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Abstract: To obtain accurate residual stresses in linear friction welding of TC17 alloy, a numerical relationship between
the elastic constants and phase fraction of TC17 alloy was established. The elastic constants with gradient distribution
were obtained by combining the phase fraction and introduced into the contour method. The results show that the elastic
constants of TC17 alloy are positively correlated with o phase fraction and present a significant gradient distribution in
the welding area with a width of about 4 mm. The relative error in calculating the welding residual stresses can be up to
36.06% if the gradient distribution of phase fraction is ignored. The corrected residual stresses in the welding area
exhibit a bimodal distribution, with a peak stress of ~442 MPa located at the edge of the heat-affected zone. The results
demonstrate the necessity of considering the phase fraction with gradient distribution.
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1 Introduction

TC17 (Ti—5A1-2Sn—2Zr-4Mo—4Cr) titanium
alloy is a dual-phase o+f titanium alloy rich in
[S-stabilizing elements. It is widely used in aero-
engine bladed disks (blisks) owing to its advantages,
such as high strength, good fracture toughness and
excellent fatigue resistance [1—4]. In molten state,
the titanium alloy is highly reactive to atmospheric
gases, such as nitrogen and oxygen, resulting in
severe embrittlement [5,6]. As a result, traditional
fusion welding of the titanium alloy requires the
protection of vacuum or inert gas. Linear friction
welding (LFW) is a solid-state welding technique
that joins titanium alloy by applying pressure and
generating frictional heat on the welding surface. Its
welding temperature is below the melting point of
TC17 titanium alloy, and it does not require a
vacuum environment or inert gas protection. Thus,

LFW has become a key technology for
manufacturing the aero-engine blisks [7-9].
However, a large temperature gradient and
plastic deformation occur on the welding surface
during LFW, resulting in a complex distribution of
residual stresses in the weldment [10,11], which
affects the service life and mechanical performance
of blisks. Therefore, it is essential to quantify the
residual stresses after LFW. Several advanced
methods, such as crack compliance method,
layer removal method, and contour method, have
been developed for measuring internal residual
stresses [12,13]. Among them, the contour method
can effectively measure the normal residual stress
distribution on the cutting surface of the weldment.
Its accuracy is not affected by the size of the
welding area, making it effective for measuring
welding residual stresses. There have been several
studies on the measurement of welding residual
stresses using this method. FRANKEL et al [14]
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compared the internal residual stresses in linear
friction weldments between Ti-64 and Ti-6242 and
found that the peak tensile stress in Ti-6242
introduced through the welding process was greater
than that in Ti-64. HOSSEINZADEH et al [15]
measured the internal residual stresses in Ti-64
electron beam weldments, and the tensile residual
stresses were mainly concentrated within 9 mm
from the weld centre. DEWALD et al [16]
calculated the residual stresses in Ti-64 linear
friction weldments. They found that the peak tensile
stress appeared in the weld centre. GADALLAH
et al [17] studied the influence of applied pressure
on the internal residual stresses in linear friction
welded steel sheets. The results showed that the
stress gradient close to the weld centre decreased as
the applied pressure increased.

In the LFW process, the welding temperature
in the welding area significantly exceeds that of a/f
phase transition point (890 °C) of TC17 titanium
alloy, causing changes in o/f phase fraction [8],
thus affecting the elastic constants of TCI17.
According to the characteristics of the grains, LI
et al [18] and WANG et al [19] divided the weld
joint of TC17 alloy into four distinct zones: the
weld zone (WZ), the thermo-mechanically affected
zone (TMAZ), the heat affected zone (HAZ), and
the parent material zone (PMZ). In these zones, the
o phase translated to f phase in varying degrees,
resulting in the non-homogeneous distribution of
mechanical properties. The a phase with hexagonal
close-packed (HCP) crystal structure and S phase
with body-centered cubic (BCC) crystal structure in
titanium alloy can display different elastic constants,
leading to variations in the elastic constants of
titanium alloy in the LFW process [20,21]. Several
studies have reported the effect of phase fraction on
the elastic modulus of titanium alloy. For example,
LEE and WELSCH [22] found that the elastic
modulus of Ti-64 was positively related to the a
phase fraction, which could be used as a sensitive
indicator of phase fraction variation. OGI et al [23]
showed that the elastic constants rapidly decreased
around the o/f phase transition point due to the
transition from o to f phase. According to CHEN
et al [24], the formation of the a phase resulted in a
high elastic modulus during the preparation of
Ti—37Nb—6Sn alloy.

However, the measurement of the non-
homogeneous elastic constants in the welding area

using experiments is difficult due to the narrowness
of this area. In the previous studies on residual
stresses calculated with the contour method, the
mechanical properties of the material were assumed
to be homogeneous by neglecting those zones
where the material properties changed due to the
phase fraction variation. Considering the non-
homogeneity of elastic constants, the authors in this
study investigated the variation of a phase fraction
in the welding area of TCI17 titanium alloy, and
introduced it into the contour method to improve
the precision of measuring the welding residual
stresses.

2 Relationship between elastic constants
and phase fraction

2.1 Experimental procedures

The relationship between the elastic constants
and phase fractions of titanium alloys was
established using TA9 (Ti—0.2Pd) and TBS
(Ti—-15V-3Cr—3Sn—3Al). In addition, four samples
of TC17 (Ti—5A1-2Sn—2Zr—4Mo—4Cr) titanium
alloy with different phase fractions were prepared
to verify the relationship. The elastic modulus and
shear modulus were measured at room temperature
using the elastic modulus tester (IET—1600VP). The
phase fractions were analyzed by X-ray diffraction
(XRD, Malvern Panalytical Empyrean Alpha 1).

2.2 Elastic constants and phase fraction

At room temperature, TA9 and TBS5 are mainly
composed of a and g phases, respectively [25,26].
Therefore, their o phase fractions can be assumed to
be 100% and 0%, respectively. The elastic and
shear moduli are given in Table 1, which indicates a
large difference between the moduli of different
samples.

As the a phase fraction of TC17 titanium alloy
increased from 55.5% to 88.7%, its elastic modulus
increased from 104.35 to 120.64 GPa. Studies
have shown that the isotropic elastic modulus of
titanium alloy is related to the o/f phase fraction,
and the loss of a phase fraction decreases elastic
modulus [27,28].

2.3 Fitting results between elastic constants and
phase fraction
As shown in Fig. 1, TC17 titanium alloy is
considered an isotropic composite, consisting of
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Table 1 Measured values of elastic constants

Material Phase Elastic Shear
¢ fraction/%  modulus/GPa modulus/GPa

TA9 o=100; =0 130.45 46.80
(assumed)

s *0: /=100 85.67 30.42
(assumed)

TC17 (1%) a=69.6; p=30.4 112.07 42.49

TC17 (2%) a=55.5; p=44.5 104.35 41.41

TC17 3% a=77.5; p=22.5 117.20 42.77

TC17 (4") a=88.7; p=11.3 120.64 46.23

Matrix average stress (c%)

IRARRE

Spherical
inclusions
(B-phase)

| |

Fig. 1 Application of Mori—Tanaka model in TC17

matrix and spherical inclusions that are uniformly
distributed in the matrix. Mori—Tanaka equivalent
inclusion micromechanics theory [29—31] is used to
calculate the elastic and shear modulus of TC17
titanium alloy with different phase fractions. Then,
the following equations can be obtained:

(1-n)(K,/K, 1)

K=K [1+ 1
TC17 a 1+77a(Kﬁ/Ka— ) ( )
(1-7)(G,4/G, -
GTC17 = Ga 1+ ( d ) ()
1+7b(G,4/G, -1)
9K -G
ETC17 — TC17~TC17 (3)
3K1ci7 + Grery
a= L (4)
3K, +4G,
6(K, +2G,)
b=—"——"+% ®)

5(3K, +4G,)

where Krci7, Grei7, and Etci7 denote the bulk,
shear, and elastic moduli of TC17 titanium alloy,
respectively. K, Ga, Kp, and Gg denote the bulk and
shear moduli of a and g phases, respectively.
denotes the volume fraction of a phase.

However, preparing pure-phase TC17 titanium
alloy is difficult. Therefore, K., Ga, Kp, and G can
be calculated from the measured elastic and shear
moduli of TA9 and TBS at room temperature by

Eq. (6):

9K G,
B =31,
Grao =G,
_ 9KﬂG/)’ ©
™ 3K, + G,
Grps = G/i’

where Etas, Gtag, EtBs, and Gtss denote the elastic
and shear moduli of TA9 and TBS5 titanium alloys,
respectively.

Figure 2 shows the theoretically calculated
values of Krci7 and Grci7 with different a phase
fractions, which indicates that they are positively
correlated with o phase fraction.
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Fig. 2 Variation of TC17 elastic constants with a phase
fraction

2.4 Validation of fitting results

The comparison between the calculated values
of modulus (Table 2) and the experimental results
(Table 1) is represented in Fig. 2, and the maximum
relative errors are 4.12% and 6.25%, respectively.
The result shows that the theoretical calculation can
predict Etci7 and Grci; with different o phase
fractions well.
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Table 2 Calculated values of elastic constants

Material ~ Elastic modulus/GPa Shear modulus/GPa
TC17 (1% 115.19 41.21
TC17 (2% 108.65 38.82
TC17 (3% 119.00 42.61
TC17 (4% 124.58 44.65

3 LFW elastic constants and residual
stresses

3.1 Experimental procedures
3.1.1 LFW

The workpieces made of TC17 titanium alloy
(1*) as parent material (PM), with dimensions
of 62 mm (length) x 75mm (width) x 20 mm
(thickness), were welded by LFW with the welding
surfaces of width—thickness. Before welding,
the welding surfaces were ground with a milling
machine and cleaned with anhydrous ethanol.
The cleaned workpieces were welded at AVIC
Manufacturing Technology Institute (Beijing, China)
under the welding conditions listed in Table 3. After
LFW, the flash was moved. Then post-weld heat
treatment (PWHT) was applied to weldments at
630 °C for 3 h, followed by air cooling.

Table 3 LFW parameters

Amplitude/mm Frequency/Hz Friction pressure/MPa

3 50 100

According to the position of the welding area,
the metallographic specimens of 20 mm % 10 mm x
10 mm were cut perpendicular to the welding
direction (Fig.3). The specimens were ground,
polished, and etched with Kroll’s reagent (1% HF +
3% HNOs + 45% H,0). Afterward, the specimens
were analyzed using optical metallography (OM).
The width of each zone can be determined through
the grain topology, which guides the XRD
experiment. The XRD specimens were cut from the
metallographic specimens according to the width of
Wz, TMAZ, HAZ, and PMZ (Fig. 3). Then, XRD
specimens were ground and analyzed using the
Malvern Panalytical Empyrean Alpha 1 for phase
fraction. Specifically, Surfaces I, II, III, and IV,
corresponding to PMZ, HAZ, TMAZ and WZ,
respectively, were analyzed using XRD. To ensure
the accuracy of the sampling, it is important to
make sure that the cuts are made strictly according
to the width of each zone.
3.1.2 Contour method

As shown in Fig. 4, the LFW weldments were
cut centrally along the xOz plane using the
DK7625P wire electric discharge machine (EDM)
with 0.2 mm brass wire. The residual stresses
introduced by cutting process were ignored [32].
The cutting speed was Imm/min, and the continuity
of the cutting process was maintained.

After the specimen was cut, the contour of
cut surfaces was measured using the MQS8106
coordinate measuring machine (CMM) with 0.1 pm

Observed surface

Welding surface

TMAZ
HAZ

PMZ

Fig. 3 Specimens obtained from LFW weldment

XRD specimens
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Weld centre \/ - Cut surface

Fig. 4 Schematic diagram of cut surface

measuring resolution. Then, the raw data were
processed with coordinate conversion, noise
reduction and enveloping to reduce the error
introduced to the system during cutting or contour
measurement [33]. The measured data were applied
as boundary conditions to the same-size model
for finite element analysis (FEA) based on
ABAQUS/standard to obtain the internal residual
stresses in the weldments.

3.2 Microstructural observation

The welding area can be divided into WZ,
TMAZ, HAZ, and PMZ according to the different
structure characteristics, as shown in Fig. 5(a).
Among them, the width of HAZ, TMAZ, and WZ
are ~1000, ~500, and ~800 um, respectively, and
the rest is PMZ.

The PMZ is composed of a+f phase with a
typical basket-weave structure, as shown in
Fig. 5(b). The f grains are relatively coarse, with a
size of 0.5—2 mm. A little massive and strip primary
ap phase can be observed in the f phase matrix,
where numerous lath and needle-like secondary as
phases are dispersed.

Under high temperature and mechanical
friction condition, the grains in WZ experience
dynamic reversion and recrystallization, forming
equiaxed grains with a uniform grain size of
20—-30 pm, as shown in Fig. 5(c). After LFW, the
phase transformed by the o phase is too late to
transform back due to the large cooling rate, thus
forming metastable £ grains.

The grain size in TMAZ is significantly varied.
As shown in Fig. 5(d), the grains are severely
deformed along the metal flow direction. In TMAZ
close to the WZ side, dynamic reversion and
recrystallization of the f grains lead to the formation
of fine equiaxed grains, which is the same in WZ.
When close to the HAZ side, the o phase fraction
increases significantly, and the needle-like a5 phase
is diffusely distributed in £ phase matrix.

Fig. 5 Microstructure of TC17 in welding area: (a) Overall; (b) PMZ; (¢c) WZ; (d) TMAZ; (e) HAZ
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As shown in Fig. 5(e), the grain size and
morphology in HAZ are similar to those in PMZ
because they are less affected by mechanics and
high temperature. However, the aspect ratio of the
needle-like as phase decreases, and a small portion
of o, phase transforms into £ phase.

In conclusion, the microstructure and o/f
phase fraction significantly vary in the welding
area. The material properties of LFW weldments
are not homogeneous.

3.3 Phase fraction with gradient distribution

Figure 6 shows the gradient distribution of a
phase content in the welding area of TC17 titanium
alloy. The phase transformation occurs in the
welding area, with the a phase content decreasing
from 69.6 vol.% in PMZ to 4 vol.% in WZ, which
is consistent with the microstructural variation in
the welding area. TMAZ and WZ are significantly
influenced by high temperature, giving rise to a
steep a phase content gradient. The a phase content
increases from 63.4vol.% to 69.6 vol.% in the
range of 0.5 mm during the transition from HAZ to
PMZ. The increase in « phase content might be
caused by the fact that these two zones are less
affected by the high temperature, and only part of
the needle-like as transforms to  in HAZ.

100 | S
9 PMZ HAZ < WZ < HAZ PMZ
I = =
80 - = =
o\O. | | | ] n n mn i
E 70+ m— L g A
s 60
2
§ 50 r
9 40+
=
s 30r As-welded
3
20 m After PWHT
10 +
0 1 Il
0

-3 -2 -1 1 2 3
Distance from weld centre/mm

Fig. 6 Variation of phase fraction in welding area

After PWHT, the a phase content increases to
different degrees in all zones and remains the
lowest in WZ. The a phase content increases from
77.8 vol.% to 78.5vol.% during the transition
from HAZ to PMZ, with an insignificant difference.
The o phase contents in WZ and TMAZ vary
significantly, increasing from 4 vol.% to 64.9 vol.%
and from 37.6 vol.% to 77 vol.%, respectively. This

phenomenon is attributed to the transformation of S
to a in the above zones and the precipitation of a
large number of «, and a5 with different shapes in
the metastable £ matrix [28,34]. The a phase content
in PMZ varies from 69.6 vol.% to 78.5 vol.%, as only
a tiny amount of o, precipitates occur in £ matrix [3].

3.4 Elastic constant variation

According to the analysis of the a phase
fraction in the previous section, the variation in
Erci7 and Grci7 in the welding area is obtained
(Fig. 7), which is consistent with the trend of «
phase fraction in Fig. 6. A significant difference is
observed in the elastic constants in different zones.
During the transition from PMZ to WZ, Ercir
decreases from 115.19 to 87.19 GPa, and Grciy
decreases from 41.21 to 30.98 GPa. After PWHT,
Erci7 and Grei7 increase in all zones. Considerable
variation is observed in WZ, with Erci7 and Greir
increasing from 87.19 to 112.98 GPa and from
30.98 to 40.4 GPa, respectively. In PMZ, the overall
increases in Etci7 and Grcir are approximately 4.5
and 1.5 GPa, respectively.

130

| — E, as-welded

Modulus/GPa
o
o]

G, as-welded
90" E, after PWHT
G, after PWHT
40 +
30 1 ‘ 1 1 1

-3 -2 -1 0 1 2 3
Distance from weld centre/mm

Fig. 7 Modulus variation of TC17 in welding area

The Etci7 and Grei7 of each zone are different
and significantly change after PWHT. Therefore,
the non-homogeneity of Etci7 and Grci7 should be
considered when calculating the internal residual
stresses in LFW weldments of TC17 titanium alloy
using the contour method.

3.5 Residual stress distribution

EDM cutting was performed on welded and
PWHTed weldments. The contour of cut surfaces
after the data processing is shown in Fig. 8. The
gradient of the cut surface deformation around the
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weld centre is steep, indicating that significant
residual stresses are generated. Then, the contour
data and elastic constants in the welding area are
substituted into FEA to obtain the internal residual
stress distribution of weldments.

In this study, residual stresses are calculated
using two methods. In Method 1, the -elastic
constants in the welding area are considered the
same as those of PM. In Method 2, the gradient
distribution of phase fraction is considered in the
welding area. A path is selected on the cut surface
(Fig. 4) to visualize the stress distribution. In order
to compare and analyze the two calculations, a local
area of 5 mm from the weld centre is selected. The
comparison results are shown in Fig. 9.

For the weldments as welded, the residual
stress distribution and peak tensile stress location
calculated using the two methods are approximately
the same. However, the calculated values of

(a)
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residual stresses in the welding area using Method 2
are lower due to the Etci7 in the area being smaller
than that in PM. Because the Erci7 in PMZ does not
change during LFW, the calculation results are the
same for the two methods.

The average relative error of residual stresses
calculated using Method 1 in the welding area is
13.88%. The relative error is the maximum (20.36%)
at the weld centre since Etci7 in WZ varies the most
during LFW.

After PWHT, Etci7 in the welding area
increases, which is approximately the same as
Erci7 in PM. Therefore, the relative error of the
residual stresses in the welding area calculated
using the two methods is only 2.48%. However, in
PMZ, the relative error (36.06%) of residual
stresses calculated using Method 1 could not be
neglected due to the significant variation in Etciz
after PWHT.

<z
%
0 10 20 30 40 50 60 70 80 90 100
X/mm
b
0.01 ®
:
N 0
-0.01 =
20
%10
0 10 20 30 40 50 60 70 80 90 100
x/mm
Fig. 8 Contour of cut surfaces: (a) As-welded; (b) After PWHT
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500 @ e Method 1 40 ® - Method 1
Method 2 Method 2
450
£ g 20f .\ BN ..
S 400t S
g 350} -
T 300¢ 3
2 250+ 2 20r
+ Z
200
_40 -
150 |
100 " " L L . -60 . . . L .
-6 -4 =2 0 2 4 6 = -4 =2 0 2 4 6

Distance from weld centre/mm
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Fig. 9 Residual stresses on path in 5 mm local area: (a) As-welded; (b) After PWHT
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Therefore, if the gradient distribution of phase
fraction is ignored, there will be an unacceptable
error when using the contour method to calculate
the internal residual stresses in weldments of TC17
titanium alloy.

The residual stresses on the path (Fig. 4)
considering the gradient distribution of phase
fraction are shown in Fig. 10. The internal residual
stresses are tensile close to the weld centre and
compressive on both sides. A local high temperature
is generated near the weld centre during LFW, and
the cooling speed in the core is significantly lower
than that on the surface. This phenomenon indicates
that the surrounding material obstructs the core
during the volume contraction, resulting in high
tensile stresses. The residual stresses rapidly change
from tensile to compressive in an area about 6 mm
away from the weld centre and gradually turn to
zero at the edge of weldment due to the large
temperature gradient in the welding area. After
PWHT, the residual stresses are eliminated and
remain within ~47 MPa.

500 —
1 — As-welded
400 M After PWHT
[+ I |
a 300+ I |
2 1
S 200¢
:% 100 :
3 ;
" J’_\\/\’J: :\\N\/
100}

-60 -40 -20 0 20 40 60
Distance from weld centre/mm

Fig. 10 Overall residual stresses on path

The residual stresses of as-welded specimen in
the 5 mm local area are shown in Fig. 9(a). The
internal residual stress distribution is symmetric on
both sides of the local area and has an “M” shape.
The peak tensile stress of ~442 MPa is located in
PMZ close to the HAZ side (about 2 mm away
from the weld centre). When it is close to the weld
centre, the tensile stresses gradually decrease and
reach a minimum value of ~208 MPa at the centre.
Under the coupling effect of high temperature
and frictional deformation in the welding area, the
op and o, transform into f. Moreover, dynamic
reversion and recrystallization occur, resulting in

fine equiaxed grains, which decreases tensile
stresses at the weld centre.

As shown in Fig. 9(b), the residual stresses in
the welding area transform from tensile to
compressive after PWHT. In contrast to residual
stresses of as-welded specimen, the peak
compressive stress of ~47 MPa is located at the
weld centre with a reduction rate of 77.68%. The
peak tensile stress in PMZ near the HAZ side
reduces to ~30 MPa with a reduction rate of 93.21%.
The average compressive residual stress within the
Smm local area is ~11 MPa, with an overall
reduction rate of 87.85%. The internal residual
stresses after PWHT are extremely small, and as a
result, they could be ignored.

4 Conclusions

(1) The elastic constants (elastic and shear
moduli) of TCI17 titanium alloy are positively
correlated with a phase fraction.

(2) The LFW process results in different
microstructure variations in each zone. Fine
equiaxed f grains are mainly concentrated in WZ,
while severely deformed grains are present in
TMAZ. The grain size and morphology in HAZ
are similar to those in PMZ, with a typical
basket-weave structure.

(3) LFW and PWHT significantly affect the
phase fraction of TC17 titanium alloy and induce
gradient distribution of phase fraction in the
welding area, which is pivotal in calculating the
residual stresses. If the gradient distribution of
phase fraction is ignored, the maximum relative
error after welding is 20.36%, and the maximum
relative error after PWHT is 36.06%.

(4) The internal residual stresses in the
weldments as-welded have an “M” shape
distribution, with tensile stresses in the middle and
compressive stresses on both sides. The peak tensile
stress of ~442 MPa is located in PMZ close to the
HAZ side. After PWHT, residual stresses at the
weld centre transform from tensile to compressive.
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