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Abstract
This paper is dealing with the influence of processing parameters for manufacturing of steel–carbon-fiber-reinforced-plastic 
(CFRP) hybrid plates by using the one-shot-hybrid resin-transfer-moulding (OSH-RTM) process. A design of experiments 
study was carried out. The quality of the manufactured parts was quantified by the bending modulus, the apparent interlaminar 
shear strength (ILSS), the maximum deflection and the density of the CFRP. The following changeable processing parameters 
were chosen: mould temperature, resin temperature, change in mass flow and maximum injection pressure. It is shown that 
the mould temperature and the change in mass flow show significant impact on the flexural modulus, density and maximum 
deflection of the plate while there is no significant impact on the apparent ILSS. Furthermore, the interaction between the 
mould temperature and resin temperature is having an influence on the flexural modulus and density.

Keywords CFRP-metal hybrid composites · Temperature induced deflection · Processing parameters · Resin transfer 
moulding · Processing of composite materials

1 Introduction

Hybrid materials and structures have become a new and 
promising branch in the world of material and part design. 
Compared to the base materials, such hybrid material com-
binations show superior properties. They are closing the gap 
between commonly used materials like metals and upcom-
ing materials like fiber-reinforced-plastics (FRP) [1]. This 
enables engineers to design parts which require particularly 
high stiffness, low weight and high impact resistance. Espe-
cially the impact resistance is increased due to the ductility 
of the metal component. Composites themselves are already 
hybrid materials consisting of reinforcing fibers and a matrix 
system fixing them together and forming a rigid body. This 
means that the manufacturing step of a composite struc-
ture is not only building the final component but also the 

composite material itself. One can conclude that this step 
is not only defining the geometrical dimensions of the com-
ponent but also the mechanical properties of it. This gets 
even more important if a hybrid component is made. In this 
case the matrix system of the carbon-fiber-reinforced-plastic 
(CFRP) is also building the interface towards, for instance, 
the metal component. In this work, a hybrid material consist-
ing of CFRP and steel was considered. The manufacturing 
step was made by using a one-shot-hybrid resin-transfer-
moulding (OSH-RTM) process. In difference to the state 
of the art production method this processing type is saving 
the time-consuming gluing step where the metal compo-
nent is joined together with the CFRP after producing each 
component individually. The OSH-RTM process, which is 
shown in Fig. 1, is consisting of six major steps. At first the 
carbon fabric is cut, followed by a layup and preforming 
step. Further the preform and the metal part are placed in 
the mould and the mould is closed. This is followed by the 
resin injection were the matrix system is injected at a defined 
mass flow rate and a resulting fluid pressure. After the fill-
ing is done the resin is cured under increased temperature 
to reduce the curing time. As a last step, the mould can be 
opened and the final hybrid part can be demoulded.

The RTM process was already used in the 1990s to pro-
duce CFRP components for upper class and sport cars as 
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well as for aeronautic parts [2–4]. Chassis of high-volume 
series cars are still mainly made of metals. In order to build 
chassis consisting of CFRP and steel or aluminum, connec-
tion points between the different materials are needed [5, 6]. 
In order to avoid damaging the CFRP structure by drilling 
holes, joints based on screws and rivets should be eliminated 
and an adhesive should be used instead [7, 8]. There are dif-
ferent methods available to enhance bonding quality such 
as corona treatment, sand blasting or etching [9–11]. While 
the influence of the surface treatment and interface layer 
onto the mechanical properties of such hybrids was studied 
by Wang et al. [12, 13], the impact of variable processing 
parameters has not been considered yet. As described above, 
the OSH-RTM process is using the matrix system as an 
adhesive [12, 14, 15]. This saves the production step of glu-
ing but also hides some challenges. Due to the different ther-
mal expansion coefficients of the CFRP and the steel plate 
as well as curing at elevated temperature, thermally induced 
stresses are developing while cooling the part to ambient 
temperature [16, 17]. These stresses can lead to deformation 
or even debonding of the constituents [18]. It is known that 
preform impregnation strongly impacts the void formation 
and therefore the mechanical properties of the composite 
part [19–21]. The aim of this work is to study the influence 
of processing parameters on hybrid CFRP-steel-components 
in order to establish optimum processing conditions in order 
to minimize part deformation and to enhance the mechanical 
properties of the hybrid part. Taking these objectives into 
account, a statistical analysis of quality parameters was car-
ried out while varying the changeable processing parameters 
of the RTM process.

2  Experimental work

In order to investigate the influence of the processing param-
eters of the OSH-RTM process on the hybrid part quality the 
following parameters were chosen: Mould temperature, resin 
preheating temperature, mass flow change and maximum 

injection pressure. For the design of experiments (DoE) 
study presented in this work, each of these parameters was 
varied between two distinct levels as listed in Table 1.

To quantify the quality of the product flexural modulus, 
apparent interlaminar shear strength (ILSS), maximum 
deflection and density of the CFRP were characterized. 
The density was used as a quality parameter as it is strongly 
affected by the void content in the CFRP.

2.1  Material

Table 2 is showing the used materials for the manufactur-
ing of the hybrid steel-CFRP plates. In total 48 plates with 
dimensions of 270 × 270 × 4 mm were produced.

The steel plate was sandblasted on the side which is in 
contact with the fiber fabric. This is enlarging the surface 
area and is also giving the surface valleys which are facilitat-
ing a better bonding [22]. A thin glass fiber fabric was used 
to prevent the steel from contact corrosion which occurs 
when carbon fibers are in contact with base metals [23, 24]. 
Figure 2 shows the stack sequence of the hybrid plate while 
the symbols a, b, c and d are referring to the materials shown 
in Table 2 while 2 mm of the plates were made of a steel 
plate and the other 2 mm were made from the composite.

The composite part of the hybrid was designed as a sym-
metric laminate. Nevertheless, the whole plate is unsym-
metrical as the metal plate is rigidly joined towards the 
composite.

2.2  Experimental setup

For the DoE study, a fractional factorial design was chosen 
to reduce the amount of experiments. This led to eight 
different settings for the chosen process parameters which 
are shown in Table 3. All parameters were set to a high 
and low level. The resin temperature was varied between 
65 and 75 °C. At a too low temperature the resin is get-
ting a high viscosity and is no longer processable with an 
automated injection unit. The high temperature point was 
set at a level were the heating unit of the injection unit 
can still achieve a uniform heat distribution in the resin 

Fig. 1  Schematics of the one-shot hybrid RTM process

Table 1  Defined processing parameters for the OSH-RTM process 
with high and low level

Parameter Abbreviation Symbol Unit Low High

Mould temperature TMould A °C 100 120
Resin temperature TResin B °C 65 75
Mass flow change mf. ch. C g/min2 60 120
Max. injection pres-

sure
max. inj. p. D bar 10 20
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pot. The mould temperature was set to 100 and 120 °C, 
respectively. The proposed curing cycle for the used resin 
system is 25 min at 100 °C. To achieve a higher glass 
transition temperature, 120 °C was chosen as the second 
mould temperature level. The curing time was kept con-
stant at 25 min for all experiments. At all settings, the 
initial mass flow of the injection was chosen to be 150 g/
min. Depending on the parameter set the mass flow was 
raised linearly by 60 or 120 g/min2 during the injection. At 
the maximum injection pressure, the injection unit is con-
trolling the mass flow towards a value where the pressure 
stays constant. The high value was set to 20 bar while the 
low value was set to 10 bar. All the settings were repeated 
six times and randomized.

2.3  Plate production

All the experiments were carried out in a steel mould with 
cavity dimensions of 270 × 270 × 4 mm, which is heated 
by a water-based heating system of type Thermo-5 HB-
180Z2 by HB-Therm. Prior to the manufacturing of the 
hybrid plates the ACMOScoat 82-1181-71 release agent 
from ACMOS Chemie KG was applied. The mould was 
mounted on a Langzauner LZT-OK-80-SO press which 
was applying a load of 300 kN throughout the experiment. 
The resin system was heated and injected with a Tartler 
Nodopur VS-2K injection unit. After 25 min of curing the 
hybrid plate was demoulded and cooled down to ambient 
temperature (23 °C) by free convection.

2.4  Test setup

The plates were measured using a laser triangulation sen-
sor scanning the surface with a 60 × 60 mm grid while 
taking measurements every 1 mm. A margin of 15 mm 
from the sides was skipped from measurement. After-
wards the specimens for the two three-point bending tests 
were cut out by using a waterjet cutting device. Figure 3 
is showing the dimensions and positions of the interlami-
nar shear strength (ILSS) (based on the ISO 14130:1997 
standard) and flexural modulus specimens (based on the 
ISO 14125:2011 standard) in the hybrid plate.

The ILSS tests were carried out with a Zwick Z250 uni-
versal testing machine. The measurements of the flexural 
modulus were made with a Zwick Z010. In both cases, a 
10 kN load cell was used and the steel side was turned 
upwards. The span of the supports for the apparent ILSS 
measurement was 20 mm while the span for the  Ef meas-
urement was 160 mm.

The ILSS specimen were used to additionally measure 
the density of the CFRP. After running the ILSS test, the 
CFRP was removed completely from the steel. The density 
of the CFRP was then measured with a Mettler Toledo 
Density Kit and scaled using the differential weight pro-
cedure with a water bath.

Table 2  Used materials for the 
production of the hybrid steel-
CFRP-plates

Material Specification Supplier Areal Weight Symbol

Metal Steel 1.0548 HC340LA TK – a
Carbon fibres Style 423-1, 6K ECC 253 (g/m2) b
Carbon fibres 650SA4, 12K HS Chomarat 670 (g/m2) c
Glass fibres microlith ST 3022 Johns Manville Corp 27 (g/m2) d
Resin Epinal IR 77.55-A1 bto-epoxy – –
Curing agent Epinal IH 77.55-B1 bto-epoxy – –

Fig. 2  Layup of the hybrid plate with a steel HC340LA, b Style 423-
1, 6K carbon fabric, c 650SA4, 12K carbon fabric and d microlith ST 
3022 glass fabric

Table 3  Settings for the fractional factorial design for the DoE study

Set nr. Resin 
temp. (°C)

Mould 
temp. (°C)

Mass flow 
change (g/min2)

Max. inj. 
pressure 
(bar)

#1 65 100 60 10
#2 75 120 60 10
#3 65 120 60 20
#4 75 100 60 20
#5 65 120 120 10
#6 75 100 120 10
#7 65 100 120 20
#8 75 120 120 20
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3  Results

A total of 48 plates were produced and for each plate the 
flexural modulus, ILSS, deformation and CFRP density 
was determined. Figure 4 is showing a hybrid plate from 
Set #1 configuration listed in Table 3.

Figure 5 is showing the surface scan corresponding 
to the plate depicted in Fig. 4. The blue lines show the 

measurements points while the colored area is showing 
the interpolated surface of the plate which is modeled by 
a second order surface equation. As maximum deflection, 
the point with the highest z value was chosen.

For the ILSS measurements the point of the first damage 
at the specimen was taken. As an example, the measurement 
of an ILSS test for Set #1 is shown in Fig. 6 One can see 
that the change of force is showing a discontinuous behavior 
shortly after 0.4 mm deformation. The load F, where this 
behavior was observed is indicated with a dotted vertical 
line and was taken as basis for the calculation of the apparent 
ILSS τ as mentioned in Eq. (1):

with τ representing the apparent ILSS, b and h denot-
ing the cross-sectional width and height of the specimen, 
respectively.

The flexural modulus  Ef was calculated based on the ISO 
14125:2011 standard according to Eq. (2) where  Ef is the 
flexural modulus, L is the unsupported length, b and h the 
cross-sectional width and height of the specimen, respec-
tively and ∆F/∆s is the gradient of force F and deformation 
s between 0.05 and 0.25% strain.

3.1  Statistical analysis

The intension of the DoE study is to analyze the influence 
of processing parameters on the quality of the produced 

(1)� =
3

4
×

F

b × h
,

(2)Ef =
L3

4bh3
×
ΔF

Δs
.

Fig. 3  Position and dimensions of the ILSS and flexural modulus 
specimens in the hybrid plate

Fig. 4  Picture of a hybrid steel-CFRP plate manufactured with Set #1

Fig. 5  Measurement of the deflection of the hybrid plate manufac-
tured with Set #1

Fig. 6  Load versus deformation and change of load versus deforma-
tion plot for an ILSS measurement for Set #1
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hybrid steel CFRP part. The study also enables to find 
interactions between the processing parameters. Therefore, 
the interactions of the first order were investigated too. To 
find outliers a Grubbs test and a Dixon’s Q ratio test both 
with a significance level of 0.25 were carried out, while 
a maximum of one of the six points was not taken into 
account for the statistical analysis for each setting [25, 26].

Figure 7 is displaying the results for the flexural modu-
lus  Ef. There is a difference at the standard deviations as 
well as a change of the mean value for the different set-
tings. Set #6 is showing the lowest variation while the 
result of Set #8 is showing the highest. The highest modu-
lus of 95.22 GPa was measured at Set #2 while Set #6 is 
showing the lowest modulus of 89.84 GPa.

The ILSS measurements which are shown in Fig. 8 are 
showing a big standard deviation for most of the measure-
ments. This phenomenon is often observed at this kind of 
measurement. One can see that the standard deviation at 
Set #1 is the highest while Set #3 is showing the lowest. 
The highest apparent ILSS of 57.47 MPa was measured 

at Set #3 while the lowest with 56.27 MPa was observed 
at Set #2.

A clear difference of the maximum deflection for the dif-
ferent settings is visible at Fig. 9. All standard deviations are 
quite low, Set #4 is showing the lowest and Set #7 is showing 
the highest. The lowest maximum deflection of 8.06 mm can 
be observed at Set #7 while Set #2 is showing the highest 
value of 9.27 mm.

Figure 10 shows the results for the CFRP density ρCFRP. A 
difference of the standard deviations can be observed. While 
Set #3, #4 and #6 are showing rather low variations, Set #2, 
#5 and #7 are showing much higher standard deviations. 
The highest density of 1.476 g/cm3 was measured at Set #2 
while Set #6 is showing the lowest density of 1.470 g/cm3.

Analyzing the data shown in Figs. 7, 8, 9 and 10, effect 
plots and Pareto charts can be created [27]. The Pareto chart 
enables one to decide if the effect is significant, while the 
effect plots show in which direction the observed qual-
ity parameter is affected, when a processing parameter is 

Fig. 7  Mean of flexural modulus  Ef for each setting of the DoE study 
including 90% confidence interval

Fig. 8  Mean of apparent ILSS τ for each setting of the DoE study 
including 90% confidence interval

Fig. 9  Mean of maximum deflection  zmax for each setting of the DoE 
study including 90% confidence interval

Fig. 10  Mean of CFRP density ρCFRP for each setting of the DoE 
study including 90% confidence interval
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changed. Due to the standardization of the effects in the Pareto 
charts the impact of each processing parameter on a quality 
parameter can be seen. All bars which are longer than the red 
striped line, which is indicating the (1 − α/2) quantile of a 
t-distribution with degrees of freedom equal to the degrees of 
freedom for the error term, are indicating a significant effect 
with a probability of 90% (at a standardized effect of 1.68) 
[28]. The models for the Pareto charts for  Ef and  zmax were 
calculated by using a stepwise backward elimination method 
at α = 0.1 while α = 0.3 was used for the ρCFRP Pareto chart.

When looking at the Pareto charts for the four observed 
quality parameters,  Ef, τ,  zmax and ρCFRP which are shown 
in Figs. 11, 14, 16 and 18, one can see that there are only 
two parameters and one interaction between two parameters 
affecting the quality of the hybrid. The processing param-
eters are coded with the symbols A (mould temperature), B 
(resin temperature), C (mass flow change) and D (maximum 
injection pressure), as stated in Table 1.

The flexural modulus is mainly affected by the change 
in mass flow, the mould temperature and the interaction 
between the mould temperature and the resin temperature. 
The mass flow change is directly affecting the speed of the 
flow front. It has been shown that there is an optimum of 
flow front speed which is minimizing the void formation 

in the composite structure [19–21]. Furthermore it is well 
known that the amount of voids is indirect proportional to 
mechanical properties of composites [29–31]. According to 
Fig. 12, one can expect that a low flow front velocity is 
advantageous in this case. The mould temperature is also 
showing an influence on the flexural modulus. This can be 
explained by the higher reachable curing degree and the 
higher glass transition temperature of the epoxy resin system 
at a higher curing temperature while using the same cur-
ing time. Furthermore, there is an interaction of the mould 
temperature and the resin temperature. Figure 13 shows 
the interaction plot. The flexural modulus is rising with the 
higher mould temperature, but much more if the resin tem-
perature is at the high level. This might be linked to the 
properties of the resin system. The viscosity of the resin 
system is decreased by increasing its temperature and when 
injecting the resin system into the fiber fabric it is getting 
heated up. While the heating effect is insufficient for the 
resin system with 65 °C, a better viscosity value is reached 
by the resin system with 75 °C. This can reduce the void 
content due to different wetting behavior.

None of the tested processing parameters is affecting the 
apparent ILSS. The Pareto chart displayed in Fig. 14 was 

Fig. 11  Pareto chart for the flexural modulus  Ef whit α = 0.1

Fig. 12  Main effects plot for the 
flexural modulus  Ef with a 90% 
confidence interval

Fig. 13  Interaction plot for the mould temperature and resin tempera-
ture affecting the bending modulus  Ef
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created without using the elimination technique otherwise 
all parameters of the model would be eliminated. There are 
two ways to describe the absence of a significant influence 
on the apparent ILSS by the processing parameters. On the 
one hand, this can be linked to the high statistical uncer-
tainty associated with the results shown in Fig. 8. The uncer-
tainty might not only be linked to the testing method itself 
but also to damage induced while manufacturing the test 
specimen [32, 33]. This noise can also be seen in the main 
effect plot for the apparent ILSS in Fig. 15. On the other 
hand, it might simply be explained that there is no effect on 
the bonding of the metal towards the CFRP by the chosen 
processing parameters in their observation range.

The maximum deflection of the produced part is 
strongly affected by the mould temperature. This can 
clearly be seen at the Pareto chart shown in Fig. 16. It 
can be easily described by the different thermal expansion 
coefficients of the metal and the CFRP [16]. The coeffi-
cient was measured to be 10.0E−6 1/K for the metal while 
the in-plane thermal expansion coefficient of the CFRP is 
3.5E−6 1/K, respectively [34]. This discrepancy leads to 
the buckling of the steel CFRP hybrid causing the deflec-
tion which was predicted by finite element simulation pre-
viously [35]. The second significant effect is the change in 
mass flow. As explained above, this is linked to the flow 

front speed and the void formation. A higher amount of 
voids in the composite structure might also change the 
thermal expansion coefficient. Nevertheless, as shown 
above the mass flow change has a significant influence 
on the flexural modulus of the composite which is shift-
ing the elastic centre. Due to the mechanical properties 
of the used steel and CFRP the elastic centre is already 
shifted towards the steel component [36]. If the modulus 
of the CFRP is even more reduced the steel is getting more 
dominant and this will lead to a smaller deflection of the 
whole plate. The directions of the effects are displayed 
in Fig. 17 which is showing the main effect plot for the 
maximum deflection.

The void content is inverse proportional to the density 
of the CFRP and as Fig. 18 shows mainly affected by the 
interaction of the mould temperature and resin temperature. 
The orange stripe-dotted line at a standardized effect of 1.05 
is indicating the border of 70% probability that the CFRP 
density is affected by the parameter. The mould temperature 
and the mass flow change are exceeding this threshold. This 
confirms the hypothesis stated above why the flexural modu-
lus and the deflection is affected by these parameters. Due 
to the density measurement method and other parameters 
which are affecting the density, there is no higher probabil-
ity reachable for the effect of these processing parameters. 

Fig. 14  Pareto chart for the apparent ILSS τ whit α = 0.1

Fig. 15  Main effects plot for 
the apparent ILSS τ with a 90% 
confidence interval

Fig. 16  Pareto chart for the maximum plat deflection  zmax whit α = 0.1
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Nevertheless, these effects can also be seen in Fig. 19, the 
main effect plot, and Fig. 20, the interaction plot for the 
CFRP density.

4  Summary and conclusion

This work shows the influence of processing parameters 
of the OSH-RTM process on the part quality. The flexural 
modulus  Ef, the apparent ILSS τ, the maximum deflection 
 zmax and the CFRP density ρCFRP of a hybrid plate made out 

of steel and CFRP were specified as quality parameters. As 
changeable processing parameters, the mould temperature, 
resin temperature, change in mass flow and maximum injec-
tion pressure were defined and varied at two levels. It was 
shown that  Ef is affected by the change in mass flow, the 
mould temperature and an interaction between the mould 
and resin temperature, which can be linked to void forma-
tion on the one hand and a change of curing degree on the 
other hand. The results of the short beam three-point bend-
ing ILSS test were not able to reveal an effect of the pro-
cessing parameters onto the interface strength of the hybrid 

Fig. 18  Pareto chart for the CFRP density ρCFRP whit α = 0.1(red 
striped line at 1.68) and α = 0.3 (orange stripe-pointed line at 1.05)

Fig. 19  Main effects plot for 
the CFRP density with a 90% 
confidence interval

Fig. 20  Interaction plot for the mould temperature and resin tempera-
ture affecting the CFRP density ρCFRP

Fig. 17  Main effects plot for the 
maximum plate deflection with 
a 90% confidence interval
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material. Nevertheless, there is a highly significant impact 
of the mould temperature on the maximum deflection of 
the steel CFRP hybrid plate, which is mainly driven by a 
difference in the thermal expansion coefficients of steel and 
CFRP. This effect is accompanied by a much smaller impact 
of the mass flow change on the maximum deflection, which 
is linked to the change of the flexural modulus shifting the 
elastic center further into the steel component. Measurement 
of CFRP density revealed that it is mainly influenced by the 
interaction of the mould and resin temperature. This inter-
action is leading to an advantageous behavior of the matrix 
system which results in higher density and therefore lower 
void content. To achieve an optimized part with a high flex-
ural modulus and a low deflection a compromise has to be 
found. Therefore, a low mould temperature and an optimized 
mass flow change should be used.
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