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Abstract

In this research the authors tested the performance of polymer punches, filled with short carbon fibres, produced with fused
filament fabrication technology for aluminium sheet deep drawing. An experimental campaign was designed to investigate
the geometry accuracy of 99th produced cup and the punches wear mechanism. Results demonstrated that polymer punches
are subjected to elastic and plastic deformation that affects cup radius and depth. However, the tolerance comparison with
cup produced by conventional steel tools is in a range of tenth of micron; consequently, these punches can withstand the

small batch or customised production of one hundred parts.

Keywords Deep drawing - Rapid tooling - Fused filament fabrication - Aluminium

1 Introduction

Today, the manufacturing of goods, due to consumer demand
of customised products, is changing from mass production
to mass personalisation [1]. To be competitive, production
processes must become flexible and highly reconfigurable
to satisfy the request of the increasing variety of products
characterised by a shorter life cycle [2] and able to furnish
light components [3, 4]. These paradigms make traditional
technologies, such as sheet metal stamping, uncompetitive
because the initial investment cost for tooling is not conveni-
ent in case of small batch or pilot production [5].

Additive manufacturing (AM) technology for rapid tool-
ing production can be a solution to increase conventional
forming process competitiveness [6, 7]. The AM technolo-
gies could guarantee fast production time, lower tooling
cost, and ensure high complexity of design so achieving the
personalisation requirement cost free [8]. AM technologies
that produce polymer tools such as vat photopolymerisation,
material jetting, material extrusion, and power bed fusion
ensure lower material cost and less post-processing opera-
tions but, with respect to metal tools, find application only
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for the realisation of soft tools suitable for the production
of hundreds of parts [9]. Therefore, the last sentence is not
anymore a limit because the market demand is changing and
requires smaller batches.

Among AM technologies, fused filament fabrication
(FFF) is a material extrusion process able to produce poly-
mer parts with higher mechanical properties such as high
elongation at break with low Young modulus (TPU, TPE),
high elongation and Young modulus (PET, PP), or high
Young modulus and tensile strength (PA6, PEEK) [10];
moreover, in the last decade the possibility to print wires
with reinforced material as carbon, Kevlar, or glass gives
to these polymers properties similar to metals [11, 12]. The
mentioned improvements, coupled with the lower produc-
tion costs with respect to other AM processes, lets FFF as a
valid technology for rapid tooling for sheet metal forming
[13, 14].

To investigate about the FFF polymer performance
in forming processes, Frohn-Sorensen et al. tested the
compression behaviour of different printable polymers
such as PLA, PC, PA, and PETG for the production of
30 steel cups with drawing ratio and depth, respectively,
equal to 2.1 and 15 mm. The authors found that PLA
and PA reveal a strong sensitivity to compression and
bending-related mechanical properties, while the proper-
ties of PETG are less affected [15]. PLA was the material
more tested for realisation of punches having spherical
or hemispherical geometries [16, 17]. Low carbon steels
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(DCO1, DCO03, DC04) were tested for productions of 20
[16] or 64 [17, 18] parts having drawing depth between 10
and 25 mm. Results demonstrated that PLA is suitable for
sheet metals, has good friction properties, and provides
similarly good results as metallic tools in terms of form-
ability. Other researchers tested the performance of PLA
to produce dies for sheet forming of aluminium [19] and
steel [20] automotive body structure; 30 parts were suc-
cessfully produced with drawing depth equal to 5 [19] and
10 [20] mm. Despite the benefits listed, it must be con-
sidered that these tools have lower mechanical properties,
internal porosity, worse surface finish, and worse dimen-
sional accuracy compared to steel tools produced using
machining processes. This determines a lower tool life
and production of goods with a lack of accuracy mainly
localised on the part fillet radius in a range between tenth
and hundredth of millimetres.

To increase the knowledge on the application of FFF
for tooling in sheet metal processes, the authors already
tested the potential of nylon reinforced with short car-
bon fibre material to produce tools for deep drawing pro-
cesses [19, 20]. The authors demonstrated that punches
can form aluminium and stainless-steel cups 20 mm
height with drawing ratio equal to 1.8 and 2.2 [21]. In
another research the authors demonstrated process scal-
ability producing 65-mm-deep parts [22]. In this paper
the authors present the results of a study focused on the
performance of polymer tools for a small batch/pilot pro-
duction (100 aluminium parts). Accurate analyses were
designed to measure, as a function of part number, several
geometrical parameters as cup/punch radius and round-
ness, cup/punch fillet radius accuracy, cup thickness, and
punch surface roughness. Results demonstrated that FFF
punches can withstand a small batch production of Al
cups.

The paper is organised as follows: in Section 2 adopted
technologies and materials are described, in Sections 3
the obtained results are presented and in Section 4 dis-
cussed, in Section 5 conclusions and future research
directions are provided.

2 Materials and methods

The research was designed in order to study the perfor-
mance of deep drawing process with additive manufactur-
ing punches in terms of cup geometry accuracy and punches
wear behaviour as the production increases. To fulfil this
aim, three punches, namely P01, P50, and P99, were fab-
ricated and tested in the production of 1, 50, and 99 cups,
respectively; to compare the results with traditional process,
a steel punch for the production of 1 cup, named C00, was
designed, too. The deep drawing process was executed with
the press EVL/400-A (Galdabini, Varese, Italy). The punch
was fixed with a screw on the lower shoe of the press inside
a hollow cylinder; on the top of cylinder was fixed the blank-
holder over which the blank is positioned; the forming die
was fixed on the upper shoe of the press. Table 1 reports
all the process parameters; in all the tests mineral oil was
used as lubricant. Figure 1 shows the experimental set up,
and Fig. 2 the CAD geometry of punch, forming die, blank-
holder, and produced cup geometries.

The additive manufactured punches were produced with the
fused filament fabrication machine Mark 2 (Markforged, Water-
town, USA). A full infill strategy was set with a deposition path
equal to+45°; punches were produced with their axis parallel to
the z axis; layer height was set equal to 0.125 mm; two-wall layer
was designed to avoid worse surface finish and less watertight
properties; the nozzle temperature during printing was equal to
275 °C while plate temperature was equal to room temperature;
the average printing speed was 50 mm/s [23]. A nylon reinforced
with short carbon fibre (SCF-Nylon) was used as material. This
material was already used in aeronautics, sports, and manufac-
turing [24], and it displays better properties than AM polymers
and better manufacturability than traditional composite used
in manufacturing [25, 26]. The tool steel 45 NiCrMo 16 was
selected for the forming die, blankholder, and traditional punch;
for blanks/cups the aluminium Al1050 was used with a thick-
ness of 1 mm. Table 2 lists the main mechanical properties of
the utilised materials.

After the production, the 1st, 25th, 50th, 75% and 99th
cups manufactured with punch P99 and the single cup named

Table 1 Experimental main

process parameters Punch diameter [mm] 39 Blank diameter [mm] 70
Punch height [mm] 40 Blank thickness [mm)] 1
Punch fillet radius [mm] 6 Drawing depth [mm] 20
Forming die internal diameter [mm] 41.2 Drawing ratio 1.8
Forming die height [mm] 83 Clearance distance [mm] 1.1
Forming die internal fillet radius [mm] 5 Press maximum load [kN] 180
Blankholder internal diameter [mm] 39 Press speed [mm/s] 10
Blankholder height [mm)] 30 Blankholder clamping force [kN] 1
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Fig. 1 Experimental set up
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Fig.2 CAD tools and cup geometries designed for the experimental tests [22]

00 produced with traditional steel punch were chosen for the
cup quality analysis; all three additive punches PO1, P50, and

P99 were analysed.

The investigations were executed according to the

described methods:

e A circumferential profile (CP) to measure the inter-
nal radius of cups and external radius of punches.
Three internal radii were acquired at a distance equal

to 10, 10.5, and 11 mm from the cup top (Fig. 3a);
two external radii for punches at 6 and 15 mm from
the punch bottom (Fig. 3d). Data acquired along the
circumference were used for statistical analysis, for
comparison with CAD, and then to evaluate the aver-
age radius R4, the standard deviation o, and the
roundness tolerances r, as difference between the
higher and the lower radius measured along the cir-
cumferences.
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Table 2 Mechanical properties of punch, die, and blank/cup material

SCF-Nylon 45 NiCrMo 16 Al1050
Application Punch Punch/forming die/  Blank/cup
blankholder

Tensile modulus [GPa] 2.4 284 69
Tensile stress at yield (MPa) 37 696 103
Tensile stress at break (MPa) 40 950 110
Tensile strain at break (%) 25 11 10
Density (g/cm3) 1.2 7.84 2.71

e A linear profile (LP) along the internal cross section of cups
and external of punches (Fig. 3b and e). Data points were
used for comparison with CAD, to evaluate the cup drawing
depth and the punch height at the end of the production. Both
for cups and punches, the AC,p and AP, parameters
were evaluated, too; these parameters are the average differ-
ence between CAD and five experimental points that belong
to the cup C or punch P fillet radii.

e A thickness profile (TP) along the cup cross section
(Fig. 3c). After the CP and LP analysis cups were sec-
tioned with wire EDM process and five measures were
taken in four different areas that correspond to cup bot-
tom, punch fillet that is the cup lower fillet radius gener-
ated by the punch, cup wall, and forming die fillet that
is the cup higher fillet radius generated by the forming
die. Wire EDM was executed with the AS00W (Sodik,
Schaumburg, USA).

¢ A roughness profile (RP) along the punches fillet radius
to measure the evolution of average surface roughness
(S,) and maximum peak to valley distance (S,) (Fig. 2f).
To evaluate S, and S, an area of 4.5 X2 mm was scanned.
Four replicas per punch were measured; data were fil-

tered to eliminate surface curvature. A statistical analysis
was then applied.

About the statistical analysis, an analysis of variance (Anova)
was executed to test the differences among the means, the Anova
analysis generates a p-value for each investigated parameter and
their interactions; if p-value is lower than 0.05, it is possible to
assert that the parameter/interaction affects the acquired parameter
[27]. For punches CP and RP analysis, a Tukey range test was
used, too, to find means that are significantly different from each
other by assigning the results within the same or different groups
[28]. Figure 3 shows the graphical schemes of the above-presented
measuring methods and corresponding measured quantities.

The CP and LP measurements were executed with the
CMM machine Cyclone Series 2 equipped with the probe
SP620 (Renishaw, Wotton-under-Edge, UK); TP meas-
urement with digital microscope RH2000 (Hyrox, Tokyo,
Japan); RP measurement with laser probe PF60 (Mitaka,
Tokyo, Japan). An example of polymer punch, drawn cup,
and cup cross section after wire EDM is reported in Fig. 4.

3 Results

In this section the main results of the experimental cam-
paign are presented divided in two subsections related to
cups and punches analysis, respectively.

3.1 Cup analysis

The results of the Anova and Tukey range test for the
circular profile parameter (CP) are reported in Fig. 5; in

cup top

cp

[—
Forming die fillet

Cup wall ™

‘Punch fillet

Cup bottom

(a) Cup CP

(b) Cup LP

punch bottom

LP

(d) Punch CP

(e) Punch LP (f) Punch RP

Fig.3 Schemes of data acquired and tested for results analysis
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Fig.4 Polymer punch (left), cup
(centre), and cup cross section
(right)

the results plotted, cup “00” is the 1st cup produced with
traditional punch; the other cups were produced with the
punch P99. The parameter d,,, is the distance from cup
top where circular profiles were acquired. A reference line
corresponding to CAD value 19.5 mm is reported, too, in
Fig. 5b.

The Anova shows that only d,,, has a p-value lower
than 0.05 so that is the only parameter that significantly
influences the cup radius (Fig. 5a). Analysing the interval
plot of Fig. 5b it is possible to observe that all measures
overestimate the target value (19.5 mm) and that the cup
radius decreases when distance from cup top increases. This
phenomenon is coherent with the wall shape of parts pro-
duced with deep drawing process because of the clearance
between die and punch [29]. It is important to notice that the

maximum deviation for all the cases is in the range of few
hundreds of millimetres. Cup circularity achieved a high
precision as demonstrated by the graphs of Fig. 5¢c and more
specifically of Fig. 5d where target value (CAD) is reported,
too. Table 3 lists the average radius (R,.4) with standard
deviation (o) and roundness tolerances (rt). As reported,
roundness in all tests varies from a minimum of 0.077 mm
for cup 99" at h10 to a maximum of 0.125 mm for cup 50"
at h11 mm. Cup produced with traditional punch reaches r,
value within that range, too.

The cup linear profile results are summarised in Fig. 6 and
Table 4. The qualitative analysis shows that the main differ-
ences between the designed cup (CAD) and the produced ones
are detected on the fillet radius (Fig. 6a). The detailed view of
Fig. 6b highlights that the first cup produced with traditional

Interval Plot of Cup radius [mm]
95% Cl for the Mean
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Error 5796 4.78326 0.000825
Total 5813 4.80472 19.49
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Fig.5 Cup circular profile main results
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Table 3 Average cup radius
(Rpeq) With standard deviation

d. =10 mm

top

d,

top

=10.5 mm d,

top:“ mm

(o) and roundness tolerances (r,) Cup Ryeq[mm] o rylmm] R,4[mm] o rlmm] R4 [mm] o r, [mm]
CAD 19.50 0 0 19.50 0 0 19.50 0 0
00 19.524 0.03 0.11 19.522 0.03 0.10 19.519 0.03 0.09
01 19.525 0.03 0.10 19.523 0.01 0.10 19.519 0.03 0.12
25 19.522 0.03 0.11 19.520 0.03 0.12 19.519 0.04 0.12
50 19.521 0.03 0.11 19.521 0.03 0.12 19.519 0.03 0.13
75 19.523 0.02 0.10 19.521 0.03  0.100 19.518 0.03 0.11
99 19.522 0.02 0.09 19.521 0.02 0.09 19.519 0.03 0.09
5 -14
0 -15
T S 16
E e co1 £ ——00
= -10 = 17
£ €99 7 co1
N 15 ——C00 Neseoo e e €99
20 = ——CAD 19 ——CAD
-25 -20
0 10 20 30 13.5 15.5 17.5 19.5
x axsis [mm] X axsis [mm]
(a) trend of cup length (b) fillet radius detail

Fig.6 Cup linear profile main results

Table 4 Quantitative results of LP analysis

Test Cup drawing ~ ACg,p [mm] Average cup fillet
depth [mm)] radius [mm)]

CAD 20 - 6

CO00 19.96 0.08 £0.059 5.92

Co1 19.83 0.11+£0.093 5.89

C25 19.84 0.22+£0.135 5.78

C50 19.80 0.18£0.084 5.82

C75 19.74 0.20+£0.113 5.80

C99 19.67 0.36£0.094 5.64

punch (C00) and with additive punch (CO1) have a trend simi-
lar to the CAD one; cup 99" fillet radius is characterised by
a lower drawing depth and fillet radius. Table 4 confirms the
qualitative results, the worsening of fillet radius becomes dou-
ble after production of the 25th cup (AC,p increases from
0.11 to 0.22 mm), and is becoming more than triple for the
99th cup. A cup depth decrease of one tenth of millimetre was
measured between the 75" and the 99th cup.

The Anova thickness profile (TP) analysis done on the cup
slice after electrical discharge wire cutting proves that only
cross section zone (see TP measurement points of Fig. 3c) is
significant (Fig. 7a). In detail the interval plot of thickness

@ Springer

of Fig. 7b shows that the higher and the lower thicknesses
were measured in the contact area with the die and the punch,
respectively. This trend is coherent with the blank deformation
behaviour during the deep drawing process and the highest
thinning is along the punch fillet radius [30]. The non-signif-
icant results of cup number parameter pointed out that cup
thickness obtained by traditional (cup number 00) and addi-
tive punches is the same, and this value is not modified when
increasing the cup number.

3.2 Punch analysis

Figure 8 shows the AM punches at the end of their produc-
tion; no significative differences have been found after an
inspection analysis.

The punch circular profile (CP) analysis is reported in
Fig. 9; the parameter d,,, refers to the distance from
punch bottom where circular profiles wereacquired (Fig. 3).
Anova test showed that punch number and d, ,,,, are both
significant for the punch radius while their interaction is not
(Fig. 9a). Merging the results of interval plot of Fig. 9b and
Tukey range tests of Fig. 9c and d, it is possible to assert that
deep drawing process reduces punches radius as cup number
increases, the inclination of the decreasing trend is similar
for both level of dy ., (Fig. 9b and d). The main difference
is the cup radius variation that occurs between the two levels
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Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Cup number 5 935 187 0.62 0.685
Zone 3 1014149 338050 1119.16  0.000
Cup number*Zone 15 6030 402 1.33 0.194

Error 120 36247 302

Total 143 1057361
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Individual standard deviations are used to calculate the intervals.

(a) AnoVa results

(b) main effective plot of cup thickness

Fig.7 Cup thickness profile main results

PO1

P50

P99

Fig. 8 Polymer punches after production of one (PO1), fifty (P50), and ninety-nine (P99) cups

of dyom 10 the production of the 1st cup. Figure 9b and
Table 5 highlight a cup radius reduction equal to 0.05 mm
from CAD at a distance equal to 6 mm,; it is important to
remember that this zone corresponds to the end of punches
fillet radius where the effect of forming process is more rel-
evant. In general, about punch radius, it was measured that
after a production of 99 cups, the punch radius in the most
stressed zone has a radius equal to 19.4 mm that is the 99.5%
of the initial value (19.5 mm) that means the tool wears after
99 cups is about 0.1 mm. Roundness tolerance reported in
Table 5 varies in a range between 0.2 and 0.33 mm.

The results of linear profile (LP) analysis show that
punches height after cups production were coherent with
starting CAD value; Fig. 10a and height parameter of
Table 6 show that all punches keep their height almost
unchanged. On the contrary, as shown in Fig. 10b, along
the fillet radius it was measured a decrease of punch radius
as the cup number increases. The average deviation from
CAD geometry was measured and listed by the parameter
Acsp of Table 6. The RP analysis points out a significative
difference of the roughness between P01, P50, and P99. The
results of Tukey range test specified that punches started

@ Springer



2182 The International Journal of Advanced Manufacturing Technology (2023) 128:2175-2185

Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Punch 2 1.0576 052878 86,58  0.000
d_bottom [mm] 1 11128 1.11283 182.21 0.000
Punch*d_bottom [mm] 2 0.0009 0.00047 0.08 0926

Error 1950 11.9094 0.00611

Total 1955 14.0807

Interval Plot of Punch radius [mm]
95% CI for the Mean

19.52
CAD }i
19.50 ===
T 19.48
£ K2
El 19.46 E
35
: [}
5 19.44
g
s
. 19.42 E
3
Punch o1 50 99 o1 50 99
d_bottom [mm] 06 15

Individual standard deviations are used to calculate the intervals.

(a) AnoVa test on punch radius

(b) Interval plot of punch radius

Grouping Information Using the Tukey Method and 95% Confidence

Punch N Mean Grouping
01 652 19.4822 A

50 65219.4500 B

99 652 19.4254 C

Means that do not share a letter are significantly different.

Grouping Information Using the Tukey Method and 95% Confidence

d_bottom

[mm] N_Mean Grouping
15 978 19.4764 A
06 978 19.4287 B

Means that do not share a letter are significantly different.

(c) Tukey range test for punch

(d) Tukey range test for distance from punch
bottom

Fig.9 Punch CP analysis main results

Table5 Average cup radius (R.q) with standard deviation (¢) and
roundness tolerance ()

Punch Height [mm)] R eq [mm] o [mm)] 7, [mm]
PO1 6 19.46 0.085 0.33
P50 6 19.43 0.059 0.22
P99 6 19.40 0.103 0.32
PO1 15 19.51 0.078 0.30
P50 15 19.47 0.052 0.20
P99 15 19.45 0.081 0.30

with higher average and maximum roughness (PO1) due to
the FFF process, but during deep drawing because of the
material flow of the aluminium blanks on the punch radius
and walls, the punches profile becomes smoother (Fig. 10c,
d and Table 6); the smoothing trend decreases during the
production of 50th and 99th cups.

4 Discussion

Merging the results obtained by cups and punches analysis
it is possible to highlight the following considerations about
the deep drawing of Al cups with AM punches.

The CP analysis showed that punches experienced a
wear during the production that resulted in a decrease of the
radius; this decrease is more evident in the fillet radius zone
changing the punches radius from 19.46 to 19.40 mm as
cup part number increases from 01 to 99 (Fig. 9b); however,

@ Springer

this decrease does not affect the cups radius. In fact, the
Anova analysis showed that part number did not affect the
cup radius (Fig. 5a); moreover, cups have been produced
with an internal radius higher of 0.02 mm with respect to
CAD (Fig. 5b). The reason of this incongruence could be
found in the behaviour of the AM punches during drawing
process. As demonstrated in [22] AM punches during form-
ing process undergo to elastic compression that determines
an elastic increase of the punch radius with a consequent
increase of cup radius. The extent of this phenomenon is
such as to compensate the wear of the punch diameter and
to produce cups with radius equal to the ones produced by
steel punches (C00 in Fig. 5b). Therefore, summarising the
results, it is possible to state that the diameter of the cups is
not affected by the production sequence or by the material
and production process of the punches.

The main differences between polymer and steel punches
could be found in the LP analysis in the bottom and fillet
zones. Comparing Figs. 10b with 6b, it is clear that the wear
mechanism due to the flow of aluminium sheet along the
polymer punches induces a decrease of punch fillet radius
with a consequent decrease of cups fillet radius (from 5.89to
5.64 mm as reported in Table 4). Moreover, the punches
elastic compression increases as part number increases and it
also affects the final cup depth from an initial value of 19.83
mm for the 1st cup to 19.67 mm for the 99th cup. On the
contrary the effect of sheet material flow induces a smooth-
ing phenomenon on the punches limiting the staircase effect
typical of FFF process and reducing the punch average sur-
face roughness from 28 to 25 um (Fig. 10c).
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Fig. 10 Punch LP and RP analysis main results

Table 6 Punch height after production with CAD

Punch  Height [mm] APq,p[mm] S, [pm] S, [pm]
CAD 40 - - -

PO1 40.03 0.06+0.03 249+0.6 142.4+109
P50 39.99 0.07+0.06 253+0.8 1473445
P99 39.96 0.28+0.16 28.0+04 169.3+3.0

In addition, the authors also noticed that the change of
punch material (steel or reinforced polymer) and of the
production number does not affect the cups thickness as
reported by the Anova results shown in Fig. 7a.

Comparing the obtained results with the literature, it
is possible to assert that SCF-Nylon showed better per-
formance with respect to polymers such as PLA and PA.
In particular, SCF-Nylon has better performance than
PLA where a deviation of 0.4 mm was measured in the
drawing depth between the Ist and the 64th steel cups
with a drawing depth of 25 mm [5]. Similarly, a bet-
ter behaviour was measured with respect to PA where
a deviation of 1.15 mm in terms of drawing depth was
measured between 1st cup and CAD geometry to produce
steel cups 15 mm depth [9].

5 Conclusion

In this research the authors tested the performance of poly-
mer punches, in the deep drawing production of 99 alumin-
ium cups having internal diameter equal to 39 mm, 1 mm
thick, and 20 mm depth. Punches were made of nylon filled
with short carbon fibre and were produced with fused fila-
ment fabrication process. A geometrical analysis was done
on produced cups and punches. The results highlighted those
punches undergone to an elastic deformation that affect cups
radius achieving an increment equal to 0.002 mm (0.005%)
and the drawing depth with a loss of 0.3 mm (1.4%) with
respect to cups produced by steel punch. The authors also
shown that the increase of cup production does not signifi-
cantly modify cup dimensions: the differences between 1st
and 99th cups were in a range between tenth and hundredth
of millimetres.

These findings confirm the possibility of using additive
manufacturing as a valid technology for pre series, proto-
type, or small/medium batch production so reducing the
time to market and improving the process flexibility and
reconfigurability. Future research is ongoing to study AM
punches behaviour as a function of infill density strategy
during printing in order to reduce the production time and
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the material cost while keeping the same deep drawing pro-
cess performance.
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