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ABSTRACT. The increasing use of high strength steels in aetya of mechanical
engineering applications has illuminated problenssaciated with galling in sheet metal
forming operations. Galling is a tribological phemenon associated with transfer of material
from the steel sheet to the tool surface duringnfog resulting in seizure of the tool/steel
sheet contact and extensive scratching of the stestt surface. As a result, a number of
concepts have been developed in order to reduceetidency to galling in metal forming,
including the development of new dry lubricantsy fierming tool steel grades and improved
surface engineering treatments such as the depaoditi low friction CVD and PVD coatings.
In the present study the performance of a hot-drgltubricant in the forming of hot and cold
rolled and hot-dip galvanized high strength steas libeen evaluated and compared with a
conventional rust protection oil using four diffatg¢ests methods, i.e. a strip reduction test, a
bending under tension test, a stretch-forming ta®l a pin-on disc test. In the tests, two
different cold work tool steels, a conventionalestgrade and a nitrogen alloyed PM steel
grade were evaluated. The results show that tHerdiiit tests used give consistent results and
valuable information concerning the galling tendgnaf the steel sheet, tool steel and
lubricant combinations investigated and when combitan be used to rank the galling
resistance of lubricants and tool steels. The tssglearly show that the dry lubricant
provides better lubrication and generates lessigglthan the rust protection oil. Also, the
nitrogen alloyed PM steel grade shows a signifigahtgher galling resistance as compared
with the conventional steel grade and can, in caorabon with a dry lubricant, preferably
be used in sheet metal forming operations to furthgprove the galling resistance.
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1. INTRODUCTION

The use of high strength steel makes constructtnasiger and lighter. In the transport
sector this is important in order to combine im@o\safety with reduced fuel consumption
and CQ emission. Stronger steels also imply that less meaterial is needed which saves
natural resources and reduces the energy consumiptiproduction and transportation of
materials. Forming of high strength steels requinigber forces than conventional steels and
as a result the contact pressures become highisrptihhigher demands on the forming tool
material. High performance tool steels, CVD/PVD4{ougs and liquid as well as dry
lubricants can reduce the friction, tool wear aatligg tendencies in forming operations [1-
8]. Hot-melt wax dry lubricants provide better lidation than conventional rust protection
oils and pre-lubes [9-12]. The benefit for the oustr is a more stable forming process and
the possibility to avoid extra lubrication in theeps shop. In order to rank the galling
resistance of new dry lubricants, new forming tetéel grades and improved surface
engineering treatments adequate test methods forggavaluation are needed [13-19]. In the
present study, the performance of a hot-melt wéxidant in the forming of high strength
steel grades has been evaluated using four difféests methods, i.e. a strip reduction test, a
bending under tension test, a stretch-formingaedta pin-on disc test.

2. MATERIALS

The hot-melt dry lubricant Anticorit PL 39 SX, froRuchs was applied on hot rolled,
cold rolled and hot-dip galvanized high strengtiestpanels from SSAB Swedish Steel.
The lubricant mainly consists of a wax/oil carrieorrosion inhibitors to protect all kinds
of coated and uncoated steel surfaces as well dar pobrication additives. The
consistency of the dry lubricant is well balancedd aprovides a firm and stable
lubricating film without being brittle. The relagly low melting temperature facilitates
the operational application by electrostatic spngyand ensures a full removability with
common aqueous alkaline cleaners. The melting painhe lubricant is in the range of
45 °C and the consistency at room temperaturens-selid. The kinematic viscosity at
60 °C is 25 mm?/s (0,25 stoke). The lubricant waathd to 55 °C and applied on both
sides of degreased steel panels using a roll cadtéiuchs Laboratory resulting in a
coating weight of 1,0-1,5 g/fmper side. Two mill oils, used in the productionds at
SSAB Swedish Steel, were included in the studydmmparisons. Croda PQ69, a non-
thixopropic oil with a kinematic viscosity of 32 nifa at 40 °C, was used on uncoated
steel and Fuchs Anticorit PL 3802-39S, a thixotcopire-lube oil with a kinematic
viscosity of 60 mmz?/s at 40 °C, was used on hotghHjvanised steel. The pre-lube oil is
similar to the hot-melt dry lubricant with regard torrosion inhibitors and lubricating
additives but has a considerably lower percentdgeaxy components. Panels with a
coating weight of about 1 g/of these lubricants were taken from the productinas.

In addition some panels were degreased and oileleaSSAB laboratory with coating
weight of approximately 1,7 gfm

The steel grades selected for the forming trialsemM@omex 700 MC a hot rolled
micro alloyed steel, Docol 800 DP a dual phasetiermartensitic cold rolled steel, and
Dogal 800 DP a hot-dip galvanized complex phaselss®e Table 1. SEM images of the
cold rolled and hot-rolled surfaces are shown iguFé 1. The hot rolled surface, which is
pickled in hydrochloric acid, has a pronounced micsughness and a higher peak count
than the cold rolled surface, see Table 1. The diaas, seen in the image of the hot
rolled surface, are probably formed due to pladgéormation caused by a high contact
pressure when levelling the strip. The cold-rolledrface is skin passed and much
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smoother on a microscopic level than the hot-roedace, although the;alues of the
surfaces are about the same.

Two different cold work tool steels, Sleipner, angentional high alloyed steel grade,
and Vancron 40, a nitrogen alloyed powder metaltaigsteel grade, see Table 2, were
included in the tests.

Table 1. Mechanical properties and surface roughness of High strength steel grades
investigated.

Steel grade Thickness Rm Rpo.2 Ago Ra P,
[mm] [MPa] [MPa] [%0] [m] [1/cm]
Domex 700MC 2,0 790 712 13 1,41 46
Docol 800DP 1,0 852 601 15 1,54 27
Dogal 800 DP 1,0 874 581 16 0,80 39

Table 2.Chemical composition, mechanical properties andasier roughness of the tool steel grades
investigated.

Steelgrade C Si Mn Cr Mo W N \% E R Hardness R,
[wt%] [wt%] [wt%)] [wt%] [wt%)] [wt%] [wt%] [wt%] [GPa] [GPa] [HV] [mm]
Sleipner 0,9 0,9 0,5 7.8 2,5 0,5 - - 205 2,5 ~700 ,050

Vancron 1,1 0,5 0,4 4,5 3,2 3,7 1,8 85 209 26 ~700 0,03
40

(a) (b)
Figure 1. SEM images showing the surface of (a) the coledadind (b) the hot rolled steel strip.

3. EXPERIMENTAL PROCEDURE

The influence of the lubricant on the friction agdlling properties was examined
using a strip reduction test (SRT), a bending uridasion test (BUT), a stretch-forming
test (SFT) and a pin-on disc test (PODT). The SRd@ BUT were performed at the
Technical University of Denmark, the SFT at the laggtion laboratory at SSAB
Swedish Steel and PODT at Dalarna University.

The strip reduction testshown schematically in Figure 2, is an ironingttéhat
simulates severe tribological conditions with a hhigurface pressure and surface
expansion [14-15]. A non-rotating cylindrical tod pressed against the strip with a
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constant normal load in order to obtain a predefimeduction, and the strip is
subsequently pulled in the horizontal directioneThol simulates the conical die and the
supporting plate simulates the cylindrical punchroning of a cylindrical can wall, see
Figure 2(b). The cylindrical tool has a radius &f hm and a width of 16 mm. The tool
and the supporting plate were thoroughly cleanedaphtha before assembling the parts.
The drawing length was 300 mm, the drawing speeth8Us, the reduction between 15
and 30 %, and the tool preheat temperatures 2@r4&D °C. The supporting plate was
lubricated on the underside and approximated tdéribgon less. After drawing, the tool
Is turned 90°, i.e. four strips can be tested fwhetool. The strips were 500x15 mm and
the sliding direction was in all cases perpendictdathe rolling direction. In most cases
two strips were tested for each setting of paramete

Lubricant breakdown results in a metal-metal contatween the strip and the tool
causing scoring of the sheet surface giving distsaratches resulting in an increased
sheet surface topography. The onset of galling gueentified by measuring the surface
roughness, R across the strip width along the sliding lengtithvan interval of 30 mm.
The measurements were made with a cut off lengt,5fmm. The threshold sliding
length, at which the lubricant breaks down completeas defined as the distance from
the start of the reduction to the point where thes&ue exceeds 1 um.

Thebending under tension test a rather mild test that simulates the flow dterial
over a die radius, see Figure 3(a) [16]. A hydaulrawing cylinder (k) delivers the
vertical front tension whereas horizontal back tenss provided by another cylinder
(F1) restraining the motion and ensuring sliding o# gtrip along a 90° bend around the
tool. During the bending, the torque on the toal @ measured. The cylindrical tool has
a radius of 5 mm and a length of 36 mm. It was méebwith ethanol using soft paper and
assembled in the tool holder. The 800x25 mm sti@s we-burred and manually pre-bent
90° and mounted in the jaws. The back tension favas set to 12-13 kN, the drawing
speed to 65-70 mm/s, and the tool preheating teatpeys were 20, 40 or 50 °C. Four
tests could be made with each tool cylinder bytrogait 90°.

In the stretch forming testhe sheet is clamped between the die and the Wialder,
which prevents the sheet from gliding when a hemesigal punch deforms the sheet, see
Figure 3(b). The stretch forming capability f#d,) is obtained by determining the ratio
between the maximum height of the domep)Hbefore fracture and the punching
diameter (g).

Besides, the above “forming tests” conventiomah-on-disc testing using a CSM
Tribometer, was used in order to evaluate theidrnctand wear characteristics of the
materials/lubricants. In this test, a pin with ardeter of 10 mm and a hemispherical shaped
end surface (radius 5 mm) made of the tool steleladed against a rotating disc punched out
from the high strength steel panels, see Figuiidnd.tribological testing was performed under
lubricated conditions in ambient air (21-22 °C,Z%% RH) using a normal load of 5,0 N and
a relative sliding speed of 0.1 m/s. The tests warefor 500 s corresponding to a sliding
distance of 50 m and during testing the frictiorefticient was continuously recorded. It
should be noted that in the pin-on-disc test tmeipisliding in the same wear track resulting
in a repeated contact between the mating surfag@sgatesting.

Post-test examinations using scanning electronastopy (SEM) and energy dispersive
x-ray spectroscopy (EDS) were performed in ordesttmly the tool and strip surfaces and to
determine the friction and wear mechanisms ocogiairthe tool/steel sheet interface.
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Figure 2. Schematic sketches of the strip reduction test egipa (a) and the ironing process (b).
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Figure 3. Schematic sketches of the bending under tensiorjapand the stretch forming test (b).
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Figure 4. Schematic sketch of the pin-on-disc test set-up.

4. RESULTS

Figure 5 shows the results from one of the forntimgs using the strip reduction test
where the drawing force is plotted versus the rsfjdength for cold-rolled steel coated with
the hot melt dry lubricant (DL) and the rust prdiee oil (RP oil), respectively. The tests
were performed with the Sleipner tool at 25% reuncat room temperature and with the tool
preheated to 80 °C. At room temperature, see K&, the hot melt dry lubricant gives a
constant drawing force throughout the test, whiathdates that galling does not occur. For
the rust protection oil, on the other hand, thewilng force starts to increase at 100 mm
sliding length indicating the onset of galling. Titust protection oils applied in the mill and in
the laboratory behave about the same althoughttipevdth the laboratory applied oil breaks
close to 300 mm drawing length. When the tool ishpated to 80 °C the tribological
conditions become much more severe, see Fig 5¢®. strip with the rust protection oil
breaks at an early stage and galling was initiated for the strip with the dry lubricant.
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Figure 5. Strip reduction test of cold rolled steel coatethwihe dry lubricant (DL) and the rust protection

oil (RP ail). The Sleipner tool was used and trststevere performed at (a) 20 °C and (b) 80 °C &5t 2
reduction of the strip

The results from the strip reduction tests of tble colled steel are summarised in Figure
6, where the threshold sliding length, determinsohg surface roughness measurements, is
plotted for the Sleipner and Vancron 40 tools &b2&duction and different tool pre-heating
temperatures. In the cases where thedRue of the “formed” strip does not exceedrh at
the maximum drawing length (300 mm), “>300 mm” endted in the diagram as a measure
of initiation of galling. The charts show that iresing tool temperature reduces the threshold
sliding length, and that the use of the dry lubmiagsults in a higher drawing length than the
rust protection oil. A comparison of the tool stgehdes investigated also shows that the
Vancron 40 grade gives a better galling resistdinae the Sleipner grade. The strip reduction
tests were also performed for the hot-rolled anddiw galvanized steels. The hot-rolled steel
showed similar trends as the cold-rolled steel, that sensitivity for galling was generally
lower than for cold rolled steel. For the hot-dgiv@nized steel the Rralue was below <0,1
mm in all tests regardless of the choice of lubricamd tool steel, and no signs of galling
could be observed on the tool surfaces.

The SEM images in Figure 7 show the tool surfadtes the strip reduction tests of cold
rolled steel. The largest quantity of material $fan to the tool surface occurs when the
Sleipner tool is used together with the rust pribdecoil, cf. figure 5(a). When the Vancron
40 tool is used together with the dry lubricant tnensfer of material to the tool can be
observed. It is clear that the dry lubricant pregdetter lubrication than the rust protection
oil and that the Vancron 40 tool is less sensitivgalling as compared with the Sleipner tool.

In the milder bending under tension test gallingsioot occur in any of the tests. The dry
lubricant gives, however, lower torques on the foiol than the rust protection oil used on
cold rolled steel and than the pre-lube oil usedondip galvanized steel indicating a lower
friction coefficient, see Figure 8. The torque Isodower for hot-dip galvanized steel than for
cold rolled steel.

The stretch forming capability @fdy) for the different materials and lubricants is
presented in Figure 9. The result shows that thienmah coated with dry lubricant gives a
higher Hb/dy-ratio than the material coated with the rust proos or pre-lube oil.
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Figure 6. The drawing length until initiation of galling imé strip reduction test. The tests were
performed with 25% reduction of the strip usingl@ifer tool (a) and a Vancron 40 to(h).
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Figure 7. SEM images in a low magnification showing the sagface after the strip reduction
test of cold rolled steel (a) RP oil+ Sleipner todd) DL+Sleipner tool,
(c) RP oil+Vancron 40 tool and (d) DL+Vancron 4(to
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Figure 8. The drawing force (F, left axignd the torque (T, right axis) recorded in the
bending under tension test of (a) cold rolled stael (b) HDG steel coated with the hot-melt
dry lubricant (DL), the rust protection oil (RP p&nd the pre-lube oil (PL oil). The tests

were performed at room temperature using the Ségipool.
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Figure 9. Stretch forming capability of hot and cold rollega coated with dry lubricant (DL) and
rust protection oil (RP), and of hot-dip galvanizgdel coated with dry lubricant (DL) and
pre-lube oil (PL).

Figure 10 summarizes the results obtained in timeopidisc tests where the friction
coefficient u is plotted versus the sliding distatior the material combinations investigated.
Post-test examination of the pins at differenttioic levels using light optical microscopy
reveal that a friction coefficient of p 0.25 can be used as an indication of severe gaons$f
disc material to the pin surface, i.e. an indigaid galling. As can be seen, the dry lubricant
clearly outperforms the rust protection oil whenammes to reduce the tendency to galling. In
fact, all tests with high strength steel sampldsridated with the dry lubricant show a
relatively low and stable friction coefficient, u0s12 - 0.14, throughout the test (50 m sliding
distance) without any indication of galling. Alsbe nitrogen alloyed PM Vancron 40 steel
grade display a higher galling resistance as coegpavith the conventional steel grade
Sleipner. Finally, the cold-rolled steel shows ghler galling tendency as compared with the
hot-rolled steel.
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Figure 10. Friction characteristics of Sleipner (left columamd Vancron 40 (right column)
sliding against Domex 700 MC (above) and Docol BBO(below) lubricated with RP Oil (gray) and
Dry Lubricant (black), respectively.

5. DISCUSSION

Galling is the combined mechanisms of materialdf@nto the tool surface due to metal-
to-metal contact and adhesive wear and scoringetrip surface by the pick-up of adhered
material on the tool surface.

In the present study, the performance of a hot-igitlubricant in the forming of high
strength steel grades has been evaluated usingdifferent tests methods, i.e. a strip
reduction test, a bending under tension testeactiforming test and a pin-on disc test. Also,
the influence of high strength steel type and &iekl grade on the tendency to galling was
investigated. The results show that the differeats used give consistent results and valuable
information concerning the galling tendency of thieel sheet / tool steel / lubricant
combinations investigated, and when combined canskee to rank the galling resistance of
lubricants and tool steels.

The severity of the different tests has a strongaich on the tendency to galling, ranging
from the relatively mild bending-under-tension tastthe severe strip reduction test. In the
latter test, the severity can be adjusted (incadabg increasing the reduction of the strip
and/or increasing the tool temperature. Also, #mults illustrate the possibility to map the
galling resistance of different lubricant, tool eite@nd steel sheet combinations using the
conventional pin-on-disc test.

The results clearly show that the dry lubricantvimtes better lubrication and generates
less galling than the rust protection oil. Both éxeellent rheological properties, ie. the semi-
solid consistency and the higher viscosity, as \asllthe polar additives contribute to the
improved lubricating performance. The additivatiereffective at all temperatures while the
waxy consistency breaks down above the meltingtpdihe dry lubricant offers however
tribological benefits even at high tool temperasuas the material flowing into the zone of
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deformation is cold. Depending on the drawing spebé dry lubricant is partially or
completely molten only after the critical formingeration.

Also, the nitrogen alloyed PM tool steel grade fanc40 shows a significantly higher
galling resistance as compared with the conventidoal steel grade and can, in
combination with a dry lubricant, preferably be dise sheet metal forming operations to
further improve the galling resistance. In therbteire it has been proposed that the high
galling resistance displayed by Vancron 40 mosbpahdy is due to a high concentration
and fine distribution of sub-micrometer — micronretézed carbides and carbonitrides
displayed by this tool steel grade producing a taable topography under the prevailing
contact conditions. Besides, the low material pigktendency of the carbonitride phase
may also contribute to the improved galling resisedisplayed by this tool steel [2].

The results also show that the forming of the aolied high strength steels tend to
be more complicated and associated with gallingy tth@ hot-rolled steel. The reason for
this is not clear but is probably due to the diéieces in phase composition /
microstructure of the steels as well as the diffiees in surface morphology/texture
which will affect the lubrication of the tribosyste According to [20] the surface
microstructure has an important influence on thbotogical conditions during press
forming operations. When comparing the SEM micrphgsain Figure 1 it is seen that the
hot rolled steel surface contains a relatively heghount of potential lubricant pockets
which may support lubricant entrapment and reduee dsperity contact area between
tool and steel sheet. The cold rolled and hot tb&eels have different microstructures.
The cold rolled steel is a dual phase grade coimgia mixture of a soft ferrite phase and
a hard martensite phase, whereas the hot rollezl bess a more homogeneous ferritic
microstructure. When the dual phase steel is defddrmgainst tool steel the hard
martensite phase may scratch the tool surface,ghbancing the surface topography and
thereby initiate galling. A lack of martensite ihet hot rolled steel implies that this
phenomenon is avoided.

For zinc-coated steel the susceptibility to gallimgnuch less than for uncoated steel. No
significant differences were observed between theidants and the tool materials in the
tests. BUT tests of the strip proved the torquehentool pin to be lower than for cold-rolled
steel indicating lower friction. The soft Zn codaigives asperity contacts with a low shear
stress, which contributes to the lubrication. Ageamumber of zinc-coated strips probably
need to be tested against the tool in order talgeisive results.

The influence and synergistic effects of type dirloant, tool steel composition and
steel sheet surface texture on the forming behavidrigh strength steel sheet must be
further investigated.

6. CONCLUSIONS

In the present study the performance of a hot-drgliubricant in the forming of hot and
cold rolled and hot-dip galvanized high strengtekhas been evaluated and compared with a
conventional rust protection oil and pre-lube aing four different tests methods, i.e. a strip
reduction test, a bending under tension test, etcttiforming test and a pin-on disc test.
Based on the obtained results the following conchsscan be drawn.

The dry lubricant provides better lubrication thae rust protection oil and generates
less galling in the strip reduction test.

The nitrogen alloyed powder metallurgical tool $t&ancron 40 performs much
better than the conventional tool steel Sleipnethim strip reduction test, with less
material transfer from the sheet to the tool swefac

A higher tool temperature results in more severfleotogical conditions, which
increases the material pick-up tendency on the steél. However, the dry lubricant

10



S.-E. HOrnstrém, E. Karlsson, M. Olsson, N. Bay andlosch

offers tribological benefits over the rust protentoil due to its lubricating additives and
the waxy consistency. The advantage is clearly sgen at tool temperatures above the
melting point as the material flowing into the zafedeformation is cold.

The cold-rolled steel is more difficult to form théhe hot-rolled steel.

The bending under tension test was too mild to geeegalling in the single
passages over the tool. The torque on the toolwas in all cases lower for the
strips coated with the dry lubricant than for thaps with the rust protection oil,
indicating a lower friction coefficient. The torqueas also lower for hot-dip
galvanized than for uncoated steel, which is altesfulower shear stresses due to
the soft zinc coating.

In the stretch forming tests the dry lubricant eshsteels could be drawn to a larger
depth than the oiled steels.

It can be concluded that a significant improvemangalling resistance when forming
high strength steels can be achieved by using titenklt dry lubricant Anticorit PL
39SX together with the high performance tool matériancron 40.
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