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Abstract

This paper deals with the development of polymeainassembly for structural applications,
using the powder metallurgy (PM) route, and moregsely the spark plasma sintering (SPS)
technique. In a first approach, the optimisationpalyimide (PIl) consolidation by SPS was
done. For temperatures as low as 320°C, relativensdes higher than 99% and
homogeneous mechanical properties determined bynsned compression tests were
achieved. In a second time, multilayered polyinabiahinium composites were consolidated
by SPS. The polymer and the polymer/metal intesfacse evaluated by a method combining
compact tensile tests (CT) in order to determireeftacture toughness of each material and
scanning electron microscopy (SEM) observations.

1 Introduction

Polymer/metal composite materials and more padrbulsandwich material systems or
functionally graded materials (FGMs) representraeresting and effective solution for the
design of advanced materials [1]. Sandwich comgssitombining the low density of the
polymer with the stiffness and the strength ofegtal, are considered to be of great interest
for high-demand engineering applications, espgcialithe automotive [2] and aerospace [3]
industries. Their processing is conditioned by tmaterial used for the composite
development and the design of the targeted partbis way, various methods can be used for
developing these materials and among them, the comsinon are the hot pressing (HP) and
the roll bonding (RB) [4, 5]. In recent years, axsolidation process called - spark plasma
sintering (SPS) - was pointed out as it has praterefficiency for sintering and joining
dissimilar materials in various domains and moreti@aarly for structural as well as
biomedical applications [6-11]. However, only a fetudies have demonstrated the feasibility
of polymer/metal composites development by thiswhégue. Omoriet al. [12] studied the
development of FGMs prepared from aluminium (Aldgolyimide (Pl) powders using a
SPS apparatus. The making of such composites irstepewith a consolidation temperature
difference of 85°C was possible thanks to the dgweknt of a die exhibiting variable
diameters generating a temperature gradient albagdol. After the consolidation, cracks
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appeared in the Pl and were attributed to the a#ilaxx of residual stresses caused by the
difference of thermal expansion of each material£ 55.10°°C*, while o = 24.10° °C?).
Therefore, the residual stresses concentrated #hengl/Al interface, caused fracture that has
propagated in the PI layer as it exhibits the ldweschanical properties. A solution to
decrease these stresses was to insert composts laigh different PI/Al ratios. This solution
was successfully demonstrated by the authors ajthdloe cohesion of the FGMs was only
evidenced by Vickers indentation measurements albadPl/Al interface. In another work,
Omori et al. [13] replaced Al by copper (Cu) to obtain PI/CuMGA custom die was
designed in order to create a temperature differdietween Pl and Cu. Using this die and
three layers of Pl and Cu powders, dense FGMswatbracks or pores were obtained but the
composite cohesion was not quantified. To conclusdy few attempts were done in the
literature to study the potential of the SPS teghaito develop polymer/metal assembly. To
sinter both the polymer and the metal in only otep,sthe major problem is the difference
between their consolidation temperatures, whichddea most of the case to an early
degradation of the polymer. Moreover, the use ofuatom die, creating a temperature
gradient along the tool, may probably lead in tb&aming of heterogeneous properties of the
two materials and as a result a lack of control gpttmisation of the global properties.

The aim of the present work is the developmentayrper/metal assembly, exhibiting high

macroscopic and microscopic cohesion, and thusrestieg mechanical properties for

structural applications. To achieve it, the underding of the influence of the consolidation

parameters on the material properties is necessagorrelating the mechanical properties
with the microstructure. Moreover, the comprehemsiod mechanical characterisation of the
interface between the polymer and the metal is aportant. The use of a thermostable PI,
associated with Al, was considered as it is coeststvith the mechanical and thermal

properties requirements for structural parts. KFirdhe understanding of the SPS sintering
condition influences on the mechanical propertiePbwas studied and optimised. In a

second time, the development by SPS of PI/Al asemis envisaged through a FGM

approach using intermediate layers of PI+Al withfedtent volume ratios. The adhesion

qguality, and more precisely, the composite intefaor interphases were characterised in
terms of structural (SEM) and mechanical proper{€3 tests) and correlated with the

mechanisms involved during the consolidation ofgblymer.

2 Experimental
2.1 Materials

An amorphous raw PI powder, granulated into aggtates ranging from 400m to 800um
was used. The average patrticle size of the primparticles was in the range betweenr
and 10um. The glass transition temperature (Tg) and tkerttical density were 320°C and
1.38 g.cnT, respectively. The metallic powder used in thesené study was a raw 1050 Al of
99.5% purity. The average particle size of the pmwdias lower than 4@m and the
theoretical density was 2.7 g.¢m

2.2 Spark Plasma Sintering

Samples were sintered using a HP D 125 SPS fafitity FCT Systeme GmbH (Rauenstein,
Germany).
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2.2.1 Polymer sintering

In all experiments the temperature was regulated Kythermocouple placed at 2 mm of the
internal die surface. The powder was weighed stoasbtain 10-mm-thick pellets with a
diameter of 30 mm at maximum densification. Simgrwas carried out under vacuum at a
heating rate of 10°C/min to ensure the temperahom@ogeneity inside the sample. The
uniaxial pressure was gradually applied at 250°rder to reach 40 MPa in 2 min and
maintained during the following heating up to thaximum temperature, and the 5 min dwell
time at the maximum temperature. The sample wasdhadually cooled down to 250 °C. At
this temperature, the uniaxial pressure was redeas2 min. Finally, free cooling until room
temperature was applied.

2.2.2 Preparation of the polymer/metal assembly

The polymer/metal assembly was developed in 3 stépstly, a 5 mm thickness Al pellet
was sintered with the SPS technology at 620°C fami® at 50 MPa. The heating rate was
fixed at 50°C/min. After sintering, no specificatenent was performed on Al surface in order
to keep the roughness of the sintered materia.dacond time, PI+Al blends with 75/25 and
90/10 v/v % were prepared using a three-dimensionatr (Turbula®) during 60 min with

6 mm diameter steel balls. Then, PI+Al and Pl pawdyers were successively added on the
Al substrate inside the die without any compactstep. The overall PI/Al assembly was
sintered following the procedure described in2t#1section.

2.3 Characterisations
2.3.1 Density measurements

The densities of the sintered samples were detednby means of helium pycnometer
method (Micromeritics AccuPyc 1330).

2.3.2 Compression tests

Compression tests were carried out on Pl and Pbp&icimens of 5 mm in diameter and
thickness taken at three positions in the sintpediét (Fig. 1a, C = centre; B = borderline; A
= angle). The compression tests were performed avtdsting machine (Instron 5500 K9400)
at a crosshead displacement rate of 1 mm/min. Yeumgdulus E), compressive strength

(o) and compression at brealy (vere thus determined.

2.3.3 Compact tensile (CT) tests

Compact tensile (CT) tests were performed at 10mmpbn Pl sample and PI/Al assembly
following the international standard ISO 13586 [1Bjacture toughnes&g andKc) of the
materials were determined. The specimens usedhfsettests were cut in the diameter
direction of the sintered PI pellet and in the heigf the assembly. Their geometry is
described in Fig. 1b.
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Figure 1. Sketch of (a) the different positions of the samplheere the specimens were taken for the compression
tests and (b) the dimensions (in mm) and geométtiyeospecimens used for the CT tests.

Kic was calculated from the lod&tat crack growth initiation (given by the load-dspément
curve of the CT tests) and the original crack lbregt7.2.10° m) given by Eq. 1 [14]:

_ F
Ke = f(alw) G—h — 1)

A/w

whereh is the test specimen thickness (10°1f); w is the test specimen width (16:1én);
f(a/w) is the geometry calibration factor calculated adow to Eq. 2 [14]:

f(alw)=f(x)= % [(0886+ 464x — 1332x* + 1472x% — 56x*) )

with x =045 and f (045) = 834.Then,G,c was obtained according to Eq. 3 [14]:

G =@-v?) B 3)

fract

wherev is the Poisson’s ratio (0.41 corresponding to Rthevalue as it corresponds to the
polymer matrix) ancEsac the elasticity modulus obtained at the same tink tamperature
conditions as the fracture test, correspondindpédinear slope from the test beginning to the
crack growth initiation

2.3.4 Scanning electron microscopy (SEM)

After the mechanical tests, the fracture surfadeshe specimens and the polymer/metal
interfaces were observed by scanning electron swo@y (SEM, FEI Nova NanoSEM 450).

3 Resultsand discussion

3.1 PI consolidation by SPS technology

Pl samples were sintered at two different tempeeatu300°C and 320°C. Relative densities
higher than 99% were achieved in both cases. lerd evaluate the influence of sintering

temperature on the material properties and morécpkarly on the homogeneity of the
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sample, density measurements were combined withpassion tests. The compression
curves reported in Fig. 2 show the influence of diaell temperature on the bulk properties
but also on their homogeneity throughout the Pigam
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Figure 2. Compression curves of specimens taken in the pdietered at (a) 300°C and (b) 320°C according to
the positions defined in Fig. la.

At 300°C (Fig. 2a), only the B4 specimen breakshim elastic zone. The failure of the other
specimens is observed either in the plastic zorde B® and A4) or in the viscoplastic one (C,
B1, B3, A2 and A3). For this sintering temperatlr@nogeneous mechanical properties have
not been obtained in the sintered pellet. By cattrat 320°C (Fig. 2b), the compression
curves are very reproducible. All the specimensakrén the viscoplastic zone, at a
compressive stress of about 700 MPa, corresporidiagcompression ratio of approximately
60%, which are the highest values reported initeeature, to our knowledge, for an unfilled
sintered thermoplastic Pl [15, 16]. At 320°C, thehility of polymer chains is higher than at
300°C as the temperature is very close to Tg. dddeto a better inter-diffusion of the
macromolecular chains at the interface of the gadi and results in a better cohesion
between the particles and the obtaining of homogemenechanical properties.

3.2 PI/PI+Al/Al assembly development by SPS technology

Once the polymer consolidation parameters wereupetn order to get homogeneous
mechanical properties, the development of PI/PIARIFGMs was studied. In a first
approach, assemblies were envisaged without arylager between the raw Pl and the raw
Al. The PI powder was poured on the Al pre-sintdeser inside the die and the whole was
consolidated following the optimised cycle for fRksintering. Low cohesion at the interface
was observed as shown on the SEM image in Figt @a$ not possible to carry out the
mechanical characterisation of the interface asake when cutting the sample. This rupture
can be attributed to the thermal expansion diffeeehetween the Pl and the Al as their
coefficients are 55.1%°C* and 24.18 °C?, respectively.

*x2000

Figure 3. SEM image of PI/Al assembly interface.
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To improve the interfacial strength between PI @idthe addition of an interlayer was
studied. This interlayer was composed of a blendl®fl. In this way, it is expected that this
layer exhibits intermediate thermal expansion ¢oeeffit leading to softer transition between
the layers. Two compositions of interlayer weredstd, 90/10 and 75/25 PI+Al viv %.
PI/PI+AIl/Al assembly was developed following thetiopsed sintering cycle of the PI. The
mechanical characterisations of the two compostmfrinterlayers were carried out by means
of compression test and the results are summairiséable 1.

PI+Alv/iv%  Density (g.cm®  E (GPa) Emax) (%0) O(max) (M Pa)

100/0 1.38+0.01 3.3%0.1 60+1 707 = 27
90/10 1.50+0.01 35+0.1 50+1 715 £ 23
75/25 1.70+£0.01 41+0.1 56+1 596 + 25

Table 1. Densities and mechanical properties of Pl and Pini&rlayers.
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Figure 4. Young’'s modulus and density of PI+Al interlayerdasction of the volume fraction of Al powder.

Fig. 4 shows a good correlation between Young's uhel and density with the volume
fraction of Al powder. An increase in the volumegentage of Al in the interlayer leads to a
linear increase of the density, as well a&afompared with the unfilled PI, following a rule
of mixtures. On the contrary, batrands decrease when the volume fraction of Al increases.
Finally, the unfilled PI and the PI+Al 90/10 v/v ¥iterlayer composite display almost the
same compressive strength and compression at bretile following, the PI+Al 75/25 viv %
composite was chosen as interlayer for the devetopraf PI/PI+Al/Al FGMs because its
larger ratio of Al leads to a better compromisenssen thermal expansions of Al and PI and
as a result a decrease of the residual stressdwe anterfaces. Moreover, its rigidity is
enhanced compared with the unfilled Pl while itstdily is only slightly reduced. Thus,
PI/PI+Al/Al FGMs were successfully made as illuggchby the cross section image in Fig. 5.
SEM observations of PI/PI+Al and PI+Al/Al interfacare shown in Fig. 6a and 6b.

Figure5. Image of PI/PI+Al/Al FGM cross section obtained ®S.
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Figure 6. SEMimages of (a) PI/PI+Al and (b) PI+Al/Al interfacespresented by the red line.

As illustrated in Fig. 6, the PI/PI+Al and PI+Al/Ahterfaces are not discontinuous as in
Fig. 3. The PI+Al interlayer composite has creaadnterphase between the unfilled Pl and
the sintered Al. According to macroscopic and nscapic observations, a strong cohesion of
the assembly is assumed. To confirm these obsenstCT tests were performed in order to
determine th&c andGc values. Firstly, CT tests were realised on urdild to compare the
fracture toughness of the Pl with the one of treeatbly. The values obtained ae of 1.66
MPa.m’?andGc of 0.79 kJ.rif. These PI values are in agreement with valuestepin the
literature [17-19] and in the same order of magtetas rigid structural polymers such as
polyester resin and epoxy resin [20]. Then, therattarisation of PI/PI+Al and PI+AI/Al
interfaces was envisaged. However, only PI/Pl+Akrfaces were addressed because the
PI1+Al/Al interfaces broke, due to the introductiohstresses and solicitations, at the interface
during the cut of the complex geometry of the C3t specimen. Improvements of PI+AI/Al
interfaces are currently under study notably thattka surface treatment of the raw Al
surface, leading to a better cohesion between AIRIRAI layers. The PI/PI+Al specimen is
shown in Fig. 7a. For failure loads of 480 N and 32 Kc are equal to 3.16 MPa'fhand
2.14 MPa.m?, respectively. The two values display an importdifference whereas the
measures correspond to two specimens taken inatine sintered sample. This discrepancy
can be attributed to an inhomogeneous blend ofPthél powders leading to a different
behaviour and propagation of the crack at the faster For both tests, the fracture occurred in
the unfilled PI layer meaning that the PI/Pl+Aldrface created is stronger than the Pl one.
Finally, for loads of 325 N and 480 N, and thankghe Eso¢ values given by Fig. 7l65,c
calculated are 3.47 kJmand 7.14 kJ.ih, respectively. All the CT test results are
summarised in Table 2.
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Figure7. (a)Images and (b) load-displacement curveBId®PI+Al CT specimens.

Finally, the fracture toughness of the PI/PI+Al gqasite is higher than the PI one,
confirming that the interface created is strondmat the polymer. However, complementary
CT tests are currently in progress to enhance dpeoducibility and the standard error on
such a test.
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Load(N) Slope  Eqaq (MPA)  Kic (MPa.m™) Gic (kJ.m?)
325 (1) 1019 + 41 2.14 3.47
480 2) 1163 + 14 3.16 7.14

Table 2. CT testresults of PI/PI1+Al composites.

Conclusions

In order to obtain PI/Al FGMs, the aim of this wagkto study the Pl consolidation and the
PI/Al assembly by the SPS technology. The resilte@Pl mechanical properties shows that
the homogeneity inside the sample is achieved treasing the sintering temperature so that
it is equal to or above to the glass transitionpgerature (Tg) of the Pl. The compressive
strength of Pl approximately reaches about 700 EitPa compression strain of 60%, which
are the highest values, to our knowledge, repartéde literature for an unfilled and sintered
Pl. In a first approach, cohesive Pl samples aridlPAI/Al FGMs were obtained by means
of the SPS method at 320°C for a sintering cyclées$ than one hour. The development of
such assembly was obtainable thanks to the addifianPI+Al interlayer composed of PI+Al
75125 viv %. The different interfaces were chanaséel by SEM observations and CT tests to
determine the fracture toughness. The PI/PI+Al aositps displaye®,c andGc values of
2.14 and 3.16 MPafiand 3.47 and 7.14 kJ’mImprovements of PI+Al/Al interfaces are
currently under study in order to obtain a bettdrasion between Al and PI1+Al layers.
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