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Abstract—In the present paper, the effect of diffusion bonding (DB) and post-bond heat treatment on a
microstructure and mechanical properties of a Ti2AlNb-based alloy VTI-4 was studied. DB was carried out
using an SPS 10–3 selective plasma sintering system. The optimum mechanical properties of DB-joints (σu =
1240 MPa, σ0.2 = 1070 MPa, δ = 4.6%) were achieved after DB at temperatures of 940°C and 960°C, a hold-
ing time of 120 minutes, and a pressure of 15–25 MPa. The obtained mechanical properties were equal to that
of the initial material (σu = 1230 MPa, σ0.2 = 1190 MPa and δ = 3.5%, 400 ± 10 HV0.2). After DB at 940–
960°C, microhardness was 395 ± 30 HV0.2, which was higher than that after DB at 920°C (360 ± 25 HV0.2).
DB provoked an increase in the volume fraction of the O-phase along the joint interface compared to the base
material. Post-bond heat treatment resulted in an additional increase in the volume fraction of the O-phase
that increased strength and hardness.
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INTRODUCTION
Ti2AlNb-based alloys are attractive high-tempera-

ture materials for the aerospace industry due to their
excellent properties at temperatures up to 650–700°C
[1]. In particular, the alloys possess low density, high
specific strength, good creep resistance, and attractive
oxidation resistance [2, 3]. To obtain high-quality
products using these materials, it is necessary to study
their weldability [4]. During the welding processing,
elastic stresses arise due to a cascade of phase transfor-
mations in different areas of the weld (fusion zone,
heat-affected zone) due to low thermal conductivity
and low ductility of Ti2AlNb-based alloys, bursting the
welded products [5].

For joining of Ti2AlNb-based alloys, it is possible
to use following welding techniques: tungsten arc
welding (TIG), plasma welding (PW) [6], laser and
electron beam welding (LBW, EBW), friction welding
(FW), diffusion bonding (DB), and hybrid welding
technologies [4]. However, fusion welding (TIG, PW,
LBW, EBW) of Ti2AlNb-based alloys provokes the
formation of a weld seam with a coarse-grained

B2-phase that decreases mechanical properties of the
welded joint dramatically. Due to preserving the
coarse-grained microstructure of the fusion zone,
post-weld heat treatment somewhat increases strength
and ductility of the welded joints [7, 8].

On the other hand, DB of Ti2AlNb-based alloys
provide a good combination of mechanical properties
of obtained uniform or dissimilar joints [9]. To prevent
the formation of brittle intermetallics during dissimi-
lar bounding [10] or limit the joining line and coagu-
lation of the O-phase at the diffusion joint interface
[11], it is suggested to use an intermediate layer,
namely foils made of pure Ti [12] or high-entropy
alloys (TiZrHfNbAl, AlNbHfTaTi, etc.). However,
tuning of DB parameters can also inhibit the coagula-
tion of the O-phase during the processing.

To attain a high-quality joint, spark plasma sinter-
ing (SPS) equipment is also used. The processing is
implemented using pulsed current and applied pres-
sure [13, 14], which can essentially be called resistance
butt welding. The use of SPS equipment is possible
and relevant for DB, but it is required that the pulse
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current passes through the graphite matrix and
punches but not through the bonded blanks. The
approach can be combined with hot deformation of
Ti2AlNb/TiAl-based alloys, which improves the
mechanical properties of DB-joints [15].

Post-bond heat treatment (PBHT) is a pathway for
further strengthening, adjusting the microstructure of
DB-joints. In particular, after DB, aging at 600°C
(O-phase area) [16] or at 850°C (O + β phase area)
[17] is applied. Since the β-phase is metastable and
transforms at high temperatures (β → O and/or β → α2),
PBHT can stabilize the structure and properties of the
obtained joints [4]. However, the most common
PBHT mode is solution treatment at temperatures of
the β-phase region and aging at 800–840°C to precip-
itate the O-phase [7].

Thus, the aim of this work is to study the effect of
DB modes using SPS equipment and PBHT on a

microstructure and mechanical properties of a
Ti2AlNb-based alloy.

EXPERIMENTAL
Program Material

The hot-forged plate of a Ti2AlNb-based alloy
VTI-4 was studied. The program alloy possessed the
chemical composition: Ti–23Al–23Nb–1.4V–
0.8Zr–0.4Mo–0.4Si (at %). In the initial state, the
alloy VTI-4 performed the following mechanical
properties: σu = 1230 MPa, σ0.2 = 1190 MPa, and δ =
3.5%. Microhardness of the initial plate was 400 ±
10 HV0.2. The microstructure of the initial plate con-
sisted of a β-matrix, a lamellar O-phase and a globular
α2-phase (Fig. 1). The program alloy had the subse-
quent phase composition: 15% of O-phase, 21% of
α2-phase, and 64% of β-phase. In β, α2 and O phases

Fig. 1. Initial microstructure of the alloy VTI-4: (a) BSE analysis; (b) EBSD analysis; (c–d) TEM image.
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Fig. 2. Scheme of cutting samples from DB-joints: (a) for mechanical testing; (b) scheme of cutting a sample for uniaxial tension
and a section for measuring microhardness (area A); (c) for PBHT.
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the content of Nb and Al was different. The darkest
particles in BSE images were the α2-phase (Ti3Al),
whereas the lighter particles were the O-phase
(Ti2AlNb). The light background was the β-matrix
(Ti) [18]. The size of the elongated β-grains was 460 ±
110 μm in length and 105 ± 40 μm in thickness
(Fig. 1b). Along boundaries of β-grains, a diameter of
globular α2-particles was less than 1.5 μm. Particles of
the lamellar O-phase with a length of 0.1–3.5 μm and
a thickness of 0.1–1.5 μm were uniformly distributed
(Fig. 1c).

Diffusion Bonding and Post-bond Heat Treatment

The main design and technological requirements
for DB of Ti2AlNb-based alloys were summarized
below:

— Before DB, the mating surface of the samples
should be ground with sandpaper followed by
mechanical polishing to reduce surface roughness
[19]. Samples must be ultrasonically cleaned in an
acetone bath (C2H5OH, carbon 4-chloride or other
solvents) for 15–30 min. The surface after mechanical
and physical-chemical treatment must be brought to
4–6 class of cleanliness (GOST 2789–59).

— The vacuum during DB of Ti2AlNb-based alloy
should be 1 × 10–2 Pa or higher [20, 21]. However,
according [22], the DB-joint TiAl–Nb–TiAl was also
obtained in a vacuum of 4.5 × 10–1 Pa.

— The elastic strength of the Ti2AlNb-based alloy
was ≈20 MPa, which limits the applied pressure during
DB. Therefore, the pressure should be selected within
a loading range of 8–20 MPa [13, 23].

— Depending on the Nb concentration, upper
boundary of the β/B2 + O phase region was located at
a temperature of 960 or 980°C. Therefore, the tem-
perature range of DB was from 900 to 980°C [24–27].

— The holding time of samples during DB varied
from 10 to 210 min depending on the temperature and
applied pressure [23, 24].

— Cooling of DB-joints was carried out together
with the furnace (chamber) of the DB equipment [19].

Based on the listed requirements for DB, a spark
plasma sintering system SPS 10–3 was selected. The
system is comparable for obtaining a high-quality DB-
joint of Ti2AlNb-based alloys. Samples for DB mea-
suring 27 × 15 × 15 mm3 were cut from the hot-forged
plate (Fig. 2a). Before DB, the mating surfaces were
ground with sandpaper, followed by mechanical pol-
ishing and ultrasonic cleaning in an acetone bath for
15–30 min.

Parameters of DB are presented in Table 1. Vac-
uum in the chamber was 2 × 10–2 Torr. Three times
purging with argon grade 6.0 was used. Thus, the heat-
ing of the samples was carried out by radiation from a
graphite matrix with an internal diameter of 40 mm.
To reduce heat loss due to heating, the graphite matrix
was thermally insulated with fiber. A pulsed current for
heating passed through two graphite punches (1, 6)
and a graphite matrix (3). The samples (4) were placed
in the central part of the matrix and isolated from elec-
tric current by corundum inserts (2). In order to pre-
cisely place and load the samples without shifting
them, titanium foil made of VT1-00 (5) was used
before DB, and the area between the samples and the
matrix was filled with titanium shavings. When the
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temperature reached 200°C during heating, a pause
was maintained to remove combustion products from
the chamber (Fig. 3a). The second pause was carried
out at 500°C to reduce the temperature gradient and
final degassing of combustion products in the cham-
ber [28]. The bonding cycle was divided into three
stages, namely heating, holding and cooling with con-
tinuous temperature recording. The thermocouple
was located in the lower graphite punch at a distance
of 3 mm from the mating surface with the sample
(Fig. 3b). Cooling of the welded samples was carried
out together with the furnace (chamber).

PBHT of DB-joints was conducted in a furnace
Nabertherm LT 5/12/P320 with following modes:
PBHT1—heating to 920°C (α2 + β + O-phase
region), holding for 2 h and air cooling, followed by

aging for 6 hours at a temperature of 800°C (β +
O-phase region) with air cooling; PBHT2—heating to
960°C (α2 + β + O-phase region), holding for 2 hours
and air cooling, followed by aging for 6 h at a tempera-
ture of 800°C (β + O-phase region) with air cooling.

Mechanical Testing 
and Microstructure Characterization

Uniaxial tensile tests were performed using a uni-
versal testing machine Instron 5882 at room tempera-
ture with a strain rate of 10–4 s–1. The scheme of the
sample is shown in Fig. 2b. Control and data collec-
tion were carried out using the Instron Bluehill 2 soft-
ware. The microhardness value was estimated on sam-
ples in the cross-section of DB-joints according to

Fig. 3. (a) welding cyclogram of VTI-4 alloy on SPS 10-3 equipment; (b) device for placing samples inside the chamber: (1) upper
punch; (2) corundum insert; (3) graphite matrix; (4) welded samples; (5) titanium shavings; (6) lower punch.
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Table 1. Modes of diffusion bonding

No. Temperature,
°C

Holding
time, min

Pressure,
MPa

Heating rate, 
°C/min

Cooling rate, 
°C/min

1 920 120 15 15 15

2 940 120 15 15 15

3 960 120 15 15 15

4 980 120 15 15 15

5 960 120 25 15 15
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ISO 22826 (Fig. 2b, area A). The measurements were
conducted with a step of 80 μm using a Vickers micro-
hardness tester Wolpert 402MVD with a load of 0.2 kg
and an indentation time of 15 s (HV0.2).

The microstructure was studied using a FEI
Quanta 200 3D scanning electron microscope at
30 kV. EBSD-analysis was performed using a Nova
NanoSEM 450 microscope equipped with an EDAX
Hikari EBSD camera at 30 kV. The initial microstruc-
ture was also studied using a JEOL JEM-2100 trans-
mission electron microscope at 200 kV. The 300 μm
thick foil blanks were cut using electrical discharge
cutting and then thinned to 100 μm on a LaboPol-5
mechanical grinding and polishing machine. These
samples were then subjected to dual-jet electrolytic
polishing and perforation using Tenupol-5 with an
electrolyte consisting of 60 mL HClO4, 600 mL
CH3OH and 360 mL C4H9OH, at 27 V and –30°C.
After perforation, the foils were cleaned in distilled
water and ethyl alcohol.

RESULTS AND DISCUSSION

Microstructure Characterization of DB-joints

The microstructure of the DB-joints consisted of a
β-matrix, a lamellar O-phase, and a small amount of
equiaxed α2-phase (Fig. 4). As Shown in Fig. 4a, after
DB at 920°C, the average length of the O-phase in the
base metal was 2.71 ± 0.2 μm, while the average length
of the O-phase at the DB-joint boundary was 0.87 ±
0.2 μm. After DB at 940°C, the average length of the
O-phase in the base metal was 2.27 ± 0.2 μm, and
those located at the boundary of the DB-joint was
1.62 ± 0.1 μm (Fig. 4b). After DB at 960°C, the aver-
age length of the O-phase in the base metal and at the
boundary of the DB-joint decreased to 1.7 ± 0.2 μm
and to 1.37 ± 0.1 μm, respectively (Fig. 4c). After DB
at 980°C (Fig. 4d), the average length of the O-phase
in the base metal and at the boundary with the DB-
joint reached 2.98 and 1.91 μm, respectively.

Fig. 4. BSE analysis of DB-joints obtained at: (a) 920°C, 15 MPa; (b) 940°C, 15 MPa; (c) 960°C, 15 MPa; (d) 980°C, 15 MPa.
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Figure 5 presents EBSD-maps of DB-joints
obtained at different temperatures. Along the bound-
aries of large β-grains, smaller grains (≈20 μm) were
observed, where an increased fraction of the α2-phase
was detected. Only β- and O-phases were attained at
the site of the DB line of large primary β-grains
(Fig. 4). No distinctive microstructural features were
found in the of diffusion joints obtained at different
welding temperatures.

Mechanical Testing of DB-joints

Microhardness of DB-joints was in a range of 336–
425 HV0.2 (Fig. 6). The minimum microhardness
value of 360 ± 25 HV0.2 was obtained after DB at
920°C (Fig. 6a) due to the increased content of the α2-
phase and the higher content of the O-phase. Yet, the
maximum value of microhardness 395 ± 30 HV0.2 was
achieved after DB at 940 and 960°C.

According to the results of tensile testing (Fig. 6b),
the strength of DB-joints increased with increasing
the processing temperature. Thus, at a DB tempera-
ture of 940–960°C, the ultimate strength (σu) and
yield strength (σ0.2) were 1180 and 1010 MPa, respec-

tively. These values of the strength of DB-joints were
more than 95% of the base-metal strength. At 980°C,
the strength increased to the same strength as the ini-
tial metal, which was associated with an increase in the
volume fraction of the O-phase. However, soon frac-
ture occurred along the DB-joint, and the ductility did
not exceed 1%.

Increasing the pressure from 15 to 25 MPa during
DB at 960°C improved the mechanical properties of
the DB-joint. This ensured the equal strength of the
DB-joint relative to the initial metal, while ductility
increased by 1.5 times. The samples were damaged
along the base metal or the crack partially propagates
in the base metal and diffusion bonding joint (Fig. 6c).
The microhardness level of DB-joints did not change
with increasing pressure (15 MPa—395 ± 30 HV0.2;
25 MPa—385 ± 25 HV0.2). However, the shrinkage of
≈10% was observed after the processing.

Figure 7 shows the fracture surfaces of DB-joints
after tensile tests. As can be seen in Fig. 7a after DB at
920°C and 15 MPa, the fracture surface was a connec-
tion plane between the samples, which made it f lat
and smooth. On the fracture surface of samples
obtained at DB temperatures of 940 and 960°C

Fig. 5. EBSD analysis of DB-joints: (a) 920°C, 15 MPa; (b) 940°C, 15 MPa; (c) 960°C, 15 MPa; (d) 980°C, 15 MPa.
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(Figs. 7b–7c), facets of quasi-cleavage and transgran-
ular fracture as well intergranular cracking were
observed. This demonstrated the good quality of the
DB-joints, which possessed higher plastic properties.
After DB at 980°C, fewer deformation zones were
found on the fracture surface (Fig. 7d) that indicated
lower ductility.

Effect of PBHT on the Microstructure 
and Mechanical Properties of DB-joints

Figures 8 and 9 show microstructures of the
obtained DB-joints after PBHT1 and PBHT2
depending on the DB conditions. PBHT of DB-joints
after DB at a pressure of 25 MPa was not considered,
since, at such a condition, the sample were deformed
more than 10%.

The microstructure of DB-joints consisted of a
β-matrix, a lamellar O-phase and a small amount of
equiaxed α2-phase particles. However, after PBHT,

the volume fraction of O- and α2-phases varied
depending on the DB temperature. With increasing
DB temperature, the amount of O-phase increased
(Table 2), while the amount of α2-phase was stable.
Apparently, after PBHT2, the volume fraction of
α2-phase increased by ~2 times compared to PBHT1.

Microhardness of the DB-joint after PBHT1 was
350 ± 20 HV0.2, whereas microhardness of the
DB-joint after PBHT2 was 400 ± 30 HV0.2. In both
cases, with increasing DB temperature, the micro-
hardness increased slightly. Microhardness peaks were
also found in the joint area at point “0” at 920 and
980°C after PBHT1 (Fig. 10a) and 960°C after
PBHT2 (Fig. 10b).

After PBHT1, σB and σ0.2 of the joint bonded at
960°C were 1020 MPa and 930 MPa, respectively,
which is more than 80% of the base metal strength.
Moreover, ductility increased by more than 1.5 times
and reached 6.2% (Figs. 11a, 11b). For the joint

Fig. 6. (a) Microhardness of DB-joints depending on welding modes; (b) mechanical properties of DB-joints; (c) mechanical
properties of DB-joints at 960°C depending on the welding pressure.
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bonded at 940°C, the ductility was slightly lower than

that at 920 and 960°C.

After PBHT2, σu and σ0.2 of joints bonded at 960°C

were 1210 and 1160 MPa, respectively, that was equal

to the initial metal strength. However, the ductility

remained at the same low level (Figs. 11a, 11c). The

mechanical properties of joints bonded at 940 and

960°C after PBHT2 differed from PBHT1. So,

strength increased by up to ~20% and ductility

decreased by ~2 times due to an increase in the con-

tent of the α2 phase.

Thus, heat treatment allows regulating the strength

and plastic properties of DB-joints in a wider range. A

comparative analysis of weldability (by weld strength

Fig. 7. Fractography of DB-joints obtained at: (a) 920°C, 15 MPa; (b) 940°C, 15 MPa; (c) 960°C, 15 MPa; (d) 980°C, 15 MPa.
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Table 2. Phase composition of the DB-joints after PBHT1

Welding mode, °C 920 940 960 980

Average value, %

O-phase 50.49 60.81 72.67 76.72

α2-phase 2.40 7.05 11.26 6.75
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and ductility) of VTI-4 alloy was conducted (Fig. 12).
The mechanical properties of welded joints obtained
by fusion (blue area) [6, 29, 30] and DB (green area)
were different. Apparently, DB provided the better
strength-ductility combination of DB-joints due to
the absence of a fusion zone and HAZ, and as a con-
sequence a finer microstructure.

CONCLUSIONS

In the current work, the effect of diffusion bonding
(DB) modes using SPS 10-3 equipment and PBHT on
the microstructure and mechanical properties of
Ti2AlNb-based alloys is studied. Following conclu-
sions are drawn:

(1) The best mechanical properties of DB-joints of
the Ti2AlNb-based alloy VTI-4 are achieved after DB
at temperatures of 940 and 960°C, a holding time of
120 min, a pressure of 15 ± 1 MPa (σu = 1180 MPa,
σ0.2 = 1010 MPa, ≈95% of the initial metal strength,
δ = 3%) and at a temperature of 960°C, a pressure of
25 ± 1 MPa (σu = 1240 MPa, σ0.2 = 1070 MPa, δ =
4.6%, which ensures equal to the initial metal
strength).

(2) After DB at 940–960°C, the microhardness is
395 ± 30 HV0.2, which is higher than at 920°C (360 ±
25 HV0.2), and is close to the initial material micro-
hardness (400 ± 10 HV0.2). Meanwhile, ductility of
DB-joints increases with increasing DB temperature
from 920 to 960°C at a pressure of 15 ± 1 MPa and
reaches 3.8%. With an increase in DB temperature,

Fig. 8. BSE analysis of the diffusion bonding joints of VTI-4 alloy obtained after PBHT1: (a) 920°C, 15 MPa; (b) 940°C, 15 MPa;
(c) 960°C, 15 MPa; (d) 980°C, 15 MPa.
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Fig. 9. BSE analysis of PBHT2 joints obtained DB at: (a) 920°C, 15 MPa; (b) 940°C, 15 MPa; (c) 960°C, 15 MPa; (d) 980°C, 15 MPa.

(a) (b)

(c) (d)

Fig. 10. Microhardness of DB-joints after: (a) PBHT1; (b) PBHT2.
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Fig. 11. Mechanical properties of DB-joints after PBHT depending on welding temperature: (a) tension diagrams, (b) mechan-
ical properties after PBHT1; (c) mechanical properties after PBHT2.
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techniques: K-PAW—keyhole plasma arc welding, HT—subsequent heat treatment [6], PLW—pulse laser welding [29], TIG
(LF)—tungsten inert gas welding with low-frequency pulses, TIG (HF)—using direct current with high-frequency pulses [30],
EBW—electron beam welding, DB—diffusion bonding, PBHT—post-bond heat treatment. Blue area—fusion welding, green
area—diffusion bounding.
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the fraction of the O-phase and α2-phase in the
DB-joints increases (940°C: 44.58% O-phase, 6.45%
α2-phase; 960°C: 54.05% O-phase, 9.9% α2-phase).

(3) After PBHT of DB-joints, the fraction of O-
and α2-phase increases with an increase in DB tem-
perature (940°C—60.81% O-phase, 7.05% α2-phase;
960°C—72.67% O-phase, 11.26% α2-phase). Increas-
ing the fraction of the O-phase and α2-phase in the
DB-zone leads to the rise of strength and hardness.
The PBHT1 mode (heating at 920°C, holding for 2 h
and air cooling, followed by aging for 6 hours at a tem-
perature of 800°C with air cooling) improves ductility
to δ = 6% with some reduction in strength character-
istics. The PBHT2 mode (heating at 960°C, holding
for 2 h and air cooling, followed by aging for 6 h at a
temperature of 800°C with air cooling.) provides
strength and ductility equal to those of the initial
material. Depending on the requirements for the
properties of a specific DB-joint, subsequent heat
treatment allows for f lexible control of its mechanical
characteristics.
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