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Abstract 
Sheet metal forming belongs to one of the most important technologies enabling the production durable but quite lightweight 
metal parts. The quality of the drawn parts depends on the deformed sheet metal, applied forming technology and process 
parameters, such as contact pressure, relative velocity, temperature or lubrication. The forming of steel (1.4021) parts using 
benign lubricant is analysed. The paper proposes replacing conventional mineral/synthetic lubricants with ones based on 
vegetable oils and boric acid. The effectiveness of the lubricants was assessed in laboratory strip drawing and cupping tests, 
and in production. An oil-based lubricant with an additive of boric acid is very effective in reducing frictional resistance and 
protecting the forming tools against galling.
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1 Introduction

Metal working is one of the oldest technologies known to 
humankind. Gronostajski et al. [1] discussing the latest 
development trends in metal forming mention sheet form-
ing as a process enabling the production of lightweight 
sheet metal components, especially desired by the transport 
industry, for which weight reduction and in consequence 
energy savings are especially important. This issue is equally 
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important in other industries such as in medicine where the 
weight of surgical instruments is important for surgeons 
during lengthy operations. Sheet forming allows such large 
parts as automotive car bodies or plane components, and 
small ones like beverage cans or metal haberdashery to be 
produced.

Sheet metal forming is a process in which a sheet blank 
is formed between forming tool parts (a die, a blank holder 
and a punch) into a final product by modifying the sheet 
geometry without removing any material. During forming 
there is relative movement of the sheet on the tool surface, 
which generates friction forces and they in turn are respon-
sible for strain inhomogeneity, local necking and even frac-
ture. Adamus [2] emphasizes that the significant proximity 
of the collaborating surfaces and low relative velocity dur-
ing forming promote transfer of the deformed sheet material 
to the tool surface, which initiates wear. In [3], the author 
indicates that the growth and accumulation of build-up on 
the tool surface cause scratches and dents on the drawn part 
surface, which are difficult to remove in subsequent opera-
tions. The author believes that the selection of lubricants for 
sheet metal forming must take into account not only the type 
of technological process, but also the type of material of the 
friction pair. To produce high-quality sheet metal products, 
it is necessary to understand and control the friction condi-
tions in the forming process. In fact, the friction conditions 
vary during forming depending on the actual process param-
eters such as pressure, temperature, velocity etc. Lubrication 
seems to be one of the most efficient ways to control friction 
and wear. Wilson [4] underlines that better understanding of 
tribological fundamentals can result in better lubrication sys-
tems and process models. The main goal of lubrication is to 
minimize friction and reduce wear, prevent excessive heating 
as well as protect against corrosion. Liquid and solid lubri-
cants are the most frequently used in sheet metal forming. 
Generally, sheet metal forming lubricants are classified into 
four groups. Consistent with [5] they are as follows: water-
based, oil-based, synthetic-based and solid-based lubricants. 
Unfortunately, as Lovell et al. [6] noticed, oil-based lubri-
cants typically used in sheet metal forming introduce large 
amounts of pollutants into the environment and often carry 
a health risk to humans both during the forming processes 
and in their utilization. Lubricant performance is usually 
improved with additives endowing new properties or com-
pensating for the weaknesses of the base oils. According to 
[7] they are: antioxidants, corrosion inhibitors, dispersing 
and extreme pressure agents or viscosity modifiers. Chalk, 
talc, graphite, zinc sulphide and non-ferrous metal powders 
are the most commonly used additives. A wide range of 
works has been done on the possibility of improving the 
tribological properties of the base oils by introducing metal 
oxide nanoparticles such as copper, zinc, zirconium and tita-
nium as well as borides and sulphides, e.g. molybdenum 

disulphide, tungsten disulphide and hexagonal boron nitride. 
Studies of many researchers prove that CuO nanoparticles 
effectively reduce both the coefficient of friction (COF) and 
wear during metal forming processes. Pena-Paras et al. [8] 
examined the effect of introducing CuO and  TiO2 nanopar-
ticles into polymeric lubricant. Azman et al. [9], in turn, 
investigated tribological properties of palm oil with additive 
of CuO nanoparticles. One explanation of antiwear mecha-
nism is attributed to the deposition of CuO nanoparticles on 
the worn surface, which might decrease the shearing stress. 
Mosleh et al. [10] showed that the dispersion of  MoS2,  WS2 
and hexagonal boron nitride (hBN) solid nanoparticles in 
commercial sheet metal forming fluids improves the tribo-
logical properties during the forming sheets not only of car-
bon steel, but also of titanium.

Some researchers claim that the tribological properties of 
lubricants are affected by such parameters as: size, shape and 
concentration of nanoparticles. Although authors like [11] 
or [12] show a clear correlation between tribological perfor-
mance and parameters such as: particle morphology, their 
size and concentration, according to [13] the issue of how 
the shape and size of nanoparticles contribute to achieving 
anti-friction and anti-wear performance is still not known. 
Shahnazar et al. [14] also noted that despite several decades 
of study on nanoparticle additives, the understanding of their 
tribological behaviour is far from complete. Some aspects 
such as preparing and maintaining homogenous mixtures of 
nanostructure particles and oils increased lubricant viscos-
ity because of high particle concentrations, which in turn 
lead to increased power consumption by the machines, and 
high production costs still need to be solved [15]. In [16], 
the authors summarized what have been studied in recent 
years in nanolubrication and provided some guidance for 
future design of effective and environmentally friendly lubri-
cants. In [17], the researchers investigated the influence of 
the blending of graphene with alumina nanoparticles, while 
in [18] the blending of multiwalled carbon nanotubes with 
alumina-based nanoparticles in different volumetric concen-
trations on tribological properties of lubricants for machin-
ing AISI 304 stainless steel. The studies showed that the 
wear and coefficient of friction decrease with an increase in 
the nanoparticle concentration.

Rao et al. [19] and Bay et al. [20] emphasize that lubri-
cants with extreme pressure (EP) and anti-wear (AW) addi-
tives are particularly dangerous. Although these additives 
facilitate the creation of a lubricant boundary layer on the 
tool surface, they do not completely prevent tool wear. When 
using such additives as phosphorus, sulphur or chlorine com-
pounds, it should be kept in mind that their chemical activity 
may initiate corrosion mechanisms, i.e. accelerate tool or 
sheet metal damage as well as lead to pollution. Moreover, 
Zainal et al. [21] believe that when developing lubricants 
for metal forming, it should be remembered that in contrast 
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to machine lubrication, where the lubricant operates in a 
closed loop system, in metal forming there is an open loop 
system, which uses much more technological lubricant. In 
sheet metal forming, after each forming operation a new 
portion of lubricant must be delivered to the friction pair. A 
large part of the lubricant is consumed irretrievably, namely 
it is "taken" by the deformed material and remains on the 
drawn part. Then, the lubricant is usually removed from the 
drawn part surface. All surface treatment processes prior 
to the application of varnish coatings require this. Lovell 
et al. [6] state that the costs associated with disposing of 
forming lubricants are increasing exponentially. Therefore, 
in recent years, there has been a tendency to replace con-
ventional technological lubricants with “green” ones [22] 
and to reduce lubricant use to the necessary minimum [23]. 
The term “green lubricants” is generally used for lubricants 
produced from vegetable oils or other natural resources. 
Although a lack of lubrication is desirable, its absence 
usually means intensive tool wear. That is why research is 
underway to limit the use of lubricants containing harmful 
substances and replacing them with ecological lubricants 
[24] is in progress. In [25], the minimum quantity lubrica-
tion (MQL) technique for the nano-finishing of AISI 4340 
steel using boric acid dissolved in the cutting emulsion was 
successfully applied. The authors underline that boric acid 
is an environmentally friendly lubricant and MQL signifi-
cantly reduces the amount of cutting fluid. The studies pre-
sented in [26] prove that mineral and synthetic oils usually 
used in sheet metal forming operations can be successfully 
replaced with vegetable ones, even when galvanized steel 
sheets are stamped. The presence of long fatty acid chains 
enables effective separation of tool/workpiece interfaces 
under boundary friction regimes. Additionally, these oils 
provide sufficient corrosion protection (according to [26] 
indoor exposure tests show 16 weeks without red rust for 
bare steel sheets, while the car manufacturers specifications 
require only 12-week exposure) and what more vegetable 
oils are harmless and biodegradable (according to [27], in 
the same period of time vegetable oils are 80% degraded, 
whereas mineral oils only in 15–20%). Moreover, Padgur-
skas et al. [27] indicate that in the case of rapeseed oil there 
is a possibility of improvement low oxidation stability by 
the addition of natural antioxidants provided that the right 
manufacturing technology is used. Syahir et al. [28] think 
likewise that bio-based lubricants exhibit superior tribologi-
cal properties over conventional mineral lubricants, and add 
that renewability and biodegradability are their strongest 
point. Woma et al. [29] overview recent research on vegeta-
ble oils as base oil for the production of industrial lubricants, 
focusing on perspectives and efforts to overcome the related 
challenges. The authors of [30] confirmed the suitability of 
environmentally friendly lubricants based on vegetable oils 
with the addition of boric acid  (H3BO3) in forming titanium 

sheets, while Erdemir et al. [31] observed its suitability in 
forming aluminium sheets. Boric acid, similar to graphite, 
molybdenum disulphide and tungsten disulphide, belongs 
to lamellar solids that have been found to be an effective 
lubricant. This effectiveness results from their low friction 
and shear strength values. As reported in [32], the shear 
strength of boric acid has been experimentally determined to 
be 23 MPa, and its coefficient of friction in ambient tempera-
ture has been measured to be less than 0.02. These values are 
comparable to the more frequently used molybdenum disul-
phide, whose shear strength was determined to be 24 MPa.

The authors of [33] and [34] claim that surface textur-
ing of the sheet metal or tool can improve lubrication and 
control friction in deep drawing applications, while the 
authors of [35] propose using an antiadhesive coating on 
the tool surface to protect against galling in case of break-
ing of the lubricant film. For environmentally friendly sheet 
metal forming, the authors of [36] suggest using diamond 
like carbon (DLC) coatings for tools while authors of [37] 
tested the tribological behaviour of DLC coatings addition-
ally with micro-texture.

Research on forming using volatile media as a lubricant 
that has recently appeared is worth attention. Umlauf et al. 
[38] and Reichardt et al. [39] developed a new tribologi-
cal system for deep drawing processes in which nitrogen or 
carbon dioxide are introduced directly into the tools during 
forming and evaporate without residue after the process. It 
seems to be a very promising method which in future may 
completely eliminate lubricants from sheet forming.

In the present manuscript, the authors propose replacing 
conventional mineral/synthetic lubricants for sheet metal 
forming with ones based on vegetable oils and boric acid.

2  Aim and range of tests

The authors’ experience to date has shown that vegetable 
oil-based lubricants are very useful in forming aluminium 
and titanium sheets [40]. The main goal of the present work 
is to assess the effectiveness of a vegetable oil-based lubri-
cant with an additive of boric acid in reducing frictional 
resistance during the forming of steel drawn parts. The study 
was performed on 1.4021 (2H13, X20Cr13) stainless steel 
sheets used in the Chirmed company—a manufacturer of 
surgical and medical instruments. The chemical composi-
tion and mechanical properties of the steel are, respectively, 
presented in Tables 1 and 2.

At the beginning, the lubricant effectiveness was assessed 
based on the strip drawing test, typically used in sheet 
metal forming (see Fig. 1). In order to perform the tests 
a special device of own construction was mounted in the 
tensile testing machine. In the tests the sheet metal strips 
with dimensions 1000 × 20x1 mm were drawn through a 
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pair of hydraulic grips. The grips are made of NC10 steel. 
The working surfaces of the grips are flat with hardness 
of 58.5 HRC and roughness parameters: Ra = 0.16 μm and 
Rz = 0.9 μm. The initial roughness of the sheet metal (sam-
ple) was Ra = 0.13 μm and Rz = 1.57 μm. The drawing speed 
was 100 mm/min.

The test stand enables measurement of the drawing force 
Fd as a function of blank holder force Fb exerted by the tool 
working parts (grips) on the sheet metal strip. The blank 
holder force Fb was calculated on the basis of the pressure 
measured in the working system of the device. Based on the 
measurements of the forces, the coefficient of friction μ was 
calculated, according to Amontons’ law of friction, which 
declares that there is a proportionality between the frictional 
force Ff and the applied load—blank holder force Fb. So the 
friction coefficient was calculated from the formula:

Because the drawing force Fd, recorded by the testing 
machine, balances the frictional resistance on the contact 

(1)� =

F
f

F
b

.

surfaces of the sheet metal strip with the steel grips (Fig. 1b), 
the drawing force Fd = 2⋅Ff, hence Ff = Fd/2, so

The tests were carried out in technically dry friction con-
ditions, i.e. without lubrication, and in the presence of tech-
nological lubricants. The following lubricants were tested:

• commercial lubricants: CL1, CL2, CL3
• rapeseed oil—RO
• rapeseed oil with boric acid—ROB

Moreover, the lubricant effectiveness was assessed during 
laboratory cupping tests with predominant stretching—the 
Erichsen test, and during cylindrical cupping in which the 
bottom of the cup is formed by stretching and a cylindrical 
wall is mainly formed by drawing. The Erichsen cupping test 
was performed according to PN-EN ISO 20482 standard. A 
ball punch with diameter of 20.0 mm was pushed into the 
square samples of 60 × 60 × 1 mm until fracture occurred. 
An inner diameter of the drawing die was 27.0 mm while the 
inner diameter of the blank-holder was 33.0 mm.

To perform cylindrical cupping a flat bottom cylindri-
cal punch with diameter of 33.6 mm and fillet radius of 
2.5 mm was pushed into the sheet metal discs with diameter 
of 55.0 mm and thickness of 1 mm, which were placed on 
a die with an inner diameter of 35.8 mm and fillet radius of 

(2)� =

F
d

2F
b

.

Table 1  Chemical composition 
of 1.4021 steel

Steel Element

Weight percentage (%)

C Si Mn P S Cr

1.4021
X20Cr13

0.204 0.47 0.64 0.015 0.001 13.36

Table 2  Mechanical properties of 1.4021 steel

Tensile strength Rm (MPa) 633
0.2% proof stress Rp02 (MPa) 336
Elongation A50 (%) 40

Fig. 1  Strip drawing test stand: a view of device, b scheme of strip-drawing test: Fd drawing force, Fb blank holder force, Ff frictional force, c 
shape and dimensions of grips
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3.5 mm. The blank was pressed against the die by a blank 
holder with the inner diameter of 34.6 mm.

Finally, the vegetable oil-based lubricants were assessed 
in industrial conditions, i.e. during manufacturing of the 
drawn parts as shown in Fig. 2.

The handle components are formed in four operations: 
initial (1st operation) and final (2nd operation) forming fol-
lowed by trimming (3rd operation) and joining (4th opera-
tion) two halves into one unit.

3  Vegetable oil with boric acid additive

In sheet metal forming different lubrication mechanisms 
are used, from hydrodynamic to boundary lubrication 
where a very thin film of lubricant is adsorbed on the sur-
face by physical or chemical forces or both. In a thick film 

lubrication some lubricant particles strongly adhere to the 
metal surface, while the remaining particles are loosely 
arranged away from rubbing surfaces. Then frictional resist-
ance depends on the internal resistance between the lubricant 
particles moving over each other. The thick layer of lubri-
cant protects against direct surface to surface contact until 
excess of lubricant is squeezed out of the space between the 
rubbing surfaces due to high unit pressure. Then, the bound-
ary lubrication mechanism takes place, in which the main 
role is played by a very thin lubricant layer bound with the 
metal surface by physical action. This mechanism is like that 
as depicted in Fig. 3. Some lubricating additives increase 
the physical activity of lubricants, resulting in increased 
adsorption of fatty acid chains to the metal surface. When 
the physical interaction of lubricant particles can no longer 
provide the necessary film thickness, extreme pressure 
additives like chlorine, phosphorus or sulphur compounds 

Fig. 2  Stages of forming gripping parts of surgical tools
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are added to the lubricating liquids which chemically react 
with metal asperities to form a durable antiadhesive film. 
Molybdenum disulphide and graphite are also widely used 
as anti-wear additives or dry lubricants. In this case, the 
lubrication mechanism is attributed to a layered structure 
at the molecular level. Poor bonds between layers facilitate 
sliding of the layers relative to each other, thereby ensuring 
a low coefficient of friction.

The elaboration of a recipe for an environmentally 
friendly lubricant that would reduce the forming resistance, 
at least to the same extent as in the case of commonly used 
lubricants based on mineral oils was the main assumption 
when developing lubricant for sheet metal forming. Rape-
seed oil was accepted as the basis for the technological 
lubricant as it is readily available in Poland and relatively 
inexpensive. The good boundary lubrication of vegetable 
oils comes from their long polar fatty acid chains which are 
attached and perpendicularly oriented to the metal surface, 
as presented in Fig. 3. The monolayer film looking like a 
molecular brush reduces friction and wear. The longer the 
hydrocarbon chain, the greater the distance between the rub-
bing surfaces and stronger reduction in their interaction.

The tribological properties of rapeseed oil were enhanced 
by boric acid  (H3BO3), whose crystal structure is similar 

to that of graphite (Fig. 4). Graphite is commonly used as 
a solid lubricant or additive to oils. The layered structure 
of boric acid reduces friction, and in contrast to graphite, 
does not pollute the drawn part surfaces. The good lubricat-
ing properties come from the weak van der Waals bonds 
between the individual layers and strong covalent bonds 
within the layer. This enables easy sliding of one layer over 
another during tangential loading.

Similar to rapeseed oil, boric acid is easily accessible, 
inexpensive and more importantly, environmentally safe. 
The Environmental Protection Agency has established that 
boric acid is benign [42] and the Clean Water Act does not 
classify it as a pollutant [22].

Due to low solubility of boric acid in oils, during sheet 
forming it was used in accordance to the author’s patent 
 No PL229731 dated on 21.10.2014 [43]. Rapeseed oil and 
boric acid are subsequently sprayed onto the sheet surface. 
Boric acid particles are physically adsorbed on the tool and 
sheet surfaces covered with a thin (100–180 μm) oil film, 
creating a layer to which further boric acid particles are 
attracted until the whole surface roughness is filled. From 
this moment, mutual displacement of the rubbing surfaces 
takes place in the acid layer along planes of easy slip. As a 
result, the coefficient of friction is significantly reduced. The 

Fig. 3  Orientation of fatty acid 
molecules on metal surface 
(developed according to [41])

Fig. 4  Layered crystal structure: 
a graphite, b boric acid (devel-
oped according to [6])
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scheme of lubrication with the vegetable oil-based lubricant 
with an additive of boric acid is presented in Fig. 5.

The lubricating mechanism of ROB lubricant includes 
both strong adsorption of long polar fatty acid chains to 
metal surface and easy slipping of boric acid crystal layers 
relative to each other.

The development of this lubrication technology is a 
part of the strategy to use “green lubricants”, which aims 
to reduce or completely eliminate petroleum-based prod-
ucts from sheet metal forming. In addition to their excellent 
lubricating properties, lubricants based on vegetable oils 
with a boric acid additive do not require expensive disposal 
techniques.

4  Test results and discussion

4.1  Strip drawing test

During drawing of the sheet metal strips between the flat 
grips of the tool, just like in the sheet metal forming process, 
there is a mechanical and molecular interaction between the 
materials of the working tool surfaces and the sheet metal 
in relative motion. In the absence of lubrication, due to the 
mechanical impact of the tool on the sheet metal surface, 
significant plastic deformation and smoothing of micro-
unevenness occurs. Unfortunately, the low sliding speeds 
and significant proximity of the contacting surfaces favour 
the transfer of the deformed metal to the tool surfaces and its 
accumulation. Consequently, the accretions cause scratches 
and dents on the surface of the deformed sheets. These 
defects are caused by the formation (welding) and rupture 
of micro-junctions between the opposing asperities on the 
rubbing surfaces. As a result, the surface roughness of the 
sheet increases (Fig. 6) and the friction resistance grows. In 

order to counteract this phenomenon, a technological lubri-
cant is introduced between the rubbing surfaces. As long as 
the lubricant forms a continuous film, friction occurs in the 
lubricant layer and the deformed sheet surface is relatively 
smooth with no signs of wear. A break in the lubricating 
film results in an immediate increase in friction resistance. 
The ROB lubricant has proven to be particularly useful in 
separating rubbing surfaces, even at high unit pressures.

Roughness was measured perpendicularly to the length 
of the sheet metal strip as shown in Fig. 6.

The results of the strip drawing test carried out in dry 
conditions and with lubricants are presented in Fig. 7.

As is seen from Fig. 7, the worst results were obtained for 
the CL1 lubricant, which is used in the production technol-
ogy in the Chirmed company. It slightly reduces the coef-
ficient of friction in comparison to strip drawing with no 
lubricant at unit pressures greater than 20 MPa; however, 
above 35 MPa the CL1 lubricating film breaks and the coef-
ficient of friction increases. The rapeseed oil with the addi-
tive of boric acid is the most effective lubricant, for which 
the mean coefficient of friction value is 0.03. The additive 
of boric acid to the rapeseed oil reduces the coefficient of 
friction about six times. The rapeseed oil with the additive 
of boric acid is also better than the other tested commercial 
lubricants for sheet metal forming, for which the coefficients 
of friction are as follows: 0.08 for CL2 and 0.13 for CL3. 
What is more, the film of rapeseed oil with boric acid does 
not break even at a high unit pressure and effectively protects 
the sheet surface against scratches.

4.2  Erichsen cupping test

During the Erichsen cupping test, the sheet undergoes thin-
ning as a result of biaxial stretching. The lack of friction 
causes the greatest sheet thinning in the central part of the 
cup; therefore the crack initiates at its pole and runs meridi-
onally. Friction between the sheet and the punch counteracts 
sheet thinning (counteracts the flow of individual material 
points), hence the crack initiates at a certain distance from 
the cup pole and runs in a circumferential direction. The 
greater the share of friction forces between the punch and 
the formed sheet, the further the groove forms, and conse-
quently the crack. During the Erichsen cupping test the cup 
height at the fracture moment of the sheet as well as the 
distance between the cup axis and circumferential fracture 
were recorded. The test results are presented in Figs. 8 and 9.

According to Figs. 8 and 9, the use of rapeseed oil with 
an additive of boric acid increased the cup height at the frac-
ture moment and the fracture location indicates a signifi-
cant reduction in friction. Obtaining deeper cups is possible 
thanks to more even strain distribution in the sheet material. 
The results of forming in the presence of other lubricants 
were comparable with forming in dry conditions. In spite 

Fig. 5  Mechanism of lubrication with vegetable oil-based lubricant 
with additive of boric acid: (1) metal, (2) oil film, (3) filling of sur-
face unevenness cavities with boric acid, (4) boric acid slip plane
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of this, lubrication is necessary because each subsequent 
forming operation increases the risk of build-up formation 
on the tool surface and the tendency to galling.

4.3  Cylindrical cupping test

The process of forming cylindrical cups was assessed 
based on the maximal forming force and appearance of 
the cup surface. The cups were formed in a hydraulic 

double-acting device for cupping tests. The tool consists 
of a punch, a die and a blank holder. Blank holder forces 
of 5 and 15 kN were applied. The test results are presented 
in Figs. 10 and 11.

Figure 10 shows that the ROB lubricant is the most 
effective, causing a decrease in the forming force in com-
parison to forming without lubricant of 12% or 23%, 
respectively, for the blank holder force of 5 and 15 kN. In 
comparison to forming with other lubricants, the use of 
ROB on average reduces the forming force by 11% for the 
blank holder force of 5 kN and 18% for the blank holder 
force of 15 kN. In the case of forming with the CL1 lubri-
cant, the maximum forming force was similar to forming 
with no lubricant. The forming force for the other lubri-
cants (CL2, CL3 and RO) is at a similar level, i.e. 44 kN 
and 48 kN, respectively, for the blank holder force of 5 
and 15 kN.

During forming without lubrication and in the presence 
of the CL1 (presently used in the factory) lubricant, build-up 
of the deformed material on the die surface was observed. It 
resulted in vertical scratches on the side wall of the cup. The 
smoothest surface was received in case of cup forming in the 
presence of the ROB lubricant. This lubricant effectively 
separates the contact surfaces and prevents the formation of 
build-up on the working surfaces of the tool. This lubricant 
has the highest influence on a decrease in the forming force.

Fig. 6  The roughness of the deformed sheet after the strip drawing test; unit pressure: 40 MPa, path of friction: 0.3 m

Fig. 7  Coefficient of friction vs unit pressure
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Fig. 8  The cup height at the 
onset of fracture in the Erichsen 
cupping test

Fig. 9  The view of cups after 
the Erichsen cupping test
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4.4  Industrial testing

To date, CL1 lubricant was used in the Chirmed company 
during cup forming—halves of gripping parts of surgi-
cal tools. Laboratory tests showed that the CL1 lubricant 
has the worst tribological properties among the tested 
lubricants. The lubricant does not separate the deformed 
material and tool enough; therefore the surfaces of the 

produced parts are uneven, sometimes with wrinkling or 
even fracture (see Fig. 12a).

Replacing the CL1 lubricant with the ROB one signifi-
cantly improved the quality of the cup surfaces. Wrinkling 
and cracks were eliminated, and the surface was smoother.

Now, testing is directed at producing the final cups in 
one operation. The initial tests showed that applying the 

Fig. 10  The results of the cylin-
drical cupping test

Fig. 11  View of cups formed 
with: a CL1, b ROB; blank 
holder force: 15 kN

Fig. 12  Comparison of cup surfaces: a forming with CL1 lubricant, b forming with ROB lubricant
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ROB lubricant caused a more even strain distribution, and 
as a result fractures (Fig. 13a) were eliminated.

It is expected that adopting the formation of cups in one 
operation will significantly reduce production costs.

5  Conclusions

Based on the experimental tests, it can be stated that:

• friction and lubrication significantly affect the strain dis-
tribution in the drawn parts as evidenced by the nature of 
the crack in the Erichsen cupping test (Fig. 9),

• the oil-based lubricant with the additive of boric acid 
was the most effective lubricant among the tested lubri-
cants—it significantly reduced the forming force and 
frictional resistance, as well as improved the smoothness 
of the drawn part surfaces,

• rapeseed oil with the additive of boric acid caused a 
decrease in the coefficient of friction from μ ≈ 0.37 for 
forming without lubrication and from 0.13 for the CL3 
or 0.07 for CL2 lubricant to 0.03 (Fig. 7).

• the film of boric acid maintained good tribological prop-
erties even at a high unit pressure, while the other tested 
lubricant films broke (Fig. 7).

Moreover, rapeseed oil with the additive of boric acid is 
friendly to the environment.
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