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Abstract
During deep drawing processes of fiber metal laminates, such as the newly developed in-situ hybridization process, fibers 
and metal sheets come into contact while the dry fabric is infiltrated by a reactive matrix system. The viscosity of the matrix 
increases as polymerization starts during deep-drawing. In the in-situ hybridization process, a dry fiber metal laminate 
is deep drawn while a thermoplastic matrix system is injected into the glass fiber fabric layer in a resin transfer molding 
process. During forming of the fiber metal laminate, friction occurs in tangential direction to the metal sheet. The friction 
plays the main role in preventing the elongation of the sheets in the deep drawing process. Therefore, the measurement of 
friction coefficients between fibers and metal sheets is essential. In this paper, the friction between sheet metal and dry or 
infiltrated glass fiber fabric under high contact pressures of 1.67 MPa, as occurring in deep drawing processes, is character-
ized. A modified strip drawing test setup is used to analyze the coefficient of friction under a constant high contact pressure. 
Compression tests were performed to show that Coulomb friction can be assumed. Different types of glass fiber fabrics and 
liquids with defined viscosities are used. It was found that fluids with higher viscosity decrease the friction coefficients in 
the interface, which is physically explained. For the in-situ hybridization process, it is deduced that with low viscosities, a 
better infiltration is achieved, while higher viscosities reduce the friction coefficient for better formability.
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1 Introduction

The increasing demand for high-performance and light-
weight structures has promoted the application of fiber 
metal laminates (FML) in the aircraft industry over the last 
decades. FMLs consist of thin metal layers alternated with 
composite layers, e.g. ARALL (aramid fiber reinforced alu-
minum laminate), GLARE (glass fiber reinforced aluminum 
laminate), and CARALL (carbon fiber reinforced aluminum 
laminate) [1]. By using FML, advantageous properties can 
be achieved and the disadvantages of monolithic materials 
or structures can be compensated. Thus, high crack propa-
gation resistance [2], high absorption energy [3], good cor-
rosion resistance and resistance to flammability [4] can be 
achieved [5]. Important applications can be found in the 
transportation sector, e.g., in aviation [6] or increasingly 
in the automotive sector [7]. Structural components made 
of FMLs were initially produced by the autoclave process 
[8]. In this process, metal sheets are stacked alternately with 
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the pre-impregnated fibers. These layers are then evacu-
ated, placed in an autoclave and cured under high pressure 
(0.5–0.6 MPa) and elevated temperature (about 120 °C) [9]. 
Only small curvatures, as in an aircraft fuselage, can be real-
ized in an autoclave process [10]. Various manufacturing 
processes have been developed to manufacture FML com-
ponents of higher complexity: (a) by using a resin injection 
process with an asymmetrical structure [11]; (b) by using a 
preimpregnated (prepreg) and a preformed sheet [12]; (c) by 
using a semi-finished product consisting of pre-consolidated 
prepreg and adhering cover sheets [13]. Due to these usually 
expensive fabrication processes and low formability, FMLs 
have not yet become widely used in large-scale production.

The newly developed in-situ hybridization process for the 
production of FML shows great potential to produce three-
dimensional structural components in the car body-in-white 
in one step with one forming tool [14]. During the deep 
drawing of the dry FML, the fabric layers are infiltrated with 
a reactive thermoplastic matrix system in a thermoplastic 
resin transfer molding (T-RTM) process. An advantage of 
the process is the use of inexpensive semi-finished prod-
ucts and a very low viscosity matrix, which allows infil-
tration of fibers in regions of low cross-section and high 
fiber volume content [15]. Due to the low viscosity of the 
in-situ injected matrix, the fibers are in direct contact with 
the sheets throughout the forming process [16]. The per-
manent contact of fibers and sheet, as well as the higher 
contact pressures than in the state of the art, lead to reduced 
formability of the sheets due to friction [16]. Therefore, the 
friction between the fabric and the metal sheet has to be 
investigated specifically.

Usually, Coulomb friction is assumed. However, How-
ell [17] found that the coefficient of friction at low contact 
pressures for fibers is higher than at high contact pressures. 
Howell cites the contact state at the surface of the friction 
partners as the reason. At high contact pressures, plastic con-
tact of the surface irregularities occurs, leading to Coulomb's 
friction equation

which is a special case of the more general relationship

formulated by Bowden and Young in 1951 [18]. Here, F 
is the friction force, N the normal load, µ the coulomb fric-
tion value and k, n curve fitting parameters for non-linear, 
normal load dependent friction. For contact with entirely 
plastic deformation of the friction partners, n = 1 is assumed 
to be identical to Coulomb's friction equation. For contact 
with pure elastic deformation of the friction partners n = 2/3 
is valid. Values between n = 2/3 and n = 1 indicate the frac-
tion of plastic contact. According to Howell, the contact 

(1)F = �N,

(2)F = kN
n

state of friction partners depends on the real contact area 
and the yield strength under compression due to the normal 
load. The coefficient of friction then results from the shear 
strength of the welded surface irregularities.

Draping dry or impregnated fibers for the manufacturing 
of fiber-reinforced composites does not require high normal 
forces in the direction of fabric thickness. Therefore, metal-
fabric friction was previously investigated only under low 
normal forces to characterize the friction behavior between 
ply and tool. Sachs et al. [19] summarized different test 
methods for characterizing dynamic friction between fabrics 
and metal surfaces, where the maximum contact pressure 
was p = 0.16 MPa. In a common test method, a weighted sled 
is pulled over a test bed to determine the friction between 
ply/ply or tool/ply [20]. Another commonly applied test 
setup uses a plate with fabric attached to it, that is pulled 
out of or through two pressure plates where the other friction 
partner is attached to [21]. Rigidity of the tool is important, 
as misalignment of the tool due to the friction force can 
lead to uneven pressure distribution and therefore wrong 
measurements [19]. For dry fabrics, the ply/ply and tool/
ply friction can usually assumed to be independent of the 
drawing velocity and normal load [22]. When infiltrating 
the fabric with a viscous matrix, friction decreases as the 
matrix acts as lubrication. Furthermore, the friction behavior 
becomes dependent on the drawing velocity and normal load 
when introducing a viscous matrix. With increasing drawing 
velocities and decreasing normal loads, the friction increases 
[23]. Opposing views exist, whether the influence of the 
drawing velocity or the normal load on the coefficient of 
friction is higher [24]. In the forming of FMLs, much higher 
normal loads than in the fabrication of fiber-reinforced com-
posites are occurring on the interface between metal sheet 
and fabric. As the normal pressure increases, the area of 
the fabric in contact with the friction partner increases [25]. 
The area increases due to the reorientation of the fibers as a 
result of the normal pressure. This process-induced pressure 
thus affects the movement of the fibers in the semi-finished 
product (e.g. fabric). This is shown by the investigations of 
Samadi and Robitaille [26] with a numerical model, to what 
extent the contact area increases with increasing compaction 
of the fibers. From initial point contact, the contact area 
increases due to compaction and results in a higher fiber 
volume content. Yousaf et al. [27] state that the increase in 
area is caused by reorientations and by superimposed fibers 
sliding into the free spaces. Thus, when pressure is applied 
in the direction of fabric thickness, the thickness of the fab-
ric decreases.

So far, there is no standardized strategy to measure the 
friction between sheet metal and dry or infiltrated fabric 
under high contact pressures, like p = 2 MPa. This article 
presents the experimental characterization of the friction 
coefficient using a modified strip drawing test. In this test 
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setup, high contact pressures can be realized. The aim of the 
investigations is to find friction pairings that reduce friction 
and thereby increase formability in the in-situ hybridization 
process.

2  Material and experimental methods

2.1  Material

Different types of glass fibers and of metal sheets are 
selected to analyze the friction coefficients. The aluminum 
alloy AA 5182-H111 and cold rolled DC04 sheet metal 
blank with a thickness of 1.0 mm are common materials for 
body-in-white in the automotive industry. The metal sheets 
have a surface roughness of approximately R

a
= 1 µm. Two 

fabrics with different weave types, plain woven fabric and 
twill woven fabric, are selected to investigate the influence 
of the weave type under load (Fig. 1). In order to investigate 
the influence of the laminate thickness and the geometry, 

which affects the weight per unit area, on the fabric under 
load, two different weights per unit area are selected for the 
twill woven fabric: 80 g/m2 and 280 g/m2. The plain woven 
fabric has a weight of 280 g/m2.

2.2  Flat strip drawing test

The flat strip drawing tests are carried out on a test facil-
ity as described by Mennecart [15] and shown in Fig. 2. 
The sheet metal strip is clamped between two friction ele-
ments, whereby a defined force F is applied in the normal 
direction. The two specimens with a contact area of 30 mm 
(width) × 40 mm (height) = 1200  mm2 are covered with a 
layer of the glass fabric to be examined. The sheet metal 
strips used have a length of 300 mm and a width of 40 mm. 
The sheet metal strip is pulled at a constant velocity v 
while the compaction force N in thickness direction is kept 
constant and the pulling force F is measured. The applied 
transverse force and the drawing velocity are controlled. 
The forces are measured by piezo load cells (type 0911A 

Fig. 1  Geometries of the fabric: a plain woven fabric; b twill woven fabric

Fig. 2  Strip drawing test setup: a schematic sketch of the test principle; b specimen in the test setup
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0–15 kN in drawing direction and type 9021A 0–35 kN 
in clamping direction) from Kistler. The displacement is 
determined by using a potentiometric position transducer 
from Novotechnik (type LWH-0200). Assuming Cou-
lomb friction, the following formula is used to obtain the 
dynamic coefficient of friction �

D
:

The strip is clamped with a force of 2000 N, which cor-
responds to a contact pressure of p = 1.67 MPa, and pulled 
at a velocity of 600 mm/min. The determination of the 
coefficient of friction ends after five seconds. In order to 
detect an influence on the fiber orientation, the coefficients 
of friction for fibers which are clamped in 0°/90° and in ± 
45° are determined as shown in Fig. 3a.

Substitute fluids of different dynamic viscosities are 
used to determine the influence of viscosity on the coeffi-
cient of friction, because the reactive matrix system would 
polymerize and change its viscosity while testing. Sili-
cone oils with viscosities of 160 mPa s, 10,000 mPa s and 
100,000 mPa s are used. The viscosity of the low viscous 
oil corresponds to the initial viscosity of the matrix system 
used in deep drawing of fiber metal laminate with in-situ 
hybridization. With the current in-situ hybridization pro-
cess, the deep drawing is completed after 90 s with a low 
viscous matrix. With lower drawing velocities, the matrix 
would polymerize further during the deep drawing. Higher 
viscosities are intended to reflect the increase in viscosity 
during polymerization, as shown in Fig. 4. The fabrics are 
completely infiltrated with the oils. Excess oil is pressed 
out by the contact pressure. Three to four evaluable tests 
for each configuration are carried out.

(3)�
D
=

F

2N

3  Results

3.1  Friction coefficient between fabric/sheet metal 
in strip drawing test

Figure 5 shows a selection of the coefficients of friction of 
the dry and infiltrated fabrics for a fiber orientation of 0°/90° 
to the drawing direction of the sheets against the displace-
ment. The mean values and standard deviations of all evalu-
able tests are plotted to compare different fabric and metal 
types under the influence of oils with different viscosities. 
The dry fabric in interaction with both the AA 5182-H111 
and DC04, respectively, shows the highest friction. With 
up to µ = 0.23, this is the highest value for the heavy twill 
woven fabric and the plain woven fabric. The friction coef-
ficients are similar for the combination with DC04 and with 

Fig. 3  Test conditions of the strip drawing: a orientations of the fiber ply; b dry and infiltrated state

Fig. 4  Viscosity of the matrix over time at 80 °C and substitutive vis-
cosities chosen for friction tests
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AA 5182-H111. The coefficient of friction drops slightly 
by approx. 0.03 in the wet condition with 160 mPa s oil 
compared to the dry state. The friction in dry state and with 
160 mPa s viscous oil is mostly independent of the fabric 
typ. With higher viscous oils, the friction coefficient is much 
lower. The friction associated with the oil with a viscosity of 
10,000 mPa s produces contact friction coefficients between 
µ = 0.05 (light twill woven fabric) and µ = 0.12 (plain woven 
fabric). At 10,000 mPa s viscosity, a sharp increase in the 
friction coefficient during the draw path for the friction pair-
ing of plain woven fabric and sheet metal can be noticed. 
The coefficient of friction increases from an initial value 
of µ = 0.07 to µ = 0.12. This effect is not observed for the 
twill woven fabric at 10,000 mPa s in combination with 
the AA5182-H111. Here, the friction coefficient is slightly 
lower (µ = 0.05) than for the plain woven fabric and steady 
over the displacement. However, a similar effect is observed 
in the twill woven fabric in combination with DC04 at 160 
mPa s, where the initial friction coefficient is lower than 
in combination with AA5182-H111 but increases to the 
same value at further displacement. The coefficient of fric-
tion is lowest in the case of the friction pairing between 

fibers infiltrated with the highly viscous oil (100,000 mPa 
s) and the sheet metal. Here, the coefficient of friction is 
between µ = 0.02 and µ = 0.04. Again, the friction coefficient 
is slightly lower for the twill woven fabric. It is steady over 
the displacement for both plain and twill woven fabric at 
100,000 mPa s. Standard deviations are around ± 10% for 
most material combinations with slightly higher deviations 
for DC04 with twill woven fabric and 160 mPa s as well as 
100,000 mPa s viscous oil. Higher deviations in these cases 
are caused by considerably higher (for 160 mPa s) or lower 
(for 100,000 MPa) measured friction coefficients in one of 
the three performed tests. They were not excluded from the 
analysis as outliers as they are still in a reasonable range.

Figure 6 shows the coefficients of friction for the dry and 
for the infiltrated fabrics for a fiber orientation of ± 45° to 
the drawing direction of the sheet. In general, the friction 
shows a similar behavior in ± 45° direction as in 0°/90° 
direction. The friction coefficients are higher for dry fabrics 
and decrease with increasing viscosity. Friction coefficients 
are slightly higher in ± 45° direction, in particular for the 
twill woven fabric. Smaller differences can be observed for 
the plain woven fabric, where the main difference is an even 

Fig. 5  Friction coefficient in 0°/90° direction of the fabric (standard 
deviations shown with dotted lines): a between AA5182 sheet and 
twill woven fabric 280 g/m2; b between DC04 and twill woven fab-

ric 280 g/m2; c between AA5182 and plain woven fabric 280 g/m2; d 
between AA5182 sheet and different fabrics infiltrated by 160 mPa s 
viscous fluid (no standard deviation shown for better visibility)
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larger increase of the friction coefficient over the displace-
ment for the fabric that is infiltrated with the 10,000 mPa s 
oil. For the twill woven fabric, a sharp increase in friction 
coefficient can be seen during the initial displacement in 
combination with the 160 mPa s oil and both DC04 and 
AA5182-H111. In 0°/90° direction, this increase is not 
observed in combination with AA5182-H111 except for a 
small increase in the very beginning, whereas in combina-
tion with DC04, the increase in friction coefficient is spread 
out place over the whole displacement length. Similar to 
the experiments conducted in 0°/90°-direction, the standard 
deviations are around ± 10% or lower. Standard deviations 
are slightly lower for the experiments performed in ± 45° 
direction.

4  Discussion

4.1  Fabric compression test to verify the application 
of Coulomb’s law

One compression test from 0.005 to 5 MPa was performed 
on three layers of the twill woven fabric 280 g/m2 to verify 
the assumption of contact with plastic deformation for the 
application of Coulomb’s friction law. The initial thick-
ness of the fabric at 0.005 MPa amounts to 0.32 mm. The 
compression behavior is assumed to be similar for the plain 
woven fabric 280 g/m2 and twill woven fabric 80 g/m2. 
The obtained thickness-pressure curve is shown in Fig. 7. 
According to Yousaf et al. [27], it consists of three parts. 
First a linear part and second an exponential part, where 
the majority of the compression takes place by rearrang-
ing of the fibers and interlayer nesting. The last part of the 
compression curve is determined by the elastic deforma-
tion of the fibers itself as almost all possible nesting took 
place at lower compression loads. For the tested fabric, this 
is the case for pressures higher than approximately 1 MPa. 
Bowden and Young’s friction is dependent on the contact 

Fig. 6  Friction coefficient in ± 45° direction of the fabric (standard 
deviations shown with dotted lines): a between AA5182 sheet and 
twill woven fabric 280 g/m2; b between DC04 and twill woven fab-

ric 280 g/m2; c between AA5182 and plain woven fabric 280 g/m2; d 
between AA5182 sheet and different fabrics infiltrated by 160 mPa s 
viscous fluid (no standard deviation shown for better visibility)
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area and type of contact between the friction partners. At 
high pressures, the contact area between metal sheet and 
fibers can be seen as constant, since only very little elastic 
deformation is occurring in the brittle and stiff glass fib-
ers. The contact between metal sheet and glass fibers can be 
seen as almost entirely plastic. While the glass fibers should 
exhibit almost no deformation compared to the metal sheets, 
the deformation of the surface irregularities on the metal 
sheet should be almost entirely plastic at high pressures 
as they are occurring in the in-situ hybridization process 
and the strip drawing tests. Coulomb friction [with n = 1 in 
Eq. (2)] can therefore be assumed. Under low contact pres-
sures, Coulomb’s law could not be applied for the determina-
tion of the friction coefficient because the change in contact 
area would have to be considered.

4.2  Interaction between fabric/sheet metal in strip 
drawing test

The standard deviations of approximately ± 10% are low 
compared to the differences observed for different material 
combinations. The number of tests carried out can there-
fore assumed to be sufficient for this investigation. Slightly 
lower standard deviations were observed in ± 45° direction. 
Although being almost the same in warp and weft direction 
(133 g/m2 and 143 g/m2), a slight anisotropy in the fabric 
might lead to small differences between 0° and 90° direction 
that could explain the higher deviations. The friction coef-
ficient measurements for the dry fabrics and for the fabrics 
infiltrated with the low viscous fluid show that the friction 
coefficients are approx. 0.01 to 0.02 higher when the fiber 
orientation is ± 45°. A possible cause of friction in fiber 

metal contact could be that the fibers rotate in the direction 
of tension due to friction (Fig. 8). Due to less undulations 
and better drapability, a greater rotation of the roving in the 
twill woven fabric compared with plain woven fabric is to 
be expected. For the fiber rotation, additional force is needed 
which explains the measured higher friction coefficient for 
fabrics in ± 45° direction. At the crossing points of the rov-
ings, the contact pressure is much higher than the average 
pressure.

For some specimens, an increase in the friction coeffi-
cient can be observed with further displacement. This effect 
occurs in particular for the ± 45° fiber orientation to the 
drawing direction. This can be explained by the fact that the 
liquid is quickly discharged to the outside in a V-shape, as 
Hahn et al. [11] also found in bending processes. A faster 
squeezed out fluid leads to an increasing number of fibers 
interacting with the metal sheet and a continuously increased 
coefficient of friction (Fig. 9). Without fluid, the contact 
pressure is very high at the crossing points of the fabric. 
Because the matrix is transported forward with a fiber ori-
entation of 0°/90°, the fluid is not as easily squeezed out 
of the fabric. The displacement of the fluid is also more 
difficult with medium viscosity. The matrix film is dragged 
along before displacement of the fluid occurs over time. This 
means that the friction coefficient in this case changes from 
a low to a higher value. Using a highly viscous fluid, no 
matrix is squeezed out and the matrix is in contact with the 
sheet during the entire draw path. With increasing viscosity, 
the pressure is more evenly distributed and gets closer to the 
average area pressure. As a result, the friction factor is low 
when the viscosity is high.

The influence of fluids with different viscosities on the 
friction between fabric and metal was investigated under a 
high normal pressure. Dry friction without viscous matrix is 
independent of the drawing velocity. However, when using a 
viscous matrix, the friction decreases with decreasing veloc-
ity. In this work, a high drawing velocity of 600 mm/min was 
investigated. For lower drawing velocities, as occurring in 
the in-situ hybridization process, the difference in friction 
between dry and infiltrated fabrics is therefore assumed to 
be even higher.

As of now, a low reactive matrix system is used in the in-
situ hybridization process. During the deep drawing process, 
only little polymerization takes place with increasing matrix 
viscosity from initial 100 mPa s to approximately 200–300 
mPa s [14], as shown in Fig. 4. Most of the viscosity increase 
takes place during polymerization when holding the position 
after deep drawing. This investigation shows that lower fric-
tion values hinder the metal sheet less in the forming process 
and allow greater degrees of forming. As lower frictions can 
be achieved with a higher viscous matrix, lower drawing 
velocities or using a matrix system with faster polymeriza-
tion time could improve the forming behavior in the in-situ 

Fig. 7  Thickness-pressure curve of one fiber layer for the compres-
sion of three layers twill woven fabric 280 g/m2 and schematic over-
view of the compression behavior of one fiber roving in contact with 
the metal sheet
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hybridization process. When polymerization already takes 
place during the forming process, the friction is reduced 
due to higher matrix viscosity, in particular towards the end 
of the forming process. However, a high viscosity is also 
counterproductive for forming of the fabric layer, as other 
studies have shown [28]. High viscosities reduce the fric-
tion between fabric and metal sheet, but lead to higher fluid 
forces. The higher fluid forces lead to fiber washing and thus 
poorer forming results in the fabric due to fiber misorienta-
tion. Therefore, further research has to be conducted to find 
a process window for the in-situ hybridization process.

5  Conclusion

The coefficient of friction was measured by strip drawing 
tests between glass fiber fabrics and metal sheets of alu-
minum and steel. For a characterization close to the process, 
it is essential to represent the friction parameters required 
in a realistic way. For low contact pressures the non-linear 
friction behavior has to be accounted for. For high contact 
pressures, as they occur in the in-situ hybridization process, 
it could be shown that the strip drawing test is suitable. It 

was shown that the applied contact pressures were high 
enough to assume Coulomb friction. The following conclu-
sions regarding the friction coefficient for different material 
combinations can be drawn:

• The friction coefficient in fiber-metal combinations is 
mainly dependent on the lubrication due to infiltration 
with matrix.

• The friction between fabric and metal is highest for dry 
fabrics due to high local contact pressure at the crossing 
points of the rovings.

• Infiltrated fabrics show a lower friction coefficient as the 
fluid leads to a more even pressure distribution in par-
ticular with higher viscous oils. Therefore, higher viscous 
fluids reduce the friction between metal and fabric. With 
increasing drawing length, the friction coefficient also 
depends on the displacement of the fluid out of the fabric.

• The fluid is more easily discarded in ± 45° direction as 
the rovings are rotated by the drawing force. Thus, fric-
tion coefficients are slightly higher in ± 45° direction.

The results of the strip drawing test demonstrate that 
a higher viscous matrix is more favorable for metal sheet 

Fig. 8  Schematic illustration of 
the fiber behavior due to friction 
between sheet metal and fibers
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forming, since it leads to lower friction values. In the in-
situ hybridization process, forming takes place with a low 
viscous matrix. Polymerization during the forming process 
might improve the forming behavior by increasing the vis-
cosity towards the end of the forming process. However, 
high viscosities are counterproductive for the forming of the 
fabric, as they can lead to fiber washing and misorientation 
due to high fluid forces. A compromise between low friction 
but no fiber misorientation has to be found for improving the 
forming process of FMLs.
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