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a b s t r a c t

Advanced aluminium sheet-forming processes such as the hot-metal gas-forming represent a chal-
lenging solution for producing small lots in the high-end car bodies industry, and the adoption of single
cavity moulds made from low-cost, easily machinable materials such as cast iron reduces the overall
sheet-forming costs. The tribological properties of the mould-sheet tribopair are of great interest for
optimizing the sheet forming obtaining an acceptable esthetic surface finishing. This study presents the
design and construction of a lab-scale experimental test rig for the tribological characterization at high
temperatures of the mould-sheet tribopair. The proposed test method reproduces the sliding at the
mould-sheet interface with contemporary sheet straining up to ε ¼ 0.8 at strain rates in the 1.2*10�3 to
2*10�2 s�1 range. A series of experiments were carried out in dry and lubricated conditions for a ductile
iron EN-GJS grade sliding against a AA 5083 aluminium alloy while straining. After comparing the
experimental results with the literature data from other test rigs, comparable results were obtained as
COF regards, ranging between 1.2 and 2.5 in dry sliding and between 0.05 and 0.2 in lubricated sliding.
The morphological characterization of the sliding surfaces and cross-sections highlights the strong
tendency to galling in dry sliding conditions expecially for low strain rates.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Within the hot-forming processes of aluminium alloys, some
materials are traditionally used to manufacture forming tools, such
as dies and punches. Typically, steels, specifically hot-working
steels, are widely used in plastic deformation or casting processes
of aluminium alloys. However, metal-forming processes such as
hot-metal gas-forming have few similarities to other sheet metal
forming processes (e.g. cold stamping, hot stamping, deep drawing)
and are characterized by a high complexity of the achievable shapes
[1]. In addition, the dies used in hot-metal gas-forming are large,
and their surface finishing must be strictly controlled to produce
parts suitable for painting. The interaction between the die and
sheet metal is a significant issue contributing to sheet metal
ber).
rd of International Journal of
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damage during the forming process, leading to the formation of
defects on the painted surface, such as the so-called orange peel.
Therefore, a proper selection of the die design [2] andmaterial [3] is
crucial to maximizing process efficiency and must be referred to
guiding parameters such as processability, polishability and
microstructural stability at high temperatures. Lubrication is al-
ways required to lower the interfacial shear strength and avoid
direct contact between the interacting surfaces [4], to promote low
friction and wear when forming aluminium. However, lubricants
can fail, and significant issues with material transfer arise or even
worse, necking can occur when lubricant quantity is exceeded [5].
Because of this, interruptions are needed for tool refurbishing; this
issue affects process efficiency. In hot-metal gas-forming (HMGF),
wear on both the tool and the aluminium sheet surfaces is severely
influenced by the characteristic process parameters [5]:

- The high average temperature on the die (400e500 �C);
- The high friction between the aluminium alloy sheet and the
die, typically made of a ferrous alloy (steel or cast iron), that
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occurs for prolonged times and with intimate contact between
the surfaces.

In HMGF processes involving aluminum alloys, wear and friction
are particularly critical due to the distinct characteristics of
aluminum at elevated temperatures. Aluminum alloys, often used
for their excellent strength-to-weight ratio [6e9], become signifi-
cantly softer and more ductile at the high temperatures employed
in HMGF, typically around 500e600 �C. This softening increases the
propensity for aluminum to adhere to the tool surfaces, leading to
severe sticking and galling. Furthermore, the high thermal con-
ductivity of aluminum alloys exacerbates the heat transfer to the
forming tools, accelerating wear and degradation. The high pres-
sures required in HMGF amplify the frictional forces between the
aluminum alloy workpiece and the tool, intensifying abrasive wear.
As the fundamental wear mechanisms regard (adhesive wear,
abrasive wear, triboxidative wear, surface fatigue wear), high
temperature and very low sliding speeds between the die and the
aluminium sheet (deformation speed of the sheet 10�5 - 10�3 s�1)
contribute synergistically to adhesive and triboxidative wear
mechanisms. A solid lubricant interposed between the die and the
sheet (e.g. MoS2, BN or graphite) is essential to preserve both the
die and the sheet, preventing surface seizure; however, as reported
by Ref. [10], hard abrasive particles may originate from the inter-
action between the iron contained in steels or cast iron and the
aluminium contained in the sheet despite adopting a solid lubri-
cant, due to galling mechanisms. Once the forming operation is
complete, such hard particles may adhere to the die surface and
damage the next sheet formed.

1.1. Wear and friction characterization

In the frame of hot-metal gas-forming techniques, several
processes exploiting the superplastic properties of the sheets to
deform are documented in the literature, being known as super-
plastic forming (SPF) [10], quick plastic forming (QPF) [11] and
more recently hot form quenching (HFQ) [12]. Furthermore,
applying innovative surface treatments on hot-metal gas-forming
dies by adopting plasma-deposited self-lubricating coatings such
as WC/C [13] with a duplex treatment strategy [14,15] gave
promising results in improving the frictional properties and
reducing the use of solid lubricants. Nevertheless, treating dies as
large as those employed in hot-metal gas-forming for automotive
in CA-PVD chambers is not feasible on a broad scale despite sig-
nificant reduction of aluminum transfer at high temperature [16].
The direct evidence of wear and frictional outcomes can be
observed on dies and sheets right after forming: the analysis of an
aluminium sheet can be carried out at a relatively affordable cost,
focussing on R&D purposes; on the other hand, this is not true
when it comes to analyzing the surface of a large die. For this
reason, since hot-metal gas-forming techniques were established
at the production level, studies on high-temperature friction and
wear in the die-sheet tribopair have been carried out and docu-
mented in the literature.

While Liu et al. [17] have thoroughly described the literature
regarding test rigs for the hot-forming of aluminium alloys, no
critical descriptionwas found by the authors for test rigs specific for
hot-metal gas-forming. The research on the process has led to the
development of ad-hoc formability tests (i.e. bulge test [18]), but
very little literature has investigated the tribological interaction
between the aluminium sheet and the die. The most straightfor-
ward approach to evaluate tribological properties accounting for
high temperature and loading is using a conventional flat-on-flat
reciprocating sliding tribometer modified according to Hanna [19]
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to represent the aluminium sheet-to-die contact better. Such an
approach is accurate and relatively straightforward as configuration
regards but does not include the effect of the deformation acting on
the aluminium sheet; in Ref. [19], it is the die-like sample that slides
on the aluminium sheet while the hot-metal gas-forming processes
work on the opposite principle. Another test rig specific for su-
perplastic forming was developed by Friedman et al. [20]; similarly
to Ref. [19], also this test adopts a flat-on-flat configuration of the
sliding surfaces with an aluminium sheet sample fixed on a hori-
zontal plane and the block representing the die that is moved by an
actuator. Even this test rig does not account for the effect of the
deforming sheet, but the tribopair is more uniformly heated by
enclosing it in an oven. Recently Rodriguez Leal et al. [21] devel-
oped a similar test based on reciprocating sliding but limited the
maximum test temperature to 300 �C which is rather low
compared to the operational ones. Interestingly they focused their
research on the role of the lubricant in SPF and dedicated a
consistent part of their study to its cleanability from the mould
surface.

The most accurate configuration of a test rig simulating the
sheet-to-die contact in hot-metal gas-forming is that developed by
Das et al. [22]; in this test rig, the aluminium sheet is provided as a
coil, and the die material is represented as a pin. The coil is un-
wound from a pulley at a certain speed while it is wound on
another pulley travelling at a higher speed; thus, the aluminium
sheet deforms at a rate related to the velocity ratio. At a mid-
distance between the two pulleys, the sheet slides on a heated
roller painted with lubricant; on the opposite side of the roller, a
pin made of the die material slides on the aluminium sheet. The pin
is normally loaded with a static weight while a load cell measures
the resultant tangential force enabling the calculation of the coef-
ficient of friction (COF). The contact is non-conformal, with a flat
surface (aluminium sheet) sliding against the lateral surface of a
cylinder (pin). Despite accounting for the different mechanisms
occurring during hot-metal gas-forming, this test rig has a large
footprint and needs to manufacture specific aluminium coils to
perform the test. Moreover, the heating control can be challenging
to manage due to the non-uniform heating sources.

The comparison of dry and lubricated testing in SPF represents a
considerable challenge since, as pointed out by the literature on the
topic [3] many factors can play an active role in the tribological
problem: dry sliding at high temperature results in instantaneous
adhesion and consequently high friction making the test non
representative of the real working conditions; the lubricant choice
can modify the tribological mechanisms based on its degradation
(e.g. polymeric lubricants) or poor adhesion (e.g. hBN), furthermore
even the die surface finishing represent a factor to keep under
control since even mirror polished surfaces can scratch the
aluminum sheet when carbides are protruding.

A comprehensive approach to this tribological problem has been
proposed by Morales and colleagues, yet the tribometer, despite its
high degree of representativeness in terms of reproducible stresses
and temperatures, is a complex apparatus requiring the use of an
entire coil of aluminium sheet for testing. Based on the above-
mentioned considerations, the present study proposes a lab-scale
configuration tribometer for testing materials employed in hot-
metal gas-forming. The approach of the test rig presented in this
paper aims at filling the shortcomings in the literature regarding a
tribotesting unit able to reproduce the main mechanisms of wear
and friction encountered in aluminum SPF in a compact unit,
capable of reaching high temperature. After describing the design
criteria adopted, the results from dry and lubricated testing are
compared in terms of COF and surface morphology of the tribopair
for some near-process selected conditions.
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2. Test-rig design and adjustable parameters

The test-rig design was based on the high-temperature testing
requirements, as shown in Fig. 1. In principle, the test is resumable
as a high-temperature tensile straining of an aluminium sheet
sample, causing sliding at the interface with a cube placed on top of
it. The core of the rig is a 3 kW tubular furnace with ceramic liners
capable of reaching up to 900 �C (1). A sample holder made of AISI
309 austenitic stainless steel (7b) is mounted inside the furnace to
fix an aluminium sheet sample (5) for tensile testing with a gauged
length of 50.0 ± 0.1 mm (Fig. 1d). AISI 309 steel grade was selected
due to its high resistance to oxidation at high temperature; in fact,
it is considered a heat-resistant grade and is commonly employed
in the manufacture of furnace parts, heat exchangers and parts for
service at high temperature. The mechanical properties of AISI 309
and the size of the sample holders ensure that it will be the
aluminium alloy sheet to deform during the test at high tempera-
ture. The tubular furnace is open at both ends and set by a
controller fittedwith a K-type thermocouple placed below 7b, close
to the aluminium sheet sample. The aluminium sample is strained
by a stepper motor (3) rigidly bound to the aluminium sample by an
upper sheet holder (7a).

While the aluminium sheet strains, a cast iron block (4)
(20 � 20 � 15 mm) is placed on top and screwed to a sample
holding bar (6), and similarly to Ref. [19], the flat-on-flat condition
is guaranteed throughout the testing by a spherical joint between
(6) and (4). The deformation resulting from straining is measured
by tracking the displacement of control points on the strained
sample. Each control point is marked before testing the unstrained
sample at 5 mm intervals. Due to the sample holding bar's proper
weight, a minimum normal load of 5.6 N acts on the contact area
during the test; nevertheless, it can be increased by adding cali-
brated weights to a pin at a half-length of (6). In addition, the total
Fig. 1. 3D model of the test rig and schematics of the samples. a) general overview of the t
system. c) close-up of the tribo-contact area with (4) die-representing coupon, (5) aluminiu
holder. d) schematics of the tensile testing sample made from AA 5083 1.5 mm thick alum
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contact area can be modified based on the sample's geometry:
those reported in Fig. 1c and d have a total contact area of 100 mm2.

On the left side of Fig. 1a, the stepper motor controlled by an NI
PCI 6503 board operates the stretching of the aluminium sheet
outside the furnace while at high temperature; on the right side of
Fig. 1aea load cell recording forces in the 0.1e250 N range detects
the tangential force developed at the sheet-mould contact and
sends the data to the controller board. The input data (test pa-
rameters) are managed by a program compiled in the Labview
environment, and output data (tangential force values) sampled
every 0.1 s are saved to a spreadsheet file for the subsequent
filtering and data treatment. The maximum displacement achiev-
able by the rig is 40 mm; such displacement is equivalent to ε ¼ 0.8
for the sample of Fig. 1d after eq. (1). A range of deformation rates
characteristic of hot-metal gas-forming can be explored by tuning
the stepper motor linear velocity from 1 up to 100 mm/min in the
4*10�4 to 2*10�2 s�1 range after eq. (2).

ε¼DL
L0

Eq.1

_ε¼ dε
dt

¼ v

DL
Eq.2

The motivations for adopting the proposed configuration lie in
the process, more specifically, due to the reproducibility of specific
sliding conditions encountered in the hot-metal gas-forming
(Fig. 2). At first, when the hot metal sheet starts deforming due to
the gas pressure, a limited area touches the mould; a so-called free-
expansion regime characterizes the first phase of deformation
(Fig. 2a), where most of the friction is exerted closely to the blank
holder by the first parts of the sheet touching the mould. Similarly,
the proposed test-rig configuration precisely reproduces the
est rig with (1) furnace, (2) load cell and (3) stepper motor. b) insight into the testing
m sheet sample, (6) sample holding bar, (7a) upper sheet holder and (7b) lower sheet
inium sheet. e) sample prior and after testing.



Fig. 2. Schematics represent the frictional characteristics in the hot-metal gas-forming process adapted from Ref. [27] a) and the test rig presented in this study b).
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aluminium sheet-mould tribopair sliding condition in the prox-
imity of the blank holder. In this case, the aluminium sheet is
deformed uniaxially at a constant velocity and friction results from
applying a normal load on the mould-like sample (Fig. 2b). With
increasing forming time, the sheet starts copying the mould's
complex surface: consequently, the portions of the aluminium
sheet, previously freely expanded, touch the mould surface. If dry
sliding conditions are considered, the sheet surface after the free
expansion differs from the undeformed one due to themodification
of aluminium's surface oxide layer and its frictional behaviour
[23,24]. The tribology in lubricated conditions as experienced by
the production process is currently debated. The frictional behav-
iour due to the sheet-mould mechanical interaction located at the
asperities [25] increases as the thickness of the solid lubricant de-
creases; such a thinning reduces the number of lubricant particles
effective in limiting the metal-metal contact at the asperities of the
sheet-mould interface. An up-to-date overview of the literature
regarding this topic is given in Ref. [26]. In principle, the proposed
test rig can reproduce these tribological conditions by employing
pre-strained sheet samples representative of the deformation rate
reached by the sheet when touching the mould in a specific area.
Nevertheless, this topic is considered out of this article's scope,
aiming mainly to validate the proposed testing method by
comparing it to consolidated results from the literature.

3. Materials

The two materials chosen for producing the samples repre-
senting the mould and the aluminium sheet are ductile iron EN-GJS
grade as the mould material regards (composition reported in
Table 1) and a 1.5 mm thick sheet of AA 5083 aluminium alloy
(composition reported in Table 2), specific for superplastic forming
applications, in heavily cold-rolled state. The superplastic behav-
iour is guaranteed by the very fine grains (less than 10 mm) that are
formed thanks to the cold rolling process. In fact at high temper-
ature these microstructures are highly susceptible to creep defor-
mation, allowing remarkable elongation to be achieved. Ductile
Table 1
Chemical composition of the ductile iron employed to manufacture the samples.

C [%wt] Si [%wt] Mn [%wt] S [%wt] P [%wt] Fe [%wt]

EN-GJS 3.51 2.72 0.21 0.01 0.004 Bal.

Table 2
Chemical composition of the AA 5083 aluminium alloy employed to manufacture
the samples.

Mg [%wt] Mn [%wt] Cr [%wt] Fe [%wt] Si [%wt] Al [%wt]

EN-AA 5083 4.53 0.71 0.12 0.08 0.03 Bal.
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ironwas chosen since it is used in the manufacture of industrial SPF
moulds, thanks to its low cost and highmechanical workability. The
small samples cut by an abrasive disc and then milled to the final
dimensions. The surface was prepared by using grinding SiC papers
for metallographic preparation. All samples were ground using
grits from 200 to 1200, to reach a final average surface roughness
(Ra) of 0.03 mm (measured by roughness tester Hommelwerke
T1000), comparable to that of the real mould. The choice of cast
iron, apart from the low materials cost, can have some interesting
characteristic as the presence of graphite nodules may act themself
as an embedded solid state lubricant. On the other hand the
graphitic domain could represent a weak region that may wear out
early when sliding at high temperatures.

In addition, cast iron is widely employed in manufacturing large
moulds due to its good machinability, low cost and metallurgical
stability at the processing temperature (400e500 �C). On the
contrary, the low intrinsic hardness (225 ± 4 HV10) of its micro-
structure constituted by perlite and graphite nodules (Fig. 3a) does
not favour the die polishability. Furthermore, as reported in the
literature, the AA 5083 is a non heat-treatable alloy constituted by
an aluminium-rich matrix with dispersed Al6Mn intermetallics.
Rolling-induced cracks on the surface oxidized layers were
observed in the as-rolled condition for the material used in this
study, as also documented in Ref. [22] for the same aluminium alloy
in comparable metallurgical conditions (as-rolled) (Fig. 3b).

4. Experimental procedure

4.1. Continuous sliding tests

Each condition reported in Table 3 was tested five times on
samples with the geometry of Figs. 1d and 1.3 mm thickness to
reproduce tests comparable to those found in the literature for dry
[22] and lubricated conditions [19]. The deformation rates were
selected to align with the specific characteristics of the process
being replicated by this test rig configuration. As previously re-
ported, this test rig configuration is designed to reproduce the
tribological interaction that occurs when the initial portions of
aluminium sheet contact themould. Therefore, the high strain rates
characteristic of the free inflation part of the process were selected.
The experiments were performed randomly tomitigate the effect of
the experimental error. Once the furnace reached 500 �C, the
aluminium sheet sample was introduced and let soak for 5 min to
ensure a proper temperature homogenization; then, the cast-iron
block was placed on top and loaded with 8.6 N to reproduce a
pressure close to 1 bar. The simulated conditions reproduce the
sheet-die sliding of a portion of the sheet touching the die surface
when the process begins, and no considerable strain has occurred
to the sheet yet. Such a condition is representative of portions of the
aluminium sheet close to the blank holder.



Fig. 3. Microstructures of the starting materials: a) optical micrograph of an EN-GJS, b) SE - SEM micrograph of a AA 5083 sheet sample.

Table 3
Experimental parameters for dry and lubricated tests made under a continuous sliding regime.

Sliding distance [mm] Sliding speed [mm/min] _ε [s�1] Load [bar] Lubrication

G3 40 3 1.2 * 10�3 z1 Dry
G30 30 1.2 * 10�2 Dry
G50 50 2.1 * 10�2 Dry
G100 100 4.2 * 10�2 Dry
GL_3 3 1.2 * 10�3 BN
GL_100 100 4.2 * 10�2 BN
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The cast-iron coupons were polished to mimic the surface fin-
ishing of approximately 0.03 ± 0.02 mm (Ra) measured experi-
mentally on industrial moulds. The surface of the coupons was
prepared using an automated orbital metallographic polishing
machine (Presi Mecatech 250 SPI). Four samples were mounted on
the polishing machine for each run, and the final texture was
completely random, lacking any preferential orientation of
scratches.

At the end of the test, both the sheet and themould samplewere
inspected. The elongation along the gauged length was determined
by comparing the deformation of six control points marked on the
rear of each sample before performing the test at a distance of
10 mm from each other. The thickness of each sample was
measured with a micrometre after the test for each condition.
Morphological analysis was performed through stereomicrographs
(Leica mod. M5S) and Scanning Electron Microscopy (SEM e Zeiss
EVO 15 equipped with secondary and backscattered electron
probes). In addition, the presence of tribolayers and the composi-
tion of transferred layers were assessed by Energy Dispersive
Spectroscopy (EDS e Oxford Ultim Max). One sample per each
condition was cut in half, mounted in epoxy resin, and prepared
metallographically to observe the cross-section by light optical and
scanning electron microscopes. When necessary, cross-sectioned
samples were etched with Keller etchant [28] before observation
with the light optical microscope. Both SEM imaging and EDS
analysis were performed with 20 kV acceleration voltage, 8.5 mm
working distance, 45 s acquisition time and 400 nm spot size.

5. Results and discussion

The difference between dry and lubricated sliding conditions is
highlighted macroscopically in Fig. 4, with both scratches and
transferred material detectable on the surface of dry-tested sam-
ples. Conversely, the lubricant paint protects the surface of the
lubricated samples, so no thick debris layers or transferred material
are detectable. Considering dry samples more in detail, a relevant
and non-uniform shrinkage is revealed for the samples strained at
3 mm/min leading to the sample's rupture at the end of the test. In
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addition, consistent voids were formed during straining, high-
lighted by the red circle in Fig. 6, with the rupture occurring due to
their coalescence. An abrupt variation in thickness for sample 3 is
located at the entrance of the contact region, where the deforming
aluminum sheet sample starts sliding against the cast-iron cube.
The red arrows in Fig. 6 point to the cube's edge for each testing
condition. Further to the samples tested at 3 mm/min, straining at
100 mm/min in dry-sliding conditions also resulted in sample
rupture but closer to the centre of the sample, out of the cube area,
while samples strained at 3 mm/min broke under the cube area.

Intermediate straining rates (30 and 50 mm/min) resulted in a
more homogeneous deformation of the aluminum sheet sample
along the gauged length. Despite debris and scratches still being
evident (Fig. 4), the step-like separation between the region prior
and that under the cube is challenging to observe qualitatively from
micrographs (Fig. 5). The cross-sectioned surface appears rougher
for the dry samples in the area close to the red arrows, while a
smoother surface is characteristic of lubricated samples. Never-
theless, even lubricated samples are not defect-free, and scratches
are detectable from stereomicrographs (Fig. 4); this characteristic is
representative of superplastic-formed sheets, and similar surfaces
are documented in the literature [29,30]. Considering deformations
(Fig. 6), significant differences emerge for tests carried out under
lubricated or dry conditions. The deformation tends to be more
uniform along the sample length as the coefficient of friction de-
creases and under specific ratios between friction and straining.
Altogether the sample length increases by 80% along the gauged
length, but such deformation is not homogeneous, as observed in
Fig. 7b. Similar considerations are proposed regarding thickness. In
Fig. 7a, the final thickness is represented against the true distance,
meaning the distance each control point has been displaced due to
straining.

The thickness along the deformed aluminium sheet is relatively
uniform for lubricated samples, between 1.16 ± 0.08 mm, inde-
pendently from the strain rate. A more pronounced relation be-
tween strain rate and thickness reduction emerges for dry sliding.
Conversely, in Fig. 6b, the displacement of each control point
calculated to its undeformed position is represented against its



Fig. 4. Stereomicrograph of the tested AA 5083 samples highlighting the wear tracks close to the cube block.

Fig. 5. Metallographic cross-sections of the stretched aluminum sheets.

Fig. 6. Dimensional variations in the deformed samples. a) thickness variation along the straining direction, b) elongation along the gauged length.
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undeformed position along the gauged length. The yellow region
represents the area along the gauged length where the cast-iron
cube is placed, with the left boundary of this region correspond-
ing to the red arrows in Fig. 5. In Fig. 6a, the different locations of
thinning between the two dry-sliding conditions leading to sheet
rupture (3 mm/min and 100 mm/min) are reported. For all the
tested strain rates, the cube acts as a barrier to deformation
whether the aluminum sheet is dry or lubricated. Such a condition
can represent the sliding regime of those sheet regions surrounding
the first areas touching the mould during a superplastic forming.
The cube's blocking action is more easily visible in Fig. 6b.
246
In dry sliding, the cube hiders the portions of the sheet it is lying
on to deform freely, much more than in lubricated sliding. For this
reason, the control points falling in the yellow area have lower
deformation; the deformation of those points placed at the
entrance to the contact is slowed down, and the strain decreases
consequently.

Based on the previous observations, separate considerations and
hypotheses can be inferred for each strain rate under dry sliding:

�3 mm/min corresponding to _ε ¼ 1.2*10�3 is a low strain rate
rarely tested in the literature under lubricated conditions [25],
while no data are available for dry sliding. Therefore, the time
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required for the aluminum sheet to deform and exit the contact
area is high. Conversely, there is plenty of time for adhesion
mechanisms to take place. In addition, the Iron contained in the
cast-iron cube, and the Aluminum from the sheet have high
tribological compatibility, meaning there is a strong tendency to
form AlFe-based intermetallic compounds [31] leading to welded
joints. This mechanism is responsible for severe galling between
the two surfaces [32]. Furthermore, the aluminium alloy is very soft
at 500 �C, so it can deform and plough easily, its section decreases
due to plastic deformation under the cube load, and intimate
contact between the surface asperities is likely to occur. If the
adhesion between the two surfaces is strong enough, the cube acts
as an obstacle to deformation, constraining the sheet and reducing
the portion able to deform to about half the total gauged length. As
a result, deformation is localized, and the aluminum sample breaks
after necking. Another indication that normal-load thinning is
relevant relates to the point where rupture occurs, immediately at
the cube front.

- at 30 and 50 mm/min, corresponding to _ε ¼ 1.2*10�2 and
_ε ¼ 2.1*10�2, the amount of sliding at the cube/sheet interface and
the sheet deformation are balanced. The cube is not blocking the
material from deforming, as confirmed by the absence of steps in
the micrograph of Fig. 6, but it still exerts pressure and slows the
deformation. The coefficient of friction is lower than the G3 sample,
resulting in an evenly and more linearly deformed sheet. The cube
still does not accommodate the homogeneous deformation and
resistance to sliding.

- at 100mm/min, corresponding to _ε¼ 4.2*10�2 the sheet breaks
due to an unbalanced amount of deformation and a high coefficient
of friction, which cannot deform without lubrication. As literature
regards, this strain rate is still low in free-forming conditions [33],
but when sliding against the cube surface, further contributions to
deformation has to be considered, such as the load-related thinning
contribution. The coefficient of friction is still comparable to the 30
and 50mm/min tests, but rupture occurs similarly to the 3mm/min
deformation rate. At 100mm/min, thematerial still slides under the
cube load, which is not blocking the sheet. The relatively high co-
efficient of friction causes the sheet to strain at a variable rate along
the gauged length. Where the mismatch between the strain rates
and deformations exceeds the material limits, the sheet slides and
deforms under the cube at a much lower rate than the sheet just
deformed downstream of the cube.

As lubricated sliding regards, the tests performed at 3 and
100mm/minunder lubricated conditions validate the hypothesis on
dry sliding. After a substantial friction reduction at the cube/sheet
interface, the deformation rate is more evenly distributed along the
sample length. As a result, the sheet deformswithout breaking even
at those strain rates causing rupture under dry sliding.

The different friction coefficients (Cof) are reported in Fig. 7 for
each tested condition. Considering dry Cof first, a further indication
of how deformation and sliding concurred is appreciable. The Cof
for the very low strain rate (1.2*10�3 s�1, 3 mm/min) is not realistic
but is reported for completeness and to explain the test outcome.
Its average value is significantly higher than all the other Cof in dry
sliding, and its shape also recalls that of a stress-strain curve. If the
cube was blocked on the sheet as supposed during the test, con-
straining it due to the previous hypothesis, then the load cell would
read the force the material is opposing to the strain rate applied
externally, giving that characteristic shape with the maximum of
the curve corresponding to the point when necking occurred.
Interestingly, the other coefficients measured for dry sliding with
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this testing configuration are in accordance with those measured
by Das et al. [22].

The Cof is quite constant during sliding, as observed by Liu et al.
[34] and seems to have a low strain rate-dependency, as also evi-
denced in Ref. [22] with extreme values between 1.5 and 1.6 in a
strain rate range between 5*10�3 to 4*10�2 s�1. Considering
lubricated sliding, the expected significant reduction in Cof is
observed experimentally evenwith this testing configuration and is
one order in magnitude lower than in dry sliding (between 0.1 and
0.15). Assessing the difference between the two conditions tested in
the lubricated regime is currently out of the present work scope,
but interestingly, a subtle increase in Cof is observed at 2.1*10�2 s�1

strain rate (100 mm/min) with increasing sliding distance. As
predicted by different works in literature, Cof in lubricated condi-
tions might not be constant during forming due to a reduction in
the lubricant layer thickness [19,26].
5.1. Tribolayer formation

As documented in the literature, the direct contact between
aluminum sheets and cast iron in dry sliding causes severe adhesive
wear mechanisms in the tribopair (Fig. 9). According to Gali [23],
the Mg-rich oxide layer that forms during sheet rolling is prone to
fracture during sliding, causing plastically deformed ridges. When
the strain rate decreases, the cast iron cube blocks the sheet from
sliding underneath, creating a tribolayer that is approximately
15 mm thick and up to 250 mm long. This layer forms behind the
cube where the sheet enters the contact area. At higher strain rates,
a less noticeable tribolayer is formed, and Iron traces are found on
top of the wear debris, indicating a severe adhesive wear mecha-
nism. During sliding, the strong chemical affinity between Al and Fe
leads to the formation of welded joints that are sheared during
sliding. If a reacted AleFe compound is formed, the weak bonding
causes the joint to fail within the welding itself, transferring part of
the material to the counterpart surface. This mechanism seems to
act preferably at low strain rates, allowing more time for the wel-
ded joint to develop.

The wear process is more complex than just adhesive wear, as
observed in Fig. 8d. Microstructural constituents, such as the Al6Mn
intermetallics, can also contribute to the wear process as third-
body abrasive agents when are trapped in the tribolayer in their
original shape or after fragmentation. A mixed adhesive-abrasive
wear mechanism occurs on the aluminum sheet during sliding.

When analyzing cross-sectioned lubricated samples, no
oxidized tribolayers are detected (Fig. 8 e,f). Instead, a continuous
layer is found on the aluminum sheet, attributed to the lubricating
paint. The paint effectively prevents direct sliding between cast
iron and aluminum, even at strain rates that cause the aluminum
sheet to rupture in non-lubricated conditions (1.2 * 10e3 and 4.2 *
10-2 s-1).
5.2. Aluminum sheet surface damaging in dry sliding conditions

A comprehensive observation of the interaction between the
aluminium sheet and the cast iron is visible from the top of the
sheet (Fig. 9). The prolonged contact timewhen low strain rates are
employed favours the formation of welded joints between cast iron
and the aluminium alloy, acting as a barrier to strain. Such an
interaction forms a macroscopic debris responsible for scratches
and bulges on the formed aluminum sheet.



Fig. 7. Coefficients of friction for the different sliding conditions tested under dry and lubricated regimes.
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Furthermore, coherently with the literature, the aluminium
alloy flows underneath the thin superficial oxide layer that is pro-
gressively strained till rupture occurs [24] and swirl-shaped micro
debris are formed.

5.3. Aluminum sheet surface damaging in lubricated sliding
conditions

The lubricating paint reduces the aluminium sheet's friction
coefficient, scratches, and surface damage. The black areas in
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Fig. 10a are lubricant residues still covering the surface even after
sliding. However, its relatively low hardness may be susceptible to
abrasion in areas where localized high contact pressures occur near
an alteration in the surface profile [35,36]. Furthermore, when the
paint is abraded, the aluminium sheet is exposed to direct contact
with the cast iron, resulting in isolated damage similar to that seen
extensively in dry sliding conditions (as shown in Fig. 10). There-
fore, as the process regards, mould polishing to reduce surface
roughness below 0.1 mm has the utmost importance when
manufacturing a new mould.



Fig. 8. SEM micrographs of the cross-sectioned AA 5083 samples after testing. Dry conditions strained at a) 3 mm/min, b) 30 mm/min, c) 50 mm/min, d) 100 mm/min, and
lubricated at e) 3 mm/min and f) 100 mm/min.

Fig. 9. SEM micrographs of the dry aluminium sample surface in the sliding area. a) 3 mm/min, b) 100 mm/min. Bottom part: EDS maps for the 100 mm/min sample.
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Fig. 10. SEM micrographs of the lubricated aluminium sample surface in the sliding area. a) 3 mm/min, b) 100 mm/min. Bottom part: EDS maps for the 100 mm/min sample.
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6. Conclusions

This study propose a new experimental test rig to study the
tribological behaviour of the aluminum e mould tribopair in su-
perplastic forming applications. The design proposed has been
validated for an AA 5083 alloy sliding against a ductile iron EN-GJS
grade counterpart in dry and lubricated conditions. The main re-
sults can be summarized as follows:

� lubricant paints effectively prevented direct sliding between the
aluminium sheet and cast iron, even at strain rates causing
aluminium sheet rupture in non-lubricated conditions.

� In dry sliding conditions, severe adhesive wear mechanisms
were observed due to the direct contact between the two ma-
terials, resulting in plastically deformed ridges, the formation of
a tribolayer, and welded joints between cast iron and the
aluminium alloy.

� The tribolayer formation was observed at low strain rates and
acted as a barrier to strain. However, the tribolayer was less
pronounced at higher strain rates, and a mixed adhesive-
abrasive wear mechanism acted on the aluminium sheet dur-
ing sliding.

� The aluminium sheet surface was significantly damaged in dry
sliding conditions, as the alloy flowed underneath the thin su-
perficial oxide layer that was progressively strained till rupture
occurred, resulting in swirl-shaped debris formation.

The developed test rig has proven to be reliable and suitable for
tribological testing, yielding comparable results while using a
reduced amount of material compared to other test rigs.
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