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Abstract: The work presented here sought to understand if damage induced to 
polymeric materials by chemical exposure could be mitigated by thermal annealing. 
This concept has not been widely explored in literature. Here, two polymer blends 
with known shape memory properties and documented thermal process for shape 
recovery; a binary blend of equal parts by mass polycaprolactone 
(PCL)/thermoplastic urethane (TPU), and a ternary mixture of equal parts by mass 
polycaprolactone (PCL), thermoplastic urethane (TPU), and polylactic acid (PLA) 
were subjected to chemical exposure to either ethyl acetate or heated acetic acid for 
a duration of 7 days. The specimens were fabricated by fused filament fabrication 
(FFF) in two different raster orientations. Swell testing revealed a dependence on 
raster orientation for solvent uptake. Characterization of the chemical bonds by 
FTIR-ATR revealed the acetic acid exposure to be more damaging in terms of 
breaking of chemical bonds and that thermal recovery reforms some bonds. 
Analysis of tensile test results with Tukey-Kramer Honestly Significant Difference 
revealed thermally annealing specimens after chemical exposure could recover 
mechanical properties to a level similar to specimens that were not exposed. 
Analysis by scanning electron microscopy revealed that the chemical attack was 
concentrated at the print raster interface, leading to delamination between the print 
rasters. Analysis by way of DMA revealed that chemical exposure lowered the max 
tan δ value, but not the temperature at which this parameter was reached as 
compared to control specimens. This work demonstrates that thermally induced 
recovery can heal chemical damage to polymer materials, offering a route to extend 
the life of plastic parts and reduce polymer waste.  

 Keywords: chemical degradation of polymers; additive manufacturing; self-healing 
polymers; fused filament fabrication; materials characterization; mechanical properties 

1. Introduction 

Evidence of the detrimental impact of environmental polymeric waste, particularly in the form of micro and 
nano plastics grows daily. From detection of microplastics in oceanic fauna [1,2] to detection in human tissues, 
fluids, and fecal matter [3–7], our society needs a solution to the problem of polymeric waste. A potential path to 
a solution that has been explored by our group has been the development of polymers blends that can be recovered 
from mechanical damage, and we have also proposed a “resilience parameter” as a physical property that quantifies 
the capacity of polymers with shape memory properties to retain strength after thermal recovery from plastic 
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deformation [8]. The premise behind implementing resilient polymeric materials is that if a plastic component can 
be healed from damage to the point where it can be used again rather than be thrown away, the reduction in waste 
would be twofold in that the broken component would not be thrown away and new material would not be used as 
a replacement component. The shape recovery process has been the key driver for recovery from plastic 
deformation and it is well-known that an element of the overall self-healing ability of a given polymer is its shape 
memory properties [9,10]. 

The fabrication of polymer blends with the end goal of manipulating the shape memory properties of a material 
has been demonstrated in literature by our group and others, with example blend constituents being polylactic acid 
(PLA) blended with elastomers such as thermoplastic urethane (TPU), polyamide elastomer (PAE), and styrene 
ethylene butylene styrene (SEBS) [11–16] and blends composed of polycaprolactone (PCL) and TPU [17–20]. The 
work presented here builds upon a previous study performed by our group [21] that characterized the microstructure 
and shape memory properties of binary PCL/TPU blends and ternary PCL/TPU/PLA blends in the context of 4D 
printing, and found that the process of plastic deformation followed by thermal recovery led to a strengthening effect 
in the PCL/TPU blend that was driven by formation of crystalline domains. This initial characterization effort was 
carried on by another study by Delgado Ramos, et al. [22] that found these blend systems to have a marginal ability 
to recover from a partial cut, which is damage beyond plastic deformation. 

Typically, the self-healing ability of a polymeric material is characterized by way of a cut test of a tensile 
specimen where the equations to evaluate the self-healing efficiency (R) is calculated by comparing the mechanical 
properties, namely ultimate tensile strength (UTS, denoted as σ), Young’s modulus (E), and maximum % elongation 
(ε) of pristine specimens to those that were subjected to a cut test as proposed by Wool and O’Connor [23] and based 
on the equations below: 

𝑅𝑅(𝜎𝜎) =  
𝜎𝜎𝑐𝑐𝑐𝑐𝑐𝑐

𝜎𝜎𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
 ∙  100% (1) 

𝑅𝑅(𝐸𝐸) =  
𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐

𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
 ∙  100% (2) 

𝑅𝑅(𝜀𝜀) =  
𝜀𝜀𝑐𝑐𝑐𝑐𝑐𝑐

𝜀𝜀𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
 ∙  100%  (3) 

Rather than characterizing the self-healing efficiency, in the work presented in this study we explored the 
ability of the binary and ternary polyester blends originally presented in Lares Carillo, et al. [21] to recover from 
damage caused by exposure to organic chemicals. 

While polymers that can recover from mechanical damage have been characterized in literature [9,23–27] 
polymer systems that heal from chemical damage are not as common. One example of a polymer system with the 
ability to heal from chemical damage was demonstrated by Fu, et al. [28] however, this system was a composite 
mixture of poly(dimethylsiloxane) (PDMS) foam, halite (table salt), and multi-walled carbon nanotubes 
(MWCNTs). The work presented here is novel in terms of its rarity and simplicity. Effectively, we characterized 
the ability of our polymer blends to recover from chemical damage rather than mechanical damage. The method 
of recovery was thermal annealing. Additively manufactured test coupons were exposed to one of two organic 
chemicals, glacial acetic acid, and ethyl acetate. These two chemicals were chosen because glacial acetic acid is 
known to dissolve PCL [29] and degrade PLA [30]. Moreover, acetic acid has been demonstrated as a component 
in the chemical recycling of polyurethanes due to its ability to sever the urethane segment [31]. Additionally, ethyl 
acetate is known to attack PCL, TPU, and PLA [32–34]. 

The effect of chemical exposure and the effect of a thermal annealing process on exposed specimens was 
evaluated through different materials characterization techniques: tensile testing, swelling measurements, scanning 
electron microscopy (SEM) to analyze the fracture surface of tensile specimens, and finally Fourier-transform 
infrared spectroscopy in attenuated total reflectance mode (FTIR-ATR), to understand the role of individual bonds. 
The impact of raster pattern orientations 0° and 45° was also analyzed to determine if there was any impact on 
solvent-induced degradation. This research aims to determine if the same thermal recovery process used to recover 
the programed geometry of a shape memory polymer can be used to mitigate solvent damage. 

2. Materials and Methods 

The blends used in this study were the same polyester blends used in our previous works [21,22] where one 
blend was a 50:50 by mass mixture of PCL and TPU and the other was a three part (equal parts by mass) compound 
of PCL, TPU and PLA. As described in previous works involving these blends [21,22], the TPU used was 
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NinjaFlex 3D printer filament (Natural color, Fenner Precision Polymers, Lititz, PA, USA), PCL pellets were 
supplied by Polly Plastics (Midland, MI, USA), and the PLA used was Ingeo Biopolymer pellets Grade 4043D 
from NatureWorks, LLC (Minnetonka, MN, USA). To facilitate melt compounding, the TPU was pelletized. The 
equipment used to create TPU pellets was a Collin strand pelletizer (Model SP1, Collin Lab & Pilot solutions, 
Norcross, GA, USA). The TPU was then dried at a temperature of 50 °C for a duration of 3 h in a horizontal 
airflow oven (Model 1370FM, VWR International, West Chester, PA, USA). The PLA and PCL pellets were dried 
in a compressed air dryer (Micro Dryer CAFM station, Dri-Air Industries, East Windsor, CT, USA). The PLA was 
dried for 4 h at 80 °C while the PCL pellets were dried for 2 h at 50 °C. 

The pellets were then manually mixed in plastic bags. The mixtures were then fed to a twin-screw extruder 
compounder (Model ZK 25-T, Collin Lab & Pilot Solutions, Norcross, GA, USA) using the same parameters 
reported in Lares Carrillo, et al. and Delgado Ramos, et al. [21,22]. The compounded materials were converted to 
a filament with a diameter compatible with most fused filament fabrication (FFF) 3D printers, 1.75 mm. The 
extruded filament was then used to fabricate tensile samples following the geometry for the Type V specimen as 
described in the ASTM D638 standard for the tensile testing of plastics [35]. Rectangular specimens were also 
fabricated for dynamic mechanical analysis (DMA) based on the ASTM E1640 standard [36]. The specimens were 
made using a Creality Ender 3 S1 Pro FFF machine (Shenzhen Creality 3D Technology Co., Ltd., Shenzhen, 
China). In order to determine if aspects related to additive manufacturing had an influence on the interaction 
between material and solvent, two raster patterns were used (Figure 1): a raster pattern with alternating layers of 
45° (Figure 1a), and a raster pattern (designated as 0°) where the print beads were deposited in a direction 
coincident with the length of the specimen (Figure 1b). The machine parameters used to fabricate the specimens 
in this study are listed in Table 1. 

 

Figure 1. Example of FFF-made specimens fabricated in (a) a 45° raster pattern and (b) a 0° raster pattern. 

Table 1. Machine settings for the FFF machine used in this study. 

Print Parameter PCL/TPU PCL/TPU/PLA 
Bed Temperature (°C) 60 70 

Nozzle Temperature (°C) 190 200 
Nozzle Diameter (mm) 0.4 0.4 

Retraction distance (mm) 8 10 
Extrusion Multiplier 1.05 1.05 
Layer Height (mm) 0.2 0.2 

Print Speed (mm/min) 1600 1600 
Infill Percentage (%) 100  100 

For the chemical testing, glacial acetic acid (ACS grade) was acquired from VWR International (Radnor, PA, 
USA) and ethyl acetate (99.5% ACS reagent grade) was obtained from Sigma Aldrich, Inc. (St. Louis, MO, USA). 
Twelve Type V tensile specimens, six with a 45° raster pattern and six with 0° raster pattern, from each polymer 
blend were weighed before exposure. Additionally, eight specimens for dynamic mechanical analysis (DMA) were 
included. The specimens were divided and half were placed in a sealed glass container containing glacial acetic acid 
which was then positioned on a hot plate that was set to a temperature of 60 °C without stirring for 7 days. The reason 
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we chose these experimental parameters for the acetic acid exposure was because we used the same parameters for 
exposing PLA and PLA-wood composite specimens to food-grade acetic acid in a previous work [37]. The remaining 
specimens were exposed to ethyl acetate in a sealed glass container at room temperature for 7 days. We chose not to 
heat the ethyl acetate due to flammability concerns. We acknowledge that the addition of elevated temperature to the 
acetic acid pool negates a direct comparison between the effect of acetic acid and ethyl acetate. After the exposure 
period, all samples were gently blot dried with a paper towel and allowed to sit for 24 h in ambient conditions and 
then reweighed with a laboratory balance as described in a previous work by our group [37]. 

Calculation of the swelling percentage of the individual specimens was determined by measuring the mass 
gained after exposure, with the following equation [38]: 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 % =  �
𝑚𝑚1 − 𝑚𝑚0

𝑚𝑚0
� × 100 (4) 

where m1 is the mass after 7 days of exposure followed by 24 h of drying in ambient conditions, and m0 is the 
initial mass of the specimen before exposure. 

Following the mass measurements, six samples from each blend and raster orientation were subjected to 
tensile testing until failure, which was conducted using an MTS Criterion C-44 tensile testing machine with an 
Advantage™ Model AHX 800 extensometer (MTS Systems Corporation, Eden Prairie, MN, USA). The remaining 
six samples were thermally recovered by placing them in the same horizontal airflow oven used to dry the TPU 
pellets at a temperature of 65 °C for a duration of 5 min. The temperature for recovery was determined by DMA 
characterization performed previously by our group that determined the recovery temperature based on the 
temperature at which the maximum tan δ is observed [21]. After the thermal recovery process, the samples were 
removed from the oven and left to cool in ambient conditions. The recovered specimens were then tested in the 
tensile test machine to evaluate any changes in mechanical performance. 

In addition to the mechanical test, the samples were characterized with a Nicolet iS5 FTIR instrument 
equipped with an iD7 ATR Diamond accessory (ThermoFisher Scientific, Waltham, MA, USA). The fracture 
surfaces of used tensile test specimens were analyzed by SEM (Model SU-3500, Hitachi America, Ltd., New York, 
NY, USA). To facilitate analysis of non-conductive specimens, the SEM was operated in variable pressure mode 
with an acceleration voltage of 15 kV. Additionally, images were obtained using an ultra-variable detector (UVD) 
which generates images analogous to a secondary electron (SE) signal in a low-pressure mode. Finally, DMA was 
carried out using a PerkinElmer DMA 8000 (PerkinElmer, Waltham, MA, USA) operating in dual cantilever mode 
at a frequency of 1 Hz over a temperature range of −70 °C to 100 °C. 

3. Results and Discussion 

3.1. Swell Test 

As shown in Figure 2, the swelling behavior indicates a significant variation depending on which liquid media 
the specimens were exposed to. Most noteworthy is the PCL/TPU specimens exposed to acetic acid exhibited as 
a negative swelling result indicating mass loss. This mass loss was likely accelerated due to the addition of heat as 
thermal energy can increase the reactivity of acetic acid [39]. The 45° raster pattern specimens exhibited a higher 
negative swelling at −17.65 ± 11.69% compared to −3.57 ± 1.86% for the 0° raster pattern for specimens. Residue 
was found in the containers that were used for exposure. The residue was recovered, weighed and subjected to 
analysis by way of FTIR-ATR, and the results will be discussed below. PCL/TPU specimens exposed to ethyl 
acetate exhibited positive swelling, with the specimens fabricated in the 0° raster pattern exhibiting a lower 
percentage of swelling, 1.80 ± 0.59% compared to 2.53 ± 4.16% for the specimens fabricated in the 45° raster 
pattern. In the case of the PCL/TPU blend, the 45° raster pattern appears to be more susceptible to exposure to the 
liquid media explored in this study. 

In contrast, PCL/TPU/PLA exhibited consistent positive swelling when exposed to either acetic acid or ethyl 
acetate at the elevated temperature of 60 °C. The PCL/TPU/PLA fabricated in the 45° raster pattern and exposed 
to acetic acid exhibited the highest positive swelling at 9.46 ± 7.33%. Again, this is lower than the % swelling for 
the specimens fabricated in a 0° raster pattern (1.53 ± 1.41%). The difference in swelling behavior associated with 
raster pattern was also observed for specimens exposed to ethyl acetate with specimens fabricated in the 0° raster 
pattern swelling by 3.89 ± 0.48% and those fabricated in a 45° pattern exhibiting a %swelling of 4.68 ± 1.26%. 
For both blends and solvents, the 0° raster pattern was less susceptible to exposure. The reason for the difference 
is most-likely related to voids within the printed specimen as work involving the effect of moisture absorption 
performed by Kim et al. demonstrated a dependence on print raster and orientation for mass gained by ABS 
specimens manufactured by fused deposition modeling (FDM™) and immersed in distilled water [40]. As seen in 
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Figure 1, the 45° raster pattern is made of alternating layers effectively creating a web-like geometry, which has a 
higher propensity to form voids as compared to the 0° waster pattern which is essentially like stacked rods. Swell 
test results are listed in Table 2. 

 

Figure 2. Swelling percentage of the polymer blends, fabricated in different raster patterns that were exposed to 
either acetic acid or ethyl acetate. 

Table 2. Swell Test Results. 
 Acetic Acid Ethyl Acetate 

Sample Type % Swelling σ % Swelling σ 
PCL/TPU/PLA-0° 1.53 1.41 3.89 0.48 

PCL/TPU-0° −3.57 1.86 1.80 0.59 
PCL/TPU/PLA-45° 9.46 7.33 4.68 1.26 

PCL/TPU-45° −17.65 11.69 2.53 4.16 

To further explore the influence of print direction on swelling percentage, the data was subjected to a Tukey-
Kramer Honest Significant Difference (HSD) analysis (p < 0.05) using JMP 11 software (SAS Institute, Inc., Cary, 
NC, USA). This test is useful in increasing the confidence in the discernment of differences between sample sets 
beyond comparison based on standard deviation alone [41]. Results of this analysis are seen in Figures 3 and 4, 
and the significance is indicated by the color of the circle; when two circles are red, the sample pools are not 
significantly different, and when a circle is grey, that indicates a significant difference. While comparing the 
difference between PCL/TPU specimens exposed to acetic acid (Figure 3a), the mass loss for the 45° raster pattern 
specimens was found to be significantly different than the specimens fabricated in the 0° raster pattern, keeping in 
mind that the acetic acid leached material from the specimens. For PCL/TPU specimens exposed to ethyl acetate 
(Figure 3b) the amount of swelling for the 45° raster pattern specimens was significantly greater than the swelling 
exhibited for the specimens fabricated in the 0° raster pattern. This analysis reinforces the notion that there is a 
difference based on the raster pattern of the specimens in terms of swelling behavior. 



Delgado Ramos et al.   J. Innov. Mater. Manuf. Eng. 2026, 1(1), 2 

  6 of 20  

 

Figure 3. Tukey-Kramer HSD analysis of PCL/TPU specimens exposed to (a) acetic acid, and (b) ethyl acetate. 

The data for the PCL/TPU/PLA blend specimens were also subjected to the Tukey-Kramer HSD test. The results 
are graphically represented in Figure 4. For PCL/TPU/PLA specimens exposed to acetic acid for 7 days (Figure 4a), the 
% swelling for the 45° raster pattern specimens was found to be significantly greater than those fabricated in a 0° raster 
pattern. However, the difference in swelling for specimens exposed to ethyl acetate (Figure 4b) was found to not be 
significantly different. This indicates that the ethyl acetate affects the ternary blend to a lesser extent than acetic acid. 

 

Figure 4. Tukey-Kramer HSD analysis of PCL/TPU/PLA of swelling data for specimens exposed to (a) acetic 
acid, and (b) ethyl acetate. 

3.2. FTIR-ATR Analysis 

The FTIR-ATR spectra for the ternary PCL/TPU/PLA blend after exposure to acetic acid and ethyl acetate 
are shown in Figure 5a,b, respectively. We have added some features to the spectra to make changes more 
discernible, where a dashed line indicates common peaks amongst all experimental groups, a red arrow indicates 
a peak that disappeared upon exposure to the organic substance, a green arrow and solid orange line indicates a 
peak that disappeared due to exposure to the organic substance and reappeared after thermal recovery, a white 
arrow on an orange solid line indicates a peak that changed intensity when experimental groups were compared, 
and a blue arrow indicates a peak that appeared due to exposure to the organic substance but disappeared due to 
the thermal recovery process. Comparing the control, exposed, and recovered specimens revealed significant 
changes after solvent exposure. The PCL/TPU/PLA sample exhibited absorbance in characteristic bands, mainly 
the carbonyl stretching from 1755 to 1735 cm−1 corresponding to ester groups present in PCL and PLA [42], peaks 
between 1180 to 1080 cm−1 characteristic of the C-O-C stretching group [43], and a N-H bending peak at 1530 cm−1 
confirms the presence of the TPU urethane group [44], a peak at 3325 cm−1 is also visible. 

The spectra for the specimens exposed to acetic acid exhibited a relative decrease in intensity of the C=O and 
C-O-C peaks, the O-H and N-H stretching peak at 3325 cm−1 disappears, and additional peaks at 1596 related to 
C-H vibrations [45] and 960 cm−1 attributed to C-O-C symmetric stretching [46,47], are strongly diminished, 
which indicates ester hydrolysis, interference of hydrogen-bonded urethane structures, and a reduction in 
crystalline PCL domains. The peak around 1530 cm−1 related to N-H groups [48], becomes less prominent when 
exposed to acetic acid and slightly clears after recovery. Equivalent decreases in the amide II, N-H peak have been 
attributed to urethane chain scission and changes in hard-segment restructuring [49], which support the 
interpretation that acetic acid interrupts the hydrogen-bonded urethane within the TPU segments. 

Conversely, after exposure to ethyl acetate, an increase in the O-H band at 3325 cm−1 [50], indicating physical 
changes or reversible hydrogen bonding with a limited surface interaction. Related behavior has been reported in 
hydroxyl-containing polymers where increased O-H peak intensity close to 3325 cm−1 corresponds to improved or 
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restructured hydrogen bonding [51,52]. The carbonyl peak between 1720 to 1735 cm−1 attributed to carbonyl 
stretching vibrations [53] becomes more intense, indicating higher hydrogen bonding and dipolar interactions 
between the solvent and ester groups. This can be related to a previous study, which demonstrated carbonyl groups 
near 1720 cm−1 and an increase in intensity when the ester group forms hydrogen bonds with solvent molecules [54] 
The urethane N-H bending band at 1530 cm−1 and the CH3 bending peak at 1450 cm−1 [55] increase in intensity. 
Some of these changes, involving the temporary disappearance of the crystalline PCL peak at 960 cm−1 [56], return 
to values similar to those of the control sample after recovery, demonstrating that ethyl acetate primarily stimulates 
reversible plasticization and swelling rather than permanent bond cleavage. Several peaks that disappear after acetic 
acid exposure reappear after ethyl acetate recovery, indicating acetic acid is more aggressive, producing irreversible 
chemical modifications, while ethyl acetate produces temporary and reversible interactions with the blend, which can 
be associated with a study that demonstrates PCL in acid solvent is chemically broken down and cannot recover it is 
original structure after treatment [57]. 

 

Figure 5. FTIR-ATR Spectra of the PCL/TPU/PLA blend for experiments involving (a) exposure to acetic acid 
and (b) exposure to ethyl acetate, where control specimens are compared to exposed specimens and specimens that 
were subjected to a thermal recovery cycle after exposure. 

The FTIR-ATR spectra for PCL/TPU specimens are seen in Figure 6. for specimens exposed to acetic acid 
(Figure 6a) and ethyl acetate (Figure 6b). In comparison with the PCL/TPU/PLA, all the spectra exhibit less 
variation in C=O and O-H groups, due to the absence of PLA, which is susceptible to hydrolytic degradation [58]. 
In addition, the disappearance after acetic acid exposure of the O-H/N-H stretching signal at 3325 cm−1, normally 
attributed to the urethane functional group [59,60] and hydroxyl groups [61], is observed. A peak related to 
crystalline PCL at 960 cm−1 [62,63] becomes strongly decreased. After recovery, ester-related peaks continue to 
attenuate, demonstrating permanent chemical modification due to hydrolytic cleavage of PCL segments, where 
ester bonds are irreversibly cleavage, forming carboxyl-terminated segments and minimizing the ester content of 
the material [64,65]. 

In comparison, ethyl acetate-exposed and recovered samples conserve similar carbonyl and ester peak intensities 
to the control sample, with a slight increase in the O-H peak, showing reversible solvent interaction without significant 
bond cleavage. The flexible nature of these changes denotes limited solvent penetration and non-destructive 
interaction with the polymer matrix. A dissimilar reaction was observed upon exposure to acetic acid, which induces 
hydrolytic degradation of the ester bond, ethyl acetate mainly promotes temporary plasticization through weak dipole 
and hydrogen bonding effects. Comparable solvent-polymer studies have demonstrated that the extent of chemical or 
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physical damage depends strongly on solvent polarity; alcohols such as ethanol and isopropanol promote irreversible 
chain disentanglement and dissolution in PMMA [66]. An absorption band typically appearing from 1520 to 1540 cm−1 
is attributed to the NA N-H bending vibration of a secondary urethane group [67]. A N-H peak close to 1530 cm−1 
becomes slightly prominent in both organic solvents, reflecting potential reorientation or interaction of TPU urethane 
segments with the solvent. However, because of acetic acid exposure, urethane N-H peaks at 1650 to 1580 cm−1 are 
significantly weakened or absent, demonstrating disruption of hydrogen-bonded urethane [68]. This statement aligns 
with the findings of Xu et al., who stated that acetic acid mainly interacts with oxygen and nitrogen-containing groups, 
leading to structural disruption and reduced molecular ordering [69]. A prominent C=O stretching band at 1735 cm−1 
mainly from the ester groups in PCL [70], which decreases in intensity following exposure to acetic acid, indicating 
a potentially number of dipole interactions or potential ester bond hydrolysis at the surface. This is consistent with 
the surface erosion mechanism of PCL, in which hydrolytic chain scission occurs especially at the polymer interface 
rather than through the bulk [71,72]. 

FTIR results provide a molecular explanation for the difference in recovery and anisotropic mechanical 
performance visualized in FFF printed samples. Following attenuation of the C-O-C and C=O and crystalline PCL 
peaks after acetic acid exposure, reflecting degradation of polyester segments, minimizing chain mobility and 
weakens interfacial adhesion between PCL and TPU. 

 

Figure 6. FTIR- ATR Spectra of the PCL/TPU blend for experiments involving (a) exposure to acetic acid and (b) 
exposure to ethyl acetate, where control specimens are compared to exposed specimens and specimens that were 
subjected to a thermal recovery cycle after exposure. 

To determine the composition of the residual material recovered from the acetic acid containers post-
treatment, 0.282 g from the container used for PCL/TPU specimens printed in the 0° raster pattern and the 1.186 
g recovered from the container used for exposing the PCL/TPU specimens printed in the 45° were analyzed with 
FTIR-ATR. The resultant spectra are presented in Figure 7. Comparing the spectrum obtained from the residual 
specimens with that of pure PCL, reveals characteristic PCL absorption bands exhibiting C-H stretching vibrations 
around 2940 to 2960 cm−1, a sharp C=O stretching peak at 1720 cm−1, and noticeable C-O-C stretching vibrations 
between 1180 to 1040 cm−1. The residual samples demonstrate a reduction in peak intensity, particularly for the 
C=O and C-O-C bands, signifying partial leaching degradation of ester bonds during the solvent exposure. 
Comparison of the spectra confirms that the residual material is composed of PCL. Moreover, the greater mass 
recovered from the 45° raster pattern container indicates that this raster pattern was more susceptible to exposure 
to acetic acid and agrees with the swell test data. 
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Figure 7. FTIR-ATR spectra of residuals recovered from the containers used for chemical exposure compared to PCL. 

3.3. Tensile Testing 

The tensile test results for specimens exposed to acetic acid are seen in Figure 8. In all cases, exposure to 
acetic acid lowered the UTS values as compared to control specimens for a given blend/raster pattern combination. 
As the goal of this work is to explicate the ability of self-healing mechanism induced by thermal annealing to 
recover from damage induced by chemical exposure, attention is given to differences in specimens annealed after 
exposure as compared to control specimens. The only sample pool to not demonstrate a level of recovery of 
strength after exposure to acetic acid was the PCL/TPU/PLA specimen fabricated in the 45° raster pattern. The 
control specimens for this sample pool yielded UTS values of 36.53 ± 8.16 MPa compared to 14.80 ± 14.47 MPa 
for specimens that were exposed to acetic acid. However, specimens that were annealed after exposure yielded 
UTS values of 7.60 ± 3.99 MPa, so no improvement was realized. We remind the reader that this sample pool also 
exhibited the greatest % swelling values. Conversely, the PCL/TPU/PLA specimens fabricated in a 0° raster 
pattern showed improvement in UTS values after annealing. The control specimens yielded a UTS value of 31.30 
± 7.20 MPa, while the exposed specimens yielded a UTS value of 10.57 ± 3.10 MPa. The annealed specimens 
showed an improvement in UTS, yielding a value of 20.33 ± 2.49 MPa. A noteworthy result was the improvement 
in UTS values for PCL/TPU printed in both raster patterns, given the mass loss of the specimens exposed to acetic 
acid. The annealed specimens fabricated in the 0° raster pattern showed an improvement in average UTS values 
as compared to the control sample pool (25.37 ± 0.67 MPa and 23.33 ± 7.42 MPa, respectively) though the 
difference is within error. 
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Figure 8. Ultimate Tensile Strength results of PCL/TPU and PCL/TPU/PLA for control specimens, specimens that 
were exposed to acetic acid, and specimens that were annealed after acetic acid exposure. 

Exposure to ethyl acetate yielded a more complex mechanical response as seen in Figure 9. Most obvious is 
the increase in strength for PCL/TPU specimens printed in a 0° raster pattern which showed an unexpected increase 
in tensile strength after chemical exposure. The UTS value for the exposed specimens was 35.20 ± 5.28 MPa 
compared to the control values of 23.33 ± 7.42 MPa. Though unexpected, the result is within error. The PCL/TPU 
specimens fabricated in the 45° raster pattern also exhibited an increase in strength, though to a lesser degree, with 
UTS values of 25.67 ± 2.44 MPa compared to values of 24.10 ± 0.10 MPa, again, a result within the error. 
Annealing specimens composed of the PLA/TPU blend did not lead to an improvement in mechanical properties 
after exposure to ethyl acetate. On the other hand, specimens fabricated from the ternary PCL/TPU/PLA blend did 
exhibit an improvement in strength when comparing the data from specimens that were exposed to specimens that 
were annealed after exposure. UTS results of the materials tested here are tabularized in Table 3. 

To evaluate the effectiveness of thermally activated self-healing mechanisms to mitigate damage incurred by 
chemical exposure, the tensile data was also subjected to Tukey-Kramer HSD analysis. In the case of PCL/TPU 
(Figure 10) the UTS values of 0° raster pattern specimens that were exposed to acetic acid and those that were 
annealed after exposure were found to not be significantly different than the control specimens (Figure 10a). 
However, for PCL/TPU specimens fabricated in the 45° raster pattern, exposure to acetic acid yielded UTS results 
significantly different than the control sample pool, and annealing led to UTS values that were not significantly 
different than the control specimens, meaning that annealing specimens first exposed to heated acetic acid for 7 
days, mitigates damage incurred by exposure. Also, the print raster pattern plays a role in degree to which acetic 
acid damages additively manufactured PCL/TPU specimens. 
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Figure 9. Ultimate Tensile Strength results of PCL/TPU and PCL/TPU/PLA for control specimens, specimens that 
were exposed to ethyl acetate, and specimens that were annealed after chemical exposure. 

Table 3. UTS Results for this study. 

 Control 
(MPa) σ 

Acetic Acid Ethyl Acetate 
Exposed 
(MPa) σ Annealed 

(MPa) σ Exposed 
(MPa) σ Annealed 

(MPa) σ 

PCL/TPU/PLA 0° 31.30 7.20 10.57 3.10 20.33 2.49 18.03 5.57 21.87 3.43 
PCL/TPU/PLA 45° 36.53 8.16 14.80 4.47 7.60 3.99 18.33 8.06 21.00 3.22 

PCL/TPU 0° 23.33 7.42 19.63 2.57 25.37 0.67 35.20 5.28 20.50 4.13 
PCL/TPU 45° 24.10 0.10 7.37 1.30 17.43 5.79 25.67 2.44 16.87 2.86 

Ethyl acetate interacted differently with the PCL/TPU specimens as compared to the specimens that were 
exposed to acetic acid. As mentioned previously, specimens fabricated in the 0° raster pattern exhibited an increase 
in strength after exposure to ethyl acetate, however this increase in strength was not found to be significantly 
different as seen in Figure 10c. The annealed 0° sample pool exhibited a decrease in strength, however, again, this 
was not found to be significantly different as compared to the control and exposed sample pools. When evaluating 
the results of the PCL/TPU specimens fabricated in a 45° raster pattern, a different behavior as compared to the 0° 
specimens is again observed. The UTS values of exposed specimens were found to be significantly different than 
the control specimen pools, while the annealed specimens exhibited an increase in strength making them 
statistically the same as the control specimen pool. 
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Figure 10. Tukey-Kramer HSD analysis for PCL/TPU specimens (a) printed in the 0° raster pattern and exposed 
to acetic acid, (b) printed in the 45° raster pattern and exposed to acetic acid, (c) printed in the 0° raster pattern and 
exposed to ethyl acetate, (d) printed in the 45° raster pattern and exposed ethyl acetate. 

The Tukey-Kramer HSD analysis for PCL/TPU/PLA specimens is seen in Figure 11. For PCL/TPU/PLA 
specimens fabricated in the 0° raster pattern and exposed to acetic acid (Figure 11a) the UTS of the exposed 
specimens was significantly lower than the control specimens and the UTS values for the annealed specimens were 
statistically the same as the control specimens, indicating that annealing led to a mitigation of the damage induced 
by chemical exposure. However, for specimens fabricated in the 45° raster pattern (Figure 11b), annealing did not 
lead to a recovery of strength, as specimens that were exposed to acetic acid were statistically the same as those 
that were annealed after exposure, yet both were significantly lower as compared to the control sample pool. The 
distance of the circles for the 45° raster pattern indicates that the decrease in strength due to exposure is more 
significant than other experiments in this study meaning that there may be a point of no return in terms of the 
amount of damage sustained due to chemical exposure. 

 

Figure 11. Tukey-Kramer HSD analysis for PCL/TPU/PLA specimens (a) printed in the 0° raster pattern and 
exposed to acetic acid, (b) printed in the 45° raster pattern and exposed to acetic acid, (c) printed in the 0° raster 
pattern and exposed to ethyl acetate, (d) printed in the 45° raster pattern and exposed ethyl acetate. 
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Specimens fabricated from PCL/TPU/PLA exposed to ethyl acetate behaved differently as compared to those 
exposed to acetic acid (Figure 11c,d). Though, in the case of 0° raster pattern specimens, exposure to acetic acid led 
to a decrease in UTS values (Figure 11c), while specimens that were annealed after exposure exhibited an increase 
in strength, both sample pools were not found to be honestly significantly different than the control sample pool. 
Somewhat conversely, the specimens fabricated in the 45° raster pattern and exposed to ethyl acetate (Figure 11d) 
yielded UTS values that were honestly significantly lower than the control sample pool while specimens that were 
annealed after chemical exposure yielded UTS values that were not significantly different than the control sample 
pool and honestly significantly greater than specimens that were exposed. Again, this indicates that the annealing 
process can mitigate damage induced by chemical exposure. 

3.4. Scanning Electron Microscopy 

To understand the effect of chemical exposure failure modes, the fracture surface of tensile test specimens 
was analyzed by SEM. For brevity we have only included images from the PCL/TPU specimens fabricated in the 
0° raster pattern (Figure 12) and PCL/TPU/PLA specimens fabricated in the 45° raster pattern (Figure 13). In the 
case of PCL/TPU, the high elastomer content lends itself to a high amount of plastic deformation. The SEM 
micrograph of control specimen (Figure 12a) captures the side and the final rupture zone of the tensile specimen. 
The final rupture zone appears planar in nature, a feature driven by the reduction of area during the necking process 
that occurred during the tensile test. In the micrograph corresponding with the specimen that was exposed to acetic 
acid (Figure 12b), the material was more plasticized to the point that fibrils manifested on the ends of the failure 
zone (indicated by white dashed arrows). Delamination began to occur (pointed out by the solid white arrow) 
potentially meaning that the acetic acid attacked the interface between print rasters. Prior work involving exposing 
polyester specimens to liquid media [73] has characterized unique fracture surface features due to localized attack 
at the print raster interface so it is logical to assume similar mechanisms are occurring in this context as well. The 
specimen that was thermally recovered after ethyl acetate exposure (Figure 12c) sustained more plastic 
deformation prior to failure. We remind the reader that the recovered specimens for the 0° raster pattern exhibited 
greater UTS values than the specimens that were exposed to acetic acid with no thermal recovery cycle. The 
strengthening effect may be due to reflow of the PCL phase as the recovery temperature of 65° is in the range of 
the melting temperature of this material [74]. 

Exposure to ethyl acetate also led to an increase in UTS values and the fracture surface (Figure 12d) 
corresponds to this observation as the specimen failed on two planes along with a large amount of plastic 
deformation. Ethyl acetate is an effective solvent for TPU [75] and known to be added to TPU in the creation of 
urethane-based adhesives. We believe the addition of ethyl acetate effectively glued the print raster layers together, 
increasing strength. To that end, we believe the recovery process baked the solvent out weakening the material as 
indicated by the UTS values and the delamination between print rasters observed in the form of sheets which is 
seen in Figure 12e, and the higher magnification image in Figure 12f. The sheet morphology may be indicative of 
partial dissolution. The fracture surface morphology when taken in conjunction with the increase in O-H and N-H 
bonds for the specimens exposed to ethyl acetate, a chemical bond-driven strengthening and weaking process can 
be postulated. 

The SEM micrographs in Figure 13 are from specimens composed of the PCL/TPU/PLA fabricated in the 
45° raster pattern. The relatively lower elastomer content as compared to the binary blend (33.33% by mass as 
compared to 50% by mass) led to an expected lower amount of plastic deformation as was observed in Figure 13a. 
There is evidence of polymer diffusion between print raster beads, evident by an absence of the ability to discern 
the individual print raster beads particularly in the middle of the fracture surface, meaning that the print parameters 
used to fabricate the specimen were optimal [76–80]. Exposure to acetic acid (Figure 13b) led to a different fracture 
surface morphology where it is evident that more plastic deformation occurred corresponding with a ductile failure 
mechanism indicated by the presence of fibrils [81]. The fibrils are seen in greater detail in Figure 13c and indicated 
by dashed white arrows. The specimen exposed to acetic acid and then subjected to a thermal recovery cycle 
underwent more plastic deformation than the control specimen as indicated by the relatively smaller cross-sectional 
area consistent with more necking of the specimen. There is more plastic deformation on the fracture surface, but 
no delamination is observed. Though the specimen retained a near-square morphology when it failed, this sample 
pool did not realize an increase in UTS values. 
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Figure 12. SEM micrographs of tensile specimen fracture surfaces fabricated from PCL/TPU in a 0° raster pattern 
where (a) is from a representative specimen from the control sample pool, (b) is a representative specimen from a 
specimen that was exposed to acetic acid, (c) is from a specimen that was exposed to acetic acid and then subjected 
to a thermal recovery cycle, (d) is from a specimen that was exposed to ethyl acetate, (e) is from a specimen that 
was exposed to ethyl acetate and then subjected to a thermal recovery cycle. The white dashed box in (e) 
corresponds to the image in (f). 

Exposure of PCL/TPU/PLA specimens to ethyl acetate (Figure 13e) severely plasticized the material and the 
fracture surface of the tensile specimen also exhibited a large amount of plastic deformation with fibrils 
manifesting at the end of the specimen (highlighted by the white dashed arrow). Delamination of the specimen 
also occurred (highlighted by the solid white arrow) again indicating preferential inter-raster attack. The fracture 
surface of the recovered specimen (Figure 13f) also underwent a greater amount of plastic deformation as 
compared to the control specimen, however this sample pool yielded UTS values that were greater than the 
specimens that were exposed to ethyl acetate. The relatively lower content of TPU as compared to the binary blend 
seemingly negated any strengthening effect due to an interaction with ethyl acetate. We believe the strengthening 
effect due to the recovery cycle again to be attributed to the reflow of the PCL phase. 

 

Figure 13. Fractographs of tensile specimens fabricated from PCL/TPU/PLA in a 45° raster pattern where (a) is 
from a representative specimen from the control sample pool, (b) is a specimen hat was exposed to acetic acid, (c) 
is a higher magnification image corresponding with the dashed box in (b), (d) is from a specimen that was subjected 
to a thermal revery cycle after exposure to acetic acid, (e) is from a specimen that was exposed to ethyl acetate, and 
(f) is from a specimen that was subjected to a thermal recovery cycle after exposure to ethyl acetate. 
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3.5. DMA 

DMA specimens that were exposed to acetic acid were rendered too damaged to run in the instrumentation. 
The damage was characterized by delamination and severe warping of the specimen and an example is presented 
in Figure 14. The delamination of the print layers agrees with the conclusions drawn from the SEM microanalysis 
and again indicates preferential attack at the inter raster interface. As such we can only report the effect of ethyl 
acetate exposure in terms of DMA analysis. 

 

Figure 14. Examples of the damage caused by acetic acid exposure: (a) a PCL/TPU specimen fabricated in the 45° 
raster pattern and (b) a PCL/TPU/PLA specimen fabricated in a 0° raster pattern. 

Exposure to ethyl acetate led to a decrease of the max tan δ, the ability of the material to dampen or dissipate 
energy as heat. As can be seen in Figure 15, both the PCL/TPU and PCL/TPU/PLA blends exhibited similar 
behavior at lower temperatures. However, once the temperature reached 50 °C, the effect of chemical exposure is 
observable. A somewhat surprising result was that the temperature at which the maximum temperature tan δ occurs 
was not affected by exposure to ethyl acetate, indicating that there was no effect on glass transition temperature, 
where it would be expected that this temperature would shift to a lower value. Annealing a PCL/TPU specimen 
after chemical exposure increased the max tan δ value, but not to the level of the control specimen. Signifying that 
the bulk polymer matrix was not meaningfully plasticized and that the solvent-induced damage occurred mostly 
at interfacial regions. Annealing a PCL/TPU/PLA also led to an increase in viscous response as indicated by a 
larger max tan δ value, as compared to the specimen exposed to ethyl acetate, but again, not to the level of the 
control specimen, and the level of increase was less than that observed for the PCL/TPU specimen. 

 

Figure 15. DMA results comparing baseline specimens with specimens exposed to ethyl acetate and specimens 
annealed after exposure to ethyl acetate for (a) PCL/TPU and (b) PCL/TPU/PLA for specimens fabricated in the 
0° raster pattern. 

4. Conclusions 

Exposure to heated acetic acid or ethyl acetate induced damage to additively manufactured specimens 
composed of either a binary polymer blend made from an equal part by mass mixture of PCL and TPU blend or a 
ternary polymer blend made from equal parts of PCL, TPU, and PLA. The effect of this damage could be measured 
in terms of UTS. The severity of the damage varied based blend composition, the chemical the specimens were 
exposed to, and FFF print raster pattern. Heating of the acetic acid effectively created a harsh thermochemical 
environment leading to a large amount of damage to be sustained by the specimens. In some cases, namely 
PCL/TPU exposed to ethyl acetate, chemical exposure led to a slight increase in strength as compared to control 
sample pools for specimens fabricated in both the 0° and 45° raster patterns, though the difference was not found 
to be significant when the data was subjected to Tukey-Kramer HSD test. 
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As both of these materials are known to possess robust shape memory properties and annealing has been 
found to induce crystalline domains, increasing strength [21], it was proposed that applying the same thermal 
recovery cycle used to recover specimens during a shape memory test could be used to mitigate damage induced 
by chemical and thermochemical exposure. The results of this work do show that there is the potential for 
mitigating damage associated with chemical exposure though the application of a thermal annealing schedule after 
chemical exposure. In some cases, namely PCL/TPU exposed to acetic acid and fabricated in the 45° raster pattern, 
PCL/TPU/PLA fabricated in a 0° print raster pattern and exposed to acetic acid, and PCL/TPU/PLA fabricated in 
a 45° raster pattern and exposed to ethyl acetate, the strength was recovered to a point that it was found to be 
statistically the same as the control specimen pool. This was a significant finding because samples that were subject 
to chemical exposure with no annealing schedule yielded UTS values that were significantly lower than the control 
sample pool as verified by Tukey-Kramer HSD analysis. 

Swell testing revealed that exposure to acetic acid caused mass loss for PCL/TPU specimens. The mass loss 
was significantly greater for specimens fabricated in the 45° raster pattern, indicating the ability of print raster to 
affect the uptake of chemicals for objects fabricated by FFF. FTIR-ATR analysis confirmed that acetic acid caused 
both reversible and irreversible chemical degradation in PCL/TPU and PCL/TPU/PLA blends, corroborated by 
the attenuation of ester-related C=O and C-O-C and the appearance of extensive O-H peaks due to the solvent 
treatments. The increase in N-H absorption demonstrates that TPU segments were also affected through new 
hydrogen-bonding interactions. In comparison, ethyl acetate exposure produces fewer and spectral changes, with 
the recovered sample showing peak intensities like the controls, validating that the ethyl acetate mainly induced 
physical swelling without breaking chemical bonds. The lesser degree of chemical degradation for ethyl acetate-
exposed specimens was also most-likely due to the lack of applied heat. Microanalysis of the fracture surfaces of 
spent tensile test specimens via SEM revealed preferential attack of the inter-raster interface of the additively 
manufactured specimens for both the binary and ternary blends exposed to either ethyl acetate or acetic acid. 
Further evidence that acetic acid more severely damaged both blends was the fact that the DMA specimens were 
damaged to the degree that they could not be analyzed in our instrumentation. 

Specimens exposed to ethyl acetate were able to be analyzed by DMA. Analysis revealed that exposure to 
ethyl acetate led to a decrease in max tan δ, but not the temperature at which this property was reached. Annealing 
specimens increased the max tan δ, but not to the level of control specimens in the case of PCL/TPU. In the case 
of PCL/TPU/PLA, the increase in max tan δ was also observed, but to a lesser degree. 

Though the damage to specimens was present, the ability to recover the mechanical properties of a component 
damaged by chemical exposure has been demonstrated. A facile thermal annealing process could potentially render 
polymeric components fabricated from materials with known shape memory/self-healing properties recoverable, 
thereby increasing component life and reducing the generation of polymeric waste by removing the need to discard 
a damaged component and replace it with a new one. 
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