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Abstract

This paper describes a methodology for the determination of the impact radial fracture toughness, Gjc, of cylindrical
polymeric molded parts using arc-shaped specimens. The proposed methodology is an extension of the ISO/DIS 17281
Standard which states that for brittle behavior, a basically linear relationship exits between the fracture energy, U; and
the energy calibration factor, ¢. This relationship allows calculating the critical strain energy release rate from the slope
of the U vs. ¢ plot. An expression for the energy calibration factor, ¢, for the arc-shaped specimen is proposed in this
work, by combining tabulated functions and finite element results. The methodology is applied to test high density
polyethylene arc-shaped specimens taken from cylinder walls. © 2002 Published by Elsevier Science Ltd.
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1. Introduction

The growing use of polymeric materials in engineering applications demands new methodologies in
order to assess the material capability to withstand loads. Impact testing is widely used to characterize the
fracture resistance of materials because it attempts to simulate the most severe load conditions to which a
material can be subjected. It is well known that thermoplastics, even toughened grades, are relatively
susceptible to impact fracture.

Instrumented impact testing is gaining considerable practical importance, as it allows assessing the
material toughness under the most critical conditions, given by high strain rates and the presence of not-
ches. The use of fracture mechanics to analyze such tests has greatly improved their utility and, with the
recent availability of good high speed recording equipment, there has been much progress reported.

Analysis of the impact toughness of injection and/or extrusion molded semicrystalline polymers, such as
polyethylene, presents an additional challenge, due to the interaction between orientation and crystalli-
zation leading to a complex, fabrication dependent, anisotropic morphology. This microstructure deter-
mines, to a large extent, the fracture and the ultimate properties of the molded part. Understanding the
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complex relationship between impact resistance, processing, and/or molecular parameters requires that
careful attention be directed to the impact measurement itself [1,2].

More specifically, the impact fracture toughness of cylindrical structural pieces like pressure vessels [3],
thread protectors [4] and pressurized pipelines for fuel gas and water distribution materials [5-9] can be very
important from a practical point of view. As explained above, since processing can significantly influence the
final performance, material testing should be made on samples having the same processing history. In this
sense, testing for the determination of the material radial fracture toughness may be sometimes rather
difficult, since it is not always possible to obtain standard specimens from cylindrical samples. On this
purpose, arc-shaped bending specimens may be very useful [8,10-12].

It is the objective of this paper to present an extension to the ISO/DIS 17281 Standard methodology
[13,14] for the determination of material radial toughness using arc-shaped specimens. The proposed
methodology is employed to test the toughness of high density polyethylene (HDPE) injection molded
cylinders.

2. Fracture toughness method

For metals, the elastic modulus E varies very little with strain rate, so the fracture toughness G or K can
be found by any path [14]. On the other hand, path is important in the case of polymers as E does vary with
rate for these materials. In particular, variation of flexural modulus of polyethylene is both strain and
strain-rate dependent [15]. A widely accepted method to determine the high rate fracture toughness (around
1 ms™") for linear-elastic polymeric materials behavior is the Gic methodology [13,16-18]. This quasi-static
energy measuring method is less prone to dynamic error and works well for brittle materials, where ini-
tiation is followed by instability [17]. Previous work showed that for brittle behavior a linear relationship
exists between the impact fracture energy, U, and the specimen dimension compliance function, BW ¢,
where B and W are the specimen depth and width respectively, and ¢ is a known function of crack length
[19]. The slope of this relationship defines the critical strain energy release rate, Gic [13,16-18]. The kinetic
energy of the moving testing specimen and the energy associated with the inertial loads constitute parasitic
energy terms [18]. However, as they were demonstrated to be essentially independent of crack length the
multi-specimen procedure circumvents the need of evaluating those two terms [16].

At speeds around 1 ms~! the dynamic effects are considered negligible and static equation are still valid
[13]. Thus, for a specimen of constant thickness B under elastic conditions, the critical energy release rate at
crack growth initiation, Gc, may be determined from the measured load, P, energy, U, or displacement, J,
from the relationships [17,18]

P> dC
G=25 (1)

1 du
_ldu 2
G B da )
U =LoP =1p2C (3)

where a is the crack length, and C(a) the compliance of the cracked specimen. In terms of fracture
toughness:

K* =Y%d%a (4)

where o is the maximum gross stress, and Y is a function of the crack length to specimen width W. Since K¢
and Gc are related by the well known expression
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K2 = EGc (5)

(where the Young modulus E is replaced by E/(1 —1?) for plane strain), there will exist for any given
geometry a constant relationship between gross stress and load /P, say o/BW. So that, from Egs. (1), (4),
and (5) we can write

dc 20
- " y?
o= g @) (6)
At the same time, and now in terms of energy, from Egs. (1) and (3) we can also write
U dc
G = Caw d(a/W) @
or the more usual expression [19]:
U=GcBW¢ (8)
where
C
- - 9
¢ dc/d(a/w) ©)

Note that the shape factor ¢ allows calculating G¢ by plotting U vs. BW ¢. The shape factor ¢ is available in
the literature for the most common geometries used in standard impact characterization, the Charpy and
Izod specimens [18]. In order to determine ¢ for a specimen other than the Charpy or Izod, Eq. (9) can be
employed once the specimen compliance C is known. In this sense an expression for C can be deduced from
Y? by using Eq. (6);

202

C_E Y*(a/w)d(a/w) + Co (10)

where Cj is an integration constant.

3. Specimen geometry and ¢ calibration

For the sake of simplicity, studies were performed in this work on standard arc-shaped specimens de-
signed according to ASTM E399-90 [20]. The specimen geometry is sketched in Fig. la. The specimen
thickness, B, and the span to depth ratio, S/W, were always kept equal to W /2 and 4 respectively.

From the K expression reported in literature [20] for arc-shaped specimen the function Y was obtained to
yield

y = § (90t (= /ol Wi )

0.677 + 1.078(a/W) — 1.43(a/W)* + 0.669(a/ W)’
(1—a/w)"?

h(a/W) =0.29 — 0.66(a/W)(a/W) + 0.37(a/W)* (11)

Sila/W) =

which is considered to be accurate to within +1% for 0.2 < a/W < 1. The geometric constant « was taken
as for the SE(B) specimen [18]:
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Fig. 1. (a) Standard proportions for the arc-shaped specimen. (b) Arc-shaped bending sample cut from cylinder wall. (c) Standard
proportions for the parallelepiped specimen.
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2w
Then, an expression for the compliance can be obtained from Eq. (10), with Y and o, given by (11) and (12)

respectively. The integral in (10) was carried out symbolically using MathCad [21]. The resulting expression
was simplified by eliminating the least significant terms yielding

C' = (—52.488 +10.087 + 1.0317%)x + (2.822 — 10.656r)x” + 6.008rx> + ( — 14.832 + 11.88r)x"
(19.44 — 5.059r)  (15.84)
(I-x) (1-x)°

where for the sake of simplicity x = a/W and r = r/rp. It is worth to note that expression (13) has a de-
viation of at most 1% with respect to the complete solution.

The term Cy in Eq. (10) was determined using finite element (FEM) results. It is worth to note that
although the ratios B/W, S/W and Z/W are fixed, Cy is not constant as for the Charpy and Izod specimens,
but a function of ri/r,. Thus, series of two-dimensional plane-stress FEM models were analyzed using
LUSAS [22], in order to determine the functionality of Cy with r/r, for the range 0.6 < r/r, < 1 (see [20])
and a/W =0.20 (note that from the definition of Y, expression (13) is only considered to be valid
0.2 < a/W < 1). FEM analyses were performed on unitary thickness models for which the elastic modulus
E was set to unity, and v = 0.3. Model discretizations were constructed using six-node triangular elements
without any local mesh refinement. A sample model is shown in Fig. 2, where only one half of the problem
was considered by imposing the appropriate boundary conditions.

Obtained results are summarized in Fig. 3. Each of the data points is the product of a quadratic least-
square extrapolation to null element size of the results of four FEM models designed to accommodate from
10 to 50 elements along the specimen depth, W. Standard errors of the extrapolated values do not exceed
2%. Finally, data points were interpolated using an exponential decay function to yield:

(12)

+ ((— 64.224 +26.064r — 0.202/7) In(1 — x) —

(13)

AT
Co,BE = 15.25 + 3.14e(°'6 "2)/0 20 (14)
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Fig. 2. Sample mesh used in FEM modeling (coarsest mesh for r;/r, = 0.6).
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Fig. 3. Normalized compliance for a/w = 0.2 as function of internal to external radio ratio. Bars indicate standard error for the
extrapolated FEM results.

Eq. (14) fits data points with a maximum error of 1%. The expression for Cy was obtained from Eq. (10)
after replacing (13) and (14) to yield

Co(r) = 10.879 4 3.136e>635-442) _ 3 165 — 2.5172 (15)
Finally, a function for ¢ was obtained, in the spirit of the one proposed in [13] for the SE(B) specimen
C'+ C
¢=a0 /d)(c) (16)
where
(Zi = —52.488 + 10.080r + 1.0317* + (5.645 — 21.312r)x + 18.023rx> + (59.328 — 47.52r)x°
(64.224 — 26.064r + 0.202%)  (19.44 — 5.059r)  31.68
- 5 + 3 (17)
(1-x) (I —x) (I —x)

Fig. 4 shows the resulting ¢ vs. a/w data, for different | /r, ratios. Data for the SE(B) specimen is also
included as a reference.
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Fig. 4. Energy calibration factor for the arc-shaped specimen as a function of crack length for different r, /r, ratios. Data for the SE(B)
specimen is also included as a reference.

4. Experiments

Fracture tests were performed at 1 ms™! using an instrumented falling weight Fractovis 6789 by CEAST
in three-point bending configuration (mode I). Two kinds of specimens were used: parallelepipeds and arc-
shaped (Fig. 1). Parallelepipeds were machined from sections cut from a molded plate. The original plate
was made by compression molding of a commercial injection grade HDPE (see Table 1). Final dimensions
of the sample were width, 7 = 10 mm, span, S = 4% and thickness, B = 2W. On the other hand, arc-
shaped specimens were machined from sections cut from cylinders in the radial orientation (C-R), as
sketched in Fig. 1b [20]. The original cylinder was made by injection molding, and using the same HDPE
than for the molded plate. The cylinder dimensions, were r; = 110.35 mm and », = 124.00 mm. The sample
width, W, was that given by the cylinder thickness.

Sharp notches were introduced at mid span by alternatively sliding a sharp blade scalpel-wise across the
samples with a crack to depth ratio (a/W) varying between 0.3 and 0.7. All tests were carried out at room
temperature. The spurious contributions to the measured energy due to machine compliance and specimen
indentation were corrected following usual practices [16,18].

Fig. 5 is a picture of the fracture surfaces with the corresponding initial notch at the bottom. It is possible
to observe a craze zone, which grew from the initial notch and remained almost of constant size (0.5 mm).

Table 1

High-density polyethylene properties
Property (units) Value
Mass density (kgm™) 948
Young’s modulus (MPa) 850
Yield stress (MPa) 25
Melting point (°C) 135
Measured MFR (g per 10 min)* 4
Colour Natural

*ASTM D 1238 at 190 °C and 2.16 kg load.
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Fig. 5. Fracture surface of the broken sample.
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This plastic zone can be considered restricted to a small region near crack tip and hence LEFM is appli-
cable. At the same time, it is possible to observe the arrest marks, which show only a slight curvature in-
dicating that a plane strain conditions prevailed.

Fig. 6 shows the load/time traces. The amplitude of load oscillations are confined to the allowed limits
for polymer impact testing, thus enabling the recorded load trace to be used to determine fracture
toughness, Gic, as the slope of the average line determined by plotting the total fracture energy as a

function of BW ¢ [15-17,23].

The shape of the curves was influenced by crack length. Note that as the notch size increased the load
rolls over a maximum and starts to fall before showing the abrupt drop, which corresponds to crack ini-
tiation. In this paper, we did not take into account for this post-peak ductility, dealing with the initiation

event alone. The initiation Gic was determined from the energy to peak load, U, [15].

Load [N]

Fig. 6. Obtained load/time traces for the arc-shaped specimens.
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Fig. 7. Corrected impact energy vs. compliance function: (a) arc-shaped specimens and (b) standard SE(B) specimens.

In order to verify the efficacy of the proposed methodology, a set of standard three-point bending
specimens [16] prepared from compression-molded plates of the same HDPE material was also tested. Plots
of corrected energy vs. BW ¢ are shown in Fig. 7 for both, the arc-shaped and standard specimens, showing
the expected cyclical variation or bouncing in U for dynamic analysis [24]. The selected BW ¢ range allowed
to obtained a good average line as proposed by the ISO/DIS 17281 Standard. The predicted, Gic, from the
slopes of the plots are consistent with data calculated using standard bending specimens of the same
material. Differences in the critical parameters are due to the influence of orientation in the injected pieces.
The latter effect may be even more important in the case of extruded pipes for which the application of the
proposed methodology appears very promising.

5. Conclusions

This paper describes a methodology for the determination of the impact radial fracture toughness, Gic,
of cylindrical polymeric parts using arc-shaped specimens. As the ISO/DIS 17281 Standard, the proposed
methodology is based on the fact that for brittle behavior, a linear relationship exists between the fracture
energy and the specimen compliance function.

An expression for the energy calibration factor, ¢, for the arc-shaped specimen was developed by
combining tabulated functions and FEM results. The proposed function follows the general shape of the
one given by the ISO/DIS 17281 Standard for the SE(B) specimen.

The methodology was applied to test the radial toughness under impact of HDPE molded cylinders.
Calibration factors were found close to those of the SE(B) specimen and led to reliable fracture toughness
values.

The application of the proposed methodology appears very promising for the determination of the
fracture properties extruded pipes due to their inherent anisotropic morphology.
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