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ABSTRACT

In many forming processes galling is a wear process thas I[pmpduction velocity and formability
of parts. Galling limits the lifetime of tools and the qualitytieé products is affected. For high
strength steels problems with galling are of major intergste orming pressures are high, as well
as shear stresses.

In this paper a numerical model is presented, which describes tiaédniof galling and follows
the growth of the galling lumps. Flash temperatures are cadubatd compared to the critical
temperature of the boundary layer at the interface of the sheéehdividual tool summits. In case
galling occurs at an interface, lump growth can be calculategelass the rate of lump growth. In
some cases lump growth can cease.
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INTRODUCTION

High strength steels are subjected to high pressures and higtsshesaes in forming processes. In
order to study the influence of the different material properti¢iseofool and sheet material and the
operational conditions on the tendency of galling a numerical approablesen. Experiments on
laboratory scale and on field scale are costly and time consuming. The numedehpresented in
this paper is one of the instruments for designing tools for the forming of high strexedgh st

The model is based on the models developed by Van der Heide [1] foggaitiation and by De
Rooij [2] for lump growth. These models have been combined into one modkldh the galling
initiation stage is coupled with the lump growth stage.

1. MODEL

The model is based on the models developed by Van der Heide [1] foggaitiation and by De
Rooij [2] for lump growth. These models have been combined into one modeldh the galling
initiation stage is coupled with the lump growth stage. Both modeldased on the wear mode
map based on the work of Hokkirigawa & Kato [3]. This wear mode mapibes the three wear
modes of a tool asperity in contact with sheet material:

» Cutting mode (c): material is removed from the soft surface in the form of kilbigon-like

chips;
*  Wedge formation (w): a wedge of material flows in front of the summit;
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* Ploughing mode (pl): material of the soft surface is displaced to the ridgekeofvear track

and no material is removed from the surface.

In Fig. 1 an asperity in contact with sheet material is shown.asperity has a radiys normal
force R, slides with a velocity v and has a projected contact radius &ig. 2 the wear mode
diagram is plotted. In the wear mode diagram the transition bettheedifferent wear modes are
plotted. The attack anglé@ (Fig. 1) is shown on the vertical axis and the dimensionless shear
strength fix on the horizontal axis. The dimensionless shear strepgtlis fthe quotient of the
interfacial shear stress and the shear strength of the soft materiab(th@bhigh strength steel).

Fig. 1 Tool summit — sheet contact
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Asperities in the wedge mode have the potential to initiate antamaimaterial transfer. However,
when lubricant is applied, the local surface temperatuyreal3o should exceed the critical
temperature & of the lubricant to be galling. The lubricant breaks down at the specific asperity.

The failure criterion is therefore defined as: Tr > T and the contact operates in wedge
formation mode after removal of boundary layers.

Forlubricated contact f is between 0.4 and 0.7. In this papgi = 0.6 is used for the lubricated
contacts. Thisdk is denominated also agkf. Forunlubricated contacts {fx is globally between

0.9 and 0.99. In this papeib = 0.9 is used for the unlubricated contact. An unlubricated contact is
a contact without lubricant (dry), but also a contact with a failing lubricant:T,.

2. CALCULATIONS

The iteration procedure for calculations is as follows:

1. The roughness of the tool is measured. Asperity heights and asperitgtures are
calculated from the roughness measurement. The starting valuespancie determined.
The input values for the reference case are listed in Table 1.

2. For each step the value of the separation is calculated. Ingpishst value for the real area
of contact is kept constant.

3. Using the separation of the surfaces the attack &npgbe asperity is calculated.

4. The flash temperature per asperity can be calculated usinigetiy tof Bos and Moes [4],
which is based on the theory of Carslaw and Jeager [5]. For this putppsoefficient of
friction of the appropriate regime in the wear mode map is edbmll Using the thermal
conductivity values of the tool and sheet the heat transfer fronottiaat can be calculated
and thus using the specific heat of the sheet the local tempetatutee calculated. These
calculations are performed for the lubricated contact situation.age ¢he contact is
lubricated thefx, value is between 0.4 and 0.7. In the present ¢ase10.6 is taken.

5. For all asperities in which the flash temperature exceedsitieal temperature are virtually
unlubricated. At all other asperities no galling can occur.

6. For all asperities that can potentially be gallingXT,) the value of jx is set to 0.9, since
this is the value ofk for unlubricated contacts. It is then checked whetheskat 0.9 the
asperity is in the wedge regime. If not in the wedge regimgafiing on that asperity. In
case the asperity is in the wedge regime galling occurs at that asperity.

7. In case galling occurs on an asperity the summitssis calculated for that asperity.

8. Finally the new separation and attack angles per asperitalatdated keeping the real area
of contact constant at each iteration step.

9. Return to number 4.

10.1In case no asperity is galling (anymore) the iteration is stopped.

The complete mathematics is given below.

[nput: roughness

The input in the program is a measured roughness and the load on thé ddrasurface of the
tool is measured in 3D. The roughness measurement is used to deteghicimeneasured points on
the surface are summits and the radius of each summit. This cdonben accordance with an
often used 8-points criterion in which a point is a summit when higher than its eight
surrounding points.
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Calculation: fraction of contact area, separation
It is assumed that the loady,Fon the contact is constant. This constraint is equivalent to the
demand, thatt*, the fraction of area in contact, should remain constant. The normal load is:

Fy =27HA 1Y 5 Us —h) (1)

With H hardness, Amnominal area ang summit densityp; summit radius per summit, summit
height and h the separation between the contacting surfaces.
Or in term ofa*:

a*=2my B s —h) 2)

By assuming a normal load, the separation h can be calculated using a root-finding procedure

Calculation: attack angle
The attack angle® per summit (Fig. 1) are calculated according to:

arcta{\/(s— h) 28 +h-5)
L+h-s

] if sh<pg

6= 3)

Vid .
> otherwise

Calculation: flash temperature
Calculation of the flash temperature is done in more steps. Ttetbaperature is calculated per
individual summit.

First the coefficient of friction is calculated. This coe#iai of friction depends on the wear mode
of the specific summit. The transitions can not only be depictednieaa mode diagram, but are
also available as a mathematical expression:

B, .c = 0257 —arccosf,, ) 4)
and
6, . = 05arccosf,, (5)

The coefficients of friction in each wear regime:

m. 1
f. = tar{e 2 + 5 arccosf j (6)

(1— 2siné, +4/1- fHsz [$ind + f,, cosd

fw = (7)
(1— 2siné, +1- fHKz) os6 - f,, sin@
_ §,sing + cos(arccos,,, - 6) (8)
P&, cosé +sin(arccod,,, — 6)
with:
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HK

& =0- 77: - % arccosf,, + arcsirELng} 9)

and
T .| sin@
&, =1+—+arccosf,,, —26 - 2arcsw{—] (10)
2 2 HK 1-f._ f

In order to calculate the flash temperatures, the effective conductiyiig Keeded as well:

1158 0432
Ky = 27460K,, + K, |10379+ 7.60:{ a B’] (11)
Ksheet
with
Ksheet
Ko = —— (12)
et Iosheetcp,sheet
and
1,
a= Bsiné (13)

The load per summit is:

1

Fo = 7B H g (14)

n

The flash temperature per summit can now be cdbxlla

R,

Tf
alK,

(15)

For f the appropriate coefficient of friction frotine wear regime applicable for the specific summit
should be used (Egs. 6, 7 and 8).

Check: summit lubricated or not lubricated

The value for fix applied in the temperature calculations is thedt lubricated conditions(; =

0.6, or between 0.4 and 0.7), since the contacthefsummits are considered to be lubricated,
unless the flash temperature exceeds the critiealpérature of the lubricant. If the flash
temperature at a summit exceeds the critical teatyper a contact fails and the contact is considered
to be virtually unlubricated.

Check: summit galling or not galling

In the case the flash temperature on a summit escédse critical temperature, it has to be checked
whether the summit is in the wedge regime. Sineestlmmit is virtually unlubricated (lubricant
failed) the high {fx value is used for unlubricated contacts, e.g. £ 0.9. The boundaries of the
wedge regime are again given in eg. 4 and 5 (with$ 0.9).

Summits that exceed the critical temperature aadrathe wedging regime are galling and for those
summits the increase in height has to be calculated
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Calculation: height increase of galling summits
The increase in heighiis of a galling summit is given by [2] as:

6VIH(s-hFQ it HP<_ 2D
As = M (S ) 3 ! ﬂwlzﬁ(s—h) (16)
AYE" (s-h)¥? : 2 20)E
m, 66 H \/ﬁ Q if H 2—77 255-h)

with
. 2 1 .
sin“ @ + Esm 20
= 17
Q 1+sin26 (A7)

andAy the specific adhesion energy and E* the reducastielmodulus.
The value of mis given by [2] as constant in the galling modedit: N'%). The value for mgiven
by [2]: mp = 2 - 10°N™. This value is valid for non-coated steels.

This increasd\s is added to the current height of the summitiimio the new summit height, and
thus a new summit height distribution. This new sutrheight distribution is used for the next
pass.

3. Resaults

Using the parameters of Table 1 calculations hasenlbperformed. Various parameters can be
studied in this process, e.g. the number of asgerthat is galling per summit, the growth per
asperity, the attack angle vs. height of an aspeaitd the temperature per asperity. These
parameters can all be followed when being calcdldEach summit has its own attack angle, flash
temperature and increase in height at each passlodd of points, which develops per pass
(iteration), can therefore be followed. An exampl¢he representation of points is given in Figs. 3
to 6. In these figures the cloud of points is giwtra single pass. In the current case pass number
100.

Fig. 3 gives the attack angles of the individuahmits as function of the height. At the beginning
of each cycle the attack angles have to be reedtmll since the reference heighy) (f the surface
has changed. Therefore the attack angles of thengignthat have not been galling in the last
iteration decrease slightly, whilst the attack asghf the summits that have been galling in the las
iteration will increase, eq. (3)). The summits thatve been galling will go deeper into the sheet
material, caused by the increase in height. Thesersts are denoted in the figures as the galling
summits.

In Fig. 4 the flash temperatures that have beerulzbd are depicted as function of the attackeang|
of the summit. In this figure the role of the weaonde diagram (Fig. 2) can be clearly seen. In the
cutting regime the flash temperatures are relatil@l. This explains the drop in the temperatures
above the attack angB(fuxi), i.e. at the transition from wedging to cuttimgthe lubricated case
(vertical line in Fig. 4). Above the critical tempéure of 60 °C the lubricant fails, and thus these
summits are virtually unlubricated. A few summitkigh are in the cutting mode when lubricated
(fuks = 0.6) do reach a temperature above the criteraperature of the lubricant. Since the wedge
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regime diverges for increasing values @f,fsome of these summits are in the wedge regime at
fuke = 0.9, combined with the fact that these sumnrigsvartually unlubricated, results in galling of

these summits as well.

Table 1 Parameters used in reference case

Quantity Symbol Value Unit
Tool properties WN 1.2379

Thermal conductivity tool K 20 W mtK*?
Sheet properties 1400 M cold rolled

Thermal conductivity sheet K 64 W mtk?

Density p 8000 kg nt

Specific heat € 460 JkgtK?

Hardness H 1.8 GPa

Temperature sheet sT 20 °C
Combined properties

Reduced elastic modulus E* 69 GPa

Specific adhesion energy Ay 2.5 N m'

Constant in galling model m 2 mo* N

. . fuk1 (lubricated) 0.6 -

Dimensionless shear strength fro (unlubricated) 09 i
Lubricant property

Critical Temperature F 60 °C
Operational conditions

Velocity v 1.0 m§

Starting value f ho start -20 m

Attack angle /[rad]

Height /[micron]

*+ Non-galling summits pass 100
© Galling summits pass 100

Fig. 3 Attack angle vs. height at pass 100
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Fig. 5 Temperature of summits vs. summit heightassl00

The flash temperatures of the summits are plottgdhat the summit height in Fig. 5. In this figure
the critical temperatureI= 60°C is indicated. It shows that not all sumrttitst exceed the critical
temperature gall. In Fig. 3 it can be seen thattrnbshese summits are in the cutting regime and
some in the ploughing regime.
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At the end of each iteration the change in heigltigiculated for each of the summits that is gallin

In Fig. 6 the change in height of all summits igegi as function of the height of the summit. Of
course the summits which are galling have a non-gbange in height. The figure shows that the
higher summits that gall have a larger change iightte

Because of the larger change in height, the atdiagke will increase subsequently and most of these
summits will not gall in one of the subsequent pas©ther summits that do not gall in the current
pass can gall in one of the subsequent passesatfdek angle of these summits decreases in the
current pass, and their attack angle can crossritieal attack angle of cutting or wedging in the
wear mode diagram. Then this summit is in the weadgane at the next pass.
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Fig. 6 Change in height of summits vs. summit heaghgass 100

Over the subsequent passes high summits (lumplsangée, which will cause deep scratches. In the
forming process the depth of the scratches lefinolebn the product is the most interesting criterio
for approval of a product. In case a scratch isdeep the scratch can not be masked with lacquer.
A criterion used in the industry is a maximum depthhe scratch of 1Am. Deeper scratches lead
to rejection of the product. The depth of the stras therefore used as criterion in this paper as
well.

In Fig. 7 the calculated separation is plotted rgfaihe pass number. The program calculates the
lump growth on the tool. The lumps on the tool eagsratches in the sheet material. These
scratches will be just as deep, as the lump is. Aghcriterion for the lump growth the change in
height of the highest asperity has been chosen.

There are two possible criteria for the lump heidtite first is the change in height of the highest
asperity. The second is the change in the valu¢ghiiseparation. In this paper the latter had been
chosen, since the height of the highest asperayni®re subject to statistical noise.

The depth of the scratch is equal to the increaskd separation, since the lump growth is equal to
the change in separation. The separation statig=at0.88um and therefore the end criterion for
disapproval for a product ik 9.12um. This value is reached after 228 passes fordfezance
case in Table 1. This number of passes is relatédettool life, the number of products that can be
made with the tool.
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Fig. 7 Separation or lump growth for the refererasec(ly = -20)
In cases the load is less severe the starting \aluge will be higher. In Fig. 8 it is shown, that
galling can stop after a limited number of cycliéss(case 67), and that the depth of the scratah th

iIs made with the tool is only very small, less tlge®1um for this case. The case shown in Fig. 8
will therefore not lead to rejection of the product
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Fig. 8 Separation or lump growth fof H -o.
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4. Conclusions

A mathematical model has been presented, which ic@®tgalling initiation and lump growth in
forming processes. This model has been appliedetdarming process of super high strength steel.
The model can be used to predict whether gallindeiep drawing will occur and at which rate it
will take place. Action can be taken to decreasepttobability of galling. The model can be applied
as an instrument to predict the lifetime of thd tesed in the forming process.

An interesting result of the calculations showrthat the galling process can stop under certain
conditions. The height of the highest summit isyatightly above its starting value, and thus ih ca
be said that in that case no scoring has occufiea products will not be rejected.

A parameter study of the most important parameésdiareseen.

Experimental validation of both the initiation mddend the lump growth model has been
performed. Currently measurements are performesipar high strength steels as well.
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