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ARTICLE INFO ABSTRACT

Keywords: Ti-6Al-4V alloy sheet is an engineering material that is widely used due to its superior properties such as high

Pfﬂsatmg Hydroforming strength-to-density ratio besides high temperature and corrosion resistance. However, its low formability at room

El'6Al';¥ temperature limits its wider applications. In this study, a cylindrical cup was hydroformed using a female die to
ormability

examine how the pulsating effect would result under frictional conditions. Initially, finite element simulations
were performed to design a proper die geometry. Next, forming tests were run on Ti-6Al-4V blanks under
pressure increased monotonically and with pulsation, and microstructural analyses were performed on the
formed specimens. The effects of pulsation frequency, amplitude, and base pressure on the formability were
investigated. The nose radius/thickness ratio, maximum thinning, bursting pressure, and die-filling ratio
measured on the specimens formed under monotonic and pulsating loadings were compared, and the
improvement in the formability was demonstrated. An increase of 38.5 % in bursting pressure occurred and the
nose radius of the part was decreased up to 30 % with pulsating loading. The die-filling ratio was improved from
87.9 % to 95.3 % with optimized pulsation parameters. The underlying microstructural reasons for the improved
formability were elaborated using XRD, SEM, and TEM analyses.

Microstructural characterization
Sheet metal forming

surface, reduced fatigue life, and high forming costs are considered the
drawbacks of hot forming [4-6]. Therefore, new and novel methods are

1. Introduction

One of the most widely used titanium alloys is Ti-6Al-4V due to its
superior properties such as high strength-to-density ratio and corrosion
resistance, especially in the aerospace industry [1,2]. However, the
formability of Ti-6Al-4V sheet is limited at room temperature due to low
strain hardening and maximum elongation under tension [3]. Research
performed to improve the formability of the Ti-6Al-4V sheet shows that
superplastic forming, which is a hot forming method, raises the %
elongation values. However, high energy consumption, tool damage at
high temperatures, limited productivity, oxidation of the material
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required to increase the formability of Ti-6Al-4V at room temperature
and the use of pulsation is the key motivation of this research.

Sheet hydroforming is not commonly used in mass production
because of the low yield and high costs; however, it is preferable in
special cases that need higher sheet metal formability [7]. Sheet
hydroforming is generally classified into two groups; forming with a
punch (SHF-P) and with a (female) die (SHF-D) [8]. In the SHF-D pro-
cess, the hydraulic fluid acts as a punch without friction and the die
enforces the final geometry under friction. With a lack of friction on the
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pressurized side, local strains are more homogeneous, while the sheet
material conforms to the shape of the die better. Therefore, more du-
rable and complex-shaped sheet metal parts can be produced with SHF-
D [9,10]. For example, Dilmec et al. [11] determined the limiting
drawing ratio of SS 304 by using the SHF-D process. They reported that
shallow sheet metal parts can be manufactured robustly without the
need to optimize the pressure and blank holder force profiles. It should
also be stated that the SHF-D is different from hydraulic bulging where
no die surface shapes the sheet, and thus forming is achieved by the
hydraulic pressure only

Reported investigations on pulsating hydroforming mostly focus on
tube forming and the work on sheet forming is limited. Mori et al. [12]
conducted the first experimental studies on pulsating hydroforming.
They reported that the defects, such as wrinkling due to low pressure
and bursting due to high pressure, were avoided by the proposed pul-
sating regime in low pressure. Hama et al. and Loh-Mousavi et al. sup-
ported these experimental studies with numerical modeling and
simulations [13,14]. Accordingly, wrinkling and early bursting were
eliminated and a more homogeneous thickness distribution was ob-
tained. Some researchers indicated that the pulsation of the blank-
holder is also effective in improving the limiting drawing ratio by
11.53 % in hydroforming [15]. In a recent study conducted at 700 °C,
pulsating tube-hydroforming was found to improve the maximum gap
and the springback with a homogenous thickness distribution for spiral
tube geometry [16].

Although there are many studies on pulsating tube hydroforming,
studies on pulsating sheet hydroforming are very limited. For example,
Yang et al. [17] investigated the effects of frequency and amplitude on
the maximum bulge height of AZ31B magnesium alloy using numerical
methods and reported a more uniform thickness distribution. Addi-
tionally, Hu and Pan [18] investigated the forming of AZ31 magnesium
sheets by monotonic and pulsating loadings under the same maximum
liquid pressure. They reported an increase in bulge height and more
uniform wall thickness by pulsating loading.

The authors of the present study also investigated the effect of pul-
sating loading on the mechanical properties of Ti-6Al-4V alloy by using
the bulge test [19] and determined the underlying microstructural
phenomenon of the improved formability [20]. These studies are far
from providing information about the manufacturability of parts with
more complex geometries produced under the influence of friction with
pulsating loading, and in the studies, only the effect of pulsating loading
on the mechanical properties of the material was investigated by the
bulge test, which gives the flow curves of the materials, as in the tensile
test. In this context, they reported that the pulsation forming enabled a
greater thickness reduction and a slightly more uniform thickness dis-
tribution when compared to monotonic loading. It was also determined
that pulsation forming induced a delay in the fracture, resulting in a
15.4 % increase in the dome height, a 17 % rise in the burst pressure, and
a 47 % enhancement in the formability. This increased formability was
attributed to the stress relaxation that took place during the pulsating
bulge test. That is, reduced dislocation density during the early stages of
formation prevented dislocations from locking and postponed the frac-
ture, resulting in enhanced dome height.

In the current study, different from our previously reported ones
[19,20] and the literature, the effect of pulsating pressure was investi-
gated for the SHF-D process applied on Ti-6Al-4V sheets using a small-
scale cylindrical die. Thus, the effect of pulsating loading was investi-
gated for small (nose) radius cups like industrial parts under frictional
effects. In this context, the effects of base pressure, pulse amplitude, and
frequency on the bursting pressure, nose radius/thickness ratio (R/t),
die-filling ratio, and thickness strain were measured. Additionally,
microstructural characterizations were performed using XRD, SEM, and
TEM on the specimens before and after the forming processes.
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2. Experimental details

The chemical composition of the Ti-6Al-4V alloy received in cold-
rolled form is given in Table 1. Uniaxial tensile tests of the samples
prepared following the ASTM E8 standard with a gauge length of 50 mm
in three planer directions (0°, 45°, and 90°) were conducted three times
at a speed of 25 mm/min on a Shimadzu Autograph 100 kN tensile
device, and the average of the results was presented in Fig. 1. In this
study, the experimental setup containing a die set, a pressure intensifier,
a high-pressure line, and members were designed, manufactured and
assembled for the pulsating SHF-D. A set of Finite Element (FE) simu-
lations was conducted to determine the proper die dimensions. Mono-
tonic and pulsating SHF-D experiments were conducted according to
Taguchi L9 experimental design. Geometric dimensions and thickness
distributions of all the formed specimens were measured. The micro-
structural analyses were performed using X-ray diffraction (XRD), field
emission scanning electron microscope (FESEM), and transmission
electron microscopy (TEM).

To reveal the effect of pulsating pressure in sheet hydroforming, and
to increase formability and part quality, cups were formed in a cylin-
drical die. The nose radius of the cup was considered the measure of the
formability. The as-received thickness of the Ti-6Al-4V sheet was 0.55
mm and the circular blanks were cut to 72 mm diameter. The lower die
was designed with a 40 mm inner diameter, 50 mm depth, and 5 mm die
shoulder (entrance) radius as seen in Fig. 2. The depth of the lower die
was set to 13 mm by circular shims at the bottom so that the bottom
radius was practically zero for all experiments. A self-aligning tapered
roller bearing was placed under the lower die to enable a homogeneous
blank holder force distribution on the specimen while the lower die was
closing upwards.

The maximum pressure required to form the specimen with desired
radii was calculated from the simulations at approximately 200 MPa.
Thus, high-pressure hydraulic components that can withstand these
pressures are needed in the transmission of pressurized liquid from the
pressure intensifier to the upper die. These elements are the nipples,
high-pressure tubes, the distributor (X block), the glands, the high-
pressure sensor, the check valve, and the water charge tank to fill the
water inside the pressure intensifier. The high-pressure circuit diagram
and the assembly of the high-pressure circuit to the experimental setup
are shown in Fig. 3.

Hydraulic base pressure, pulse amplitude (a), and frequency (f) were
determined as the pulsation parameters. Thanks to a hydraulic unit with
servo valves and a closed-loop numerical control electronic card, the
pressure intensifier can be operated precisely at the desired frequency
and amplitude. An example of a loading profile is given in Fig. 4.

Frequency and amplitude levels were set based on preliminary per-
formance tests of the pressure intensifier. High amplitudes could not be
obtained when the frequency was higher than 3 Hz. The maximum
applicable amplitude was 10.0 MPa at 3 Hz. The lowest amplitude value
was selected as 2.5 MPa because at lower amplitudes the pressure
intensifier cannot provide the desired amplitude level. To summarize, a
pressure range of 2.5-10.0 MPa was chosen for amplitude and 1-3 Hz for
frequency. Base pressure levels were determined as 40 %, 50 %, and 80
% (350, 455, and 750 MPa) of the value at which the test sample was
fractured in the monotonic pressure profile. The experiments were
performed according to the Taguchi L9 orthogonal experimental design
given in Table 2.

To determine the bursting pressures at each parameter level, the
samples were formed until fracturing at the forming depth of 13 mm
with at least four repetitions. After the bursting pressures were deter-
mined, all the experiments were performed at 5 MPa below the bursting
pressure. Thus, samples with at least three repetitions were obtained
without any fracture. Fractured and unfractured samples are shown in
Fig. 5. To calculate the R/t ratio, the nose radius was measured using the
3D optical scanning device. Both sides of the test samples were first
lubricated with paraffin and covered with a polyethylene film.
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Table 1
Chemical composition of the tested Ti-6Al-4V specimen.
Elements Ti Al A o H N Fe
wt.% 89.72 6.08 4.05 0.010 0.069 0.0089 0.013 0.049
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Fig. 1. The stress—strain curves for three rolling directions.
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Fig. 2. The schematic representation of the experimental setup.

Material characterizations were performed on the samples obtained
under the experimental conditions given in Table 3. The analyses,
including XRD, FESEM, and TEM were performed following the standard
metallographic processes. The regions from which the samples were
prepared for the respective analyses are shown in Fig. 5. In the study
conducted by Babu and Lindgren [21], it was stated that temperature
affects the dislocation density and its mobility. Therefore, a waterjet was
used to cut the required samples and to prevent excessive deformation
and overheating during cutting.

The crystal structure and phases present in the microstructure of the
samples were determined using the XRD analyses. A Rigaku X-ray

diffractometer with Cu-Ka radiation (A = 0.1542 nm) source was used
operating at a voltage of 40 kV and a current of 20 mA. The diffraction
scans were performed in the range of 30°-90°, while the scanning speed
was set to 0.037°/s. Then, the observed XRD peaks were fitted by the
Gaussian function, and a standard LaB6 sample was used to remove the
instrumental broadening as a function of 26. Phase ratios in the micro-
structure were determined by calculating the area under the peaks. The
Williamson-Hall plot was used to estimate the dislocation density after
deducting the instrumental broadening as reported by Yang et al. [22].
ZEISS Gemini 500 FESEM was used to image the as-received micro-
structure and the fracture surfaces of the damaged specimens after
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Fig. 3. The schematic representation of the hydraulic circuit.
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Fig. 4. An example pulsating loading profile (Ozturk et al., 2023).
monotonic and pulsating SHF-D processes. The detailed microstructural 3. Finite element modelling of SHF-D
analyses of the samples were characterized by TEM using JEOL JEM-
2100F, operating at 200 kV. Focused ion beam (FIB) microscopy was Finite Element Analyses (FEA) were conducted to select the suitable
used to selectively prepare thin electron transparent specimens for TEM geometric parameters for the cylindrical cups formed using the SHF-D
investigation using FEI-Nova 600i [23]. process. Within this scope, the cup diameter, depth, and forming pres-

sure at which the cylindrical cup can be formed using the existing
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Table 2
The design of experiments (Taguchi L9).
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Table 3
The specimens for microstructural characterization.

Exp. No. Amplitude(MPa) Frequency (Hz) Base Pressure (MPa) No. Loading Type Damage Cond. Pressure (MPa)
1 2.5 1 35.0 1 Monotonic Damaged 90.3

2 2.5 2 45.5 2 Pulsating Damaged 125.1

3 2.5 3 75.0 3 Pulsating Damaged 120.1

4 5.0 1 45.5

5 5.0 2 75.0

6 5.0 3 35.0 4. Results and discussion

7 10.0 1 75.0

8 10.0 2 35.0 .. .

9 10.0 3 455 4.1. Finite element analysis

experimental press were identified. Additionally, the die shoulder
(entrance) radius value was selected to ensure the flow without pre-
mature damage. FEA was conducted using the dynamic-explicit solver
LS-DYNA. Initially, dies were modelled with 40 and 50 mm die inner
diameters, 10, 13 and 15 mm die depths and 3, 4, and 5 mm die shoulder
radii. Then a series of analyses were performed to determine the mesh
independence point for a selected die geometry. Quad mesh sizes of 0.5,
0.75, 1, and 1.5 mm were used for the blank, and the analyses were
executed. The thickness distribution graphs resulting from the analyses
at 0°, 45°, and 90° angles are presented in Fig. 6, and the computation
times are summarized in Table 4. Accordingly, it becomes evident that
the analyses conducted with element sizes of 0.5 mm and 0.75 mm yield
nearly identical values. Considering the computation times, it was
deduced that employing quad elements with a size of 0.75 mm would be
appropriate for the simulations, resulting in savings of approximately
11 h and 30 min per analysis.

The schematic representation of the simulation system is depicted in
Fig. 7. The system, which was simplified according to the experimental
setup, was modeled as a quarter model using shell elements and sub-
jected to appropriate symmetry conditions. The lower die was
completely fixed, while the upper die was constrained to move only
along the z-axis. The pressure was defined as normal to the elements, to
the region of the projection of the pressure area in the die on the sheet. In
all finite element analyses and experiments, a fixed initial blank diam-
eter of 72 mm was used. The dies of the SHF-D process are modeled as
rigid. Since the workpiece to be formed in the experiments was lubri-
cated, the friction coefficient between the lower die and the sheet and
the upper die and the sheet was defined as 0.05 [24]. The Yoshida
Uemori material model was used for the Ti-6A1-4V sheet [19]. The blank
holder force (BHF) applied in the analysis was 50 kN. Mass scaling was
also applied to reduce the dynamic effects in the explicit analysis. The
rupture was controlled by the forming limit diagram obtained by the
Nakazima test for 0.55 mm thick Ti-6Al-4V sheets (Fig. 8).

Initially, the cups with a smaller depth of 10 mm and a large inlet
radius of 8 mm were formed without damage to verify the accuracy of
the finite element analysis. Next, forming simulations of the same-sized
cup were performed. The results obtained from the analyses were vali-
dated based on five different parameters: visual similarity, die entrance
radius, nose radius, fluctuation distance in the edge regions and thick-
ness distribution. As shown in Fig. 9a, there is a notable visual resem-
blance between the part formed using the SHF-D process and the part
obtained from the analysis. For the second and third parameters, which
are the entrance and nose radii, the values on the parts obtained from the
analyses, as depicted in Fig. 9b, were measured from different regions
using the LS-Prepost software. Similarly, radius measurements of the
experimentally formed parts were made at different points by fitting
cylinders tangent to the radius, as shown in Fig. 9¢, using the Geomagic
Control X software. The height of the fluctuations occurring in the edge
regions after springback was measured in three different zones (Fig. 9d),
both in the numerical and experimental analyses (Table 5). When the
average values of these measurements were compared, the average de-
viation was found as 7.66 % for the entrance radius, 3.52 % for the nose
radius, and 6.18 % for the fluctuation range. Moreover, in the simula-
tions, the bursting pressure was predicted as 84 MPa until the sheet
ruptures. In a series of repeated experiments conducted using the same
parameters, ruptures occurred at an average pressure of 88.7 MPa. In
this context, the bursting pressure was predicted with an accuracy of
95.7 %. When it was looked at the thickness distributions of the parts
obtained experimentally and with FEA in Fig. 10, it is seen that FEA
predicts the thickness distribution of the shaped part quite well.

Once the sufficiently accurate results were verified by the simula-
tions, the appropriate geometric parameters were predicted by the
simulation to obtain the cylindrical cups with higher depths and smaller
radii. The results unveiled that the pressures reaching up to 150 MPa
were needed to form the parts. The closing capacity of the experimental
press was insufficient against the force generated by a pressure of 150
MPa at the surface of a 50 mm diameter die. Therefore, the maximum

Microhardness tests

" preen (across the section) €= """ "" &

N

XRD analyses (surface)
TEM analyses (cross section)

ll.’

Fig. 5. Fractured and intact Ti-6A1-4V cups and the regions where samples are prepared for material characterizations.
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Table 4
The FE computation times for various element sizes.

Element Size Computation Time

0.5 15 h 33 min 27 sec

0.75 3 h 56 min 5 sec

1 1 h 2 min 19 sec

1.5 0 h 33 min 57 sec

feasible die diameter used in the experiments was designed as 40 mm.
Using the die with a diameter of 40 mm and a depth of 15 mm, parts with
large nose radius could be obtained as shown in Fig. 11a. When the die

Major Strain (g,)

height was 10 mm, a press capacity of 200 MPa was predicted and it 0.04
exceeded the current capacity (Fig. 11b). Next, a die height of 13 mm
was simulated, and it was predicted to be feasible for the currently 0.02

available press (Fig. 11c). The optimal die entrance radius is the mini-
mum value that would not cause premature failure by blanking. As seen
in Fig. 11d, when the die entrance radius was 3 mm, the damage was

pred?ct.ed in Fhis region. A 4 mm die entrance radius. gave a mar.ginal -0}10 ' -0:08 ' -0.|06 ' _0.'04 ' _0.'02 ' 0.00 ' 0.;}2 ' 0‘;)4 ' 0.:)6 ' 0.|08 ' 0.'10
prediction (Fig. 11e); therefore, 5 mm was preferred with a lower risk of
premature rupture (Fig. 11f).

Minor Strain (g,)

Fig. 8. Forming Limit Diagram of Ti-6Al-4V alloy sheet (thickness 0.5 mm).

{Crpervi]

-» Pressure Area

Lower Die

Fig. 7. The schematic representation of the finite element analysis system.
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Fig. 9. (a) Parts obtained from FE analysis and the experiment (b) Entrance and nose radius measurements (c) Radius measurement from experimentally formed part

(d) Measurement of wrinkling on the flange.

Table 5
Predicted and measured geometric results.

Validation No Predicted Measured Average Deviation
Parameter (mm) (mm) Rate
Die Entrance 1 9.059 8.222 7.66 %
Radius 2 8.165 7.904
3 8.000 7.305
Avg. 8.408 + 7.810 +
0.570 0.466
Nose Radius 1 7.649 7.44 3.52 %
2 7.131 6.86
3 7.581 7.3
Avg. 7.204 + 7.200 +
0.281 0.303
Wrinkling 1 1.744 0.99 6.18 %
Period 2 1.804 1.8
3 2.324 2.74
Avg. 1.957 + 1.843 +
0.319 0.876

4.2. Forming process

The bursting pressures measured under the pulsating and monotonic
loading are given in Table 6. The mean pressures at the burst were 90.4
and 93.7-118.8 MPa with monotonic regime and various pulsating
loading conditions, respectively (Fig. 12). This shows an improvement
of bursting pressure in the range of 3.8 % and 31.6 %.

One-way ANOVA is a statistical method used to test for significant
differences between the means of three or more independent variables.

If the p-value is less than the significance level (0.05), it can be
concluded that there is a statistically significant difference between the
means of the groups [25]. Thus, One-way ANOVA (analysis of variance)
was performed to investigate whether there was a significant difference
between the experimental repetitions. As seen in Table 7, the p-value
was calculated less than 0.05 indicating a significant difference between
the averages of the experimental results.

Fig. 13 shows the main effect plot of parameters on mean bursting
pressure. No appreciable effect of amplitude and frequency on the
bursting pressure was observed. However, with the increase of the base
pressure, a significant increase in the bursting pressure was measured.
When the initial pressure was set at 35.0, 45.0, and 75.0 MPa, the
average rupture pressure was measured at 96.0, 94.0, and 103.5 MPa,
respectively, indicating the influence of base pressure on the forming
process.

The ANOVA results based on the bursting pressure are shown in
Table 8. The p-values of the amplitude and frequency were higher than
0.05. Therefore, no significant effect of these parameters on bursting
pressure was concluded. The p-value of the initial pressure was calcu-
lated as 0.062, which is marginally significant. Consequently, the base
pressure has a 76.4 % effect on the bursting pressure with a total error
ratio of 5.1 %.

The standard deviation of bursting pressures given in Table 6 was
calculated as 5.0 MPa. Therefore, to obtain unfractured specimens, the
blanks were formed at 5.0 MPa below the previously measured bursting
pressure values. In the next phase, monotonic and pulsating hydroforming
tests were repeated to form intact specimens to find the best combination of
process parameters giving the sharpest nose radius. After the tests, all of the
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Fig. 11. Determination of die depth and entrance radius by FEA (a) Die diameter: 40 mm, depth: 15 mm. The part was damaged before it took the desired form (b)
Die diameter: 40 mm, depth: 10 mm. Forming pressure exceeded press capacity (c) Die diameter: 40 mm, depth: 13 mm. The part where the forming pressure is
suitable for the press capacity (d) Die diameter: 40 mm, entrance radius: 3 mm. Part damaged in entry radius area (e) Die diameter: 40 mm, entrance radius: 4 mm.
The intact part close to damage (f) Die diameter: 40 mm, entrance radius: 5 mm. Undamaged part.

specimens were measured using a 3D optical scanner, and the R/t (nose
radius/original sheet thickness) and die-filling ratios (specimen volume/
die volume) were calculated. The measured nose radii and R/t ratios are
cast in Table 9 and depicted in Fig. 14. Accordingly, the nose radii in all
parts formed with pulsating loading were lower than the part formed under
monotonic loading. Additionally, the smaller R/t ratio observed for the
pulsating forming is an indication of the increased formability. The nose
radii obtained by pulsating loading ranged between 6.48 mm and 8.73 mm,
while it was 8.74 mm after monotonic loading. Parallel to the bursting
pressure tests, the lowest nose radius was observed in Experiment 7 (10.0

MPa pulse amplitude, 1 Hz frequency, and 75.0 MPa base pressure). As a
result, a notable improvement of 25.8 % was achieved in the R/t ratio by
pulsating loading.

The other performance criterion that could be achieved by pulsating
forming was the maximum thinning. In this context, the thickness dis-
tributions of the formed specimens under 9 pulsating and 1 monotonic
loading conditions were measured and given in Fig. 15. Thickness
measurements were made at 4 mm intervals. The center of the cylin-
drical cup was considered the “zero point”. The maximum thinning was
measured as 8.3 % in Experiment-7. Consequently, further thinning of
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Table 6
Bursting pressures under monotonic and pulsating loading.
Exp. Amplitude Frequency Base Pressure 1th 2th 3th 4th 5th Mean Bursting Pressure Standard
No. (MPa) (Hz) (MPa) Exp. Exp. Exp. Exp. Exp. (MPa) Deviation
1 2.5 1 35.0 99.7 101.0 95.2 96.0 98.0 2.8
2 2.5 2 45.5 90.5 98.7 92.5 98.5 95.1 4.2
3 2.5 3 75.0 110.0 96.5 91.3 108.5 85.4 101.6 10.7
4 5.0 1 45.5 94.8 87.9 90.0 85.0 113.1 94.2 11.2
5 5.0 2 75.0 98.3 100.6 99.0 98.5 99.1 1.0
6 5.0 3 35.0 92.6 96.1 97.3 93.4 94.9 2.2
7 10.0 1 75.0 140.0 95.6 116.5 119.0 122.7 118.8 11.6
8 10.0 2 35.0 96.7 94.8 95.4 92.4 94.8 1.8
9 10.0 3 45.5 102.2 92.0 90.5 90.0 93.7 5.7
Mon. - - - 89.1 90.1 88.3 92.0 92.4 90.4 1.8
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Fig. 12. The comparison of bursting pressures in monotonic and pulsating loading profiles.
Table 7 Amplitude Frequency Base Pressure
The one-way ANOVA results according to mean bursting pressure. 107.5
Source Degree Seq SS Contribution Adj. F- P-
of (%) MS value  value 105.0
freedom
Parameters 9 159,248 55.7 % 17,694 4.62 0.001 102.5
Error 33 126,486 44.3 % 3833 -
Total 42 285,734
100.0
the material formed by pulsating without bursting is another indicator of 9751
the increased formability.
The Taguchi experimental design included a limited number of
combinations. Yet, a set of optimized process parameters was found as 95.0
5.0 MPa pulse amplitude, 1 Hz pulse frequency, and 75.0 MPa base | ! I I |
25 50 100 1 2 3 350 455 750

pressure. An additional experiment was performed by using optimized
pulsating parameters and the bursting pressure was measured as 125.1
MPa, which is 38.5 % higher than the value under monotonic loading
(Table 10). Besides, it is better than the optimum of bursting experi-
ments, which was 31.6 %. The nose radius of the specimens formed with
the optimized set of parameters was 6.1 mm, and the R/t ratio was
calculated as 11.96 (Fig. 16) showing a remarkable improvement as
compared to monotonic loading (Fig. 17).

Another performance criterion is the die-filling ratio. Since the tested
geometry is a cylinder, a smaller cup nose radius indicates a better die-
filling ratio. The volumes of the formed parts were measured using
Geomagic Control X software and the results are listed in Table 11. The
specimen formed under optimized pulsating parameters filled the die at
a rate of 95.3 %. This ratio is quite high for a metal with such low
formability compared to the literature. For example, Loh-Mousavi et al.

Fig. 13. The main effect plot of parameter levels on mean bursting pressure.

reached 80 % with mild steel under optimized parameters in pulsating
tube hydroforming [14]. Koc et al. [26] reached 98.9 % die-filling with
various types of stainless steel. Mohammadtabar et al. [27] attained
93.8 % for SS 304 in a double-step hydroforming process. 100 % die
filling (with die with zero bottom radius) requires very high hydraulic
pressures and a very ductile metal. Consequently, the improvement
obtained on the Ti-6Al-4V sheet with pulsation is remarkable.

The last criterion is the homogeneity of the thickness distribution.
That is, the lesser variation in the thickness strain indicates the more
effective forming process. Accordingly, the measured thickness strains
of the parts formed by the monotonic and optimized pulsating loading
cases under the same maximum liquid pressure of 85.4 MPa were
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Table 8

The ANOVA results of the mean bursting pressure.
Parameters  Degree of Seq SS  Contribution Adj. F- P-

freedom (%) MS value value

Amplitude 2 2371 10.8 % 1185 213 0.319
Frequency 2 1700 7.7 % 850 1.53 0.395
Base P. 2 16,791 76.4 % 8395 15.10 0.062
Error 2 1112 5.1 % 556
Total 8 21,973

compared in Fig. 18. At the point where the maximum thickness strain
was —4.7 % for monotonic loading, it was —2.8 % for optimized pul-
sating loading. That is, the specimen formed with pulsating loading had
a much more homogeneous thickness distribution and the maximum
thinning value was up to 40 % less.

4.3. Material characterization

Fig. 19 shows the XRD scans obtained before forming (as-received),
after monotonic and pulsating forming indicating that both a and f
phases are present in the microstructure of Ti-6Al-4V sheets. The cal-
culations reveal the percentages of a and § phases as 96.9 % and 3.1 %,
respectively, which is in line with the previously reported research [22].
The SEM image of the as-received sample is also given in Fig. 19 as an
inset, revealing the typical microstructure of Ti-6Al-4V alloys. EDS
analysis was performed for the composition analysis of phases showing
different contrasts in the microstructure. As a result, two separate phases
rich in vanadium and aluminum were detected. It is known that vana-
dium and aluminum elements stabilize p and a phases, respectively.

Engineering Science and Technology, an International Journal 50 (2024) 101606

Therefore, as a result of the composition analysis, the phases in the
microstructure were named as shown in Fig. 19. The EDS analysis
confirms that the microstructure consists of a dual-phase, that is, a
majority of equiaxed o phase and a small portion of granular p phase
along the grain boundaries.

The dislocation densities were estimated in the as-received sheet and
the formed cylindrical cups and the results are given in Table 12. It
should be borne in mind that these calculations give an estimate, rather
than the exact value, to help interpret the results between the respective
forming processes. Additionally, it is known that the dislocation motion
that controls the plastic deformation of the material varies according to
the crystal structures of the phases. Although the § phase (body-centered
cubic structure) is more favorable in terms of deformation, the dominant
effect is expected to come from the a phase during deformation since the
o phase (hexagonal closed-packed structure) is larger in volume per-
centage [28]. Thus, the majority of plastic strain is assumed to be
accommodated by the alpha phase, as suggested by Kulkarni et al. [29].
Accordingly, the change of the dislocation densities during monotonic
and pulsating forming were compared for the a phase. As expected, the
dislocation densities of formed specimens increased compared to the as-
received (pre-forming) state of the material. That is, when the material
was monotonically formed up to a tearing pressure of 90.3 MPa, the
dislocation density increased from 2.07x10'> m~2 to 22.7x10'®> m~2,
However, when the material was formed by pulsating loading to the
same pressure without failure, the dislocation density was increased to
22.4x10%° m~2. It should be noted that although both materials were
formed up to 90.3 MPa pressures, dislocation density was found to be
relatively lesser for the pulsating forming. However, when the material
was formed up to a tearing pressure of 125.1 MPa with pulsating pres-
sure, the dislocation density was increased to 24.6x10'® m~2. That is,

Table 9
Nose radius/thickness ratios.
Exp. No. Amplitude (MPa) Frequency (Hz) Base Pressure (MPa) 1th Exp. 2th Exp. 3th Exp. 4th Exp. Mean Nose Radius (mm) R/t (min)
1 2.5 1 35.0 8.39 8.02 8.56 8.54 8.38 17.8
2 2.5 2 45.5 8.33 8.65 9.09 8.69 8.69 17.9
3 2.5 3 75.0 8.87 8.51 8.39 8.42 8.55 17.4
4 5.0 1 45.5 8.48 9.06 8.65 8.73 8.73 17.4
5 5.0 2 75.0 8.02 7.76 8.26 8.01 8.01 16.9
6 5.0 3 35.0 8.29 8.89 9.01 8.55 8.68 17.7
7 10.0 1 75.0 6.56 6.42 6.46 6.48 6.48 139
8 10.0 2 35.0 8.39 8.38 8.60 8.38 8.44 17.6
9 10.0 3 45.5 8.38 8.37 8.65 8.09 8.37 17.8
Mon. - - - 8.60 8.42 9.14 8.80 8.74 17.8
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Fig. 14. The mean nose radius/thickness ratios attained by various experiments.
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Fig. 15. Thickness variation of formed specimens with pulsating and monotonic loading.
Table 10
Bursting pressures for the pulsating, monotonic and optimized pulsating processes.
Exp. Amplitude Frequency Base Pressure 1st 2nd 3rd 4th 5th Mean Bursting Standard
(MPa) (Hz) (MPa) Exp. Exp. Exp. Exp. Exp. Pressure (MPa) Deviation
Best of Taguchi (7th 10.0 1 75.0 1400 956 1165 1190 1227 118.8 11.6
exp.)
Monotonic - - - 891 901 883 920 924 90.4 1.8
Optimum Pulsating 5.0 1 75.0 1095 1388 1223 1374 1176 125.1 12.3

stress relaxation occurred during pulsating forming allowing a higher
deformation which caused the dislocation density to increase. Yama-
shita et al. [30] reported an approach stating that the stress is concen-
trated in a certain region during monotonic forming and eventually
tearing occurs as the regions that reach high elastic deformation trans-
form into plastic deformation locally. In pulsating forming, on the other
hand, the regions that undergo plastic deformation are spread along the
forming axes of the sample as a result of stress relaxation due to pressure
increases and decreases, rather than being localized in a certain region.
As a result, the tearing occurs later resulting in the formability
improvement of the Ti-6Al-4V sheet at room temperature.

Detailed microstructural investigations of the formed parts via
monotonic and pulsating fluid pressure were conducted. TEM images
after the monotonic and pulsating formation are given in Fig. 20 with (a-
c) and (d-f), respectively, from lower to higher magnifications. It is
known that low-angle grain boundaries are dominant in cold-rolled
samples [31], and can be a source of dislocation formation during
plastic deformation [32]. In the current study, the as-received Ti-6Al-4V
sheet was produced by cold rolling, and accordingly, various types of
dislocations were observed in the microstructures, including mixed
dislocations, dislocation walls, dislocation cells and dislocation com-
plexes. Upon comparing the monotonically formed sample, as depicted
in Fig. 20 (a-c), to the pulsating-formed sample, as depicted in Fig. 20 (d-
f), it was observed that the dislocation density is relatively lower in
coarser grains of the monotonic-formed sample. On the other hand, a
higher dislocation density as well as sub-grains and dislocation cells is
evident in the pulsating-formed sample. The reason for this is the
increased formability in the case of pulsating pressure, the formation of
new dislocations, and the increase in dislocation density due to addi-
tional plastic deformation, which reaches a higher die-filling ratio in the
SHF-D processes. However, if the samples were formed monotonically
and with pulsation at the same deformation ratio, lower dislocation
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density would be observed in the TEM images due to the effect of stress
relaxation, as stated by Mohebbi et al. [33]. Also, as can be seen in
Fig. 20b and Fig. 20e, dislocation pile-ups occurred in both monotonic
and pulsating forms. It is known that dislocation pile-ups at the
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Fig. 16. The mean nose radius/thickness ratios for pulsating, monotonic and
optimized pulsating processes.
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(a)

Fig. 17. The specimens formed by (a) monotonic and (b) optimized pulsating process.

(b)

Die-filling ratios for pulsating, monotonic and optimized pulsating processes.

Exp. No. 1st Exp. 2nd Exp. 3rd Exp. 4rt Exp. Mean Volume Die Volume Workpiece/ Std. Volumetric Improvement
(mm?®) (mm?) (mm?®) (mm?) (mm?) (mm?) Die Dev. (%)

1 14,323 13,614 14,111 14,110 14,040 15,664 89.6 300.8 1.9
2 13,642 14,196 13,966 - 13,935 15,664 89.0 278.3 1.2
3 14,312 14,036 13,618 14,207 14,043 15,664 89.7 305.5 2.0
4 14,123 14,142 13,780 - 14,015 15,664 89.5 203.7 1.8
5 14,564 14,425 14,110 - 14,366 15,664 91.7 232.6 4.2
6 14,169 14,255 14,236 14,262 14,231 15,664 90.8 42.4 3.3
7 14,572 14,857 14,529 - 14,653 15,664 93.5 178.3 6.0
8 14,206 14,237 14,211 14,422 14,269 15,664 91.1 102.9 3.5
9 13,767 13,726 13,916 13,728 13,784 15,664 88.0 89.8 0.1
OPT_PULS 14,992 14,974 14,808 14,925 14,925 15,664 95.3 101.4 7.8
Monotonic 13,853 13,586 13,816 13,815 13,768 15,664 87.9 122.3 -
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Fig. 18. Thickness strain variation of formed specimens with pulsating and monotonic loading.
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Fig. 19. The XRD scans of formed specimens and the microstructure of the as-received Ti-6Al-4V sheet.
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Table 12
The dislocation density values, and phase ratios obtained from XRD analysis of
the formed specimens.

Num.  Workpiece Dislocation Phase Ratio
Density x10'° (%)
m-2

Alfa Beta  Alfa Beta

1 Monotonic Loading (Damaged. 90.3 22.7 149 97.7 23
MPa)

2 Pulsating (Damaged. 125.1 MPa) 24.6 51 96.8 3.2

3 Pulsating (Undamaged. 90.3 MPa) 22.4 11.1 976 2.4

4 Pre-forming (As-received) 2.07 2.02 96.9 3.1

interfaces between the a and f phases occur due to an inconsistency in
the slip planes between the two phases and these pile-ups lead to the
deformation band in the o phase [34]. Therefore, the majority of plastic
strain is assumed to be accommodated by the o phase, as suggested by
Kapoor et al. [28]. Consequently, the TEM images confirmed the dislo-
cation densities calculated from the XRD results.

The fracture surfaces of Ti-6A1-4V alloy after (a) monotonic and (b)
pulsating-forming are given in Fig. 21. The regions indicated by the

LN |

jodm o

Wi
1
[

e 1
&
1

&

N . e
SU1510:20.0kVA waow\zj .

Engineering Science and Technology, an International Journal 50 (2024) 101606

dashed lines in each micrograph give a magnified view of the same re-
gion. It can be observed from the figure that the monotonically formed
part consists of a bright damaged surface showing mostly brittle fracture
characteristics. This is due to the nature of the low plastic deformation
observed in Ti-6Al-4V alloy. It has been reported in the literature that Ti-
6Al-4V alloy exhibits an abrupt fracture during tensile testing without
significant necking [35]. However, when the material is formed with
pulsating loading, besides the surfaces showing brittle-like fracture,
dimples are also seen on the damaged surface, indicating that relatively
more plastic deformation occurs due to the stress relaxation as a result of
pulsation (Fig. 21b). It has been explained in the literature that the
nucleation of new voids before fracture is predominant in materials with
higher deformation ability [36,37]. In monotonic forming, on the other
hand, it is relatively more brittle, that is, fracture occurs earlier as a
result of the growth and coalescence of dimples before new voids can
nucleate [38].

5. Conclusions

Previously, the effect of pressure pulsation on the formability of
sheet Ti-6Al-4V was investigated on the pulsating hydraulic bulge test
[19,20]. In the current study, the effect of pulsation was tested on a

| severely.
deformed

region’ * 4

Flatsurface

o~

Fig. 21. Fracture surface fractographs (a) Monotonic loading (b) Pulsating loading.
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small-scale cylindrical cup of the same material in the SHF-D process,
where friction is effective, unlike the hydraulic bulge test. A set of tests
followed by microstructural investigations were conducted to verify the
formability improvement due to pulsation under frictional conditions
valid in the industrial processes. Some concluding remarks are as
follows.

e The burst pressure under pulsating loading increased from 90.3 to

125.1 MPa as compared to the monotonic one.

The ANOVA showed that the base pressure was the most effective
parameter on the burst pressure by 76.4 %. The best performance
was obtained at 5.0 MPa pulse amplitude and 1 Hz frequency under
75.0 MPa base pressure.

The average nose radius was reduced from 8.74 to 6.1 mm by pul-
sating loading. That is the R/t ratio reduced from 17.1 to 11.9, a 30.4
% improvement.

The maximum thickness reduction at the fracture occurred at 8.3 %
instead of 4.9 % with a remarkably more homogeneous thickness
distribution with pulsating loading.

The fracture surface analysis of the specimens formed by pulsating
loading showed that there were regions on the damaged cross-
section with characteristic dimple-like features indicating that
more plastic deformation occurred during the pulsating forming.
When the effect of pulsating loading is compared over the thickness
strain values where the fracture occurs, the thickness strain doubled
in the free bulging condition (Yapan et al., 2023), while it increased
1.7 times in the SHF-D process. So, it is thought that friction some-
what suppresses the enhancement of pulsation on material fracture
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