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Abstract

Creep behavior of short glass fiber reinforced poly(butylene terephthalate) (SFRC PBT)
composites was analyzed using plates processed by injection molding and push—pull pro-
cessing, with fiber contents of 0, 20, and 30 wt%. Tensile test bars were extracted parallelly
and perpendicularly to the flow direction to assess short-term mechanical properties, fiber
length distribution, and orientation. An elementary volume approach was used to predict the
longitudinal and transverse creep compliances, showing that the time dependencies were
mainly governed by the PBT matrix. Given the minimal fiber orientation in the thickness
direction, a transformation based on RM Jones’ mechanics of composite materials was ap-
plied to account for fiber misalignment. This led to the introduction of the unknown shear
modulus G, which was addressed by expressing it in terms of the transverse compliance
Jy and shear correction factor. Comparison of predicted and measured creep compliances
revealed an underestimation of 15-30% parallelly and 5-15% perpendicularly to the flow
direction, attributed to imperfect fiber-matrix adhesion. SEM analysis of fracture surfaces
indicated different failure behaviors based on the fiber orientation. This suggests that fiber-
matrix adhesion is stress-direction dependent. The time range for accurate prediction of
composite creep behavior, governed by matrix creep, is defined by the creep time limit,
which decreases exponentially with increasing creep stress.
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1 Introduction

Neat thermoplastics often do not meet the technical requirements of mass-produced
injection-molded parts for elevated 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 and to reduce creep under external
loads. However, the introduction of short fibers causes drawbacks, for example, reduction of
toughness or anisotropic mechanical and thermal material properties owing to a preferential
fiber orientation distribution introduced by local flow conditions during mold filling.

Even for continuous-fiber-reinforced parts, it is not always possible to align the fiber
and load directions. The calculation of relevant material properties requires transforming
the stiffness or compliance tensors due to the misalignment of the fiber and load directions
(Jones 1975). In the case of short fiber-reinforced composites (SFRC), the transformation
can be performed using orientation tensors combined with orientation averaging to account
for locally varying fiber orientations (Tucker and Liang 1999).

Obviously, the properties Peomposice Of the SFRC composite depend on the properties of
the matrix Ppauix, fibers Ppper, fiber volume content vg, aspect ratio distribution (r), fiber
orientation distribution (A), and fiber matrix adhesion k,q, (Chin et al. 1988; Fu 1996).
When it comes to modeling and predicting the properties, all these quantities have to be
taken into account, leading to a manifold of models. For practitioners, the most popular
model because of its simplicity is the semiempirical Halpin—Tsai model (Halpin and Kardos
1976) derived from the self-consistent models of Hermans (1967) and Hill (1964):

Pmatrix
L+éme Fer 1
Pcomposite = Pparix————— Wwith 5= Pﬁ‘be.i . (D
1— NUg matrix %—
Priber

However, to account for any given preferential fiber orientation, they had to introduce an
efficiency factor £, which had to be determined empirically for fiber orientations not aligning
the main axes.

The first concise treatment of SFRC was performed by Eshelby (1957), who consid-
ered the effects of a single ellipsoidal inclusion in an infinite body on the components of
the stiffness or compliance tensor. Tandon and Weng (1984) combined Eshelby’s solutions
with the average stress concept of Mori and Tanaka (1973) and calculated the components
of the stiffness tensor for transversely isotropic composites assuming isotropic inclusions,
such as glass beads or glass fibers. Qiu and Weng (1990) extended this model to trans-
versely isotropic inclusions, such as carbon fibers. Both models depend on Eshelby’s tensor
elements and the Lamé constants of the matrix and fibers in a complex manner, but work
well for composites containing fibers, spherical or arbitrarily shaped particles, and platelets
(Lusti 2003; Rauter and Lammering 2020).

Finite element methods were developed by Gusev (1997, 2001) to predict the proper-
ties of multiphase materials based on 3D periodic multiinclusion computer models. The
application of periodic boundary conditions allows the prediction of the properties of com-
posites using small computer models. A unit cell or minimal representative volume element
(RVE) comprising 25 spheres is representative of particle-filled composites with random
microstructures. For SFRC, an RVE comprising 100 parallel fibers is necessary for accurate
predictions of longitudinal Young’s moduli E;; (Lusti 2003). Breuer and Stommel (2020)
investigated how RVE with varying fiber volume content, fiber shape, aspect ratio, and fiber
orientation distribution affect the predicted composite stiffness and compared them to the
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unidirectional
SFRC

D+a

Fig. 1 Elementary volume containing a single fiber of length L and diameter D with distance a to the neigh-
boring fiber (left) and the formation of unidirectional SFRC (right) (Color figure online)

stiffness of 20 wt% glass fiber reinforced poly(butylene terephthalate) (PBT GF20). It is im-
portant to note that the aspect ratio input has significant effects: the arithmetic mean aspect
ratio provides E = 6,500 MPa, and the aspect ratio distribution provides E = 7, 600 MPa.
This shows that longer fibers contribute more to the composite stiffness. Furthermore, cylin-
drical fibers provide composites with a higher stiffness than ellipsoidal inclusions with the
same aspect ratio.

In elementary volume approaches, an elementary volume (EV) containing a single fiber
of length L represents the ultimate properties of composites with respect to the main axes
(Moginger et al. 1999; Wilczynski 1990; Wire et al. 1999). All these approaches yield a
significant dependency of the longitudinal moduli on the aspect ratio, whereas the transverse
moduli decrease slightly. In the simplest case, the neighboring fibers have a distance a in
each direction. This leads to a square column-shaped EV of length L + a, width D + a, and
thickness D + a. Thus the regular 3D lattice arrangement of the EV can form an infinite
unidirectional transversal isotropic SFRC, Fig. 1. To derive the ultimate components of the
stiffness tensor, EV is divided into a matrix part and a composites part, and the stress and
strain are calculated for both parts. A comparison of the stress and strain of EV 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. A comparison of the components of the stiffness tensor of the
Halpin—Tsai, Tandon—Weng, and EV models is provided in Appendix A.

The aforementioned models provide a toolbox that allows the prediction of static me-
chanical properties with respect to a predefined accuracy level. The prediction of the creep
behavior of SFRC is much more challenging, as on one hand, matrix inhomogeneities,
fiber orientation distribution (FOD), fiber lengths degradation may generate different time-
dependent creep contributions. On the other hand, increasing the crystallinity of neat PBT
from 30% to 36% did not alter the Young moduli and tensile strengths within the accuracy
of measurement but significantly affected the creep behavior (Moginger 1992). Sakai et al.
(2018) investigated the effects of crystallinity on the creep behavior of SFRC of PA66 and
found little effect on the moduli but significant effects on creep compliances.

Currently, three approaches are used to model the creep behavior of SFRC. The first is
to measure creep compliances and fit the data with appropriate empirical or viscoelastic
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Table 1 Some models of time and stress-dependent creep compliances J (¢, o)

Models Creep strain/Creep compliance

Burgers J(t,00) =

1 1 ~%2, t
g |l-e )+ )

with time ¢, initial stress oy, stiffnesses of Burgers model Eq, E, and
viscosities of Burgers model 1y, 17

Modified Burgers J(t,00) =

'
1 1 " ath t
(E_1+E_2(l_e (“r))"rﬁ) 3)

with relaxation time 7 and fitting parameters a and b

+ + n
Findley power law J(t,00) = f,—g + f,—ot" = ELI + f,—o (%) 4)

+

with initial strain &, transient strain £, exponent n, and reference time #{

Findley modified power law  J(t,00) =

. + .
%smh(i—?)—i—i—ot” smh(g—?) 5)
with reference stress o
Bailey-Norton J(t,00) =
m—1(t\"
Aoy (£) ©

with coefficient A and exponents m and nt

i
Power series J(t,o0)=Jo+ 21 Ji (t'—,) @
with reference time ¢/, relaxation strengths J;, and index i

Prony-Dirichlet series J(t,00) =
_r
Jo+ 20 Ji (1—e( Tz‘)> ®)

with relaxation times ;

models Ediger (1986), Table 1. The functions of these models define the general time and/or
stress dependency, and the coefficients define the material-specific creep behavior under the
given test conditions.

In all cases, it is a “retrospective” modeling: the experimental creep data are fitted by
one of the above-listed models, equations (2)—(8). This is a reasonable approach if the
long-term behavior of parts must be simulated by finite element analysis (FEA) with the
input of material functions via the fit parameters of the models. However, a general pre-
diction of the creep behavior of SFRC is difficult because it depends on the varying FOD
in the parts. However, the FOD may vary strongly with the processing parameters and lo-
cal flow conditions in the mold, even for the same SFRC. Because the FOD is implicitly
included in the model parameters, it must be determined by creep measurements in each
case.

The second is to predict the long-term creep behavior using creep models fed by short-
term creep data. Naumann and Stommel (2012) developed a stress- and temperature-
dependent creep model based on the free-volume approach. They successfully applied it to
creep data of neat polymers PC, PMMA, PP, PC/ABS, and POM determined by an losipescu
shear device for up to 10,000 h. Lim et al. (2004) developed a power law-based creep model.
It required the division of the short-term creep test into six time regions (0.2, 1, 5, 25, 100,
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and 300 h) and determined the corresponding hardening time creep parameters for each re-
gion, which were subsequently used for creep predictions of injection-molded bars of ABS,
ABS/PC, and long fiber thermoplastics (LFT) at 80 °C. However, the effects of FOD have
not been directly considered.

Gates et al. (1996) investigated the physical aging behavior of continuous carbon fiber-
reinforced polyimide in terms of creep compliance. They established an analytical model
capable of predicting the long-term creep behavior based on short-term creep data. A com-
parison of the measured creep curves showed that shear creep was predicted more accurately
than transverse creep.

Zhang et al. (2021) fitted the short-term data of short carbon fiber-reinforced PEI with
four viscoelastic models and checked them for accuracy and efficiency. They then applied
time-temperature superposition (TTS) to predict long-term creep behavior. The generated
master curve reproduced the data in an unsatisfactory manner and clearly showed that TTS
cannot be applied to two-phase systems with FOD.

Duan et al. (2021) developed a unified phenomenological creep model for particle-filled
composites containing three temperature- and stress-dependent fit parameters in the expo-
nential function to address all three creep stages. They used creep data of a fluoro-rubber
filled with 94 wt% BaSO, particles measured at different temperatures and stresses, as well
as third-party measurements of high-density polyethylene (Amjadi and Fatemi 2021) for
verification purposes. The model partly reproduced the creep data well and was capable of
predicting rupture times.

Katouzian et al. (2023) reviewed currently used models such as the micromechanical
model, Mori-Tanaka method, homogenization techniques, and FEA with respect to the ca-
pability to predict the creep of unidirectional carbon fiber-reinforced composites and found
that all methods are appropriate prediction tools. In particular, they considered FEA to be a
very promising method to reduce the number of costly creep experiments.

Dean et al. (2008) measured the tensile creep strains of POM and modeled them using a
four-parameter function. One parameter related to the mean retardation time for the relax-
ation process decreases with increasing stress, which leads to a nonlinear creep behavior.
Creep measurements under compression and shear enabled the model to account for dif-
ferent stress states. The implementation of FEA allowed for good creep predictions under
stepwise stress variations.

The third is to implement the viscoelastic behavior of the matrix in a microstructural FE
model to predict the creep behavior of SFRC. Fliegener et al. (2016) introduced the principal
matrix creep behavior using the Burgers model and assumed perfect fiber-matrix adhesion.
Then they verified the microstructure FE model with creep data of long-fiber-reinforced PP
with fiber weight contents of 10, 20, and 30% over one week at several stress levels. All the
calculated creep curves exhibited a correct time dependency but at somewhat reduced creep
strains.

Zhai et al. (2018) developed a phenomenological visco-plastic model considering dam-
age generation expressed by a damage variable. They verified the model on the creep data
of quasi-unidirectional PP composites by performing off-axis measurements. Their model
also underpredicted the measured creep strains, but still in a satisfactory manner. From a
material scientific point of view, a good model must predict smaller creep compliances if
perfect fiber-matrix adhesion is assumed.

The goal of this study is to demonstrate that the measured matrix creep is sufficient
to predict the reasonable creep compliance of SFRC if introduced in a semiempirical EV
model that also considers the fiber orientation distribution (FOD) and fiber length distribu-
tion (FLD).
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Table2 Investigated PBT composites with moduli according to manufacturers’ data sheets (BASF)

Material Trade names ‘Weight content Volume content Young’s .
wg (GF) vg (GF) modulus™ E
% % MPa

PBT, neat Vestodur 2000 0 0 2,600

PBT GF20 Ultradur B4300 G4 20 0.09 7,000

PBT GF30 Ultradur B4300 G6 30 0.13 9,700

GF - - - 74,000

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

tensile test bars
perpendicular parallel

Fig.2 Geometry of the injection molded rectangular plates having dimensions 80 x 80 x 2.5 mm? (left) and
the tensile test bars (right)

2 Materials and methods
2.1 Materials

The investigations were performed using poly(butylene terephthalate) (PBT) reinforced with
short glass fibers (GF), Table 2.

The PBT compounds were processed by a two-component injection molding machine
Ferromatik Milacron FM F 110 S/2F to plates of length 80 mm, width 80 mm, and thickness
of 2.5 mm, Fig. 2 (left). From each of these plates, three test bars were removed parallelly
to the flow direction and perpendicularly to it. The geometry of the test bar is shown in
Fig. 2 (right). The plates were manufactured using conventional injection molding (CIM)
and push—pull processing (PPP) (Ludwig 1998) to introduce different cross-sectional fiber
orientation distributions.
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2.2 Methods
2.2.1 Determination of mean fiber length and orientation

The granules and small central parts of the plates were heated to 950 °C at a heating rate
of 20 K/min in a Mettler Toledo TGA/SDTA 851 to pyrolyze the matrix. The remaining
glass fibers were individually distributed in a glass dish. The lengths of a few 100 fibers
were measured by image analysis to determine the mean fiber lengths and aspect ratios. To
determine the fiber orientation, sections were cut from the plate. After embedding in epoxy
resin and polishing the cross-section, the fiber ellipses were evaluated using the section
method to determine the inclination angles 6 and plane angles ¢. These angles allowed
for the calculation of the spatial orientation of the fibers. Averaging over the sample cross-
section provided the mean orientation factors fi, f>, and f5.

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 determine the Young 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 (Pollet 1985).
The initial stresses oy were chosen to be 12.5 MPa, 25 MPa, and 37.5 MPa, corresponding to
25%, 50%, and 75% of the yield stress oyiciq of neat PBT. 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
err(0p) determined by tensile tests that occurred for the given initial stresses op. Therefore
the measured strains were corrected as follows:

Ae = ETT (O’()) — & (9)
with strain correction Ae.
2.2.4 Data evaluation of creep curves

The creep curves were evaluated in the following way:

e Correction of the measured strains with Ae, equation (9)

e Conversion to the measured creep compliance Jyes(f, 0p) — division of strains € (¢) by the
initial stresses oy

Determination of the ultimate creep compliances Jyjimate (£, 00)

Determination of the calculated creep compliances taking into account the FOD

e Comparison of measured and calculated creep compliances

The comparison allows for determining the range of correspondence of the matrix and
composite creep, which depends on the creep time and initial stresses.
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Fig. 3 Scheme for dividing the EV into matrix and composite parts with stresses acting parallelly and per-
pendiculary to the fiber axis (Color figure online)

2.2.5 Morphological investigations

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

3 Theoretical considerations

3.1 Derivation of time-dependent compliances of SFRC

If an EV (Fig. 3) is loaded by a constant stress oy, then it starts to creep and exhibits a time-
dependent increase in strain gy (¢). It is clear that the “macroscopic” strain egy (¢) differs
from the strains of the matrix part ey () and the composite part eg(¢). These strains depend
on the orientation of the fibers with respect to the direction of o. Therefore it is necessary
to calculate the strains parallel to the fiber axis egv (t) and perpendicular to the fiber axis
egy (1) by dividing EV, as shown in Fig. 3.

3.2 Case 1:stress o acts parallelly to fiber axis

The initial stress oy strains the EV to

I A(L+a) AL Aa L AL a Aa
Nl ta) Lte Lt Cta L Crw a0

a (L+a) (L+a) (L+a) (L+a) a

el el

~—°F "M

Extending denominator and nominator with the fiber diameter D yields
PN S SN an
F

N1 M
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with aspect ratio r and normalized fiber distance d given by
a
d:d(vp,r):B. (12)

3.3 Case 2: stress g acts perpendicularly to fiber axis

The initial stress oy strains the EV to

. _AWD+a

Epy = W (13)

Because the fiber has a circular cross-section, the reference lengths of the matrix and com-
posite parts must be corrected using the geometry constant k:

N AkD  Aa+A(1—k)D

BV T D ta) (L +a)
kD AL a+(1-KkD Aa
~D+a kD (D+a) a+(1-kD

(14)

—el
=& =

The geometric constant k depends on the inclusion shape. For short fibers, it can be deter-
mined by conversion to a square column-shaped fiber with the same length L and cross-
section A:

T _12n2 _ |t~
Aﬁber - ZD - Asquare column =k°D = k= Z =0.886. (15)

Extending denominator and nominator with the fiber diameter D yields

k d+1—k
L L L
EEv = (1+d)8F + 1+d) M-

(16)

Equations (10) and (15) link the macroscopic strain of the EV to microscopic strains of
both the matrix and composite parts with weighting factors depending only on the geometry
of the EV. In the general case of a creep experiment, all strains in equations (11) and (16)
depend on time and stress. Dividing these strains by the initial stress oy yields the time- and
stress-dependent creep compliance parallel to the fiber axis,

r d
Iy (t,00) = = Tt 00) + = Ty (1,00) (17)
and perpendicular to the fiber axis,
k d+1—k
JELV(EGO)=mfpl(l,ao)-i‘mfﬁ(fﬂo)- (18)

If the initial stress o remains small compared with the yield stress o, then we can assume
that the composite part behaves purely elastically. This means that the creep compliances
JF‘I (¢, op) and JFl (t, 0p) remain constant and can be substituted by the corresponding com-
pliances at + = 0 given by the reciprocal moduli of the composite part. Furthermore, the
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chosen temperatures at which creep experiments are performed strongly affect the creep be-
havior. As equation (16) holds for any temperature 7, it is introduced in equations (19) and
(20). This leads to

r 1
r+d) peal+ Bw (1-A})

I (1,00, T) =

— 1

compositepart

s

+(r+d) (1+d)*

and

k 1
(14d) EpAg + Ev (1 — AF)

Jé_v (t,00,T) =

1

EL )
compost !llpart
d+1—k k
LJI\JA‘(I, 09, T) with Af; = T (20)
1+4d) r+d)(1+4d)

with fiber modulus Ep, matrix modulus Ey, and relative cross-sections of the fiber parallel
to the fiber axis A'é and perpendicular to the fiber axis Aé. From equations (19) and (20)
we can conclude that the creep compliance of SFRC is completely determined by the creep
compliances of the matrix as long as the initial stresses remain small compared to the yield
stresses. Thus the ultimate creep compliances of SFRC with known fiber volume content
and aspect ratio can be calculated only by the measured creep compliances of the matrix at
given initial stresses and temperatures. However, we have to keep in mind that close to glass
transition temperature, matrix properties depend strongly on time and initial stress. This
means that Ey; in the composite part becomes time dependent. Therefore modeling should
not be performed at temperatures T % 15 K. (In the following text the temperature T is not
explicitly shown in the formulas.)

3.3.1 Calculation of the creep compliances taking into account fiber orientation

The orientation factor f3 in the thickness direction was close to zero for all composites.
This means that the plates are close to the lamina, and the fiber orientation can be consid-
ered according to Jones (1975) for the plane stress state. The stress—strain relation of the
transversely isotropic EV in the main axis system is given by

&1 & Ju Jio O o
al=lal=J2 Jo O lop} 2n
£ Y12 0 0 Jss )2
with
Jh=— e _ v, 1 d Jeg= — (22)
1n=—=: R=E—"FT =T 5 2 =7, 4an 66 = -
Ey Ey Ey Ey G
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Usually, the coordinate system of a part differs from the main axis system of the EV, requir-
ing a transformation leading to

Ex Ex 711 712 716 Oy
el=1e |=72 Jo Jw]|lo |- (23)
& Yy Jis Jw Jes Txy

The components of the J-matrix depend on the components of the J-matrix and the angle
6 of misalignment of the fiber orientation to the direction of the external load:

Jii = Jy1cos* 0 + (2015 + J) sin? 0 cos® @ + Jpy sin 6, (24a)
Jio = Jyp (sin* 0 + cos* 0) + (J11 + Joo — Je) sin’ 6 cos® 6, (24b)
J = Jy1sin* 0 + (215 + Jes) sin® Ocos*0 + Jry cos* 6, (24c)
Jis = 2J11 — 2J12 — Jes) sinB cos® @ — (205 — 2J15 — Jeg) sin’ 6 cos 6, (244d)
Jos = (2Jy1 — 2J12 — Jee) sin® 0 cos @ — (2Jyy — 2J15 — Jeg) sin@ cos 6, (24e)
Joo =2(2J11 + 2020 — 4J12 — Jee) sin” 0 cos® 0 + Jee (sin* 6 + cos* 0) , (24f)

where J;; are defined in terms of the engineering constants in Eq. (22). To measure the creep
parallel to the flow direction, the stress oy = (0, 0, 0) must be applied in the x-direction,
leading to

J(t,00) = ! cos46+( 2v1z+ ! )sin29c0329+ ! sin* 0
1 (t,00) = — ——t+ = —
Eq Ey  Gp Ey

=Ji(t,o,) cos*o + (—Zvlzfll(t, o,) + ) sin® 6 cos” 0

1
G12(2, 00)
+ Jn(t,0,)sin* 6, (25)
and to measure the creep perpendicular to the flow direction, the stress oy = (0, 09, 0) has to

be applied in the y-direction, leading to

— 1 2 1 1
I (t,00) = E—sin40 + <—ﬂ + —> sin® 6 cos> 6 + E—cos46

11 En G 2
.4 1 22 2
= Jy1 (t,0,)sin" 0 + | —2vJ1; (¢, 0,) + ——— | sin” 6 cos~ 0
G2 (1, 00)
+ Ja (2, 0,) cos* 6. (26)

Equations (25) and (26) contain the shear modulus G, which was not evaluated experimen-
tally. Consequently, it must be determined or approximated differently. The EVC formally
provides identical terms for E», and G, (Appendix A). As the PBT matrix and glass fibers
can be considered isotropic materials, the corresponding shear moduli can be expressed by
their Young moduli and Poisson ratios:

Ey EFr

Gy=—™M"__ Gp=——"1 .
M=+ vy T2+ vp)

27)
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Fig.4 Dependence of relative 3,6

N . —PBTGF20
modulus E,,; of fiber and matrix Cateey
on shear correction factor gy 3,5

(Color figure online)

Lt ™ et N
w = [N] w >

shear correction factor g,

N
©

~N
oY

0 5 10 15 20 25 30
relative Young's modulus E

The introduction of equation (27) into the EVC term for G, in Appendix A and rearranging
the right-hand side leads to

(vm—vF) OM=VE) 41
(rd—h) () B 1o (R At

14
1 k+(l+d—k)(ER—1)+(1+d—k) A% (ER—1)
- = J22 (l‘, 0'0) 2(1 + UM) (vi,,—uF) — F\"R (28)
G2(t, 09) 175 ALEg
I+AF(Eg—1)

shear correction factor gy

The shear correction factor g, depends firstly on the material properties, relative modulus
and Poisson’s ratios of the fiber and matrix, and secondly, on the geometry of the EV given
by aspect ratio r and normalized fiber distance d. Short fiber-reinforced PBT composites
consist of fibers with aspect ratios between 20 and 40, meaning that the normalized fiber
distance remains almost constant. The Poisson ratio v of PBT is 0.42, and the Poisson ratios
of the glass fibers range from 0.18 to 0.30 Kojima (2024). Their effects on the relative
modulus E,; are shown in Fig. 4 for the Poisson ratio vg = 0.25. If the relative moduli
exceed 10, injection-molded short glass fiber-reinforced composites have relative moduli of
typically 15 to 40, the shear correction factor g; decreases from 2.95 to 2.85 for both PBT
GF20 and PBT GF30. If the Poisson ratio increases from O to 0.5, then the shear correction
factor g; decreases from 2.93 to 2.82, Fig. 5.

For relative moduli exceeding 30, the shear correction factor g, asymptotically ap-
proaches 2.8. Thus, for both the PBT GF20 and PBT GF30 composites, a shear correction
factor of 2.85 is a good estimate. Due to the relaxation processes, the matrix moduli de-
creased during the creep experiment; however, this did not significantly affect the shear cor-

rection factor g;. The key consequence is that the time and stress dependency of Jgs = Gan
corresponds directly to the time and stress dependency of Jy,:
Joo = Jngy. (29)
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Fig.5 Dependence of Poisson’s 3,00
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Table 3 Effects of processing — conventional injection molding (CIM) or push—pull processing (PPP), re-
spectively. On mean fiber length or aspect ratio and orientation factors, fiber diameter is 7 um according to
the manufacturer

Material Processing Mean fiber Aspect ratio r Orientation factors
length (L) um >
Jf1=cos”0 12 BE]

PBT GF20 granules 255 36 - - -
PBT GF20 PPP 212 30 0.753 0.211 0.036
PBT GF20 CIM 235 34 0.713 0.253 0.034
PBT GF30 granules 288 41 - - -
PBT GF30 PPP 199 28 0.800 0.173 0.027
PBT GF30 CIM 200 28 0.705 0.261 0.034

3.4 Results and discussion
3.4.1 Experimental results

To determine the creep compliances parallel and perpendicular to the fiber axis of the EV
according to equations (19) and (20), the mean aspect ratio r has to be measured, which
determines the normalized fiber distance together with the fiber volume content, Table 3.
We can see that injection molding causes fiber length degradation on the order of 20 to
30%, which is more pronounced for PPP (push—pull processing) and higher fiber contents.
Furthermore, as the plates are not uniaxially oriented SFRC, the fiber orientation had to
be determined, Table 3. As expected, the plates have a preferential fiber orientation, with
orientation factors being higher for PPP than for conventional injection molding (CIM).
The orientation factors in the thickness direction f3 are close to 0, justifying the laminate
evaluation.

The mechanical properties (Table 4) show that PPP leads to slightly larger Young’s mod-
uli and yield stresses for neat PBT, which was also reported for PP (Kech et al. 2000). For
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Table4 Young’s moduli, tensile strengths, and elongations at break of PBT composites determined by tensile
tests according to ISO 527, with standard deviations (STD) and Young’s moduli for calculating compliance
predictions

Young’s modulus Yield stress Yield strain Young’s modulus
MPa MPa % for calculation
mean STD mean STD mean STD MPa

PBT matrix

CIM || 2385 + 64 526 £ 1.0 3.00 £ 0.01 2400

CIM L 2417 £ 10 533+0.1 3.02 £ 0.02

PPP || 2524 + 45 545+04 3.05+0.20 2500

PPP L 2492 + 54 54.6 £ 0.1 3.07 £ 0.05

PBT GF20

CIM || 5498 £+ 211 100.0 £ 3.8 3.05+0.19 5500

CIM L 3882 £+ 108 693+ 1.3 3.88 £0.10 3900

PPP || 6207 £+ 273 1050+ 1.9 2.66 £0.16 6200

PPP L 3642 + 140 50.8 £ 1.1 1.90 £ 0.11 3650

PBT GF30

CIM || 7400 + 373 115.8£0.8 2.52 £0.40 7400

CIM L 4427 £ 111 684+ 1.8 3.77 £ 0.06 4400

PPP || 8692 £+ 103 101.0£5.6 1.51 £0.11 8700

PPP L 4308 £ 315 462+ 1.8 1.31 +£0.04 4300

PBT GF20 and PBT GF30, the Young moduli parallel to the flow direction were 50% higher
for CIM and 80% higher for PPP compared to those perpendicular to the flow direction.
For the CIM, the yield stresses behave similarly, whereas the yield stresses parallel to the
flow direction are 100% higher for PPP. Furthermore, the yield stresses perpendicular to the
flow direction of the PPP test bars did not exceed the yield stresses of neat PBT. The highly
oriented PPP samples fractured at an elongation at break of approximately 50% compared
with the less oriented CIM samples. The Young moduli in Table 4 were also used to correct
the creep strains according to equation (9).

The creep compliances of neat PBT start at 0.42 GPa~! for CIM and 0.38 GPa~! for PPP,
independently of the initial stresses. This corresponds to different matrix stiffnesses due to
the processing method. However, the creep compliances increase faster with time as the
initial stresses increase and exhibit a pronounced time and stress dependency. The splitting
of the creep compliance curves of neat PBT and PBT GF (glass fiber filled) indicates that
the nonlinear creep behavior is pronounced at an initial stress of 37.5 MPa.

The introduction of glass fibers reduced the initial creep compliances of PBT GF20 by
approximately 60—-65% perpendicular to the flow direction and 40-50% parallel to the flow
direction, and of PBT GF30 by approximately 50-60% perpendicular to the flow direction
and 30-35% parallel to the flow direction, Fig. 6. Furthermore, the creep rates decreased
with increasing GF content.

The CIM samples exhibit a linear viscoelastic behavior, indicated by the coinciding creep
compliance curves, up to initial stresses of 25 MPa perpendicular to the flow direction and up
to 37.5 MPa parallel to the flow direction. PPP samples of PBT GF 20 did not behave linear
viscoelastically perpendicular to the flow direction and exhibited more creep than the CIM
samples, and at 37.5 MPa, fracture occurred after one day. The corresponding PBT GF30
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Fig.6 Creep compliances parallel and perpendicular to the flow direction of neat PBT, PBT GF20 (top), and
PBT GF30 (bottom) processed by CIM (left) and PPP (right) for initial stresses of 12.5 MPa (o), 25 MPa (0J),
and 37.5 MPa (¢) (Color figure online)

samples exhibit linear viscoelastic behavior up to initial stresses of 25 MPa but fracture
after 2 to 20 minutes at 37.5 MPa. This indicates that the matrix deformability decreases
with the GF content for stresses close to the yield stress of the matrix. Parallel to the flow
direction, the creep compliances of both PBT GF20 and PBT GF30 coincided for all initial
stresses within the experimental error, indicating linear viscoelastic behavior up to at least
37.5 MPa. In general, we can say that PPP increases creep compliance perpendicular to the
flow direction and reduces it parallel to it.
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Fig.7 Comparison of measured creep compliances (symbols) of PBT GF30 processed by CIM (left) and PPP
(right) to calculated creep compliances according to equations (25), (26), and (29) (solid lines) and ultimate
creep compliances (dashed lines); L data in red, || data in blue, oy = 12.5 MPa (Color figure online)

3.5 Calculation of predicted creep compliances and comparison to measurements

First, the predictions of the creep compliances were calculated using equations (19) and (20)
in combination with equation (21). The required input data were obtained from Tables 3
and 4. The Poisson ratios v, were calculated to be 0.0044 (PBT GF20) and 0.0061 (PBT
GF30), which are both close to zero. These small Poisson’s ratios result from the highly
oriented long fibers, which prevent most of the contraction in the fiber direction.

A comparison of the measured and calculated creep compliances is shown for PBT GF30
for an initial stress of 12.5 MPa in Fig. 7. The predicted time dependency of the creep com-
pliances was reproduced quite well, and the predictions had a stress-dependent time limit
due to the start of the pronounced creep of the PBT matrix. Evidently, the fibers affect the
creep mechanisms. The predictions overestimate the creep compliances of PPP samples by
20% and CIM samples by 40% in the ||-direction and 30% in the | -direction. This could be
partly explained by the fact that PBT GF may have higher crystallinities due to the nucleation
effects of the fibers and differences in processing such as higher melt temperatures because
of more internal friction due to the fibers leading to longer solidification times. Moginger
(1992) investigated the effects of processing in terms of the melt temperature, mold temper-
ature, and cycle time on the properties of neat PBT. He found increasing crystallinities with
melt temperatures from 30% to 36%, which led to variations in the PBT creep compliances
of up to 100%. From this perspective the predictions can be considered fairly good.

However, a crucial flaw exists in these predictions: the predicted creep compliances per-
pendicular to the flow direction always exceed the ultimate creep compliances, and the ul-
timate creep compliances represent the upper bounds. Equations (24a)—(24f) represent the
creep compliances of unidirectional continuous fiber-reinforced composites in which the
fibers are misaligned by the angle 6 to the direction of the external stress. An analysis shows
that the substitution of Jg¢ by Jo, using equation (29) significantly increases the creep strain
contribution of the shear term. J,, was determined under normal stress, and Jg under shear
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Fig.8 Determination of effective stresses due to a fiber misalignment 6 (Color figure online)

stress. Thus further correction is required considering that the creep-inducing shear stresses
are smaller than the applied tensile stresses, thus reducing the predicted creep compliances.

In creep experiments, deformations were measured parallel and perpendicular to the flow
direction and converted to creep strains. From Fig. 8 it becomes evident that G, is not
determined by the initial stress sO but by the smaller shear stress o given by

0o = 0p Sin 6. (30)
This leads to the following modification of the shear correction factor g; from Eq. (28):
G/ :gjsing (31)

with the effective shear correction factor G ;. Considering this, the calculated creep compli-
ance Jy;(t, op) parallel to the flow direction changes to

71] (t,00) = J11 (¢, 0p) COS49 —2v12J11 (8, 00) Sil’l29 COS2 0
+ g7J2 (¢, 00) sin® 0 cos? 0 + Jy, (1, 0p) sin* @
= Jy1 (t, 00) cos*0 — 2v12 Jy; (2, 0p) sin® O cos> O

+ G Jxn (t, 00) sin® 6 cos? 0 + Ju (1, 0p) sin* 0, (32)
and the measured creep compliance In(t, 00) perpendicular to the flow direction to

T @, 00) = Ji1 (t, 00) sin*0 — 2v15 01 (¢, 0p) sin” O cos” O
+ gy (1, 00) sin® @ cos? 0 + oy (¢, 0¢) sin* 6
=Ji (l, O'o)Sin49 —2v12J11 (8, 0p) sinz 0 C0529

+ G Jx (t, 09) sin® 6 cos® 6 + J (t, o) sin* 6. (33)
The creep compliance calculated according to equations (32) and (33) are compared to
measured creep compliances of PBT GF20 (Fig. 9) for oy = 12.5 MPa and (Appendix B) for

09 =25 MPa and 37.5 MPa, and PBT GF30 (Fig. 10) for oy = 12.5 MPa and (Appendix C
(for oy = 25 MPa and 37.5 MPa. Now the ultimate creep compliance perpendicular to the
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Fig.9 Comparison of measured creep compliances (symbols) of PBT GF20 processed by CIM (left) and PPP
(right) to calculated creep compliances (solid lines) and ultimate creep compliances (dashed lines); L data in
red, || data in blue, og = 12.5 MPa (Color figure online)
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Fig. 10 Comparison of measured creep compliances (symbols) of PBT GF30 processed by CIM (left) and
PPP (right) to calculated creep compliances (solid lines) and ultimate creep compliances (dashed lines); L
data in red, || data in blue, o) = 12.5 MPa (Color figure online)

flow direction exceeded the corresponding measured creep compliance, and the measured
creep compliance always exceeded the predictions. In principle, this is good news, as the
assumptions perfect fiber matrix adhesion and purely elastic behavior of the composite part
should provide calculated creep compliances smaller than the measured ones. Furthermore,
the time range of proper modeling is decreased with initial stress and characterized by a
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Fig. 11 SEM pictures of fracture surfaces of PBT GF

specific time limit. The reason for this behavior is that the creep of the neat matrix starts to
propagate if the specific time limit is exceeded.

3.6 SEM investigation of fracture surfaces parallel and perpendicular to the flow
direction

The SEM images of the fracture surfaces (Fig. 11) show that the matrix material adhered
to the fiber surfaces to a relatively large extent, indicating good fiber-matrix adhesion. This
behavior was more pronounced for fibers oriented perpendicularly to the stress direction,
where the interface was subjected to tensile stress. In the case of good fiber-matrix adhe-
sion, the tensile interface strength exceeds the shear strength of the matrix. As the tensile
stress approached the shear strength, the matrix still adhered well to the fibers, but started 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 due to shear flow at 45°, Figs. 11 a and b.
If the fibers are oriented parallelly to the stress direction, then the external tensile stress is
transferred by shear stresses along the interface to the fibers. Due to this stress transfer mech-
anism, the end regions of the fibers were subjected to a constant maximum shear stress. If
this shear stress corresponds to the shear strength of the matrix, then the matrix slides along
the fiber surface, leading to fiber pullout and delamination. Consequently, the end regions
of the fibers oriented parallelly to the stress exhibit hardly any matrix adherences, Figs. 11 ¢
and d. The matrix adherences are mainly visible on the fibers that are significantly oriented
perpendicularly to the stress direction. Thus the SEM images of the fracture surfaces show
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that the fiber-matrix adhesion is good but not perfect and that it seems to depend on the
stress direction at the interface.

Rech et al. (2022a) introduced an adhesion factor k,q, to account for the effects of vary-
ing the fiber-matrix adhesions in glass bead-reinforced thermoplastics. A smaller adhesion
factor increased the elastic compliance of the composite part of the EV. From creep ex-
periments of glass bead-reinforced PBT the short-term adhesion factor was determined as
kagnh ~ 0.5 (t < 1,000 s), and the long-term adhesion factor as k,g, =~ 0.3 (¢ > 100,000 s), far
from the perfect case k,qn & 1 (Rech et al. 2022b). The fracture and failure behaviors shown
in Fig. 11 suggest that the adhesion factor k,qy, depends either on the angle 6 between the
initial stress and main fiber orientation or that we have to distinguish two adhesion factors
attributed to tensile or shear failure.

With increasing initial stress oy, the time range decreases significantly, in which the time
dependency of the matrix creep corresponds to the creep of SFRC (Appendices B and C). To
evaluate this creep time limit ti;n;, the relative deviations of the measured creep compliances
from the calculated ones are required:

Jmeas - Jca c
Adre(t) = % (34)

Creep compliances were determined to be parallel (||) and perpendicular (L) to the flow
direction. The creep time limit was assumed to be achieved if AJ,(¢) became smaller than
80% of AJ,(t =0),

AJyer (f = tijmit) = 0~8A~Irel(t = 0) (35)

The evaluation shows that #};,;; decreases by a factor of approximately 30 with each increase
in the initial stress, Table 5. It also appears that )iy, is achieved at shorter times if the stress
acts perpendicularly to the flow direction. Furthermore, we can see that AJy exceeds
AJre, 1 afactor of 2 to 4. This indicates that the composite part of the EV must exhibit some
shear creep of its matrix not yet taken into account by the modeling.

Plotting the creep time limits #;;,,; in Table 5 versus the initial stresses oy reveals a loga-
rithmic dependency with reasonable correlation coefficients (Table 6):

Himit,i
o0 = arlg “;" +ap (36)
0

with reference time 7, (e.g., 1 s), fit parameter slope a;, and interception a.

The interceptions correspond well to the yield strengths o yicjq of PBT (Table 4) and
exhibit a standard deviation (STD) of typically 3 MPa. The mean slopes a; ; and a; | were
determined to be (—7.8 £ 0.64) MPa (]|) and (—7.6 & 0.15) MPa (L), respectively. The
STD of the slopes a;  are four times larger than the slopes a; ;. This may indicate that
cross-sectional variations in fiber orientation affect the creep behavior parallel to the flow
direction in a more pronounced manner. Solving Equation (36) with respect to the creep
time limit yields an exponential decrease with the initial stress:e

40 —90,i Oyield —90,i

fimii =fo* 107 @ Zfo%107 @@ | (37)

From equation (37) it follows that the creep behavior of SFRC PBT can be predicted by the
matrix creep with sufficient accuracy if the initial load does not exceed 12.5 MPa (Xoyicia/4).
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Table 5 Initial stress-dependent creep time limits and relative deviations of calculated creep compliances
from measured ones

Composites Stress  Creep time  Creep time Relative deviation of ~ Relative deviation of
MPa  limit fjjpje | limit #jjmje, 1 calculated compliance  calculated compliance
S S AlJrel,|| to time fimig, || AJrel, L to time flimig, |
o %
PBT GF20CIM  12.5 614072 350825 28.0 4.5
25 23321 2905 27.5 34
375 535 220 28.1 5.8
PBT GF20 PPP  12.5 >1217441 441259 37.9 16.4
25 56666 350615 34.7 16.7
37.5 535 1220 345 16.3
PBT GF30CIM  12.5 441259 >1217441 11.9 5.5
25 56666 12310 9.5 2.1
37.5 220 535 10.4 33
PBT GF30 PPP  12.5 23535" 614072 329 12.0
25 36225 23321 34.1 8.9
375 844 387 33.9 12.0

* flimit, || 1 determined too small because the measured creep compliance curve exhibits a small shift to slightly
reduced values at creep times of 10,000 s, 23,535 s, and 221,926 s; correction of these shifts leads to fjjmit, | =
614072 s.

Table 6 Fit parameters a; and aq due to equation (35) parallel and perpendicular to the flow direction with
correlation coefficients

Composites Fibers || flow direction Fibers L flow direction
ap,| ap,| Correlation ap | ap, | Correlation
MPa MPa coefficient MPa MPa coefficient
PBT GF20 CIM —8,16 60,0 0,998 -7,58 53,7 0,971
PBT GF20 PPP -17,35 58,2 0,986 -17,61 61,2 0,779
PBT GF30 CIM —-7,07 55,0 0,934 -7,36 56,7 0,988
PBT GF30 PPP —8,68 63,4 0,993 —7,78 58,0 0,996

4 Conclusions

Fiber orientation and aspect ratio affect the stiffness and creep compliance of short-fiber-
reinforced PBT composites. The EV approach takes into account them and predicts system-
atically too small but still sufficiently accurate creep compliances based on matrix creep. It
also allows for the expression of shear creep in terms of the transverse creep necessary in
cases of misalignment of fiber orientation. This underprediction is a result of the assumption
perfect fiber matrix adhesion and pure elasticity of the composite part of the EV. It has to be
emphasized that the model holds for any temperature not too close to glass transition tem-
peratures as matrix properties become strongly time and stress dependent. SEM images of
fracture surfaces show that the fiber-matrix adhesion is good but not perfect. Furthermore, it
seems that different adhesion mechanisms act at the interface depending on the stress direc-
tion with respect to the fiber axes. This requires further research if adhesion is introduced
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to the creep compliance relations as a further material property. However, the EV approach
opens, in principle, a way to express fiber-matrix adhesion in terms of an adhesion factor
that can be quantified using a final fit procedure. The 2D consideration based on RM Jones’
assumption of a plane stress state works well for the thin plates investigated in this study.
However, for thicker and more complex parts, the fiber orientation must be considered by a
3D calculation using the components of the orientation tensor.
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