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Abstract

This paper investigates the influence of post-weld heat treatment (PWHT) on the microstructure and mechanical properties of an
80-mm thick TB18 electron beam—welded (EBW) joint. The average tensile strength of TB18 base metal (BM) is 1328 MPa, while
the tensile strength of as-welded joints is 736 MPa, which is only 55.3% of the BM. After post-welding heat treatment (PWHT),
the tensile strength of the joint is slightly higher than that of the BM, which is 1341 MPa. The fracture morphology of the BM and
two kinds of joints are analyzed. There are a lot of dimples in the tensile fracture of the BM and as-welded joint, which are ductile
fractures, while the tensile fracture morphology of the PWHT joint is mainly composed of dimples and cleavage planes, which are
quasi-cleavage fractures. The microhardness of the weld metal (WM) of the as-welded joint is significantly lower than that of the
BM, while the microhardness of the PWHT joint is close to that of the BM. There are obvious differences in the microstructure of
the WM between the two kinds of joints. The WM of the as-welded joint is mainly composed of large § columnar crystals, while a

large number of fine flaky o' phases are precipitated in the WM of the PWHT joint.

Keywords Ti-4Al-5 V-5Mo-5Cr-1Nb (TB18) - Electron beam welding - Post-weld heat treatment - Microstructure

1 Introduction

The main high-strength titanium alloys are TC18, Ti1023,
and Ti55531. The tensile strength of these titanium alloys
after heat treatment can reach 1100~ 1200 MPa, and the
fracture toughness can reach 50~ 60 MPa-m'? [1-3]. These
titanium alloys have both high tensile strength and good
fracture toughness. Although the mechanical properties of
these titanium alloys are relatively high, it is still difficult
to meet the demand for ultra-high strength and high-tough-
ness titanium alloys in the aviation field. In particular, the
key-bearing components of aviation equipment, such as the
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bearing frame and beam on the fuselage. These structural
parts play an important role in ensuring the development of
aviation equipment.

The latest TB18 titanium alloy, a new type of near-f titanium
alloy, has the characteristics of high tensile strength, good frac-
ture toughness, large quenchability, etc. It is suitable for manu-
facturing large bearing components with high strength require-
ments and good weight reduction effect and is mainly used as
important load parts such as aircraft landing gear and beam [4,
5]. Due to the large size of aviation structures, it is difficult to
achieve overall forging. In order to achieve the connection of
large-sized structural parts, welding technology is needed [6, 7].
The vacuum electron beam welding technology has the advan-
tages of high energy density, small thermal input, small welding
deformation, and good stability. It has been widely used in the
fields of aerospace [8, 9]. Titanium alloy when welding is easy
with the oxygen in the air, the reaction of impurities such as
nitrogen and hydrogen, which makes the welding joint embrit-
tlement. The vacuum electron beam welding (EBW) technology
is welded in a vacuum environment, which avoids the reaction
of titanium alloy molten metal with oxygen, hydrogen, water
vapor, and other impurity gases in the environment during the
welding process and can obtain better welding quality [10, 11].
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At present, the main research on new titanium alloys is
the relationship between the microstructure and mechani-
cal properties of the material itself. Zhang et al. [12] stud-
ied the effects of laser power, scanning speed, and powder
feeding rate on the TB18 titanium alloy microstructure and
morphology of single-pass sediments and blocks, and opti-
mized the forming process parameters. The results show that
with the increase of scanning speed and laser power, and
the decrease of powder feed rate, the aspect ratio of single
passage deposition increases [12]. Zhou et al. [13] also stud-
ied the effects of heat treatment on the microstructure and
mechanical properties of TB18. The results show that the

Fig. 1 Cross-section topography
of two kinds of joints: a as-
welded joint and b welded joint
after PWHT

As-welded joint

microstructure is composed of f grains when the solution
temperature is higher than 830 °C. After solution + aging,
the secondary o phase precipitates, and the tensile strength
and yield strength increase significantly, while the elonga-
tion decreases [13].

In summary, there are few reports on the weldability
and welding joint PWHT of the new near-f titanium alloy
TB18. In this paper, the effect of PWHT on microstruc-
ture and properties of high strength and toughness tita-
nium alloy Ti-4Al-5 V-5Mo-5Cr-1Nb (TB18) EBW joint
is studied, which includes five parts: The first part is the
research background; the second part is the experimental

Welded joint
after PWHT

Table 1 Chemical compositions

Material Al
of TB18 titanium alloy (wt, %) afena

Mo Nb Cr \" Fe

TB18 4.04

491 1.01 5.96 4.86 Balance
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Fig.2 Sampling position of tensile specimen

materials and methods; the third part is the compari-
son of mechanical properties between PWHT joints and
as-welded joints. The fourth part analyzes the reasons
for the obvious improvement of joint strength. The
microstructure of the joint was significantly improved
by PWHT. The fifth part is the summary of the main
experimental results.

2 Materials and methods
2.1 Materials

Figure 1a shows the cross-section morphology of TB18 as-
welded joints. Figure 1b shows the cross-section morphology
of the welded joint after PWHT. It can be seen from the figure
that the center width of the weld is about 12.3 mm, and the
width of the heat-affected zone is about 5.1 mm. After the test
plate is welded, solid solution + aging treatment is performed,
solid solution temperature is 870 °C, heat preservation is per-
formed for 120 min, and then aging treatment is performed at
530 °C, heat preservation time is 240 min, and finally, air cool-
ing is performed. Heat treatment was carried out in a vacuum
environment. The welding part is made of two test plates with
a length of 300 mm, a width of 100 mm, a thickness of 80 mm,
and the thickness of the backing plate is 20 mm. Table 1 shows
the chemical composition information of the materials.

Fig.3 The size of the tensile
specimen
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Fig.4 Microhardness of each area of the two joints

2.2 Microstructure observation

The corrosion agent used in the test was Keller’s reagent
(HF to HNO; to H,0 =1:3:50), and the corrosion time was
about 10 s. The microstructures of BM, HAZ, and WM were
observed under high resolution scanning electron micro-
scope. The equipment model is FEI Verios460. The micro-
structures of BM and WM were observed under transmission
electron microscopy. The experimental equipment model is
JEM-2100F. When preparing the specimen for TEM obser-
vation, the specimen was first ground to about 30 um with
2000-mesh silicon carbide sandpaper, and then thinned by
twin-jet electrolytic spraying. The electrolyte was a metha-
nol sulfate solution with a concentration of 8%.

2.3 Mechanical test

The micro-Vickers hardness curve is from the center of the
weld to the right BM with a dot interval of 0.25 mm. The test
equipment is HXD-1000TMC/LCD. The test force is 200 g
(1.961 N) and the load holding time is 15 s. Microhardness
was measured in the center of the plate thickness.

The tensile test was carried out on the INSTRON 1195 elec-
tronic tensile test machine at the speed of 0.5 mm/min. Figure 2
shows the sampling position of the tensile sample, and the size
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Fig.5 Tensile curves of BM and two kinds of joints

diagram is shown in Fig. 3. The fracture of the tensile specimen
was observed by scanning electron microscope (SU3500).

3 Results
3.1 Microhardness of each area of the two joints

Figure 4 shows the microhardness of 80 mm thick TB18 tita-
nium alloy in each region of as-welded and PWHT joints. After
PWHT, the average microhardness of each region of the TB18
EBW joint can be significantly improved. For as-welded joint.
The average hardness values of WM, heat-affected zone (HAZ),
and BM are 252HV, 251HYV, and 303HV, respectively. After

PWHT, the average values of WM, HAZ, and BM are 366HV,
362HYV, and 361HYV, respectively. For as-welded joints, the hard-
ness values of WM and HAZ are close, but both are signifi-
cantly lower than that of BM. The hardness of WM is about 17%
lower than that of BM. The average microhardness values of the
PWHT joint are very close to each other and are significantly
higher than those of the as-welded joint. After PWHT, the WM,
HAZ, and BM of TB18 EBW as-welded joint were increased by
114HV, 111HYV, and 58HYV, respectively.

3.2 Tensile properties of two types of joints

Figure 5 shows the tensile results of the as-welded joint and
welded joint after PWHT and BM. The effect of post-weld-
ing heat treatment on joint strengthening is very obvious.
The tensile strength of the BM is 1328 MPa, the tensile
strength of the as-welded joint is 742 MPa, and the tensile
strength of the welded joint after PWHT is 1341 MPa. The
tensile strength of the joint is increased by 80.7% after the
PWHT, which is as strong as the BM. The elongation of
BM, as-welded and PWHT joints of TB18 titanium alloy
is 9.6%, 14.4%, and 7.8%, respectively. Figure 6 shows the
tensile fracture positions of the as-welded and PWHT joints
of TB18 titanium alloy. It can be seen from the figure that
the tensile samples of the two joints were broken in the WM.

Figure 7 shows the tensile fracture morphology of BM, as-
welded joint, and PWHT joint. Figure 7a shows the full view of
the tensile fracture of the BM. Figure 7d and g shows a partially
enlarged view of the fracture. It can be seen from the figure that
there are a large number of dimples in the BM, and the fracture
mode is a ductile fracture. Figure 7b shows the overall picture
of the tensile fracture of the as-welded joint. Figure 7e and h are
partial enlargements of the as-welded joint. A large number of

Fig.6 Tensile fracture positions
of BM, as-welded, and PWHT
joint
BM
As-welded
joint
Welded joint
after PWHT
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dimples were also found in the fracture, and the fracture mode
was also ductile fracture. Figure 7c shows the overall picture of
the tensile fracture of the welded joint after PWHT. In Fig. 7f
and i, there are flat “cleavage-like” facet planes and small dim-
ples with shallow holes distributed in the fracture, and there are
tearing edges at the edges of the dimples. Therefore, the fracture
of a welded joint after PWHT is a quasi-cleavage fracture, and
the fracture mode is a brittle fracture.

4 Discussion
4.1 Microstructure of the two joints

Figure 8 shows the microstructure of the BM, HAZ, and
WM of as-welded and PWHT joints under high-resolution

scanning electron microscopy (HR-SEM). Figure 8a shows
the BM of the welded joint, which is mainly composed of
the equiaxed a phase and f transition structure. Figure 8d is
a local magnification of Fig. 8a showing the presence of strip
a phases in the p-transition structure. Figure 8b shows the
structure of the HAZ of the welded joint. It is found that the
equiaxed o phase is still retained, and the f transition struc-
ture can be found dissolved in the matrix through Fig. 8e.
Figure 8c shows the microstructure of the WM of the welded
joint. The o phase has been completely transformed and is
mainly composed of § grains. Figure 8f is a local enlarge-
ment of the microstructure of the WM, and it is found that
the rivalent boundary of the WM is significantly larger than
in other areas. As shown in reference [14, 15], the grain
boundary in the crystal will hinder the movement of the
dislocation, the grain size is large, the grain boundary is less,

As-welded joint

Welded joint
after PWHT

» i)
' . ” - B o -

Fig.7 Tensile fracture morphology of BM, as-welded, and PWHT
joint. a, b, and ¢ are the macro fracture morphology of BM, as-
welded, and PWHT joints, respectively. d, e, and f are the local mor-

phologies of BM, as-welded, and PWHT joints, respectively. g, h,
and i are local enlargements of d, e, and f, respectively
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Fig. 8 Microstructure of each region of the two joints. a, b, and ¢ are
the microstructure of the base material, heat-affected zone, and weld
zone of the as-welded joint, respectively. d, e, and f are local enlarge-
ments of a, b, and ¢, respectively; g, h, and i are the microstructure

when the material is deformed, the resistance of the disloca-
tion movement is small, and the strength is low, which is an
important reason for the strength decline of the as-welded
joint and the hardness of the WM.

Figure 8g and j shows the microstructure of the BM of
the welded joint after PWHT. It can be observed that there
are a large number of acicular secondary o’ phases in the
grain, and the acicular o' phases are crisscrossed. Figure 8h
and k shows the microstructure of the HAZ, which is simi-
lar to that of the BM, and a large number of secondary o'
phases are also found in this region. Figure 8i and 1 shows
the microstructure of the WM. A large number of secondary
o' phases were also found in this area.

In a word, a large amount of acicular o’ phase is precipi-
tated in each area of the welded joint after PWHT, which
significantly improves the overall tensile strength of the
joint.

@ Springer
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4.2 TEM analysis on joints

Figure 9 shows the microstructure of the BM and WM of the
two kinds of joints under TEM. Figure 9a shows the mor-
phology of the BM of the as-welded joint, in which the equi-
axed a phase and fine acicular o’ phase are found. Figure 9b
shows the morphology of the BM of the welded joint after
PWHT, all of which show that there are acicular o’ phases
distributed on the § matrix. Studies have shown that [16, 17]
in high-strength titanium alloys, the acicular o' phase as the
reinforcing phase can significantly improve the strength of
titanium alloys. Figure 9c shows the microstructure of the
WM of the as-welded joint. It is found that the reinforce-
ment phase has dissolved and a small number of dislocation
lines can be observed. Figure 9d shows the microstructure
of the WM of the welded joint after PWHT. Through solu-
tion aging, the acicular o phase is re-precipitated, and a
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Fig. 9 Microstructures in the
BM and WM of the two kinds As-
of joints. a is the microstruc- -
ture of the base material of the
as-welded joint; b is the weld
microstructure of the as-welded
joint; ¢ is the microstructure of
the base metal of the PWHT
joint; and d is the weld micro-
structure of the PWHT joint

a3

elde

d joint

Welded joint after PWHT

large number of dislocation entanglement occurs at the same
time. Studies have shown [18, 19] that the dislocation in the
matrix will interact with the new dislocation generated by
the deformation of the material so that the dislocation will
wind and gather, and greater external force is required to
make the dislocation continue to move, thus improving the
strength of the material, which is also an important reason
for the strength of the welded joint after PWHT.

5 Conclusions

The mechanical properties of high strength and toughness
titanium alloy TB18 EBW joint of as-welded joint and
welded joint after PWHT were studied. There are main con-
clusions shown as follows:

(1) Through PWHT, the tensile strength of the joint is
significantly improved. The tensile strength of the as-
welded joint is 742 MPa, and the welded joint after
PWHT is 1341 MPa.

(2) After PWHT, the microhardness of each area of the
joint is significantly improved. Compared with the as-

welded joint, the average microhardness of WM, HAZ,
and BM of the joint increased by 114 HV, 111 HV, and
58 HV, respectively.

(3) Through PWHT, a large number of reinforcement
phases are precipitated in the WM. The reinforced
phase in the WM of the as-welded joint dissolved in the
B matrix, while a large number of fine flaky o’ phases
were re-precipitated in the WM of the welded joint
after PWHT.

(4) After PWHT, the dislocation density in the WM
increases. Only a small amount of dislocation lines
were observed in the WM of the as-welded joint, while
a large number of dislocation entanglement appeared in
the WM of the welded joint after PWHT.
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