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Abstract: Polylactic acid (PLA) has intrigued widespread attention as a biodegradable and envi-
ronmentally friendly polymer, and recent research has revealed that the use of porous PLA in heat
sinks for thermal management materials offers promising development potential. However, the heat
transfer performance is closely related to its structure theoretically, whether it is virgin, and how
the pore structure affects its heat transfer. Therefore, a novel approach is proposed to address this
issue by preparing porous PLA through 3D printing at low complexity and cost, the combustion
performance is employed to evaluate the heat transfer indirectly, and the higher burning speed
represents higher efficient heat transfer. A new framework is developed to investigate combustion
performance and three series of PLA with different pore structures in pore shape, size, and interval
are studied by combining experimental tests, respectively. It demonstrates that adjusting the pore
structure of PLA significantly alters its combustion performance, evidenced by significant variations
in flame growth index, which are 83% better for the 2 mm holes than the largest holes and 71% better
for the 2 mm interval than for the sparsest pore structure. Generally, it provides some experimental
basis for designing porous thermal management materials; the various pore structures generate
different combustion performances, corresponding to various heat transfer.

Keywords: pore structure; combustion performance; 3D printing; polylactic acid plastics

1. Introduction

Currently, the world is moving toward low-carbon and ecologically friendly tech-
nologies. Polylactic acid (PLA) is a biodegradable polymer material with widespread
applications, including in medicine, textiles, packaging, electronics, and automobile pro-
duction. Recent research has revealed that the use of porous PLA in heat sinks for electrical
devices offers promising development potential [1]. It has become a consensus that the
heat transfer performance of heat sinks is closely related to their structure [2,3], but it is
unclear how the pore structure affects the heat transfer of the porous PLA. The various
configurations of porous PLA generate different real-time heat-transfer properties in theory,
and this phenomenon could be employed to design high-performance, low-carbon, and
energy-efficient thermal management materials such as the battery diaphragm, radiator,
heat pipe, thermal pads, and thermal interface material. However, the heat transfer per-
formance is difficult to evaluate directly, the combustion performance provides indirect
evidence for quantitatively evaluating its heat transfer. The higher burning speed represents
higher efficient heat transfer for the pure PLA because the standard heat of combustion is
invariable while the pore structure exclusively predominates its heat transfer.

Simultaneously, the traditional molding process is not suitable for the preparation of
complex structures. Emerging 3D printing technology has four advantages over traditional
manufacturing processes [4]: (1) it allows for greater design freedom and complexity, (2) it
can enable products to be manufactured in one piece with no need for assembly, which can
improve their quality and reliability, (3) it allows for rapid production as there is no need
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to set up a bespoke manufacturing process, and (4) it can be less expensive, with lower
operating and labor costs. Therefore, 3D printing provides the precondition to explore the
effect of various configurations on the heat-transfer properties under strong thermal loads.

Meanwhile, 3D-printing parts typically have many internal pores; therefore, this can
be an advantage in some application areas [5]. In recent years, microporous structures
have now widely been used in wall insulation, military engineering, sponge city con-
struction, and catalytic fields [6]. The variation in pore structure factors in the design of
porous materials has increasingly intrigued scholars. Currently, three structural factors
of pore shape, size, and interval have been studied in the fields of mechanics [7], thermal
conductivity [8,9], sound absorption [10], and gas adsorption [11]. However, few reports
have explored the effect of various pore structures on combustion performance—this is a
significant gap in the literature, which this study aims to fill.

Consequently, this study uses 3D printing technology to construct three series of sam-
ples with varying pore shapes, diameters, and intervals for investigating their combustion
behavior. An overview of the full process of this research is illustrated in Figure 1. A
new framework for evaluating the heat-transfer properties of porous PLA with various
configurations is developed, combining 3D printing technology and combustion perfor-
mance testing. The experimental results of the cone calorimeter (CC) are the main basis
for indirectly testing the heat transfer. The main purpose of this work is to explore the
effect of various pore structures on the combustion performance of porous PLA, providing
some experimental basis for designing high-performance, low-carbon, and energy-efficient
thermal management materials.
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Figure 1. Process diagram of the entire process.

2. Experiments and Methods
2.1. Sample Preparation
2.1.1. Material

PLA was selected as the focus of this study as it has a key advantage over other
3D-printing materials. It is biodegradable—after use, it can be fully broken down by
microorganisms in nature, yielding carbon dioxide and water [12]. The carbon dioxide
goes directly into the organic matter of the soil or is absorbed by plants, so is not emitted
into the air and does not contribute to the greenhouse effect, facilitating carbon neutrality.
It also has several other positive qualities, including its versatility, durability, lightness,
corrosion resistance, ease of processing, high productivity, and low cost [13].

The material utilized in the experiment is PLA for 3D printing with a wire diameter of
1.75 mm, a density of 1.25 g/cm?, and a tensile strength of at least 60 MPa. Meanwhile, the
substance employed is nontoxic and nonpolluting during the entire experiment.

2.1.2. Sample Preparation

The materials were produced using the HORI 3D printer (Z560, Beijing Hui Tian Wei
Co., Ltd., Beijing in China). Three pieces of polymer sheets were also created for each test
using a hot-pressing and 3D-printing procedure. All samples appeared to be very uniform
and showed the same thickness. All printed models’ sizes are 100 x 100 x 5 mm? and the
depth of all holes is 4 mm. The 3D printer used in this study employs the fueled deposition
modeling procedure according to the reports [14].

Three series of PLA tests were performed with different pore structures. Table 1 lists
the sample parameters for Experiment I. Experiment I was an investigation into the heat
released during combustion for various pore-shape designs. The sample parameters for
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Experiments II and III are also shown in Table 1. Experiments II and III were intended to
delve deeper into the effects of pore size and pore interval on combustion performance.
The distance between the present hole and the closest neighboring hole is indicated by the
hole interval. For instance, a hole interval of 2 mm indicates that the gap between the hole
and the adjacent holes is 2 mm, both horizontally and vertically. In both Experiment II and
111, the pore shape was a basic square rather than hexagonal, as the printer was not capable
of creating small hexagonal holes due to resolution limitations. Meanwhile, this also means
that the hole size represents the hole width in both horizontal and vertical dimensions in
Experiments II and III. The results of Experiment II revealed that the sample with a hole
size of 2 mm exhibited the highest flame retardancy; thus, it was the default hole size in
Experiment III. A very visible and understandable graphic depiction of models of hole
depth, hole size, hole interval, and the five different pore shapes is shown in Figure 2.

18.00
13.00
%
10.80
Figure 2. The parameters and shapes of tested models.
Table 1. Sample parameters for experiments I, II, and III.
Hole Hole .o Printing Sample
Samples Pore Shape Size/mm Interval/mm Porosity/% Time/min Weight/g
Fsquare square 18 2 65 202 33.75
Fhoneycomb  honeycomb 18 2 52 233 35.67
E)I(P Frarallelogram ~ Parallelogram 18 2 47 242 36.19
Firiangle triangle 18 2 33 249 38.25
Fhexagonal hexagonal 18 2 25 301 43.71
S> mm square 1 33 414 36.11
S3mm square 1 41 320 30.25
EI);P Symm square 4 1 46 232 25.70
S5mm square 5 1 51 197 22.61
S10mm square 10 1 65 102 13.34
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Table 1. Cont.
Hole Hole N Printing Sample
Samples Pore Shape Size/mm Interval/mm Porosity/% Time/min Weight/g
Ipmm square 2 2 20 396 46.84
I3mm square 2 3 13 372 42.29
EI)I<IP' Limm square 2 4 10 348 39.68
Ismm square 2 5 6 322 35.13
Tiomm square 2 10 3 173 24.40

2.2. Experimental Method—Cone Calorimeter

A cone calorimeter (CC, Zhong Guo ZY6243, Zhong Guo Instruments, China) was
used to characterize the heat-release properties of the specimens and to measure the
real-time heatrelease rate (HRR). Testing was performed following BS ISO 5660-1:2015,
and the specimens were pretreated before testing at 70% relative humidity and 28 °C.
A 100 x 100 x 5 mm?® sample was placed horizontally on a load cell 35 mm from a conical
heater and exposed to an external radiant heat flow of 35 kW/ m?, which corresponds to
a scenario in a developing fire. The duration for collecting data was determined as 600 s
because the PLA burns out within 600 s. The CC was used to record the HRR, the time to
ignition (TTI), the peak heat-release rate (p-HRR), the time to peak heat-release rate (T}),
the total heat release (THR), and the weight loss (W) for each group of specimens in real
time during combustion, and these measurements were compared between samples [15].
Analogously, the duration for collecting data was determined as 600 s because the PLA
burns out within 600 s. Meanwhile, the PLA is easily ignited and burns out within 600 s,
no noncomplete combustion was observed. The THR was calculated by integrating the
real-time HRR because the heat release is just multiplying the HRR and the time (1 s),
which could be expressed as THR = 0600 HRR - dt in MJ-m~2.g~!. Each kind of sample
was tested three times to confirm that the p-HRR and THR values were reproducible to
within 10% and that the TTI was reproducible to within 15 %. The mean values were then
calculated for comparison between samples. Meanwhile, the flame growth index (FGI,
kW-m~2.571) and flame performance index (FPI, s:m?- kW~!) were used to assess the
combustion performance according to the following Formulas (1) and (2):

(1) The FGlis an index to assess the fire propagation; a lower FGI corresponds to lower
fire spread or weaker heat transfer.

FGI = p—HRR (1)
Tp

(2) The FPIis a measure to assess the propensity of flashover; a higher FPI corresponds
to a lower propensity of flashover, due to the reduced heat transfer.

TTI

FPl =—————
p — HRR

@)
It should be noted that the sample mass is normalized to exclude the effect of mass in
the CC tests, meaning that the tested heat-transfer parameters are the values per unit mass.

3. Results
3.1. Combustion Performance

The cone calorimeter (CC) was used to measure the combustion performance of the
porous PLA material with different pore shapes, sizes, and intervals under firing load. Each
test was carried out in triplicate to ensure that the p-HRR and T}, were reproducible within
+10%, and the mean values were used for comparisons [16]. HRR curves are shown for the
different samples in Figure 3. The T, value of a specimen is represented by the horizontal
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co-ordinate of the highest point of the HRR curve, the p-HRR is represented by the vertical
co-ordinate, and width of the HRR curve is related to dissipation of energy along time.
The broader the HRR curve, the more effective the heat dissipation and the lower the heat
transfer. Lower p-HRR values and a broader HRR curve indicate that a sample is more
flame-retarding, corresponding to reduced or diminished heat transfer.
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Figure 3. HRR curves for different pore structures. (a) Pore shape; (b) hole size; (c) hole interval.

As shown in Figure 3a, the shape of the HRR curve varies substantially with the pore
shape—the different pore shapes have different combustion performances, as expected. In
particular, the hexagonal shape exerts the optimal fireproof performance with the lowest
p-HRR and widest curve, followed by the triangle, parallelogram, honeycomb, and, finally,
square pore shapes. In contrast to square holes, the hexagonal pore shape has a 35% lower
p-HRR, which reduces the intensity of combustion.

Similarly, the curves in Figure 3b,c indicate a steady increase in the HRR curve with
increasing pore size or pore interval, a gradual “upward shift” in p-HRR, and a constant
“left shift” in T, and width of the curve. Sy mm has a p-HRR of just 6.68 kW-m2-g™ 1,
while the p-HRR for S1gmm is 2.51 times greater at 16.79 kW-m’2~g’1. This indicates that
combustion is extremely intense and material degradation is quick at a hole interval of 1
mm and a 10 mm diameter hole. The p-HRR value suddenly rises to 13.62 kW-m~2.g~1,
which is 1.97 times greater than the 2 mm interval, when the hole interval reaches 10 mm. A
conclusion that can be drawn from Figure 3b,c is that the smaller the pore size and interval,
the lower the heat transfer. The same conclusion is also reached in GS’s experiments [17].

Additionally, the combustion duration becomes longer for the samples with a hole
interval of 2 mm and hole size of 2 mm, exhibiting a “plateau” near the peak compared
with the other samples, corresponding to the slow combustion. At this point in the lower
steady state, the combustion rate was very low [18], corresponding to the diminished
heat transfer. Interestingly, the prolonged combustion duration is accompanied by the
diminished p-HRR, due to the faster heat transfer of the samples with the bigger pores.
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Because the PLA is flammable and the bigger pores provide the precondition for the heat
convection within the matrix, which benefits the heat and mass transfer. Meanwhile,
the smaller pores hardly form convection and exist only in conduction, due to the inher-
ent thermal boundary layer, which predominates the heat transfer for the samples with
smaller pores.

3.2. Smoke Production, Rate, and Temperature

Generally, the flue gas variation pattern is attributable to the fact that PLA does not
generate harmful gases such as nitrides and sulfides and instead emits CO, and H,O during
combustion [19]. Figures 4-7 show the differences in smoke output, smoke production
rate, and flue gas temperature, respectively. Furthermore, Table 2 illustrates the extent of
the smoke production area as well as the times when the mass loss exceeds 5%, 30%, 70%,
and 95%.

Figure 4a shows that the amount of smoke production varies significantly with pore
shape, with the square hole samples producing the most smoke and the hexagonal hole
samples exerting the least. In each case, after the combustion reaches its maximum rate,
the amount of new flue gas produced gradually decreases, indicating slower combustion.
However, the opposite is true for different pore sizes and intervals, as shown in Figure 4b,c,
in which the total smoke production curve increases as the pore size or interval increases,
indicating that the amount of accumulated smoke produced continues to increase even
after the combustion rate reaches its maximum.

The size of the smoke production area also changes significantly for the various pore
shape groups, with the Fpexagonal Smoke production value being 0.58 times that of the Fsquare
value, as shown in Table 2. The area of smoke production for 2 mm holes and 2 mm intervals
were only 0.57 and 0.65 times that of the worst samples in the same group, respectively. It
is, therefore, evident that hexagonal shapes, S mm, produce the lowest amount of smoke,
which is more evidence of their superior fireproof performance, corresponding to the
weaker heat transfer.
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Figure 4. Smoke production curves for different pore structures. (a) Pore shape; (b) hole size;
(c) hole interval.
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Figure 5. Smoke production rate of different pore structures. (a) Pore shape; (b) hole size;
(c) hole interval.
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(c) hole interval.
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Concluding high
fire performance
characteristics from CC
Combustion Performance Smoke Performance Combustion Parameters
- Lower smoke production
- Lower and Broader HRR curves . Lower smoke rate - Larger TTI and Tp
- Curve inflection point right and - Lower smoke temperature - Higher FPI
down - Longer time to loss mass - Lower p-HRR, FGI and AEHC
- Smaller smoke production area
- The hexagonal shape is the best fire performance
among the five shapes
- Likewise constant pore interal, pore size is inversely
proportional to fire performance
- With constant pore size, the smaller the pore interval,
the better the fire resistance
Figure 7. The characteristics of combustion performance in the CC results.
Table 2. Time variation in mass loss of different pore structures.
Samples Fsquare Fhoneycomb  Fparallelogram Friangle Fhexagonal ~ S2mm S3mm Samm S5 mm Stomm Dmm Iimm  limm Ismm  Iiomm
Tse, 52 57 61 67 73 86 75 65 52 34 80 78 73 66 48
T309 123 142 137 163 173 168 139 121 109 93 161 149 134 119 104
T70% 241 274 267 311 333 302 272 244 208 151 294 268 244 227 188
Toso, 537 558 562 587 600 600 600 564 510 488 600 600 600 578 546
Smoke
production 72.18 63.57 59.74 53.85 42.24 3241 39.43 45.38 47.83 56.40 41.18 53,57 59.74 63.85 7224
area/m?

Ts9,: 5% mass loss time.

Equally important, the smoke production rate (SPR) follows the same pattern as the
temperature change. The plots of smoke generation rates for samples with various pore
shapes are shown in Figure 5. As shown in Figure 5a, the samples with square holes present
the highest SPR peak and reach it most quickly, while the samples with hexagonal holes
have the lowest SPR peak and take the longest time to peak. As shown in Figure 5b,c, the
SPR curves move upwards and to the left as pore size and interval rise.

In addition, the flue gas temperature variation graphs in Figure 6 show that it follows
the same pattern as the total smoke output and flue gas generation rate curves, with only
minor deviations. This is because the data are processed using unit mass calculations to
exclude the dependence on mass, which reduces the magnitude of the difference in flue
gas temperatures between the various configurations.

Generally, the higher HRR is accompanied by increased SPR or smoke production,
because the PLA is flammable with released smoke, and the released heat is proportional to
the mass during firing. The faster heat transfer results in an accelerated firing, correspond-
ing to faster combustion. Therefore, Figures 3-6 are presented by the unit mass; the faster
combustion generates the higher HRR accompanied by the improved SPR with higher
smoke temperature.

Several more key factors are shown in Table 2 to provide a more complete picture of
the dynamics of different pore configurations in combustion. Full details of the relationship
between mass-loss rate and temporal variation are shown in addition to the area of smoke
formation. According to Table 2, the hexagonal-hole samples also took longer to reach
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5%, 30%, 70%, and 95% mass loss than the other samples. This once again indicates that
hexagonal holes hold the optimal fireproof performance. Table 2 also shows that the
mass loss rates alter substantially for different hole sizes and intervals, due to the varied
heat transfer.

3.3. Combustion Parameters

Table 3 shows the variations in combustion behavior across the samples by presenting
the ignition parameters (e.g., TTI, T, and p-HRR) as well as the calculated combustion
parameters, including the flame growth index (FGI) and flame performance index (FPI).

Table 3. The combustion parameter values of different pore structures.

Samples TTU/s Tp/s THR/MJ-m—2.g—1 p-HRR/kW-m—2 FPI/s-m2-kW—1 FGI/kW-m~—2.5~1
Fsquare 32 171 2.02 8.25 3.88 0.05
Froneycomb 3 208 1.88 6.52 5.06 0.03
Fparallclogram 36 230 1.85 6.17 5.84 0.03
Firiangle 39 246 1.79 5.96 6.64 0.02
Pexagonal 43 273 1.64 5.39 7.98 0.02
Sy 63 307 1.82 6.68 9.43 0.02
S5 mm 58 247 207 8.66 6.70 0.04
S4 mm 51 166 2.08 10.35 4.93 0.06
S5 44 159 213 11.58 3.80 0.07
510 mm 31 136 224 16.79 1.85 0.12
1 mm 61 298 224 6.93 8.81 0.02
13 57 260 235 7.53 7.57 0.03
T4 50 278 243 9.13 5.48 0.03
I5 mm 45 255 2.59 9.77 4.61 0.04
110 mm 39 164 2.88 13.62 3.36 0.07

The combustion behavior parameters of the samples with different pore shapes are
shown in Table 3. The combustion performance parameters from the CC measurements
demonstrate that the ignition duration increases with hole form, from 32 s (quuare) to43s
(Phexagona)- The T value ranges from 171 s to 273 s—an increase of 102 s and a significant
improvement of 60%. Furthermore, the FGI for the hexagonal holes is 0.02 kW-m~2.s~1,
which is 58% lower than the values for the square pore structure design. Similarly, the FPI
Of Fhexagonal (7.98 s-m2-kW~1) is 2.06 times higher than that of Fsquare (3.88 sm2- kW),

Correspondingly, the ignition time for the 2 mm holes is more than double that for
the 10 mm holes, T}, is 2.26 times larger, and p-HRR drops to 40%. The dependence of heat
transfer on hole interval is similar to the dependence on hole size. Although the differences
are not as significant as in the pore size group, the p-HRR value for the 2 mm interval
samples is half as good as the value for the 10 mm interval samples, and other combustion
performance parameters are better, including FGI and FPL

To better understand this section, Figure 7 summarizes the characteristics of combus-
tion performance in the CC results. The CC is widely used to evaluate the flame-retarding
performance of combustible materials as building materials, which provides the FGI, FPI,
and p-HRR for quantitatively evaluating the fireproof performance. The higher flame
retardancy corresponds to the lower FGI and p-HRR, while the higher FPI represents the
weaker heat transfer essentially. Therefore, the sample Sy, exhibits the highest flame
retardancy corresponding to the weakest heat transfer.
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3.4. Discussion
3.4.1. Impact of Pore Shrinkage

As expected, the heat transfer varies between pore-shape structural designs due to
the variation in the effective contact area perpendicular to the flow direction. In addition,
the holes in the structure are filled with air, which dilutes the combustible material and
interrupts some of the heat flow during combustion [20]. Smaller unit cell sizes may
constrain the air within the cells, preventing natural convection heat transfer between the
cells [21]. The smaller the cell size, the more uniform the temperature distribution [22],
rather than the various pressure drops, because the higher heat transfer coefficient leads to
a higher pressure drop [23]. Therefore, the convection is constricted while the conduction is
only permitted for the samples with smaller cell sizes. Our finding verifies that the smaller
pores exert slower combustion under the same firing condition, due to the weaker heat
transfer. The inherent thermal boundary region constricts the formation of heat convection
essentially. Meanwhile, the molten material could fill the pore during firing and the smaller
pores could be sealed; thus, the connection is completely constricted. But it cannot seal
the pore with bigger ones; the samples with a diameter of 10 mm generates the strong
convection with nonuniform temperature distribution, presenting the accelerated firing,
evidenced by enhanced HRR and smoke production. Consequently, the pore shrinkage is
thus better achieved when the area of the orifice in contact with the heat flow is small. The
strongest pore shrinkage effect prevents the transfer of heat and mass, thus diminishing
the heat transfer.

In addition, convection holds faster heat transfer than pure conduction, and the
diminished pore benefits restrict the formation of convection during the PLA’s burning.
Because the small pore diameter hardly forms the hot-air convection involved in the porous
PLA, the air serves as the heat-insulating layer rather than the heating medium during
single conduction. Thus, the smaller pores generate the weak heat transfer corresponding
to the enhanced flame-retarding performance. When the pore diameter increases, the
convection gradually forms and enhances, which accelerates the heat transfer significantly.

3.4.2. Effect of Vortex Heat Dissipation

During combustion, PLA undergoes a phase transition and melts, producing a highly
viscous fluid and vortex. Natural convection begins to occur as melting begins [24]. Tang
et al. [25] suggest that vorticity can be generated by the shear deformation of the fluid in
the boundary layer by the rotation of the fluid in the vortex. The discrepancies in the flow
fields of the hole arise mostly from the cavity structure and the radial pressure gradient [26].
Furthermore, there might be also interstitial heat transfer [27] for the samples with bigger
pores; the air within the cavity is driven to create rotating circles of different sizes from the
cavity interior under the action of the flow field, resulting in vortices and small swirls at
the corners of holes. The peak temperature inside a cavity rises as the radius of the rotating
circle grows [28]. This causes a significant temperature gradient between the inside and
outside of the cavity, which increases the convection velocity and the heat transfer area
and continues to raise the heat dissipation efficiency from the inside of the cavity to the
environment. It has been demonstrated that the attachment force begins to dominate as
thermal energy dissipation increases strongly, which also means that the convection rate
further accelerates [29]. Consequently, the bigger pore provides the preconditions for the
vortex formation, which is prone to enhanced temperature gradient, thus strengthening the
vortex heat dissipation, corresponding to the faster heat transfer.

4. Conclusions

This study aims to understand how different porous structures within PLA affect heat
transfer and combustion. Experimental tests reveal that altering the material’s structural
design significantly impacts its heat transfer, with specific structures exhibiting optimal
fire resistance and reduced heat transfer. Three-dimensional printing has been adopted to
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design the various porous structures of PLA, flame retardancy is employed to evaluate its
heat-transfer property indirectly, and the key conclusions are drawn as follows.

The heat-transfer behavior of PLA varies from different cavity structures constructed
by 3D printing, evidenced by the different FGI and HRR from CC testing, inferring that the
heat transfer efficiency can be adjusted by changing the physical structure of the material,
rather than adding flame retardants. Of the structures examined, those with hexagonal
holes, 2 mm holes, and 2 mm hole intervals exhibit optimal fireproof performance and the p-
HRR are only 65%, 40%, and 51% of the worst flame retardancy, respectively, corresponding
to diminished heat transfer.

The research paves the way for more efficient porous thermal management materials
and raises intriguing questions about the relationships between pore structure and combus-
tion performance. However, the next challenge is to investigate the coupling effect among
pore shape, size, and interval, exploring the influence on the heat transfer of porous PLA,
as well as the porous PLA with nonequal sections or other complex structures.
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