enhanced cross sections of the welded Ti-6246 in the fused zones; (a) First run of the fused zone after EBW, (b) Second

run of the fused zone after the EBW.
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Figure 4. Simulation was carried out at 0.2, 1, 2 and 3 seconds after the weld process according to the sketch in Figure 1(a).

present equiaxed grains, both with the same microstructures structure inside the
grains. Figure 4 shows the simulation of the heat transfer and the heat flow ac-
cording to the temperature changes during the first 3 seconds after the melting, ac-
cording to Figure 1(a) configuration used for the calculation. Coarsening of acicu-
lar @ and primary a" (probably orthorhombic phase mention latter) grain can be
observed and marked by the arrows in Figure 3(a) close to the carbide’s traces zone

reported elsewhere as Ti,AlIC as a stochiometric possibility [9]. Figure 5 show the
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Figure 5. Vickers Hardness in the Fused Zone of the Second EBW Run and the respective
distance from the center line of the welded zone in a plot and in Table 2 carried out along
the upper line and arrows shown in Figure 1(c).

Table 2. Vickers hardness in the fused zone of the second EBW run.

Zone Vickers Hardness Distance from Center Line [um]
422 —2158.45
Left HAZ 415 —1969.66
398 —1878.36
418 -571.60
Fused Metal 402 64.23
398 404.44
425 1903.86
Right HAZ 411 2098.73
422 3081.56

Vickers Hardness values obtained along the path shown in Figure 2(c) in the
upper side of the welded zone performed in the second run. No majors’ changes
can be observed between the welded zone and the HAZ. Table 2 summarizes the
values and the distances from the center line of the welded parts. Similarly, in
Figure 5 for the bottom of the welded zone carried out in the first run of the
EBW, and 3 additional indentation that were carried out in the basic metal.
There is an enhancement of the hardness in the welded zone and in the HAZ in

comparison to the basic metal.

4. Discussion

Microstructures significantly influence the mechanical properties and perfor-
mance of alloys, particularly in Ti (a, f§)-composed alloys. Equiaxed microstruc-
tures, for instance, enhance fatigue strength and ductility, exhibiting favorable

plastic deformation behavior. On the other hand, lamellar microstructures

DOI: 10.4236/jmmce.2024.122008

106 J. Minerals and Materials Characterization and Engineering


https://doi.org/10.4236/jmmce.2024.122008

D. Moreno et al.

demonstrate high fracture toughness and exceptional resistance to creep and fa-
tigue crack growth [10]. The microstructure resulting from various manufactur-
ing processes heavily relies on stable and metastable phase transformations in-
duced by thermo-mechanical processing.

Welding Titanium alloys involves local melting and rapid solidification under
thermal stresses, where the coefficient of thermal expansion between 20 and
200°C is 9.5 x 10 m/m°C and we assume that it has some influence on the new
phase formation. Phase formation during welding is dictated by the thermody-
namic preferences of the alloyed elements, posing a challenge that has been the
subject of recent simulations and calculations [10].

This study focuses on a joint of two plates with differing cross-sectional areas,
influencing heat transfer during welding. This variance affects the cooling rate
and the phases formed during the cooling process as can be shown in the simu-
lation presented in Figure 4. Ti-6246 alloy is sensitive to stresses during ther-
momechanical processes, leading to the formation of different phases based on
the combination of thermal stresses, thermodynamic aspects in the phase dia-
gram, and the kinetics of phase formation.

Differences in heat flow from the central line of the welding reveal directional
grain orientation as result. On the left side of the centerline in Figure 2(d) and
equivalent zones in Figure 4, where heat flow is higher due to the plate’s metal
conductivity, an aspect ratio of approximately 0.2 is observed in grown grains in
the left side of the metallography. Conversely, on the lower right side (Figure
2(d) and the equivalent zone in the calculation in Figure 4), where heat flow is
primarily through convection in the first run of the welding process, equiaxed
grains are obtained. Figure 3(a) in the bottom right side illustrates the develop-
ment of acicular a coarsening and primary a grain marked by arrows, along with
precipitates or inclusions of carbides, assumed to be stochiometric Ti,AlC formed
by the 0.04 weight percent of carbon, as presented in Table 1.

The balance in welding energy, accounting for keyhole shape variation, was
previously estimated based on wall temperature and keyhole depth [11]. Iso-
thermal transformation of -to-a occurred at various temperatures, with 600°C
identified as the most effective for a rich a phase [12] [13]. The rapid cooling of
the welding spot, reaching room temperature within 3 minutes, was evident in
the first run (Figure 3(a)), where no lamellar phases were detected. Subsequent
runs (Figure 3(b)) exhibited nearly equal conductivity post-initial jointing, en-
suring consistent heat transfer. Figure 3(b) presents the second run of the
welding, where conductivity was nearly equal after the initial full jointing con-
nection of the two plates, ensuring continuity in the heat transfer flow. Figure 5
and Figure 6 with the values in Table 2 and Table 3, respectively, show different
values of Vickers’s hardness that fluctuate between 398 to 425 VDPHN (Vickers
Dijamond Pyramid Hardness Number) in the first welding run in the HAZ and
the fused zone. The hardness obtained in the second welding run presents higher
hardness in the HAZ and decreases to the center line of the fused zone, from 451
VDPHN to 423 VDPHN with similar fluctuations as in the first welding run.
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Figure 6. Vickers Hardness in the Fused Zone of the first EBW Run and the respective
distance from the center line of the welded zone in a plot and in Table 3 carried out along

the lower line and arrows shown in Figure 1(c).

Table 3. Vickers hardness in the fused zone of the first EBW run.

Zone Vickers Hardness Distance from Center Line [pum]
361 -1500
Metal Bulk 373 -1300
364 -1100
451 -947.54
Left HAZ 444 -790.35
441 -777.59
423 -398.73
Fused Metal 435 —53.76
425 236.15
419 897.82
Right Haz 436 1064.61
447 1896.01

Comparable hardness values were reported elsewhere for this alloy [7]. Electron
microscopy and x-ray diffraction to examinate the increasing of the hardening of
the fused zone and HAZ was carried out elsewhere and reveal a metastable soft
orthorhombic martensite phase (o) formed in the very beginning of the S to a
transformation at high cooling rate in the Ti6-2-4-6 [14]. It’s suggested that the
d"' phase itself might not be the primary reason for the increase in hardness. In-
stead, it’s proposed that there’s a rapid transformation of the orthorhombic
phase to d martensite due to the precipitation of the starter B phase formed at
high temperatures. This transformation is considered a mechanism for hardening.
SEM micrographs reveal the S phase structure and the initial formation of very

fine @ martensite, indicating the early stages of transformation (Figure 7(a)).
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Figure 7. SEM images at high magnification of (a) left-up corner area in Figure 2(e), and (b) right down corner area of Figure
2(b), presenting the changes in the microstructure of the fused zone and the as received alloy. Figure 7(a) shows the
pre-saturated o in S, and Figure 7(b) a saturate (black) a phase in S.

Figure 7(b) shows fully formed a martensite in the original state of the alloy be-
fore welding. It's suggested that the formation of the ' phase and the coherence
between the BCC S phase obtained at high temperatures and the hexagonal
phase formed during rapid cooling of the fused zone contribute to the increase
in hardness. The mutual habit planes between the a (HCP) and S (BCC) phases
are important, particularly in the early stages of d phase formation. The cohe-
rency between the BCC S phase obtained at high temperatures above 935°C and
the hexagonal d' phase formed during fast cooling is crucial for hardness in-
crease. This coherency occurs in mutual habit planes, particularly (0001)a //
{101} [15]. This coherency is available in the earliest stages of the o' phase for-
mation and we assume that this is the fine microstructure obtained in Figure
6(a). Martensite a formed in the as-received alloy after thermomechanical treat-
ments increases the amount of d phase in the § phase up to a saturated state. This
process leads to semi-coherent and incoherent habit planes, reducing hardness. In
summary, the analysis suggests that the rapid transformation from the metastable
orthorhombic phase to d martensite, along with the coherency between phases,
contributes to the increase in hardness in the titanium alloy. However, thermo-
mechanical treatments can alter this effect by affecting the amount and cohe-

rency of the phases, ultimately impacting hardness.

5. Conclusions

This case study highlights the microstructure obtained post-welding. In sum-
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mary, the conclusions are as follows:

1) The hardness of both the fused zone and the Heat Affected Zone (HAZ)
exhibited an increase of nearly 20%.

2) We attribute this hardness increment to the coherency between (0001)a//
{101} B planes of the BCC and HCP lattice, respectively.

3) The alteration in the grain grow microstructure is linked to the rapid cool-
ing of the fused zone and HAZ, facilitated by the thermal mass of the plates as
sported by simulation.

4) Variances in heat flow from the welding central line, attributed to differ-
ences in cross-sectional areas of the welded plates, resulted in directional grain
orientation. Higher heat flow areas demonstrated a directional grain structure
due to superior plate metal conductivity, while lower heat flow areas yielded
equiaxed grains.

5) A noticeable aspect ratio of approximately 0.2 is observed in the grains with

directional growth.
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