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ABSTRACT
Lightweight electronics housings for satellites are multi material systems and can provide efficient

radiation protection. The challenge in hybrid concepts consisting of carbon fibre reinforced plastic
(CFRP) and tungsten (W) is that the adhesion of CFRP onto rolled tungsten foils is not reliable. After
manufacture, the interface between tungsten and the matrix polymer is loaded by residual stresses due
to the high Young’s modulus difference and thermal expansion mismatch. In this study, we analyse a
three-point bending (3PB) method for acceptance testing of interfaces in W-CFRP laminates with the
help of finite element analysis (FEA). Our results showed that the 3PB test method introduced here
was capable of distinguishing between different tungsten surface treatments. Also, the scatter in
critical force values and apparent shear strengths was low compared to pull-off testing. The FEA
indicated that brittle interfacial failure initiates at the specimen free edges and that the propagation of
the failure causes a clearly observable peak in the force-deflection curves.

1 INTRODUCTION

Sensitive electronics in satellites are protected by enclosures. In space environment, different
systems and structures face intensive radiation including electron, proton, as well as alpha and beta
particle bombardment [1,2]. The lightest protective enclosures are built of polymer matrix composites.

The attenuation of the radiation by electrons in lightweight enclosures is realized by laminating thin
layers of refractory metal such as tungsten into the laminate [3,4]. The challenge in this type of hybrid
laminate concepts, where carbon fibre reinforced plastic (CFRP) and tungsten foils are applied, is that
the adhesion between the CFRP layers and rolled tungsten foils is not mechanically reliable [5]. Not
too many surface treatments have been developed for tungsten and the satellite application restricts the
selection of treatments. For example, the following issues can easily limit the surface treatment
selection:

• Tungsten foils are very thin ( 50 µm) and must not be penetrated by a surface treatment.
• A treatment shall not drastically change the layer composition, thickness, and density.

The curing of a tungsten-CFRP laminate at an elevated temperature results in residual stresses
due to the thermal expansion mismatch between CFRP and tungsten. On a micro-scale, the interface is
extremely stressed due to the high Young’s modulus difference between tungsten and the matrix
polymer. For the latest enclosure designs, asymmetric composite lay-ups can be implemented in order
to maximise radiation protection features and, at the same time, minimise laminate distortions due to
residual stresses [6].

To develop viable surface treatments for tungsten-CFRP hybrids in modern satellite projects, a
proper test method for adhesion must be established. In this, the method must be able to show the
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effects of different surface treatments. In addition, the test method must be enough robust to enable
fast execution and analysis when numerous surface treatment candidates are being evaluated. It should
be noted that present test methods do not consider the effect of residual stresses not to mention the
effect of ply-orientation and the stacking sequence of composite and metal layers. In this study, we
analyse a three-point bend test method for acceptance testing of tungsten-CFRP laminate interfaces.
We focus on the correct observation of failure of the tungsten-CFRP interface. Our study includes an
experimental part and a numerical simulation part. First, we analyse the experimental results of
flexural tungsten-CFRP specimens. Second, we develop finite element models capable of interfacial
crack propagation simulation.

2 EXPERIMENTAL PROCEDURE AND NUMERICAL PROBLEM FORMULATION

2.1 Specimen preparation
Tungsten (W) was applied in the form of rolled foils (nominal thickness 50 µm, purity 99.95%)

provided by Alfa Aesar (Germany). CFRP was applied in the form of unidirectionally reinforced pre-
preg tape (nominal thickness 0.29 mm, aerial weight 300 g/m2, fibre content 68% weight/weight)
provided by Advanced Composites Group (UK). The pre-preg consisted of MTM® 57 toughened
epoxy resin (ACG, UK) and M40J(12K) high-modulus carbon fibres (Toray, USA).

Two different specimen series were prepared. For the first series, a chemical etching treatment
(HFNS) was applied to a tungsten foil. HFNS is a pure chemical treatment involving optimised
degrease steps by solvents, a hydrofluoric-nitric-sulphuric-acid immersion step, proper rinsing steps,
and finally dehydration. Details of the HFNS treatment and the resulting effects on tungsten
(oxide layer) and adhesion have been reported in our previous studies [4,5]. For the second specimen
series, a gradient copper-nickel-gold (Cu-Ni-Au) coating was applied to another tungsten foil. The
gradient coating was designed and manufactured by Eforit Oy (Finland). The coating was specifically
tailored for tungsten. The coating was deposited by combining electrolytic and electroless deposition
techniques [7]. Prior to the actual coating process, the foil was degreased using methyl-ethyl-ketone
(MEK). An atomic-level gold layer was deposited first. The final thickness of the tri-layer coating
amounted to 3-5 m. Details of the Cu-Ni-Au coating and the resulting effects on adhesion have been
reported in our previous study [5].

The  W-CFRP  test  specimens  were  laminated  by  applying  a  stacking  sequence  [014/W/07]. Two
layers of polyamide peel ply were placed between the upper and lower halves of two-piece silicone
moulds to absorb any overflow resin.  In this study, the specimens were laminated individually inside
the silicone moulds. In this way, no cutting of specimens was needed. Hence no damage due to cutting
was induced at the specimen free edges. The silicone moulds with the specimens were vacuum bagged
using a large polyamide briefcase bag (0.95 bar vacuum). The specimens were cured according to the
pre-preg manufacturer’s instructions (60 min hold at 120 °C). The size of each W-CFRP specimen
after the cure was (width × length × thickness) 19 mm × 39 mm × 6 mm.

2.2 Three-point bend (3PB) test
A three-point bend test fixture was attached to a hydraulic testing machine (100 kN). The radius of

the loading nose in each support was 3.0 mm. In between the two lower supports (loading nose
separation 34 mm), a laser displacement transducer (LK-081, Keyence, Japan) was mounted to
measure the deflection of a specimen during testing. To achieve a high intensity laser reflection from
CFRP, a thin gold coating was sputtered on each specimen’s back surface prior to testing (sputtering
temperature 25-40 °C). Also, white typewriter’s correction paint was applied on the sides of each
specimen to make observations of failure modes. The testing machine was displacement-controlled
(0.3 mm/min) using servo-hydraulic, computerized control (Multipurpose Elite, MTS, USA).  A
description of the test setup is shown in Fig. 1. The CFRP portion with 14 layers was always set
against the lower supports and, five specimens per each test series were tested.
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Figure 1: Description of the 3-point bend setup for testing of laminated W-CFRP specimens.

2.3 Finite element (FE) modelling and 3PB test simulation

2.3.1 General model description

A commercial finite element (FE) code Abaqus 6.14-2 was used for modelling and simulation of
the 3PB testing. The entire model consisted of a test specimen, upper steel support (loading nose) and
an analytical rigid surface representing the two lower supports. The test specimen alone was built of
four parts:

(1)    Tungsten foil,
(2,3) CFRP parts above and below the tungsten foil, and
(4)    Thin CFRP part having a thickness of 0.1 mm and located against the tungsten foil.

The separate parts of the test specimen were attached primarily using rigid (tie) constraints. It should
be noted that the tungsten foil is very thin (50 µm) and the element aspect ratio was intended to keep
close  to  unity.  The  separate  parts  allowed  independent  element  meshes;  the  thin  CFRP was  used  to
have mesh equivalence at the interface for interface failure analyses. The model consisted of 56 593
elements and the overall element mesh is illustrated in Fig. 2. The material properties applied to the
model are shown in Table 1.

Figure 2: The finite element model used for simulating a 3PB test designed for W-CFRP specimens.
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Each of our simulation was performed in two separate steps. The first step introduced a temperature
change of T =  -100  ºC  to  account  for  residual  stresses.  In  the  second  step,  the  upper  support  was
displaced vertically against the specimen in order to bend it. The reaction force was recorded in the
upper support to determine the force (F) needed to counteract the specimen’s flexural stiffness. The
rigid body motion of the test specimen was restricted using appropriate boundary conditions per step.

Engineering constant CFRP Steel Tungsten
Ex [GPa] 191.5 210 410

Ey, Ez [GPa] 6.3 210 410
xy – 0.31 0.3 0.28

Gxy, Gyz, Gxz [GPa] 7.2 (80.7) (160.2)
xx [1/°C] -0.43·10-6 – 4.5·10-6

yy, zz [1/°C] 44.0·10-6 – 4.5·10-6

Table 1: Material properties used for modelling the 3PB test setup and W-CFRP specimen.

2.3.2 Interface failure model

The failure of the tungsten-CFRP interface was simulated using two different numerical methods.
First, the Virtual Crack Closure Technique (VCCT) (see e.g. [8]) was used to estimate the strain
energy, which could be released by brittle fracture. For this, three different symmetric pre-cracks were
considered as described in Fig. 3. The extent (length) of the pre-cracks was also considered. Strain
energy release rates (SERR) were recorded when the displacement reached a critical level defined by
the 3PB tests. The crack was not propagated when using the model with the VCCT implementation.

Second, cohesive elements (see e.g. [9]) were implemented for a model to simulate the failure of
the entire tungsten-CFRP interface, i.e., crack initiation and propagation. In total 4704 cohesive
elements with zero thickness were placed along the interface between the tungsten foil and the thin
CFRP part. A bi-linear traction-separation law was presumed for interfacial failure. The slope of the
first  linear  part  was  set  to  1·1015 N/m3 and three different values (75 MPa, 85 MPa, 95 MPa) were
considered for the maximum scalar stress (namely maximum traction or cohesive strength). This scalar
stress value was defined by a quadratic stress criterion. The area enclosed by the bi-linear traction-
separation curve represents the energy release required for the modelled interfacial bond to break and
was estimated based on the simulations using the model with the VCCT implementation. A one-fourth
FE model was created for efficient computation using the model with the cohesive elements.

Figure 3: Three different pre-cracks considered for an FE model with the VCCT implementation.

3 RESULTS AND ANALYSIS

3.1 3PB test experiment results and analysis
Typical failure modes observed in the W-CFRP specimens are shown in Fig. 4(a). By visual

observation, the failure at the tungsten-CFRP interface seemed to occur chronologically first.
However, the typical interfacial cracks as well as interlaminar cracks extended only halfway through a
specimen. Suggested behaviour of the specimen due to interfacial failure is illustrated in Fig. 4(b).
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a)            b)

Figure 4: Visual observations: (a) fracture surface and different failure modes shown on the side of a
specimen; (b) suggested deformation shape after shear failure halfway through a specimen.

The recorded force-time curves for the two specimen series are shown in Fig. 5. Each recorded force
curve indicated a clearly distinguishable peak load, after which a drastic reduction in the measured
load appeared. The peaking in the force data presumably represented the failure of the tungsten-CFRP
interface and the subsequent reduction in the specimen’s flexural stiffness. However, the first observed
peak did not represent the maximum load (maximum compressive force) for the specimen noº 1 of the
HFNS series and specimen noº 2 of the Cu-Ni-Au series.

a)   b)

Figure 5: Force-time curves measured during 3PB testing of W-CFRP specimens: (a) HFNS treatment
applied on the tungsten foils; (b) Cu-Ni-Au coating applied on the tungsten foils.

a)   b)

Figure 6: Deflection-time curves measured during 3PB testing of W-CFRP specimens: (a) HFNS
treatment applied on the tungsten foils; (b) Cu-Ni-Au coating applied on the tungsten foils.

The measured deflection-time curves for the two specimen series by the laser transducer are shown in
Fig.  6.  It  can  be  seen  that  the  deflections  did  not  represent  linear  functions  of  time,  which  again
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indicates that the deformed shape of a specimen (or a delaminated part of it) changes during the
testing. For most of the specimens, the deflection-time curves seemed rather bi-linear. It was found
that the first part was essentially linear, as shown by a least-squares fitted line in Fig. 7(a). By plotting
the force and deflection data together against time, it can be seen that the sudden slope change in the
deflection curves emerged simultaneously with the first peak loads (see Fig. 7(b)).

Using linear approximation for the laser transducer data prior to the peak load, force-displacement
curves were determined and are shown in Fig. 8. It can be seen that the behaviour of the HFNS series
specimens was relatively constant (in terms of flexural stiffness). In contrast, the Cu-Ni-Au series
introduced more scatter (in terms of flexural stiffness). Variation in the flexural stiffness, as well as
small discontinuities in the curves until the first peak load, suggests that the tungsten-CFRP interface
might fail progressively in the case of Cu-Ni-Au coating on tungsten.

a)  b)

Figure 7: Critical force and deflection analysis: (a) least squares fitting of a line until a slope change;
(b) typical force and deflection data plotted against time. Arrows show the point of first major failure.

a)   b)

Figure 8: Force-deflection curves determined from 3PB test data: (a) HFNS treatment applied on
tungsten; (b) Cu-Ni-Au coating applied on tungsten. The fittings are based on a force range -5…-1 kN.

The specimens where the HFNS treatment was applied on tungsten had an 11.2% higher failure
load  (compared  to  the  Cu-Ni-Au  coating),  which  suggests  better  adhesion  of  CFRP  to  the  HFNS
treated tungsten foils. An estimate of the adhesion can be made using standard methods for calculating
apparent shear strength ( A). Standard test methods for short beam strength of fibre-reinforced
composite specimens present the following equation [10,11,12]:

A = 0.75 Fu /(t · w) , (1)

where Fu is the critical force, t is the specimen thickness and w is the specimen width.
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Tungsten
surface

treatment

Average
peak force

[kN]

Average
deflection at
peak force

[mm]

Approximate
flexural
stiffness
[kN/mm]

Apparent
shear strength

[MPa]
HFNS -6.922 ± 0.920 -0.570 ± 0.054 25.9 46.5 ± 5.7

Cu-Ni-Au -6.224 ± 0.438 -0.669 ± 0.085 21.4 41.1 ± 3.0

Table 2: Peak load and corresponding deflection values (average ± standard deviation), and flexural
stiffness based on linear fitting (average ± standard deviation), determined from the 3PB test data of

W-CFRP specimens and two different tungsten surface treatments.

The calculated apparent  shear  strengths for  the specimens in this  study are given in Table 2.  The
specimen where the HFNS treatment was applied on the tungsten foils had 13.1% higher apparent
shear strength compared to the Cu-Ni-Au coating. In comparison, the results of the pull-off testing in
our previous study [5] indicated 14.0% lower adhesion for the HFNS treatment. However, the
(average) pull-off results were accompanied by very high standard deviation (47%) as well as high
variation in the failure mode [5]. Using the 3PB test method introduced here, the standard deviations
were clearly lower for the critical force (13% for the HFNS series and 7% for the Cu-Ni-Au series).
Moreover, the standard deviations were low for the apparent shear strength (12% for the HFNS series
and 7% for the Cu-Ni-Au series). It should be noted that Eq. 1 presumes the specimen failing along the
neutral  axis  and that  the specimen is  layer-wise homogenous.  In this  study,  the exact  shear  strength
over the entire failure plane will be analysed using finite element analysis.

3.2 Simulated flexural stiffness during 3PB
The effect of the finite element type on the flexural stiffness is shown in Fig. 9. In general, the

simulated flexural stiffness corresponded well with the experiments (29.7 kN/mm, using C3D8I
elements). The linear C3D8I element type (incompatible modes applied) provided the highest flexural
stiffness and efficient computation. In contrast, the reduced-integrated C3D8R element type provided
the lowest stiffness. For a quadratic C3D20R element type, the initial behaviour was stiffer when
compared to all other element types. The meshing (doubling of elements in the tungsten foil’s
thickness direction or quadratic elements in the load nose) did not have significant effect on the
flexural stiffness. The C3D8I elements were selected for further simulations.

a)   b)

Figure 9: The effect of element type on the simulated flexural stiffness of a W-CFRP FE model:
(a) data presented over a force range 0…-14 kN; (b) data zoomed over a force range 0…-5 kN.

3.3 FE stress analysis of W-CFRP laminate specimens
A stress  analysis  was performed to study the risk of  bulk failure during the 3PB test  and also to

study the distribution of shear stress along the tungsten-CFRP interface. Based on the analysis, the
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bulk failure in CFRP is most potential under the upper support (loading nose), as shown by the von
Mises  stress  distribution  in  Fig.  10(a).  In  Fig.  10(a),  the  reference  (upper  limit)  is  an  experimental
tensile stress to failure determined for the CFRP used (1701 MPa). However, even the highest stress
value (1150 MPa) has 32% marginal to the experimental reference (at a load corresponding to
interfacial failure). Interestingly, the distribution of longitudinal stress ( xx)  in  the tungsten foil  forms
waves, as illustrated in Fig. 10(b). These stress waves are a direct consequence of the residual stresses
and the respective deformed, non-flat shape prior to bending of the specimen. The shear stress
distribution in the vicinity of the tungsten-CFRP interface is rather constant through the width of the
specimen – the highest shear stress at the interface amounts to 56 MPa.

a)

b)

c)

Figure 10: Simulated 3PB test at a load level F = -7.3 kN: (a) outer and internal von Mises stress
distributions; (b) longitudinal stress component ( xx = S11) in the tungsten foil; (c) shear stress

distribution in the thin CFRP part adjacent to the W-CFRP interface.



20th International Conference on Composite Materials
Copenhagen, 19-24th July 2015

3.4 Strain energy release rate (SERR) analysis

Firstly, for all of the modelled pre-cracks (described in Fig. 3), the highest SERR values emerged
along the free edges of the W-CFRP specimen and not inside the specimen. This result is due to the
finite element mesh generation, residual stresses and the resulting free-edge stresses. The SERR values
per crack-tip loading mode and recorded in the points giving the highest values (at free edge), are
given as a function of loading in Figs. 11-13. The increase in mode II SERR as a function of load was
surprisingly low for  all  of  the modelled pre-cracks.  For  the pre-crack in the central  region (Fig.  12),
the mode II component increases significantly for a very high loading and presuming a large pre-crack
(1.6 mm pre-crack extent, Fig. 12(b)). Mode I components decreased monotonically for all of the pre-
cracks as the loading was increased. However, the mode I SERR values prior to loading were high due
to the high residual stresses in the specimen. Also, the effect of the extent of pre-crack was
pronounced for mode I crack tip loading. These results suggest that the mode I crack tip loading leads
to the initiation of the interfacial failure. The third, twisting crack tip loading mode (mode III) had
relatively high values (60…111 J/m2) for small regions (corners of the pre-crack) yet it was presumed
highly dependent on the free-edge stresses and meshing effects.

a)   b)

Figure 11: Simulated strain energy release rate using an FE model with VCCT implementation and a
pre-crack placed in both ends of a specimen: (a) sum of mode I and mode II SERR components as a

function of force during 3PB; (b) mode II SERR component as a function of force during 3PB.

a)   b)

Figure 12: Simulated strain energy release rate using an FE model with VCCT implementation and a
pre-crack placed centrally inside a specimen: (a) sum of mode I and mode II SERR components as a

function of force during 3PB; (b) mode II SERR component as a function of force during 3PB.
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a)   b)

Figure 13: Simulated strain energy release rate using an FE model with VCCT implementation and
pre-cracks placed along both long edges of a specimen: (a) mode I and mode II SERR components in

two points as a function of force during 3PB; (b) mode I and mode II SERR components and their sum
as a function of longitudinal coordinate (at a load level F = -7.3 kN).

Pre-cracks placed along the both long edges of a specimen were simulated to understand how the
maximum SERR values, which were found to occur at the long free edge, are distributed between the
lower and upper support. Interestingly, the determined spatial SERR distribution for a pre-crack along
the long edge was far from linear not to mention constant, as shown in Fig. 13. As a conclusion, the
SERR analysis suggested the following: (1) the interfacial failure initiates along the long free edges of
the W-CFRP specimens and, (2) the interfacial failure is prone to grow along the long edges and
propagate towards the central region on the interface. In other words, the growth of interfacial failure
is most probable for points at x  10 mm and not under the upper support nose (x  19).  Based
on the simulations, the critical SERR values were suggested to range from 30 J/m2 to  100 J/m2 and
from 5 J/m2 to 40 J/m2 for mode I and mode II, respectively.

3.5 Simulated interfacial failure during 3PB testing
The simulation using a model with cohesive elements confirmed that the interfacial failure initiates

at the specimen’s longitudinal edges. Graphical presentation of the failure initiation and propagation
along the cohesive element plane between the tungsten foil and the thin CFRP part is illustrated in
Fig. 14. The initiation and progression of the interfacial failure was fast and led to immediate decrease
in loading as shown in Fig. 15(a). The selected magnitude of the maximum scalar stress (i.e. cohesive
strength, ) was found to significantly affect the critical force and the amount of immediate decrease.
Three different  values were considered; a range  = 85…95 MPa was found to produce results,
which were in proper agreement with the experimental failure initiation. The simulated flexural
stiffness was in excellent agreement with the experimental results.

The interlaminar failure of the CFRP part was also simulated. A cohesive element plane was
constructed at the neutral plane of the specimen. Literature data [9] of a comparable CFRP material
was used to implement a bi-linear traction-separation law for the CFRP interlaminar failure. The
traction-separation law for the tungsten-CFRP interface was applied according on the previous
simulation (see Fig. 15(a),  = w = 85 MPa). The initial simulation results, shown in Fig. 15(b),
showed that the first peak in the force-deflection curve emerged due to the failure of the tungsten-
CFRP interface. The interlaminar failure of the CFRP caused another clear drop in the force-deflection
curve and occurred subsequent to the failure of the tungsten-CFRP interface. The simulated force-
deflection behaviour helped to identify the point of interfacial failure at the tungsten-CFRP interface
from experimental data.
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Figure 14: Simulated 3PB testing using a model with cohesive elements. A one-fourth model was used
in the simulation and the effect of cohesive strength was studied by considering three different values

( = 75 MPa / 85 MPa / 95 MPa, GIc = 40 J/m2, GIIc = 40 J/m2, GIIIc = 10 000 J/m2).

 a)    b)

Figure 15: Simulated force-deflection behaviour of a 3PB test model with cohesive elements:
(a) cohesive elements only at the W-CFRP interface; (b) cohesive elements at the W-CFRP interface

and also at the neutral plane in order to simulate interlaminar failure of the CFRP part
(for CFRP: open = 61 MPa, shear = 68 MPa, GIc = 75 J/m2, GIIc = 547 J/m2, GIIIc = 10 000 J/m2).

9 CONCLUSIONS
In this work, acceptance testing of interfaces in tungsten-CFRP radiation shielding materials was

studied. A three-point bend (3PB) test method was introduced and applied on two different laminated
specimen series and two different tungsten surface treatments. The validity of the identification of
interfacial failure from experimental data was studied using finite element analysis (FEA). The results
showed that the 3PB test method is capable of distinguishing between laminate specimens where
different tungsten surface treatments have been applied. Additionally, the scatter in critical force
values and calculated apparent shear strength values is low compared to pull-off testing (see e.g. [5]).
However, in the event of possible progressive and ductile interfacial failure, it could be difficult to
determine a single load peak representative of the interfacial failure. The results of the FEA indicated
that brittle interfacial failure initiates at the specimen’s long (free) edges and that the propagation of
the failure causes a clearly observable peak in the force-deflection curves – validating the
experimental force peak representative of the tungsten-CFRP interfacial failure.
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