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2 In-Process Measurements of Flow Characteristics of Wood Plastic

3 Composites

4 Valentina Mazzanti1 • Francesco Mollica1

5

6 � Springer Science+Business Media New York 2016

7 Abstract The flow characteristics of polypropylene filled

8 with high percentages of wood flour (50 and 70 wt%) are

9 investigated at a feasible processing temperature (195 �C).

10 Rotational rheometry in oscillatory mode in conjunction

11 with the Cox–Merz rule is ineffective at this temperature

12 due to insufficient linear viscoelastic region (LVR) size and

13 ease of fibres degradation. An in-line rheometer, directly

14 attached to a single screw extruder, is used to avoid these

15 problems: this method allows measurements in real pro-

16 cessing conditions with no LVR issues and with reduced

17 degradation risks. The 70 wt% displays plug flow, thus it

18 has been impossible to obtain the flow curve but only the

19 slip velocity as a function of shear stress. The 50 wt%

20 could be corrected for slip using the Mooney procedure.

21 Comparing the flow curve of this material with the ones of

22 the 30 wt% and the unfilled polypropylene matrix, a single

23 master-curve can be obtained and modelled with a Car-

24 reau–Yasuda equation.25

26 Keywords Wood plastic composites (WPCs) � Natural

27 fibres � Rheology � Extrusion

28Introduction

29Wood Plastic Composites (WPCs) are thermoplastic

30polymers filled with wood flour. In recent years, the

31growing sensibility about environmental issues has pushed

32the WPC market along an increasing trend [1, 2]. WPCs

33can be processed like polymers but can also be worked in

34the same way as wood, hence they can substitute wood

35especially in outdoor products, where the presence of the

36hydrophobic polymer increases durability. Moreover, nat-

37ural fibres are very convenient as fillers: they are cheap,

38lighter than ceramic fillers, biodegradable, less abrasive

39against processing machineries, capable of high filling

40levels and relatively easy to obtain if coming from local

41waste production [3, 4].

42High percentages of wood flour determine a lesser usage

43of the more expensive polymeric matrix, thus leading to a

44reduction in material cost and an increase in environmental

45sustainability. This justifies the interest towards highly

46filled WPCs, such as 50 wt% or more. However, the

47presence of large quantities of natural fibres shows a

48number of drawbacks. First, the hydrophilic natural fibres

49are incompatible with hydrophobic polymers, thus a cou-

50pling agent is necessary. Further, the presence of hydro-

51philic fillers leads to water absorption, and this may cause

52swelling and distortion in the finite products. The major

53problem of materials filled with natural fibres, though, is

54their ease of oxidative degradation at relatively low tem-

55peratures [5]: only polymers that can be processed at

56temperatures below 200 �C are suitable as WPC matrices.

57Among these, polypropylene (PP) is interesting since PP

58based—WPC (from now on PP-WPC) have the advantage

59of possessing higher mechanical properties [6]. However,

60the PP melting temperature of about 165 �C makes the

61processability range rather narrow, i.e. only about 20 �C
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62 wide (180–200 �C). Moreover, as the processing temper-

63 ature is close to the melting temperature, viscosity is rel-

64 atively high and the advantage of incorporating high

65 amounts of filler is thwarted by an additional viscosity

66 increase. Therefore, although high natural fibre content is

67 desirable, processing may become a very challenging task.

68 An accurate knowledge of the rheological properties is

69 necessary for successful control of WPC processing.

70 A common method for characterizing the flow proper-

71 ties of materials is rotational rheometry in oscillatory

72 mode, equating complex and shear viscosity using the

73 Cox–Merz rule. On the other hand, this holds only in

74 conditions of linear viscoelasticity and WPC does not

75 display a sufficiently wide linear viscoelastic region (LVR)

76 at processing temperatures [7–10]. Moreover, in the liter-

77 ature there is no clear agreement over Cox–Merz rule

78 applicability in the case of concentrated suspensions [11].

79 These drawbacks can be overcome by using a process

80 rheometer, which allows to obtain accurate rheological

81 data on polymeric fluids in processing conditions. Another

82 advantage comes from the reduced oxygen content inside

83 the extruder barrel, that makes it easier to avoid thermo-

84 oxidative degradation during testing. On the other hand, an

85 accurate temperature control may be very difficult to

86 achieve [12].

87 Process rheometers have already been used for unfilled

88 materials [13]: the slit is the preferential geometry, with

89 two or more flush mounted pressure transducers to measure

90 the pressure drop along the channel directly, thus without

91 the need to perform the Bagley correction. Moreover, rel-

92 atively thick slits can be used conveniently to reduce some

93 of the problems related to particle filler size [14]. A 30 wt%

94 PP-WPC has been studied in [8] using an in-process slit die

95 equipped with a variable slit height, for performing the

96 Mooney wall slip correction procedure [15], since it is well

97 known that molten WPCs exhibit wall slip [16].

98 The aim of this work is to study the flow characteristics

99 of PP-WPCs with high percentages of filler, i.e. 50 and 70

100 wt%, at a feasible processing temperature (195 �C). The

101 same in-line slit rheometer described in [8] is used in this

102 paper. For completeness, the PP matrix is also studied,

103 using a parallel plate rheometer in oscillatory mode.

104 Materials and Methods

105 Materials

106 The materials used in this study are two commercial PP-

107 WPCs purchased from PlasticWOOD S.r.l., Mazzantica di

108 Oppeano (VR), Italy. The commercial names are PP CO

109 68/BZ, a 70 wt% composite, and PP 50 SCD, a 50 wt%

110 composite. The producer has also supplied the matrix used

111for the composites, which is a polypropylene block

112copolymer. The average fibres length, diameter, and L/

113D ratio are 166.1, 16.0 lm and 10.2, respectively, as

114reported in [8]. The mechanical and thermal characteriza-

115tion of these materials are in [7].

116Measurement Apparatus

117The rheological measurements have been performed using

118a slit die in-line rheometer connected to a single screw

119extruder (P.R.T. SERVICE & INNOVATION s.r.l., Sant’

120Agostino (FE), Italy). The details of this instrument are

121described in [8].

122The slit die (length 105 mm, width 50 mm) is made of

123AISI 4317 steel, case hardened and tempered to HRC 61.

124In this study, slit thicknesses of 1.95, 3.31, 4.04 mm have

125been used. With the slit die width to thickness ratio greater

126than 10 it is customary to neglect edge effects and the flow

127may be assumed as to occur between infinite parallel

128plates. A further thickness of 5.35 mm, slightly oversized,

129has been used only for the 70 wt% WPC.

130Three flush mounted pressure transducers (GEFRAN

131M32 type mercury–filled transducers, ±0.25 % full scale

132accuracy) allow pressure drop measurements along the die.

133In order to reduce the risks that measurements are done in

134non-fully developed flow conditions, the first pressure

135transducer (200 bar full scale) is placed 40 mm after the

136slit entrance. The remaining two transducers are located

13725 mm apart, hence at 65 and 90 mm from the entrance

138(100 and 50 bar full scale, respectively), thus making the

139overall measurement length L = 50 mm.

140The slit die is equipped with a thermostat for tempera-

141ture control. To increase reliability, the polymer tempera-

142ture is also checked with thermocouples (J-type, ±0.1 C

143accuracy) contained inside the pressure transducers and

144capable of measuring the melt temperature directly. Ana-

145logic signals are conditioned and interfaced to a personal

146computer using the NI 9237 module for pressure and the NI

1479211 module for temperature. LabVIEW 2013 has been

148used to acquire and record data.

149Experimental Protocol

150In-Process Rheometry

151In order to reduce the moisture content, the WPC pellets

152have been dried at 80 �C for 24 h in a drying system before

153being flood fed into the extruder to perform the rheological

154measurements. During extrusion, a uniform temperature

155distribution of 195 �C has been maintained along the

156extruder barrel and the slit die. The volumetric flow rate Q,

157controlled through the extruder screw speed, has been

158determined by dividing the mass flow rate _m by the known

J Polym Environ

123
Journal : Large 10924 Dispatch : 27-10-2016 Pages : 7

Article No. : 876
h LE h TYPESET

MS Code : JOOE-D-16-00229 h CP h DISK4 4

A
u

th
o

r
 P

r
o

o
f



U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F

159 density of the fluid at the testing temperature

160 (q = 1125 kg/m3 for the 70 wt% and 1025 kg/m3 for the

161 50 wt%). The mass flow rate is the ratio of the throughput

162 weight (in the present work around 100 g, weighed with a

163 precision scale) over the time needed to extrude it.

164 Parallel Plate Rheometry

165 The PP matrix rheological characterization has been per-

166 formed with 25 mm diameter smooth surface parallel plate

167 rheometer (ARES,TA Instruments) in dynamic oscillation

168 and strain controlled mode. Strain and frequency sweep

169 tests have been done at 195 �C. The strain sweep test

170 allows to determine the linear viscoelastic region (LVR) of

171 the material, which is essential for performing the fre-

172 quency sweep test properly. Three different frequencies,

173 x = 1, 3, 10 rad/s, have been evaluated in a shear strain

174 range of 0.02–5 %. The 4 % strain value has been chosen

175 for the frequency sweep test. The frequency has been

176 varied between 0.1 and 100 rad/s. The storage modulus G
0

177 and the loss modulus G
0 0

have been measured as a function

178 of frequency. These values have been used to calculate the

179 complex viscosity:

g� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

G

x

0� �2

þ
G

x

00� �2
s

: ð1Þ

181181 Using the Cox-Merz rule, the complex viscosity at a

182 given frequency is numerically equal to the shear viscosity

183 evaluated at a shear rate which equals the frequency.

184 Results and Discussion

185 The melt temperature in the extruder metering zone has

186 always been stable at 195 �C. Along the slit die, temper-

187 ature has remained within 2 �C from the target value

188 (195 �C). It should be pointed out that temperature non-

189 uniformity is a usual problem in process rheometers [12].

190 Examples of the temperature profiles that have been

191 recorded during measurements are shown in Fig. 1. It can

192 be seen that the highest deviation from the set point occurs

193 in the last temperature reading (located at 90 mm from the

194 entrance, or 15 mm from the exit), where temperature

195 drops down by about 2 �C with respect to the adjacent

196 reading. This effect is a consequence of the proximity of

197 the slit die exit, but it can be speculated that, even if the last

198 thermocouple is in close contact with the melt, its mea-

199 surement may be influenced by the local temperature of the

200 steel die, which is lower in that location due to the presence

201 of the free surface at the exit. Thus it is possible that the

202 melt temperature may actually remain more uniform,

203 probably closer to the target temperature, in spite of the

204thermocouple reading. Such temperature profiles are thus

205considered to be acceptable.

206Pressure profiles from the three flush mounted trans-

207ducers are linear, thus the pressure gradient gradp can be

208promptly estimated from the slope of the best fitting

209straight line. Thus, the absolute value of the wall shear

210stress sw is

sw ¼ �
H

2
gradp; ð2Þ

212212with H being the slit die thickness. The apparent Newto-

213nian shear rate _capp can be calculated from the volumetric

214flow rate Q and the geometry of the die (thickness H and

215width W) as follows:

_capp ¼
6Q

WH2
: ð3Þ

217217In Fig. 2 the shear stress versus apparent shear rate

218diagram is shown for the 70 wt% WPC for the slit thick-

219nesses that have been used. The curves do not superimpose:

220at a given shear stress, the apparent shear rate is higher for

221smaller slit thicknesses, a clear indication of wall slip. The

222curves have to be post-processed in order to subtract the

223contribution of wall slip. This can be done through the

Fig. 1 Some typical temperature profiles along the die for the 50

wt% WPC, parameterized as a function of the mass flow rates

Fig. 2 Shear stress versus apparent shear rate for 70 wt% WPC for

various slit heights

J Polym Environ

123
Journal : Large 10924 Dispatch : 27-10-2016 Pages : 7

Article No. : 876
h LE h TYPESET

MS Code : JOOE-D-16-00229 h CP h DISK4 4

A
u

th
o

r
 P

r
o

o
f



U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F

224 Mooney procedure [15], i.e. using the following decom-

225 position of the apparent wall shear rate _capp into a part due

226 to wall slip and another due to viscous shearing at constant

227 wall shear stress:

_capp ¼
6vs

H
þ _capp no slip; ð4Þ

229229 where vs is the slip velocity and _cappnoslip is the apparent

230 wall shear rate corrected for slip.

231 The results of the Mooney procedure are shown in

232 Fig. 3: the apparent shear rate versus the reciprocal of slit

233 height 1/H at constant wall shear stress is reasonably linear,

234 in agreement with (4), and the slip velocities could be

235 obtained from the curves slope. This notwithstanding, the

236 intercepts on the apparent shear rate axis are not positive,

237 thus the procedure is in fact inapplicable. The Mooney

238 procedure is not always successful, for example if the

239 Mooney plot shows negative intercepts on the apparent

240 shear rate axis [13] or if the constant shear stress lines are

241 not straight [17]. It is easy to fall into one of these possi-

242 bilities when highly filled materials are tested [16]. In these

243 cases, as it is impossible to subtract the slip contribution

244 from the measurement of the apparent shear rate, the rhe-

245 ological characterization cannot be performed.

246 The negative intercept is a frequent problem in case of

247 fluids that display relatively high wall slip, thus one should

248 check for prevailing plug flow behaviour. This can be done,

249 as shown in Fig. 4, by plotting the shear stress as a function

250 of the average flow velocity �V that is defined as

�V ¼
Q

WH
: ð5Þ

252252 Indeed, as the four curves collapse into a single one, it

253 can be concluded that this material undergoes plug flow.

254 This result is alike to the one obtained by Li and Wolcott

255 [16], who used a polyethylene based WPC with a con-

256 centration of filler of 60 wt% in a capillary rheometer.

257In Fig. 5 the shear stress versus apparent shear rate

258diagram of the 50 wt% WPC is presented for the slit

259thicknesses that have been used. The curves show depen-

260dence on geometry, but it can be observed that the three

261curves are closer than the ones of the 70 wt% WPC. The

262Mooney analysis, shown in Fig. 6, has been performed

263successfully: the curves are reasonably linear and the

264intercepts are positive for all levels of shear stress. Next,

265the apparent shear rate has been corrected for non-New-

266tonian effects using the Rabinowitsch procedure. The vis-

267cosity versus true shear rate plot shows a shear thinning

268behaviour, as pictured in Fig. 7. For completeness, the

269viscosity values of 50 wt% WPC are shown together with

270the viscosity curves of the 30 wt% WPC taken from [7] and

271the neat PP flow curve, obtained with the rotational

272rheometer at 195 �C using the Cox–Merz rule.

273The oscillatory testing used for characterizing PP has the

274advantage of exploring a wider shear rate range, especially

275at lower values. For this reason, it is possible to observe the

276Newtonian plateau at low shear rates, which does not

277appear in the WPCs flow curves. As shown in Fig. 7, a

278higher content of natural fibres increases viscosity.

Fig. 3 Mooney plot of the 70 wt% WPC for six levels of shear stress

Fig. 4 Wall shear stress as a function of average flow velocity for 70

wt% WPC

Fig. 5 Shear stress versus apparent shear rate for 50 wt% WPC for

the various slit heights
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279 The viscosity curves are fitted with a power law model

g ¼ K _cn�1 ð6Þ

281281 where n is the exponent of the power law and K is the

282 consistency index. In the case of neat PP, the curve fitting

283 has been performed sufficiently far from the Newtonian

284 plateau (between 30 and 100 rad/s). All the fitting param-

285 eters are listed in Table 1. The consistency index increases

286 with the percentage of wood, as viscosity generally

287 increases with filler amount. On the other hand, the expo-

288 nent of the power law essentially keeps the same value

289 (around 0.4), irrespective of the filler content, and this

290 shows that the shear thinning behaviour depends princi-

291 pally on the polymeric matrix, not on the filler, in agree-

292 ment with Ares et al. [18].

293As introduced by Highgate and Whorlow [19] and

294reported also by Barnes [9], it is possible to obtain a single

295master-curve by shifting the flow curves in a log–log vis-

296cosity versus shear rate plot. The shift must be done in a

29745� diagonal direction, i.e. comprising a horizontal shear

298rate shift and a vertical viscosity shift of the same value but

299opposite sign. The master-curve is shown in Fig. 8 and

300describes the viscosity of the unfilled matrix at 195 �C.

301Indicating this viscosity with gPP, it can be fitted with a

302Carreau–Yasuda model:

gPP ¼
g0

1þ k _cð Þcð Þ
1�n
c

; ð7Þ

304304where g0 is the viscosity value at the Newtonian plateau for

305neat PP, _c is the shear rate, k and c are fitting parameters.

306The remaining value, n, is the slope of the shear thinning

307portion of the curve in a log–log plot, thus the same symbol

308as the power law exponent (Eq. 6) has been chosen. From

309Fig. 8, it can be seen that the match of the fitted curve to

310the experimental set of data is very good, the fitting

311parameters are listed in Table 2.

312The diagonal shift factors a(/) are listed in Table 3 and

313plotted as a function of the filler volume fraction in Fig. 9.

314These data can be fitted with a modified Eilers model [20]:

a /ð Þ ¼ 1þ n
/

1� /
/max

" #2

; ð8Þ

316316where the fitting parameters are n = 9.85 and /max = 0.79.

317In particular, /max is the maximum volumetric loading of

318wood fibres in the PP matrix. With this procedure, the

Fig. 6 Mooney plot for 50 wt% WPC at different levels of stress

Fig. 7 Shear viscosity versus true shear rate for the 50, 30 wt%

WPCs and complex viscosity of neat PP versus frequency at 195 �C.

Interpolating line corresponds to the power law model

Table 1 Fitting parameters for

the power law model
Compound K (Pa sn) n

Neat PP 4258 0.44

30 wt% 16,191 0.36

50 wt% 23,092 0.37

Fig. 8 Viscosity master-curve at 195 �C with the neat PP as the

reference material fitted with a Carreau–Yasuda model

Table 2 Fitting parameters

used in the Carreau–Yasuda

equation

k 0.171

c 1

n 0.38

g0 (Pa s) 1300

J Polym Environ

123
Journal : Large 10924 Dispatch : 27-10-2016 Pages : 7

Article No. : 876
h LE h TYPESET

MS Code : JOOE-D-16-00229 h CP h DISK4 4

A
u

th
o

r
 P

r
o

o
f



U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F

319 viscosity curve at 195 �C of PP–WPCs at any percentage

320 of filler between 0 up to 50 wt% can be interpolated using

321 the correspondent diagonal shift factor with the following

322 equation:

g /; _cð Þ ¼ a /ð ÞgPP a /ð Þ _cð Þ: ð9Þ

324324 The wall slip velocity versus wall shear stress curves are

325 presented in Fig. 10. Slip occurs in the processing of

326 WPCs, and in the case of the 70 wt%, this is the sole

327 contribution to flow. This is not surprising, as external

328 lubricants are typically added to the material composition

329 in order to facilitate flow. Slip velocity varies in a range

330 between 0.8 and 37.3 mm/s depending on the filler content

331 and increases with the shear stress for all materials. In

332particular, at a fixed wall shear stress, materials with higher

333wood fibre content have smaller slip velocity in agreement

334with the results of [21] for HDPE-based WPC.

335Within the examined range of shear stress the curves can

336be fitted with:

vs ¼ h s� scð Þm; ð10Þ

338338where sc is a critical shear stress at which wall slip starts.

339The other fitting parameters, h and m, are listed in Table 4.

340Notice that both the 30 and 50 wt% WPCs can be modelled

341without requiring the critical stress for slip activation,

342which is needed only for the 70 wt%. Interestingly, it is

343found that for each formulation the exponent m is nearly

344independent of the filler content.

345Conclusions

346In this paper we have studied the flow behaviour of two

347polypropylene based WPC compounds, filled with 50 and

34870 wt% wood fibres, together with the neat PP matrix.

349These materials have many advantages in terms of cost and

350environmental sustainability but are very difficult to pro-

351cess because of their high viscosity and ease of oxidative

352degradation. For these reasons, knowledge of their rheo-

353logical properties is important. Despite oscillatory rheom-

354etry is not suitable to characterize PP-WPCs at processing

355temperatures [7], in-line rheometry has been found to be

356appropriate at 30 wt% filler loading [8]. In the present

357paper, the 50 and 70 wt% PP-WPC have been characterized

358through in-line rheometry with the same methods described

359in [8]. The results show that the 70 wt% WPC flow curve

360cannot be obtained because the material shows plug flow

361behaviour, while the 50 wt% WPC viscosity curve has been

362obtained and compared to those of 30 wt% WPC and neat

363PP. The materials are found to be shear thinning, their

364viscosity increases with the wood flour percentage, but the

365slope of the viscosity curves remains approximately the

Table 3 Diagonal shift

parameter as a function of the

filler volume fraction

WF mass fraction wt% / WF volume fraction % vol. Diagonal shift factor log(a) Shift factor a

0 0 0 1

30 27 1.46 29

50 44 2.1 126

Fig. 9 Shift factors as a function of filler volume fraction and curve

fitting using Eq. 8

Fig. 10 Wall slip velocity of wood filled composites as a function of

shear stress. Dotted line corresponds to the model indicated in Eq. 10

Table 4 Fitting parameters for the wall slip curves for 30–50–70

wt% WPCs

Compound (wt%) h (mm/(s kPam)) sc (kPa) m

30 % 8.0E-05 0 2.72

50 4.1E-05 0 2.69

70 6.0E-05 41 2.74
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366 same. This allows to scale the flow curves with respect to

367 the filler content and obtain a single master-curve, repre-

368 senting the neat PP viscosity at 195 �C. The master curve

369 can be modelled with a simple Carreau–Yasuda equation

370 and the shift factor allows to estimate the viscosity curve

371 for different wood flour concentrations.

372 The wall slip velocity has been determined for all WPCs

373 and can be modelled with a simple power law relation for

374 the 50 wt%, while the 70 wt% requires a shear stress

375 threshold. The viscosity values for wood flour filled

376 materials at high fibre concentrations are quite remarkable,

377 nevertheless processing of these materials is made possible

378 by extensive wall slip.
379
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