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Abstract: Replacing petroleum-based raw materials with renewable resources is now a major
concern in terms of economical and environmental viewpoints. New innovative and biosourced
polyamides based on dimer fatty acid (DAPA), and its composites (DAPAC) with pure cellulose
short fibres (CF) were elaborated. The understanding of the mechanical behaviour of these new
biomaterials is essential to consider their future applications. The high strain rate behaviour of
DAPA and DAPAC were studied using split. Hopkinson pressure bars (SHPB). Dynamic test
were made for different strain rate and various temperatures. The dynamic properties results
show an enhancement of the Young’s modulus, the yield stress, and the flow stress with
increasing CF content. It was also found that both systems, neat DAPA and DAPAC, are highly
thermo-dependent and mechanically sensitive. The increase of strain rate leads to the increase of
polymer flow, with a very significant increase of strain hardening, indicating that the addition of
CF does not change the ability of DAPA to plastically deform. The addition of CF has no
remarkable effect on the strain rate sensitivity. The results also shows that the effective
activation energy increase slightly with the CF content. Besides, the effective activation volume
decreases slightly with increasing CF concentration, indicating that the chains mobility are
relatively reduced in presence of filler. A micromechanically-model known as cooperative model
based on the assumption that the yield stress is a thermal activation processes and the yield stress
obeys to the strain rate /temperature superposition principle, was used to predict the dynamic
compressive yield stress of both DAPA and DAPAC. The prediction of the yield stress is in very

good agreement with the experimental data.
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1. INTRODUCTION

The use of agro-based products to replace common petroleum-based plastics becomes of
great interest because of the diminishing fossil resources combined with the global and
increasing environmental concern [1]. Vegetable oils, which are renewable resources present in
abundance throughout the world, are expected to be an ideal alternative chemical feedstock to
develop new environmentally friendly materials [2-8]. Dimer fatty acids (DA), which can be
issued from dimerization of fatty acids of soybean oil, are well-known and commercially
available product [9-11]. Thus, they are good candidates to form new bio-based thermoplastic
polyamides [9, 11-14]. Soy-based polyamides (DAPA), due to their special macromolecular
architecture based on dimer fatty acids, show relatively good performances [11]. But they are
still rather far from conventional thermoplastic polyamides’ properties. Then, an effective
approach to improve the behaviour of these polyamides, described in previous works [11, 15-16],
is the incorporation of short cellulose fibres (CF) in the DAPA matrix to produce biocomposites
(DAPACQ).

Several researches [17-19] have investigated the elaboration and the mechanical characterization
of biobased polymers using different approaches. These studies are focused on epoxy resins from
vegetable oil. For instance, Lui et al [20-22] have reported the synthesis of epoxidized soybean
oil/epoxy nanocomposites with different amines curing agents. This previous work is only

focused on the elaboration and the experimental characterization of their physical and



mechanical properties at low strain rate. Moreover, several studies on high strain rate behaviour
of wood have been investigated [23-24].

However, as of today, the high strain-rate mechanical properties of thermoplastic biobased
polymers and their corresponding composites have never been investigated yet.

The aim of this work is to study the compressive dynamic behaviour of DAPA and DAPAC with
different filler contents. The mechanical behaviour at high strain rate was analysed and the
compressive dynamic yield stress was then investigated and modelled with a cooperative model,
to predict the corresponding mechanical evolution [25-28]. This work completes our previous
studies on the elaboration, the structure, and the physico-chemical properties of DAPA and
DAPAC as well as the modelling of the Young modulus and the Yield behaviour have been

investigated [15-16].

2. EXPERIMENTAL

2.1. Materials

Dimer acid used in the synthesis is supplied by Prolea (France). Radiacid 0970 is a yellowish,
viscous liquid at room temperature with the dimer, trimer and monomer content at 96.6, 2.8 and
0.6 wt%, respectively. Radiacid 0970 dimer fatty acid is partially hydrogenated to improve its
stability. It presents an iodine value of 25 mgKOH/100 g, which corresponds to 0.2 double bonds
per molecule. 1,6-diaminohexane,and all the chemicals were purchased from Sigma Aldrich and
used as received.

Pure cellulose fibres (CF), issued from leaf wood, are used in this study. This product, Arbocel
B400, is supplied by JRS (Rosenberg, Germany). According to this supplier, they show an

average length and thickness of 900 and 20 um, respectively. In a previous paper, Amash et al.



[29] have presented some characteristics of these fibres. According to these authors, the density

of the fibres is 1.50 and the cellulose content is greater than 99.5 %.

2.2. Polyamides Synthesis

As described in previous publications [11, 15-16], this new biobased polyamide (DAPA) is
synthesized by condensation polymerization. Dimer acid is charged in a 1L five-necked round-
bottom flask equipped with mechanical stirrer, a thermometer, a nitrogen inlet, a Dean-Stark
apparatus and a dropping funnel. Dimer acid is heated at 50 °C under stirring and nitrogen
atmosphere. 1,6-diaminohexane equivalent to total acid equivalent is added by using dropping
funnel during 10 min. After 1,6-diaminohexane addition, the mixture is heated gradually to 180
°C within 3 hours. The completion of the polymerization is checked by amine and acid titration.
The reaction is stopped after the consumption of more than 99 % of the acid groups. The final
thermoplastic polyamide is then discharged from the flask. Additional details are given in a
previous work [15].

DAPA is yellowish, transparent and flexible at ambient temperature with a molecular weight of

14 000 g/mol, a glass transition temperature of -10 °C and a fusion temperature of 81 °C.

2.3. Composites processing

Prior to blending, fibres and DAPA are dried in an air-circulating oven during 60 min. at 110 and
70 °C, respectively. DAPA and varying amounts of CF are added in the feeding zone of an
internal mixer (Counterrotating mixer Rheocord 9000, Haake, USA) at 100 °C, with a rotation
speed of 50 rpm and a maximum processing time of 8 min, to avoid DAPA degradation. Three
biocomposites (DAPAC) are prepared with 5 and 10 and 15 wt.%, of CF, and named DAPACS,

DAPACI10 and DAPACIS, respectively. After melt processing, the materials are compression-



molded, to obtain films or plates, with a hot press at 130 °C applying 200 MPa pressure for 5
min. The molded specimens are then quenched between two steel plates for 10 min at room
temperature.

The fibres dispersion in DAPA matrix was then evaluated [15]. The results showed a good
dispersion of CF in the matrix. Filler and matrix affinity was also evaluated. On SEM
micrographs obtained from cryogenic fracture of DAPACIS (see fig 1), we can see that a
majority of fibres are cut at the level of the sample surface. However, some holes, corresponding
to fibres totally pulled out from the matrix, can also be observed, which shows a limited

compatibility between CF and DAPA.

2.4. Dynamic mechanical properties

To investigate materials’ mechanical behaviour, two typical devices are used to perform a wide
range of strain rates. The mechanical behaviour at low and moderate strain rates in most case are
characterized by tensile tests with-an Instron or a MTS servohydraulic test system [8, 30]. In the
field of high strain rates, most researchers work with a split Hopkinson pressure bar (SHPB) for
the compression tests. In this paper, the high strain rate properties were characterized with a
homemade SHPB [31], with a diameter of 22 mm. This device includes three parts: an incident
bar, a transmission bar and a striker bar with a length of 3 m, 3 m and 1 m, respectively. To heat
the samples, a small furnace has been developed with two symmetrical resistance heaters, which
can reach 200 °C in a few minutes. Four thermocouples were inserted to measure and control the
temperature distribution in the furnace and to ensure that all tests were carried out under the

same experimental conditions.



With the purpose of investigating the dynamic thermomechanical behaviour, cylindrical
specimens with a diameter of 8 mm and a thickness of 3 mm, cut from compression moulding
plates, have been tested. The relative smaller size of specimens could reduce inertial stresses.to
reach and relative easily the stress equilibrium during a high strain rate test [32]. Dynamic

compressive  tests were carried out at four strain rates (& =413%£6.2%,
&, =913+42% ,£,=1735+23% ,&,=2730 = 2.7% ), which will be called Strain Rate 1, 2, 3

and 4 , respectively) and at three temperatures before the melting temperature (20 °C, 40 °C and
60 °C).

The materials’ dynamic mechanical behaviour tests which were performed on SHPB device
could be subject to three major experimental errors that include friction with the two flat-ended
bars and a radial inertia [33]. Some preliminary studies have been done by Walley et al. [34],
who suggest that when the aspect ratio L/D is greater than 0.12, we can ignore the effect of

friction. Then, the cylindrical specimens have been tested without lubrication.

3. RESULTS AND DISCUSSION

3.1. Cellulose content effect

Stress strain curves of DAPA and DAPAC at various cellulose contents for a given temperature
and strain rate are shown in Fig. 2, 3 and 4. As a first observation, it can be noticed that the
stress-strain curves of DAPA and DAPAC can be divided into different stages, depending on the
level of strain rate. At strain rate 1, two stages can be observed with an initial linear elasticity
followed by a non-linear transition to global yield stress. Whereas the stress-strain curves are
composed by 3 stages, for Strain Rate 2. As for Strain Rate 1, we can show an initial linear

elasticity, a non linear transition to yield stress. Besides, in this case a flow at constant stress is



shown. For strain rate ranging from Strain Rate 3 to Strain Rate 4, in addition to what is observed
at Strain Rate 2, fourth and fifth parts are noticed corresponding to strain softening and
hardening, respectively. This plastic behaviour part is wider at strain rate of 2700 s™ (Strain Rate
4), showing that when the strain rate increases, the strain hardening effect of DAPA and DAPAC
also increases. Obviously, all the mechanical properties dramatically go up as the strain rate
increases. The most evident is the strain hardening which increases significantly with the strain
rate. Chen et al. [35] believe that this stress increase has a closer relationship to the secondary
molecular process. In fact an increasing strain rate leads to the restriction of the beta movements
of the polymer chains by preventing their relaxation. As the strain rate increases, the effect of
strain hardening decreases slightly at high cellulose contents. This effect may be linked to the
presence of areas of stresses concentrations caused by the agglomeration of fibers at high
concentrations, as can be seen on Fig. 5. Cellulose fibres don’t seem to reduce the strain at break,
indicating the ability of DAPA and DAPAC to plastically deform. This behaviour is probably
due to the relatively low glass transition temperature of the studied systems (From -10 °C to -1
°C for DAPA and DAPACIS, respectively), largely below the test temperature.

It is also revealed from these results, that the Young’s modulus, the yield stress and the flow
stress increase with the cellulose contents. In Fig 2, e.g., the results obtained at 20 °C and at
strain rates of 413 s (strain rate 1) show that the Young’s modulus varies from 465 MPa for the
neat DAPA to 541 MPa, 611 MPa and 695 MPa for DAPACS, DAPAC10 and DAPACI1S,
respectively. Besides, the yield stress increases from 31 MPa for DAPA to 36 MPa, 40 MPa and
43 MPa for DAPACS, DAPAC10 and DAPACIS5, respectively. Table 1 summarizes the Young’s
modulus and yield stress values of DAPA and DAPAC for different cellulose concentrations,
strain rates, and temperatures. Then, the mechanical increase (Table 1) is mainly due both to the

good fibre dispersion in the matrix and to the relative good fire/matrix interfacial interactions. In



fact the fibre presents a very high Young’s modulus compared to that of the matrix. When the
filler distribution is high, the fibre/matrix interfaces are increased and in this way the percentage
of borne stress is increased.

3.2. Strain rate and temperature effects

Fig. 6 shows both strain rate and temperature effect on the mechanical properties of DAPA and
DAPAC. According to the results depicted on Fig 6, both systems are very sensitive to the strain
rate and temperature. Obviously, the Young’s modulus, yield stress and flow stress of DAPA and
DAPAC significantly increase with the strain rate. For example, for neat DAPA tested at 20 °C,
the Young’s modulus rises from 465 to 603 MPa and the yield stress increases from 31 to 60
MPa, with an increase of the strain rate from 413 to 2730 s, respectively. This phenomenon is
mainly due to the fact that increasing strain rate induced a decrease of the chains mobility and
thus increase the material stiffness [36]. The dependence of compressive Young’s modulus on
strain rate is shown in Fig 7. Young’s modulus of DAPA and DAPAC tended to increase
significantly and linearly with the strain rate (Fig 7). At low temperature (20 °C), the addition of
fibres seems to have no effect on the strain rate sensitivity of Young’s modulus (see Fig 7). This
observation is shown with the evolution of Young’s modulus as a function of strain rate, which
presents at this temperature a series of parallel lines. When the temperature increases, this
parallelism is lost. The addition of cellulose fibres has lower effect on the strain rate sensitivity
of the yield stress (see Fig 8). For instance, for DAPACI10 tested at 20 °C, the yield stress varies
from 40 to 76 MPa with an increase of the strain rate from 413 s to 2730 s™', respectively. That
approximately equals to the increasing rate of yield stress of neat DAPA taken at the same strain
rates and temperature. This behaviour is in agreement with all the results presented in Fig 8
where the yield stress of DAPA and DAPAC, with different cellulose contents were plotted as a

function of strain rate at a given temperature. As illustrated in Fig 8, at a temperature of 20 °C



the evolution of yield stress as a function of strain rate for different materials represents a series
of parallels lines, showing that both DAPA and DAPAC have the same strain rate sensitivity.

This behaviour was also observed at 40 °C and 60 °C.

3.3. Yield stress modelling
Following the recent works [16, 25-28], the temperature and strain rate dependence of yield
behaviour of different polymers can be described and estimated by the cooperative model where

the yield stress o, is expressed below T, according eq. 1. T is the absolute temperature, k the
Boltzmann constant, V., an effective activation volume, AH  an effective activation energy, £
the strain rate, &, a pre-exponential constant, o,(0) the internal stress at OK; m a material

parameter equal to ©, (0)/T*, T" being the compensation temperature and n describes the

cooperative character of the yield process [29].

1/n
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Chivrac et al. [25] and Gueguen et al. [26] have shown that the Takayanagi model [37] can be

used to estimate the effective activation volume and effective activation energy according to the

Eq. 2, where ¢ and Q are parameters related to the volume fractions of the DAPA matrix
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The volume fractions of DAPA( f,, ) and cellulose fibres ( f.) are given by the eq. 3.
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The micromechanically-based cooperative approach (Equations 1 and 2) has been applied to
model and then predict the compressive yield behaviour of DAPA and DAPAC. The
biocomposite is considered as a two phases material (matrix and fibres). The yield processes in

each phase are described by the activation parameters of the DAPA matrix (AH, andV,)) and
those of the cellulose fillers (AH . and V. ).

For the model parameter determination, we chose first to calculate the model parameters for
DAPA, by using both Ree-Eyring and Richeton equations. Then the model parameters for
DAPA/Cellulose biocomposites are obtained from the works of Chivrac et al. [25] and Matadi et
al. [16] on the yield behaviour of polymers nanocomposites. Because of both cooperative and the
Ree-Eyring models consider the same 3 activation energy; we chose in this study to calculate the
activation energy and the activation volume of DAPA by using an asymptotic development of

the Ree-Eyring formulation given by the equation (4):

=i
Ty Ty

&

o 2AH 2T [25) @

Temperature-normalized yield stress (o, /T) against logarithmic strain rate sets a series of

parallel, linear isotherms with a constant activation energy (AH ) and an activation volume (V),
where R is the gas constant. From the slope and interception of such isotherms, AH and V can
be computed. After calculation of the activation parameters, a referenced temperature was

chosen (7,, =40°C), and the horizontal and vertical shifts were determined to build a master

curve at the referenced temperature. The others parametersm ,n,€,, 0,(0) are obtained when

the best fit of the master curve is obtained [19]. Knowing the activated parameter of DAPA, and



the master curve of DAPAC (built at the same reference temperature) at different cellulose
concentrations, the effective activated parameters for DAPAC composite can be calculated

according to eq (3). From the AH . value, the parameters AH, and AH . could be estimated

through Equation (3) for a given cellulose content. The remaining cooperative model parameters

(V.. n, &) are then calculated with a fit of the master curve. Finally, the parameters V,, and V.

are also derived from Equation (3).

A previous publication [16] can be used as a reference to estimate the yield stress of DAPA and
DAPAC, obtained in tension and at low strain rate. The master curves created at 40°C with
DAPA and DAPACS are given in Fig 9. The parameters obtained for the best fit of master curve
are shown in Table 2. Table 3 presents the evolution of the activations parameters with the
cellulose content. The reported values mentioned a slight increase of the activation energy with
the cellulose content, and a slight decrease of the activation volume with increasing cellulose
concentration. These results are in agreement with the experimental results where the yield stress

increases with the filler content concentration. Fig 10 shows the reduced yield stress (o, /T,

versus log (€)) plots for DAPA and DAPAC composites. The cooperative model predictions of
the yield stress are in good agreement with the experimental data, showing that the plastic flow is
controlled by the cooperative motion of the chain segments, and obey to strain rate and

temperature superposition principle.

4. CONCLUSION
Dynamic compressive behaviour of DAPA and the corresponding biocomposites based on pure
cellulose fibres have been studied using split Hopkinson pressure bars (SHPB). The

incorporation of cellulose fibres leads to an increase of the Young’s modulus, the yield stress and



the flows stress. Both Young’s modulus and yield stress increase with the CF content. Both,
DAPA and DAPAC are very sensitive to the strain rate and to the temperature. These systems
present a very marked strain hardening at high strain rate. As the strain rate increases, the effect
of strain hardening decreases slightly for high fibre content. These systems maintain their ability
to plastically deform. A study of the compressive yield behaviour with cooperative model
showed that the activation energy increases slightly with the CF concentration, whereas the
activation volume decreases slightly with increasing CF concentration. The model predictions of
the yield stress are in good agreement with the experimental data.

The association of a bio-based polymer with cellulose fillers is-a good answer to overcome
primary issues with green polymers, i.e. the material cost and the mechanical properties. This
study brings significant information for the applications considered for these materials, e.g.
automobile or coating industry. In addition, these materials are in good agreement with the

emergent concept of sustainable development.
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FIGURES CAPTION
Fig. 1. Scanning electron micrographs of the cryogenic fracture surfaces of DAPACI15
Fig. 2. Experimental true stress versus true strain curves under uniaxial compression loading at

20 °C, with 4 true strain rates. (strain Rate 1=413 + 6.2%, , Strain Rate 2=913 *+ 4.2%, Strain
Rate 3=1735 + 2.3% , Strain Rate 4=2730 + 2.7%)

Fig 3. Experimental true stress versus true strain curves under uniaxial compression loading at
40 °C, with 4 true strain rates (strain Rate 1=413 + 6.2%, , Strain Rate 2=913 + 4.2%, Strain
Rate 3=1735 £ 2.3% , Strain Rate 4=2730 + 2.7%)

Fig 4. Experimental true stress versus true strain curves under uniaxial compression loading at
60 °C, with 4 true strain rates (strain Rate 1=413 + 6.2%, , Strain Rate 2=913 + 4.2%, Strain
Rate 3=1735 £2.3% , Strain Rate 4=2730 + 2.7%)

Fig 5. Optical micrograph of DAPAC10 (magnification X2)

Fig 6. Experimental true stress versus true strain curves under uniaxial compression loading at
20 and 60 °C, with 4 true strain rates (strain Rate 1=413 £ 6.2%, , Strain Rate 2=913 + 4.2%,
Strain Rate 3=1735 + 2.3% , Strain Rate 4=2730 + 2.7%)

Fig 7. The dependence of Young’s modulus in dynamic compression on strain rate at 3
temperatures

Fig 8. The dependence of yield stress in dynamic compression on strain rate, at 3 different
temperatures (20, 40 and 60 °C)

Fig 9. Master curve of DAPA and DAPACS build at a reference temperature of 313K

Fig 10. yield stress/Temperature versus strain rate of DAPA and DAPACS



Tables

Table 1

Strain-rate, fibre-weight and temperature effects on yield stress and Young’s modulus (strain
Rate 1=413 + 6.2%, , Strain Rate 2=913 + 4.2%, Strain Rate 3=1735 + 2.3% , Strain Rate
4=2730 + 2.7%)

Young’s modulus (MPa) Yield stress (MPa)
Weight | Temperature Strain rate (s™) Strain rate (s”)

1 2 3 4 1 2 3 4
20°C 465 514 555 603 31 45 51 60
0% 40°C 249 303 353 549 20 36 48 56
60°C 83 106 126 143 6 15 18 22
20°C 541 559 651 748 35 53 62 66
59 40°C 306 344 468 622 23 39 51 60
60°C 106 169 205 320 8 17 20 25
20°C 611 644 753 891 39 58 73 76
10% 40°C 332 422 532 764 25 45 55 73
60°C 146 213 325 464 12 22 33 36
20°C 695 790 942 | 1006 43 67 79 83
15% 40°C 430 541 655 840 29 48 62 76
60°C 194 245 296 560 14 26 36 45




Table 2
Cooperative model parameters

Parameters Value
DAPA
n 6
0 0.81
£, 7.6E+22
0,(0) (MPa) 1.9
m 0.0067
Pm(g/cm’) 0:90
Trer (K) 313
Vi (m’) 1.17E-27
AHp (kJ/mol) 127.4
DAPAC
peg/em’) 15
Ve (m’) 9.52E-28
AH¢ (kJ/mol) 351.46




Table 3

Variation of effective parameters with the cellulose concentration

Cellulose concentration | Volume fraction AH 5 (kJ/mol) Ve ( m )
(wt %)

0 0 127.4 1.17E-27

5 3.17E-3 130.7 1.10E-27

10 6.34E-3 134.1 1.08E-27

15 9.55E-3 134.3 1.07E-27




100 WD 8.2mm A 10gm WD 82mm




Ture Stress,MPa

Ture Stress,MPa

60

20°C Strain Rate 1 809 20°C Strain Rate 2
50 4
40 4 ©
o
=
30 g
[
n
4
20 =1
—/\— DAPA = 20 —/\— DAPA
—<— DAPAC5 ] —<— DAPACS5
10 4 —O— DAPAC10 —O— DAPAC10
—{ - DAPAC15 —{ 1 DAPAC15
|
04 T T T 0 T T T T T T 1
0,00 0,04 0,08 0,12 0,20 0,0 0,1 0,2 0,3 0,4 0,5
100 True Strain 250 True Strain

7 20°C Strain Rate 3

200

7 20°C Strain Rate 4

&

E_ 150

w

e

0

© 100

3
—/\— DAPA =
—¢— DAPACS 50 P —<— DAPAC5
—O—DAPAC10 —O— DAPAC10
—1 DAPAC15 —+ DAPAC15

0 - T T T T T T 1
0,0 0,2 0.4 06 0,8 1,0 0,0 0,5 1,0 1,5 2,0 2,5
True Strain True Strain



Ture Stress,MPa

Ture Stress, MPa

1 40°C Strain Rate 1 1 40°C Strain Rate 2
40 4 50
40 -
30 4
(]
o
E- 30
(7]
<
20 4 (75
% 20
—/\— DAPA = —/\— DAPA
10 —¢— DAPACS 10 —¢— DAPACS
—O— DAPAC10 i —O— DAPAC10
—{ 1+ DAPAC15 —{ DAPAC15
0 T T T T T D T T T T T
0,00 0,04 0,08 0,12 0,16 0,0 0,1 0,2 0,3 0,4
80 o True Strain 40°C Strain Rate 4 True Strain

40°C Strain Rate 3

200

150 o
jy]
o
=4
]
£ 1004
w
g
=
20 -]} —A— DAPA =
t —<— DAPACS —<— DAPACS
104 —O— DAPAC10 —O— DAPAC10
—{ - DAPAC15 —{— DAPAC15
0 T T T T T 0 T T T T T T 1
0,0 0,2 04 0,6 0,8 1,0 0,0 0,5 1,0 15 20 25
True Strain True Strain



Ture Stress,MPa

Ture Stress,MPa

209 60°C Strain Rate 1 359 60°C Strain Rate 2
30
15 -
25 4
[]
o
= 20
2
10 - E
& 151
o
=1
5 —/\— DAPA = 104 —/\— DAPA
] —>¢ DAPAC5 ] ¢ DAPAC5
—O— DAPAC10 5] —O—DAPAC10
— - DAPAC15 T DAPAGIS
a T T T T T T T T v 0 ’ . . . : . . ,
0,00 0,04 0,08 0,12 0,16 0,0 0,1 0.2 03 04
1 60°C Strain Rate 3 | Tue Strain 1801 60°C Strain Rate 4 | "U€ Strain
60 4 |
150 4
50 <
120 4
40 + g
E..
g a0 4
30 4 g
w
g 60
-
2 —/\—DAPA |F
—<— DAPACS S¢— DAPACS
104 —O— DAPAC10 30 —O— DAPAC10
—{1-DAPAC15 I —[1- DAPAC15
N\
0 T T T T T T T 0 r : . ; . : . :
0.0 03 06 09 0,0 0,5 1,0 1,5 20 25

True Strain True Strain



ACCEPTED MANUSCRIPT




Ture Stress,MPa

—/\— 20°C—4— 60°C Strain Rate1

80 1DAPA 20°C and 60°C —}- 20°C—l- 60°C Strain Rate2

—/— 20°C—4k— 60°C Strain Rate1

100 1DAPAC10 20°C and 60°C| - 20°C—ll— 60°C Strain Rate2

—(O—20°C—@—60°C Strain Rate3 —(O—20°C—@— 60°C Strain Rate3
—/—20°C—¥— 60°C Strain Rate4 —/— 20°C—W— 60°C Strain Rate4
80 |
60
<
= 60 B
40 1 @ -
2
&
— @ @ 40 1
3
}_
20
20
0 T T T 1

v T T v
0,0 0.1 0,2 0,3 0.4

True Strain

0,0 0,1 0.2 0,3 0,4 0.5
True Strain



ACCEPTED MANUSCRIPT

1200 20°C 1000 o
1 & DAPA 7 A DAPA 507 goec
% DAPAC5 X DAPACS A DAPA H
O DAPAC10 1 © DAPAC10 X DAPAC5
= 0 DAPAC15 T O DAPAC15 | O DAPAC10 "0
5 1000 - O 2 500 o 0 DAPAC15
= g o o
= o, P T S0
H] g = ’ >
3 5 E [
3 3 0 3 X
Bwi o D L A3
) 8) x & ul A E
.? £ g @ O.“._ _:, g
> 600 AT a0 L & B sk
X A A = A A .....
m T T 1 m ¥ T 4 T ¥ 1 o T T ¥ T ¥ 1
0 1000 2000 3000 0 1000 2000 3000 0 1000 2000 3000
Strain rate (s-1) Strain rate (s-1) Strain rate (s-1)

4



Compression Yield Stress/T,MPa K

o ° 60°C
0. 20C 40 "
A\ DAPA - 0244 /\ DAPA % A DAPA
0z X DAPACS ) X DAPACS O X DAPACS 0
“71 0O Dapac1o Y o] O DAPACIO | O Dapacto e
[0 DAPAC15 g (1 DAPAC15 l’j g "'“1 [0 DAPAC15
241 2 D - A4
I L 2 0004
o7 v " 5 a X
o i Ay T
- ' 0124 T 006+
P e 9 g - >< ;
a A ) @
015 0. g o) @ o A
i % E 06 O__,- -
0124 s
: 0 0 X
- 006 A
T A T T T T T T T T T T T T T T T T T T T
26 28 30 32 34 26 28 30 32 34 26 28 30 32 34
Log(Strain Rate,s’w) Log(Strain Rate,s’w) Log(Strain Rate,s")




Yield stress/T (MPa/K)

Yield stress/T (MPa/K)

0,4 -

0,35

0,3

0,25

0,2

0,15

01

0,05

0,4

O 293K
A 313K
O 333K
—— Model

Master curve of DAPA

0,35

0,3 A

0,25

0,2

0,15

0,1

0,05

0O 293K
A 313K
O 333K
— Model

Log(strain rate) (s-1)

Master curve of DAPACS5

Log(strain rate) (s-1)



Yield stress/T (MPa/K)

Yield stress/T (MPa/K)

DAPA

Log (strain rate) (s™)

DAPAC5
0O 293K

025 1
02 1
015 1
011

0,05 1

Log (strain rate) (s™)





