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e n vi r o n m e nt s, t h e s e c r a c k s c a n g r o w r a pi dl y, e v e n at st r e s s e s

w ell b el o w t h e el a sti c li mit ( Fi g. 1 b). T h e c r a c k ti p g e n e r all y
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Fig. 1. (a) Failed polypropylene component due to SCC; (b) SEM image of polypropylene suffering from SCC in a Piranha solution; (c) SEM image of the crack tip
and molecular processes of stress corrosion cracking near a crack tip in polyolefin.
has the shape shown in Fig. 1c. Oxidizing species diffuse to the
deformed crack tip, where they react with the stretched fibrils
in the crack process zone resulting in chain scission (Fig. 1c).
Several theoretical studies have been performed to understand
the mechanisms responsible for stress-corrosion cracking and an-
alytical models have been proposed [5–8]. These models provide
a detailed description of SCC in thermoplastics but are challenging
to use in practice because they require many parameters for each
case. Quantitative experimental measurements of crack growth
rates in oxidizing environments are not readily available. Thus,
there is a need for sub-critical crack growth experiments to char-
acterize the propagation of cracks in thermoplastics in various
environments such as have been performed for many other types
of materials [9–12].

Here, we study the SCC of polypropylene in a harsh oxidizing
aqueous environment relevant to semiconductor production us-
ing sub-critical crack growth testing. In particular, we evaluate
the SCC of polypropylene in the Piranha solution, a mixture of
concentrated sulfuric acid and hydrogen peroxide that forms
peroxymonosulfuric acid, also known as Caro’s acid, one of the
strongest known oxidizers. We investigate the effects of tem-
perature and concentration of the Piranha solution on the crack
growth rate as a function of the energy release rate. Based on
the results of this study, we propose practical guidelines for the
safe use of polypropylene or other thermoplastics in strongly
oxidizing environments.

2. Materials and methods

We prepared our test specimens using commercial polypropy-
lene homopolymer (Borealis Beta-PPH) with a density of 0.91
g/cm3 and a melt flow index of 0.5 g/10 min. The crystallinity
was 50% as determined by differential scanning calorimetry (DSC)
(Appendix A). Young’s modulus was measured to be 1216 ± 32
MPa at room temperature (19 ◦C) according to ASTM D638. The
polypropylene was supplied in plates with thicknesses of 2.0 and
20 mm.

The Piranha solution was prepared as a 3:1 mixture of 93%
sulfuric acid and 30% hydrogen peroxide. Since the preparation
of Piranha solution involves a very exothermic reaction with a
significant risk of explosion if mixed too quickly, the hydrogen
peroxide was added dropwise to the sulfuric acid. Appropri-
ate personal protective equipment was worn at all times while
preparing or handling Piranha solutions [13].

Sub-critical crack growth experiments were performed with
compact tension (CT) specimens using a customized constant-
force loading system (Fig. 2a and 2b) to avoid any issues related
to time-dependent deformation of polypropylene [14]. No signif-
icant deformation was observed when specimens were loaded
in air for extended periods of time (up to nine days at room
2

temperature) under typical test conditions, implying that the
applied energy release rate was not affected by creep. For safety,
(1)we installed the testing part of the setup including the fixtures
and the container with the Piranha solution inside a fume hood,
(2) we used a multi-pulley system to apply a large constant force
to the specimen using a relatively small dead weight, and (3)
to prevent spilling of the Piranha solution on sample failure,
we limited the maximum displacement of the sample fixture by
installing a safety lock on the test specimen and by placing a
block underneath the dead weight to limit its travel. The multi-
pulley system amplified the force exerted by the weight by a
factor of 8.94. This amplification factor was close to the ideal
value of 9.0 due to the use of low-friction blocks. Compact tension
specimens with a thickness B of 20 mm and width W of 40 mm
were prepared according to the ASTM D5045 standard. The initial
notches were prepared by machining and then sharpened using
a razor blade.

To determine the crack velocity in the sub-critical crack growth
experiments, the crack length was measured as a function of time
using a digital camera. During the experiments, the specimen was
submerged in the Piranha solution. To measure the crack length,
a vertical translation stage was used to lower the container with
the Piranha solution and expose the sample, thus avoiding any
measurement errors due to bubbles on the specimen surface.
Experiments were performed at 30 ◦C, 40 ◦C, 50 ◦C, and 60 ◦C
with a 100% Piranha solution. During these tests, the Piranha so-
lution was replaced daily to prevent loss of reactivity. To evaluate
the effect of concentration, experiments were also performed in
solutions in which the Piranha solution was diluted to 90%, 85%,
and 75% of the nominal solution by adding deionized water as
appropriate. These measurements were performed at 50 ◦C.

The energy release rate was calculated for each measured
crack length a using Eq. (1) following ASTM D5045:

G =
(1− ν2)F 2

E ·W · B2 f (x), (1)

where x = a/W , and f (x) = (2+x)2(0.886+4.64x−13.32x2+14.72x3−5.6x4)2

(1−x)3
for 0.2 < x < 0.8, where ν and E are Poisson’s ratio and Young’s
modulus, respectively. F is the force applied to the specimen, B
is the specimen thickness, and W is the specimen width (W =
2B). To evaluate the energy release rate at elevated temperatures,
the following values of Young’s modulus were used: 1200 MPa
at 30 ◦C, 960 MPa at 40 ◦C, 770 MPa at 50 ◦C, and 610 MPa at
60 ◦C. These values were taken from the literature based on the
measured value of Young’s modulus of the polypropylene at room
temperature and on its degree of crystallinity [15]. A value of 0.45
was used for Poisson’s ratio ν [16].

Fracture tests were also performed in accordance with ASTM
D5045 to measure the critical energy release rate of the polypro-
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Fig. 2. (a) Schematic diagram and (b) Optical image of custom constant-force loading system with high-temperature oxidizing environment; (c) Optical image of a
polypropylene compact tension specimen.
pylene. Compact tension specimens were tested at room tem-
perature and at 50 ◦C with a universal testing machine using
a crosshead displacement rate of 10 mm/min, and the critical
energy release rate was calculated using Eq. (1).

Additionally, to evaluate the chemical degradation of polypro-
pylene, 2.0 mm thick samples were exposed for one day to a
Piranha solution at 50 ◦C. After degradation, the samples were
observed using a scanning electron microscope (SEM) and char-
acterized using Fourier-transform infrared spectroscopy (FT-IR).
To characterize the degree of oxidation, the carbonyl index (CI)
was calculated from the FT-IR results using [17–19],

CI =
Area under band 1850− 1650 cm−1

Area under band 1500− 1420 cm−1 . (2)

The carbonyl index is the ratio between the carbonyl (-C=O) and
the methylene (-CH2-) absorption bands and is a measure of
the amount of carbonyl species formed during exposure to the
Piranha solution. Since many oxidation reactions of polypropy-
lene involve the formation of a carbonyl moiety, the degree of
oxidation of polypropylene can be evaluated using the carbonyl
index [18,20].
3

3. Result and discussion

Degradation of Polypropylene in Piranha solution
The Piranha solution is a mixture of concentrated sulfuric acid

and hydrogen peroxide. When combined, these chemicals form
peroxymonosulfuric acid (H2SO5, Caro’s acid), the active oxygen
transfer species in the system [21] and one of the strongest
known oxidizing chemicals [22], through the following
reaction

H2SO4 + H2O2 ↔ H2SO5 + H2O. (3)

To compare the oxidizing effect of peroxymonosulfuric acid with
that of the individual components of the mixture, polypropylene
specimens were exposed for 24 h to a 100% Piranha solution,
to 93% sulfuric acid, or to 30% hydrogen peroxide at a temper-
ature of 50 ◦C. Fig. 3a shows the value of the carbonyl index
after exposure to each solution; Fig. 3b shows a series of SEM
micrographs of the surfaces of the samples before and after

exposure. It is evident from the carbonyl index that exposure
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Fig. 3. (a) Carbonyl Index data for polypropylene samples exposed to hydrogen peroxide, sulfuric acid, and 100% Piranha solution at 50 ◦C for a period of 24 h; (b)
EM images of the polypropylene samples referred to in (a); (c) SEM images of polypropylene samples exposed for a period of 72 h to 50 ◦C Piranha solutions of
ifferent concentrations (75, 90, 100%).
o the Piranha solution results in much more extensive oxida-
ion than exposure to either the sulfuric acid or the hydrogen
eroxide alone. This is also reflected by the SEM micrographs:
he surface exposed to the Piranha solution shows extensive
racking, while the surfaces exposed to sulfuric acid or hydro-
en peroxide are relatively unchanged. To evaluate the effect of
he peroxymonosulfuric acid concentration on the oxidation of
olypropylene, exposure experiments were also performed on
olypropylene specimens in Piranha solutions of various dilu-
ions. Fig. 3c shows the polypropylene surfaces after exposure
o three different concentrations (75%, 90%, 100% of the nominal
iranha solution, balance deionized water) at 50 ◦C for 72 h. The
pecimen exposed to the 100% Piranha solution shows significant
rosion of the surface, with a few surface cracks. Comparing
mages in Fig. 3b and 3c, it is evident that exposure to the 100%
olution first causes a high density of surface cracks. Continued
xposure, however, erodes the surface sufficiently to remove all
ut the deepest surface cracks. These observations, along with
he alignment of the surface cracks, suggest that residual stresses
n the surface of the sample or possibly microstructural features
lay a role in this process. Exposure to the 90% solution similarly
esults in a high density of surface cracks, while exposure to
he 75% solution has little effect on the surface of the sample
Fig. 3c). These observations indicate that the rate of degradation
f polypropylene is a sensitive function of the concentration of
he Piranha solution.

racture behavior of polypropylene
One of the characteristics of stress-corrosion cracking is that

rack growth occurs at energy release rates below the critical
nergy release rate Gc , because species in the environment react
ith the material at the crack tip promoting crack growth [9].
ub-critical crack growth testing is the primary method for char-
cterizing SCC — in this method, crack velocity is measured under
ub-critical conditions, i.e., under conditions where the applied
nergy release rate is lower than Gc , and thus insufficient to cause
ast failure of the sample.
4

Thus, prior to making the subcritical measurements, fracture
tests were performed using CT specimens to find the critical
energy release rate. The measured value of Gc is 14.4 ± 1.4 kJ/m2

at 19 ◦C, and 15.6 kJ/m2 at 50 ◦C (Fig. 4a). These measurements
agree with a report in the literature that the fracture energy of
polypropylene with a crystallinity of 50% increases only slightly
with temperature, with little or no change below 80 ◦C [23].
The color of a pristine polypropylene specimen is grey, but the
fracture surface of the samples is whitened after the testing. This
whitening occurs because micro-voids form along the crack path
as a result of plastic deformation [24,25]. The polypropylene is
very ductile as illustrated by the stress–strain curve at the bottom
of Fig. 4a: The stress–strain curve goes through a maximum
and the tensile specimen develops a neck that propagates at
constant stress along the gauge length of the specimen. As the
neck propagates, the specimen does not deform further in either
the necked or un-necked regions and the imposed displacement
is entirely accommodated by the propagation of the neck. The
plastic strain associated with neck formation is between 35%–
40% and the necked region has a similar whitened appearance as
the fracture surfaces. Thus, the whitening observed during critical
fracture is indicative of ductile fracture.

Fig. 4b shows fracture specimens that were tested under four
different conditions: Specimens were tested either in 50 ◦C DI
water or in a 50 ◦C Piranha solution, and a constant energy release
rate was applied that was either well below Gc (∼6% of Gc) or
approximately equal to Gc . The case where the sample was tested
in DI water and the applied energy release rate was equal to Gc
is a critical fracture experiment that resulted in a ductile crack
with significant whitening in the region of the crack tip. When
the same experiment was performed in the Piranha solution,
however, the specimen initially exhibited ductile fracture and
then transitioned to brittle fracture as illustrated in Fig. 4c. The
precise reason for this transition is not known but may be related
to the presence of antioxidant compounds in the specimen, which
may initially delay the effect of the Piranha solution. Since ductile
fracture in polypropylene is accompanied by extensive plastic
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r

Fig. 4. (a) Compact tension fracture test and uniaxial tensile test results of polypropylene specimens; (b) Specimens after crack growth testing with applied energy
elease rate under/at Gc with/without Piranha solution at 50 ◦C; (c) Optical images of a ductile sample (19 ◦C specimen from Fig. 4a) and a mixed ductile/brittle
sample (b-2 specimen from Fig. 4b), and SEM images of ductile and brittle fracture surfaces; (d) Graph of crack growth versus time for specimens in a 100% Piranha
solution at 50 ◦C subject to a constant force of 410 N and at 60 ◦C subject to a constant force of 280 N; (e) SEM image of polypropylene CT specimen near crack
path after degradation in a 50 ◦C Piranha solution with 410 N for 53 h; (f) SEM image of polypropylene after degradation in a 50 ◦C Piranha solution for 53 h
without applied force.
deformation and micro-void formation, the resulting fracture sur-
face is rough and porous. Brittle fracture, on the other hand, does
not involve micro-void formation and leads to relatively smooth
and flat fracture surfaces (Fig. 4c).

To minimize plastic deformation during fracture, specimens
were also tested by applying an energy release rate of approx-
imately 6% of the critical value. Not surprisingly, the specimen
tested in deionized (DI) water did not show any crack growth.
However, as illustrated in Fig. 4b, the specimen tested in the
50 ◦C Piranha solution showed significant crack growth over
time. During crack propagation, the crack remained sharp with no
evidence of plastic deformation or micro-void formation. Fig. 4d
shows the evolution of the crack length as a function of time at
50 ◦C and 60 ◦C, respectively. At the onset of the experiment,
the applied energy release rate is approximately 6% of the critical
energy release rate, but as the crack length increases with time,
so does the energy release rate, and the rate of growth rises.
Note that the number of measurements in Fig. 4d is limited to
minimize the risk of exposure to the Piranha solution during the
experiments.

Fig. 4e shows a scanning electron microscopy (SEM) image of
a CT specimen after testing in the Piranha solution. It is evident
that, in addition to the crack that was initiated at the notch in
5

the CT specimen, a number of cracks developed parallel to the
main crack. Fig. 4f shows an SEM image of a CT specimen that
was exposed to the Piranha solution for the same amount of
time, but without any load applied to the specimen. In this case,
a large number of small cracks developed in the surface of the
polypropylene that were all more or less aligned in the same
direction. Clearly, exposure to the Piranha solution results in the
nucleation and growth of cracks in polypropylene. Furthermore,
the orientation of the cracks suggests that they grow in directions
dictated by the local stress state (Fig. 4e, 4f), or possibly the
microstructure of the material (Fig. 4f).

These observations are consistent with observations of the
fracture behavior of polypropylene when exposed to other ox-
idizing agents, such as ozone [26], high-temperature air [27],
and UV light [14,28]. The details of the oxidation process are
complex and depend on the active species involved, but oxidation
generally causes scission of the polypropylene chains, and cracks
form in the surface of the polypropylene, possibly as a result of
residual stresses in the surface layer of the samples [5,29]. There
is evidence that the chain scission process depends on the stress
state of the polypropylene, with tension accelerating the scission
process, and compression slowing it down [14,30]. The results
in Fig. 4d suggest that similar processes also take place at the
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rack tip when polypropylene is exposed to the Piranha solution,
s a result of reaction with the oxidizing species present in the
olution. Oxidation results in scission of the polypropylene chains
t the crack tip and the crack propagates with little or no evidence
f plastic deformation. As the crack grows with time, the applied
nergy release rate increases, and the crack velocity rises.
The scatter in the measurements in Fig. 4d suggest that the

cracks grow in a somewhat discontinuous fashion with short pe-
riods of incubation followed by rapid propagation. Polypropylene
nearly always contains antioxidants such as phenolic and phos-
phite compounds to stabilize its properties and prevent degra-
dation when exposed to oxygen [8]. X-ray photoelectron spec-
troscopy scans of polypropylene samples before and after expo-
sure to a Piranha solution are shown in Appendix B. The scan
obtained prior to exposure contains a number of peaks that
disappear after exposure and that are presumably associated with
the antioxidants. Initially, these antioxidants prevent scission of
polypropylene chains by the oxidizing species in the Piranha
solution and the crack does not propagate. However, with time,
the antioxidants at the crack tip are sufficiently depleted, chains
undergo scission by reacting with the oxidizing species, and the
crack propagates in a brittle fashion. As fresh polypropylene is
exposed, this process repeats itself an eventually a quasi-steady
state develops where the crack propagates at a rate that allows
depletion of the antioxidant at the crack tip and ensuing chain
scission.

Crack growth curves and the effect of temperature
Fig. 5a shows the crack velocity (da/dt) as a function of ap-

plied energy release rate at various ambient temperatures. As
expected, the curves increase monotonically with increasing en-
ergy release rate and shift to higher values as the temperature
increases. Crack velocity curves for materials that are susceptible
to stress-corrosion cracking often have several distinct stages as
the applied energy release rate increases [6,9,31,32]: there is an
initial stage, where the velocity rises exponentially with energy
release rate, followed by a stage where the velocity rises much
more slowly. The exponential rise is usually associated with the
range of energy release rates where crack growth is controlled
by the chemical reaction at the crack tip, while the second stage
is associated with a regime where crack growth is controlled
by transport of the active species to the crack tip. The results
in Fig. 5a, however, suggest that in our experiments, there is
only one stage with a sublinear dependence of crack velocity on
energy release rate. Consequently, we describe the dependence
of the crack growth rate on the applied energy release rate using
a single power law. For a given applied energy release rate, more
elevated temperatures result in higher crack growth rates. If the
process that controls crack growth is thermally activated, the
crack velocity may be described by an Arrhenius-type equation
of the form [10,33].

da
dt

= A exp
[
−

∆H
RT

]
Gn, (4)

where ∆H is the activation energy for the rate controlling mech-
anism, R is the ideal gas constant, A and n are fitting parameters.
The exponential factor on the righthand side of this equation
describes the temperature-dependence of the mechanism that
controls crack growth; the power law factor provides a phe-
nomenological description of the effect of the energy release rate.
If, at different values of the energy release rate, the crack velocity
becomes limited by a different process, then a different activation
energy may need to be used in this regime.

Instead of fitting Eq. (4) to the crack velocity data as is com-
on practice in subcritical fracture experiments, we fit the inte-
rated form of Eq. (4) directly to the crack length as a function

of time (Fig. 4d). While more difficult to execute, this approach
6

obviates the need to take the numerical derivative of experi-
mental data. We believe that this analysis method is beneficial
for subcritical experiments where the number of data points
is limited because of safety considerations and where there is
significant scatter in the data. The value of n was determined to
be approximately 0.9 by performing a least-squares fit of all the
crack length data in Fig. 4d. The curves in Fig. 4d and in Fig. 5a
represent crack length and velocity according to Eq. (4) with an
n-value of 0.9.

Fig. 5b is an Arrhenius graph of ln(da/dt/Gn) for all experi-
mental data in Fig. 5a. The slope of this graph yields a value
of 99.7 ± 15.3 kJ/mol for the activation energy of subcritical
crack growth of polypropylene in Piranha solutions. For compari-
son, previous studies measured the activation energy of several
polypropylene degradation processes using thermogravimetric
analysis (TGA) [34,35]. The activation energy for thermal degrada-
tion in an N2 or Ar environment was in the 150–250 kJ/mol range,
while the activation energy for thermo-oxidative degradation of
polypropylene was measured to be 80–110 kJ/mol.

The mechanism that controls the rate of crack growth is not
known at this time. While the activation energy for crack growth
in the presence of Caro’s acid is similar to the activation energy
for thermo-oxidative degradation of polypropylene, the depen-
dence of crack velocity on energy release rate is not exponential
as expected in the case that the velocity is controlled by stress-
assisted chain scission at the crack tip [36,37]. One possible
explanation for the latter observation is that some plasticity at
the crack tip reduces the effect of stress at more elevated values
of the energy release rate. Other mechanisms cannot be ruled
out, however, including that transport of the reactive species to
the crack tip is the rate limiting step or that crack propagation is
limited by the rate of formation of Caro’s acid near the crack tip.
In fact, the activation energy for the rate of formation of Caro’s
acid is also approximately 110 kJ/mol [38].

Effect of chemical concentration on stress corrosion crack growth
Fig. 6a shows the crack growth rate as a function of the applied

energy release rate at a temperature of 50 ◦C for samples exposed
to various dilutions of the Piranha solution. The solid curves in the
figure are least-squares fits of the integrated form of Eq. (4) with
n of 0.9 to the crack growth data where only the temperature-
dependent pre-factor was allowed to vary. As expected from the
exposure experiments, the crack velocity at a fixed energy release
rate increases rapidly with the concentration of the Piranha so-
lution. This is better illustrated in Fig. 6b, which shows the crack
velocity at a fixed energy release rate of 10 kJ/m2 as a function
of the concentration of Caro’s acid. The concentrations were cal-
culated from the initial concentrations of the reagents used to
make the Piranha etch and the equilibrium constants measured
by Monger and Redlich [38]. It is evident from the figure that the
crack velocity decreases almost linearly with decreasing molarity
of Caro’s acid and that the crack velocity approaches zero when
the concentration of Caro’s acid drops below approximately 0.6
M. It is also evident that the molarity of Caro’s acid decreases
rapidly as the Piranha solution is diluted.

Practical guidelines for preventing SCC with G-da/dt curve
Knowledge of the G-da/dt relation for polypropylene in various

oxidizing environments makes it possible to predict the growth
of flaws in polypropylene structures, thus preventing premature
failure and improving safety. In particular, we can estimate the
remaining service life of a component using a real flaw found
through in-service inspection or calculate the expected service
life of a component using a postulated flaw during the design. Es-
timating the remaining service life makes it possible to determine
a cost-effective replacement cycle for components considering
both safety and production schedule. Calculation of the expected
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Fig. 5. (a) Crack growth rate as a function of energy release rate at different temperatures: 30, 40, 50, 60 ◦C; (b) Arrhenius plots for polypropylene: crack growth
ate in 100% Piranha solution, determined using all experimental data in Fig. 5a with n = 0.9.
Fig. 6. (a) Crack growth rate as a function of energy release rate at the different concentrations at 50 ◦C: 75, 85, 90, 100%; (b) Plot of crack growth rate as a function
of H2SO5 molarity at G = 10 kJ/m2 .
service life in various environments allows a clear determina-
tion of safe operating conditions for a component. The American
Society of Mechanical Engineers Boiler & Pressure Vessel Code
(ASME BPVC) Section XI [33], which is widely applied to in-
service inspection and testing of nuclear power plants, specifies
the K-da/dt master curve of SCC for several metallic materials
and shows how these curves can be used in flaw growth anal-
ysis. ASME BPVC Section XI suggests a linear elastic fracture
mechanics (LEFM)-based, non-ductile fracture evaluation method
to prevent premature failure. Given that polypropylene is prone
to brittle fracture in strong oxidizing environments, we use a
similar approach to estimate the time to failure for polypropylene
component in such environments.

Inspection Guideline. During inspection, flaws are evaluated
using a non-destructive method such as Phased Array Ultrasonic
Testing (PAUT). Measured flaw sizes are then used to determine
the remaining service life of the component by analyzing the
crack growth based on the G-da/dt curve. Fig. 7a is a schematic
flow chart describing the procedure for assessing the remaining
service life of a pipe based on ASME BPVC Section XI Nonmanda-
tory Appendix C. Before the inspection, two pieces of informa-
tion are needed: (1) the critical energy release rate Gc and (2)
the G-da/dt relation for the environment of interest. During the
inspection, the inspector evaluates the flaw size (a) using a non-
destructive method. Given the flaw size, geometry, and stress
state, the energy release rate G can be evaluated for the flaw.
If the value of G is larger than G , the pipe should be replaced
c

7

immediately. If the value is smaller, then the G-da/dt curves
obtained in this study can be used to calculate the time required
for the flaw to reach critical size. This time is the remaining
service life of the pipe. For this calculation, it is necessary to
calculate the crack growth for a specific time interval t using the
G-da/dt relationship, and then repeat the analysis with the new
crack length. Here, a sufficiently small t should be used for precise
calculations [33].

Design Guideline. The expected service life of a component
in a particular environment can be calculated using the G-da/dt
relationship if a postulated flaw size is used instead of an actually
measured flaw size (Fig. 7b). In this case, the procedure in Fig. 7a
may be used to select operating conditions to satisfy a minimum
required service life. Consider the following example. Cracks in
a pipe generally propagate in the directions perpendicular to the
hoop direction, hence we assume a semi-elliptical flaw perpen-
dicular to the hoop direction in the inner surface of the pipe and
take its aspect ratio (a/l) equal to 0.1667 [39], where a is the
crack depth and l is crack length. The smallest flaw that can be
detected using PAUT is approximately 0.8 mm [40] and this value
is taken as the depth of the postulated flaw (a). To calculate the
energy release rate for the flaw, the hoop stress, σ , acting on
the flaw is required (Fig. 7c). Generally, extruded polypropylene
pipes have molding stress levels of less than 5 MPa [28,41], but
external loads can easily induce additional stress. Consequently,
we assume stress levels as high as 20 MPa when calculating
the energy release rate. To account for the scatter in the crack
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Fig. 7. (a) Flow chart for assessing the remaining service life of a pipe vulnerable to SCC using non-ductile fracture evaluation and G-da/dt curve; (b) Comparison
f expected service life and remaining service life on a G-da/dt curve; (c) Schematic diagram of a polypropylene pipe for transporting chemicals; (d) New G-da/dt
urve with a safety factor that corresponds to four times the standard deviation of the data around the velocity curve in Fig. 5b; (e) Expected service life of the
olypropylene pipe in (c) for transporting Piranha solutions of various concentrations and temperatures at various stress levels. The calculations were performed
sing a time interval of two weeks and the value of the critical energy release rate Gc at room temperature. (For interpretation of the references to color in this
igure legend, the reader is referred to the web version of this article.)
elocity curves, a safety factor that corresponds to four times
he standard deviation of the data around the velocity curve was
ntroduced as illustrated in Fig. 7d. This safety factor ensures that
ur estimate is an upper bound for 99.994% of the velocity data.
or each condition, the amount of time was calculated for the flaw
o reach critical size. Fig. 7e shows the expected service life for
arious environments and stress levels. Since many production
acilities are built with an expected service life of fifty years,
ipe designs with a service life exceeding fifty years are shown
n green in Fig. 7d. Evidently, the red area, which represents
onditions with an expected service life less than fifty years,
xpands as the stress level increases. One salient feature of the
igure is the strong dependence of service life on the strength
f the Piranha solution. In particular, accidental exposure to a
8

concentrated Piranha solution can significantly reduce the service
life of a polypropylene pipe.

4. Conclusion

We have studied stress corrosion cracking of polypropylene
in Piranha solutions. We evaluated the rate of subcritical crack
growth as a function of the energy release rate over a range of
temperatures and concentrations of the Piranha solution. Crack
growth rate increases with temperature, and an Arrhenius graph
of the rate of growth between 30 ◦C and 60 ◦C yields an activation
energy of 99.7 ± 15.3 kJ/mol. Dilution of the Piranha solution
with deionized water results in a significant reduction in the
crack growth rate. We describe a general inspection guideline
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o evaluate the remaining service life of a polypropylene com-
onent exposed to the Piranha solution using the G-da/dt curve
ased on the SCC crack growth analysis and non-ductile fracture
valuation specified in ASME BPVC. By introducing a postulated
law based on available inspection methods, we evaluate the
xpected service life of polypropylene pipe in Piranha solution
nder various environments and show that accidental exposure
o a concentrated Piranha solution can significantly reduce its
ervice life. We hope that this method will help in the design and
afe use of thermoplastic pipes in strong oxidizing environments.
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Appendix A. Differential scanning calorimetry scan of the
polypropylene sample

Fig. A.1 shows the differential scanning calorimetry scan of the
olypropylene specimen used in this study. The first heating scan
hows that the melting temperature of as-received polypropylene
s 165.4 ◦C and the ∆Hm is 104.5 J/g. Using the heat of fusion of
100% crystalline polypropylene (∆H0

m), the degree of crystallinity
(χ ) of the as-received polypropylene specimen was determined
to be

χ (%) =
∆Hm

∆H0
m
× 100% =

104.5 J/g
207 J/g

× 100% = 50%

The crystallization temperature on cooling is of 123.4 ◦C.

Appendix B. X-ray photoelectron spectroscopy scan of a
polypropylene sample before and after exposure to a Piranha
solution

See Fig. B.1.
Fig. A.1. DSC measurement of the polypropylene specimen used in this study.
Fig. B.1. XPS results for (a) an as-received polypropylene specimen and (b) a polypropylene specimen after two weeks of degradation in a 55 ◦C Piranha solution.
efore measurements, surfaces of both specimens were etched for 10 min using Ar sputtering.
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