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Abstract

The stress dependent creep of short glass fiber reinforced poly(butylene tere-
phthalate) having fiber contents of 0 wt.%, 20 wt.%, and 30 wt.% is measured
parallel and perpendicular to the flow direction. Short-term mechanical prop-
erties, mean fiber length, and fiber orientation are accessed to provide input
parameter for the modelling. An elementary volume model is employed to
derive model predictions of longitudinal and transverse creep compliances in
the main axes system which depend primarily on the matrix creep. As the fiber
orientation in the thickness direction is close to zero, a 2D-transformation could
be applied to account for fiber misalignment. This transformation introduces the
unknown shear modulus G;, which, however, could be expressed in terms of
transverse compliance and shear correction factor. The predicted creep compli-
ances are underestimated by 15 % to 30 % parallel, and 5 % to 15 % perpendicular
to the flow direction. This is good news as scanning electron microscope analy-
ses of fracture surfaces show non-perfect fiber matrix adhesion and fiber orien-
tation dependent failure behavior what suggests a stress direction dependent
fiber-matrix adhesion. The time ranges for accurate prediction decrease expo-

nentially with increasing creep stress.

KEYWORDS
creep compliance, short fiber reinforced composites, fiber orientation distribution, fiber lengths
distribution, shear correction factor

Zusammenfassung
Das spannungsabhiéngige Kriechen von Kurzfaser verstirktem Polybutylentereph-
thalat mit Fasergehalten von 0 wt.%, 20 wt.% und 30 wt.% wurde parallel und
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senkrecht zur Fliefrichtung gemessen. Mechanische Eigenschaften, mittlere
Faserlinge und Faserorientierung wurden bestimmt als Eingabegrofien der
Modellierung. Die Modellierung mit einem Elementarvolumenansatz erlaubt
die Vorhersage von longitudinaler und transversaler Kriechkomplianz im
Hauptachsensystem, die hauptsidchlich vom Kriechen der Matrix abhidngen.
Da die Faserorientierung in Dickenrichtung fast Null ist, ldsst sich die
Faserorientierung mit einer 2D-Transformation berticksichtigen. Diese Transfor-
mation bringt den unbekannten Schubmodul G, ins Spiel. Dieser lésst sich jedoch
durch die transversale Komplianz und einen Scherkorrekturfaktor substituieren.
Die vorhergesagten Kriechkomplianzen sind in FlieSrichtung 15 % bis 30 % zu
klein, und 5 % bis 15 % senkrecht dazu. Dies ist positiv, da rasterelektronenmi-
kroskopische Bilder von Bruchflichen nicht perfekte Fasermatrixhaftung und
faserorientierungsabhingiges Versagensverhalten zeigen. Die Fasermatrixhaftung
scheint von der Richtung der Spannung abzuhingen. Der Zeitbereich fiir genaue

Scherkorrekturfaktor

1 | INTRODUCTION
1.1 | State of the art

Neat thermoplastics often do not meet technical require-
ments of mass-produced injection molded parts for ele-
vated applications. To overcome such restrictions and
open new application fields, thermoplastics are reinforced
by short fibers to enhance stiffness, strength, and shape
stability at elevated temperatures, as well as to reduce
creep under external loads. However, the introduction
of short fibers causes drawbacks, for example, reduction
of toughness or anisotropic mechanical and thermal mate-
rial properties owing to a preferential fiber orientation dis-
tribution introduced by local flow conditions during mold
filling.

Even for continuous-fiber-reinforced parts, it is not
always possible to align fiber and load directions. The cal-
culation of relevant material properties requires trans-
forming stiffness or compliance tensors due to this
misalignment [1]. In the case of short fiber reinforced com-
posites, the transformation can be performed using orien-
tation tensors combined with orientation averaging to
account for locally varying fiber orientations [2].

Obviously, the properties of short fiber reinforced com-
posites depend on the properties of both matrix and fibers,
fiber volume content, mean aspect ratio, fiber orientation
and fiber matrix adhesion [3, 4]. When it comes to prop-
erty modelling and predicting, all these quantities have to

Vorhersagen nimmt exponentiell mit der Spannung ab.

SCHLUSSELWORTER
Kriechkomplianz, Kurzfaserverbunde, Faserorientierungsverteilung, Faserldngenverteilung,

be taken into account leading to a manifold of models. For
practitioners, the most popular model because of its sim-
plicity is the semi-empirical Halpin-Tsai-model derived
from self-consistent models [5-7].

P, N
1+ Enve Prner 1
Pcomposite = Pratrix 1-nvp with 7= Pr::trix + ¢ @

P fiber

with composite property Peomposite» Matrix property Prairix,
fiber property Pgper, efficiency factor &, and fiber volume
content vr. To account for any given preferential fiber ori-
entation, they had to introduce an efficiency factor. This
had to be determined empirically for fiber orientations not
aligning the main axes.

The first concise treatment of short fiber reinforced
composites made by Eshelby considered the effects of a
single ellipsoidal inclusion in an infinite body on the com-
ponents of the stiffness or compliance tensor [8]. Tandon
and Weng linked Eshelby’s solutions to Mori-Tanaka’s
average stress concept and calculated the components of
the stiffness tensor for transversely isotropic composites
assuming isotropic inclusions, such as glass beads or glass
fibers [9, 10]. This model was extended to transversely iso-
tropic inclusions, such as carbon fibers [11]. Both models
depend on Eshelby’s tensor elements and the Lamé
constants of matrix and fibers in a complex manner, and
perform well for composites containing fibers, spherical or
arbitrarily shaped particles, and platelets [12, 13].
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Finite element methods were developed to predict the
properties of multiphase materials based on 3D periodic
multi-inclusion computer models [14, 15]. Introducing
periodic boundary conditions enabled small computer
models to predict the properties of short fiber reinforced
composites. A unit cell or minimal representative volume
element comprising 25 spheres turned out to be represen-
tative of particle filled composites with random mic-
ro-structures. For short fiber reinforced composites, a
representative volume element with at least 100 parallel
fibers is necessary for accurate predictions of longitudinal
Young’s moduli [12]. Effects of varying fiber volume con-
tent, fiber shape, aspect ratio, and fiber orientation of the
representative volume element on the predicted short fiber
reinforced composites stiffness were investigated and com-
pared to the measured stiffness of 20 wt.% glass fiber rein-
forced poly(butylene terephthalate) [16]. The aspect ratio
input had significant effects: the arithmetic mean aspect
ratio provided E = 6,500 MPa, and the aspect ratio distri-
bution E = 7,600 MPa. Thus, longer fibers contribute more
to the stiffness of short fiber reinforced composites, and
cylindrical fibers provide higher stiffness than ellipsoidal
inclusions with the same aspect ratio.

In elementary volume considerations, an elementary
volume of square column shape containing a single fiber
of length L is to be representative for the ultimate proper-
ties of composites with respect to the main axes [17-19].
This yields a significant dependency of the longitudinal
moduli on the aspect ratio, whereas the transverse moduli
decrease only slightly. Assuming that neighboring fibers
have a distance “a” to each other in each direction one gets

an elementary volume with length (L+a), width (D+a)
and thickness (D+a). Thus, the regular 3D lattice arrange-
ment of elementary volumes forms an infinite unidi-
rectional transversal isotropic short fiber reinforced com-
posites, Figure 1. To derive the ultimate components of the
stiffness tensor, the elementary volume is divided into a
matrix part and a composites part, then stress and strain
are calculated for both parts. A comparison to stress and
strain of the elementary volume provides the components
of the stiffness tensor that depend only on the properties of
both the matrix and fibers, fiber volume content, aspect
ratio, and geometry constant k taking into account the
shape of the inclusion.

All these models provide a toolbox that allows for
predicting the static mechanical properties with respect
to a predefined accuracy level. The prediction of the creep
behavior of short fiber reinforced composites is much
more challenging as on one hand side matrix inhomoge-
neities, fiber orientation distribution, fiber lengths degra-
dation may generate different time dependent creep
contributions. On the other hand, the crystallinity of neat
poly(butylene terephthalate) is affected by the choice of
the processing conditions and may vary from 30 % for
low melt temperatures around 230 °C to 36 % for high melt
temperatures around 260 °C. However, this did not alter
the short term properties “Young’s moduli” and “tensile
strengths” within the accuracy of measurement but signif-
icantly changed the creep behavior in the order of 50 %
[20]. Thus, the long term creep behavior of the poly(buty-
lene terephthalate) matrix itself can strongly be altered
by the processing conditions as they determine the final

5 unidirectional
SFRC

«

FIGURE 1 Elementary volume containing a single fiber of length L and diameter D with distance “a” to the neighboring fiber (a)
and the formation of unidirectional short fiber reinforced composites (b).
BILD 1 Elementar-Volumen mit einer Faser der Lange L, dem Durchmesser D und dem Faser-Faser-Abstand ,,a“ (a) und der

Erzeugung eines unidirektionalen Kurzfaserverbunds (b).



570
WILEY . vcH

crystallinity. This indicates that the introduction of fibers
in a polymer may also generate higher crystallinities due
to more friction in the melt during processing. This similar
behavior was also found for short fiber reinforced compo-
sites of poly(amide) 66 [21].

Currently, three ways are used to model the creep
behavior of short fiber reinforced composites. The first
way is to measure creep compliances and fit the data with
appropriate empirical or viscoelastic models, Table 1 [22].
The functions of these models define the general time and/
or stress dependency, and the coefficients define the mate-
rial specific creep behavior under the given test conditions.
In all cases it is a “retrospective” modelling: the experi-
mental creep data are fitted by one of the models,
Equations (2-8). This is a reasonable approach if the
long-term behavior of parts must be simulated e.g. by
finite element analysis what requires the input of material
functions via the fit parameters of the models. However, a
prediction of the creep behavior of short fiber reinforced
composites is difficult because the fiber orientation may
vary strongly within a short fiber reinforced composites
due to the chosen processing parameters and local flow
conditions in the mold. Because the fiber orientation is
implicitly included in the fit parameters of the models,
it must be determined anew each time if processing con-
ditions or part geometry is changed.

The second way is to predict the long-term creep
behavior using creep models fed by short-term creep data.
A stress and temperature dependent creep model based on

the free-volume approach was successfully applied to
creep data of neat poly(carbonate), poly(methylmethacry-
late), poly(propylene), acrylonitrile butadiene styrene, and
poly(oxymethylene) determined by an Iosipescu shear
device for up to 10,000 h [23]. A power law based creep
model required the division of the short-term creep test
into six time regions (0.2h, 1h, 5h, 25h, 100h, and
300h) to determine the corresponding hardening time
creep parameters for each region [24]. This allowed for
subsequent creep predictions of injection molded bars of
acrylonitrile butadiene styrene, and long fiber thermoplas-
tics (LFT) at 80 °C. However, effects of fiber orientation
were not explicitly taken into account by these models.

To investigate the physical aging behavior of continu-
ous carbon fiber reinforced polyimide in terms of creep
compliance, an analytical model was developed being
capable of predicting the long-term creep behavior based
on short-term creep data [25]. The comparison to mea-
sured creep curves showed that shear creep was predicted
more accurately than transverse creep.

Short-term data of short carbon fiber reinforced poly
(ether imide) were fitted by four viscoelastic creep models
and evaluated with respect to accuracy and efficiency.
Subsequent prediction of the long-term creep behavior
was tried by applying time-temperature superposition [26].
However, the generated master curve reproduced the data
in an unsatisfactory manner and showed that time temper-
ature superposition is not applicable to 2-phase systems
with some fiber orientation.

TABLE 1 Some empiric models of time and stress dependent creep compliances.

TABELLE 1

Empiric models

Burgers

Einige empirische Modelle zeit- und spannungsabhéngiger Kriechkomplianzen.

Creep compliance

I(t,00) = (EL +2 (1—e‘%‘) + ni) @)

1

with time ¢, initial stress oy, stiffnesses of Burgers model E;, E, and viscosities of Burgers model #;, 7.

Modified Burgers

J(t,ao)z(ﬁl+§z(1—e7@>+é) 3)

with relaxation time 7 and fitting parameters a and b

Findley power law

-t -+ n
Hto)=2 4= L (B @

with initial strain e, transient strain ", exponent n, reference time t;

Findley modified power law

Bailey-Norton

J(t,oy) = 2sinh (%) + S esinh () (9)

with reference stress o;

J(t.op)=Acp (ﬁ)'” (6)

with coefficient A and exponents m and n*

Power series

I(t, 69) =Jo+ > i ()} ™

with reference time ¢, relaxation strengths J; and index i

Prony-Dirichlet series

J(t, 69) =Jo+ 2{11%(1—9(_#)) ©))

with relaxation times t;
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A unified phenomenological creep model for particle
filled composites containing three temperature and stress
dependent fit parameters in the exponential function was
developed to address all three creep stages [27]. The appli-
cation to stress and temperature dependent creep data of a
fluoro-rubber filled with 94 wt.% barium sulfate particles
as well as third-party measurements of high-density poly-
ethylene partly reproduced the creep data well [28]. It was
also capable to predict rupture times.

Currently used models such as the micromechanical
model, Mori-Tanaka method, homogenization techniques,
and finite element analysis were reviewed with respect to
their capability to predict the creep of unidirectional short
fiber reinforced composites [29]. All methods are appropriate
prediction tools depending on the desired accuracy level. In
particular, the finite element analysis seems to be a promising
method to reduce the number of costly creep experiments.

Modelling creep strains of poly(oxymethylene) using a
4-parameter function showed that the parameter related to
the mean retardation time decreased with stress which
finally led to a nonlinear creep behavior [30]. Creep data
under compression and shear could be described for dif-
ferent stress states in a sufficient manner. The implemen-
tation of finite element analysis allowed for good creep
predictions under stepwise stress variations.

The third way is to implement the viscoelastic behavior
of the matrix in a microstructural finite element analysis
model to predict the creep behavior of short fiber rein-
forced composites. The principal matrix creep using the
Burgers model with the assumption of perfect fiber matrix
adhesion was introduced to a microstructure finite ele-
ment analysis model and verified with creep data of long
fiber reinforced poly(propylene) with fiber weight con-
tents of 10 %, 20 %, and 30 % over one week at several stress
levels [31]. All predicted creep curves exhibited a correct
time dependency but at somewhat reduced creep strains.
A phenomenological visco-plastic model combined with
damage generation quantified by a damage variable was
developed and verified with off-axis creep data of quasi-

TABLE 2
glass temperatures.

unidirectional poly(propylene) composites [32]. This
model under-predicted the measured creep strains, but
still in a satisfactory manner. From a material scientific
point of view this is good news as every model must predict
too small creep compliances for perfect fiber matrix adhe-
sion because a reduced fiber matrix adhesion has to
increase the creep compliance.

1.2 | Aim of the investigation

The aim of this study is to develop creep compliance rela-
tions of short fiber reinforced composites parallel and per-
pendicular to the flow direction of injection molded parts
based on a semi-empirical elementary volume model
which contains the matrix creep as the only time depen-
dent quantity. Furthermore, it should take into account
fiber volume content and mean fiber length (or mean
aspect ratio). The misalignment of fiber orientation and
applied stress is taken into account by a corresponding
transformation of the compliance tensor. In the very
end it should be possible to predict or at least to estimate
the creep of any short fiber reinforced composites on the
base of the matrix creep alone for a given stress and the
composites characterizing input parameters: matrix mod-
ulus Ej,, fiber modulus Ep, fiber content vy, mean aspect
ratio (r), orientation factors f of the fibers, and the geome-
try constant k. It is also investigated how the initial stress
affects the time range of validity.

2 | MATERIALS AND
EXPERIMENTAL DETAILS

2.1 | Materials

The investigations were performed using poly(butylene
terephthalate) reinforced with 20 wt.% and 30 wt.% short
glass fibers, Table 2. The matrix polymer was always

Investigated poly(butylene terephthalate) composites with Young’s moduli according to manufacturer’s data sheets [41] and

TABELLE 2 Untersuchte Polybutylenterephthalat-Verbunde mit E-Moduln laut Herstellerdatenblatt [41] und Glastemperaturen.

Weight content

wr (GF)
Material Trade names [%]
PBT, neat Vestodur 2000 0
PBT GF20 Ultradur B4300 G4 20
PBT GF30 Ultradur B4300 G6 30
GF — —

“Determined using test bar type A according to ISO 3167 (Campus test bar).

“Determined by DSC, temperature at half height of glass transition.

Volume content

Young’s modulus Glass temperature

v (GF) E T
[%] [MPa] [°C]
0 2,600 4
0.09 7,000 43
0.13 9,700 42
— 74,000 —
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Ultradur B4300 by BASF. These compounds were processed
by a two-component injection molding machine Ferromatik
Milacron FM F 110 S/2F to plates with a length of 80 mm,
width of 80 mm and thickness of 2.5 mm, Figure 2 (left).
From each of these plates, three test bars were removed par-
allel to the flow direction and perpendicular to it. The geom-
etry of the test bar is shown, Figure 2 (right). The plates were
manufactured using conventional injection molding (CIM)
and push-pull processing (PPP) to introduce different cross-
sectional fiber orientations [33]. Push-pull processing pro-
vides parts having a high and rather uniform preferential
cross-sectional fiber orientation with respect to the flow
direction. To account for effects of a non-uniform fiber ori-
entation, a second set of parts was manufactured using con-
ventional injection molding as it provides in most cases parts
exhibiting a skin core structure with highly oriented fibers in
flow direction in the skin and rather perpendicular oriented
fibers in the core. This allows for to check how locally dif-
fering fiber orientation affect the prediction of the model.

2.2 | Experimental details

221 | Determination of mean fiber length
and mean fiber orientation

The granules and small central parts of the plates were
heated to 950 °C at a heating rate of 20K/min in a
Mettler Toledo TGA/SDTA 851 to pyrolyze the matrix.

tensile test bars
perpendicular parallel

The remaining glass fibers were individualized by dispers-
ing them on a glass dish. The lengths of some 100 fibers
were measured by image analysis to determine mean fiber
lengths and aspect ratios. To determine the fiber orienta-
tion, sections were cut out from the plate. After embedding
in epoxy resin and polishing the cross-section, the fiber
ellipses were evaluated using the sectioning method to
determine the inclination angles # and plane angles ¢.
Both angles allow for calculating the spatial orientation
of each fiber. Averaging over the cross-section provides
the mean orientation factors fj, f, and f;.

2.2.2 | Tensile tests

Tensile tests were performed using a universal testing
machine Zwick 1476 with a strain rate of 10 %/min at
23 °C and 50 % r.h. and 5 repetitions (n=5). The stress
strain curves were evaluated according to ISO 527 to deter-
mine Young’s modulus, tensile strength, and elongation at
break.

2.2.3 | Creep tests

Creep tests were performed for 336 h (two weeks) at 23 °C
and 50 % r.h. according to ISO 899-1 in the creep stand
Zwick 4211 with fully automated data acquisition [34].
The initial stresses o, were chosen to 12.5 MPa, 25 MPa,
and 37.5MPa corresponding to 25%, 50 %, and 75% of

FIGURE 2 Geometry of the injection molded rectangular plates with thickness 2.5 mm (a) and geometry of the tensile test bars

(b) - dimensions in mm.
BILD 2

Geometrie der spritzgegossenen Rechteckplatten mit Dicke 2.5 mm (a) und Geometrie der Zugstibe (b) — Mafie in mm.
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the yield stress o014 Of neat poly(butylene terephthalate).
The measured creep strain curves ¢(t) had to be corrected
with respect to the initial strain ¢, because the initial
length L, was measured in the unloaded state. During
loading, the test bars may slide vertically in the clamps
and the reflection marks may move slightly and/or change
their orientation on the surface of the test bars. For this
reason, the measured strains were referred to as the strains
er1{op) determined by tensile tests that occurred for the
given initial stresses op. Thus, the measured strains were
corrected as follows

©)

Ae= ETT(UO) — &

with strain correction Ae.

2.2.4 | Data evaluation of creep curves

The creep curves were evaluated in the following way:

Correction of the measured strains with Aeg,

Equation (9)

Conversion to the measured creep compliance Jyeas
(t, 0y) — division of strains &(¢) by the initial stresses o,

Determination of the ultimate creep compliances
Jultimate(t: 60)

Determination of the calculated creep compliances
taking into account the fiber orientation

Comparison of measured and calculated creep
compliances

(a) initial stress Il fiber axis

The comparison allows for determining the time range
of correspondence of the matrix creep and composite
creep, which depends on the time and initial stresses.

2.2.5 | Morphological investigations

Fracture surfaces parallel and perpendicular to the
flow direction of test bars were sputtered with gold
(Emscope SC 500). Subsequent investigation using a scan-
ning electron microscope (Jeol JSM 6300 F) with an
acceleration voltage of 20kV provided qualitative infor-
mation on the fiber matrix adhesion and deformation
mechanisms.

3 | RESULTS
3.1 | Derivation of time dependent

compliances

If an elementary volume is loaded by a constant stress oy it
starts to creep and exhibits a time dependent increase of
the strain egy(t). This “macroscopic” strain egy(t) differs
from the strains of the matrix part &,,(t) and the composite
part ex(t). These strains depend on the orientation of
the fibers with respect to the direction of the stress oy.
Therefore, the elementary volume is separated in a matrix
part and a composite part to calculate the strains parallel
to the fiber axis &(t) and perpendicular to the fiber axis
etet), Figure 3.

(b) initial stress L fiber axis

matrix part composite part
matrix part composite part matrix
fiber
<4—— matrix . . 4| matrix 1
matrix Oy (o)
Gy O
g " » - ” > - fiber
€M € |- EI\J,; . (
1 »
L
——— —»
€EV

FIGURE 3
perpendicular to fiber axis (b).
BILD 3
wirkt senkrecht zur Faserachse (b).

Separation of the elementary volume in matrix part and composite part; stress acts parallel to fiber axis (a), stress acts

Aufteilung des Elementar-Volumens in Matrixteil und Kompositteil; Spannung wirkt parallel zur Faserachse (a), Spannung
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3.1.1 |
axis

Case 1 - Stress acts parallel to fiber

The initial stress o strains the elementary volume:

I A(L+a) _ AL Aa
‘= Lt+a)  (L+a)  (L+a)
L AL a Aa (10)

Extending denominator and nominator with the fiber
diameter D yields

o r I Il
= rd) Y rra) ™ (11)

with aspect ratio r and normalized fiber distance d which
is given by

d=d(vp, r)= (12)

Tl e

3.1.2 |
fiber axis:

Case 2 - Stress acts perpendicular to

The initial stress strains the elementary volume:

_ A(D+a)
ey = (D+a) (13)

Fibers have a circular cross-section that is converted to
quadratic cross-section what introduces constant k.

., AkD  Aa+ A(1-k)D
‘BT D+a) (L+a)
_ kb AL  a+(1-k)D Aa (14)
"+ k" (D+a) a+(1-kD
————

— oL
= &g L

=&y

The constant k depends on the geometry of the inclu-
sion shape. For short fibers one gets

T
A ="D2=A = k2 D? =
fiber — Z — 41square column — k

15)
4

with the cross-sections A. Extending denominator and
nominator with the fiber diameter D yields

ko, del-k
(14+d) ¥ (1+d) ™

(16)

L
€Ev

The “macroscopic” strain of the elementary volume is
linked to the “microscopic” strains of the matrix and com-
posite part, Equations (10, 16). The front factors depend
only on the geometry of the elementary volume, or aspect
ratio and fiber volume content, respectively. In the general
case of a creep experiment, strains depend on time and
initial stress, Equations (11, 16). Dividing these strains
by the initial stress yields the time and stress dependent
creep compliances parallel to the fiber axis

d
Tt o0)= (s Thlt o0) + (e o0) A7)

and perpendicular to the fiber axis

k d+1-k

(i+d) JE(t, 09) + Wﬁa(t’ 0y) (18)

Jiy(t, 09) =

For initial stresses being small compared to yield
stresses the composite part behaves purely elastically.
Thus, the creep compliances of the composite part become
constant and can be substituted by the corresponding
reciprocal moduli. Furthermore, as Equations (11) and
(16) hold for any temperature it can be introduced to
Equations (19) and (20) which represent the ultimate
creep compliances of short fiber reinforced composites.
This leads to:

r 1
(r+d) Eo Al + By (1-A))

coeff 1 _ 1
T

E .
composite part

ng(t, 0Oy, T) =

+(r+d)1ﬂ,[(t, 00, T) with Al=
——

coeff2

%
(1+d)?
(19)

and

1
(1+d) Ep At + Ey (1-Af)

coeff 3 =—

composite part

Jé‘v(t, 0y, T) =

d+1-k

(1+4d)
——
coeff 4

Ji(t, 60, T)  with (20)

L kr
F™ (r+d)(1+4d)
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with fiber modulus Eg, matrix modulus Ey;, and relative
cross-sections of the fiber parallel to the fiber axis Allp
and perpendicular to the fiber axis A'p. Equations
(19) and (20) exhibit that the creep compliances of short
fiber reinforced composites are completely determined
by the creep compliances of the matrix. Thus, the ulti-
mate creep compliances of any short fiber reinforced
composites can be derived from the measured matrix
creep for any initial stresses and temperature if fiber vol-
ume content and aspect ratio of fiber and matrix are
known. However, one has to keep in mind that matrix
properties close to glass transition temperatures depend
strongly on time and initial stress. For these cases
the matrix modulus in the composite part becomes time
dependent. Therefore, modelling at temperatures
Tg £15K has to be done with care. (In the following text,
temperature is not explicitly shown in the formulae.)

3.1.3 | Calculation of the creep compliances
The orientation factor f; in the thickness direction
was close to zero for the investigated composites.
Thus, the plates are close to the lamina, and effects
of fiber orientation can be treated for the plane stress
state. The elementary volume is transversely isotropic
and its stress strain relation in the main axis system
is given by

£ £ Ju Jiz O o1
82 f— 82 = le J22 0 62 (21)
&3 Y12 0 0 Jg T12
WithJ11=ELn9J12= —Z%: —%,J22=EL22, and
1
Jeg= — (22)
G2

Generally, the initial stress is misaligned to the main
axis system or the fiber axis of the elementary volume.
This requires a transformation of the compliance tensor.

Ex & Z 1 z 12 -z 16 Ox
gl =18 | = |t Jo Jx oy (23)
& Vxy Jis Jas Jes Ty

The components of the J-tensor depend on the compo-
nents of the J-tensor and the angle 6 of misalignment. The
components of the compliance tensor are defined in terms
of the engineering constants in Equation (22). In order to
measure the creep parallel to the flow direction, the initial
stress oy = (0p, 0, 0) is applied in the x-direction

_ 1 2
Jn(top) = E—cos49+ (— et}

1
+ —) sinfcos?6
11

Ell 12

1
+ —sin*0 (24)
E22

Perpendicular to the flow direction, the stress

oo = (0, 6y, 0) is applied in the y-direction.

- 1 2v 1
Tp(t,00) = —sin*0 + | — =22 + — ) sin2fcos?9
Ell Ell 12

1
+ —cos*0 (25)
22

Equations (24) and (25) contain the not-measured
shear modulus Gj,. The elementary volume concept
(EVC) formally provides identical terms for E,, and G5,
Figure Al. As matrix and glass fibers are isotropic, the cor-
responding shear moduli can be expressed by Young’s
moduli and Poisson’s ratios of matrix and fiber.

Eym
2 (1 + l/M)

Efp

Gy = ——F
M 2(1+up)

and Gy = (26)

with Young’s modulus of matrix Ej;, Young’s modulus of
fiber Er, Poisson’s ratio of matrix v,, and Poisson’s ratio of
fiber vr. Introduction of Equation (26) in term G;, and
rearranging the right-hand side leads to

1
Gy (t,00)

M —vE), M -vF) 1y
(1+d—k) (=) ER +(1+d—k) =) AFJ:

k+(1+d—k)(ER—1)+(1+d—k)AIl: (ER-1)
(M —vF) 1

(1+vp) AFE
1+A#(ER—1)

1+

I (t,60) 2(1+vy)

1+

shear correction factor g;
(27)

The reciprocal shear modulus G, is related to the
creep compliance J,, via the shear correction factor g; that
depends firstly on the material properties relative modulus
and Poisson’s ratios of the fiber and matrix, and secondly
on the geometry of the elementary volume. The investigated
composites consist of fibers with aspect ratios between 20
and 40, meaning that the normalized fiber distance remains
almost constant. The Poisson’s ratio v of the matrix is 0.42
and Poisson’s ratios of the glass fibers range from 0.18 to
0.30 [35]. Their effects on the relative modulus are shown
for a Poisson’s ratio v = 0.25, Figure 4. If the relative moduli
exceed 10 — and injection molded short fiber reinforced com-
posites have relative moduli of typically 15 to 40 - the shear
correction factor g; decreases from 2.95 to 2.85. If Poisson’s
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BILD 4 Effekt des relativen Moduls E,; auf den
Scherkorrekturfaktor g;.

ratio increases from 0 to 0.5, the shear correction factor g;
decreases from 2.93 to 2.82, Figure 5.

For relative moduli exceeding 30, the shear correction
factor g; asymptotically approaches 2.8. Thus, a shear
correction factor of “2.85” is a good estimate for the inves-
tigated composites. Because of relaxation processes matrix
moduli are decreasing during the creep experiment but
obviously this does not significantly affect the shear cor-
rection factor gr. When dealing with the shear modulus
Gy, one has to be aware that the deformation causing
stress is not the initial tensile stress o, but the initial shear
stress oy, given by

Oyt = Oy sin @ (28)

This leads to a modification of the shear correction fac-
tor g; from Equation (27).

G;=g;siné (29)

with the effective shear correction factor G;. The creep com-
pliance J1; (¢, 6,) parallel to the flow direction becomes

.711 (t, Uo) =]11 (t, Go)COS49 - 21/12]11 (t, GO)Sin29C0829
+ g0 (t, 60)sin30c0s20 + J 5, (t, 6 )sin*@
(30)

and the creep compliance J(t,0,) perpendicular to the
flow direction
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FIGURE 5 Effect of Poisson’s ratio of fibers on shear

correction factor g
BILD 5 Effekt der Faserquerkontraktionszahlen auf den
Scherkorrekturfaktor gj.

T (t,00) =J11(t, 60)sin*@ — 2v1,J 11 (t, 6 )sin?Ocos?0
+ g1 (t, 64)sin30c0s?0 + J 5, (t, 6 )sin*@

(31)

In Equation (19) and (20) occur the moduli of the com-
posites part parallel and perpendicular to the fiber axis and
four coefficients. They all depend on fiber content and
aspect ratio. To check their sensitivity, their values are tab-
ulated for fiber contents 0.09 and 0.13, respectively, and
aspect ratios 10, 20 and 30, Table 3. Although the aspect
ratio is increased by 300 %, the mean fiber distance is
increased less than 10 %. Whereas the 50 % increase of
fiber content has a larger effect; the mean fiber distance
is decreased by roughly 20 %. The most sensitive quantity
with respect to aspect ratio is “coeff 2” which is decreased
by 60 % for poly(butylene terephthalate) with 20 wt.% glass
fibers and 66 % for poly(butylene terephthalate) with
30wt.% glass fibers. As it acts directly on the measured
creep compliance of the neat matrix, it reduces the matrix
creep correspondingly. “Coeff 1” is increased by 10 % for
both grades whereas “coeff 3” and “coeff 4” exhibit hardly
any aspect ratio dependency. The moduli of the compo-
sites part parallel to the fiber is decreased by 800 MPa
for both fiber contents attributed to the decrease of the rel-
ative fiber cross-section with larger aspect ratios. The mod-
uli of the composites part perpendicular to the fiber is
increased by 1,000 MPa due to the increase of the relative
fiber cross-section with larger aspect ratios. The 50 %
increase of fiber content led to an increase of the moduli
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TABLE 3 Effects of fiber content and aspect ratio on moduli E“composne part and Elcomposite part» and the pre-factors of Equations (19)

and (20), and the shear correction factor g;.
TABELLE 3
Gleichungen (19) und (20), sowie des Scherkorrekturfaktors g;.

Fiber content vy 0.09

Aspect ratio r 10 20
Mean fiber distance d 1.73 1.83
E" omposite part in MPa 10,147 9,621
E*composite part in MPa 22,577 23,320
Coeff 1 HLd 0.85 0.92
Coeff 2 ;245 0.15 0.08
Coeff 3 %5 0.32 0.31
Coeff 4 1+d=k =1 — k_ 0.68 0.69
Shear correction factor g; 2.94 2.94

of the composites part in the order of 20 %. Finally, the
shear correction factor does hardly depend on both fiber
content and aspect ratio in the considered range which is
typical for many short fiber reinforced polymers. Thus, it
can be considered constant for rough estimations of their
creep compliances.

3.2 | Experimental results

The determination of the creep compliances according to
Equations (19) and (20) requires to know the mean aspect
ratio r which defines the normalized fiber distance together
with the fiber volume content, Table 4. Injection molding
caused a fiber length degradation in the order of 20 % to
30 %. It is more pronounced for push-pull processing and
higher fiber contents. Furthermore, as the plates are not uni-
axially oriented short fiber reinforced composites, the fiber
orientation had to be measured, Table 4. The plates have a
preferential fiber orientation in flow direction with a higher
orientation factor f; for push-pull processing. The orienta-
tion factors in thickness direction f; are close to “0” justifying
the laminate evaluation.

Push-pull processing leads to slightly larger Young’s
moduli and yield stresses for neat poly(butylene tere-
phthalate), Table 5, something that was also reported
for polypropylene [36]. For poly(butylene terephthalate)
with 20 wt.% and 30 wt.% of glass fibers, the Young’s mod-
uli parallel to the flow direction were 50 % higher for con-
ventional injection molding and 80 % higher for push-pull
processing compared to those perpendicular to the flow
direction. For conventional injection molding, the yield
stresses behave in a similar manner, whereas the yield
stresses parallel to the flow direction are 100 % higher
for push-pull processing. Furthermore, the yield stresses

Einfluss von Fasergehalt und Schlankheitsgrad auf die Moduln E' ”Composite part und ELcomposne part Und die Vorfaktoren der

0.13
30 10 20 30
1.87 1.31 1.38 1.40
9,429 13,156 12,573 12,364
23,600 27,074 27,783 28,048
0.94 0.88 0.94 0.96
0.06 0.12 0.06 0.04
0.31 0.38 0.37 0.37
0.69 0.62 0.63 0.63
2.94 2.93 2.93 2.93

perpendicular to the flow direction of push-pull processed
test bars did not exceed the yield stresses of neat poly
(butylene terephthalate). The highly oriented push-pull
processed samples fractured at elongations of break half
that of the less oriented conventional injection molded
samples. The Young’s moduli in Table 5 were also used
to correct the creep strains according to Equation (9).

The creep compliances of neat poly(butylene tere-
phthalate) started at 0.42 GPa™" for conventional injection
molding and 0.38 GPa™" for push-pull processing, inde-
pendently of the initial stresses. However, the creep com-
pliances increased faster with time if the initial stresses
increase and exhibited a pronounced time and stress
dependency. The splitting of the creep compliance curves
of neat poly(butylene terephthalate) and glass fiber rein-
forced poly(butylene terephthalate) perpendicular to the
flow direction indicated pronounced nonlinear creep at
an initial stress of 37.5 MPa.

The introduction of glass fibers reduced the initial creep
compliances of poly(butylene terephthalate) with 20 wt.%
glass fibers by approximately 60 % to 65 % perpendicular
to the flow direction and 40 % to 50 % parallel to the flow
direction, Figure 6a, b. For poly(butylene terephthalate) with
3 wt.% glass fibers the decrease is approximately 50 % to 60 %
perpendicular to the flow direction and 30 % to 35 % parallel
to the flow direction, Figure 6c, d. Furthermore, the creep
rates decreased with fiber volume content.

The conventionally injection molded samples exhibited
a linear viscoelastic behavior indicated by coinciding creep
compliance curves up to initial stresses of 25 MPa perpen-
dicular to the flow direction and up to 37.5 MPa parallel to
the flow direction. The push-pulled processed samples
with 20 wt.% glass fibers did not behave linear viscoelas-
ticly perpendicular to the flow direction and exhibited
more creep than the conventionally injection molded
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TABLE 4 Effects of processing - conventional injection molding (CIM) or push-pull processing (PPP), respectively on mean fiber length,
aspect ratio and orientation factors; fiber diameter is 7 pm according to the manufacturer.

TABELLE 4 Effekte der Verarbeitungsart konventioneller Spritzguf3 (CIM) bzw. Gegentaktspritzgufy (PPP) auf mittlere Faserldnge,
Schlankheitsgrad und Orientierungsfaktoren; der Faserdurchmesser betrdgt 7 pm laut Hersteller.

Material Processing Mean fiber length L
pm

PBT GF20 Granules 255

PBT GF20 PPP 212

PBT GF20 CIM 235

PBT GF30 Granules 288

PBT GF30 PPP 199

PBT GF30 CIM 200

samples, and at 37.5 MPa fracture occurred typically after
one day. The corresponding samples with 30 wt.% glass
fibers exhibited linear viscoelastic behavior up to initial
stresses of 25 MPa but fractured after 2 to 20 minutes at
37.5MPa. This indicates that the matrix deformability
decreases with fiber volume content for stresses approach-
ing the yield stress of the matrix. Parallel to the flow
direction, the creep compliances of both poly(butylene
terephthalate) with 20 wt.% and 30wt.% of glass fibers
coincided for all initial stresses within the experimental
error indicating linear viscoelastic behavior up to at least

Aspect ratio r Orientation factors

fi = cos’0 b f
36 - - -
30 0.753 0.211 0.036
34 0.713 0.253 0.034
41 - - -
28 0.800 0.173 0.027
28 0.705 0.261 0.034

37.5MPa. In general, one can say that push pulled proc-
essing increases creep compliance perpendicular to the
flow direction and reduces it in flow direction.

3.3 | Prediction of creep compliances
and comparison to measured ones

The Poisson’s ratio v,, was calculated to 0.0044 for poly
(butylene terephthalate) with 20wt.% glass fibers and
0.0061 for poly(butylene terephthalate) with 30 wt.% glass

TABLE 5 Young’s moduli, tensile strengths and elongations at break of poly(butylene terephthalate) composites according to ISO 527
with standard deviations (STD) and Young’s moduli used for compliance predictions.

TABELLE 5 E-Moduln, Zugfestigkeiten und Bruchdehnungen der Polybutylenterephthalat-Verbunde gemdfl ISO 527 mit
Standardabweichungen (STD) und E-Moduln fiir die Komplianzvorhersagen.

Young’s moduli Yield stress

[MPa] [MPa]

PBT neat mean STD mean STD
CIM || 2,385 + 64 52.6 + 1.0
CIM 1 2,417 + 10 53.3 + 0.1
PPP || 2,524 + 45 54.5 + 0.4
PPP L 2,492 + 54 54.6 + 0.1
PBT GF20

CIM || 5,498 + 211 100.0 + 3.8
CIM L 3,882 + 108 69.3 + 1.3
PPP || 6,207 + 273 105.0 + 1.9
PPP L 3,642 + 140 50.8 + 1.1
PBT GF30

CIM || 7,400 + 373 115.8 + 0.8
CIM L 4,427 + 111 68.4 + 1.8
PPP || 8,692 + 103 101.0 + 5.6
PPP L 4,308 + 315 46.2 + 1.8

Yield strain Young’s moduli for predictions

[%] [MPa]

mean STD

3.00 * 0.01 2,400

3.02 + 0.02

3.05 + 0.20 2,500

3.07 + 0.05

3.05 + 0.19 5,500

3.88 + 0.10 3,900

2.66 + 0.16 6,200

1.90 + 0.11 3,650

2.52 + 0.40 7,400

3.77 + 0.06 4,400

1.51 + 0.11 8,700

1.31 + 0.04 4,300
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FIGURE 6 Measured creep compliances parallel and perpendicular to the flow direction of neat poly(butylene terephthalate) and
poly(butylene terephthalate) with 20 wt.% glass fibers (a, b) and with 30 wt.% glass fibers (c, d) processed by CIM (left) and PPP (right).
BILD 6 Gemessene Kriechkomplianzen parallel und senkrecht zur Fliefirichtung von unverstirktem Polybutylenterephthalat sowie
Polybutylenterephthalat mit 20 wt.% Glasfasern (a,b) und mit 30 wt.% Glasfasern (c,d) verarbeitet mit CIM (links) und PPP (rechts).

fibers using the input data given, Tables 4, 5. These small
Poisson’s ratios are a result of highly oriented fibers pre-
venting most of the contraction in the fiber direction. With
these two values the ultimate creep compliances were cal-
culated. The comparison to the measured creep complian-
ces showed that the ultimate creep compliances represent

lower and upper bounds, Figure 7. For push-pull proc-
essed samples the ultimate creep compliances perpendic-
ular to the fiber axis is often close to coincidence with the
measured ones what is not the case for conventionally
injection molded ones. This is probably owed to the fact
that the orientation factors were determined by a sample
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Comparison of ultimate and measured creep compliances for poly(butylene terephthalate) with 30 wt.% glass fibers.

BILD 7 Vergleich ultimativer und gemessener Kriechkomplianzen von Polybutylenterephthalat mit 30 wt.% Glasfasern.

with a too pronounced fiber orientation. Consequently,
the ultimate creep compliances parallel to the fiber axis
were then calculated too small. This indicates that the ori-
entation factors have to be determined very carefully, and
that the test bars for the creep tests may have slightly dif-
ferent orientation factors compared to the test bars for the
fiber orientation measurements.

The predicted creep compliances were calculated using
Equations (30, 31). They are compared to measured creep
compliances of poly(butylene terephthalate) with 20 wt.%
and 30 wt.% glass fibers for 6y = 12.5 MPa, Figures 8, 9. The
predicted creep compliances are underestimated by 15 %
to 30 % parallel to the flow direction and 5 % to 15 % per-
pendicular to. This underestimation can be explained by
effects of the processing conditions. It was found that
higher melt temperatures increased crystallinity from
30 % to 36 % and, thus, reduced secondary creep of poly
(butylene terephthalate) by 50 % [20]. From this perspec-
tive, the predictions can be considered fairly good.
Alternatively, this is a positive aspect, as the assumptions
perfect fiber matrix adhesion and purely elastic behavior
of the composite part have to lead to predicted creep com-
pliances that are smaller than the ones measured.

With ongoing time, the gap between prediction and
experiment decreases because the matrix exhibits visco-
elastic softening, and in the case of neat poly(butylene
terephthalate) a stress induced crystal phase transition
occurs increasing the c-axis of the crystal lattice of poly
(butylene terephthalate) by 20 % [37, 38]. For short fiber
reinforced composites these two processes are delayed

because the fibers deload the matrix. The comparison of
measured creep compliances to predicted ones show that
the gaps become smaller with time. Thus, the time until
the gap is reduced to 80 % of its original width can be
defined the time limit ¢;,,,;, of the EV approach at the given
initial stress. This time limit is decreased roughly by a fac-
tor 30 each time if the initial stress is increased in 25 %-
steps of the yield stress, Figure 10. At an initial stress of
12.5 MPa, the validity time is in the order of 300,000 s
to 500,000, at 25 MPa the validity time is reduced to
around 10,000s, and at 37.5MPa the validity time is
around 300 s.

3.4 | Scanning electron microscopy
investigation of fracture surfaces

The scanning electron microscopy images of the fracture
surfaces show that the matrix adhered to the fiber surfaces
to a relatively large extent, indicating relatively good fiber
matrix adhesion, Figure 11. This behavior was more pro-
nounced for fibers oriented perpendicular to the stress
direction where the interface is subjected to tensile stress.
For good fiber matrix adhesion, the tensile interface
strength exceeds the shear strength of the matrix. If
now the tensile stress approaches the shear strength of
the matrix, the matrix adheres still well to the fibers
but starts to exhibit shear flow failure in the vicinity of
the fibers. If fracturing occurs, a zigzag-shaped matrix
structure on the fiber surface is generated because of shear
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FIGURE 8 Comparison of predicted and measured creep compliances for poly(butylene terephthalate) with 20 wt.% glass fibers for
the initial stress 12.5 MPa.

BILD 8 Vergleich vorhergesagter und gemessener Kriechkomplianzen von Polybutylenterephthalat mit 20 wt.% Glasfasern fiir die
Anfangsspannung 12.5 MPa.
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FIGURE 9 Comparison of predicted and measured creep compliances for poly(butylene terephthalate) with 30 wt.% glass fibers for
the initial stress 12.5 MPa.

BILD 9 Vergleich vorhergesagter und gemessener Kriechkomplianzen von Polybutylenterephthalat mit 30 wt.% Glasfasern fiir die
Anfangsspannung 12.5 MPa.

flow under angles close to 45° Figure 11a, b. If the fibers = mechanism, the end regions of the fibers were subjected
are oriented parallel to the stress direction, the external  to a shear stress equal to the matrix shear strength. The
tensile stress is transferred by shear stresses along the fiber =~ matrix slides along the fiber surface leading to fiber pull-
matrix interface to the fibers. Due to this stress transfer  out and delamination. Consequently, end regions of the
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FIGURE 10 Effects of initial stress on the time range of proper prediction for poly(butylene terephthalate) with 20 wt.% glass fibers

indicated by the black arrows.

BILD 10 Effekte der Anfangsspannung auf den Zeitbereich der giiltigen Vorhersage fiir Polybutylenterephthalat mit 20 wt.%

Glasfasern veranschaulicht durch die schwarzen Pfeile.

fibers oriented parallel to the stress exhibit hardly any
matrix adherences, Figure 11c, d. Matrix adherences are
visible on fibers mainly oriented perpendicular to the
stress direction. Thus, the fiber matrix adhesion is good
but not perfect, and it seems to depend on the stress direc-
tion with respect to the fiber orientation.

4 | DISCUSSION OF THE RESULTS

The elementary volume model allows for predicting the
creep compliances of short fiber reinforced composites
using only data of the matrix creep. An interesting result
is that the shear modulus G;,(t) can be expressed in terms
of the transverse modulus E,,(t) under the assumption
that both exhibit the same time dependency. Of course,
the model holds only as long as the deformation induced
phase transition of the poly(butylene terephthalate) matrix
is not activated. As long as this boundary condition holds
the time dependency of the creep compliance curves are
well reproduced but the creep compliances were predicted
too small with deviations of 15 % to 30 % parallel to the
flow direction and 5 % to 15 % perpendicular to. This
may also indicate that the stress transfer mechanisms dif-
fer for loads acting parallel and perpendicular to the fiber
axes, thus, affecting the creep behavior.

The predicted creep compliances are always smaller
than the measured ones because the assumptions perfect
“fiber matrix adhesion” and “purely elastic behavior of the
composite part” are not fully met. However, this allows in
principle to determine an adhesion factor that can be
quantified by fitting the predicted creep compliances to
the measured ones. Investigations of glass bead reinforced
poly(amide) 66 and poly(butylene terephthalate) provided
adhesion factors around 0.5 and 0.6, respectively [39]. A
decreasing adhesion factor increases the elastic compli-
ance of the composite part due to a reduced load transfer
to the fibers. Furthermore, the creep experiments of glass
bead reinforced poly(butylene terephthalate) showed two
things: 1% the adhesion factor was decreasing with time to
around 0.3 after 100,000 s being far from the perfect case
and 2" the fiber matrix adhesion is in principle a time
dependent property [40]. The creep compliances due to
Equation (19) and (20) do not yet contain a term taking
into account the fiber matrix adhesion explicitly.

Fracture surfaces revealed different failure morpholo-
gies parallel and perpendicular to the flow direction.
This indicates that taking into account fiber matrix adhe-
sion for short fiber reinforced composites requires proba-
bly two adhesion factors addressing tensile and shear
failure, respectively, and it is intuitively clear that their
contribution to the creep behavior depends on the angle
between the initial stress and mean fiber orientation.
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FIGURE 11 SEM pictures of fracture surfaces of PBT GF20 (a) and PBT GF30 (b) - stress perpendicular to fiber orientation - and

PBT GF20 (c) and PBT GF30 (d) - stress parallel to fiber orientation.

BILD 11 REM-Bilder der Bruchflichen von PBT GF20 (a) und PBT GF30 (b) - Spannung senkrecht zur Faserorientation — und
PBT GF20 (c) und PBT GF30 (d) - Spannung parallel zur Faserorientation.

5 | SUMMARY

The elementary volume approach provides terms that allow
for to predict ultimate longitudinal and transverse creep
compliances of short fiber reinforced composites on base
of matrix creep, stiffness and Poisson’s ratio of fiber and
matrix, and an elementary volume which dimensions are
determined by fiber volume content, mean fiber length,
and the geometry factor of the inclusion type. No further
adjusting parameters are required. Effects of fiber orienta-
tion are taken into account by the corresponding transfor-
mation of the ultimate creep compliance tensor. This
transformation introduces the time dependent shear modu-
lus G, that can be expressed by the transverse creep com-
pliance J,, in the elementary volume model. The fact that
the predicted creep compliances were smaller than the mea-
sured ones can be explained by a non-perfect fiber matrix
adhesion and a not completely elastic behavior of the
composite part of the elementary volume. This opens a
way to quantify fiber matrix adhesion by a time dependent

adhesion factor that can be determined by a fitting proce-
dure. However, this is not trivial because the investigation
of fracture surfaces indicates that the failure mechanisms
and thus, the adhesion mechanisms, differ with respect to
stress direction. The long-term perspective is that the ele-
mentary volume approach provides a tool that allows for
predicting the creep compliances of short fiber reinforced
composites at a given initial stress using only the matrix
creep compliances at the same stress which is subsequently
modified by composites relevant input parameters taken
from elementary volume, fiber orientation measurements
and adhesion factors.
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Appendix

A comparison of the components of the stiffness tensors
of Halpin-Tsai model, Tandon-Weng model and elemen-
tary volume model is given at the end of the paper,
Figure Al.
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