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Abstract: The definition of the thixotropy is a decrease in viscosity with time in shear and a subsequent recovery of viscosity after 
the shear deformation is removed. We used therefore start-up experiments with constant shear rates and can speak consequently of 
shear stress instead of viscosity. The shear stress increases sharply at the beginning of the stress growth experiment, passes an 
overshoot and begins to decrease up to the steady state shear stress. We can assume that a stress growth curve with an overshoot 
points out to thixotropic behavior. After the steady state shear stress is reached, the shear deformation is stopped, and the stress 
relaxation begins. It is to be expected that the shear stress will recover after the stress relaxation. Systems with shear thinning and 
plastic flow behavior were examined. The thixotropy is discussed in relation to the flow behavior. Stress growth experiments were 
performed with shear rates from the first Newtonian region and from the shear thinning region of the systems with shear thinning 
flow behavior. Stress start-up experiments were carrying out with shear rates from the first and second yield stress regions and from 
the transition section of a system with plastic flow behavior. 
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1. Introduction 

Mewis [1] ascertained that “At present, there exists 

a rather general agreement to call thixotropy the 

continuous decrease of apparent viscosity with time 

under shear and the subsequent recovery of viscosity 

when the flow is discontinued”. Barnes, Hutton and 

Walters [2] defined the thixotropy as “gradual 

decrease of viscosity under shear stress followed by a 

gradual recovery of the structure when the stress rate 

is removed”. Barnes [3] wrote “All liquids with 

microstructure can show thixotropy, because 

thixotropy only reflects the finite time taken to move 

from any one state of microstructure to another and 

back again, whether from different states of flow or to 

or from rest”. 

Dullaert and Mewis [4] used model suspensions 

with fumed silica dispersed in a Newtonian fluid. 

After a sudden reduction of the shear rates, they 
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studied the build-up curves during shear. The 

breakdown curves are also under shear investigated. 

Benchabane and Bekkour [5] investigated the 

rheological behavior of bentonite suspensions with 

different anionic additives. Labanda and Llorens [6] 

investigated colloidal dispersions with laponite in 

different molar concentrations of NaCl. They used 

shear rate step procedure with different initial shear 

rates and shear rate hysteresis loops. Billotte et al. [7] 

used a pre-shear with a shear rate of 100 1/s for 1 min 

and a rest time of 2 h for the characterization of solder 

flux and pastes. They found that after a rest time of 2 

h, the viscosity increases acceptably slow or the 

structure is almost rebuilt.  

Vermant et al. [8] measured nanocomposites of 

nanoclay in polypropylene. A stepwise reduction of 

the shear leads to build-up curves and a stepwise 

increase of the shear deformation—to breakdown 

curves. Ayyer and Leonov [9] described transient 

behavior of PA-6/clay nanocomposites. They founded 

that shear start-up experiments with shear rates of 0.05 
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and 0.1 1/s lead to stress growth curves without a 

maximum and with shear rates of 0.5, 1 and 1.5 

1/s—to stress growth curves with maximum. Zhao et 

al. [10] assumed the overshoot for wax-oil systems to 

be the yield point of the material. 

The sentence of Mewis [1] “together with the 

related effect of yield stress, it (the thixotropy) 

constitutes probably the major remaining problem in 

theoretical rheology” seems to be still actual. 

2. Experimental 

The silicone oil M100000 is a polydimethylsiloxane 

(Bayer AG) with a weight average molecular weight 

of 104 kg/mol. 

Araldite CW2215-7 (Huntsman AG) consists 

mainly of the epoxy resin Araldite GY260, calcium 

carbonate, silica and some additives. Araldite GY260 

(Huntsman AG) is a diglycidyl ether of Bisphenol A 

with a viscosity of 14 Pa·s at 25 °C. 

The rheological additive Bentone 27 is an 

organoclay with a density of 1.8 g/cm3 and a bulk 

density of 0.34 g/cm3 at 20 °C. 

The suspensions Araldite CW2215-7 and 25 wt% 

Bentone 27 in Araldite GY260 were prepared in a 1.5 

L reactor with anchor stirrer (100 rpm) at 40 °C in 

vacuum. 

The rheological measurements were carried out 

with a Weissenberg rheogoniometer (WRG), model 

R18 at 25 ± 0.2 °C. The measurements begin after 

carefully loading and a rest time of 30 min to 

compensate the history effects. 

We performed shear flow start-up experiments and 

a following stress relaxation. The shear stress   is 

measured as a function of the time with constant shear 

rates  

The points of the flow curves represent the steady 

state shear stress  S values from the stress growth 

experiments. Just after the steady state values are 

reached, the shear flow is stopped (
.

 = 0) and the 

stress relaxation begins. 

 

3. Results and Discussion 

The thixotropy is a time dependent phenomenon 

connected with a decrease in viscosity with time under 

shear. The viscosity decreases, but the system must be 

sheared at first or a stress growth experiment must be 

performed. The stressing experiment is performed 

with a constant shear rate and the viscosity is 

proportional to the shear stress—one can speak of 

shear stress instead of viscosity. 

The shear stress (or the viscosity respectively) 

increases in case of thixotropy sharp in the stress 

growth experiment, passes a maximum or an 

overshoot and then begins to decrease, but only to the 

steady state shear stress  S  value (Fig. 1). 

Barnes et al. [11] and Fernandes et al. [12] assumed 

the overshoot as a transition point between elastic and 

viscous regions. Barnes [3] described the region after 

the overshoot as a thixotropic breakdown. One can 

assume that a characteristic for the thixotropy is the 

overshoot of the stress-growth curve in the stressing 

experiment.  

After the steady state shear stress is reached, one must 

perform the stress relaxation. The viscosity must recover 

after a rest period, but it is the same problem—to 

measure the viscosity one must perform once more a 

stressing experiment. This second stress growth 

experiment will not be discussed in this contribution. 

The rheopexy is, as contrary to thixotropy, the 

increase in shear stress or viscosity with time in shear. 

3.1 Systemswith Shear Thinning Flow Behaviour 

The systems with shear thinning flow behavior 

show a first Newtonian region, a shear thinning region 

and sometimes a second Newtonian region. 

3.1.1 Silicone Oil M100000 

The viscosity curve of the silicone oil M100000 

(Fig. 2) exhibits shear thinning flow behavior [13]. 

This silicone oil has a first Newtonian region with a 

zero-shear viscosity of 100 Pa·s up to the onset of 

shear thinning at the shear rate of 15 1/s. 

 


.

. const



  

58

 

Fig. 1  Schem
 

Fig. 2  Visco
 

A start-up

stress growt

1/s (Fig. 3) f

stress immed

In the first

compensate 

remains prop

The stress

onset of sh

overshoot (F

the shear str

notice of th

shear thinn

Thi

matically stres

osity curve of th

p curve witho

th experiment

from the first

diately reache

t Newtonian

the shear def

portional to th

s growth cur

hear thinnin

Fig. 3). This i

ress or visco

ixotropy. On

ning for ho

xotropy of Sy

sing experimen

he silicone oil M

out a maximu

ts with the sh

t Newtonian r

es the steady 

n region the

formation and

he shear rate.

rve with 14.2

ng, exhibits 

is the first sig

sity respectiv

ne can determ

omogeneous 

ystems with S

nt. 

M100000 (WR

um is obtaine

hear rate of 1

region. The s

state shear st

e molecules 

d the shear st

. 

2 1/s, or near

the first sm

gn of decreas

vely and the 

mine the onse

shear thinn

Shear Thinni

RG, plate-plate

ed in 

1.25 

hear 

tress. 

can 

tress 

r the 

mall 

se of 

first 

et of 

ning 

syst

star

T

1/s 

cau

the 

she

thix

N

stre

defo

3

T

ng and Plast

e, 25 ± 0.2 °C).

tems from th

rt-up curve.

The stressing 

(Fig. 3) from

uses a more p

stress grow

ar thinning r

xotropic beha

No residual 

ess relaxatio

formation (Fig

3.1.2 Araldite

The suspensio

ic Flow Beha

 

 

he first sign

experiment w

m the shear 

pointed maxi

wth curves w

region point 

avior in this re

shear stress 

on after ce

g. 3). 

e CW2215-7 

on Araldite C

avior 

n of an over

with the shea

thinning reg

imum. The o

with shear rat

out that the

egion. 

is observed 

essation of 

CW2215-7 e

shoot of the

r rate of 17.8

gion (Fig. 2)

overshoots of

tes from the

e system has

[13] in the

the stress

xhibits shear

e 

8 

) 

f 

e 

s 

e 

s 

r 



Thixotropy of Systems with Shear Thinning and Plastic Flow Behavior 

  

59

thinning flow behavior. The first Newtonian region 

has a zero-shear viscosity of 260 Pa·s (Fig. 4). The 

onset of shear thinning appears at 0.03 1/s.  

As expected, the shear flow start-up experiments 

with shear rates from the first Newtonian region show 

stress growth curves without maximum. The shear 

flow start-up experiment with the shear rate of 0.045 

1/s, near the onset of shear thinning, but from the 

shear thinning region also shows a stress growth curve 

without maximum. 

The first sign of a stress growth curve with an 

overshoot is established at a shear rate of 0.14 1/s (Fig. 

5), i.e., a shear rate from the shear thinning region. 

Experiments with higher shear rates from the shear 

thinning region (Fig. 5) lead also to stress growth 

curves with an overshoot or thixotropy. Higher shear 

rates cause a pronounced bigger overshoot and appear 

at a smaller time. 

Letwimolnun et al. [14] found for organoclay 

nanocomposites that “the overshoots occurred at the 

same strain of about 1.7”. 

The shear flow start-up experiments of systems 

with shear thinning flow behavior with shear rates 

from the first Newtonian region exhibit stress growth 

curves without maximum and the shear stress 

immediately reaches the steady state value (Fig. 6). The 
 

 
Fig. 3  Stress growth curves of the silicone oil M100000 with (+) 11.25 1/s, (o) 14.2 1/s, (x) 17.8 1/s (WRG, cone-plate 6°, 25 ± 
0.2 °C). 
 

 
Fig. 4  Viscosity curve of Araldite CW221-7 (WRG, cone-plate 4°, 25 ± 0.2 °C).  
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Fig. 5  Shear
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Fig. 6  Schem
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the relative residual shear stress three different kinds 

of yield stresses: 

 systems with a yield stress at the yield point, 

which indicates the limit of elastic behavior and the 

beginning of plastic behavior or the stress at which a 

material begins to deform plastically, according to the 

existing definition. At the stress relaxation this will be 

the shear stress at a relative residual shear stress (the 

ratio of residual shear stress to the steady state shear 

stress) of approx. 1. 

 most of the rheological systems do not reach the 

yield point, but have a 3D-structure with a relative 

residual shear stress more than 0.30 at low shear rates. 

 for practical purposes, the rheological systems 

with a weak 3D-structure, but with a relative residual 

shear stress more than 0.1 at low shear rates. 

3.2.1 Suspension with 25 wt% Bentone 27 in 

Araldite GY260 

The first point of the relative residual stress curve 

of the system with 25 wt% Bentone 27 (Fig. 7) has a 

value of 0.54, which points to a strong 3D-structure 

[16] and plastic flow behavior with yield stress. 

We assume that the system with 25 wt% Bentone 

27 exhibits two yield stresses [16]. The flow curve can 

not be measured at lower shear rates and a pronounced 

first yield stress region is not observed. Therefore, the 

first yield stress is determined by extrapolating of the 

flow curve to the y-axis with 130 Pa (Fig. 8). 

The system has a pronounced second yield stress 

region, ascertained with 600 Pa from the flow curve 

(Fig. 8) and from the relative residual shear stress 

curve (Fig. 7). Rapid drop of the relative residual 

shear stress occurs in the region of the second yield 

stress section (Fig. 7). 

The section between the two yield stress regions, 

between 0.001 and 0.015 1/s, is the transition section. 

It is observed a slowly decrease of the relative residual 

shear stress (Fig. 7) in this region. A physical change 

of the structure occurs in this transition region.  

This suspension exhibits a rather complicated time 

related flow behavior. Fig. 9 shows the start-up 

experiments with shear rates from the first yield stress 

region (0.00048 1/s and 0.00096 1/s). 

The stress growth curves of these experiments pass 

through a maximum before reaching the steady state 

values. The overshoots of these stressing experiments 

suggest thixotropic behavior. 

The start-up experiment with a shear rate from the 

transition section (0.003 1/s) shows a very interesting 

stress growth curve (Fig. 10). It begins with a small 

maximum and a following increase in the shear stress 

up to the steady state shear stress. 

The shear flow start-up experiments with the shear 

rates 0.0048 1/s and 0.015 1/s, also from the transition 
 

 
Fig. 7  Relative residual shear stress curve of the suspension with 25 wt% Bentone 27 in Araldite GY260 (WRG, cone-plate 
6°, 25 ± 0.2 °C). 
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section (Fig. 8), display stress growth curves without 

maximum (Fig. 11). That points out to rheopexy 

behavior. The shear stress increases up to a steady 

state shear stress.  

The subsequent following stress relaxation leads to 

relative residual shear stresses of 0.32 and 0.23 (Fig. 

11) respectively. 

The first normal stress difference curve (Fig. 12) 

exhibits a yield normal stress region with 105 Pa. It 

follows a deep decrease in the first normal stress 

difference between 0.0048 1/s and 0.015 1/s, up to 

minus values (-10 Pa) for 0.0096 1/s and -7 Pa for 

0.015 1/s. This region corresponds closely to the 

transition section of the flow curve (Fig. 8). It is 

obviously a connection between the rheopexy 

behavior and the decrease in the first normal stress 

difference. A reorganisation of the structure takes 

place in the transition section with a slowing down of 

the relative residual shear stress decrease (Fig. 7) and 

a sharp decrease in the first normal stress difference 

(Fig. 12). 

The shear flow start-up experiment with a shear rate 

of 0.03 1/s from the second yield stress region again 

presents a stress growth curve with an overshoot  
 

 
Fig. 11  Start-up experiments of 25 wt% Bentone 27 in Araldite GY260 with shear rates of (x) 0.0048 1/s and (o) 0.015 1/s 
(WRG, cone-plate 6°, 25 ± 0.2 °C).  
 

 
Fig. 12  First normal stress difference curve of the suspension with 25 wt% Bentone 27 in Araldite GY260 (WRG, cone-plate 
6°, 25 ± 0.2 °C).  
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Fig. 13  Shear flow start-up experiments of 25 wt% Bentone 27 in Araldite GY260 with shear rates of (o) 0.03 1/s and (x) 
0.15 1/s (WRG, cone-plate 6°, 25 ± 0.2 °C). 
 

(Fig. 13). Start-up experiments with higher shear rates 

(0.15 1/s) also indicate stress growth curves with an 

overshoot (Fig. 13) or thixotropic behavior. 

The system with 25 wt% Bentone 27 exhibits 

thixotropy as well as rheopexy. Start-up experiments 

with an overshoot, or thixotropic behavior, are 

observed with shear rates from the first yield stress 

region. It follows stress growth curves without 

maximum or rheopexy with shear rates from the 

transition section. Start-up experiments with shear 

rates from the second yield stress region and higher 

shear rates lead to stress growth curves with an 

overshoot or thixotropic behavior. 

4. Conclusions 

The systems with shear thinning flow behavior 

exhibit start-up curves without maximum at shear 

rates from the first Newtonian region. The shear stress 

immediately reaches the steady state values in the 

start-up experiments. It is not possible to speak about 

thixotropy or rheopexy in the first Newtonian region. 

Start-up experiments with shear rates from the shear 

thinning region lead to an overshoot with decrease in 

shear stress or thixotropic behavior. The systems with 

shear thinning flow behavior exhibit thixotropic 

behavior only in the shear thinning region. The 

decrease in the shear stress is not unlimited, and it 

occurs certainly up to the steady state shear stress, 

which depends on the used shear rate. 

The system with 25 wt% Bentone 27 in the epoxy 

resin Araldite GY 260 exhibits plastic flow behavior 

with two yield stresses. The stress growth experiments 

with shear rates from the first yield stress region show 

an overshoot or thixotropic behavior. 

The start-up experiments with shear rates from the 

transition section lead to an increase in the shear stress 

with time up to the steady state shear stress or exhibit 

rheopexy. The rheopexy relates to the decrease in the 

first normal stress difference in this region. This is a 

consequence of the rearrangement of the structure in 

the transition sections. 

Stress growth experiments with shear rates from the 

second yield stress region and higher shear rates 

indicate once more an overshoot or thixotropic 

behavior.  

It is not possible to maintain that a whole system 

shows thixotropy. We can speak of thixotropy only in 

a specified region of a system: 

 with shear thinning flow behavior—in the shear 

thinning region; 

 with plastic flow behavior—in the first and 

second yield stress regions and in the following 

regions. 

Rheopexy was found only in the transition section 



Thixotropy of Systems with Shear Thinning and Plastic Flow Behavior 

  

65

of the system with plastic flow behavior.  

The form of the stress growth curve reflects the 

reaction of the structure in the stressing experiment 

with the used shear rate. There are three kinds of 

stress growth curves: 

 the shear stress reaches immediately the steady 

state value, when the shear stress is proportional to the 

used shear rate, and it is not possible to speak of 

thixotropy or rheopexy; 

 the start-up curve shows an overshoot or 

thixotropy, when the used shear rate leads to a 

distortion of part of the structure; 

 the start-up curve exhibits at the used shear rate 

on increase of the shear stress. 

It happens that a rearrangement of the structure or 

rheopexy is observed. 
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