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A B S T R A C T

Renewable and degradable polymers have emerged in everyday applications ranging from mundane eating
utensils to high-tech medical devices. However, the current literature lacks a thorough experimental charac-
terization of the mechanical behavior change due to degradation. In this work, we characterize the microscopic
chemical changes due to photo-degradation and resulting stress effects on the mechanical behavior of cellulose
acetate, a renewable and degradable polymer that is used in various consumer products. Specifically, we photo-
degrade this polymer under (i) traction-free conditions and (ii) under applied stress. A key finding of this work
is that upon photo-degradation, this material undergoes chain scission, which affects its mechanical properties
and may be further affected by the applied stress.

1. Introduction

While petrochemical-based polymers are ubiquitous in everyday life
because of their many advantages such as low cost, high-speed produc-
tion, and high mechanical performance, modern research is focused on
replacing this class of non-sustainable polymers with renewable and
degradable polymers having similar performance during their service
life (Eerhart et al., 2012; Zhu et al., 2016; Elsawy et al., 2017; Nakajima
et al., 2017; Asgher et al., 2020).

When in service, degradable materials are prone to damage. Damage
could be caused by omnipresent environmental conditions such as
moisture, temperature, UV radiation, among others (Pasparakis et al.,
2012; Delplace and Nicolas, 2015). Consequently, it is important to un-
derstand the effect of degradation on the mechanical behavior of such
materials to mitigate unexpected failures. While all avenues of degra-
dation are equally important, we focus this work on photo-degradation,
also often referred to as photo-oxidation. Photo-degradation is a reac-
tion where UV irradiation, in the presence of oxygen, results in the
cleavage of the polymeric backbone, breaking down the polymer chain,
therefore reducing the average molecular weight (Tsuji et al., 2006).

We have chosen to use cellulose acetate in our work due to its
ubiquity and numerous applications. Cellulose-derived materials, also
known as cellulose esters, have gained a lot of interest for their many
important applications, such as in modern coatings, optical films, and
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controlled release of actives, such as drugs, chemicals, etc. These
actives could be used in various fields ranging from pharmaceutical, to
pest control, and agriculture, among others (Edgar et al., 2001; Barud
et al., 2008; Fischer et al., 2008; Galiano et al., 2018). In addition to
their wide range of applications, cellulose esters are both renewable
and degradable, making them environmentally friendly materials of
interest (Edgar et al., 2001).

The mechanisms of photo-degradation for cellulose acetate are
widely discussed in literature (Al-Abri et al., 2019; Yadav and
Hakkarainen, 2021; Parida et al., 2022), and the main reaction can
be described as follows. Upon photo-degradation, the cellulose acetate
backbone undergoes chain scission, as shown in Fig. 1, which reduces
the overall molecular weight of the original material, and results in a
smaller polymer.

There is abundant literature available on the topic of photo-
degradation in the chemical engineering community. For instance, one
may find a wide range of highly cited articles on the topic of photo-
degradation in high-impact journals, relatively unknown to mechani-
cians but widely read by chemical engineers (Celina, 2013; La Mantia
et al., 2017, and references within). Relevant to this work, Shyichuk
et al. (2001) investigated the effect of tensile stress on chain-scission
and cross-linking during photo-oxidation of polypropylene, while White
and Shyichuk (2007) derived chain-scission and cross-linking rates
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Fig. 1. Possible chain scission reaction (indicated by the dashed line) driving the photo-degradation in cellulose acetate.

of multiple polymers using gel permeation chromatography (GPC),
among others. Furthermore, there exists a substantial amount of his-
torical work dedicated to the characterization of the effect of photo-
degradation on the mechanical properties of polymers (Mai et al., 1980;
Hamid, 2000; Van de Velde and Kiekens, 2002; Tsuji et al., 2006,
and references within). In studies conducted over the last decade, Bel-
bachir et al. (2010) investigated the effect of accelerated UV aging on
polylactic acid (PLA) on both the mechanical response and chemical
structure of the degraded polymers. Rodriguez et al. (2020) studied
the effect of UV-aging on the mechanical fracture behavior of low-
density polyethylene (LDPE). Additionally, Najmeddine et al. (2022)
investigated the effect of photo-degradation on the physio-chemical
changes of LDPE.

In the previously mentioned studies that investigated changes in
mechanical properties, photo-degradation experiments were limited to
traction-free conditions. While some of these studies investigated the
effect of photo-degradation on the underlying chemistry of the poly-
mers of interest, to the best of the authors’ knowledge, there exists no
comprehensive work that addresses both stress effects and the underly-
ing chemistry simultaneously. The work of Briassoulis (2005) stands as
the singular attempt in this context, where they investigated the effect
of tensile stress on the mechanical behavior of photo-degrading LDPE
only, without addressing the underlying chemistry.

The objective of this work is to characterize microscopic chemical
changes due to photo-degradation and the resulting stress effects on the
mechanical behavior of cellulose acetate. Towards the objective, we
have conducted a comprehensive experimental program that consists
of first degrading cellulose acetate under (i) traction-free conditions,
and (ii) under applied stress, and then testing the effect of degra-
dation on the materials’ response. The tests that we perform can be
split into two groups: those that aim to uncover micro-scale chemi-
cal/molecular information and those that aim to uncover macro-scale
mechanical behavior. The tests aimed at obtaining molecular informa-
tion consist of gel permeation chromatography (GPC), thermogravi-
metric analysis (TGA), differential scanning calorimetry (DSC), and
Fourier-transform infrared spectroscopy (FTIR). These help in under-
standing the micro-scale effect of stress-enhanced photo-degradation on
the chemical structure of the material. The macro-scale experiments
consist of uniaxial tension tests to characterize the effect of stress-
enhanced photo-degradation on the macro-scale constitutive response
of the material.

The remainder of this paper is organized as follows. In Section 2,
we provide the background information required alongside the major
assumptions that underpin our experimental program. In Section 3, we
provide a summary of the photo-degradation apparatus and procedure.
In Sections 4 and 5, we present the experiments performed to obtain
micro-scale and macro-scale data, respectively. In Section 6, we sum-
marize the results and propose a potential mechanism. In Section 7, we
provide concluding remarks for this work.

2. Background and assumptions

In this Section, we provide the non-traditional background infor-
mation required alongside two major assumptions that underpin our
experimental methods in characterizing the stress effects during photo-
degradation on the mechanical behavior of cellulose acetate.

Fig. 2. Schematic of a monochromatic light attenuation as it travels through a
participating medium in a given direction denoted by the unit vector s.

Table 1
Beer–Lambert model parameters obtained from the fit in Fig. 3.
I0 (mW_cm2) � (�m*1)

2.59 0.007

2.1. Attenuation of light

As monochromatic light travels through a participating medium
in a given direction, it is well known that its amplitude attenuates,
a phenomenon based on physical observation, often called the Beer–
Lambert Law (Lambert, 1760), which can be schematically described
by Fig. 2.

This phenomenon is commonly modeled using

I(s) = I0 exp(*�s) , (1)

where I0 is the incident intensity, � the attenuation coefficient, and
s is the path length. This attenuation is relevant for photo-degradation
since the attenuation results in an inhomogeneous intensity distribution
across the sample thickness during exposure. That results in an inho-
mogeneous degradation across our sample, which must be mitigated as
much as possible for a clear interpretation of the experimental results.

Towards mitigating inhomogeneity, we first measure the incident
light intensity using a UV light meter (Omega-HHUV254SD), as well
as measuring the light intensity across cellulose acetate samples of
relevant thicknesses, as shown in Fig. 3. We observe that the light was
completely attenuated for a sample size of 254 �m, which is approx-
imately twice the size of our samples. We then fit the measurements
using (1), and Fig. 3 shows a reasonable agreement between the ‘‘Beer–
Lambert’’ model fit and experimental results. Moreover, the parameters
are tabulated in Table 1.

To the best of the authors’ knowledge, most of the existing liter-
ature tries to mitigate attenuation by reducing the thickness of the
sample (Tsuji et al., 2006; Belbachir et al., 2010; Ayoub et al., 2020;
Najmeddine et al., 2022). However, as we observe from Fig. 3, atten-
uation could be significant even for very thin samples and, therefore,
cannot be always neglected. For that reason, and towards mitigating
the inhomogeneous degradation across our samples, we use two UV
sources, one from each side, as shown schematically in Fig. 4, such
that our sample is exposed from both sides. Since light emanating from
two independent sources (such as UV lamps in our experiments) of
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Fig. 3. Light attenuation measurements along with the corresponding Beer–Lambert
model for cellulose acetate samples of varying thicknesses.

Fig. 4. Schematic of light attenuation across the sample thickness and the
approximated quasi-uniform ‘‘average intensity’’ ÑI .

intensities I1 and I2 is incoherent, when combined, leads to I(s) =
I1(s) + I2(s) (Hecht, 2002), which we approximate by an ‘‘average
intensity’’

ÑI = 1
h  

h

0
I(s) ds , (2)

where the ‘‘average intensity’’ ÑI is assumed to be quasi-uniform, result-
ing in a nearly homogeneous degradation across the thickness, as shown
schematically in Fig. 4. This is the first major assumption we make for
analysis of the experimental results.

In the case that � is a constant and does not vary in space, this leads
to the simple result

ÑI = 1
h  

h

0
I0 exp(*�s) + I0 exp

�
*�(h * s)

�
ds , (3)

which in this case leads to an average intensity ÑI

ÑI =
2I0
�h

⌅
1 * exp (*�h)

⇧
. (4)

2.2. Degradation mechanisms

All degradation experiments were conducted at a constant tem-
perature of 27 ˝C. In addition to that, since all of our degradation
experiments occurred over a short period of time, we neglect any pos-
sible degradation due to physical aging, as well as thermal oxidation,
since both are expected to happen at a relatively longer time scale
and much higher temperatures (Yousif and Haddad, 2013; Gardette
et al., 2013; Rasselet et al., 2014). Furthermore, we characterized the
mass change in our photo-degraded samples using a balance (Sartorius
Practum213-1S), and were unable to measure any mass change with an
accuracy of 0.3%, where the sample was 313mg and the balance has
an accuracy of 1mg. Therefore our second major assumption is that we
attribute any measurable change in either the micro-scale or macro-
scale behavior of cellulose acetate in this work to photo-degradation
alone.

2.3. Baseline and degraded materials

When discussing materials undergoing degradation, two terms de-
scribing the state of the material are necessary to understand — virgin
and degraded. Virgin material is a raw material without any prior
degradation and loading history, serving the purpose of establishing
a baseline behavior for comparison. Whereas degraded material is a
material that has been subjected to degradation under different condi-
tions (UV dose and stress), and is used to understand the effect of these
conditions on the materials’ response.

3. Photo-degradation apparatus and procedure

Prior to photo-degradation, commercially purchased cellulose ac-
etate film is subjected to a stress relief heat treatment for 6 h at a
temperature of 135 ˝C, followed by a slow cooling to room temperature
overnight.1 Then, tensile dog bone samples are extracted using an
ASTM D638-V cutting die. The nominal gauge section dimensions of
our samples are ˘9.52 mm long, ˘3.14 mm wide, and ˘0.114 mm
thick, though the exact dimensions of each sample are measured prior
to testing for accuracy. The grip sections are then covered by tape,
as can be seen in Fig. 5, to prevent any exposure to UV light and
thus eliminate any possible degradation to these regions. Next, samples
are gripped and exposed to UV light at a known intensity for a fixed
amount of time, commonly referred to as ‘‘UV dose’’ expressed in
mJ/mm2. We photo-degrade cellulose acetate samples using two 20 W
UV lamps (Analytik Jena XX-20S) with a wavelength � = 254 nm,
that corresponds to UVC on the UV spectrum. Specifically, the 20 W
lamps are set at a standoff distance of 0.3m, which leads to an incident
intensity of I0 = 2.5mW/cm2. In what follows, the average intensity ÑI is
used to compute the UV dose. Moreover, the chosen exposure times for
this work are four (4), eight (8), and twelve (12) hours, resulting in UV
doses of 494 mJ/mm2, 988 mJ/mm2, and 1482 mJ/mm2, respectively.

Our degradation experiments can be grouped into two categories: (i)
traction-free degradation and (ii) degradation under a constant applied
stress. For the traction-free degradation experiments, the samples are
gripped from one end, hung under their own weight, and exposed to
UV light, as shown in Fig. 5a. Those experiments provide a baseline
behavior of photo-degrading cellulose acetate. For the degradation
under constant applied stress, the samples are gripped from one end,
and known constant stress is applied from the other end, resulting
in a constant tensile state of stress, as shown in Fig. 5b. Those ex-
periments allow us to probe the effect of stress on the mechanical
behavior of photo-degrading cellulose acetate. The results from those
experiments are reported in terms of engineering stress; (i) due to

1 The cooling is uncontrolled in practice; the power was turned off, and the
oven door was not opened until the next day.
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Fig. 5. A schematic cross-section of the experimental setup used for (a) traction-free degradation, and (b) degradation under constant applied stress. Note that the UV light comes
from both sides and that the grip section is taped, represented by the black in the figure, leaving only the gauge section open to UV light.

Fig. 6. Typical GPC results showing the (a) weight average molecular weight (Mw), (b) number average molecular weight (Mn), for cellulose acetate subjected to different UV
doses and applied stress. Note that the GPC curves for all the loading scenarios are reported in Appendix A for completeness (see Figs. 17, 18, 19, and 20).

its simplicity, ubiquity, and acceptance by many other communities,
and (ii) since our current setup does not allow us to measure any
potential creep2 while photo-degrading materials under the prescribed
stress. We also note that any stress contribution due to the samples’
weight was neglected in the traction-free degradation experiments as
the samples typically weighed ˘0.025% of the smallest applied load
(1.34 lbs), and therefore is neglected. Moreover, five samples are used
in each degradation experiment, and each degradation experiment is
repeated at least once to ensure repeatability between the results.
Lastly, photo-degraded samples are used to characterize the micro-scale
and macro-scale response.

4. Experiments to obtain the micro-scale response

We perform chemical analysis and characterization tests to under-
stand the effect of stress-enhanced photo-degradation on the micro-
scale response or the chemical structure of the material. We note that
the samples used in those tests were extracted from the degraded
samples’ gauge section, with the exception of a virgin sample extracted
from raw material without any prior degradation and loading history,
as it provides us with a baseline behavior for comparison. GPC is
used to investigate changes in the molecular weight. TGA is used to
investigate the thermal stability. DSC is used to investigate the change

2 We note that in the absence of UV light there was no measurable creep
in our samples under an applied stress of 32MPa tensile for more than 12 h.

in the glass transition temperature, Tg , and FTIR is used to investigate
the change in the functional group structural information. We discuss
the details of each experiment in what follows.

4.1. Gel permeation chromatography (GPC)

4.1.1. Procedure
Gel permeation chromatography (GPC) analyses were performed

by analyzing samples in dimethyl formamide (0.5 mL/min) using a
Waters Breeze system that was equipped with a 1525 binary HPLC
pump, a 717plus autosampler, and a 2414 refractive index detector.
For separation, the samples were passed through a series of styragel
columns (Polymer Laboratories, PLgel 5 �m guard, one PLgel 10 �m
MIXED-B and one PLgel 5 �m MIXED-C column), which were kept in
a column heater at 50 ˝C. The columns were calibrated with narrow
polymethyl methacrylate standards (12) in the molecular weight range
of 800 to 2,200,000 Da. Instrument operation and data analysis were
performed using Empower software.

4.1.2. Results
Typical GPC results reporting on the weight average molecular

weight (Mw), and the number average molecular weight (Mn) are
shown in Fig. 6. For completeness, all the GPC curves are provided in
Appendix A. It is evident from Fig. 6a and b that an increase in the UV
dose leads to a decrease in both the weight average molecular weight
(Mw), and the number average molecular weight (Mn), regardless
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Fig. 7. Typical TGA weight (%) — temperature (˝C) results for cellulose acetate (a) comparing the effect of the applied stress under a UV dose of 494mJ/mm2, and (b) comparing
the effect of the UV dosage under an applied tensile stress of 32MPa. Note that the results for all the loading scenarios are reported in Appendix B for completeness (see Fig. 21).

Fig. 8. Typical TGA derivative weight (%/˝C) — temperature (˝C) results for cellulose acetate (a) comparing the effect of the applied stress under a UV dose of 494mJ/mm2, and
(b) comparing the effect of the UV dosage under an applied tensile stress of 32MPa. Note that the results for all the loading scenarios are reported in Appendix B for completeness
(see Fig. 22).

Fig. 9. (a) Typical DSC results for cellulose acetate subjected to different UV doses and applied stress and (b) the corresponding Tg results. Note that the results for all the loading
scenarios are reported in Appendix C for completeness (see Fig. 23).

of the applied stress. Further analysis of the rate of change in Mw
and Mn was conducted by fitting a line to the data for each applied
stress scenario for different UV doses, and the corresponding slope is
tabulated in Table 2. The results suggest that although the specific
applied stress might affect both theMw andMn, the overall trend of the
rate of change remains unchanged: as the UV dose increases, Mw and

Mn decrease. And since GPC results are typically relative, we refrain
from concluding about stress effects based on these results alone, and
we save such analysis for after the macro-scale tests, where we have
done a comprehensive analysis to check for statistical significance.

Moreover, the polydispersity Index (PDI), defined as Mw/Mn is
tabulated in Table 3, and it can be observed that regardless of the
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Fig. 10. ATR-FTIR spectrum for cellulose acetate subjected to different UV doses and applied stress.

applied UV dose or applied stress, the PDI value is higher than the
baseline value.

4.2. Thermogravimetric analysis (TGA)

4.2.1. Procedure
Thermogravimetric analyses were performed using a Perkin Elmer

8000 TGA to check for any possible change in the decomposition

reactions due to UV exposure and to ensure that other experiments
were performed prior to the release of volatiles. Both virgin and photo-
degraded samples were tested following a heating cycle from 30 ˝C *
400 ˝C at a rate of 10 ˝C/min, under a nitrogen atmosphere.

4.2.2. Results
Typical TGA results reporting on the weight loss and the first deriva-

tive of the weight loss of cellulose acetate, as a function of temperature,
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Table 2
Measured slope ( g/mol

mJ/mm2 ) from GPC results for cellulose acetate subjected to different
UV doses and applied stress.
Applied stress 0 MPa tensile 16 MPa tensile 32 MPa tensile

Mw slope ( g/mol
mJ/mm2 ) *55.96 *68.15 *44.92

Mn slope (
g/mol
mJ/mm2 ) *30.14 *41.53 *24.86

Table 3
PDI results, defined as Mw/Mn for cellulose acetate subjected to different UV doses
and applied stress.hhhhhhhhhhhUV dose (mJ/mm2)

Applied stress
0MPa tensile 16MPa tensile 32MPa tensile

0 (baseline) 1.72 N/A N/A
494 1.95 1.81 2.08
988 1.73 1.88 1.82
1482 1.81 1.91 1.81

Table 4
Measured slope (

˝C
mJ/mm2 ) from DSC results for cellulose acetate subjected to different

UV doses and applied stress.
Applied stress 0 MPa tensile 16 MPa tensile 32 MPa tensile

Slope (
˝C

mJ/mm2 ) *0.0079 *0.0074 *0.0068

are shown in Figs. 7 and 8, respectively. It can be observed from Figs. 7a
and 8a that for a constant UV dose of 494mJ/mm2, degradation under
stress does not affect the thermal decomposition of cellulose acetate,
while Fig. 7b and 8b show that for constant applied tensile stress of
32MPa, the thermal decomposition changes with different UV doses.
Specifically, as the UV dose increases, the curves shift to the left,
indicating that cellulose acetate becomes more susceptible to thermal
decomposition, regardless of the applied stress. We note that the same
trend for all results holds for all the loading scenarios and are reported
in Appendix B for completeness. These results suggest that only the
UV dose has an effect on the thermal decomposition temperature of
photo-degrading cellulose acetate.

4.3. Differential scanning calorimetry (DSC)

4.3.1. Procedure
Modulated DSC analyses were conducted using a TA Instruments

DSC 250 along with the Refrigerated Cooling System 40 (RCS 40).
Samples weighing 3 to 5 mg were sealed in Tzero pans with Tzero lids.
A reference pan was also sealed. Heating occurred at a rate of 5 ˝C/min
from 20 ˝C to 180 ˝C, with a 5 ˝C modulation for 60 s. Measurements
were carried out under pure nitrogen. Tg was determined by analyzing
the inflection point in the reversing heat flow curves, where a typical
curve is reported in Fig. 9a. It is noted that the results for all loading
scenarios are provided in Appendix C.

4.3.2. Results
It is evident from the Tg values shown in Fig. 9b that an increase in

the UV dose leads to a decrease in the Tg regardless of the applied stress.
Further analysis of the rate of change in Tg was conducted by fitting
a line to the Tg data for each applied stress scenario for different UV
doses, and the corresponding slope is tabulated in Table 4. The results
suggest that although the specific applied stress might affect the Tg , the
overall trend of the rate of change remains unchanged, as the UV dose
increases the overall Tg decreases. We also note that while the data
presented in Fig. 9b may suggest that the applied stress plays a role
in decreasing Tg , we save such analysis for after the macro-scale tests,
where we have done a comprehensive analysis to check for statistical
significance.

Fig. 11. Schematic showing the method to determine the yield strength using the
intersection of elastic and linear hardening slopes for a typical uniaxial experimental
result.

4.4. Fourier-transform infrared spectroscopy (FTIR)

4.4.1. Procedure
Attenuated total reflectance (ATR) FTIR measurements were con-

ducted using an Agilent Cary 670 Spectrometer coupled with a micro-
diamond ATR, to analyze the functional group structural information.
Virgin and degraded cellulose acetate films were tested under a wide
spectrum range (500 cm*1* 4000 cm*1). We note that all the samples
used in this study were tested to check for repeatability, but only one
data set for each condition is shown here for clarity.

4.4.2. Results
The FTIR results are shown in Fig. 10, displaying peaks at 603 cm*1,

898 cm*1, 1025 cm*1, 1211 cm*1, 1367 cm*1, and 1735 cm*1 that cor-
responds to OH out of plane deformation, C*H out of plane defor-
mation, C*O*C asymmetric stretching, C*O asymmetric stretching,
C*H symmetric bending, C**O bond of the ester group in the poly-
mer, respectively. At higher wavenumbers, three weak broad bands
are observed, where 2860 cm*1 and 2930 cm*1 correspond to C*H
asymmetric, and at 3465 cm*1 can be attributed to OH groups in
external absorbed water molecules, similarly to what was reported
in literature (Santos-Sauceda et al., 2021). It can also be seen from
Fig. 10 that the results exhibit similarity across different UV doses
and applied stress, which suggests that while there might be a subtle
change, the UV degradation, both under stress and traction-free, did
not significantly alter the functional groups in cellulose acetate. This
suggests that degradation is predominantly through a mechanism that
does not alter the functional groups, such as chain scission.

4.5. Discussion & summary of the experiments to obtain the micro-scale
response

We observed from the GPC results that an increase in the UV dose
leads to a decrease in both Mw and Mn, regardless of the applied
stress. Furthermore, we observed from TGA results that for a con-
stant UV dose, degradation under stress does not affect the thermal
decomposition of cellulose acetate, however, for a constant applied
stress, the thermal decomposition changes with different UV doses.
Specifically, as the UV dose increases, the curves shift to the left,
indicating that cellulose acetate becomes more susceptible to thermal
decomposition, regardless of the applied stress. Additionally, we ob-
served from the DSC results that an increase in the UV dose leads to a
decrease in the Tg regardless of the applied stress, showing agreement
with the molecular weight results (Fox and Flory, 1950). Moreover,
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Fig. 12. Typical uniaxial experimental results for load–unload tensile tests for cellulose acetate (a) comparing the effect of the applied stress under a UV dose of 494mJ/mm2, and
(b) comparing the effect of the UV dose under an applied tensile stress of 32MPa. Note that the results for all the loading scenarios are reported in Appendix D for completeness
(see Fig. 24).

we observed from the FTIR that the UV degradation, both under stress
and traction-free, did not significantly alter the functional groups in
cellulose acetate. These results suggest that upon photo-degradation,
the cellulose acetate backbone undergoes chain scission, which reduces
the overall molecular weight of the original material, and results in
a smaller polymer with higher mobility, and thus, having a smaller
Tg . And as noted previously, while both GPC and DSC results imply
that the applied stress might affect both molecular weight and glass
transition temperature, we save such analysis for after the macro-scale
experiments, where we have performed a comprehensive analysis to
check for statistical significance.

5. Experiments to obtain the macro-scale response

We perform typical uniaxial mechanical tests to understand the
effect of the stress-enhanced photo-degradation on the macro-scale
constitutive response of cellulose acetate. Specifically, uniaxial ten-
sile experiments are used to calculate relevant properties such as
nominal stress at break, nominal strain at break, Young’s modulus,
yield strength, and hardening slope for different applied stress and
UV dosages. Similarly, we also test a virgin sample extracted from
raw material without any prior degradation and loading history, as it
provides us with a baseline behavior for comparison.

5.1. Preliminaries

We define the standard nominal kinematic quantities for a uniaxial
test, where the nominal strain is defined by

" =
l * l0
l0

=
u + l0 * l0

l0
= u

l0
, (5)

and the corresponding nominal strain rate by

Ü" = Üu
l0

, (6)

where l is the instantaneous gauge length, l0 is the initial gauge length,
u is the crosshead displacement, and Üu is the crosshead velocity. We
choose to perform our experiments under displacement control and at
a constant nominal strain rate, and make use of (6) to determine the
crosshead speed.

Additionally, the nominal stress P , can be obtained by dividing the
force over the initial cross-sectional area A0

P = F
A0

. (7)

5.2. Mechanical testing

5.2.1. Procedure
We conducted uniaxial tension test at a nominal strain rate of Ü" =

10*3 s*1 using an MTS Criterion Model 43 uniaxial testing machine
at room temperature (24 ˝C).3 Prior to mechanical testing, immedi-
ately after photo-degradation, a speckle pattern is created using spray
paint, as DIC requires appropriate contrast in the image. We use a
500N load cell (MTS Model LPB.502 D) to measure the force. Addi-
tionally, we make use of the non-contact Digital Image Correlation
(DIC) software Vic2D (Correlated Solutions) that is integrated with a
digital camera (FLIR Grasshopper3) to measure the deformation in our
uniaxial tensile experiments. Our DIC data acquisition system captures
images simultaneously while taking force signal measurements, making
the deformation and force synchronized in time and thus minimizing
post-processing efforts. All the tension tests consisted of loading and
unloading the materials within their elastic limit to obtain the Young’s
modulus, followed by reloading until failure. The yield strength was
obtained using an intersection between the elastic slope and the linear
hardening slope, as schematically shown in Fig. 11.

5.2.2. Results
Typical uniaxial tension test results are shown in Fig. 12. For

completeness, all the uniaxial tension test results are provided in Ap-
pendix D.

It can be observed from Fig. 12a that for a constant UV dose
of 494mJ/mm2, degradation under various stresses has an effect on
the overall stress–strain response of photo-degrading cellulose acetate.
Similarly, it can be observed from Fig. 12b that for constant applied
stress of 32MPa, the overall stress–strain response under various UV
doses is also affected. We note that changes are observed for all the
loading scenarios but are not shown here in Fig. 12 for clarity. For that
reason, we make use of the results provided in Fig. 24 (Appendix D),
which shows a clear effect of both UV dose and applied stress on the
overall constitutive response of our material. This allows the extraction
of relevant mechanical properties, such as nominal stress at break,
nominal strain at break, Young’s modulus, hardening slope, and yield
strength. The average value of each mechanical property is reported in
Fig. 13.

Specifically, Fig. 13a shows the nominal stress at break, and it
can be observed that as the UV dose increases, the material fails at

3 While our material showed some sign of rate-dependency, we leave an
inclusion of such effects to future work.
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Fig. 13. Mechanical properties calculated as an average from the uniaxial experimental results (cf., Fig. 24 in Appendix D). (a) Nominal stress at break, (b) nominal strain at
break, (c) Young’s modulus, (d) hardening slope, and (e) yield strength, for different applied stress and UV dose. Error bars indicate the standard deviation. Note that for a UV
dose of 1482mJ/mm2 and an applied stress of 32MPa, the material was brittle, and did not show any hardening.

a lower stress, regardless of the applied stress. Fig. 13b shows the
nominal strain at break, and it can be noted that as the UV dose
increases, the strain to failure decreases, regardless of the applied stress.
Fig. 13c shows Young’s modulus, obtained by fitting a line to the elastic
unload data, where some changes due to both UV doses and applied
stress can be observed. Fig. 13d reports on the hardening slope, and
it can be observed that as the UV dose increases, the hardening slope
decreases, regardless of the applied stress. We note that for a UV dose of
1482mJ/mm2 and an applied stress of 32MPa, the material was brittle,
and did not show any hardening. Lastly, in Fig. 13e, nontrivial changes
in yield strength can be observed due to both UV doses and applied
stress.

5.3. Discussion & summary of the experiments to obtain the macro-scale
response

While Fig. 13 shows some evidence that the UV dose affects the
mechanical properties, it remains crucial to investigate if there is sta-
tistical significance due to the applied stress. Therefore, we conducted a
Wilcoxon rank sum test using the MATLAB built-in function ranksum
on each mechanical property. The comparison was made for each stress
scenario, 16MPa tensile and 32MPa tensile, against the traction-free
baseline for a fixed dose. This test aimed to check for any statistical
significance, indicated by a p-value < 0.05, and represented by an (<)
in the boxplots. The results can be seen in Figs. 14, 15, and 16.
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Fig. 14. Boxplots comparing the effect of applied stress on the (a) nominal stress at break, (b) nominal strain at break, (c) Young’s modulus, (d) hardening slope, and (e) yield
strength for a UV dose of 494mJ/mm2. Note that an (<) in the plots indicates statistical significance as a result of the Wilcoxon rank sum test (p-value < 0.05).

Fig. 14 shows boxplots comparing the mechanical properties under
different applied stress for a UV dose of 494mJ/mm2, where it can
be observed that degradation under stress has no significant effects on
most of the mechanical properties. Fig. 15 shows boxplots comparing
the mechanical properties under different applied stress for a UV dose
of 988mJ/mm2, where it can be observed that degradation under
stress has a significant effect on some of the mechanical properties.
Specifically, for a UV dose of 988mJ/mm2, degradation under an
applied stress of 16MPa tensile affects the nominal stress at break,
the hardening slope, and the yield strength, while degradation under
32MPa tensile affects the nominal strain at break, Young’s modulus,
the hardening slope, and the yield strength. Similarly, Fig. 16 shows
boxplots comparing the mechanical properties under different applied
stress for a UV dose of 1482mJ/mm2, where it can be observed
that degradation under stress has a significant effect on some of the

mechanical properties. Specifically, for a UV dose of 1482mJ/mm2,
degradation under 16MPa tensile affects the yield strength, while
degradation under 32MPa tensile affects the nominal stress at break,
nominal strain at break, Young’s modulus, and yield strength.

Based on the results described in Figs. 14, 15, and 16, it can be
observed that the mechanical properties of photo-degrading cellulose
acetate only show a statistically significant effect after a certain UV
dose is reached.

6. Summary & potential mechanism

Based on the results of the micro-scale response, described in detail
in Section 4.5, and summarized here for brevity, it was observed that an
increase in the UV dose decreasesMw,Mn, and Tg , without having any
significant effect on the functional groups in cellulose acetate regardless
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Fig. 15. Boxplots comparing the effect of applied stress on the (a) nominal stress at break, (b) nominal strain at break, (c) Young’s modulus, (d) hardening slope, and (e) yield
strength for a UV dose of 988mJ/mm2. Note that an (<) in the plots indicates statistical significance as a result of the Wilcoxon rank sum test (p-value < 0.05).

of the applied stress. Moreover, based on the results of the macro-
scale response, summarized in 5.3, it was observed that both the UV
dose and applied stress affect the mechanical properties. These results
suggest that upon photo-degradation, cellulose acetate undergoes chain
scission, similar to what was observed in other work (Tsuji et al., 2006;
Ayoub et al., 2020). Furthermore, the effect of the applied stress on
the mechanical properties suggests a concurrent mechanism, which
we postulate is related to the free volume. The free volume may be
increased due to scission (Consolati et al., 2023), which is known to
decrease the yield strength (Argon and Demkowicz, 2008).

Starting with the Young’s modulus reported in Fig. 13c, we note
that while some changes may be observed, the overall trend seems
unaffected by both UV dose and applied stress.

Moving onto Fig. 13d, we observe a decrease in the hardening
slope with increasing UV dose due to chain scission. Furthermore,

this response decrease becomes more pronounced for higher applied
stresses. The observed behavior suggests that during UV exposure,
the application of stresses results in a ‘‘less-entangled’’ microstruc-
ture and, therefore, the reduced significance of the intermolecular
interactions (Hoy and Robbins, 2006).

Lastly, the yield strength reported in Fig. 13e shows a unique
transitional behavior. For degradation under traction-free conditions,
the yield strength decreases as the UV dose increases, which is a
typical behavior expected due to chain scission (Wu and Buckley,
2004). However, for degradation at 16MPa tensile, the yield strength
is unaffected by photo-degradation. This can be attributed to the in-
creased energy due to UV which allows for creep strain while under
stress and leads to strain hardening. Therefore, the increase in free
volume due to scission is balanced by strain hardening. Additionally,
for degradation at 32MPa, the yield strength increases as the UV dose
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Fig. 16. Boxplots comparing the effect of applied stress on the (a) nominal stress at break, (b) nominal strain at break, (c) Young’s modulus, (d) hardening slope, and (e) yield
strength for a UV dose of 1482mJ/mm2. Note that an (<) in the plots indicates statistical significance as a result of the Wilcoxon rank sum test (p-value < 0.05).

increases, suggesting that strain hardening is more dominant than the
increase in free volume after a certain applied stress.

7. Conclusion

In this work, we have characterized the microscopic chemical
changes and macroscopic constitutive changes due to photo-
degradation with a focus on stress effects and the resulting mechanical
behavior of cellulose acetate.

A comprehensive experimental program was conducted, consisting
of first degrading cellulose acetate under traction-free conditions and
under applied stress prior to testing the effect of degradation on the
materials’ response. The performed tests can be split into two groups:

those that aim to uncover micro-scale chemical/molecular information
and those that aim to uncover macro-scale mechanical behavior. Based
on the results from the former set of experiments, it was observed that
an increase in the UV dose decreases both Mw and Tg , without having
any significant effect on the functional groups in cellulose acetate
regardless of the applied stress. Based on the results from the latter
set of experiments, it was observed that both the UV dose and applied
stress affect the mechanical properties. These results suggest that upon
photo-degradation, our material undergoes chain scission, which may
be further affected by the applied stress. Moreover, the unique transi-
tional behavior of the yield strength is due to a competition between
scission and strain hardening under creep conditions.
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Fig. 17. GPC dwt/d(logM) — Slice log MW curves for cellulose acetate comparing the effect of the UV dosage under traction-free degradation.

The novelty of this work lies in its comprehensive approach that
investigates the effect of photo-degradation on mechanical proper-
ties while simultaneously addressing stress effects and the underlying
chemistry.

Our future research will focus on further experimental and modeling
endeavors. Towards the experimental endeavors, it remains crucial to
investigate rate-dependent phenomena such as strain rate-dependency
and creep. Towards the modeling endeavors, we will develop consti-
tutive models that incorporate stress-coupling that can be used for
predicting photo-degradation for this class of materials, as it was shown
that the applied stress has some significant effects on the constitutive
behavior.
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Appendix A. Gel permeation chromatography (GPC) results

See Figs. 17–20.

Appendix B. Thermogravimetric analysis (TGA) results

See Figs. 21 and 22.

Appendix C. Differential scanning calorimetry (DSC) results

See Fig. 23.

Appendix D. Uniaxial tension test results

See Fig. 24.
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Fig. 18. GPC dwt/d(logM) — Slice log MW curves for cellulose acetate comparing the effect of the UV dosage on degradation under an applied stress of 16MPa tensile.

Fig. 19. GPC dwt/d(logM) — Slice log MW curves for cellulose acetate comparing the effect of the UV dosage on degradation under an applied stress of 32MPa tensile.
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Fig. 20. GPC dwt/d(logM) — Slice log MW curves for cellulose acetate comparing the effect of the UV dosage on degradation under (a) traction-free conditions, (b) an applied
stress of 16MPa tensile, and (c) an applied stress of 32MPa tensile.
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Fig. 21. TGA weight (%) — temperature (˝C) results for cellulose acetate a, c, and (e) comparing the effect of the applied stress under the same UV dose, and b, d, and (f)
comparing the effect of the UV dosage under the same applied stress.
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Fig. 22. TGA derivative weight (%/˝C) — temperature (˝C) results for cellulose acetate a, c, and (e) comparing the effect of the applied stress under the same UV dose, and b,
d, and (f) comparing the effect of the UV dosage under the same applied stress.
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Fig. 23. DSC normalized reversing heat flow (W/g) — temperature (˝C) curves for cellulose acetate a, c, and (e) comparing the effect of the applied stress under the same UV
dose, and b, d, and (f) comparing the effect of the UV dosage under the same applied stress.
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Fig. 24. Uniaxial experimental results for load–unload tensile tests for cellulose acetate a, c, and e) comparing the effect of the applied stress under the same UV dose, and b, d,
and f) comparing the effect of the UV dosage under the same applied stress.
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