
Stress-corrosion cracking susceptibility of
polystyrene/TiO₂ nanocomposite coated thin-
sheet aluminum alloy 2024-T3 with 3.5% NaCl

Item Type Thesis

Authors Baart, Brian V.

Download date 23/05/2023 21:26:29

Link to Item http://hdl.handle.net/11122/11257

http://hdl.handle.net/11122/11257


STRESS-CORROSION CRACKING SUSCEPTIBILITY OF POLYSTYRENE/TiO2 NANOCOMPOSITE

COATED THIN-SHEET ALUMINUM ALLOY 2024 - T3 WITH 3.5% NaCl

By

Brian V. Baart, B.S.

A Thesis Submitted in Partial Fulfillment of the Requirements

For the Degree of

Master of Science

In

Mechanical Engineering

University of Alaska Fairbanks

May 2020

Dr. Cheng-fu Chen, Committee Chair
Dr. Il Sang Ahn, Committee Member
Dr. Lei Zhang, Committee Member
Dr. Rorik Peterson, Chair

Department of Mechanical Engineering
Dr. William E. Schnabel, Dean

College of Engineering and Mines
Dr. Michael Castellini, Dean of the Graduate School



Abstract

This thesis reports an investigation into the performance of nanocomposite coatings, which consist of 

titanium dioxide nanoparticles within a polystyrene matrix, on the resistance to stress-corrosion cracking 

(SCC). The coatings are applied to compact tension specimens subject to conditions that promote failure 

by (SCC). It has been well documented in the literature that high-strength aluminum alloys such as 2024- 

T3 are prone to SCC when exposed to chloride media and sufficient levels of stress. The use of polymer- 

based nanocomposite coatings to protect aluminum alloy 2024-T3 has recently been shown to exhibit 

anticorrosion properties, which has been motivation for further study. The performance of such coatings 

on SCC is thus investigated here, using a fracture mechanics approach with compact tension specimens. 

The specimens are subject to a slow strain rate test using a constant displacement rate of 1.25 nm/s while 

exposed to periodically supplied 3.5% wt. sodium chloride solution. Measurements of load and crack

mouth opening displacement data are recorded from the specimen throughout the test and used to 

characterize the response of the material to the applied mechanical loading in a corrosive environment. 

Results from the methods used herein showed a quantitative influence derived from the test results for 

several criteria of interest such as maximum load, time-to-failure, and fracture toughness. In total, four 

different coatings were applied; three with different titanium dioxide nanoparticle aspect ratios, and one 

without any titanium dioxide nanoparticles present in the polystyrene matrix. Characterization of the 

results showed that the shape of the titanium dioxide nanoparticle is a dominant factor that influences 

the susceptibility of aluminum alloy 2024-T3 to SCC.
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1 General Introduction

1.1 Background

1.1.1 Stress-Corrosion Cracking

Stress-corrosion cracking (SCC) is a unique failure mechanism that takes place in a material subject to 

simultaneous tensile stress and corrosion. The failure mechanism is unique in the sense that the 

phenomena which occur are particular to the combination of material and corrosive media present. 

Additionally, the magnitudes of stress and corrosion also play a role in the failure modes observed and 

can result in drastically different mechanisms depending on the conditions present. It is beyond the scope 

of this work to cover the plethora of possible SCC mechanisms with their respective environment/material 

combination, and thus a general overview as related is given here for context.

The vast majority of failures due to SCC are generally restricted to alloys. This is largely due to the fact 

that two dissimilar metals will form a galvanic couple when an electrolyte is present. In practice, this can 

become much more complex with alloys as a result of intermetallic particles, which consist of more than 

a single phase. For example, in the case of aluminum alloy 2024, the primary alloying elements consist of 

a range of 3.8-4.9% copper and 1.2-1.8% magnesium. Two of the intermetallic particles found to be 

produced within this alloy are the θ-phase particle Al2Cu, and the S-phase particle Al2CuMg. 

Electrochemical effects within the microstructures of the alloy thus become even more complex, as the 

different phases of particles possess different electrochemical properties (such as the relative electrical 

potential in the electrochemical series). There are thus several candidates for which galvanic corrosion 

can take place, since the electrical potential differs from one metal (or metallic compound) to another. 

Compounding the complexity of the corrosion mechanisms taking place in the alloy with the addition of 

mechanical strains, unique mechanisms of failure become possible. Many of these mechanisms are still 

active areas of ongoing research and have proven to be quite challenging. The primary focus of this thesis 
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is on the experimental approach to susceptibility of coated aluminum alloy 2024-T3 (AA2024-T3) to SCC. 

Reviewed below is some relevant background information regarding important details.

1.1.2 SCC In Wrought AA2024-T3

The AA2024-T3 alloy is often used in the applications where high-strength components of reduced 

weight are needed. A key feature responsible for the strength of this alloy is the θ-phase and S-phase 

particles mentioned earlier. These intermetallic particles form within the alloy through the process of 

precipitation hardening, which is induced through natural and artificial aging. These precipitates provide 

extra strength to the alloy by increasing the amount of force required for dislocations to occur within the 

microstructure. However, these intermetallic particles are also responsible for the poor corrosion 

resistance of the AA2024-T3 alloy, especially when exposed to chloride media. Combining the exposure 

to chloride media with a sufficient level of stress, this alloy becomes susceptible to failure by SCC. This 

susceptibility to SCC is also influenced by the fabrication-induced residual strains in the microstructures 

of the alloy. Much of the SCC is observed to occur along the grain boundaries where the secondary-phase 

intermetallic particles form, and the resulting failure mode is thus generally intergranular.

In the case of wrought AA2024-T3 cold-rolled sheet for example, grains are stretched in the rolling 

direction during fabrication to form anisotropy of the structure. This direction of the grain flow due to the 

rolling process is termed the longitudinal direction. The direction perpendicular to direction of rolling, and 

within the plane of rolling is the long-transverse direction. The direction normal to the rolling plane is 

termed the short-transverse direction. Because the nature of SCC within AA2024-T3 alloy is often 

intergranular, these anisotropic differences in the material from the rolling process significantly influence 

the cracking process. Studies have shown that the SCC resistance of wrought aluminum alloys will vary 

depending on the direction of stress relative to direction of grain flow. SCC resistance has been shown to 

be the highest when the direction of stress is in the direction of grain flow (longitudinal); and lower when 

the direction of stress is in the short-transverse and long-transverse orientations. These two orientations 
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of stress are thus of the most concern when considering the susceptibility of wrought AA2024-T3 to failure 

by SCC.1.2 Scope

The scope of the work done here is to investigate the influence of a particular nanocomposite coating 

on wrought AA2024-T3 as it pertains to its susceptibility to SCC. The methods for mitigating the influence 

of conditions causing SCC in AA2024-T3 have been developed, which include but are not limited to: the 

temperature dependent aging processes, adjustment of alloying elements, and the use of coatings or 

surface treatments. The first two methods involve modification of structures within the alloy itself, which 

addresses the root of the problem with galvanic interactions. However, this often results in a trade-off 

with the desired mechanical properties of the alloy, and thus has its limitations. The use of coatings or 

surface treatments can assist in preventing SCC of an alloy when further adjustment of the alloy structure 

itself is a less appealing solution. The use of a new coating, the polystyrene coating containing titanium 

dioxide nanoparticles, is thus investigated here in protecting AA2024-T3 from SCC in chloride media.1.3 Methodology

Tensile test rig machines were produced in-house to perform slow-strain rate testing of specimens 

machined from the AA2024-T3 alloy. Compact tension (C(T)) specimens were used for testing, which have 

been used extensively for evaluating quantities through fracture mechanics. These specimens are 

advantageous due to the compact size, which allows for a small amount of material to be used. The small 

size also allows for smaller scale tensile testing equipment to be used, which can become costly when the 

amount of force necessary increases with the size of the specimen. The test rigs were designed to apply a 

slow displacement rate to the specimens, while small applications of 3.5% wt. sodium chloride solution 

are supplied to the notch-tip. Generally, the testing performed to investigate SCC in a material is done 

with the use of a corrosion chamber for containment of the environment around the specimen. The 
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method used here is slightly different, where the specimen is in an open-to-air environment and only a 

small amount of corrosive solution is supplied at a time. This effectively limits the amount of corrosive 

reagent that is able to interact with the specimen, and thus limits the influence of corrosion taking place. 

The idea behind this method is to retain the fractured surface of the specimen for later fractographic 

examination. Because the tensile stresses at the crack front increase as the crack-length increases, the 

balance between the effects of corrosion and stress eventually becomes one-sided; where the fracture 

mode becomes more dominated by mechanical-based effects.

Collected from each of the tests are load, displacement, and time data; and subsequently used to 

quantify the test results with methods from fracture mechanics. This approach allows for analysis of crack

initiation and crack-growth within the specimen. This is performed by calculation of the stress-intensity 

factor and J-integral, which are able to describe the stress-field near the crack-tip in a specimen. These 

two quantities can be used to describe the mechanical response of the specimen, and are thus used here 

to evaluate the susceptibility to SCC. More information for the approach is found in the next chapter, 

where the technical details regarding the procedures for experimentation and analysis are covered.

4



2 Quantitative Study of Stress-Corrosion Cracking Susceptibility of

Polystyrene∕TiO2 Nanocomposite Coated Thin-Sheet Aluminum Alloy 2024 - T3 

with 3.5% NaCl by Fracture Mechanics Approach1

1 Baart, B.V., and Chen, C.f., (TBD) Selected journal to be determined.

Abstract

An accelerated stress-corrosion test method is employed to evaluate fracture toughness behavior of 

aluminum alloy 2024-T3 (AA2024-T3) thin-sheet with applied polystyrene (PS)/TiO2 nanocomposite 

coatings. Three different aspect ratios (AR1, AR2, AR4) for the TiO2 nanoparticles are tested and 

compared. Evaluation of the change in fracture toughness for the material is done with compact tension 

(C(T)) specimens of thickness B = 5mm, using fracture mechanics theory and methods from ASTM E1820. 

Changes in material behavior are characterized using force and crack-mouth opening displacement 

(CMOD) data to calculate J-integral and crack-length extension. The tested coatings are applied at the 

notch surface, where a small dose of 3.5% wt. NaCl solution is repetitively supplied in the form of a duty

cycle. The slow strain-rate test (SSRT) method is used for the test where a constant displacement rate of 

1.25 nm/s is applied to the specimen. Results are presented for a total of 18 specimen tests, where six 

different test conditions are performed in triplicate. Of the six conditions tested, five were performed 

under the application of NaCl solution, with the intention to expose the material to an environment that 

would promote stress-corrosion cracking (SCC). Based on the conducted tests, an influence of the PNCCs 

is observed on the material behavior under SCC environment. A measurable improvement on the fracture 

instability resistance of thin-sheet AA2024-T3 was observed with the PNCC specimens when compared to 

the uncoated specimens. Differences were also observed between each nanoparticle aspect ratio, with 

AR1 resulting in the most significant improvement in resistance to fracture instability.
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2.1 Introduction

The wide-spread use of high-strength aluminum alloys such as 2xxx series has driven much research in 

its performance when subject to particular conditions. These series are of high interest because of the 

response of the alloy to heat-treatment. The primary alloying elements Cu and Mg used are responsible 

for the strengthening of the alloy through particles formed from precipitation hardening [1]. The 

precipitate particles formed through this process prevent movement of dislocations in the material 

through strains that are induced by the particles [2]. It has been known for some time that these particles 

are linked to much of the susceptibility of the alloy to several corrosion mechanisms when exposed to 

chloride media [3]. The poor corrosion-resistance is a trade-off with its increase in strength, when 

compared to the same properties of other aluminum alloys. Because the benefit of the 2xxx series is its 

strength, the material is generally used where high-intensity loadings are present; such as the fuselage of 

aircraft. Exposure of these alloy to simultaneous stress and chloride media can thus promote failure by 

stress-corrosion cracking (SCC). In aluminum alloy 2024 (AA2024) the susceptibility to SCC has been 

attributed to the intermetallic particles in the alloy responsible to its increased strength. Mechanisms 

responsible for SCC in AA2024 involve dissolution of the S Phase (Al2CuMg) particles as well as galvanic 

effects between microstructures [4, 5]. Common practice to mitigate the corrosion susceptibility of 

AA2024 has been the use of coatings containing chromium (VI) which, however, is known to be 

environmentally toxic. As environmental concerns have become increasingly more significant, coatings 

which are more environmentally friendly while providing protection to AA2024 are an area of interest [6, 

7].

Polymer-based coatings enable an environmentally friendly solution. It has been shown that polymer 

nanocomposite coatings (PNCCs) can result in improved anticorrosive properties, when compared to bare 

polymer or nanoparticle coatings [8]. Recently, polystyrene (PS)/titanium dioxide (TiO2) nanocomposite 

coatings loaded with extremely high TiO2 nanoparticle (42% vol) had been shown to protect Al 2024-T3 
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alloy from corrosion in chloride media [9]. Both TiO2 and polystyrene are nonhazardous, chemically inert 

and thermally stable. In the present study, the PNNC coatings made of polystyrene (PS)/titanium dioxide 

(TiO2) are evaluated for their influence on SCC susceptibility of AA2024-T3. The investigation is performed 

on coated specimens by applying the slow strain-rate test (SSRT) method, which allows for an accelerated 

test of the slow SCC process. The results are analyzed by the linearly elastic fracture mechanics and elastic 

plastic fracture mechanics. The fracture mechanics approach allows for test results to be characteristic 

to the material response when displaced at a constant displacement rate until failure. The PNCCs used in 

this study are made by mixing Titanium dioxide (TiO2) nanoparticles and polystyrene powders in acetone 

solution. In total, four different TiO2 PNCC coatings are tested; three containing different aspect ratios of 

TiO2 nanoparticles, and one containing no TiO2 nanoparticles for comparison. Additional baseline tests are 

also conducted on bare specimens in air.2.2 Experiment

2.2.1 Specimen

The specimens used for stress-corrosion cracking testing were fabricated from AA2024-T3 cold-rolled 

sheet of 5mm thickness manufactured by Kaiser Aluminum. The material was claimed to be produced in 

accordance with ASTM B209 [10]. The bought aluminum sheet was cut with the Chevron notch-type with 

the required machining tolerances, per ASTM E399 and E1820 standards for the C(T) geometry [11, 12]. 

The notch was cut by a slitting saw which was specially ground to 90o. The machined C(T) specimens have 

a ligament size W = 10 mm. A modification to the front-face of the C(T) specimens was introduced to allow 

for convenient clip gauge mounting. The clip gauge mounting location corresponds to a distance of 

0.465W from the load-line as shown in Figure 2-1. Specimens were cut in the long transverse-longitudinal 

(T-L) orientation, where the orientation of the fracture plane is in the direction of maximum grain flow.

Specimens were tested in the as-machined condition rather than the fatigue pre-cracked condition 

required in the ASTM standards E399 or E1820, due to the limitations in accessible equipment. As a result, 
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quantities calculated to describe material behaviors using the methods outlined in the ASTM standards 

with the fatigue pre-cracking requirement cannot be considered valid. However, due to the nature of SCC, 

crack propagation is generally associated with little macroscopic plastic deformation [13]. It has been 

noted as well that the load-deflection curves for specimens with and without SCC are observed to change 

as a result of environmental factors on the material [14]. Using these specimens to measure changes in 

these curves is thus done here to evaluate the influence of PNCCs.

2.2.2 Equipment

Specimens were tested using in-house fabricated tensile test rig machines which are motor 

displacement controlled. The displacement control was performed using an Arduino Mega 2560 to pulse 

a NEMA-17 stepper motor, mounted with a 100:1 gear reduction gearbox. The step-size capability of the 

stepper-motor was further reduced using a Leadshine DM320T digital stepping driver, which reduced one 

revolution of the input motor shaft from 200 discrete steps by a factor of 64. The results in 12800 micro 

steps per revolution of the input shaft to the gearbox. Figure 2-2 shows the motor setup implemented for 

the test. The output shaft of the stepper motor was coupled to a ½ - 10 ACME thread lead screw, resulting 

in further reduction in linear displacement per motor step. The resulting theoretical linear displacement 

of the travelling nut on the lead screw attached to the moving crosshead is approximately 2 nm per step 

of the motor. This parameter characterizes the resolution of the physical displacement for the crosshead. 

Such resolution enables slow displacement rates for SCC testing. The displacement rate used throughout 

all the testing in this study was performed at 1.25E-9 m/s.

Rather than using a corrosion chamber to house the specimen for the SCC testing, the corrosion 

solution was pumped through tubing at a controlled rate to the machined notch tip of the specimen. 

Testing was performed in the open-to-air environment, with periodic application of corrosion solution in 

small doses. Mounted near the stepper-motor (Figure 2-2 (a)) is a 24V DC peristaltic pump, to supply the 

corrosion solution from a mounted reservoir (vertical graduated cylinder). The corrosion solution is 
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pumped at a constant rate and guided through a Tygon tubing to the notch-tip for wetting by surface 

tension of the fluid. The feeding rate of the corrosion solution was adjusted appropriately to keep the 

notch-tip wetted, meanwhile allowing for enough time for evaporation to take place. The clevises used 

for holding the specimen were machined from 316 stainless steel and can be seen in Figure 2-3 (a) and 

(b). The loading pins used to hold the specimen in the clevises were made from Tungsten carbide.

The clip gauges used for measuring changes in CMOD were produced in-house. The clip gauges were made 

with two steel beams clamped at one end and have a travelling range of about 8mm. Attached at the 

either side of each beam near its clamped root is a 350-ohm foil strain gauge (from Omega). In total four 

strain gauges connected in the full-bridge configuration were applied in the clip gauge design to measure 

displacement on the specimen. The clip gauges were calibrated before use.

Ambient temperature near the specimen was also monitored, using a thermocouple which can be seen 

in Figure 2-3. Force on the specimen was measured by a 3.5kN S-type load cell, which can be seen in 

Figure 2-3. An Arduino Mega 2560 microcontroller board was used in each test rig to control the stepper

motor and the feeding rate of the corrosion solution. A 32 Gb micro SD memory card was used to record 

data collected from the load cell, clip gauge, and temperature sensor over the duration of a test. Once a 

test was completed, the data from the micro SD memory card was transferred to a computer for further 

analysis.

2.2.3 Coating

In this work the polystyrene (PS)/titanium dioxide (TiO2) PNNC were used to coat the C(T) specimens 

for SCC testing. The PNCC solution was prepared with the TiO2 nanoparticles suspended in the solution 

containing polystyrene dissolved in acetone. Three different TiO2 nanoparticle aspect ratios (ARs), 

together with the unloaded polystyrene, were used for comparative studies of their effectiveness in SCC 

performance. Table 2-1 lists the composition of each coating mixture and corresponding size distribution 

for nanoparticle aspect ratio. As seen in the table, the coating with no TiO2 nanoparticles contained only 
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polystyrene (PS) dissolved in acetone. The bare PS coating serves as a baseline for quantifying the 

influence of the TiO2 nanoparticles. The synthesis of the TiO2 nanoparticles was performed using a 

documented gel-sol method [15]. The PS powders used in the coating were dissolved in acetone. Prior to 

the application of the coating being performed, the mixtures were sonicated for minimally 10 min until 

the distribution of TiO2 nanoparticles appeared uniform in the PS/acetone solution.

Coatings were applied to the notch tip of the specimens using a volume-adjustable pipette. In total, 

two doses of 5 μL were applied to the chevron notch tip. The first dose was applied to the specimen before 

mounting in the test rig, in the unstressed state, as shown in Figure 2-4. The coating was then allowed to 

set at ambient temperature for 15 min. This allowed enough time for the acetone to evaporate, leaving 

only the PS and TiO2 nanoparticles on the surface. In our experience, the coatings had been observed to 

dry within the first few minutes but were allowed excess time to ensure most of the acetone had 

evaporated. The second dose of 5 μL coating solution was applied after the specimen had been mounted 

on the test rig, and displaced to the desired starting load for the test. Because the specimen was expected 

to experience strains on the notch surface, the second application of coating was intended to fill any 

possible cracks in the coating from initial displacement.

2.2.4 Test Procedure

Once specimens were prepared with the first coating application, the clip gauge was subsequently 

mounted to crack mouth of the specimen as shown in Figure 2-5. A thin layer of petroleum jelly was then 

used to coat the contact area of the clip gauge and C(T) specimen arms, to prevent any saline solution 

from wicking into the contacting surfaces between the specimen, pins, clevises, and clip gauge in order to 

prevent galvanic effects. Caution was exercised to not apply the jelly to the specimen beyond the chevron 

notch tip.

After this step, the specimen was mounted into the test rig clevises with the loading pins. The assembly 

was wiggled to ensure there was no significant loading imposed upon the specimen. The load cell and clip 
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gauge were then zeroed, and ready for displacement from the test rig. The specimen was then pre-loaded 

to a measured 1800N, where the stiffness was known to be within the upper-limit of linear-elasticity. The 

Chevron notch-tip of the specimen was then coated with another 5 μL of coating. The coating was then 

allowed to set again for 15 minutes. After completion of the coating procedure, the Tygon tubing was 

then positioned onto the Chevron notch tip as seen in Figure 2-3 (a). The specimen was then 

simultaneously subject to a constant displacement rate from the stepper-motor and exposure to the 

corrosion solution.

Testing was performed in the open-to-air environment, with application of small doses of 3.5% wt. NaCl 

solution on a 30-minute time interval. At this point the specimen is in a state of high stress and corrosion 

exposure, making it susceptible to SCC. At the constant displacement rate of 1.25 nm/s, a test typically 

lasts for several days before reaching rapid unstable crack-extension, at which point the test is terminated. 

After termination of the test, the specimens were then completely separated into two halves to expose 

the fracture surface. The specimen halves were then sonicated with DI water for 20 minutes to clean off 

any build-up of salt crystals. Specimens were then dried in air before finally being cleaned in a solution of 

nitric acid for 10 minutes and then stored for later fractographic analysis.2.3 Results

2.3.1 Basic Test Method using J-Integral

Analysis of the test data was performed using the J-integral approach referenced from the ASTM E1820 

standard. The approach for the basic test method was used, requiring force and displacement at the load

line for calculation. Because the recorded CMOD data were measured at 0.465W away from the load-line 

throughout the experiment, a conversion was used to determine the corresponding load-line values. 

Using a work by Saxena and Hudak [16], the CMOD values for the C(T) specimen corresponding to the 

load-line were calculated from the measured CMOD, and then subsequently used for evaluation of the J- 

integral. According to ASTM E1820 using the basic test method, the /-integral can be calculated per
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where the total value of J is determined as the sum of the elastic and plastic energy terms. The elastic 

term for the case of plane-stress is taken to be 

where E is the plane-stress modulus of elasticity of the material, v is the Poisson ratio, and K is the stress

intensity factor associated with a particular load and crack length. Here Eq. (2) was revised from the ASTM

1820 to consider the plane-stress calculation for Jel. For a C(T) specimen under a load Pi with a crack 

length ai, the associated stress-intensity factor Ki can be determined from 

where W is the width of the specimen, and Bn is the net specimen thickness (Bn = B if no side-grooving 

is used). The dimensionless function f(ai∕W) for the C(T) specimen for a given crack-length a, is

The plastic energy term of J is taken to be 

where b0 = W - a0 is the unfractured ligament of the specimen, the geometry factor ηpl = 2 + 

(0.522∙bo∕W), and Apl is the plastic area under the load-CMOD curve. For the basic test method in ASTM 

E1820, it is suggested to perform a correction to Jpl for the crack-extension that occurs up to the point at 

which Jpl is calculated. The expression used for corrected J is taken to be
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where Jel∕0 and Jpl∕0 are simply Jel and Jpl from Eq. (1) using a = a0, a is taken to be 0.9 for the C(T) 

specimen, and ∆a is the amount of crack-extension for correction. Crack length values were inferred using 

the load-line compliance of the specimen during the test per 

where the dimensionless parameter U is

where V is the load-line CMOD converted from the measured value, and P is the measured load.

The basic test method is applicable to a data pair (Pi, Vi) on the load-CMOD curve and is used here for 

characterizing the response of the specimen. In Figure 2-6, the average results from Table 2-2 for the 

specimens exposed to NaCl corresponding to the (Pi, Vi) data pair at maximum load are plotted. Standard 

deviation bars for the maximum loading and CMOD are also shown. For calculation, crack-length ai 

corresponding to a load Pi and CMOD Vi was first determined using Eq (7). The corresponding stress 

intensity Ki is then determined using Eq (3) for the pair of the crack-length ai and load Pi values.

Calculation of the /-integral is then performed, which includes two parts. The elastic part Jel is 

determined per Eq. (2) with the calculated value of Ki described above. To determine the plastic term Jpl, 

calculation of the plastic area Apl is performed according to ASTM E1820 where the initial slope of the 

load-CMOD curve is used. Calculation of the other terms in Eq (5) are performed using corresponding 

values of ai for a data point pair on the load-CMOD record. The sum of Jel and Jpl is then used to produce 

the total value of J.

We first characterize the response of the specimens to the testing procedure by applying the basic test 

method to the maximum load recorded, Pmax. We first calculate Ki per Eq. (3) with ai = a0, where a0 

was taken to be the initial inferred crack-length from Eq. (7). The /-integral is then calculated, and is 

labeled here as the crack-initiation value Jc. We also calculate ∆ae, which is the change in the crack-length 
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ai from its initial value a0, ∆ae = ai — a0. The resulting average values of Jc for each tested condition are 

plotted versus the effective-crack extension calculated as shown in Figure 2-7. An equivalent stress

intensity based on the value of J is also determined, by relating J to K for the case of plane-stress using

By using the calculated Jc in Eq. (9) we determine the value Kjc, which is defined as the equivalent 

crack-initiation fracture toughness. The averaged results are found in Figure 2-8, which are plotted versus 

the effective crack-extension. Because stable crack-extension was observed to occur before Pmax during 

all corrosion tests, the calculated Kjc using ai = a0 is an overestimation of stress-intensity at crack-

initiation. This value of Kjc is also an underestimation of the true stress-intensity at Pmax since subcritical 

crack-growth has occurred, and ai at Pmax is greater than a0. Because the value of Ki increases with 

increasing crack-length ai, crack-initiation indeed occurs at a lower stress-intensity, and at shorter 

effective crack-length than illustrated.

Listed in Table 2-2 are the averaged values and one standard deviation of Jc and Kjc for each of the 

conditions tested. Also included in the table are the respective values for the max load Pmax, time to reach 

the max load, the change in effective crack-length ∆ae at Pmax, and the effective crack-length at max load 

amax. The stiffness of the specimen from the initial slope of the force-displacement record is also 

tabulated, taken to be the stiffness of the specimen.

The results presented in Figure 2-7 and Figure 2-8 are based on the use of ai = a0 in Eq. (3) for 

determining the Ki value, which is suggested by ASTM standards E1820. However, because subcritical 

crack-growth is observed to occur before Pmax, it would be more representative of the conditions at the 

crack-tip to calculate the Ki value corresponding to the crack-length ai at Pmax. Therefore, here J is also 

determined by using the Ki value with the crack-length at Pmax, ai = amax, which in turn is used in Eq. 

(2) for Jel. This results in a more representative value of the stress-intensity relative to the current value 

of the crack-length. This value of J at Pmax is the point of fracture instability, which occurs after a certain 
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threshold amount of stable crack-extension and is defined as Ju. For a value of Ju, the associated 

equivalent fracture instability toughness, can be calculated per Eq. (9), and is defined as Kju. Here we 

calculated Ju and Kju by using the basic test method with ai = amax in Eq. (3). The results for both 

parameters can be found in Table 2 for each test condition. The trend in the distribution of Ju vs. ∆ae or 

of Kju vs. ∆ae is similar in Figure 2-7 or Figure 2-8.

2.3.2 Incremental Method Using J-Integral

The incremented /-integral equations from ASTM E1820 were also implemented. For the incremental 

calculation of ], additional corrections are applied to the plastic term in Eq. (1). Incremental J for the 

plane-stress condition is calculated by: 

where K(i) is from Eq. (3), and the incremented Jpl(i) is 

where 

in which b(i-1) = W — ai. The recursive equation Eq. (11) starts with i = 1, corresponding to the 

beginning of a test. The quantity Apl(i) — Apl(i-1) is the incremented plastic area under the force versus 

plastic load-line CMOD curve, and is determined from: 

where, vpl(i) is the plastic part of the load-line CMOD and is determined from:
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where Cll(i) is taken to be the experimental compliance corresponding to the current crack length ai. In 

ASTM E1820, this method of calculating J is generally used in the loading/unloading compliance method 

for developing a fracture resistance curve. In the present study, this procedure was revised in that the 

compliance corresponding to the initial loading slope is used as Cll(i) in calculation of the plastic load-line 

displacement from Eq. (15). The resulting value of J(i) at the point of maximum load using this method is 

taken to be JRu, with the corresponding equivalent stress-intensity using Eq. (9) to be KjRu. The results 

using this procedure can be found in Table 2 for each test condition, and also plotted in Figure 2-9 and 

Figure 2-10 in a similar fashion to Figure 2-7 and Figure 2-8.

2.3.3 Characterization of Material Response

Using the analysis methods from section 3.1 and 3.2, further characterization of the influence of the 

coating is performed. Using the effective crack-length calculated from Eq. (7), the crack velocity can be 

plotted on a logarithmic scale versus J(i) or the equivalent stress intensity Kj(i). For an SCC specimen, an 

S-shaped curve with three regions are generally observed on such a plot, where the relationship of J(i) or 

Kj(i) with crack velocity is observed to change. In region I, crack velocity is observed to be strongly 

dependent on kinetic effects (such as corrosion) at low stress-intensities [17]. A transition then occurs 

into region II, where a plateau-like behavior occurs and crack velocity becomes independent of stress

intensity. The transition from region II to region III then occurs where rapid unstable crack-growth is 

observed, and J(i) approaches ]lc, or similarly Klc for stress-intensity. It is known for some 

material/environment combinations that particular regions of this curve may disappear or not be 

observed at all. In high-strength aluminum alloys specifically, it has generally been observed that only 

regions I and II are present on such a plot [17].

In Figure 2-11, calculated values for crack velocity and J(i) using (10) for an AR2 test record up to the 

point of rapid unstable crack-extension are plotted. The data point corresponding to the max load is 

highlighted in the curve, which marks the transition from region I to region II in the cracking behavior of 
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the specimen. It is noted that in Figure 2-11, region III behavior of the plot is not observed to be present. 

Figure 2-12 shows a pair of halved C(T) specimens before and after the cleaning of corrosion products on 

the cracked surfaces. An arrested crack-front can be seen near the end of the ligament, where rapid 

unstable crack-extension occurred after reaching the end of region II in Figure 2-11. A scanning electron 

microscope (SEM) was used to examine the fracture surface of this same specimen for further detail. Seen 

in Figure 2-13, is a 25x magnification image of the fracture surface at the Chevron notch, with a zoomed 

in image near the edge of the Chevron at 50x magnification. Note the straightness of the edge of the 

specimen, and the transition of the fractography appearance. This transition in the fractography is seen 

in further detail in Figure 2-14, where the brittle failure mode can be seen on the right-hand side, and the 

more ductile failure mode can be seen on the left-hand side. The brittle failure mode area near the tip of 

the Chevron notch can be seen in Figure 2-15 with further detail at 200x magnification; showing distinct 

signs of cracking along the grain boundaries.

Because the values calculated for J and Kj are determined at Pmax, where the point of transition occurs 

from region I to region II crack-growth behavior, the influence of the PNCCs using these parameters is 

characterized by changes in this transition. In Figure 2-16, a data set for each test condition up to Pmax is 

plotted to compare the crack velocity vs. equivalent stress-intensity Kj(i) using Eq. (9) and (10). Noted 

that the last data point of each curve corresponds to the previously calculated values of J and K with 

subscript u, using Pmax and the corresponding crack-length. The average instantaneous crack velocity at 

Pmax for each test condition can be found in Table 2-2, taken to be dae/dtmax. The total average crack-

velocity up to Pmax is also tabulated and taken to be Δae∕Δt which is calculated from the total change in 

crack-length and the total time to reach Pmax. Found in Figure 2-17, are the results from Table 2 for the 

instantaneous crack velocity and corresponding stress-intensity at Pmax. A distinct difference in stress

intensity can be seen between the tests exposed to the saline solution when compared to those tested in 

air. It should be noted that the calculated values of crack-length for the air tests are to serve as a baseline 
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where, Iscc is a quantified SCC susceptibility parameter of interest for measuring the 

material/environment susceptible. The Iref quantity is the reference to which Iscc is compared against, 

quantifying the percentage change in Iscc from the reference used.

The results in Table 2-3 are the percentage (%) change of the calculated parameter (Iscc) for uncoated 

specimens tested under the saline environment, as compared to the parameters associated with the 

uncoated specimens tested in open air (Iref). The time taken to reach Pmax is shown to have been the 

most influenced, showing a reduction of about 64% with the presence of the NaCl environment compared 

to the air environment. The load corresponding to Pmax was also observed to decrease by a significant 

amount, with a decrease of about 24%. Corresponding CMOD values at Pmax showed a decrease of about 

43%, which suggests the specimen experienced significant a reduction in ductility. Because the specimens 

tested in the open air were not pre-cracked, the decrease in these parameters are likely overestimations 

of what would be expected when compared to a fatigue pre-cracked specimen where less plasticity would 

be present. However, this comparison does establish the influence of the NaCl solution on the tested
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for comparison, and have less physical basis because the specimen is experiencing a larger amount of 

plasticity at the notch-tip. In the presence of the saline solution, the material is observed to behave much 

more brittle, and shows little sign of plasticity as seen in Figure 2-13, which is consistent with SCC. In 

Figure 2-18, the average crack velocity up to Pmax is compared with the total time taken to reach this 

point. Comparing Figure 2-18 with Figure 2-17, a similar difference between the test results is observed 

for the total time taken to reach the maximum load.

In Table 2-3 and Table 2-4, several parameters are compared by the percentage change from a 

reference value, to quantify the influence of the coatings and environment. The percentage change is 

calculated from the averages taken from Table 2-2, using Eq. (16)



specimens for the given thickness and displacement rate in the conducted tests, and are reported for this 

purpose.

The results in Table 2-4 compare the influence of different coatings with the uncoated specimen 

exposed to the NaCl solution as reference using Eq. (16). In Table 2-4, this comparison is made for each 

of the PNCCs tested in 3.5% NaCl (Iscc), where the reference (Iref) is the uncoated specimen with 3.5% 

NaCl. Results for the AR2 coating showed the least amount of influence when compared to the uncoated 

specimen. The largest influence on the test results appear to come from the AR1 coating, with the PS 

coating showing similar results to AR1. For the AR1 coating an increase of about 34% in the time taken to 

reach Pmax is observed, and a 42% increase in the amount of crack-growth able to occur. An increase of 

20% for the measured CMOD also took place, suggesting improved ductility of the specimen. The 

equivalent stress-intensity KjRu at Pmax shows an increase as well, of about 20%.2.4 Discussion

One unique feature of this work is on the use of a dosing mechanism, rather than a corrosion chamber. 

The intent was that the corrosion environment at the crack tip would become limited to the amount of 

corrosion solution available. This was to allow for preservation of the bulk of the specimen, while confining 

the corrosion to the crack tip region. As seen in Figure 2-14, limiting the amount of corrosion solution 

allowed for the stress-field at the crack-tip to eventually dominate the crack-growth. Leaving the 

specimen open to the environment also allowed for simulating a more practical scenario, that may be 

more similar to realistic conditions where evaporation can take place. The repeated application

evaporation cycles on the surfaces of the specimen allow for nucleation of salt crystals to appear at 

surface defects. Over time, the salt crystals were noticed to subsequently dissolve back into solution upon 

rewetting of the specimen. This occurrence can be seen in Figure 2-19, which is an image taken after 1 

day into a test. In the situation where a crack is present, such re-dissolution of crystalized salt will be much 

more severe to the integrity of the material because of the local saline concentration increasing with each 
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cycle. The specimen is thus subjected to an even more severe chloride environmental condition. The 

dosing application of the NaCl solution at the 30-minute duty cycle allowed for this process to take place, 

as seen in Figure 2-19. One of the C(T) specimens from an uncoated 3.5% wt. NaCl test can be seen Figure 

2-20; where the specimen was removed during crack-growth corresponding to region II behavior as 

previously seen in Figure 2-11. It can be clearly seen in Figure 2-20 that no corrosion took place on the 

cantilever arms of the specimen, and corrosion was thus restricted to the crack ligament.

The /-integral approach described in the ASTM E1820 standard directly uses the load-displacement 

data to quantify material response from changes in load or displacement. This approach has also been 

used in other studies to evaluate J up the point of fracture instability at the maximum load for the C(T) 

specimen, and showed measurable results from the influence of corrosion on the specimen [14]. The 

present work used the recorded load and CMOD data from each test to characterize the results using the 

/-integral method. In calculation, the specimens were assumed to be tested under plane-stress due to 

their thickness. While this assumption would normally be reasonable for a crack-tip in a C(T) specimen of 

the dimensions used herein, it is questionable to what extent this assumption can be held regarding the 

conditions of SCC present in this study. The plane-stress assumption would be more valid for the specimen 

of no pre-crack and small thickness tested in the air environment, as there is a larger amount of expected 

plasticity. However; because crack propagation due to SCC induces less plasticity [13], the effect of 

thickness on the fracture toughness of the material would be assumed to be less significant. For a crack

tip with an insignificant amount of plasticity present, the plane-strain assumption would thus become 

more valid. Consequently, if a coating were to retard the effects from SCC, the influence of plasticity would 

become more significant as a result. This condition would then make the plane-stress assumption as used 

in the calculations herein more valid; with respect to the plasticity present. As seen in Figure 2-13 

however, which was a specimen from an AR2 coating test, there appears to be minimal plasticity in the 

region where the corrosion had a larger influence on the crack-growth behavior. In a case such as this, the 
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plane-strain assumption would seem more valid for the conditions of crack-growth present. Due to 

influence of the coating on the corrosion taking place, the degree as to which assumption is the most 

appropriate is thus complicated. However, by using the same basis for all calculations, the influence of 

this discrepancy is normalized, and also recognized as a source of error in analysis.

If the influence of the PNCCs tested is to prevent or delay the onset and growth of stress-corrosion 

initiated cracks, then the observed response of the material should exhibit less fractography associated 

with SCC. Referring to the specimen in Figure 2-14, the fractography is seen to be composed of two distinct 

regions. In the first region, the failure mode of the crack shows very brittle-like fracture where clear 

features of grain boundary cracking can be seen. This region is assumed to be where the synergistic effect 

of the combined stress and corrosion resulted in slow stable stress-corrosion crack-growth. The shape of 

the crack front within this region was also less likely to be affected by plane-stress from the small thickness 

of the specimen. The crack-front of the region proceeding the initial brittle region is where corrosion had 

less of an influence, and where the thickness of the material had a larger influence. The result of this can 

be seen in Figure 2-12, where crack-tunneling can be seen to have occurred near the end of the ligament. 

The tunneling and shear-lips on the sides further suggest the transition to plane-stress governed crack 

growth. The crack surfaces developed in this region are dominated by the mechanical loading tearing 

under a relatively faster speed, where the duration could be too short for corrosion to produce any 

significant effect. Therefore, the resemblance of this region is of ductile failure mode for the AA2024-T3. 

The transition from SCC to mechanical-dictated cracking mechanisms on the fracture surface can be 

correlated with the two regions of crack development plotted in Figure 2-11 and Figure 2-16, in which the 

point of Pmax approximately represents the transition from the slow and brittle-cracking to a faster 

ductile-cracking during the specimen test. (But keep in mind that the calculated location of the crack

length lies slightly before the fractographic transition from SCC.) It would also appear that shortly after 

this point of transition, the effect from the NaCl solution becomes less significant when compared to the 
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influence of stresses at the crack-tip, as told by increasingly higher crack-velocities of region II in Figure 2

16. In the literature, it has been noted that for SCC to occur a balance between stress and corrosion is 

necessary, and changing the magnitude of either one can result in disappearance of the phenomena. As 

noted earlier; because J and Kj both increase as crack-length is increased, it is clear that the magnitude 

of stress at the crack-tip is increasing over the duration of the test. As seen in Figure 2-19 with the salt 

crystal nucleation, it is likely that the NaCl solution reaches maximum saturation, at which the acidity of 

the solution can no longer increase. Thus, the failure mode at the crack-tip for crack-growth becomes 

dominated by the mechanical factor, as quantified by J and Kj. This corresponds to the crack-growth 

behavior seen in region II of the curve in Figure 2-11. A specimen with a larger value for both J and Kj at 

Pmax, together with a longer time-to-reach Pmax, suggests a reduction in the severity of the SCC taking 

place in the specimen. This argument leads to an important conclusion, in that if a specimen is able to 

grow a larger crack before reaching this point of transition from region I to region II, the result is then a 

larger magnitude of stress-intensity at the crack-tip.

PNCCs have been showed to improve corrosion resistance when compared to bare PS or bare 

nanoparticle coatings [8, 9]. The results in the present study also reflect that the geometry of the 

nanoparticles used in the composite coating has some influence on the determination of SCC indices. 

Distinct measurable differences were observed between the different coatings, and a trend can be seen 

in several plots herein for the PS/titanium dioxide (TiO2) PNCCs. Because the PS matrix is fairly chemically 

inert, the TiO2 nanoparticles in the coating are likely responsible for the influence on corrosion. Our 

analysis of the results (e.g., Table 2-4) showed that the coated specimen results associated with the TiO2 

nanoparticles in AR2 perform the most similarly to the uncoated specimens in response to SCC, while the 

AR1 coated specimens respond similarly to the PS coated specimens. This observation is evident by 

comparing J or Kj to calculated values of crack-length.
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The influence of the nanoparticle shape (aspect ratio) on the corrosion properties of the coatings can 

be explained by the packing density of the nanoparticles. Wouterse et al. [18] estimated the packing 

density of ellipsoidal and spherocylindrical particles at various aspect ratios. In their models, the packing 

densities were quantified by the volume fraction of particles in a random distribution. For both the 

ellipsoidal and spherocylindrical particles, the packing density is upper bounded by the volume fraction of 

particles with an aspect ratio equal to two (AR2). Albeit the dissimilar packing condition in our coating 

solutions of TiO2 nanoparticles in the PS matrix, from the Wouterse's model we deduce that the AR2 

coating has the highest theoretical amount of TiO2 per volume. Recall the analysis in Table 2-4 and other 

related figures that the coating with AR2 nanoparticles produces the smallest values in J and Kj and 

correlated with the other SCC indices, as compared to other coatings tested. The results thus reach a 

hypothetical correlation that a coating solution with a higher packing density in nanoparticles would 

correspond to weaker resistance to SCC.

It was found that the corrosion properties of the PS/titanium dioxide (TiO2) PNCC is affected by the 

extent to which the porosity of the nanoparticle layer is filled by the PS matrix [9]. It was shown that the 

voids among nanoparticles can be effectively filled by PS after annealing, and either under-filling or over

filling the voids would be detrimental to the corrosion resistance. Under-filling would leave some voids 

unfilled; while over-filling would produce a residual layer of pure polystyrene. Once cured, the residual 

layer of pure polystyrene would be prone to microcracking because of its brittle nature. Both the unfilled 

voids and microcracks are found to promote localized corrosion of the substrate AA2024-T3. In our work, 

the coating with AR2 coating exhibited the weakest SCC resistance. The specimens with this coating also 

showed a small increase in crack-velocity as compared to all specimens. These observed phenomena 

associated with the coating of AR2 nanoparticles could be attributed the hypothesis that the higher 

packing density of AR2 particles yields a larger effective contact area between the TiO2 nanoparticles and 

the aluminum substrate. This might then in turn promote the corrosion rate of the substrate, increasing 
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the susceptibility to SCC. Nevertheless, fully correlating the nanoparticle ARs with the individual packing 

densities will require further work.2.5 Conclusions

This work presented the first comparative study of polymer/nanoparticle composite coating on the 

resistance of coated Al 2024-T3 alloy to SCC tested under a slow constant displacement rate. The SCC 

resistance was quantified by calculating the stress intensity factor K and /-integral per the ASTM standard 

E1820. The influence of the PNNC coating with TiO2 nanoparticle of three different aspect ratios on the 

SCC susceptibility indices were calculated from the experimental data. When comparing the results of all 

three TiO2 nanoparticle aspect ratios, a distinct trend is observed in the data, suggesting the influence of 

geometry and the related packing density of the TiO2 nanoparticles on protecting the AA2024-T3 from 

SCC. The PNCC mixed with TiO2 nanoparticles of AR1 shows the best resistance to SCC in AA2024-T3. This 

performance is somehow only a slight improvement when compared to the PS coating containing no TiO2 

nanoparticles. The TiO2 AR 2 and 4 coatings exhibited the largest difference in SCC susceptibility indices 

from the pure PS coating.

The contributions of this paper include:

(1) Analysis of the load-CMOD data using the J-integral approach to determine the influence of PNCCs 

on resistance to SCC susceptibility.

(2) The TiO2 aspect ratio showed a measurable influence on the SCC susceptibility indices of AA2024- 

T3 exposed to the chloride environment under SSRT tested at a constant displacement rate of 

1.25 nm/s.

(3) The TiO2 AR1 coating showed the strongest resistance to SCC susceptibility, among the three ARs 

and pure polystyrene coatings tested. The bare PS coating resulted in an improvement similar to 

the TiO2 AR1 coating.
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Figures:

Figure 2-1. Drawing schematic of the dimensions of 
the C(T) specimens tested. (Units in mm). Load-line 
axis indicated by the arrows.

30



Figure 2-2. In-house tensile test rig used throughout 
the experiments. (a) Side-view. (b) Top-view, where 
the load cell, clevises, and moving crosshead can be 
seen. (c) Close-up view of the NEMA-17 stepper-
motor attached to 100:1 reduction gearbox 
mounted on test rig.

31



Figure 2-3. Close-up views of the C(T) specimen 
mounted in the clevises of the test rig. (a) Side-view 
where the clip gauge beams and the Tygon tubing 
can be seen. (b) Top-view where the mounted clip 
gauge can be seen.
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Figure 2-4. C(T) specimen after first application of 
coating. (a) Side-view of the specimen where the 
coating can be seen in the chevron notch. (b) Top 
view of the specimen focused on the coated 
chevron notch.

Figure 2-5. Clip gauge shown mounted to the C(T) 
specimen.
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Figure 2-6. Values of Pmax and corresponding
CMOD for the tests with corrosion from Table 2 are 
plotted.
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Figure 2-7. Average critical values of crack-initiation
J-integral Jc (kJ/m2) plotted vs. the total change in 
effective crack-length ∆ae (mm) with standard 
deviation bars. Data is from Table 2.

Figure 2-8. Average values of equivalent crack
initiation fracture toughness Kjc (MPa∙m1/2) are 
plotted vs. the change in effective crack-length ∆ae 

(mm) for a set of specimens. Data is from Table 2.
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Figure 2-9. Values of JRu (kJ/m2) at Pmax are plotted 
using Eq. (10) vs. the change in effective crac k - 
length ∆ae (mm) for a set of specimens.

Figure 2-10. Values of Kjru (MPa∙m1/2) are plotted 
using Eq. (9) with the data from Figure 9 vs. the 
change in effective crack-length ∆ae (mm) for a set 
of specimens.
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Figure 2-11. Instantaneous crack-velocity is plotted 
on log scale vs. J(i) from Eq (10) for a performed 
test. Regions I and II of crack growth behavior are 
labeled, including the point of crack initiation and 
maximum load.

Figure 2-12. A C(T) specimen with the polystyrene 
(PS)∕titanium dioxide (TiO2) PNCC coating at the 
chevron notch-tip broken in two halves after SSRT 
(left). The same C(T) specimen after being cleaned 
(right).
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Figure 2-13. SEM Image of C(T) Specimen Fracture Surface. 
One of the specimen halves is shown from Figure 2-13. The 
short-transverse and longitudinal directions are shown. 
Section near the edge of the Chevron notch is focused, 
showing little sign of plasticity.
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Figure 2-14. SEM Image of C(T) Specimen Fracture Surface. 
Transition in fracture mode is focused; showing the brittle-
like fracture on the right-hand side and the ductile-like 
fracture on the left-hand side.
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Figure 2-15. SEM Image of C(T) Specimen Fracture Surface. 
Chevron notch tip is focused, showing the brittle-like failure 
mode in further detail. Grain boundary cracking can clearly 
be seen.
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Figure 2-16. Instantaneous crack-velocity vs. 
equivalent stress intensity Kj(i) Each curve 
represents one set of data from each test condition. 
Data is plotted up to the point of max load.
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Figure 2-17. Comparison of instantaneous crack
velocity and equivalent stress intensity Kjru at 
pmax

Figure 2-18. Values from Table 2 for average crack 
velocity plotted versus the total time to reach Pmax.
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Figure 2-19. C(T) specimen is shown mounted in 
test rig 1 day after beginning the test with 
application of 3.5% wt. saline solution. Nucleation 
of NaCl crystals on the specimen can be seen below 
the clevis.

Figure 2-20. Uncoated C(T) specimen after reaching 
Pmax and experiencing an amount of region II crack
growth behavior. Corrosion is shown to take place 
away from the loading arms on the surface of the 
material.
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Table 2-1. Composition by wt. % and size distribution of TiO2 

nanoparticles for the different coatings tested
Composition (wt. %) Size Distribution

Coating
PS TiO2 Acetone Minor Axis

(nm)
Major Axis
(nm)

PS 15 0 85 - -

TiO2 AR1 12.9 4.3 82.8 23 ± 3 29 ± 4

TiO2 AR2 12.9 4.3 82.8 29 ± 4 62 ± 10

TiO2 AR4 12.9 4.3 82.8 32 ± 6 122 ± 6
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parameters for three trials of tests for each environment and coating condition.

Table 2-2. Results for the six different specimen conditions tested using J-integral 
methods. Tabulated are the average and standard deviation of characteristic

Environment Air 3.5% wt. NaCl

Coating None None TiO2 AR1 TiO2 AR2 TiO2 AR4 Polystyrene

Pmax (N)
Avg.

Std. Dev.

2813.6

6.6

2153.2

68.4

2252.8

115.9

2115.0

44.5

2210.3

46.8

2239.8

59.0

CMODmax (mm)
Avg.

Std. Dev.

0.405

0.038

0.232

0.018

0.280

0.017

0.229

0.012

0.256

0.018

0.271

0.020

Time (hr)
Avg.

Std. Dev.

130.2

7.0

47.4

6.9

63.6

10.0

43.3

1.4

55.1

6.7

60.6

8.2

Stiffness 
(kN/mm)

Avg.

Std. Dev.

9.83

0.44

9.94

1.14

9.97

0.65

10.74

0.82

10.36

0.37

9.37

0.70

Jc (kJ/m2)
Avg.

Std. Dev.

57.25

3.47

23.93

2.27

33.02

2.76

24.88

2.45

29.12

3.88

29.77

2.25

Ju (kJ/m2)
Avg.

Std. Dev.

93.78

10.50

31.34

3.96

47.61

6.02

32.98

4.11

39.79

6.96

42.79

5.34

JRu (kJ/m2)
Avg.

Std. Dev.

94.54

14.82

32.97

3.99

47.01

4.81

33.09

3.56

40.35

5.72

44.38

5.79

Kjc (MPa∙m1/2)
Avg.

Std. Dev.

64.63

1.95

41.76

2.01

49.07

2.07

42.59

2.11

46.03

3.12

46.59

1.76

Kju (MPa∙m1/2)
Avg.

Std. Dev.

82.66

4.57

47.77

3.08

58.88

3.73

49.00

3.12

53.75

4.80

55.82

3.52

Kjru (MPa∙m1/2)
Avg.

Std. Dev.

82.91

6.39

49.00

3.02

58.53

3.01

49.10

2.69

54.18

3.89

56.84

3.71

amax (mm)
Avg.

Std. Dev.

5.66

0.16

5.12

0.15

5.40

0.16

5.14

0.14

5.26

0.13

5.35

0.10

Δae (mm)
Avg.

Std. Dev.

1.06

0.11

0.53

0.08

0.75

0.09

0.57

0.13

0.66

0.10

0.74

0.11

Δae∕Δt (nm/s)
Avg.

Std. Dev.

2.26

0.11

3.10

0.33

3.32

0.55

3.65

0.86

3.31

0.35

3.38

0.35

dae/dtmax (nm/s)
Avg.

Std. Dev.

2.35

0.08

3.49

0.49

3.65

0.67

4.06

0.98

3.59

0.39

3.65

0.41
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Table 2-3. SCC susceptibility indices. Percentage (%) change in results of parameters as 
calculated per Eq. (16) with a designated reference value. The uncoated specimen in 3.5% NaCl 
is compared to the uncoated specimen in air environment as reference.

Reference Comparison P max CMODmax Time Kjc KlRu Δae

No Coating Air No Coating 3.5% NaCl -23.5 -42.6 -63.6 -35.4 -40.9 -50.4

Table 2-4. SCC susceptibility indices. Percentage (%) change in results of parameters as 
calculated per Eq. (16) with a designated reference value. The differently coated specimens in 
3.5% NaCl are compared to the uncoated specimen in 3.5% NaCl environment for reference.

Reference Comparison P max CMODmax Time Klc KlRu Δae

No Coating 3.5%
NaCl

TiO2 AR1
3.5%
NaCl

+4.6 +20.3 +34.3 +17.5 +19.5 +42.2
TiO2 AR2 -1.8 -1.3 -8.5 +2.0 +0.2 +7.8
TiO2 AR4 +2.7 +10.1 +16.3 +10.2 +10.6 +24.4

Polystyrene +4.0 +16.6 +28.0 +11.6 +16.0 +39.6
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3 Concluding Statement

The use of coatings to protect alloys from conditions which make them susceptible to SCC has been an 

active research area. New methods to provide a layer of protection to alloys on the exterior surface are 

continuously explored and improved upon. Thus far, experimental research has been performed to 

evaluate the corrosion properties of such coatings in protection of Al2024-T3 in chloride media. In this 

work, the use of polymer nanocomposite coatings as a protection layer was explored to contribute new 

knowledge. Here, the evaluation in mitigation of SCC was investigated to further explore the performance 

of such coatings on resistance to SCC. Quantification of materials in their response to SCC is known to be 

challenging, because the SCC phenomena are governed by the synergetic interaction among the 

mechanical, electrochemical, and metallurgical aspects of the material. A complete understanding of the 

phenomena is still an ongoing work, and most information presented in the literature are only for specific 

cases. The study has demonstrated a quantitative analysis on how the polystyrene/TiO2 nanocomposite 

would mitigate the SCC susceptibility of Al2024-T3. SEM imaging was performed on one of the cracked 

specimens to further correlate the results. It added further evidence for the type of crack-growth that 

took place during testing. The conditions in which the experiments were conducted are sufficient for SCC 

to occur in AA2024-T3, as seen in the SEM images. Further details regarding the raw data collected can be 

found in Appendix A, where plots for every data set used in the analysis is presented. Further details 

regarding calculation procedures can be found in Appendix B, where a sample data set is used with the 

equations used for analysis. In this work, the fracture mechanics theory has been applied for a quantitative 

analysis of the bulk response of the material to SCC. This approach allows for an analysis without a 

complete information the interior of a stress-corrosion crack. A future work would include the 

fractographic analysis on SEM images of each cracked specimen for qualitative comparisons and the SCC 

behaviors among various test conditions.
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Appendices
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Appendix A:
Examples of Raw Data
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Figure A.1. Raw Data: No Coating, Air (ID: R23-E34)
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Figure A.2. Raw Data: No Coating, Air (ID: R24-E42)
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Figure A.3. Raw Data: No Coating, Air (ID: R23-E17)
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Figure A.4. Raw Data: No Coating, 3.5% wt. NaCl (ID: R21-E26)
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Figure A.5. Raw Data: No Coating, 3.5% wt. NaCl (ID: R23-E29)

54



Figure A.6. Raw Data: No Coating, 3.5% wt. NaCl (ID: R23-E30)
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Figure A.7. Raw Data: AR1 Coating, 3.5% wt. NaCl (ID: R21-E36)
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Figure A.8. Raw Data: AR1 Coating, 3.5% wt. NaCl (ID: R23-E25)
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Figure A.9. Raw Data: AR1 Coating, 3.5% wt. NaCl (ID: R24-E30)
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Figure A.10. Raw Data: AR2 Coating, 3.5% wt. NaCl (ID: R23-E24)
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Figure A.11. Raw Data: AR2 Coating, 3.5% wt. NaCl (ID: R23-E31)
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Figure A.12. Raw Data: AR2 Coating, 3.5% wt. NaCl (ID: R24-E40)
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Figure A.13. Raw Data: AR4 Coating, 3.5% wt. NaCl (ID: R23-E20)
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Figure A.14. Raw Data: AR4 Coating, 3.5% wt. NaCl (ID: R24-E29)
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Figure A.15. Raw Data: AR4 Coating, 3.5% wt. NaCl (ID: R24-E35)
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Figure A.16. Raw Data: Polystyrene Coating, 3.5% wt. NaCl (ID: R23-E23)
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Figure A.17. Raw Data: Polystyrene Coating, 3.5% wt. NaCl (ID: R24-E32)
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Figure A.18. Raw Data: Polystyrene Coating, 3.5% wt. NaCl (ID: R24-E37)
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Appendix B:
Calculation Procedures
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Figure B.1. Taken from ASTM E1820, the defined Plastic Area (Apl) used in Calculation of J- 
Integral.
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Figure B.2. Individual data points for 3.5% wt. NaCl tests corresponding to the maximum 
loading recorded used in calculation
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Figure B.3. Clip gauge CMOD (Vcmod) converted to CMOD at the load-line (Vll)



Figure B.4. Plastic area under the load-CMOD curve used in calculation of (Api).
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Figure B.5. Initial linear portion of the load-CMOD curve used for determination of original 
loading slope to determine plastic area (Apl).
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Figure B.6. Theoretical compliance calibration curve with normalized compliance 

normalized crack-length (a/w) . Calculated normalized compliance and normalized crack-length 
are shown to lie on the calibrated curve from recorded displacement (Vll) and load (P) data.
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Example Calculations

Load cell and clip gauge CMOD data is used to calculate the normalized compliance for U- 

function using (Eq. 8):

Coefficients for the [/-function can be interpolated from tabulated coefficients from tables in

Saxena and Hudak paper [16] to calculate

values can then be used with clip gauge CMOD to calculate corresponding displacement at 

another location.

The clip gauge displacement is 0.465W away from the load-line location which is represented in 

the denominator term. The Vcmod is raw clip gauge data, and the displacement at the load-line 

to be determined is VLL. The — term is the axis of rotation which was curve fit to — taken 

from [16] and is expressed as:

76



The result can be plotted with the theoretical normalized compliance vs. to show the 

calibration with the theoretical predicted crack-length. As seen in Figure B.6., the predicted 

crack-length from the predicted load-line displacement lies on the theoretical calibration 

between the compliance and crack-length.

77

Load-line displacement using the clip gauge measurement at a distance away from the load-line 

is thus calculated. Using this measurement to then calculate — with coefficients for the U-  

function calibrated at the load-line can then be performed:



Table B.1. Sample data for load, load-line displacement, and time.

Load (N) VLL(m) Time (s)
0 0 0

1815.5053 0.000148149 16065.724
1857.2666 0.000152192 29254.234
1895.0205 0.000157047 42730.769
1933.3980 0.000162333 56335.759
1965.9691 0.000167272 69426.597
2002.1690 0.000172155 82094.563
2038.6718 0.000177725 95451.603
2073.8071 0.000183004 108384.050
2106.7617 0.00018788 120931.630
2136.4851 0.000192872 132412.160
2173.1303 0.000198634 146532.200
2201.1625 0.00020504 159460.260
2226.6799 0.000212311 171431.080
2246.2277 0.000221769 184241.790
2271.0559 0.000230583 197263.580
2298.4946 0.000237842 210011.610
2323.7255 0.000245966 223240.130
2340.2255 0.00025799 236355.220
2363.9340 0.000266855 249628.820
2382.9733 0.000276827 262613.700

Presented is sampled data for load, load-line displacement, and time. Using (Eq. 8) and (Eq. 7) 

the crack-length is calculated and then used to calculate f (a/w) from (Eq. 4). Using B = 0.005 m and

W = 0.01 m with the corresponding load (P), the stress-intensity K can be calculated from (Eq. 3). Taking 

the Young's Modulus (E) of Al 2024-T3 to be 7.30E+10 N/m2, Jel can be calculated using (Eq. 2).
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Table B.2. Calculated results for crack-length (a), stress-intensity (K), and elastic J-integral (Jel).

a(i) (m) K(i) (MPa∙m1∕2) Jel(i) (J∕m2)

0.00455 30.342 12.611
0.00456 31.116 13.263
0.00459 31.961 13.994
0.00461 32.862 14.793
0.00464 33.680 15.539
0.00466 34.516 16.320
0.00469 35.436 17.201
0.00472 36.310 18.061
0.00474 37.121 18.876
0.00476 37.922 19.699
0.00479 38.862 20.688
0.00483 39.816 21.716
0.00487 40.851 22.860
0.00494 42.094 24.273
0.00500 43.295 25.678
0.00504 44.333 26.924
0.00508 45.452 28.300
0.00516 46.946 30.190
0.00521 48.129 31.731
0.00526 49.397 33.426

The resulting crack-length a, stress-intensity K, and elastic J are tabulated for the previous data. 

In this case, Ki is calculated using the current calculated crack-length from the ai column. To 

calculate the plastic J-integral term, Eq. (5) is used. Using the basic test method, Jpl is calculated 

here at the data point corresponding to Pmax.

Table B.3. Calculated plastic area Apl, ηpl, and unfractured ligament b, at data point Pmax.

Apl (N∙m) η (max) b(max) (m) jpl(max) (kj/m2 ) jtotal (max) (kj/m2 )

0.144 2.247 0.00473 13.68 47.11
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The resulting value for Jpl at Pmax for this data is thus 13.68 kJ/m2. Combining this result with Jel at 

Pmax from Table B.2., the total value of J is 47.1 kJ/m2 . Correcting the J-integral for the crack

growth increment is performed by using Eq. (6), where plastic J is divided by the correction term 

 . Here Δa is taken to be the difference of the initial calculated crack-length and the crack-
∖a+0.5∕ b0 o

length at Pmax. The total value of J after crack-growth correction is thus 46.62 kJ/m2.

Table B.4. Calculated Δa, bo, total correction term, corrected plastic J, and total J.

α Δa bo (m) Correction Term jpl(max) (kj/m ) jtotal (max) (kj/m2 )

0.9 0.000711 0.00544 1.037 13.19 46.62

For the incremental method, the entire set of calculations from Table B.2. are used, and the 

calculation of the plastic J is corrected at every increment of crack-growth up to Pmax. For 

calculation of vpl(i), Eq. (15) is used where CLL(i) is taken to be the experimental compliance 

corresponding to the initial loading slope seen in Figure B.5. For the sampled data used in this 

sample calculation, the slope is Cll = 1.07E + 07 N/m. The incremental plastic area Apl(i) can 

then be calculated using Eq. (14) from load P(i) and vpi(i). The incremented terms ηpl(i) and γpl(i) 

are then calculated using Eq. (12) and Eq. (13), from known values of b(i) determined from crack-

length. Once these terms are calculated for each increment, the plastic incremented Jpl(i) can be 

determined using Eq. (11), and added to the elastic incremented Jel(i) from Table B.2. to 

determine the total incremented J(i). The calculated values for each incremented term are found 

below in Table B.5.
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Table B.5. Calculated results for terms used in incremental J-integral method.

VpI (i) (m) η(i) b(i) (m) Ap∣(i) (N∙m) Y(i) Jpl (i) (J/m2) J(i) (kJ∕m2)
0 2.000 0.00550

-2.17E-05 2.284 0.00544 0.00000 1.414 0.00 0.00
-2.16E-05 2.284 0.00543 0.00025 1.413 20.83 13.28
-2.03E-05 2.282 0.00541 0.00273 1.411 228.14 14.22
-1.86E-05 2.281 0.00538 0.00597 1.409 498.30 15.29
-1.67E-05 2.280 0.00535 0.00966 1.407 805.08 16.34
-1.52E-05 2.278 0.00533 0.01263 1.405 1051.83 17.37
-1.30E-05 2.277 0.00530 0.01699 1.403 1413.11 18.61
-1.10E-05 2.276 0.00528 0.02108 1.401 1753.03 19.81
-9.23E-06 2.274 0.00526 0.02483 1.400 2064.12 20.94
-7.02E-06 2.273 0.00523 0.02952 1.398 2453.41 22.15
-4.69E-06 2.272 0.00521 0.03455 1.396 2870.65 23.56
-9.06E-07 2.270 0.00517 0.04282 1.393 3555.60 25.27
3.98E-06 2.267 0.00512 0.05363 1.389 4447.66 27.31
1.16E-05 2.264 0.00505 0.07070 1.384 5844.80 30.12
1.81E-05 2.261 0.00500 0.08536 1.380 7048.83 32.73
2.28E-05 2.259 0.00496 0.09608 1.377 7935.34 34.86
2.86E-05 2.256 0.00491 0.10940 1.373 9034.92 37.34
3.90E-05 2.252 0.00483 0.13383 1.367 11027.77 41.22
4.57E-05 2.250 0.00479 0.14947 1.364 12321.69 44.05
5.39E-05 2.247 0.00473 0.16891 1.360 13925.23 47.35

81


