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Abstract The aim of the present work is to examine the

effect of the rheological behaviour and surface properties

on the sintering of various polymers. Model polymers,

liquid at room temperature and commercials materials with

different viscosities and structures are used. Zero-shear

viscosities and relaxation times are extracted from rheo-

logical curves. The surface tension of the materials is

measured by the sessile drop method when possible. The

sintering of two particles put in close vicinity is recorded

using a CCD camera at regular intervals time. Two sub-

strates with different surface tension are employed. The

effects of viscosity, surface tension and relaxation time on

the sintering kinetics are discussed.

Introduction

Rapid manufacturing and rotational moulding process are

the most adapted method to produce large hollow and

complex plastic parts without weld lines. They involve four

steps: (1) melting of the polymer powder in the mould, (2)

coalescence of the particles, (3) densification of the melt

bed and (4) cooling period. It appears that one of the main

physical phenomena that govern the cycle time and the

quality of dissolution of bubble gas into the polymer melt is

the coalescence [1], what we can also call sintering.

The sintering phenomenon has been first studied for

metals and ceramic materials [2, 3] and then the approach

has been extended to polymers [4]. Various models have

been proposed in this area. Frenkel [5] described the rate of

coalescence occurring by viscous flow promoted by surface

tension for two Newtonian spherical particles having the

same diameter, during the early stages of sintering. How-

ever, such a model violates the continuity equation, which

was corrected later by Eshelby [6]. Extension of Frenkel’s

model was given by Hopper [7].

Pokluda et al. [8] extended the Eshelby–Frenkel

approach to include the complete coalescence process of

two spherical particles as illustrated in Fig. 1. Recently,

Bellehumeur et al. [9] improved Pokluda model so as to

better fit the experimental results of the polypropylene–

ethylene copolymer sintering. The Bellehumeur sintering

model has used the upper convected Maxwell model [10],

assuming quasi-steady state flow, to obtain a non-linear

differential equation. In this model, the sintering rate is a

function of the material relaxation time and the charac-

teristic sintering time: g0r0/c, where g0 is the zero-shear

viscosity, r0 the initial particle radius and c the surface

tension. The model can be written as follow:

8 bkK1h
0ð Þ2þ 2bkK1 þ

g0r0

c
K2

1

K2

� �
h0 � 1 ¼ 0 ð1Þ

K1 and K2 are geometrical parameters given by:

K1 ¼
sin h

1þ cos hð Þ 2� cos hð Þ ð2Þ

K2 ¼
2�5=3 cos h sin h

1þ cos hð Þ4=3
2� cos hð Þ5=3

ð3Þ
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h is designed as the sintering angle as illustrated in Fig. 1.

b is the Maxwell coefficient that takes the value ?1 for the

upper convected Maxwell model (UCM). More recently, an

effort was made to develop a model which takes into

account the transient rheology [11].

The aim of this work is first to study the sintering pro-

cess from a fundamental point of view thanks to model

fluids, then to use commercial materials used for rotational

moulding. Various substrates were employed to explore the

effect of the interfacial tension. The influence of rheolog-

ical properties of materials was also examined.

Experimental

Materials

Nine model fluids were employed to better understand the

sintering process: 3 poly(dimethylsiloxanes) PDMS, 2 po-

lybutenes PB and 4 Boger fluids [12]. These fluids are a

mix of a highly viscous polymer and a highly elastic one.

We used here a PB as viscous polymer, and a polyisobu-

tylene as the elastic component. The amount of PIB and the

type of PB controls the elasticity of the BF’s or their vis-

cosity. Tables 1 and 2 give the nomenclature of the 9 flu-

ids. All are liquid at room temperature.

5 industrial polymers were also studied: a copo(ethyl-

ene–propene) designed as Co-PEPP, two polypropylenes

PP and PP-G, and two polyethylenes PE and PE-G. PP-G

and PE-G are grafted with a chemical function which

makes them compatible with polyamide, in order to pro-

duce multilayer parts for example.

Surface tension measurements

Surface tensions were measured by sessile drop method.

For model fluids, a drop of the material was deposited

successively on three substrates of surface tension known.

Contact angles at 25 �C between the fluid and its substrate

were measured using images analyses software. We easily

deduce the polar and non-polar parts of each fluid.

The surface tension measurement for Co-PEPP requires

only one non-polar substrate. This kind of material is well-

known to have a polar part equal to zero. The measure-

ments were conducted ranging from 180 to 220 �C on a

PTFE substrate. A polymer particle was deposited on it.

The equilibrium of the molten polymer was observed

before acquiring of the contact angle.

The equipment available at the laboratory cannot mea-

sure surface tension of highly viscous or elastic polymers.

Values for PE, PE-G, PP and PP-G were also estimated by

surface tension found in the literature. All of them have

been reduced to a temperature of 200 �C.

Rheological tests

Rheological behaviours of model fluids have been

observed. Tests were performed with a stress-controlled

rotational rheometer AR100 from TA Instruments, with a

cone and plate geometry. To obtain the largest range of

frequencies, the tests were carried out from 25 to 65 �C. A

master curve is plotted for a reference temperature of 25 �C

using time–temperature superposition procedure. Newto-

nian viscosities and relaxation times at 25 �C for each fluid

are deduced from this curve.

  r0 r 

x 

θ 

(a) (b)

Fig. 1 Geometrical illustration of the sintering process of two drops

at a t = 0 s and b t [ 0 s. The parameters r, x and h represent the

radius, the neck radius and the sintering angle, respectively

Table 1 Zero-shear viscosity at 25� of the 3 PDMS and the 2 PBs

Sample Zero-shear viscosity (Pa s)

at 25 �C

PDMS1 10.6

PDMS2 28.9

PDMS3 80.8

PB1 23

PB2 502

Table 2 Composition of the various prepared Boger fluids

Sample % Kerosene

(solvent)

% Polyisobutylene

(polymer)

% Polybutene

(polymer solvent)

BF1 6.98 0.22 92.8 (PB1)

BF2 6.2 0.8 93 (PB1)

BF3 6.98 0.22 92.8 (PB2)

BF4 6.2 0.8 93 (PB2)
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Rheological measurements for industrial polymers were

performed using a strain-controlled rotational rheometer

ARES from TA Instruments with a plate and plate geometry.

Rheological properties of Co-PEPP were explored on a range

of temperature from 180 to 230 �C. Rheological behaviour

for the other materials was only tested at 200 �C, which is the

sintering tests temperature chosen. Newtonian viscosities

and relaxations times were calculated for each temperature.

Sintering experiments

The sintering experiments were conducted on a regulated

hot stage on which the drops or the particles were depos-

ited. A Zeiss binocular and a Pantera CCD camera linked

to a computer allow to record images at regular intervals.

The sintering experiments were carried out at 25 �C for

model fluids. Because of their relatively low viscosities, the

drops adopt more or less instantaneously a spherical shape.

This eases the sintering kinetics measurements at short

times. 2 substrates with different surface tensions were

used to observe the effect of the interfacial tension.

The sintering tests were performed at 195 and 225 �C

for Co-PEPP. This will allow us to examine both effect of

viscosities and relaxation times for industrial materials. 2

substrates with different surface tensions were also used.

Finally, the sintering of PE, PE-G, PP and PP-G was

observed at 200 �C. The same substrates than those used

for Co-PEPP polymer have been employed.

All tests were repeated at least three times to ensure

reproducibility. The results presented are the mean of the

three tests since it decreases the experimental error (4%).

Results and discussion

Surface tension

Surface tension was evaluated for the all used samples. The

contact angles between the liquids and three substrates

were measured to determine the polar, cp
L, and the disper-

sive, cd
L, components of the liquid surface tension. When

considering a liquid drop of surface tension cL on a solid

substrate of surface tension cS, the equilibrium at the triple

point can be written as:

cS ¼ cSL þ cL cos a ð4Þ

cSL is the interfacial tension between the liquid and the

substrate and a the contact angle. According to Owens and

Wendt [13], cSL can be expressed as:

cSL ¼ cS þ cL � 2 cd
Sc

d
L

� �1=2�2 cp
Sc

p
L

� �1=2 ð5Þ

According to Eqs. 2 and 3, this leads to:

cL 1þ cos að Þ ¼ 2 cd
Sc

d
L

� �1=2þ2 cp
Sc

p
L

� �1=2 ð6Þ

In the above equation, the values of cd
S, cp

S and are known

for each used substrate. This equation can be rewritten as

follow:

1þ cos að Þ
2
ffiffiffiffiffi
cd

S

p ¼ 1

cL

ffiffiffiffiffi
cp

L

q ffiffiffiffiffi
cp

S

cd
S

s
þ 1

cL

ffiffiffiffiffi
cd

L

q
ð7Þ

By plotting:

1þ cos aið Þ
2
ffiffiffiffiffiffi
cd

Si

q ¼ f

ffiffiffiffiffiffi
cp

Si

cd
Si

s !
ð8Þ

where i is the number of substrate, the polar and the dis-

persive components of the liquid can be easily determined

from the above expressions. The obtained results are given

with an average error of ±0.2 mN/m.

Table 3 represents the surface tension measured for

model fluids. The substrates used are glass, aluminium and

PTFE. As we can see in column 5, polar parts can be

neglected. Measurements can be achieved on a single

nonpolar substrate (PTFE). This improves the accuracy.

Surface tension can be simply estimated by:

cL ¼
4cS

1þ cos að Þ2
ð9Þ

Surface tension of the three PDMS is quite similar. The two

PB’s show different surface tension. The surface tension of

PB1 is 26.3 mN/m whereas that of PB2 is 27.4 mN/m. BF1

and BF2 have a surface tension quite similar to that of their

matrix (PB1) and value of BF3 and BF4 is quite identical to

that of PB2.

The surface tension of Co-PEPP is calculated at each

test temperature according to Eq. 9. A small flow of an

inert gas was necessary to prevent thermal degradation of

the material. Table 4 gives the results obtained. The sur-

face tension varies from 22.8 mN/m at 180 �C to 19.6 mN/

m at 220 �C. These values are in accordance with typical

results for a polypropylene [14]. The surface tension

decreases linearly with the increase of the temperature with

dc/dT = -0.08 mN/m/�C. Such values are found in the

literature too.

As it was previously mentioned, the equipment in the

laboratory does not allow us to measure surface tension of

highly viscous or elastic materials. Kwak et al. [15] have

measured the surface tension of a PE. The value at 200 �C

is 21.5 mN/m. According Wu [16], the surface tension of a

grafted PE, comparable with our PE-G, is 23.3 mN/m at

200 �C. The value given by Hata and Kasemura [17] for a

PP at 200 �C is 19.3 mN/m. We did not found any data for

a grafted PP. In first approximation, we can also consider

that the surface tension of PP-G is 19.3 mN/m at 200 �C.

J Mater Sci (2012) 47:121–131 123

123



Rheological properties

Figures 2 and 3 report the complex shear viscosity as a

function of frequency for PDMS and PB samples at 25 �C.

All samples present a large Newtonian plateau followed by

a small decrease in viscosity at high frequencies mainly for

large molecular weight samples. However, up to 80 rad/s,

all the samples behave as Newtonian liquids. Beyond this

value PDMS3 and PB2 show a decrease in viscosity as a

function of frequency (frequency-thinning behaviour).

Newtonian viscosities and relaxation times measured are

shown in Table 5.

Figures 4 and 5 show the variation of the storage shear

modulus and the complex shear viscosity as a function of

frequency for BF1, BF2 and BF3, BF4, respectively. The

two sets of samples differ in the nature of PB used as a

Table 3 Surface tension values for model fluids obtained with 3 substrates (columns 2 trough 4) as well as merely 1 non-polar substrate (column

6)

Sample Measurements with 3 substrates: PTFE, aluminium and glass at 25 �C Contribution of polar

part cp
L=cL (%)

Measurements with

only PTFE at 25 �C

cp
L (mN/m) cd

L (mN/m) cL (mN/m) cd
L ¼ cL (mN/m)

PDMS1 0.6 22.4 23.0 2.8 23.3

PDMS2 0.5 23.1 23.6 2.3 23.8

PDMS3 0.6 22.7 23.3 2.6 23.6

PB1 0.3 26.1 26.4 1.1 26.3

PB2 0.2 27.6 27.8 0.7 27.4

BF1 0.2 26.3 26.5 0.8 26.5

BF2 0.4 26.1 26.5 1.5 26.3

BF3 0.2 27.3 27.5 0.7 27.2

BF4 0.3 27.3 27.6 0.9 27.3

The contribution of the polar component to the surface tension is displayed in column 5

Table 4 Surface tension values at several temperatures for Co-PEPP

Temperature (�C) 183 190 194 199 207 213 218 222

Surface tension (mN/m) 22.8 22.4 21.9 21.4 20.9 20.3 20.2 19.6

The relaxation times were calculated with the Cole–Cole method

Fig. 2 The complex viscosity modulus vs the frequency for PDMS1

(triangle), PDMS2 (square) and PDMS3 (diamond) at 25 �C
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Fig. 3 Complex shear viscosity vs frequency for PB1 (square) and

PB2 (triangle) at 25 �C

Table 5 Rheological characteristics for PDMS and PB samples at

25 �C

Fluid Eta* (Pa s) k (s)

PDMS1 10.6 1.5 9 10-4

PDMS2 28.9 1.5 9 10-3

PDMS3 80.8 3.1 9 10-3

PB1 23 10-5

PB2 502 2.6 9 10-3
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matrix (refer to Table 2). BF1 and BF2 samples exhibit

quite the same behaviour as a function of frequency with a

clear Newtonian plateau in the low-frequency region (vis-

cosity is constant and G0 is almost zero) with a zero-shear

viscosity of about 17 Pa s for BF1 and of about 30 Pa s for

BF2, followed by a sharp decrease in viscosity before

reaching a second plateau at high frequencies. Such a

decrease starts at approximately 0.2 rad/s and extends to

50 rad/s.

The second series (BF3 and BF4) shows a completely

different trend with a Newtonian viscosity in the low-fre-

quency region followed by a smooth transition towards a

second plateau for intermediate frequencies. At approxi-

mately 70 rad/s, the viscosity shows a second transition

with a decrease in viscosity with frequency. The difference

in behaviour of the two series is due to the difference in the

behaviour of their polymer matrix. In fact, in comparison

with Fig. 3, the high frequency-thinning behaviour (similar

to shear-thinning) observed in BF3 and BF4 can be linked

with that of PB2. In contrast, PB1 did not show any fre-

quency-thinning above 20 rad/s (Fig. 4) and therefore the

corresponding Boger fluids, BF1 and BF2 show a second

plateau at high frequencies.

Characteristic relaxation times were determined from

the Cole–Cole diagram. The results are shown in Table 6.

We observe that the relaxation time k1 is strongly depen-

dent on PIB concentration, as it increases from 3.6 s for

BF3, to 5.3 s for BF4, which has the higher PIB concen-

tration. k2 is slightly higher than kPB, but the values are in

the same order of magnitude. This effect may be due to

PIB, as an increase in PIB would also lead to an increase in

k2.

Rheological properties of Co-PEPP were explored at

different temperatures under protective gas. Figure 6

shows the master curve at 230 �C. This material shows a

typical behaviour of viscoelastic polymer, with a Newto-

nian plateau at low frequencies, followed by a decrease in

viscosity. Table 7 gives Newtonian viscosities and relax-

ation times determined at each temperature. Newtonian

viscosities for sintering tests temperatures will be estimated

by fitting data with an Arrhenius law.
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Fig. 4 The rheological behaviour of BF2 (filled triangle, filled
square) and BF4 (open triangle, open square). The elastic modulus

(filled square, open square) is reported on the left axis, whereas the

complex viscosity is displayed on the right axis (filled triangle, open
triangle)
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Fig. 5 The rheological behaviour of BF1 (filled triangle, filled
square) and BF3 (open triangle, open square). The elastic modulus

(filled square, open square) is reported on the left axis, whereas the

complex viscosity is displayed on the right axis (filled triangle, open
triangle)

Table 6 Zero-shear viscosities and relaxation times for the Boger

fluids at 25 �C

Fluid Eta*0 (Pa s) k (s) k (s) kPB (s)

BF1 17 0.6 3.6 9 10-5 (1) 10-5

BF2 30.8 0.9 10-4 (1)

BF3 275 3.6 4 9 10-3 2.6 9 10-3

BF4 420 5.3 10-2

The relaxation times for PB used in each Boger fluid are recalled in

column 5. Relaxation time was determined by Cole–Cole method,

except for (1) which was estimated by a numerical simulation
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Fig. 6 Complex shear viscosity (triangle) and moduli vs frequency

for Co-PEPP at 230 �C
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The complex viscosities as a function of the frequency

for PE, PE-G, PP and PP-G at 200 �C are shown in Figs. 7

and 8. The viscosity of PP shows a Newtonian plateau for

low frequencies. The shear-thinning appears above 0.2 rad/

s. Its Newtonian viscosity and relaxation time are shown in

Table 8. PP-G does not seem to present any Newtonian

plateau. Measures at low frequencies have a poor accuracy

because of the lack of sensibility of the sensor. We also

observe an increase of the viscosity. The zero-shear vis-

cosity and relaxation time estimated by a fitting with

Carreau model and indicated in Table 8 may be over

estimated. PE and PE-G are highly viscous and elastic

materials in comparison with Co-PEPP or PP. PE presents

a zero-shear viscosity more than 10600 Pa s and a relax-

ation time about 10 s at 200 �C. PE-G is a little less vis-

cous and elastic. We note that they show a beginning of a

Newtonian plateau at low frequencies. We must carefully

note that PE-G is sensitive to crosslinking, i.e., an increase

of its viscosity under heat action. An inert gas allows us to

reduce this effect, but will disrupt sintering tests.

Sintering kinetics

The observed evolution in shape during sintering was

compared to Bellehumeur et al. model using the parameters

obtained from the rheological tests, the surface tension

measurements (c) and the initial drop radius (r0). The

evolution of x/r as a function of time was obtained by

integrating Eq. 1 using Runge–Kutta routine. It should be

noted that it was impossible to measure the initial value of

x/r. Therefore, the first x/r value obtained experimentally

was taken as the initial value in the integration and in the

worst case this value ranged between 0.25 and 0.35. For

comparison purposes, the experimental data can also be

fitted by the following simple expression when possible:

x

r
¼ 1� Ke� t=sð Þ ð10Þ

From this fitting, the sintering time t99, a characteristic time

k and the slope d(x/r)/dt at the initial stage can be deduced.

t99 can be reduced in order to take into account the zero-

shear viscosity, the surface tension and the initial particle

radius:

tr ¼
t99c
g0r0

ð11Þ

Model fluids

Figures 9 and 10 represent the sintering curves for the 3

PDMS on a PTFE and copper substrate. All these fluids

Table 7 Zero-shear viscosities and relaxation times for Co-PEPP

from 180 to 230 �C

Temperature (�C) Newtonian viscosity (Pa s) Relaxation time (s)

180 1980 0.79

190 1300 0.45

200 1150 0.39

210 930 0.32

220 680 0.25

230 600 0.20
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Fig. 7 Complex shear viscosity vs frequency for PP (filled square)

and PP-G (open square) at 200 �C
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Fig. 8 Complex shear viscosity vs frequency for PE (filled square)

and PE-G (open square) at 200 �C

Table 8 Zero-shear viscosities and relaxation times for PP, PP-G, PE

and PE-G at 200 �C

Sample Newtonian

viscosity

(Pa s)

Relaxation

time (s)

PP 1850 0.15

PP-G 6232 3.9

PE 10,656 9.9

PE-G 4643 3.9
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have the same elastic parameters and similar surface ten-

sions. We can also observe the effect of the viscosity on

sintering kinetics [18]. PDMS1 coalesces faster than

PDMS2 and PDMS3 on both PTFE and copper. Sintering

times t99 and reduced sintering times tr are shown in

Table 9. On a PTFE substrate, only 6.2 s are necessary for

PDMS to sinter totally against 14.7 and 42.3 s for PDMS2

and PDMS3. The same trend is observed on copper sub-

strate. Reduced times tr are similar between the three

materials on a same substrate. This indicates that only

viscosity, surface tension and initial particles radii play a

role. Bellehumeur et al. model describes relatively well the

experimental data.

Figures 11 and 12 represent the sintering kinetics for

PB1 and PB2 on a PTFE and a copper substrate. As before,

the less viscous material coalesces the faster, independently

of the substrate. The comparison between experimental data and Bellehumeur et al. model for experiments on a

PTFE substrate show that the model overestimates the

sintering kinetic for PB2. To explain this phenomenon, we

must focus on the interfacial tension. To quantify it, we can

calculate the spreading parameter S as:

S ¼ cS � cL þ cSLð Þ ð12Þ

Table 10 gives the interfacial tension and spreading

parameters on each substrate. As we can see, the spreading

parameter for PB2 is negative. This signifies that the fluid

will not wet the PTFE. Note that S is also negative for PB1

and the 3 PDMS. However, the model fits well the

experimental data for these fluids. In fact, the sintering is

governed by two contributions: (1) the wetting capacity

and (2) the diffusion at the interface. For PB2, the wetting

is unfavourable and the diffusion is slowdown because of

its high viscosity. For PB1 and the PDMS, despite a neg-

ative spreading parameter, the diffusion is higher and this

effect seems not to be affected by a low wetting capacity.

If we have a look in Fig. 12 (sintering on a copper

substrate), we observe the same phenomenon as described
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Fig. 9 Coalescence curves on PTFE for: PDMS1 (triangle), PDMS2

(diamond) and PDMS3 (square). The solid lines represent the

Bellehumeur et al. model for each PDMS material and the full
circles are the Frenkel’s model
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Fig. 10 Coalescence curves on copper for: PDMS1 (triangle),

PDMS2 (diamond) and PDMS3 (square). The solid lines represent

the Bellehumeur et al. model for each PDMS material

Table 9 Sintering times t99 and reduced sintering times tr for model

fluids on each substrate

Material Sintering on PTFE Sintering on copper

t99 (s) tr t99 (s) tr

PDMS1 6.2 3.15 7.3 3.25

PDMS2 14.7 3.03 17.3 3.17

PDMS3 42.3 3.09 50.0 3.25

PB1 9.5 2.58 11.4 2.90

PB2 322.5 4.19 217.5 2.83

BF1 7.3 2.76 8.2 3.04

BF2 14.9 3.04 16.0 3.18

BF3 130.5 3.15 145.0 3.26

BF4 225.0 3.48 192.5 2.91
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Fig. 11 Coalescence curves on PTFE for: PB1 (diamond) and PB2

(square). The solid lines represent the Bellehumeur et al. model for

each PB material and the full circles are the Frenkel’s model
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above. The only difference is that the spreading parameter

is positive for the materials. Bellehumeur et al. model

describes relatively well the data for PB1. For PB2, the

model underestimates the sintering kinetic. At the opposite

of the case on a PTFE substrate, PB2 will wet the copper

substrate. The sintering is also accelerated, which is not

taken into account in the model. We have here shown that

the interfacial tension plays a major role in the sintering

process for the most viscous materials. Furthermore, the

wetting capacity seems to be preponderant on the diffusion

at the interface.

The sintering kinetics of BF’s on a PTFE and a copper

substrate are shown in Figs. 13 and 14. As we have seen,

the interfacial tension plays a non-negligible role on the

sintering process. To observe the effect of the elasticity, we

will compare BF1 and BF2, then BF3 and BF4 since they

have the same surface tension and equivalent viscosities.

As before, the less viscous material coalesces the faster.

The sintering time is 7.3 s for BF1 against 14.9 s for BF2

on a PTFE substrate. The sintering of BF3 is complete in

130.5 s while 225 s are necessary for BF4. The same

orders of magnitude are observed on a copper substrate.

Bellehumeur et al. model describes nicely the experimental

points for BF1 and BF2 both on PTFE and copper. By

contrast, we observe a deviation of the model for BF3 and

BF4, as it was observed for PB2. We face again the effect

of interfacial tension.

Now focus on the reduced sintering times tr of BF1 and

BF2. On a PTFE substrate, they raise from 2.76 to 3.04. On

a copper one, tr = 3.04 for BF1 and tr = 3.18 for BF2. The

only discriminating parameter which is not taken into

account in the reduced time between these two fluids is

their elasticity k. We observe that an increase of the elas-

ticity lead to an increase of the reduced time. We can also

carry out the same analysis for BF3 and BF4 on a PTFE

substrate. The reduced time increases from 3.15 to 3.48 for

F3 and BF4, respectively. In the same time, their relaxation

time increases from 3.6 to 5.3 s. As on PTFE, an increase

of the relaxation time leads to a longer sintering time. We

cannot conclude for the data on the copper substrate

because the effect of the interfacial tension seems to be

more important for BF4 than for BF3.
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Fig. 12 Coalescence curves on copper for: PB1 (diamond) and PB2

(square). The solid lines represent the Bellehumeur et al. model for

each PB material

Table 10 Interfacial tensions and spreading parameters for model fluids on each substrate

Material On a PTFE substrate On a copper substrate

Interfacial tension (mN/m) Spreading parameter (mN/m) Interfacial tension (mN/m) Spreading parameter (mN/m)

PDMS1 8 9 10-3 -0.84 8.99 10.57

PDMS2 1.9 9 10-2 -1.34 8.89 10.19

PDMS3 1.2 9 10-2 -1.06 8.94 10.40

PB1 0.14 -3.91 8.44 8.19

PB2 0.24 -5.12 8.28 7.24

BF1 0.16 -4.12 8.41 8.03

BF2 0.15 -3.94 8.43 8.17

BF3 0.23 -4.95 8.30 7.38

BF4 0.24 -5.09 8.28 7.27
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Fig. 13 Coalescence curves on PTFE for: BF1 (cross), BF2 (trian-
gle), BF3 (diamond) and BF4 (square). The solid lines represent the

Bellehumeur et al. model for each Boger fluid and the full circles are

the Frenkel’s model
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To sum up, the sintering of polymer is mainly governed by

the viscosity. The elasticity slows down the sintering rates.

The interfacial tension plays a role for the more viscous

materials at a same temperature and may accelerate or slow-

down the kinetics depending of the wetting of the substrate.

Sintering of Co-PEPP

Figures 15 and 16 illustrate the sintering kinetics for Co-

PEPP at 195 and 225 �C on a sapphire and a polyamide

(PA) substrate. First, focus on the coalescence on the

sapphire substrate. The Co-PEPP material coalesces faster

at 225 �C than at 195 �C. This is mainly due to the

decrease of its viscosity. The sintering at the two temper-

atures is nearly complete (x/r*1). Bellehumeur et al.

model describes relatively well the experimental data at

195 �C. However, we note a deviation of the model at

225 �C. It underestimates the sintering kinetic. We observe

here the effect of the interfacial tension. The surface ten-

sion of the sapphire is higher than that of Co-PEPP. The

spreading parameter S is also positive, i.e., the material will

wet the substrate and the sintering will be accelerated. This

phenomenon is more limited at 195 �C despite a highest

viscosity. Indeed, we found with the model fluids that the

effect of the interfacial tension can be seen for the material

with a high viscosity. The fact is that the difference of

viscosity between PB1 and PB2 is due to their difference in

molecular weight. They are relatively low (Mn = 920 g/

mol for PB1 and Mn = 2300 g/mol for PB2), so the pos-

sibility of movements for macromolecular chains are

comparable. In the case of Co-PEPP, the molecular weight

Mn is 48000 g/mol. The decrease in viscosity between 195

and 225 �C is due to a larger possibility of movements of

the chains, not to a difference of Mn. The material will also

spread easier at 225 �C than at 195 �C.

Now have a look on the sintering curves on a PA sub-

strate as illustrated in Fig. 16. The surface tension of the

polyamide is lower than that of Co-PEPP. Furthermore, the

film of PA is in a solid state at 195 �C but is molten at

225 �C. We first observe that Bellehumeur et al. model

failed totally to describe the experimental data. The shape

of the experimental curve at 195 �C may be explained by

the effect of the interfacial tension since the shift of the

curve of the model is nearly constant. The polymer does

not wet the PA film so the sintering is slowing down. For

the test at 225 �C, another phenomenon seems to interact

with the sintering kinetic. The coalescence is uncompleted

(x/r tends toward 0.8). The particles of Co-PEPP disposed

on the PA at 225 �C have the trend to settle into the film.

They are frozen into the PA so that the sintering is not

complete. If we compare the data at 195 and 225 �C, the

kinetic is faster at 225 �C at the beginning of the experi-

ment. After 30 s, its kinetic strongly slows down. At the

end of the experiment, the global kinetic at 195 �C is faster

than that at 225 �C despite a lowest viscosity. We have
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Fig. 14 Coalescence curves on copper for: BF1 (cross), BF2

(triangle), BF3 (diamond) and BF4 (square). The solid lines represent

the Bellehumeur et al. model for each Boger fluid

Fig. 15 Coalescence curves on sapphire for Co-PEPP at: 195 �C

(filled diamond) and 225 �C (open diamond). The solid lines represent

the Bellehumeur et al. model for each temperature

Fig. 16 Coalescence curves on polyamide for Co-PEPP at: 195 �C

(filled diamond) and 225 �C (open diamond). The solid lines represent

the Bellehumeur et al. model for each temperature
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here shown that the physical state of the substrate may be a

primary parameter on the sintering.

Sintering of PP and PP-G

The study of the sintering kinetics of PP and PP-G was

carried out only at 200 �C on the two same substrates that

Co-PEPP. Figure 17 shows these kinetics. The first remark

we can formulated is that PP-G coalesces faster than PP,

especially at the beginning of the experiment. It is quite

surprising since the zero-shear viscosity of PP is lower than

that of PP-G. As we have mentioned before, the zero-shear

viscosity of PP-G may be overestimated because experi-

mental errors. Furthermore, Bellehumeur et al. model does

not describe at all the experimental data of PP-G. To solve

this problem we can calculate the initial sintering strain

rate between t1 and t2 by:

_ei ¼
x2 � x1ð Þ

x2

1

t2 � t1
ð13Þ

It appears that _ei ranges 0.07 from 0.13 s-1 for PP and PP-

G. The idea is to use the viscosity at 0.1 rad/s instead the

zero-shear viscosity. For the PP material x = 0.1 is equal

to its zero-shear viscosity. For PP-G the viscosity at

0.1 rad/s is equal to 847 Pa s. We can now replace x = 0

by x = 0.1 in Bellehumeur et al. model.

Figure 18 represents the model with x = 0.1. As we

discussed before, PP-G coalesces faster than PP. The vis-

cosity at 0.1 rad/s is 1850 Pa s for PP against 847 Pa s for

PP-G. Beyond 100 s the sintering kinetics are quite similar

for the two materials on the sapphire substrate. We note a

slowdown of the sintering for PP-G which may be due to a

beginning of auto-crosslinking or degradation of the

material. We found again the trend observed with the Co-

PEPP material on a PA substrate. The sintering is slowing

down on a non-wetting substrate. Despite the particles are

on a solid surface at 200 �C, their coalescence is uncom-

pleted. This can be explained by their relatively high vis-

cosity. Furthermore, the sintering kinetics on PA and on

sapphire are very close at the very start of the experiments.

The effect of the interfacial tension seems to be prepon-

derant only after a certain time, i.e., for low strain rates.

Bellehumeur et al. model shown in Fig. 18 describes the

order of magnitude of the sintering kinetics of PP-G on a

sapphire substrate better than that shown in Fig. 17.

However, the models underestimate the kinetics especially

at the beginning of the experiment. For long times, the

model over estimates the sintering. Bellehumeur et al.

model failed totally to describe the experimental data on a

PA substrate since the interfacial tension effect is not taken

into account in the model.

Sintering of PE and PE-G

The sintering of PE and PE-G has been studied at 200 �C

on a sapphire and a PA substrate. Figure 19 represents the

results obtained. As for PP-G, Bellehumeur et al. model

fails to describe the sintering kinetics. The initial sintering

strain rate is about 0.1 s-1. We an here again use the vis-

cosity at 0.1 rad/s instead the zero-shear viscosity into the

model. Figure 20 shows the model corrected with this

viscosity. It is a bit closer of the experimental data but it is

still along to predict the kinetics.

Compare now the sintering of PE and PE-G on a sapphire

substrate. PE coalesces faster than PE-G. This is also sur-

prising since PE has a higher viscosity than PE-G. Further-

more, the coalescence of PE-G is not complete since x/r tends

to 0.9. We attribute that to the auto-crosslinking of this

material. Despite the protective gas we cannot suppress totally
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Fig. 17 Coalescence curves of PP (filled diamond, open diamond)

and PP-G (filled square, open square) on sapphire (filled diamond,

filled square) and on polyamide (open diamond, open square)

substrates at 200 �C. Bellehumeur et al. model for PP is in full line

that for PP-G is represented by a dashed line

Fig. 18 Coalescence curves of PP (filled diamond, open diamond)

and PP-G (filled square, open square) on sapphire (filled diamond,

filled square) and on polyamide (open diamond, open square)

substrates at 200 �C. Bellehumeur et al. model for PP is in full line

that for PP-G is represented by a dashed line. The zero-shear viscosity

has been replaced by the viscosity at 0.1 rad/s into the models
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this phenomenon. The viscosity increases and the sintering is

slowing down. If we have a look on kinetics on a PA substrate

we observe that they are similar of that on a sapphire one at the

very start of the experiment. As it was mentioned before, the

effect of the interfacial tension seems appear for lowest strain

rates. PE coalesces faster than PE-G, maybe because of auto-

crosslinking as on sapphire. For long times (here[100 s), the

kinetics for the two materials are quite comparable. The

coalescence is uncompleted since their final x/r is mostly equal

to 0.85–0.9, which is lower to that on a sapphire substrate. One

more time, the fact of being on a non-wetting surface for these

materials disadvantages the coalescence.

Concluding remarks

We have in this study shown that several parameters

influence the coalescence of polymers. The most important

is the viscosity which slows down the sintering rates when

it increases. The elasticity of the material is also unfa-

vourable for the sintering. We point out another parameter

that plays a role on the sintering kinetics which is the

interfacial tension. On a wetting substrate the particles will

have tendency to coalesce faster. On the contrary, the

sintering rate will decreases on a non-wetting one. This

phenomenon is closely linked to the viscosity and the

molecular weight of the material. We also observed other

phenomena, like thermal degradation or crosslinking,

which in most of the case will slow down the sintering

kinetics and lead to incomplete coalescence. The experi-

mental data were compared with Bellehumeur et al. model.

The model describes relatively well the sintering for

Newtonian materials at low frequencies. The zero-shear

viscosity may not appropriated for non-Newtonian mate-

rials. We found that the viscosity at 0.1 rad/s may be better

to describe the sintering process. Finally, the model failed

to take into account the effect of the interfacial tension. A

modification of the model may improve its accuracy, but

will decrease its relative simplicity. In conclusion, this

fundamental study on sintering is widely applicable to

many net-shape manufacturing processing.
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Fig. 19 Coalescence curves of PE (filled diamond, open diamond)

and PE-G (filled square, open square) on sapphire (filled diamond,

filled square) and on polyamide (open diamond, open square)

substrates at 200 �C. Bellehumeur et al. model for PE is in full line

that for PE-G is represented by a dashed line

Fig. 20 Coalescence curves of PE (filled diamond, open diamond)

and PE-G (filled square, open square) on sapphire (filled diamond,

filled square) and on polyamide (open diamond, open square)

substrates at 200 �C. Bellehumeur et al. model for PE is in full line

that for PE-G is represented by a dashed line. The zero-shear viscosity

has been replaced by the viscosity at 0.1 rad/s into the models
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