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ABSTRACT

To manufacture micro-drawn cups featuring high CH/CD (cup height/cup
diameter ratios) and high quality, a three-stage micro-deep drawing (MDD)
system was designed and studied. TA1 pure titanium (Ti) foils with the thick-
ness of 50 um were annealed at 600-700 °C for 1 h to obtain different grain sizes.
Then, the effects of different grain sizes on the deformation behavior of multi-
stage MDD and the quality of the formed cups were analyzed. The results show
that the as-received pure Ti has a poor formability, suffering a slight fracture
problem and significant wrinkling problem of the final drawn cup. At the
optimal annealing temperature of 600 °C, the drawn cups show very few
wrinkles and a good shape profile. Besides, high CH/CD ratios can be produced
for the final drawn cups. Moreover, with the increase in drawing stage, the
wrinkling of the cup is significantly reduced due to the “ironing effect” in the
multi-stage MDD process. The research can provide a basis for forming high-
quality and high CH/CD ratios micro-parts by multi-stage MDD and enrich the
knowledge from behavior deformation behavior and product quality assurance.
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GRAPHICAL ABSTRACT
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Introduction

With the rapid development in the field of high-
precision micro-electromechanical systems (MEMS)
[1], the application and demand for micro-parts are
increasing. The 3D precision miniature components
are widely used in military and consumer fields, such
as precision equipment, aerospace, communication
devices, and micro-electromechanical [2—4]. Com-
pared with the conventional silicon-based micro-
manufacturing techniques, metal micro-forming
technology is available to produce three-dimensional
metal micro-parts due to the advantages of near net
shape, low cost, high productivity, and excellent
mechanical performance [5-7].

Micro-forming is a process used to manufacture
parts and structures with two-dimensional sizes of at
least less than one millimeter. However, due to the
influence of size effect [8], the production of micro-
parts with high productivity, high precision, high
quality, and low cost is challenging. Many small
factors, such as the mechanical properties of the
material [9], the deformation temperature [10], and

the friction factor [11], have a significant impact on
the accuracy of the microformed parts.

As a fundamental micro-forming technology,
micro-deep drawing (MDD) is used mainly in the
manufacture of microcups and box products [12, 13],
which has a wide range of applications in the forming
of micro-metallic parts. Therefore, to manufacture
high-quality micro-parts and effectively reduce the
size effect in the deep drawing process, a lot of
studies have been carried out on the MDD and
forming process. Zhao et al. [14] investigated the
effect of microstructure on the MDD properties of
stainless steel foils and found the significant influence
of the material’s microstructural characteristics on the
forming quality of the micro-drawn cups. Within the
annealing temperature range from 900 to 950 °C, a
better forming quality of micro-drawn cups can be
obtained. Tetsuhide et al. [15] evaluated the effect of
plasticity anisotropy on the quality of MDD of
phosphor bronze foils by using the anisotropy index
r-value. It can be seen from the result that the rolled
foils have a high r-value due to the existence of a
strong texture. Although there is a strong correlation
between the r-value and the thickness distribution of
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the micro-drawn cup, a higher r-value does not mean
lower formability of the metal foil. In addition, the
lubrication conditions and blank holder-die gap also
have a significant influence on the forming quality of
the drawn cups. Feng et al. [16] conducted a MDD
study on C1100 and found that the utilization of
polyethylene (PE) film could effectively reduce the
drawing force and improve the drawing ratio. At the
blank holder force of less than 4.2 N, the cup wrin-
kling was obvious, while when it was greater than
5.6 N, significant fracture occurred. Liang et al. [17]
established a FE model for the investigation of the
MDD process considering the surface morphology
and material inhomogeneity of the foils at micro-
scale. It was found that a combination of appropriate
gap size and punch/die corner radius may lead to in-
process springback before the occurrence of maxi-
mum draw forces, which is beneficial to the MDD
process. Moreover, size effects have a significant
influence on the MDD process not only in terms of
material and friction, but also in the case of MDD
tools [18, 19]. They found that variations in punch
diameter, die radius, and punch-die gap have a sig-
nificant effect on the limit drawing ratio and the
thickness distribution of the micro-drawn cups;
among them, a large die radius and a small grain size
can lead to uniform plastic deformation of the grains.
Tetsuhide et al. [20] implemented 300 micro- and
milli-scale drawing experiments under dry friction
conditions to investigate the size dependence of the
material adhesion behavior of work material on
micro-tools. It was found in the study that the
adhesion of the material is stronger at the milli-scale
compared with the micro-scale, and the adhesion of
the particles seems to have a reduced effect on the
friction properties, providing a certain theoretical
basis for the design of the surface roughness of the
punch.

The MDD behavior of different materials has been
studied extensively, and the wrinkling and cracking
are still the main problems in the micro-drawing
process. However, there are few studies on micro-
forming of metals with multi-stage MDD. Moreover,
pure titanium (Ti) has the advantages of light weight,
high specific strength, good biocompatibility, and
corrosion resistance, which can be used as a key
material in important micro plastic deformation
[21, 22]. Therefore, in this paper, through annealing
heat treatment of TA1 pure Ti foil, and using multi-
stage MDD process, we explore the mechanism of
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high-quality and high CH/CD (cup height/cup
diameter ratios) ratio micro-drawn cup forming and
promote the progress of micro-forming technology.

Experimentation

New multi-stage micro-deep drawing
system

In this paper, the design of micro-drawn cup with the
inner diameter of 0.6 mm and the height of 1.16 mm
is illustrated in Fig. 1. The drawing ratio of the final
part is 2.67. Due to the constraints of the limit draw
ratio of pure titanium (Ti) foils in MDD, the forma-
tion of the final part at room temperature is not
available by using the single-stage MDD. Therefore, a
three-stage process of MDD was proposed for
achieving this goal.

Multi-stage MDD process can achieve lower
deformation resistance of parts by reducing the
deformation during single-stage forming and form
the cup product with high CH/CD ratio based on
multi-stage deep drawing die. Table 1 illustrates the
related dimensions of the designed three-stage MDD
die sets. And the intermediate preform profile at each
stage is shown in Fig. 2.

Materials

In this paper, hot-rolled TA1 pure Ti foils with the
thickness (t) of 50 pm were employed, which are
widely used as a micro-fabrication material. It has
been found that the grain size and microstructure
have a significant influence on the forming and
fracture behavior of the sheet at the micro-scale, so
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Figure 1 Dimensions of the micro drawn part (mm).



J Mater Sci (2022) 57:15094-15108

| 15097

Table 1 Dimensions and parameters in each micro-deep drawing stage (mm)

Parameters First-stage MDD Second-stage MDD Third-stage MDD
Rp 0.5 0.4 0.3
R4 0.575 0.475 0.375
0.8 Tp 0.4 0.3 0.2
l R, 74 0.2 0.3 0.4
e Blank thickness: 0.05
Blank holder-die gap: 0.055
Blank
Holder
Blank r
P
! 3
i\ Ry
|
L 90.6
©
- i
© o -
~N o
916 , i
| : |
]
Initial blank First-stage part Second-stage part Third-stage part

Figure 2 Schematic of the initial blank and the drawn parts (mm).

that different grain sizes were achieved by annealing
pure Ti foils with the thicknesses of 50 pm. Therefore,
the as-received TA1 pure Ti foils were annealed at
600, 650, and 700 °C for 1 h under an argon gas
protection atmosphere to obtain different grain sizes.
The microstructural data of all samples were
acquired by using a field emission scanning electron
microscope (SEM) with a normal electron back-scat-
tered diffraction (EBSD) detector at 20 kV. All sam-
ples were electrolytically polished in a solution of
CH;0H/CH3(CH),OH/HCLO, = 30:17:3 at the pol-
ishing voltage of 40-50 V and the temperature of the
polishing solution of —30 to —20 °C. Besides, all
EBSD data were processed with the HKL Channel 5
software from HKL Technology. The microstructures
of the as-received and the annealed specimens are
shown in Fig. 3(a—d). It can be clearly seen that these
as-received Ti foils were distributed with fine grains
whose size increased significantly with the increase

in annealing temperature. The EBSD data were used
to measure the grain size of the foils at different
annealing temperatures. The range of grain sizes and
the corresponding average grain sizes for these foils
are shown in Table 2.

Micro-tensile tests

The INSTON 5566 tensile test machine was used for
room temperature tensile tests to obtain the
mechanical properties of the as-received and the
annealed specimens at different temperatures. Con-
sidering the stiffness of the thin samples, the samples
for the uniaxial tensile test were cut into non-stan-
dard dimensions in the rolling direction [23], as
shown in Fig. 4. The video extensometer was used for
precision measurement of the strain. All tensile
experiments were carried out at the speed of
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Figure 3 Microstructure of
the as-received and the
annealed specimens a As-
received b 600 °C /1 h

¢ 650°C /1 hd700°C/1h.
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Table 2 Grains sizes of the

as-received and the annealed Material condition

Grain size range (um) Average grain size (um)

Ti foil. .
pure T1Tors As-received

Annealed at 600 °C
Annealed at 650 °C
Annealed at 700 °C

2-9 4

7-16 11
8-34 27
11-65 54

14.50

12.50
4

e ]

Figure 4 Dimensions of the tensile testing sample (mm).

0.5 mm/min., and each group was repeated three
times to reduce experimental error.

Micro-deep drawing design and procedure

The desktop micro-forming test machine DT-C324
was utilized for MDD tests, as shown in Fig. 5a, and
the key parameters of the first stage of drawing are
shown in Fig. 5b. To mitigate the influence of the
deformation of the blank during handling and effec-
tively improve the positioning accuracy of the central
axis between the blank and the punch during the
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MDD process, this test is based on a combination of
blanking and drawing process. Firstly, the blanking
holder and the blanking die move downward at the
speed of 0.05 mm/s to contact the blanking punch for
the completion of the blanking. During this process,
the die stayed still as a blanking punch, and a raw
blank was cut for the following drawing process.
After that, the drawing punch moves down to contact
the blank for the completion of the drawing, and at
the end of the drawing, a microcup with a round
bottom with ¢ = 1 mm can be achieved.

For multi-stage micro-part forming, the first-stage
MDD produces a cup with the diameter of 1 mm,
while the redrawing process is available for a cup of
0.8 mm. Then, the second-stage drawn cup is
redrawn to obtain the final micro-drawn part with
the diameter of 0.6 mm. The schematic view of third-
stage MDD process is shown in Fig. 6. In the process
of multi-stage MDD, a pressure sensor with the range
of 10 KN was used to collect data and transmit the
drawing force to the computer for data analysis. Each
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Figure 5 a Desk-top servo press machine DT-C324 b MDD drawing process sketch.

Figure 6 Schematic view of
three-stage MDD process.
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group of MDD tests was carried out for five times,
and the average values were obtained for analysis.
The MDD speed of each stage was set to 0.05 mm/s,
and lubricant was added in each stage. The MDD
cups with domed bottom were cleaned in the ultra-
sonic bath for 1 min, before and after the experiment,
which was then air-dried and placed under the
microscope for observation.

Results and discussion
Deformation behavior

The drawing force is an important parameter in the
multi-stage MDD process. Five repeated MDD tests
were implemented for each stage of the drawing
force, and the average values were taken for analysis.

Figure 7 shows the drawing force—stroke curves for
each stage of MDD, and it can be found that the
overall trend of the drawing force curve at each stage
is the same. The variation of the drawing force with
stroke at the first stage is shown in Fig. 7a, and the
variation of the entire stroke can be described by
using four characteristic points. Firstly, the force
generated due to the contact between the punch and
the blank changes until Point A; at this stage, the
drawing force is mainly dominated by the bending
resistance of the blank with low growth rate [24].
From the continuous increase in the stroke, it can be
found that the change in the drawing force increases
significantly from Point B. The thicker flange was
drawn into the gap between the punch and the die
during the drawing process, causing the drawing
force to increase rapidly to the peak point C [25]. At
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Figure 7 Variations of drawing force with stroke during MDD a The first-stage b The second-stage ¢ The third-stage.

the last stage, the drawing force gradually decreases
to a nonzero point D [26], and the entire drawing
process was completed. Moreover, the variation of
the drawing force with stroke at the second-stage and
the third-stage can be observed, as shown in Fig. 7b
and c, respectively. The overall characteristics of the
variation curve of the drawing force at these two
stages remain the same, and the variation of the
drawing force is significantly higher than that at the
first stage, indicating that the degree of drawing
deformation at this stage is significantly higher than
that at the first stage.

In addition, it is also observed from Fig. 7 that the
drawing force decreases with the increase in
annealing temperature. The change in drawing force
reflects the strength of the material, which has a close
relationship with the structural characteristics of the
material. Figure 8 illustrates the comparisons of the
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Figure 8 True stress and strain curves of the as-received and the
annealed pure Ti foils.
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typical true stress—strain tensile curves of the as-re-
ceived and the annealed specimens, respectively. It
can be found that the flow stress decreases with the
annealing temperature. The variation of the defor-
mation load at different annealing temperatures can
be explained based on the grain boundary strength-
ening behavior [27] and the surface layer model [28].
For the Hall-Petch relation, the characteristics of
grain boundary are closely related to the effect of
grain size on material strengthening during defor-
mation process. The grain boundaries prevent slip
transfer, further leading to dislocation accumulation
and grain boundary strengthening effect. It can be
seen that with the increase in annealing temperature,
the grain size increases, and the grain boundary
strengthening effect decreases gradually, causing a
reduction in flow stress. In addition, for the blanks
with the same thickness of Ti foils, the increase in
grain size leads to the increase in the fraction surface
grain. In the process of deformation, the surface
grains have few constraint forces than that of the
inner grains, indicating that the flow stress is low.
Therefore, in the multi-stage MDD process, with the
increase in grain size, the strength of the material
decreases, and the drawing force decreases
gradually.

As can be seen from Fig. 8, the total elongation of
the material decreases with the increase in annealing
temperature. With the increase in annealing temper-
ature, the grain size increases gradually, and the
number of grains in the thickness direction decreases
[29]. In the process of plastic deformation, the
decrease in the number of grains in the thickness
direction may lead to the rapid growth of microc-
racks and the decrease in elongation. It was observed
that for the specimens annealed at the temperature of
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700 °C, the fracture occurred in the MDD process of
the second stage, as shown in Fig. 7b. This is because
that when the annealing temperature reaches 700 °C,
there is only one or even less than one complete grain
in the thickness direction of the specimen, and frac-
ture occurs during the fast development of microc-
racks in the MDD process. In addition, at the end of
each stage of deep drawing, the drawing force will
not be zero due to the stored strain energy. With the
removal of the deep drawing punch from the blank,
the stored strain energy was released, and the deep
drawing cup springs back. The nonzero value of the
curve at the three stages decreases gradually at the
end of drawing, showing that the strain energy stored
at the end of drawing decreases gradually, and the
springback effect of drawing cup decreases
gradually.

15101

Quality evaluation of the formed cups

Figure 9 illustrates the side view of the drawn cups
after the first-stage drawing of the as-received pure Ti
foil annealed at different temperatures. It can be seen
that the drawn cups of the as-received pure Ti foil
exhibit serious wrinkling around the mouth of the
cup (Fig. 9a), indicating that the forming properties
of the as-received blank are poor. At the annealing
temperature of 600 °C, as shown in Fig. 9b, the
number of wrinkles is significantly reduced, and a
few minor wrinkles were seen on the surface of the
cup. With the further increase in the annealing tem-
perature, for the foils annealed at 650 and 700 °C, the
non-uniformity of the deformation is increased, and
the wrinkling becomes increasingly significant
(Fig. 9(c—d)).

Figure 10 shows the side view of the drawing cups
after the second-stage drawing of the as-received
blanks annealed at different temperatures. It can be
clearly seen that the second-stage drawing cups of

Figure 9 Side view of the first-stage drawn cups a As-received b Annealed of the 600 °C cAnnealed of the 650 °C d Annealed of the

700 °C.
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Figure 10 Side view of the second-stage drawn cups a As-received bAnnealed of the 600 °C cAnnealed of the 650 °C d Annealed of the

700 °C.

the as-received blank (Fig. 10a) and at the annealing
temperature of 650 °C (Fig. 10c) are all featured by
the wrinkling at the cups’ surfaces. However, at the
annealing temperature of 600 °C, as shown in
Fig. 10b, the wrinkles on the surfaces of the cups can
hardly be seen, showing better forming effect. In
addition, the drawing fracture occurs on the drawn
cup during the second stage of MDD with the spec-
imen annealed at 700 °C (Fig. 10d), indicating the
poor forming effect.

Figure 11 shows the side and top view of the final
micro-drawn parts after the third-stage drawing of
the as-received blanks annealed at different temper-
atures. It can be seen that the formed parts of the as-
received blank after three-stage MDD have a few
wrinkles and a slight fracture at the cup mouth
(Fig. 11a). The final micro-part with the specimen
annealed at 600 °C showed almost no wrinkles
(Fig. 11b), but the wrinkles increase gradually with
the increase in annealing temperature from 600 to
650 °C (Fig. 11c). Therefore, it can be found that the

@ Springer

annealing temperature of 600 °C for Ti foil provides
micro-drawn cups with better forming properties.

Through the comparison of the appearance fea-
tures of three-stage MDD cups, it can be seen that the
number and size of the wrinkles on the final formed
part were reduced compared with the first-stage
drawn cups. Because the clearance between punch
and die decreases gradually in the process of multi-
stage MDD, the larger wrinkles were pressed into the
narrower gap, generating the “ironing effect” [30].

The ratio of CH/CD is essential to reflect the
forming behavior of the sheets. In this paper, Eq. 1
was employed to determine the average height of the
final micro-drawn parts. The definitions of both the
smallest and the largest cup height expressed in Eq. 1
are shown in Fig. 12a.

H; + Hg

Have = > (1)

where H,. represents the average cup height and Hy,
and Hg stand for the largest and the smallest cup
height, respectively. Equation 2 was used to compute
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Figure 11 Side and top view of the final drawn cups a As-received b Annealed of the 600 °C ¢ Annealed of the 650 °C.

the average cup outer diameter. The definitions of
Diameter 1 (¢1) and Diameter 2 (¢2) expressed in
Eq. 2 are shown in Fig. 12b.

b1+ ¢
¢ave = 12 2 (2)
where ¢,y represents the average outer diameter and

¢1 and ¢2 stand for Diameter 1 and Diameter 2,
respectively.

Figure 13 presents the comparison between the
average cup heights and the outer diameters of the
final micro-drawn cups with as-received and
annealed blanks. It can be clearly seen that the final
micro-drawn cups were slightly spring back, result-
ing in the cup height and outer diameter lower and
higher than the predetermined values, respectively.
Moreover, it can be found that the average cup
heights are very close regardless of the annealed
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Figure 12 Measurement of the final micro drawn cup a Height and b Outer diameter.
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Figure 13 The plot of the average cup height and out diameter.

temperatures, and the average outer diameter also
shows the same characteristics. The ratio of the
average cup heights to the average cup out diameters
((Have; $qve)) is around 1.6 regardless of the as-re-
ceived or annealed specimen. Therefore, micro-
drawn parts with high CH/CD ratio at room tem-
perature can be manufactured based on the three
stages of deep drawing.

Defects analysis

In deep drawing, wrinkling and cracking have
always been the major defects of the final drawn
parts. In particular, in the process of MDD, minor
wrinkles have more significant influence on the
quality of formed part. Wrinkling refers to the for-
mation of uneven wrinkles in the tangential direction
in the flange deformation area during deep drawing,
which generally occurs at the early stage of deep

@ Springer

drawing. There are several factors influencing wrin-
kling, including the mechanical properties of the
material [31], the relative thickness of the material in
the flange part [32], the degree of deformation [33],
and the geometry of tooling [34]. The application of a
suitable blank holding force has been proven to be
the main measure to prevent wrinkling [16]. How-
ever, in the MDD process, it is rather difficult to select
the appropriate blank holder force due to the extre-
mely thin blank. Therefore, in this paper, the high-
quality micro-drawn cup was manufactured by
altering the mechanical properties of the material and
reducing the degree of deformation.

In this paper, the formability of micro-drawn cups
can be effectively improved by annealing the blanks
at different temperatures. Figure 14 shows the
recrystallization trend of pure Ti foil at different
annealing temperatures. It can be observed that there
are a large number of deformed grains in the as-re-
ceived pure Ti foil with high grain aspect ratio
(Fig. 10a). The elongated grain has higher lattice
distortion energy [35], inducing inhomogeneous
deformation during MDD. At the annealing temper-
ature of 600 °C, as shown in Fig. 14b, the degree of
recrystallization is significantly enhanced, and the
number of deformed grains is obviously reduced. In
this process, the uniformly recrystallized grains con-
tribute to a more homogeneous deformation during
MDD, which is beneficial to suppress the wrinkling
[36]. When the annealing temperature is further
increased to 650 °C, as shown in Fig. 14c, the
recrystallized grains grow abnormally, and the dis-
tribution of different grains becomes uneven, result-
ing in the inhomogeneous and localized deformation
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Figure 14 Recrystallization microstructure of the as-received and the annealed specimens a As-received b Annealed of the 600 °C

¢ Annealed of the 650 °C.

of coarse grains, and the wrinkling can be easily
reached.

When the annealing temperature reaches 700 °C,
the average grain size of the specimen can be as high
as 54 pm. At this time, the average grain size is larger
than specimen’s thickness and each grain will play a
significant role in the MDD deformation [37]. Con-
sequently, it may easily generate wrinkles and even
fracture due to inhomogeneous and localized defor-
mation. Figure 15 shows the drawn cup of the sec-
ond-stage MDD of the specimen at the annealing
temperature of 700 °C, and it can be seen that sig-
nificant drawing fracture occurred at the mouth of
the cup. The reason for the fracture lies in the large
wrinkle at the mouth of the MDD drawn cup at the
first stage, and the wrinkle was pulled into the nar-
rower gap between the punch and the die at the
second stage of the MDD process, resulting in the
fracture eventually.

Moreover, the wavy-shaped edges, i.e., earing,
formed at the mouth of micro-drawn cups have a
significant impact on the quality of the final formed
part [38]. The wavy edges of the as-received formed
cup after different stages of MDD are shown in
Fig. 16, and it can be seen that the wavy edges at the
open end are formed during the second stage and the
third stage of MDD. The deformation texture in

Figure 15 Side view of the
second-stage drawn cup with
the annealed of the 700 °C.

different directions of the as-received blank causes
anisotropy in the deformation process, resulting in
the occurrence of earing. Furthermore, with the
increase in drawing stages, the development of ear-
ing increases gradually. The height difference of the
ear develops more significantly after the second stage
and the third stage of MDD, which is mainly because
that the material deformation of multi-stage MDD is
larger than that of single-stage MDD.

Conclusions

In this paper, a multi-stage MDD system was
designed for the micro-drawn cups with high quality
and high drawing ratio. The effects of deformation
behavior, microstructure characteristics, and grain
size of pure Ti foil at different stages on the forma-
bility of the MDD cups were investigated, and the
optimal annealing temperature for the formation of
high-quality and high-drawing-ratio drawn parts
was obtained. Based on the present work, the fol-
lowing conclusions are drawn:

(1) Grain size has a significant effect on drawing
force during the deep drawing of the multi-
stage MDD process. The fraction of the surface
grains and the grain boundary increases with
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Figure 16 Side view of the drawn cup of the as-received at each stage.

2

3

4)

)

the increase in grain size, resulting in the
decrease in drawing force and flow stress.
Moreover, the change in drawing force at the
second and third stages is significantly greater
than that at the first stage, indicating that larger
deformation has occurred at the second and
third stages of MDD process.

The as-received pure Ti has a poor formability
and suffers a slight fracture problem on the
final multi-stage drawn cup. The final formed
cups with Ti foils annealed at 600 °C have
almost no wrinkles. However, within the
annealing temperature range from 600 °C to
650 °C, serious wrinkles increase gradually,
and the inhomogeneous and localized defor-
mation of coarse grains leading to the wrinkling
can be easily reached.

The multi-stage MDD can effectively mitigate
the wrinkling trend of the final formed cup.
With the progress of multi-stage MDD, the
clearance between punch and die gradually
decreases, and the wrinkles are pulled into the
narrower gap, resulting in “ironing effect” and
weakening the wrinkle phenomenon.

The recrystallization degree of pure Ti foil
increases significantly with the increase in
annealing temperature, and the number of
deformed grains is greatly reduced. A uniform
distribution of equiaxed grains can be observed
in the specimens annealed at 600 °C, and the
uniformly recrystallized grains contribute to a
more homogeneous deformation during MDD,
which is beneficial to the suppression of the
wrinkling.

The wrinkling and earing lead to a significant
decline of the quality of multi-stage micro-
drawing cups. Significant drawing fracture
occurred at the mouth of the cup at the second
stage of MDD with the specimen annealed at
700 °C. The ear phenomenon becomes more

@ Springer
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serious in multi-stage MDD, and the height
difference in the ear develops more signifi-
cantly after the second and third stages of
MDD.

Appropriate selection of annealing temperature
and the number of drawing stages is very
important for the micro-drawing cups with
high quality and high drawing ratio. In the
present work, the annealing of Ti foils at 600 °C
and the three-stage MDD are available for the
micro-drawn parts with high quality and high
CH/CD ratio.
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