Discover Mechanical Engineering

Research

Performance of inert particles as lubricant additives compared to fully
formulated industrial forming oils in sheet metal forming

Ulfar Arinbjarnar' - Marcel Moghadam? - Chris Valentin Nielsen'

Received: 23 November 2023 / Accepted: 29 February 2024
Published online: 08 March 2024

©The Author(s) 2024 OPEN

Abstract

The increasingly restrictive legislation on the use of hazardous chemicals in lubricant formulation necessitates the use of
less hazardous lubricant additives in the sheet metal forming industry. The tribological performance of calcium carbonate
(CaCO3) as a green lubricant additive was evaluated in comparison to commercially available forming lubricants used in
industry, some of which contain hazardous chemicals such as chlorinated paraffins to enable their function. The lubricants
were tested by four-ball wear testing, four-ball weld load testing, and bending-under-tension. The ease of cleaning of
surfaces formed with the different lubricants was evaluated by methods used in industry and the viscosity was evaluated
using standard methods. The CaCO; mixtures showed a better performance than commercial lubricants in four-ball wear
testing, worse performance in four-ball weld load testing, worse cleanability, and a similar development of drawing force
in bending-under-tension over 1000 consecutive strokes. When added to fully formed commercial lubricants, the parti-
cles degrade the performance of the lubricant in resisting adhesive wear but improve its capacity for resisting abrasive
wear. Surfaces of formed parts after bending-under-tension testing with CaCO; mixtures were scratched, while parts
formed using commercial lubricants showed less scratching. The effect of including particles in a commercial lubricant
depended on the application, either degrading it or improving it. It is therefore clear that the use of solid particles as
lubricant additives should be constrained to selected applications where abrasive wear is a dominant wear mechanism.
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1 Introduction

Sheet metal forming refers to a group of manufacturing methods in which a flat sheet is manipulated into a complex,
3-dimensional geometry. Typical tribological loads found in sheet metal forming range from very severe, with high
normal pressure and temperature, to relatively mild, involving low normal pressures [1]. Lubricants used in sheet metal
forming are typically tailored to specific conditions, leading to heavy-duty oils being used in tribologically severe pro-
cesses and lighter oils being used where possible due to their lower price and smaller environmental impact. Increas-
ingly restrictive legislation regarding the use of hazardous chemicals in lubricant formulation [2] is likely to constrain the
use of heavy-duty forming oils as they typically contain materials such as chlorinated paraffins, which are known to be
environmentally hazardous [3], and heavy metals or nitrites, which are known to be harmful to aquatic life and human
health [4]. Lubrication in sheet metal forming is vital to ensure stability in production, leading to the need for alternatives
that will not be affected by restrictions.
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Lubricants give metal forming companies improved control over their processes in terms of process stability and
reduce the environmental impact of processes through reduction of scrap and improved energy use efficiency [5]. Lubri-
cants are composed of a base oil and additives. For a given base oil, additives and their concentrations are selected to
tailor the resulting lubricant to specific applications or conditions [6]. Mannekote et al. [7] listed commonly used types
of lubricant additives which range from wear-reduction to viscosity index improvers.

Research on environmentally acceptable lubricants is an emerging field [8]. One line of this research is within using
sustainably sourced solid particles as extreme-pressure additives [7]. Some researchers have included environmentally
benign particle additives in sustainably sourced oils, such as jojoba oil [9] or rapeseed oil [10] although these studies
did not include a direct comparison to existing commercially available oils. The properties of particles that are used as
lubricant additives and the resulting mixture, e.g., size, hardness and shape of the particles and concentration of particles
in the mixture, are important for their function. The difference in purely physical behaviour between large and small
particles that are used for improving lubricant performance is illustrated in Fig. 1.

Shimotomai et al. [11] suggested that using particles that are similar in size to the roughness of contacting surfaces
leads to optimal results, finding that it outperformed over-based calcium sulfonate of a much smaller particle size under
hot rolling conditions. This was explained as the larger particle showing better performance in separating the surfaces
that would otherwise be in contact. This was corroborated by Pefia-Paras et al. [12] who found that there should be an
optimal particle size that is dependent on the contacting surfaces. The particle shape is also important as particles that
are spherical will be more likely to act as ball bearings as they are more prone to rotate while under pressure, whereas
particles with high aspect ratios would not behave in the same way but may still be useful in smoothing surfaces [13].
Particle hardness is a determining factor as shown by Arinbjarnar et al. [14]. Particles of a hardness that is lower than both
contacting surfaces minimise the risk of the workpiece being penetrated and scratched. Calcium carbonate (CaCO;) is a
candidate for this application as it is relatively soft, can be easily sourced, and can be produced in various mean particle
sizes [15]. Other researchers have previously found that applying CaCO; to a base-oil leads to a reduction in friction in
four-ball [4] and ball-on-block [16] testing, but this was not seen to be the case in pin-on-disc testing in previous work
by the authors [17]. Jin and Yue [18] suggest that there is an optimal concentration of particles in oil. This concentration
is thought to be high enough to ensure coverage of the contact interface, but not too high to prevent the particles from
rolling. Increasing concentrations of particles has also been linked to increased viscosity caused additive starvation in
contact interfaces [18], and particle agglomeration leading to scratching of the tribo-partners [15] although including
a surfactant in the mixture should reduce this [19]. Increasing concentration of CaCO; in base-oil has been shown to
lead to the formation of a tribo-film that increases in thickness with increasing concentration, leading to an increase
in friction as the tribo-film shears [20], and a corresponding reduction in wear as less direct metal-to-metal contact is
experienced [21]. CaCOy; is known to be environmentally benign in its pure form, does not represent a danger to humans
in the state that it is used in this work [22], and can be sourced easily and economically. It is therefore a candidate for an
environmetally acceptable lubricant additive as it is unlikely to be restricted.

In this paper, commercial lubricants are compared to paraffin oil that is mixed with calcium carbonate (CaCO,) particles.
Four-ball wear and weld-load testing is applied to compare the lubricants under model conditions and bending-under-
tension testing is applied to simulate tribological conditions such as those found at the die radius in deep drawing. The
cleanability of workpiece surfaces after forming is evaluated to determine the suitability of using calcium carbonate as
a lubricant additive in an industrial context.
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Fig. 1 Mechanisms by which spherical solid particles act to improve lubricant performance. a No particles in interface, metal-to-metal con-
tact occurs between tool and workpiece. b Use of large particles, separating surfaces and promoting rolling over sliding in the interface. ¢
Use of small particles that homogenise contact pressure distribution
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Table 1 Ir.\formaFion on . Lubricant Density [g/ml] Price [€/1] Source

commercial lubricants used in

this workand a 40wt%large  pyre PO (Ph. Eur) 0.88 12.1 [24]

Caco; particle in POmixture 55 | 46,1196 Caco, 0.84 105 [24, 25], A. Domajnko,
Calcit d.o.o., personal
communication, Sep.
19,2022

Rhenus SU200 1.03 9.6 [26], L. Primdahl, OK
a.m.b.a., personal
communcation, Sep.
13,2022

lloform TDN81 1.18 10.6 [27, 28]

2 Experimental methods and materials

The structure of this investigation is outlined in Fig. 2. The viscosity of the lubricants, and lubricant mixtures, was first
measured to facilitate comparison between commercial lubricants and lubricant mixtures prepared as part of this work.
Thereafter, tribological tests were performed to compare the tribological performance of the lubricants, after which an
optical inspection of worn surfaces was performed to determine wear mechanisms and clarify the mechanism behind
which the particles work in the lubricant. Lastly, the cleanability, or the ease by which the spent lubricant could be
removed from the formed surfaces, was evaluated from workpieces tested in bending-under-tension.

2.1 Lubricants

Two commercially used lubricants and a mixture of paraffin oil, hereafter referred to as PO, and CaCOj; are tested in this
work. The performance of the pure PO was compared with CaCO; mixtures in earlier work [17]. There, it was found that
adding any concentration of CaCOj; particles to the base oil improves the tribological performance compared to the pure
oil. The aim of this work is to further compare the performance of this mixture to commercially available, fully formulated
forming oils. Rhenus SU200 (R200) from Rhenus Lub is an industrially used lubricant that is made for use in deep draw-
ing of stainless steel and fine-blanking of high-strength steels. It includes several additives, such as extreme-pressure
additives, but no chlorides. lloform TDN81 (TDN81) from CASTROL is a chlorinated forming oil that is made for heavy
duty deep drawing applications of various steel, stainless steel, and aluminium alloys. The TDN81 oil contains chlorinated
paraffins, and so is thought to be at risk of its use being restricted in the near future. Table 1 summarizes the viscosity,
density, and price for the commercial lubricants and one of the mixtures of PO and CaCOj; particles. Prices, which are
based on the Danish market, for CaCO; mixtures vary depending on the concentration of particles in the mixture and
the required purity of the individual parts.

CaCO; particle mixtures of certain concentrations were prepared by diluting a base mixture with PO. The base mixture
was prepared by first dissolving Tween60 surfactant in PO using a Dispermat CV3-Plus high-speed dissolver at 1,900 rpm.
Next, particles were added to the mixture and dispersed by stirring at a rotational speed of 3,500 rpm. The fineness of
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grind of the resulting blend was checked using a Hegman-type grindometer to verify that agglomeration was minimal.
Two nominal sizes of CaCOj; particles are used in this work, 50 nm (Bought from Shanghai Xinglu Chemical Tech Co.,
Ltd.) and 2 um (Commercially known as PolyPlex 2 from Calcit [23]). These are referred to as the small (S) particle and
large (L) particle mixtures respectively from now on. The CaCO; particles used in this work were roughly spherical. A SEM
image of a collection of micro-particles is shown in Fig. 3. A mixture of 20wt% small CaCO; particles in TDN81 was also
tested to evaluate the effects that including the particles in fully formulated oil had on the tribological performance of
the commercial oil.

2.2 Viscosity

The viscosity of the lubricants was measured using a routine Cannon-Fenske glass capillary viscometer, according to ISO
3104.The viscometer was held in a bath of water at 40 0.2 °C during testing, with any measurement being performed
after temperature equilibrium was reached. The viscosity was measured three times to account for reproducibility, with
reported values being the last measurement that was made for a specimen. Error bars shown in plots are drawn from
the standard deviation of the three measurements.

2.3 Four-ball testing

Four-ball wear testing was applied to determine a standard value for the capacity of the lubricants to resist abrasive wear.
Figure 4 illustrates the principle of the four-ball test. A test was run over 60 min, with a constant applied load of 300 N
and a constant rotational speed of 1,420 rpm, corresponding to condition C3 in ISO 20623. Approximately 10 ml of fresh
lubricant was used for each test, which covered the clamped balls so a layer of at least 5 mm sat on top of them. Lubri-
cants were agitated by hand for 1 min prior to application to ensure homogeneous sampling. A fresh set of @12.70 mm,
AISI52100, G20 bearing balls of 60-66 HRC hardness was used in each test. All relevant components were cleaned with
acetone before testing to ensure homogeneous initial conditions. Each test was repeated three times to evaluate repro-
ducibility and to allow plotting of error bars based on standard deviation.

Four-ball weld-load testing was applied to determine how the lubricants perform in resisting the onset of gall-
ing, which is typically a larger problem in sheet metal forming than abrasive wear. The same test parameters were
applied as outlined above, i.e., same lubricant volume, rotational speed, etc., but test duration was 60 s, and the load
was gradually increased. Whether a weld occurred or not was evaluated based on the torque measured by an HBM
T22 torque transducer and confirmed by observing a weld between the balls after the test. The weld load was then

Fig.3 SEM image of particles, . . 4
showing varied sizes, roughly
spherical in shape [29]
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taken as the load at which a weld occurred, while the pass load was the highest load tested that did not result in a
weld. Once the weld-load was found, the pass load was confirmed by one repetition.

2.4 Bending-under-tension

Bending-under-tension is a simulative test that imitates tribological conditions at the die radius in deep drawing [1].
Figure 5a shows the universal sheet tribo-tester where the testing takes place, with a close-up of the test area being
shown in Fig. 5b. A strip is drawn by a force F4 over a tool-pin, with a back-force F, being applied simultaneously. In
this work, the tool-pin shown in Fig. 5c was used as it has a geometry with a reduced contact radius, and therefore
higher contact pressure than cylindrical tool-pins [30]. Test parameters applied in this work were as follows: drawing
speed was 30 mm/s, drawing length was 20 mm/stroke, back-force was 6 kN (corresponding to 200 MPa back-tension)
and the stroke rate reflected a production rate of 40 strokes per minute. The tool-pins used in this work were made
from Vanadis 4E, a tool steel from Uddeholm, hardened to 62 HRC and polished to Ra =0.06 um. The strip had a cross-
section of 30 mm x 1 mm, a 2B surface finish, and was made of EN1.4301 stainless steel.

2.5 Optical inspection

Surfaces of tool-pins and formed strips were imaged using an Alicona InfiniteFocus white-light confocal microscope.
All images were captured using polarised light to minimise reflective noise. This allowed for investigation of scratches

Fig. 5 Bending-under-tension
test shown by a principle of
test, b close-up of test area,
and c tool-pin with geom-
etry leading to high contact
pressure between strip and
tool-pin [30]
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and other surface features of the formed strips and tool-pins. Overview images of strips were taken using a standard
Keyence light optical microscope.

2.6 Cleanability

Cleanability of parts after forming with the different lubricants was evaluated by visual inspection. Four cleaning strate-
gies were employed: (0) no cleaning, (1) dunking and agitating in a mixture of 10% soap and 90% tap water for 30 s, (2)
dunking and agitating in a mix of 50% acetone and 50% ethanol for 30 s followed by strategy (1), (3) dunking in kerosene
and agitating for 60 s followed by strategy (2). After cleaning, specimens were left to dry for 5 min, after which the sur-
face was wiped with a clean paper towel. The residual oil that was transferred to the paper towel was then taken as an
indicator of the cleanliness of the surface. If there was visible sign of residual oil, then the lubricant was said to require
at least that level of the outlined cleaning strategy. This implied that it was more difficult to clean off the formed surface
than a lubricant that would require a lower-level cleaning strategy.

3 Results and discussion
3.1 Viscosity

The viscosity of lubricants can have a large effect on their tribological performance as it influences the ability of the
lubricant to flow. High viscosity is generally said to improve lubricant performance in sheet metal forming [31]. However,
it can also be detrimental as it may lead to additive starvation in the contact interface if fresh lubricant is prevented
from flowing into the interface [18]. Figure 6 shows the measured kinematic viscosity of the CaCO; mixtures that include
large particles and some that include small particles. It was not possible to measure the small particle mixtures of higher
concentration as the viscosity exceeded that measurable for the available glass capillary viscometers. Viscosities of the
commercial lubricants, R200 [26] and TDN81 [27], were also measured and are included in the figure. Most CaCO; mixtures
that included large particles had a lower viscosity than the commercial lubricants. The PO + 40wt% large particles had a
similar viscosity to the PO + 10wt% small particles. This is due to the vastly higher surface area of a given weight of small
particles compared to large particles. Table 2 shows, assuming that the particles are perfect spheres, the total surface
area of the particles per gram calculated from the median particle diameters. This shows that the surface area per gram
of the small particles is a factor of forty larger than that of the larger particles, which is consistent with the higher viscos-
ity of the small particle mixture. The viscosity of the TDN81 +20wt% small particles was not measured due to challenges
with flow in the capillary viscometer that was used. Its viscosity appeared to be of the same order of magnitude as the
PO +20wt% small particles based on experience with handling the oils. This is further consistent with the application of
solid particles as additives for increasing the viscosity of liquids, such as paints [23].

Fig.6 Viscosity of lubricants
that were tested in this work.
Error bars represent plus-
minus one standard deviation
between three measurements
of the respective lubricant
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Table 2 Properties of particles

calculated based on ideal Particle Median size [um] Density [g/ml] Particles [1/g] Surface area [um?/g]
sphere assumption and Small (S) 0.05 0.8 1.22-10" 96-10"
median particle diameter Large (L) 20 08 1.91-10" 24107

Ratio (S/L) 0.025 1 6.39-10* 40

3.2 Four-ball—wear testing

The results of four-ball wear testing are shown in Fig. 7. The TDN81 oil performed poorly compared to the other oils
tested, having a similar wear resistance performance as pure PO, which is consistent with the findings of Moghadam
et al. [32]. Adding 20wt% of small particles to the TDN81 led to an improvement in the wear resistance so that the mix-
ture performed better than the pure PO and similarly as the pure R200. The improvement in performance was not as
large as for the pure PO with added small particles however. This indicates that the composition of the oil that particles
are added to affects the performance of the particles. The fully formulated oil likely already contains additives for the
same purpose which then leads to conflict between the additives as more different types are added. The R200 lubricant
showed a similar performance to PO with small amounts of CaCOj; included in the mixture and of mixtures containing a
slightly higher concentration of large particles of CaCO;. The small particle mixtures having a concentration of 5wt% or
more of CaCO; performed better than the commercial forming lubricants under four-ball wear testing conditions. The
relatively poor performance of the commercial forming oils is likely due to additive depletion. As the lubricants depend
on chemical reactions to facilitate boundary lubrication, their performance degrades as soon as the boundary lubrica-
tion additives are spent. The solid particles are not dependent on chemical reactions, and can be reintroduced into the
contact interface, allowing the CaCO5 mixtures to maintain consistent performance for a longer time. In contrast to the
increasing viscosity of the particle mixtures, the wear resistance did not increase to the same degree, showing that the
viscosity is not a deciding factor in the tribological performance. This highlights the physical effects of including solid
particles in lubricant formulations, as outlined in Fig. 1.

3.3 Four-ball—weld load testing

Figure 8 shows a typical torque and force profiles for a test in which the weld load and pass load were found. The load was
constant throughout a test duration, but the torque clearly varied. This indicates some level of seizure without welding
when finding the pass load, and seizure followed by welding when finding the weld load.

The weld load of the different lubricants is shown in Fig. 9. The pure commercial lubricants perform better than the
pure PO, or PO containing particles. The tests performed on paraffin oil containing particles show that including a smaller
concentration of particles improves the performance drastically compared to the pure oil. Increasing concentration led
to worse performance, however, due to the increase in viscosity preventing the flow of fresh lubricant into the contact

Fig.7 Wear scar diameter 1000
as function of concentration
of CaCO; in the lubricant ’g‘ A PO+ large
mixture. Results based on = V¥V PO +small
pure PO (i.e., PO with 0 wt% = @ R200
concentration) are from earlier % 800 - ‘ TDNS&1 + small
work [17]. Error bars represent =
plus-minus one standard RS § §
deviation o
I~
S 600 | &
4 A
= v
400 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

Concentration [wt%]
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interface. This led to additive starvation, which is consistent with the findings of Qiu et al. [15]. Including particles in the
TDN81 degraded the performance for the same reason, additive starvation. It is also possible that the particles interact
with other additives in the TDN81, inhibiting them from performing as they otherwise would and thereby degrading
the performance. Contrary to wear resistance testing, large particles showed a better performance than the small par-
ticles. Due to the difference in the test configuration, it is likely that the larger particles are better at separating the two
surfaces and thereby improve the performance in reducing adhesive wear more. This is consistent with the findings of
Shimotomai et al. [11] who showed that larger particles are better at preventing seizure in hot rolling. It should also be
noted that the viscosity of the large particle mixtures is less than that of the small particles, as shown in Fig. 6 and Table 2,
so the hypothesised effect of additive starvation is reduced.

3.4 Bending-under-tension

The drawing force during bending-under-tension as function of the number of strokes performed is shown in Fig. 10.
The pure PO resulted in a rapid increase of drawing force due to galling and an early fracture of the strip before 350
strokes. The other tests were performed until the targeted 1000 strokes. The force profiles for all tests besides the pure
PO were similar, so linear trend lines were drawn to highlight the differences between the profiles and are shown in
Fig. 11.The slopes of the linear fits were taken as indicators of the increase in drawing force, or wear of the tool-pins. The
high concentration mixtures of CaCO; lubricant showed similar performance to the commercial lubricants, but the lower
concentration mixtures performed worse. Including 20wt% of small particles in the TDN81 did not have a large effect on
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Fig. 10 Drawing force as a
function of number of strokes. 20 F
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Fig. 11 Linear fits to normalised peak drawing force profiles, a over the full test range and b with magnification of the end of the test.
Dashed lines are repetitions of solid lines of the same colour

wear development of the tool, as shown by the relatively steady force profile. The force profile found in testing here fell
below that of the pure TDN81 and the 20wt% small particles in PO, but due to uncertainty it is not possible to say that the
performance was affected. Comparing the PO +20wt% S to the TDN81 +20wt% S here and in the weld-load testing shows
that the additive starvation effect is less of a factor in bending-under-tension. There is enough additive present in the
lubricant for the application, in which sliding takes place over a relatively short time compared to the weld-load testing.

The surfaces of the formed strips were imaged to investigate how the CaCO; mixture used in this work affected the
surface of the formed part. The location of the acquisition when scanning the surfaces of the strips is shown in Fig. 12.
The surfaces of tool-pins were also scanned to correlate scratches on the formed strips to adhesive deposits on the tool-
pin surfaces where possible.

The scanned strip surfaces are shown in Fig. 13a-h. All the strips, excluding that formed using pure TDN81 shown in (g),
exhibited scratching. Some of the scratches could be correlated directly to an adhesive deposit on the tool-pin surface,
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Fig. 12 Location of acquisition
for scanning of strip surfaces

Fig. 13 Surface of strip at
998th stroke shown by (left)
2D image at 5 x magnifica-
tion and (right) morphology
acquired at 20 x magnification

Drawing
direction

-

(a) £

(2)

(h)

2 mm Drawing direction f 500 pm

but this was not always the case as shown in Fig. 14. Comparing (g) and (h) shows that the particles either directly caused
scratches on the surface of the formed part, or that they degraded the lubricity of the TDN81 enough that lubricant
break-down could occur. The particles therefore contribute to the scratches shown in other images. As pointed out by Qiu
etal. [15], a high concentration of solid particles in a lubricant increases the risk of agglomeration. Scratches on surfaces
formed using large particles had a width/depth of approximately 60 um/4 um, whereas scratches on surfaces formed
using the small particles had a width/depth of approximately 40 um/2 pm. As the size of the small particles (ca. 40 nm)
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Fig. 14 Comparison of
scratches on strip surface and
adhesive deposits on tool-pin
surface. Orange markers
indicate scratches that cor-
relate with specific adhesive
deposits, and green markers
indicate scratches that could
not be correlated with specific
adhesive deposits

Tool-pin
Drawing direction 4 1 mm

is much smaller than the size of a typical scratch on the surface of strip formed using oil additivated by small particles,
agglomeration and subsequent trapping of the agglomerates explains some of the scratches. Comparing the size of the
small and large particles to the size of the scratches shows that the smaller particles form larger agglomerates. Other
scratches originate from breakdown of the lubricant and subsequent galling. Based on the four-ball wear test results
showing that the CaCO; performs better, and the bending-under-tension results showing that the CaCO; performs worse
than commercial lubricants, there are specific applications where CaCOj; particles can be useful as lubricant additives
and others where they can even be detrimental to the surface of formed part.

3.5 Cleanability

The results of the cleanability testing of the strips formed using the different lubricants are shown in Table 3. They show
that the cleanability of the pure PO was good. It is likely that some of the PO was scraped off during testing as there were
no mechanisms in place to prevent that. The remainder was then relatively easy to remove for the different cleaning
strategies. The various CaCO; mixtures exhibited worse cleanability as some of them had not been cleaned fully even
after applying the level 3 cleaning strategy. The small particle lubricant was easier to remove than the large particle
lubricant, even though the viscosity of the small particle lubricant was higher. Compared to the commercial lubricants,
the CaCO; mixture performed worse. Both commercial lubricants and the TDN81 with small particles had been removed
after application of the level 3 cleaning strategy. It should be noted here that when using commercial lubricants that
contain chlorinated additives, such as the TDN81, it is important to ensure that these additives are removed as otherwise
they may lead to corrosion or otherwise detrimental effects on the application of the formed part.

3.6 Application in sheet metal forming
The results show that including CaCO; particles in a lubricant formulation can help in certain applications. They have
been shown to be suitable for use in warm and hot forming of aluminium [33], in hot rolling of stainless steel [11], and

in applications where finishing of tool surfaces is challenging [33]. In this study, the particles are not suitable for use in
cold sheet metal forming due to tribological conditions found there, and effects on the surfaces of formed parts.
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Table 3 Required cleaning strategy applied to strips formed using the different lubricants

Required
level

Level of cleaning/ID

PO 2

PO +20wt% large 3+

PO +40wt% large 3+

PO +20wt% small

PO +40wt% small 3+
R200 3
TDN 81 3

w
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Table 3 (continued)

Level of cleaning/ID 0 1 2 3 Required
level

3

TDN81 + 20wt% small

4 Conclusions

The use of mineral oil with different concentrations of CaCO; particles of two sizes in sheet metal forming was evalu-
ated in comparison to commercial forming lubricants. The following conclusions are drawn from the results:

¢ The CaCO; mixtures had a higher capacity for resisting abrasive wear than the commercial lubricants, as shown
by four-ball wear testing.

e Extreme-pressure additives in the commercial lubricants show a better performance in weld load testing than
the CaCO; particles, indicating that the commercial lubricants perform better in terms of galling resistance. When
adding CaCO; particles to the fully formulated commercial lubricant TDN81, the weld load was decreased.

o The larger particles gave a higher capacity for resisting adhesive wear in four-ball wear testing than the smaller
particles due to the reduction in metal-to-metal contact and the lower viscosity.

¢ The high concentration CaCO; mixtures in paraffin oil exhibited similar performance to the commercial lubricants
in terms of drawing force development under simulated sheet metal forming conditions.

e Itis not enough to apply a single standard test to determine how a lubricant will behave in sheet metal forming,
as shown by the good performance of TDN81 in bending-under-tension and four-ball weld load testing compared
to the relatively bad performance in four-ball wear testing.

¢ The compositions of the CaCO; mixture used in this work led to scratches on the surfaces of strips formed under
conditions found in deep drawing, while the commercial lubricants scratched the surfaces less. These particles are
therefore not suitable for use as lubricant additives in sheet metal forming under the relatively severe conditions
such as those applied in this work, as the as-formed surface is often the final surface of the formed part in sheet
metal forming.

¢ Based on the applied cleaning strategies, the cleanability of strips formed using the CaCO; mixtures was worse
than that of strips formed using commercial lubricants. However, there should be no trace of hazardous chemi-
cals on the strips formed using the CaCO; mixtures as none are included in the mixture, which is one of the main
reasons to explore such mixtures.

The use of CaCO; particles as a lubricant additive should be constrained to applications where abrasive wear is
a dominant wear mechanism. If adhesive wear is dominant, then larger particles are preferrable over smaller ones.
The CaCO; mixture resulted in poorer surfaces than the conventional forming lubricants. It is therefore not suitable
as a lubricant additive in sheet metal forming.
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