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Abstract

Nodular cast iron stamping dies are extensively applied in the automotive industry to manufacture low carbon steel
bodywork components. During the process, a flat steel plate is typically stamped by deep drawing in a defined die shape,
causing wear to the entry radius of the nodular cast iron die. Although the graphite nodules present in the die micro-
structure are indicated to improve wear resistance due to its solid lubricant capability, few studies have investigated how
the microstructure characteristics affect die wear. Therefore, this study investigates the influence of the number, size, as
well amount of pearlite and ferrite in the wear resistance of a nodular cast iron in reciprocal sliding against a commercial
Interstitial-Free (IF) deep-drawing steel. The reciprocal sliding tribology tests were conducted according to ASTM G133-
05 standard in a ball-on-flat configuration. The nodular cast iron pins were extracted from a round bar obtained by
FUCO® continuous casting in three different radial positions, which produces pins with distinct microstructures. A com-
mercial zinc-aluminum coated flat IF steel plate was selected as the counter body. The coefficient of friction and wear
rate were accessed for the three tribo-pair configurations. Also, the pin’s microstructure and hardness were evaluated
by means of Scanning Electron Microscopy (SEM) and Brinell hardness, respectively. The results reveal that the volume
of graphite nodules is constant; it reduces the friction coefficient while not interfering with the wear rate of the pins
extracted from the three different positions of the FUCO bar. The wear rate is abrasive followed by oxidative wear. The
most wear resistant nodular casting iron pin was the one from the surface, which presented the smallest amount of
pearlite.
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making it necessary to use high-performance materials
for the dies to support a production cycle." When the
mechanical strength of the sheet metal is improved,
consequently hardness increases and elongation
decreases, hindering the formability, and so causing the
increase of wear on the die during the sliding of the
steel plate in the matrix.> Therefore, tribological stud-
ies** are effective and necessary to evaluate and define
an appropriate selection criterion for the material
applied in the manufacturing of dies.>®

Usually, the forming tools used in the deep drawing
processes are fabricated of nodular cast iron due to its
good mechanical properties and mainly by the lubricat-
ing effect of the graphite contained in its metal
matrix.”® However, the microstructure of cast iron can
be constituted of a ferritic matrix, which has a resis-
tance limit value of 380-450 MPa, combined with
stretching values between 10% and 22%.° In contrast,
in nodular cast irons with a pearlitic matrix, the resis-
tance limit can reach up to 900 MPa, with elongation
around 2%.'" Ductility is an important property of this
material, consequently, due to its excellent combination
of properties, it is possible to adapt it to several tribolo-
gical applications.'""!* The amount and distribution of
nodules are two factors that influence the mechanical
properties of nodular cast iron. In pearlitic nodular cast
iron, a high number of nodules increases the tensile
strength; however, for a ferritic nodular cast iron, a
high number of nodules increases the elongation.” The
size of nodules and the spacing between them have a
direct relationship with the nodules count in the metal
matrix; this means a high number of nodules is usually
associated with smaller nodules. The cooling rate dur-
ing solidification, inoculation and chemical composi-
tion influences the size of nodules. High carbon and
silicon contents tend to form larger nodules, as well as
slower solidification rates (thick pieces), and a more
efficient inoculation tends to form smaller nodules.’
Study of V-alloyed nodular cast iron by varying the V
concentration shows that higher than 0.5wt% V
increases the wear.'® Addition of Sn shows the increase
in nodular graphite by initiating the ferrite to pearlite
transformation. However, this created the low strength
matrix which increased the wear in the form of spalling
and delamination.'"® With surface and heat treatment
processes nodular cast iron hardenability and diffusion
ability can be controlled.' It shows that induction sur-
face hardening decreases the abrasive wear. Nodular
level and area fraction of carbides in the nodular cast
iron with random pearlite-ferrite matrix shows higher
hardness.'®

The forming die wear is one of the main factors to
determine the tool life in the automotive industry. The
dies must withstand the main stresses of the sheet dur-
ing the forming process and the sliding pressure
between the surfaces.!” A long-lasting tool life is eco-
nomically interesting, as it decreases overall costs and
presses down the production time. After several press
strokes, wear occurs in the die, causing imperfections

such as galling and scratching. The question to be
addressed is: What specific factors can be optimized in
the production process of nodular cast iron to enhance
its wear resistance? How does the wear behavior of
nodular cast iron compare to other materials com-
monly used in die manufacturing? What are the long-
term effects of different surface coatings on the perfor-
mance and longevity of forming dies? When the tool
wear exceeds a certain tolerated level, the production
process must stop, and the tool needs to be refur-
bished.'® >

Currently, various coatings have been applied to
nodular cast iron to reduce wear, including laser clad-
ding, Plasma Transferred Arc Alloying (PTA),*!
Physical Vapor Deposition (PVD),*? and hard chro-
mium plating. However, all coatings create a barrier
over the graphite, which neutralizes its lubricating
effect. Therefore, this study aims to evaluate the micro-
structure of nodular cast iron and investigate the
impact of the graphite nodules. Specifically, consider-
ing factors such as the size, number, spacing between
the nodules, and the relative amounts of ferrite and
pearlite, all of which influence wear resistance to some
extent. 4

In order to evaluate the influence of the microstruc-
tural features on the wear resistance of nodular cast
iron, the wear behavior was probed by carrying out a
reciprocal sliding test between nodular cast iron pins
against commercial deep-drawing Interstitial-Free (IF)
steel plates.

Materials and methods

Pins material and production

The nodular cast iron pins were extracted from a
120mm diameter bar, which was obtained by the
FUCO® continuous casting process. As can be seen in
Figure 1(a), the pins were machined out of 120 mm
diameter cross-section of the bar from three different
positions: surface(S), half radius (HR) and center (C).
For each position, two symmetrical pins, 20mm in
length and 6mm in diameter were manufactured
(Figure 1(b)). The pins were sequentially ground up
to 1500 grit SiC paper, polished using Diamond paste
(1-2 pm) and then washed and dried.

Microstructural characterization

The characteristics of nodular cast iron, including the
amounts of ferrite and pearlite, the degree of nodular-
ity, and the number of nodules per unit area, were
determined according to ASTM A247-67. This analysis
was conducted using an optical microscope in conjunc-
tion with image processing software (Olympus
Analysis). A TESCAN-VEGA3 scanning electron
microscope (SEM) was employed to examine the worn
surface of the pins and the wear track on the IF steel
plates. The elemental composition of the worn pins was



Manenti et al.

(@)

Figure I. (a) Cross section of the bar and the location from
where each pin was manufactured (surface, half radius, and
center position), and (b) pins dimensions (@6 mm X 20 mm).

characterized using Energy Dispersive Spectroscopy
(EDS) with an Oxford microprobe.

Hardness

The evaluation of nodular casting iron hardness was
conducted using a Heckert (German Democratic
Republic) Brinell hardness durometer applying a load
of 187.5kgf in a 2.5mm 100Cr6 steel indenter (HBS2.5/
187.5) according to the NBR 6394-80 standard.

Tribology

The reciprocal sliding tribology tests were conducted
according to ASTM G133-05 in a CSM Instruments
tribometer, applying a load of 2N over a 10 m distance
with 0.5cm/s speed. As a counter body for the pins
(described in Section “Pins material and production”),
a Hot dip galvanized zinc-aluminum coated steel plate
(IF —=DX56D + Z, + ZA) was chosen for its versati-
lity and broad application in the manufacture of exter-
nal and internal parts of automotive bodies, and
commonly stamped on nodular cast iron dies. The IF
steel is classified according to DIN EN 10142 and DIN
EN 10327. The mechanical properties of this steel are
presented in Table 1.

The steel plate was supplied by ArcelorMittal®, with
a thickness of 0.75mm, all sheets were cut in the lami-
nation direction with dimensions of 30 mm X 25 mm.

The pins were sequentially grinded up to 1500 grit
SiC paper, polished using Diamond paste (1-2 pm),
simulating the actual stamping die finish used in auto-
motive industry. Prior to and after each assay the pins
were ultrasonically cleaned in deionized water for
5Smin. For each position (surface, half radius, and cen-
ter), two tests were performed with a normal load of

Wear volume

TN SEM measurement after

h ["' ) ) tribological test
. 4
= b

—

Figure 2. Schematic drawing of the worn shell of the pin,
showing how the measurements were made to determine the
amount of removed material.

2N, an amplitude of 2mm, a velocity of 0.5cm/s, and
a total distance of 10 m.

Wear rate

The amount of material removed after each test was
determined by the mathematical equations (1) and (2),
as a function of a worn shell, as shown in Figure 2. The
dimension “a” in equation (1) was measured after the
completion of each test using a TESCAN-VEGA3
scanning electron microscope (SEM). Then the wear

rate was calculated according to equation (3).

h:r—<\/r_2—a2) (1)
= lmﬁ(sr —h) (2)
3
v
WR = IF (3)
Where,

V = wear volume (mm®);

a = worn shell radius (mm);

r = pin radius (mm);

h = worn shell height (mm);

WR = wear rate (mm>/mN);
L = sliding distance (m); and
P = normal load (N).

Results and discussion

Surface and microstructural characterization

The formation of graphite in nodular cast iron is pri-
marily influenced by the cooling rate during solidifica-
tion. This cooling rate affects the time available for
carbon diffusion to occur during the eutectic reaction,

Table |I. Mechanical properties of the Deep Drawing Steel Interstitial Free (IF) DX56D + Z, + ZA.

Yield strength R, (Mpa) Tensile strength R, (MPa)

Elogation Agg (%)

Anisotropy (r) Strain hardening exponent (n)

120-180 260-350

=39

=19

=0.21
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Figure 3. Results of the microstructural characterization of the
bar in three different positions, surface, half radius, and center.

which ultimately determines the number of nodules per
unit area, the size of the nodules, and the spacing
between them. Additionally, the metallic matrix forms
as the austenite cools below the eutectoid temperature.

The results in Figure 3 show the number of nodules
per mm?, as well as the percentage of pearlite, ferrite,
graphite and degree of nodularity for each position:
surface, half radius and center of the FUCO bar.
Moreover, the horizontal axis has a scale from —5 to
60 mm is the radius of the bar, where the position 0 mm
is the center (C), 27mm is the half radius (HR), and
45mm is the surface (S) position. On the left vertical
axis is the nodule count (quantity of nodule/mm?),
while on the right vertical axis is the pearlite, ferrite,
and graphite in weight percent. Also, the nodularity of
the graphite nodules is plotted in the right axis of
Figure 3.

According to Figure 3, the percentage of graphite
remains nearly constant at 12% across all three posi-
tions in the FUCO bar. This uniformity is due to the
highest count of graphite nodules at the surface (S),
which is offset by their smaller size resulting from the
fast-cooling rate at the surface. In contrast, the nodules

are larger at the center of the FUCO bar, where the
cooling rate is slower. In terms of pearlite distribution,
it comprises 63% at the surface position (S), 74% at the
half-radius position (HR), and 81% at the center posi-
tion (C). Conversely, the percentage of ferrite decreases
from 25% at the surface (S) to 14% at the half-radius
(HR), and further drops to 7% at the center (C). Both
microstructural features are controlled by the cooling
rate of the austenite through the eutectoid temperature;
fast-cooling results in a pearlite matrix while a slow
cooling results in a ferritic matrix. The degree of nodu-
larity is above 80% in all positions (C, HR, and S) indi-
cating a nodular cast iron.

The concentration of graphite nodules at three dif-
ferent positions is illustrated in Figure 4. The count of
nodules is recorded as 827, 638, and 518 nodules per
mm? at the surface, half radius, and center of the
FUCO bar, respectively. Figure 5(a) represents the
measurements of nodules diameter obtained using a
scanning electron microscope (SEM). The average dia-
meter of the graphite nodules is 32.61 wm at the surface
(S), 44.76 pm at the half radius (HR), and 55.37 pm at
the center (C). According to Figure 5(b), the average
distance between two adjacent nodules is 125.34 um at
the surface (S), 171.40 pm at the half radius (HR), and
208.48 wm at the center (C). Figure 5(c) plots the ratio
of the distance between nodules to their diameter (L/
D); it shows a consistent value of 3.6 across all three
positions. Figure 5(d) illustrates the trend of hardness
with position in the FUCO bar; hardness increases as
one moves from the surface to the center, displaying a
strong correlation with the amount of pearlite present
in the microstructure. The wear behavior of nodular
cast iron is influenced by multiple factors, including the
ferrite/pearlite ratio, hardness, and characteristics of
the graphite nodules such as their distribution, size,
and, consequently, the L/D ratio.

Tribological behavior

The coefficient of friction (COF) as a function of the
sliding distance for the three positions of the FUCO
bar is shown in Figure 6. During the tribological tests,

Figure 4. Optical micrograph showing the microstructure of the nodular cast iron in: (a) surface position (827 nod/mm?), (b) half
radius position (638 nod/mm?), and (c) center position (518 nod/mm?).
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Figure 6. Coefficient of friction for each position: surface (S),
half radius (HR), and center (C).

an increase in the coefficient of friction up to a mean
value of 0.85 was observed, which is the running-in
period. After the running-in, a reduction in the COF
occurs due to the breakdown of the surface asperities of
the IF plate of zinc-aluminum coating, decreasing to an
average value of 0.55 in the three positions along the
test. The behavior of COF between the three positions

is similar and can be explained due to the same volume
of graphite phase in the pins and L/D ratio. The gra-
phite nodules are distributed differently in terms of
quantity, size, and spacing in the three positions, which
is influenced by the cooling rate during solidification
but maintains a constant ratio between the diameter
and the spacing of the graphite nodules (L/D) as
observed in Figure 5(c), which keeps the volume of gra-
phite on the pins uniform and, consequently, maintains
the coefficient of friction without significant differences
between the three positions during the reciprocal tribo-
logical tests. The spikes observed in the COF curve are
likely related to the microstructural heterogeneous
nature of nodular cast iron, which is comprised of pear-
lite, ferrite and graphite nodules. Additionally, the nod-
ular cast iron pins experience a relative displacement in
relation to the IF steel; it encounters soft phases, such
as ferrite and graphite nodules, which are easy-to-shear
phases, giving rise to the low friction coefficient, while
pearlite is the harder phase, making the shear process
difficult, increasing the friction coefficient, and produc-
ing spikes in COF behavior curve.

Wear behavior

Figures 7(a), 8(a), and 9(a) illustrate the wear tracks on
the IF steel plate, while Figures 7(b), 8(b), and 9(b)
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presents the images of the corresponding worn pins
extracted from the surface, half-radius, and center of
the FUCO bar, respectively. Figure 7(a) shows the
SEM image of the worn surface of the steel plate wear
track against the pin (surface position), Figure 7(b).
The presence of longitudinal grooves along the wear
tracks indicates abrasive wear mechanism with removal
of material in both parts (steel plate and pin).
Analyzing the pin’s worn surface, some zinc/aluminum
from the steel plate coating adhered to the pin’s sur-
face, characterizing adhesive wear. This type of wear

mechanism is most common in low hardness materials.
The high amount of ferrite (25%), which is the low
hardness phase in the metal matrix of the pin (surface
position), causes a higher adherence with the also low
hardness zinc/aluminum coating of the plate in com-
parison with the half radius (HR) and the center (C)
position. The half radius (HR) position, Figure 8(a)
and (b), also present characteristic abrasive scratches
with removal of material in both parts (steel plate and
pin), but with more intense abrasive wear and with less
adhesion of the steel plate coating. The center (C)
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position, steel bar core, which contains more pearlite
and consequently greater hardness and smaller number

of nodules, shows a greater intensity of abrasive wear,
Figure 9(a) and (b), in both parts (plate and pin) with
small amount of adhesion of the aluminum/zinc steel
plate coating. During the wear test, in the center (C)
position, the wear volume was higher, in consequence
of the abrasive wear followed by oxidative wear. All
the images reveal a similar aspect in both the steel
plates and the nodular cast iron pins, exhibiting abra-
sive plow lines, elucidating a two-body abrasive wear
mechanism affecting the steel plates.

In addition to two-body abrasive wear, the pins also
exhibited adhesion of zinc, as indicated by the EDS dot
maps in Figure 10. This zinc originates from the zinc-
aluminum coating on the IF steel plates. Notably, zinc
is found at the site of the pin shell, indicating that zinc
is removed from the surface of the IF plates during the
initial stages of the sliding process.

Additionally, Figure 10 shows that oxygen is present
in the worn shell of the pins, indicating that there was
an increase in temperature during the tribological tests.
The oxidation is more significant in the pin taken from
the center, which corresponds to the greater amount of
pearlite illustrated in Figure 3. This suggests that the
highest level of oxidative wear occurs in the pin
extracted from the center of the FUCO bar.

In addition, Figure 10 also shows iron, silicon and
carbon distribution; the chemical elements are primar-
ily present in the nodular cast iron chemical composi-
tion. Silicon and iron are distributed homogeneously in
the pin shell, although a depletion in iron is observed in
the region where zinc is accumulated. On the other
hand, carbon is concentrated in the nodules. It is possi-
ble to realize that there is a depletion of nodules in the
pin shell, regardless of the position where the pin has
been extracted from the FUCO bar. Figures 7(b), 8(b),
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and 9(b) suggest that the graphite nodules have been
removed from the pins worn shell.

Figure 11 illustrates the wear rates of nodular cast
iron pins, calculated using equation 3, from the three
different locations on the FUCO bar: the surface (S),
half radius (HR), and center (C). The results show a
significant increase in wear rate as one move from the
surface toward the center position. Specifically, the pin
taken from the surface exhibits a wear rate that is 65%
lower than that of the pin from the center and 45%
lower than that of the pin from the half radius.

A key question to consider is which microstructural
feature influences the wear resistance of the pins.
According to Archard’s theory,?® the wear rate is inver-
sely related to hardness. The pin from the center, which
has the highest amount of pearlite (as shown in Figure
3) and consequently the greatest hardness (as indicated
in Figure 5(d)), would exhibit the lowest wear rate.
However, the observation in Figure 11 shows that the
hardest pin experienced the highest wear rate, suggest-
ing that hardness alone does not fully account for wear
behavior. In this case, oxidative wear more than com-
pensate the ability of hardness to mitigate wear.

So, what is the role of graphite nodules in the wear
behavior of nodular cast iron? While graphite nodules
generally tend to reduce wear, the volume of nodules
remains constant in the pins extracted from the three
different positions of the FUCO bar, as revealed by the
L/D ratio in Figure 5(c). Therefore, this microstructural
factor does not explain the differences in wear behavior
among the pins.

Finally, examining the tribological pair of IF steel
and nodular cast iron pins, Figures 7 to 9 reveal that
wear occurs in both materials. The zinc-aluminum coat-
ing is softer than the pins, so it is expected that the pins
would cause wear in the IF steel. However, it is interest-
ing to note that the coated IF steel also imposes wear
on the pins. This is likely because the IF steel is a

ferritic material, and since ferrite is also present in the
pins and is relatively soft, it contributes to the wear of
the pins as well.

Conclusions

In the first part of the investigation, it was performed a
microstructural characterization of pins extracted from
a FUCO bar. It was observed that a microstructural
gradient developed due to the solidification rate.
Specifically, as we move from the surface (S) to the cen-
ter (C) of the FUCO bar, the number of graphite
nodules decreases while their size increases. The ratio
of the distance between two adjacent nodules to their
diameter, known as the L/D ratio, remains constant.
Additionally, the amount of pearlite increases while the
amount of ferrite decreases as we move from the sur-
face to the center of the FUCO bar.

In the second part of the study, pins were machined
from the surface, half radius, and the center of the
FUCO bar. These pins then underwent a sliding wear
test against IF steel using a reciprocal mode of a trib-
ometer. The most significant finding regarding wear
behavior is that the pin with the highest amount of
pearlite, which has the highest hardness, exhibited the
lowest wear resistance, disagreeing with Archard’s the-
ory because oxidative wear plays a major role. The
nodule features do not influence the wear behavior of
the pins because their volume remains constant, accord-
ing to the L/D ratio. In addition, the wear mechanism
can be categorized as abrasive, followed by oxidative
wear.
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