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Abstract

Environmental stress cracking (ESC) is known to affect certain thermoplastics and occurs under simultaneous exposure to both applied stress and a hostile environment. The combination of these can cause a crack to form from a flaw in the material; upon reaching a critical size, the crack may accelerate thus causing catastrophic failure in the component. Various tests have been utilised to measure the resistance of different polymers to ESC, but these are often material- and application-specific and overlook the different stages of the failure process. In the present work, a fracture mechanics approach has been developed and applied, with a view to developing a test method that has wide applicability and provides both insight into the failure mechanisms as well as information for engineering design. Experimental results are presented for the following polymer-environment combinations: linear low-density PE in Igepal solution, HIPS in sunflower oil, and PMMA in methanol. It is shown that the representation of the results in the form of G versus crack velocity and G versus time can distinguish between materials of varying ESC resistance, identify the important regions of the failure process, and enable component life prediction.
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Nomenclature

a	crack length
B	specimen thickness
C	compliance
E	Young’s modulus
G	energy release rate
K	stress intensity factor
P	applied load
S	span
Tg	glass transition temperature
W	specimen width
x	normalised crack length
Y	geometry factor
δ	specimen central deflection
ε	strain
ν	Poisson’s ratio
ρ	notch tip radius
σ	bending stress
σc	craze stress
σy	yield stress




1. Introduction

When immersed in a liquid environment and subjected to applied stress, thermoplastic polymers may experience crack growth in a phenomenon known as environmental stress cracking (ESC) [1]. As such materials find increasing usage in engineering applications, there is a need to adequately characterise their long-term environmental performance. ESC arises due to liquid ingress into regions of dilatational stress, for example at loaded crack fronts, rather than via bulk material liquid uptake or diffusion. This leads to a local reduction in fracture toughness (embrittlement) at the defect, resulting in the incubation and propagation of a crack at a lower global applied stress value than would normally be expected [2, 3].
The environmental stress cracking resistance (ESCR) exhibited depends upon the polymer-liquid environment system in question. This is the basis of one method of studying ESC, which predicts ESC susceptibility by comparing the proximity of the solubility numbers of the material and liquid involved [4]. Other experimental methods have tended to focus on time-to-failure measurements, such as the Bell Telephone test [5], full-notch creep test [6], and bent strip test [7] in which a fixed stress or strain is applied to specimens in the environment. While these methods provide a comparative material ranking, they are inherently geometry-dependent and do not distinguish between time taken for crack initiation and propagation, the former frequently being of longer duration. A fracture mechanics approach aims to overcome these limitations and provide information based on crack growth rates. In addition, the method also allows for investigation into the fracture mechanisms by examination of the fracture surfaces. A test method based on crack growth rates rather than failure times is also in principle quicker to perform, as the failure time is obtained through integration of the crack speed.
A unique relation exists between the crack driving force (K, or alternatively G) and the crack speed for a given polymeric material at a given temperature [8]. This is central to the proposed ESC test method, which monitors crack propagation in single edge notched bend (SENB)-type specimens in a slow crack growth test, drawing upon existing standards for measuring K and G at initiation under quasi-static conditions [9]. In the SENB test, a constant load is applied to the specimen corresponding to an initial applied G; as the crack grows, G increases and hence, many G-crack speed data points can be obtained from a single test as the crack accelerates towards final specimen failure.
In this study, a G-(crack) speed and G-(initiation) time approach has been followed to investigate the ESC behaviour for initiation and propagation in linear low-density polyethylene (PE), high impact polystyrene (HIPS) and polymethylmethacrylate (PMMA). This work aims to illustrate the utility of the proposed fracture mechanics-based approach, and to highlight its potential for adoption as a future test standard.

2. [bookmark: _Ref482115944]Materials and methods

Five polymers were tested in total: two grades of linear low-density PE, two grades of HIPS, and PMMA. In the case of PE and HIPS, the grade labelled “A” had a higher ESC resistance than the “B” grade, as measured by the Bell Telephone and Bent Strip tests respectively [10, 11]. The materials were received as 5 mm compression-moulded plates (6 mm cast sheet for PMMA) and were machined into SENB specimens with a span-to-width ratio, S/W of 4 and a nominal crack length-to-width ratio, a/W of 0.35.
The specimens were annealed prior to testing to relieve any residual stresses potentially induced during the manufacture or machining processes. This was performed by heating the specimens to just below their glass transition temperature, Tg (or 80 °C for PE) and cooling slowly back to room temperature. The environments in this study were chosen based upon their known ability to induce stress-cracking in the given polymer, with each polymer-environment pair having seen precedent for use in environmental studies [11-13]. Details of the materials and environments are provided in Table 1.



[bookmark: _Ref482109628]Table 1 Material and environment properties
	Material
	Environment
	Temperature
	ESC test method
	ESC resistance [10, 11]

	PE-A
	10% Igepal CO-630
	50 °C
	Bell Telephone test
	1000 h

	PE-B
	
	
	
	20 h

	HIPS-A
	Sunflower oil
	25 °C (room temperature)
	Bent strip method
	94 εr/ε0%

	HIPS-B
	
	
	
	26 εr/ε0%

	PMMA
	Methanol
	
	-
	-



	The effectiveness of using different fracture mechanics test types to compare environmental performance on either an initiation time or crack speed basis was demonstrated by Andena et al. [11]. In the present work, PE specimens were tested on an Instron universal testing machine under load control inside a temperature chamber, while the other materials were tested using a custom-built set-up (ESC rig). All the materials were tested both in air and in the environment, with test data for the different materials all analysed in the same manner. The ESC rig is shown schematically in Fig. 1:
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[bookmark: _Ref475800503]Fig. 1 Schematic of ESC rig, showing the single edge notched bend (SENB) specimen where S is the span, W is the specimen width, B is the specimen thickness, and a is the crack length.

The machined notches were sharpened prior to testing. For the PE and HIPS specimens, this was achieved by razor sliding, whereas razor tapping was performed on the PMMA specimens. With razor sliding, care was taken not to press the blade directly into the notch to avoid inducing residual stresses, with a “sharp” notch being defined as having a notch tip radius, ρ less than the material crack opening displacement, COD, which was estimated to be 5 to 30 μm for the materials involved. In the case of blunt-notched specimens, the nominal notch radius, ρ ≈ 1000 μm. The specimens were then placed on the rig, and a constant load corresponding to the desired G applied over a period, typically 10 to 20 s, to avoid shock loading which could lead to crack tip blunting.
Initial tests showed that crack lengths measured optically and determined via the compliance method [14] were in close agreement. The compliance method was preferred, as optical measurements can be difficult in translucent or opaque environments. During testing, crack growth was monitored until final specimen failure. The test rig incorporates a linear variable differential transformer (LVDT) positioned close to the load line on the lever arm, which allows continuous measurement of specimen central deflection with time, δ(t). Details of the compliance method, as well as the analysis performed on δ to obtain crack length, a and subsequently crack speed,  are described in Section ‎3.
Tensile tests were also conducted at strain rates of 0.1, 0.01 and 0.001 1/s to measure the material creep and yield behaviour.

3. [bookmark: _Ref482114691]Theory (data reduction method)

	The proposed ESC test method is based on linear elastic fracture mechanics (LEFM) principles, which require plane strain and small-scale yielding conditions. To satisfy the former, the specimens have a minimum required thickness of 5 mm, to ensure that the specimen dimensions (B, a, and W-a) were larger than the characteristic length of the plastic zone surrounding the crack tip,  given by Eqn. 1:

						(1)

where Kc is the critical stress intensity factor (or fracture toughness) and σy is the yield stress. ESC causes crack propagation by local embrittlement at the crack tip; thus even in relatively tough materials such as PE and HIPS, crack propagation can occur in a brittle manner without appreciable ductility.
The K-crack speed approach was initially developed by Chan & Williams to observe slow crack growth in the environment and in air [15]; both they and Contino et al. [16] performed size effects studies affirming K as the controlling variable, independent of specimen dimensions. The related G parameter is adopted here instead, as a measure of the energy required to grow the crack. In addition, the use of G also takes into account the extent of material relaxation as quantified by modulus change throughout the test; it has been established that crack initiation and growth in ESC (as with other constant load or creep-type processes) are relaxation-controlled [17]. Creep can be significant in certain material/environment combinations, particularly at higher temperatures; thus for very low modulus materials, stiffer configurations such as the compact tension (CT) or single edge notched tension (SENT) specimens may be preferable.
Eqn. 2, adapted from Bakker [18] relates the crack length (normalised against specimen width), x to applied load P and δ:

			(2)

where C is the compliance of a sharp-notched specimen, E is the Young’s modulus, Y is the geometry factor and φ represents the square-bracketed term. The first square-bracketed term represents the contribution of bending and shear, while the second term accounts for the presence of the notch and subsequent crack growth. The geometry factor in this case is for a specimen with a single notch in three point bending:

			(3)

The expression for a blunt-notched (or indeed un-notched specimen) is similar, but with φ remaining constant as the crack does not extend:

		(4)

where Cb and Eb are the compliance and modulus of a blunt-notched specimen respectively, xb is the normalised (blunt) crack length and φb represents the square-bracketed term.
Following on from Section ‎2, C(t) and Cb(t) are thus obtained by dividing δ(t) with P, as in Eqns. 2 and 4. The φ(x) term in Eqn. 2 increases as the crack grows in a sharp-notched specimen; however in the case of a blunt-notched one, any increase in compliance is attributed to specimen creep as there is no crack growth. The ratio of the two compliances is used to define the point of initiation separating the incubation and propagation phases:

					(5)

 i.e. a 1% change (2% in PMMA) between the compliance of a sharp- and corresponding blunt-notched specimen.
As with a quasi-static fracture toughness test, specimen indentation at the loading points should be accounted for to avoid underestimating and overestimating the E and G values, respectively. In practice, examination of the compliance evolution of specimens of the same material suggests that data from sharp-notched tests applied with lower loads can be used in the place of a blunt-notched test. Fig. 3 shows an example of a pair of sharp- and blunt-notched tests:

[image: ]
[bookmark: _Ref476079398]Fig. 2 Typical compliance vs. time curves; HIPS/sunflower oil system

	Following on from Eqn. 5, φ(x) is obtained, from which x(t) can be calculated by inverting Eqn. 2. The values of crack length with time, a(t) are thus known from which  can be calculated. Numerical values of Cb/C, which are material-independent, are given in Table 2, for xb = 0.35:

[bookmark: _Ref476079831][bookmark: _Ref476079828]Table 2 Numerical and fitted values of Cb/C for xb = 0.35
	x=a/W
	(1-x)2
	Cb/C (numerical)
	Cb/C (fitted)
	Error (%)

	0.25
	0.56
	1.299
	1.347
	3.5

	0.30
	0.49
	1.149
	1.171
	1.9

	0.35
	0.42
	1.000
	1.008
	0.8

	0.40
	0.36
	0.855
	0.857
	0.1

	0.45
	0.30
	0.719
	0.717
	0.2

	0.50
	0.25
	0.591
	0.590
	0.2

	0.55
	0.20
	0.475
	0.475
	0.0

	0.60
	0.16
	0.372
	0.372
	0.2



In the majority of cases where x>0.25, a straight line fit may be utilised [19] to relate Cb/C to x and a, in the form:

					(6)

where p and q are constants dependent upon xb as shown in Table 3:



[bookmark: _Ref476080411]Table 3 Values of φb, p and q as a function of xb
	xb
	φb
	p
	q

	0.00 (un-notched)
	1.13
	1.35
	0.01

	0.25
	1.56
	1.86
	0.01

	0.30
	1.76
	2.11
	0.01

	0.35
	2.02
	2.42
	0.02

	0.40
	2.36
	2.83
	0.02

	0.45
	2.81
	3.37
	0.02

	0.50
	3.42
	4.09
	0.03

	0.55
	4.25
	5.09
	0.03

	0.60
	5.44
	6.51
	0.04



Fig. 4 shows a comparison between values of Cb/C obtained numerically and from Eqn. 5:

[image: ]
[bookmark: _Ref476083596][bookmark: _Ref476083593]Fig. 3 Calibration function

The compliance approach yields an effective crack length which therefore also accounts for any uneven crack growth across the specimen thickness. In addition, the compliance method monitors the specimen creep throughout the test, providing an instantaneous modulus which feeds into the calculation of G:

				(7)

where ν is Poisson’s ratio, and σ is the bending stress, which for the geometry used is given by:

						(8)

In the early stages of the investigation, much attention was paid to developing a procedure to process the ESC test data, which included the selection of a suitable LVDT sampling rate. An interval of at least ten times the measurement accuracy is preferred to avoid unnecessary scatter [20]; a value of 100 μm (0.1 mm) was chosen for this study. Also, secant differentiation and five-point simple averaging were found to be suitable schemes for obtaining crack speed values from crack lengths and for smoothing both the length and speed values, respectively. Fig. 4 shows an example of crack data simulated in MATLAB in the form of scatter around a base curve, for the purposes of evaluating different data processing schemes.

[image: ]
[bookmark: _Ref482119493][bookmark: _Ref482119488]Fig. 4 Simulated crack data, using an x6 polynomial as the base curve

Fig. 5 shows a typical schematic diagram of propagation data, with three distinct regions of crack growth: (I) in-environment relaxation-controlled growth, (III) in-air relaxation-controlled growth and a transition region (II) in between. Regions I and III have the same slopes, being controlled by the same viscoelastic processes, but with Region I translated downwards due to the plasticising effect of the environment reducing the stress required to crack the material. Region II, the transition, occurs when the crack grows at a faster rate than the environment can permeate the crack tip. Logarithmic axes are useful in presenting ESC data, not least because of the timescales but also to highlight the power law relations underpinning the processes involved.

[image: ]

[bookmark: _Ref475803601]Fig. 5 Three regions of crack growth, adapted from [2]

Eqn. 9, adapted from [13] provides an analytical expression for G based on crack speed and material viscoelastic parameters, which can be compared with experimental values. The expression is useful as it yields the critical value of COD at which the crack begins to propagate, after the initial period of material relaxation:

			(9)

where σc is the craze stress at the crack tip. Eqns. 10 and 11 describe the time-dependent behaviour typical of polymers:

					(10)

					(11)

where σ0 and E0 are the unit time values, and m and n are the time-dependent exponents of yield stress and Young’s modulus, respectively [13].

4. Results and discussion

4.1 Propagation

Figs. 6 to 8 show plots of G versus crack speed, i.e. propagation data for the polymers tested. The averages of a minimum of 3 tests are shown each in air and in environment per material. For each material, the propagation toughness is reduced in the environment compared to in air. Dotted lines are shown in Figs. 6 (c) and 7 (c), which depict the intersection between the in-air and in-environment lines. The crack speed at which this occurs can be referred to as the critical crack speed,  above which the environment has insufficient time to affect crack growth. A comparison of materials in terms of their critical crack speeds can be used as a measure of resistance to ESC, on a propagation basis. In the limit, a low  suggests a high ESC-resistant material, and conversely a high  a low ESC-resistant one. These crack speeds correspond individually to a specific material propagation toughness, Gp*. While  and indeed the toughness reduction are attributed to the effect of the environment, Gp* on the other hand primarily reflects the inherent in-air material toughness.

[image: ]
(a)

[image: ]
(b)
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(c)

[bookmark: _Ref475818132]Fig. 6 G vs. crack speed for PE/Igepal systems:
(a) PE-A, (b) PE-B; and (c) Comparison between PE-A and PE-B.

Fig. 6 shows the difference in the propagation performance of the two PE grades, with PE-A having a lower  and thus higher ESCR compared to PE-B. Fig. 7 shows the propagation behaviour of the two HIPS materials, with HIPS-A having a lower  compared to HIPS-B and also thus a higher ESCR. In this case however, HIPS-B has a higher Gp*, suggesting that HIPS-B is the more resistant material to in-air slow crack growth.
The environmental effect on crack propagation is shown in Fig. 8 for PMMA.
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(a)
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(b)
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(c)

[bookmark: _Ref475818231]Fig. 7 G vs. crack speed data for HIPS/sunflower oil systems:
(a) HIPS-A, (b) HIPS-B; and (c) Comparison between HIPS-A and HIPS-B.

[image: ]
[bookmark: _Ref475818137]Fig. 8 G vs. crack speed data for PMMA/methanol

4.2 Initiation

As mentioned, crack initiation has been defined in this work as a 1% difference between the compliance of a sharp- and blunt-notched specimen. Figs. 9 to 11 show initiation data i.e. plots of G versus initiation time, i.e. initiation data for the polymers tested. Whereas many propagation points can be acquired per test, in the case of initiation only one point is obtained. In a manner similar to that observed in the propagation data, the initiation toughness is reduced in the environment compared to in air for each material tested. The dashed lines denote power law fits to the data; dotted lines are shown in Fig. 11 to highlight the intersection between the in-air and in-environment lines, which can equally be applied to the other plots. The time at which this occurs can be referred to as the critical initiation time, ti* below which the environment has insufficient time to affect crack growth. A comparison of materials in terms of their critical initiation times can also be used as a measure of resistance to ESC, whether on an initiation basis or as part of a wider component service life prediction analysis. In the limit, a low ti* suggests a low ESCR material, and conversely a high ti* a high ESCR one. As with the propagation case, these initiation times correspond individually to a specific material initiation toughness, Gi*.

[image: ]
[bookmark: _Ref475818301]Fig. 9 G vs. time data for PE/Igepal systems

Fig. 9 demonstrates the difference in the initiation performance of the two PE grades, with PE-A having a higher ti* and thus higher ESCR compared to PE-B. Fig. 10 shows the initiation behavior of the two HIPS materials, with HIPS-A shown to have a higher ti* compared to HIPS-B. However, there appears to be a cross-over between the two HIPS in-environment lines, suggesting that HIPS-B may possess a better ESC performance at lower levels of applied G.
The environmental effect on crack initiation time is also apparent for PMMA, as seen in Fig. 11.

[image: ]
[bookmark: _Ref476094960]Fig. 10 G vs. time data for HIPS/sunflower oil systems

[image: ]
[bookmark: _Ref475818304]Fig. 11 G vs. time data for PMMA/methanol

In principle, only four tests are required to observe the effect of the environment on propagation behaviour: a sharp-notched and a blunt-notched test, each in environment and in air. However, up to five repeat tests are recommended for each material/environment/temperature condition for increased confidence. As noted previously, tests at different values of initial G are required to observe the effect of the environment on initiation behavior. The proposed approach is to incrementally lower Gi values by approximately 10% up to a total of five increments, with logarithmically longer testing times expected as Gi is decreased.

4.3 Analytical

Fig. 12 and 13 show the variation of yield stress and Young’s modulus respectively with strain rate, obtained from tensile tests:

[image: ]
[bookmark: _Ref475874042]Fig. 12 Yield stress vs. strain rate

[image: ]
[bookmark: _Ref475874043]Fig. 13 Modulus vs. strain rate

The values of m and n obtained via Eqns. 10 and 11 are shown in Table 4:

[bookmark: _Ref482132487]Table 4 Viscoelastic parameters
	Material
	m
(MPa s)
	n
(GPa s)

	PE-A
	0.056
	0.133

	PE-B
	0.089
	0.113

	HIPS-A
	0.056
	0.085

	HIPS-B
	0.065
	0.072



Using these data, analytical lines were obtained using Eqn. 6 which are shown in Figs. 14 and 15. The dashed and dotted lines represent in-air and in-environment slopes respectively, while the solid lines depict experimental values. The analysis proceeds by assigning critical COD values at which relaxation-controlled crack growth begins to occur. This yielded values of 180 μm and 60 μm for PE-A and PE-B, and 170 μm both for HIPS-A and HIPS-B.

[image: ]
[bookmark: _Ref475818431]Fig. 14 Comparison of PE-A and PE-B propagation data with analytical G-crack speed lines
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[bookmark: _Ref475818433]Fig. 15 Comparison of HIPS-A and HIPS-B propagation data with analytical G-crack speed lines

4.4 Life prediction

Eqn. 12 describes how initiation and propagation data can be used to perform a prediction of component life:

						(12)

where tf is the total failure time, and ti and tp are the initiation and propagation times respectively. Following the approach of Williams [2], the initiation and propagation times can be deduced via:

						(13)

					(14)

where G0 is the initial applied energy release rate, a0 is the initial crack length, af is the final crack length, and α, β, γ and θ are material constants obtained from the initiation and propagation tests via simple trendline fits. Assuming af >> a0, tp can be approximated as:

						(15)

where  is the crack speed at initiation. A simple life prediction analysis was performed for the materials in this study, using values G0 and a0 of 100 J/m2 and 50 μm, respectively:

Table 5 Application of a simple life prediction analysis
	Material
	ti (s)
	 (mm/s)
	tf (s)

	
	Env
	Env
	Air
	Env

	PE-A
	7×105
	8×10-5
	6×1014
	7×105

	PE-B
	5×103
	6×10-5
	4×106
	6×103

	HIPS-A
	4×104
	4×10-8
	3×1012
	3×105

	HIPS-B
	3×105
	1×10-7
	4×108
	4×105

	PMMA
	1×102
	1×10-3
	4×1011
	1×102



For all the materials tested, tf is reduced in the environment compared to in air. In the case of the PE grades, the comparative tf values reflect the difference in ESC resistance between the two materials. In the case of the HIPS grades however, the tf value in environment is higher for HIPS-B than it is for HIPS-A, mainly due to the higher constituent ti value. With reference to Fig. 10, HIPS-B would likely indeed be the more ESC-resistant material at the relatively low G0 level used in the analysis. This suggests that the usefulness of life calculations depends upon knowledge of the magnitude of residual or applied stresses experienced by the component in question, which in turn informs the flaw size deemed to be critical.
[bookmark: _GoBack]That ti takes up the majority of the time to failure suggests that crack initiation may be the rate-determining step in the ESC process, although this also depends on the rate assumed for crack growth. The difference in tf between the two PE grades is higher compared to between the two HIPS grades, demonstrating the sensitivity of the proposed method and the corresponding life analysis by not only discriminating between “good” and “bad” materials with respect to ESCR (Table 1), but also quantifying this difference in a way meaningful to engineering design. It is proposed that the repeatability and reproducibility of data obtained using the method be explored via round robin exercises.


5. Conclusions

Environmental stress cracking (ESC) is known to affect certain thermoplastics when exposed simultaneously to applied stress and a hostile environment. A fracture mechanics approach was applied to the study of ESC, with a view to developing a test method having wide applicability, providing insight into failure mechanisms and permitting component life prediction. The test set-up incorporated a loading lever, which transfers a constant load to SENB specimens in three point bending. Crack growth data is obtained from specimen compliance, in turn obtained from specimen displacement. The method requires sharp- and blunt-notched specimens to be tested for each material, both in air and in the environment.
Results were presented in terms of both crack propagation and initiation for the following polymer-environment combinations: linear low-density PE in Igepal solution, HIPS in sunflower oil and PMMA in methanol. For crack propagation, a critical value of crack speed,  was identified for each material, above which crack growth was independent of the environment. A similar approach was followed for crack initiation, where a critical value of initiation time, ti* was identified for each material, below which crack initiation was independent of the environment. Taken together, this approach is able to identify the material with the higher ESC resistance, in this case PE-A and HIPS-A, by virtue of both having a lower  and a higher ti* compared to PE-B and HIPS-B.
The performance of a simple life analysis produced a similar result, with the more ESC-resistant materials generally having higher values of initiation time, ti and total failure time, tf. At low applied G values however, the analysis shows that HIPS-B can be more ESC-resistant than HIPS-A, as reflected in the initiation plots. Importantly, the proposed test method and resulting analysis is shown to discriminate between high and low ESC-resistant material grades, to quantify this difference in terms of both crack propagation and initiation, as well as to define the effect of the environment on individual materials as compared to their performance in air.
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