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Abstract

It has been demonstrated in Part | of this research that the high degree of plastic deformation caused by the equal channel angular extrusior
(ECAE) process leads to a nearly uniform molecular orientation across the extruded polycarbonate (PC) plate. In this paper, the effectiveness
of the ECAE process in altering the mechanical property of PC is investigated. Significant improvements in flexural modulus and fracture
toughness are observed, and are found to be closely related to the ECAE-induced molecular orientation. Microscopy observations of the
fracture process show that the crack propagation direction is controlled both by the ECAE-induced molecular orientation direction and by the
maximum principal stress direction, which results in the formation of hackles. Potential advantages of ECAE for fabricating polymer parts

are addressed 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction that both simple shear and the high strain rate gradient
across the channel intersection plane of the ECAE die
It has been shown in Part | of this series that the solid- (Fig. 1) are responsible for the macroscopic orientation
state, equal channel angular extrusion (ECAE) process isduring the ECAE process [1]. However, a thorough under-
effective in shear-orienting macromolecular chains in poly- standing of both mechanics and molecular orientation
carbonate (PC) plates [1]. It has also been demonstrated thabehavior is still needed so as to predict the molecular orien-
ECAE can be used to tailor micrometer and/or nanometer tation during the ECAE process.
scale anisotropy via different extrusion routes [1-5]. This  According to Heymans [6], all reasonably successful
paper focuses on studying how the mechanical property ofdescriptions of the deformation behavior in polymers
PC is affected by ECAE under two different routes: route A, require the knowledge of at least two components of strain.
and route C (Fig. 1). He maintained that the Brown—Windel model [7], which
The uniqueness of ECAE is that it imposes a uniform, divides polymer deformation into a segmental orientation
through-thickness simple shear deformation on the extru- part and a chain extension part, is currently the most convin-
date without altering the dimensions of extrudates. Depend- cing model to address molecular orientation. The necessary
ing on whether the polymer is a semi-crystalline polymer or deformation conditions for obtaining high segmental orien-
an amorphous polymer, extrusion is usually performed at tation are opposite to what lead to high chain extension [8],
temperatures below the melting temperatufg) (or the for example, high levels of segmental orientation are
glass-transition temperaturdyf of the polymer to slow achieved by rapid stretching at temperatures close to, but
down molecular relaxation. This leads to a significant below Ty which will result in low molecular chain
level of molecular and/or micro-domain orientation in the extension. While the largest chain extension, on the
polymer extrudate. The uniformity and degree of molecular other hand, is achieved at high temperatures (above
orientation observed in ECAE cannot be easily achieved by Ty) by slow stretching. The discrepancy in macroscopic
any existing conventional processing means, especiallyshear plane angle and in microscopic molecular orien-
when the polymer extrudate is thick-2 mm). tation is discussed in this paper.
The FEM modeling results obtained previously indicate  The main objective of this study is to investigate the
effectiveness of ECAE in improving mechanical properties
mponding author, Tel:+ 1-409-845-5024; fax:- 1-409-862-3980. of PC. '_I'he relationship between_ the fr_actur_e process _and the
E-mail addresshjsu@acs.tamu.edu (H.-J. Sue). ECAE-induced molecular orientation is established.
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Fig. 1. (a) Schematic of polymer deformation during ECAE, showing distortion of material eleatent¢ a’'b’c’d’) caused by simple shear at the channel
cross plane (O—. The shear strainy, caused by extrusion and occurring at the crossing plane is equalo=tacot 6 = 2Ncot ¢. The termsN andP refer

to the number of extrusion passes and the extrusion pressure, respectively. (b) Schematic of route A extrusion. (c) Schematic of route C exttassiion. Th
lines indicate the molecular orientation induced by the previous extrusion.
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Potential significance of the ECAE process for enhancing the final readings were taken. Temperature stability of the
physical and mechanical properties of polymers is also sample chamber is estimated to be aba@2°C after an
discussed. initial overshoot of about 2. DMS spectra of an
annealed sample and samples extruded at 1l-pass and
_ 2-pass were obtained.
2. Experimental

2.1. Materials and sample preparation 2.4. Flexural modulus measurements

The flexural moduli were evaluated using a standard

Extruded PC sheets (LEXAN103), with a density of  ASTM D-790 test method. Samples that had undergone
1.20 g/cni, were obtained from General Electric Company. one ECAE pass at extrusion rates of 0.17 and 0.25 mm/s

. . ;
The PC sheets are of a nominal thickness of 9.52 mrﬁIS/S were evaluated. The extruded plaques were machined into
The sheets were rrr:?ck),medﬁ mto” dimensions  of gimensions of 15% 13x 10 mn? both along (longitudinal
15240x 15240x 9.52 mnT(6" X 67 X 3/87) to fit the die gamples) and transverse (transverse samples) to the
for ECAE processing. The PC plaques were then annealedgyrsion direction. They were tested in a 3-point-bend
for 15 h at 150C and slowly cooled in an oven to ambient  e,metry using a screw-driven mechanical testing machine
temperature to minimize the presence of pre-existing (|nsiron, Model 4411) at a constant crosshead speed of
thermal history as well as residual stresses. These anneale@d 47 mm/s with a supporting span length of 127 mm. Both
PC plaques were carefully examined using a polariscope.he |oad and the crosshead displacement were recorded
Whence, few fringes were found indicating little presence of during the test. The modulus of elasticity in bending

residual stresses. (flexural modulus) was then determined using the following

. equation,
2.2. The equal channel angular extrusion process
L3m
A servo-hydraulic driven mechanical testing system Eg = Ibf 1)

(MTS 810 system) was used to extrude PC plaques through

the angular die set-up as shown in Fig. 1. The punch WhereEg is the modulus of elasticity in bending (MP4),
pressure and plunger traveling distance were recordedthe support span (mmip,the width of beam tested (mm,
during the extrusion. An anti-seize lubricant (PERMATEX the thickness of beam tested (mm), anthe slope tangent
INDUSTRIAL, Type 80208) was utilized to minimize fric-  to the initial straight-line portion of the load-deflection
tion between the plunger and the die. The PC plaques werecurve (N/mm).

extruded at 10 and at rates ranging from 0.17 to

0.51 mm/s. To experimentally measure the amount of 2.5. Fracture behavior study

shear strain present in the extrudate, PC plaques were milled ) )
to show square grids pattern,2x 1.2 mn? in size, The fracture resistance was evaluated by measuring the

throughout the thickness side of the sample surface. plane-strain fracture toughness (the critical stress-intensity
In this study, the PC plagues were processed throughf{iCtorlch) usingastandard ASTM D-5045 test method in a

route A, 1-pass and route C, 2-pass with the extrudate Single-edge-notch 3-point-bend (SEN-3PB) geometry, and

rotating by 180 about the extrusion axis on the second DY @ fractographic analysis. Th&: values were obtained at

pass of route C [4]. The shear straip) (that the material  the self-similar region of the crack path before an impetuous

experiences after one pass has been shown toybe:  change of crack propagation (Fig. 2).

tan ¥ = cot 0 (Fig. 1) [5]. For route C, 2-pass process, SEN-3PB samples were cut from extruded plagues both

restored to their original global undeformed state on the dimensions of 8®x9.0x9.4 mn. These bars were then

second pass. notched with a milling tool (with a tip radius of 1Q0m),
followed by a liquid nitrogen chilled razor blade tapping to
2.3. Dynamic mechanical analyses wedge open a sharp crack. The ratio between the final crack

length @) and the specimen widtlwj, a/w, was held in the
Dynamic mechanical spectroscopy (DMS Rheometrics range between 0.3 and 0.5. A screw driven mechanical test-
800/RDS Il) measurements were performed in a torsional ing machine (Instron, Model 4411) was used to perform the
mode under a fixed frequency of 1 Hz over the temperature SEN-3PB experiment. In all tests, a crosshead speed of
range from—150 to 180C. Samples were cut from the 0.17 mm/s was applied. Both the load and the crosshead
extruded plaques along the extrusion direction into dimen- displacement were recorded during the test. Kirevalue
sions of 35 x 9.5 x 3.3 mm?®. The spectrometer was setin was calculated from the peak load by equations that have
all cases to produce a sinusoidal peak strain amplitude ofbeen established on the basis of elastic stress analysis [9].
0.05%. Measurements were made at’@.5ntervals, and The characteristic failure patterns were investigated system-
30 s of time was allowed at each temperature setting beforeatically, by observing the fractured samples using an optical
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Starter crack 3.1. Calculation of stress-intensity factor (K) in anisotropic

generated by elastic media

razor blade Self-similar Initiation of oblique crack

crack region propagating along the weak plane _ . _
\ L The conventional fracture mechanics approach is only
applicable for homogeneous, isotropic materials. It has
been widely practiced in the engineering fields and found
to give reasonable results.

The extrudate after the ECAE is anisotropic in nature.

However, according to Sih and Williams [11,12], the
general equations for crack-tip stress fields in anisotropic
media can be derived by using the complex functional
s approach. The elastic stress singularity of the ordéf”
’ (r being the radial distance from the crack tip) is always
present at the crack tip in a medium with rectilinear aniso-
tropy, which enables us to apply the conventional fracture
mechanics approach to the fracture conditions for aniso-
tropic media to a good approximation.

Meanwhile, Williams [12] pointed out that th&c value
microscope, Olympus BX60, under both transmitted and for a through crack in an infinite anisotropic plate loaded
reflected modes. under a uniform pressure is exactly the same as that in the

isotropic case. This finding is an important simplification for
the anisotropic material. Because for a small crack in a wide
3. Results and discussion plate (a/w < 1), one could still expect the isotropic result.
For a finite plate, an alternative form i§f becomesk? =

To study the dynamic mechanical behavior, the DMS Y2¢?a, whereY(a/w) is the finite width correction factor,
spectra of the annealed and extruded materials are showrand most of the increase ¥f(a/w) above (for through
in Fig. 3. As expected, the extruded material is found to crack in an infinite plat&? = wo2a) is due to the increase
have higher values o8’ than that of annealed material at of the net section stress resulting from the stress boundary
room temperature. This indicates that higher rigidity can be conditions. Therefore, we would expe¥f not to differ
achieved using ECAE. However, the onset temperatures forgreatly from the isotropic values, even for findav values
the T, of the extruded materials are lower than that of the [12].
annealed sample. This implies that a change in molecular For arbitrary anisotropy, Gao and Chiu [13] obtained a
and/or segmental state packing has taken place. perturbation solution in remarkably simple forms forat

The values of ta for the extruded and annealed the tip of a slightly curved finite crack under remote stresses
materials are essentially the same at temperatures belown elastic solid. Their solution is identical to the correspond-
—60°C, but the extruded samples exhibit significantly ing isotropic solution derived by Cotterell and Rice [14].
higher tand values at temperatures greater tharfG0 The aforementioned analyses clearly indicate that under
This finding suggests that the localized molecular-scale certain circumstances, tlig in anisotropic materials can be
motions are affected little by the simple shear process, butformulated in a similar manner as in isotropic materials.
the larger scale segmental motions at temperatures aboveéNevertheless, both approaches seem to require further modi-
50°C are strongly affected by ECAE. As a result, the onset fications before a representatidgvalue can be obtained for
temperature foif is reduced due to ECAE processing. At general cases. In this stud§c values were obtained in the
this stage, it is still uncertain about the exact cause(s) for the self-similar region of the crack path (Fig. 3) using standard
change in the tad curves. ASTM D-5045 testing procedures. Thg: values in both

The flexural modulus data, as shown in Fig. 4, indicate the longitudinal and transverse samples were then utilized to
that the shear deformed ECAE samples exhibit a higher characterize the effect of the ECAE-induced anisotropy on
modulus regardless of the processing rate. Longitudinal fracture resistance.
samples show a significant increase in flexural modulus by Itis noted that th&c values measured, only represent the
as much as 15%. Whereas, the flexural modulus only fracture toughness along and perpendicular to the extrusion
increases slightly in the transverse sample. It is speculateddirection. TheK,c values on any other directions may vary.
that the significant increase in flexural modulus of long- Typical values oKc of the samples processed by route A,
itudinal samples is closely related to the enhanced molec- 1-pass and route C, 2-pass are presented in Fig. 5. For 1-pass
ular packing along the shear plane direction. An increase in extrusion, the longitudinal samples, in which the crack
density of 0.27% after ECAE is also observed [10]. These propagates perpendicular to the extrusion direction, exhibit
findings indicate that the likelihood of improved molecular a higher toughness by as much as 40%;ivalue than that
packing can be achieved by ECAE. of annealed PC. On the other hand, transverse samples show

Fig. 2. An impetuous change in the crack propagation direction is observed
in extruded PC samples.
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Fig. 3. Dynamic mechanical spectra of: (1) annealed PC; (2) PC after route A, 1-pass extrudetCa0I@®mm/s; (3) PC after route C, 2-pass extruded
100°C, at 0.25 mm/s.

a more limited increase in th&c values. For samples 1-pass samples, exhibit no weak planes. As a result, the
extruded by route C, 2-pass, the transverse samples ar@oute C, 2-pass samples are ideal for applications where
slightly tougher than the longitudinal samples. It is noted material isotropy is desired.

that the route C, 2-pass samples, as opposed to the route A, It is recognized that molecular orientation generally
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Fig. 4. Flexural modulus increases with ECAE process. PC plaques were extrudedGt 100
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Fig. 5. The critical stress-intensity factdf,c, increases due to ECAE process. PC plates were extruded .100

enhances fracture resistance if the crack propagates at apropagates straight-ahead, leaving few features on the frac-
angle to the molecular orientation direction. The fracture ture surfaces. This indicates that the fracture surfaces
properties become poor if the crack propagates parallel tocontain topographic irregularities smaller than the wave-
the orientation direction [15]. The fracture properties are length of light. Contrary to this, once molecular orientation
affected also by the degree of orientation, the state of orien-is introduced into the sample, complex fracture features are
tation (uniaxial vs biaxial), and by the enhanced local order observed due to the impetuous alteration of the crack path
of molecules. It is expected that th&: value will be the (Figs. 7 and 8).
highest when the crack propagates perpendicular to the We have demonstrated in Part | of this research [1] that in
molecular orientation direction for the route A, 1-pass the 1-pass samples, the average molecular orientation angle,
sample. «, is at about 28counterclockwise away from the extrusion
As shown in Fig. 6, the annealed PC exhibit a brittle direction. The most probable molecular orientation should
fracture behavior regardless of the crack propagation direc-be along the maximum shear strain direction, i.e. the prin-
tion. This implies that a nearly isotropic state is obtained cipal axis of the strain ellipse as has been shown in Ref. [10].
after annealing. When the load is applied, the sharp crack So, there is a discrepancy between the macroscopic shear
plane angleg and the microscopic molecular orientation
angle,a, as can be seen in Fig. 1la. These two angles are
related by the following formulae:

y=coté 2)

a= Etan (;) 3
(a)

tan2a) = 2 tané (@)

Based on Eq. (4)a equalsf when they are small. The
macroscopic shear plane angl, is found to be closely
"'Zr 1 related to the strain hardening characteristics of PC [10].
2 . A crack is most likely to propagate along the molecular
"* orientation plane, i.e. along the weak plane. Figs. 7b and 8b
®) clearly show that the inclined crack planes with respect to
the extrusion direction are indeed nearly coincident with the

Fig. 6. Annealed 3-point-bend test specimens of PC: () top view; (b) side Molecular orientation plane. Likewise, a distinctive crack
view. pattern is observed due to biaxial molecular orientation in

-
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Fig. 8. The 3-point-bend test specimens of PC processed under route C, 2-
pass extruded at 0.17 mm/s at 100(a) longitudinal sample, top view; (b)
side view; (c) transverse sample, top view; (d) side view. Arrows indicate
(d) @ the extrusion direction of the second pass.

Fig. 7. The 3-point-bend test specimens of PC processed under route A, 1-
pass extruded at 0.17 mm/s at 100(a) longitudinal sample, top view; (b)  shear plane. This results in a molecularly biaxial-state orien-

side view; (c) transverse sample, top view; (d) side view. Arrows indicate tation (Fig. 10b and d). Therefore, the macroscopic scale of
the extrusion direction. orientation is restored while the localized molecular confor-
mation remains highly oriented.
the route C, 2-pass samples (Figs. 8a, ¢ and d). A detailed The localized oriented state caused by route C, 2-pass
investigation in crack propagation is thus required to extrusion is also effective in generating hackles (Fig. 11b).
correlate the extrusion routes with the induced molecular This is similar to what occurs in the 1-pass samples (Fig.
orientation. 11a). Contrary to the 1l-pass samples, the presence of a
Figs. 9 and 10 show that samples extruded through themacroscopic weak plane is not observed in the 2-pass
same route exhibit similar fracture characteristics regardlesssamples. This, in turn, leads to an improved fracture resis-
of the extrusion rates used in this study. A common feature tance in all directions (Fig. 5).
of the longitudinal samples is that the initial sharp crack  The significance of ECAE lies in that it provides means to
grows in a slanted manner. Intuitively, the crack front precisely control the degree and direction of micro-domain
seeks a weak plane along which to propagate rather thanand/or molecular orientation even in bulky polymer extru-
breaking the aligned macromolecular chains. As a result, dates. This can be achieved by implementing ECAE through
hackles are formed (Fig. 11). Secondary cracks are alsocumulative extrusions and distinct extrusion routes. More-
observed around the crack tip, thus complicating the fracto- over, the dimensions of the extrudate remain constant
graphic features. For the transverse samples, the crackduring the fabrication process. It is expected that the
seems to propagate rectilinearly leaving fewer features in ECAE process is particularly useful for load-bearing
its wake. substructures where rigidity and fracture resistance are of
One of the unique features in the samples that underwentprimary concerns.
route C, 2-pass extrusion is the localized orientation state. Thus far, we have demonstrated that well-controlled
As indicated in Fig. 8b, the second pass seems to introducemorphology can lead to great improvements in mechanical
an opposite local molecular orientation in addition to properties. The implementation of ECAE can therefore
cancelling out the previous global deformation due to the make the polymer extrudates tougher without the need
first pass extrusion. In other words, each pass in the 2-pasof tougheners, such as rubbers and short fibers. The
ECAE is effective in aligning molecules along one distinctive polymer extrudates can also exhibit improved rigidity,
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(a) (b)

(c) (d) (c) (d)

Fig. 10. Detailed crack propagation characteristics of 2-pass, route C
samples: (a) longitudinal sample extruded at 0.25 mm/s; (b) transverse
sample at 0.25 mm/s; (c) longitudinal sample at 0.17 mm/s; (d) transverse
sample at 0.17 mm/s.

Fig. 9. Detailed crack propagation characteristics of 1-pass samples: (a)
longitudinal sample at an extrusion rate of 0.51 mm/s; (b) transverse sample : P 4
at 0.51 mm/s; (c) longitudinal sample at 0.25 mm/s; (d) transverse sample ¢
at 0.25 mm/s; (e) longitudinal sample at 0.17 mm/s; (f) transverse sample at

0.17 mm/s. " po
-

strength, barrier properties, and, most likely, impact :
resistance [16]. ECAE can be extended to orient mole-

; ) L 250 pm
cules and dispersing second-phase domains in polymer
blends and filled polymers. Optimized morphology and
property in polymeric systems can be realized if the (a)
ECAE concept can be successfully implemented in
polymer processing.

4. Conclusion

The effectiveness of the ECAE process in controlling
polymer molecular anisotropy is investigated. The experi-
mental results suggest that the large strain plastic defor-
mation induced by ECAE, not only generates a high
degree of molecular orientation but also gives better
molecular packing. The mechanical properties can be
tailored by extruding the material via various processing
scenarios, i.e. by changing extrusion routes and the (b)
number of extrusion passes. Significant impact is Fig. 11. (a) Hackles are observed at the crack tip of 1-pass PC sample; (b)

expected in utilizing ECAE to fabricate engineering Hackles are observed in route C, 2-pass PC sample, similar to that observed
polymer components. in the 1-pass samples.
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