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Abstract

The long-term storage of foam extinguishing agent may lead to metal corrosion,
which poses substantial risks to the safety and operational reliability of fire suppres-
sion systems. This study systematically investigated the performance evolution of
foam extinguishing agent interacting with aluminum alloys through accelerated aging
tests under elevated temperatures. The results showed that the aluminum alloy sur-
face underwent significant corrosion. Meanwhile, the expansion ratio of the foam
decreased by 37.46% and 12.84%, accompanied by precipitation and gelation.
Molecular dynamics simulation revealed the mechanism by which aluminum ions
coordinate and bridge with xanthan gum through electrostatic interactions, leading
to foam concentrate changes. Fire suppression tests demonstrated that prolonged
contact between the foam extinguishing agent and metal materials leads to perfor-
mance deterioration. Moreover, the aged extinguishing agent exhibited poor miscibil-
ity with water during discharge, thereby hindering the effective progression of the
fire suppression process. The findings highlight the critical importance of compatibil-
ity between foam agent and metallic material in process safety management. These
results provide a scientific basis for the full life-cycle management of foam extin-

guishing agent and the maintenance of system reliability.

KEYWORDS

foam fire suppression system, metal corrosion, process safety, storage stability, system
reliability

forming an alcohol-resistant foam

(AFFF/AR).>”

aqueous film-forming

Aqueous film-forming foam (AFFF) has been widely applied across

various industries due to its unique aqueous film-forming
characteristic.) > However, when applied to polar fuel surfaces,
AFFF dissolves immediately.* By adding polysaccharide macromo-
lecular compounds such as xanthan gum (XG) to the ordinary foam

concentrate, the dehydration effect can be effectively reduced,

Foam extinguishing agents are widely used in both indoor and out-
door environments, playing a critical role in fire suppression. Conse-
quently, the integrity of storage vessels and the effectiveness of the
agents are critical for proper maintenance and system reliability. A loss
of concentrate quality or discharge capability is therefore not only a

maintenance issue, but also a process safety issue. The storage
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containers usually include fixed tank type and portable extinguishers,
with materials commonly being carbon steel or aluminum alloy. To pre-
vent chemical interactions between the agents and container materials,
stringent design requirements have been established in various national
standards. According to the Chinese standard “Technical standard for
foam extinguishing systems” GB50151-2021, foam concentrate can
corrode carbon steel and other metallic materials, thereby affecting the
foam performance. Therefore, it is necessary to choose the appropriate
material or corrosion-resistant coating. Similarly, the NFPA 11-2024
standard requires that the pipes, valves, and other components of foam
fire extinguishing systems should all be made of suitable materials or
coated with standard specifications of coatings.g'9 However, due to cost
constraints, some storage containers exhibit insufficient coating thick-
ness, poor coating performance, or even the absence of protective coat-
ings. In addition, because the inner surfaces of storage tanks are difficult
to inspect, direct contact between the foam concentrate and the metal
container is not uncommon. Such contact can lead to continuous corro-
sion of the container and chemical contamination of the foam concen-
trate. Consequently, these degradation effects significantly reduce the
reliability of fire protection systems and increase the risk of system fail-
ure during fire emergencies.

Existing studies have indicated that corrosion is one of the primary
factors threatening the reliability of fire protection systems.’®!* There
has been considerable research on metal corrosion in foam solutions. In
these studies, the corrosion behavior of the alloys was mainly charac-
terized using weight-loss immersion tests, electrochemical polarization
measurements, and scanning electron microscopy. Previous studies
have shown that the corrosion patterns of different metals vary
depending on the type of foam solution. The corrosion rate in foam
solutions is initially high but tends to stabilize over time, with the rate
significantly increasing under high temperatures.'*'® The protein and
inorganic salt components in foam solutions promote the corrosion
process, ultimately forming a porous cover with no protective effect.®
Solvents such as hydrolyzed proteins, FeSQ,, urea, and ethylene glycol
can exacerbate corrosion on alloys by promoting cathodic hydrogen
evolution reactions and anodic metal dissolution reactions.»**° In sum-
mary, these studies have mainly focused on the corrosive effects of
foam solutions on metal, while the contamination of foam solutions by
metal has received less attention. The influence of corrosion-released
metal ions on the performance of foam solutions remains poorly under-
stood. Therefore, further investigation is needed to evaluate the contin-
ued usability of the affected solutions.

This study designed a high-temperature accelerated aging experi-
ment to simulate the long-term storage condition in which foam con-
centrate remains in contact with aluminum alloy container. Key
parameters such as surface tension and viscosity were systematically
evaluated. Molecular dynamics simulation was conducted to elucidate
the coupling mechanism between polysaccharide macromolecules and
metal ions. The findings underscore the critical role of compatibility
between foam agents and metallic materials in process safety man-
agement and provide a scientific basis for full life-cycle management,
maintenance of system reliability, and evaluation of the actual perfor-

mance of aged foam concentrate.

2 | MATERIALS AND METHODS

2.1 | Preparation of the concentrate

The formulations were prepared with the short-chain fluorocarbon
surfactants Capstone™ 1157 and Capstone™ 1470 to lower surface
tension, while sodium dodecyl sulfate and alkyl polyglucoside were
used as hydrocarbon surfactants to improve foamability. And XG was
then added as a foam stabilizer. The specific compositions are shown
in Table 1. In order to reduce the error in the experiment, the concen-
trates were uniformly prepared and then divided into portions. When
one bottle is removed during a certain cycle, it will not affect the aging

process of the other concentrates.

2.2 | Accelerated aging test Methods

Under actual conditions, aging corrosion usually takes several
years. According to the Chinese national standard GB 15308, the
prescribed storage period is 2 years for AFFF/AR and extinguishing
agents used in fire extinguishers. Products exceeding the pre-
scribed storage period should undergo annual fire-extinguishing
performance tests to determine whether they remain effective. In
practice, foam concentrates stored beyond the prescribed shelf life
are more likely to exhibit undesirable phenomena such as
corrosion-related deterioration and performance degradation.
Therefore, in this study, “long-term storage” refers to storage
beyond the prescribed shelf life. The paper designs a thermal aging
experiment at elevated temperature based on the time-
temperature equivalence principle to rapidly achieve the aging
effect equivalent to several years. Elevated temperature enhances
molecular mobility and increases the rates of relevant reactions and
mass transport processes, thereby reproducing the changes associ-
ated with long term storage within a short period.

After preparing the foam concentrates at specified ratios, alumi-
num alloy plates of identical dimensions were added to each sample,
which were then sealed. The alloy plates consisted of aluminum as the
base element (content >90%) with primary alloying elements including

TABLE 1 The formula of the foam concentrate.

Agent Function Mass fraction (%)
1157 Fluorocarbon surfactant 25

1470 2.5

SDS Hydrocarbon surfactant 0.5

APG 4

Urea Dispersant 5.7
Ethylene glycol Antifreeze 1.5

Butyl diglycol Co-solvent 10
Xanthan gum Foam stabilizer 0/1.2
Water Solvent 73.3/72.1
Total 100
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silicon, copper, magnesium, manganese, and zinc. Subsequently, the
labeled and sealed samples were placed in a constant temperature
environmental chamber set at 80°C for continuous thermal aging.
Samples were individually removed at aging periods of 8, 16, 32, 48,
and 64 days. The experimental instruments are shown in Figure 1.
After removal from the aging chamber, each sample was allowed to
cool to room temperature before testing, which minimized the influ-

ence of residual heat on the measurements.

FIGURE 1 Environmental temperature test chamber.

Foam storage tank

23 | Testing methods

According to national regulatory standards, this study systemati-
cally tested the physicochemical properties of foam concentrates
and their foam performance. The pH value and conductivity of
foam concentrates were measured using a standard benchtop pH
meter and conductivity meter. Viscosity measurements were con-
ducted using a rotational viscometer to comprehensively evaluate
the rheological characteristics of foam concentrates. Surface ten-
sion was tested using a Sigma 700 surface tensiometer on foam
aqueous solutions. All tests were repeated three times and aver-
aged to improve the stability and reliability of results. To further
evaluate the foam performance, the foam expansion ratio was
determined in accordance with the Chinese national standard GB
15308. A container with a fixed volume of 1335 mL was filled with
foam, and the expansion ratio was calculated following the stan-
dard procedure. The drainage time was measured using standard
drainage equipment, and the time required for 25% drainage was
recorded with a stopwatch to assess foam stability. The fire extin-
guishing test device is shown in Figure 2. During the test,
the prepared foam solution was charged into the system, and the
gas cylinder was opened to establish the required driving pressure,
while the discharge flow rate was regulated by a solenoid valve.
Ethanol and gasoline pool fires were employed for AFFF/AR and
AFFF. After a pre-burn period of 1 min, the foam was applied to
the fuel surface by gentle application, and the extinguishing time
was recorded.

24 | Molecular dynamics simulation configuration

In this work, two system boxes were constructed for experimental

comparison: the AC1 box containing aluminum ions and the AC2

N et
N TN
Liquid inlet

Solenoid valve

Pressure
gauge
N\

Foaming nozzle

Oil pan

Air inlet—

o

Liquid outlet

FIGURE 2 Foam fire extinguishing
test device.

b
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box without aluminum ions. Considering the mass fraction ratio
between solvent and solute, the simulated AC1 box contained 4 XG
particles with a degree of polymerization of 5 carrying 10 negative
charges, 50 aluminum ions, and 5000 water molecules. The system
was used to simulate the interaction between aluminum ions and
XG under experimental conditions, with hydroxide ions added to
the system to balance charges. In contrast, the AC2 box contained
no aluminum ions as a control group, with hydronium ions added to
balance charges, as shown in Figures 3 and 4.

The Forcite module in Materials Studio was employed to exe-
cute molecular dynamics simulation, with the PCFF force field
selected to describe atomic interactions in the system. Prior to
the dynamics simulation, each model underwent geometric
optimization to achieve an energy-minimized equilibrium state. The
total dynamics simulation time was set to 1 ns with a time step of
1.0 fs, employing an NVT ensemble with temperature control
at 353 K using the Nose method. The Ewald method was selected
for calculating electrostatic interaction summation, while the
atom-based method was chosen for calculating van der Waals
interaction summation. Here, NVT denotes the canonical ensemble,
in which the number of particles, volume, and temperature remain
constant during the simulation. And PCFF is a polymer consistent
force field used to describe the interatomic interactions in the

system.

3 | RESULTS AND DISCUSSION

3.1 |
behavior

Appearance characteristics and precipitation

The visual evolution of the aluminum surface is shown in Figure 5.
A larger sample number indicates a longer aging time. As aging
proceeds, the metallic luster of the aluminum surface diminishes
markedly. In the AFFF system, corrosion traces initially appear
mainly as dispersed discrete dots, and then develop into sheet-
shaped corrosion features over a large area. After 64 days of aging,
the coupon surface is clearly observed to be completely corroded.
Meanwhile, as shown in Figure 6, the weight of the aluminum
sheet progressively decreased during the early stage of aging but
increased after 64 days. This trend indicates that the early stage is
dominated by metal dissolution and mass loss. But in the later
period, the deposition of corrosion products results in a mass gain.
In the AFFF/AR system, localized corrosion features were also
observed on the aluminum surface, as shown in Figure 5B, and the
mass of the aluminum specimen initially decreased before gradually
stabilizing.

When the concentrate serves as the ionic conduction path, the
aluminum alloy undergoes electrochemical corrosion, and the corre-
sponding cathodic reaction can be expressed as follows:

FIGURE 3 Particle configuration and
corresponding elements.

FIGURE 4 Simulation models of the
samples: (A) AC1 (B) AC2.
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FIGURE 5 The diagram of aluminum alloy surface corrosion (A) AFFF (B) AFFF/AR.
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FIGURE 6 Mass change of the aluminum sheet during aging.

2H,0+ 26~ — Hy + 20H" (1)

At the anode, the aluminum alloy primarily experiences the oxida-
tion of aluminum. Specifically, aluminum loses electrons to form AI°+,
and the generated aluminum ions subsequently react further with spe-

cies in the concentrate.
Al— APt +3e- 2)

Experimental results indicate that direct contact between the
foam concentrate and the container accelerates corrosion. This not
only compromises the continued serviceability of the storage con-
tainer, but also reduces the operational reliability of the fire extin-
guishing system during emergency response.

As shown in Figure 7, both types of foam concentrates exhib-
ited significant changes in appearance during the aging process.
The color of AFFF gradually shifted from an initial clear light yel-
low to a turbid light brown. In addition, as shown in Figure 8, a
small amount of precipitate appeared at the bottom of the

concentrate after 32 days of aging, which may subsequently accu-
mulate in pipelines. In comparison, the AFFF/AR displayed more
drastic color changes. It deepened progressively from its original
state to a brownish hue and eventually developed large areas of
black regions, indicating that complex reactions might have

occurred internally.

3.2 | Physicochemical properties variation analysis
Figure 9 presents the changes in basic physicochemical properties of
aged foam concentrates. In terms of surface tension, both types
of foam concentrates exhibited a continuous upward trend during the
high-temperature accelerated aging. The AFFF increased from 16.738
to 17.249 mN/m, and the AFFF/AR from 16.687 to 17.260 mN/m, but
the increases for both were no more than 4%. Considering the excel-
lent thermal stability of the surfactants, no thermal decomposition
occurred at 80°C. Therefore, the slight increase in surface tension was
more likely caused by changes in the solution state rather than surfac-
tant decomposition. Elevated temperature reduced solution uniformity,
and dissolved ions disturbed the interfacial arrangement of surfactant
molecules. Together, these effects weakened surface activity.

Regarding pH values, the AFFF/AR showed an increase by 15.1%,
while the AFFF increased by 6.9%. The corrosion of aluminum alloy
led to significant changes in the hydrogen ion levels in the system,
with the overall pH exhibiting an upward trend, indicating a relative
increase in hydroxide ion concentration. At the same time, the growth
in ion concentration also drove drastic changes in conductivity. The
AFFF/AR increased by 13.4 times, and the AFFF by 8.1 times, further
proving the reaction between the concentrate and the alloy as well as
a substantial rise in the number of ions. In terms of viscosity changes, the
two formulations exhibited completely different aging behaviors. The vis-
cosity of AFFF fluctuated within a certain range, with relatively mild vari-
ations. In contrast, the viscosity of AFFF/AR sharply rose from 118.86 to
452.553 mPa-s at 32 days of aging, and subsequently, due to the trans-
formation into a gel state in the later stages of aging, its parameters could
no longer be measured using a rotational viscometer.
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FIGURE 7 Variation of foam concentrate with processing time (A) AFFF (B) AFFF/AR.

3.3 | Analysis of the mechanism governing
concentrate changes

It is noteworthy that during the aging process of the AFFF/AR concen-
trate, not only did its color change, but its physical form also trans-
formed. As shown in Figure 10, the AFFF/AR gradually transitioned from
a viscous liquid to a gel-like state as the aging time increased. At this
stage, the concentrate had essentially lost its fluidity and presented an
overall jelly-like appearance, accompanied by a pronounced ammonia
odor. This phenomenon became more evident with further aging.'®
Molecular dynamics simulation also revealed this phenomenon.
Mean squared displacement (MSD) refers to the average displacement
of particles relative to their initial positions over a given time interval.
In general, MSD increases approximately linearly with time, and the
diffusion coefficient can be determined from its growth rate to quan-
tify the mass-transport capability of molecules.” As shown in
Figure 11, the mobility of water molecules was markedly suppressed
in the system with AI**. The MSD decreased from 1.0068 to 0.868,
representing a reduction of 13.8%. The weakened diffusion capability
of water molecules suggests that the internal environment of the con-
centrate tends to become more restricted. This change at the micro-
scopic level aligns with the gelation phenomena observed in
experiments. Furthermore, the dynamic constraining effect of AI** on
the XG molecular chains was even more pronounced. In the
aluminum-containing system, the MSD curve of XG exhibited a typical
plateau region, which is a characteristic feature of hindered chain

AFFF/AR-80°C-0d0 AFFF/AR-30°C-8d AFFFAR-80°C-16d AFFF/AR-80°C-32d AFFF/AR-80°C-48d A

FIGURE 8
64 days.

Flake-like precipitates in the AFFF system aged for
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FIGURE 9 Curve of physical and chemical properties.

FIGURE 10 Morphological features of the gel.

segment motion and the system entering a state of dynamic stagna-
tion. In contrast, the MSD curve in the system without aluminum ions
remains steadily increasing. This pronounced kinetic disparity confirms
that trivalent aluminum ions effectively constrain the available space
for molecular motion. However, the specific mechanism of gelation

still requires further analysis and discussion.

3.3.1 | System energy variation analysis

Energy analysis can directly reveal the system state and reflect the form

of strong intermolecular interactions. The total potential energy is defined

as the sum of all potential energy terms in the force field. Under the same
conditions, a lower average total potential energy usually indicates stron-
ger intermolecular interactions and a thermodynamically more favorable
configuration.*® As shown in Figure 12, the total energy of the AC1
system decreased by 61613.059 kcal/mol compared to AC2. This indi-
cates that the introduced aluminum ions have stabilized the XG molecular
system through a stronger intermolecular attractive force. At the same
time, the results show that the aluminum ions significantly enhanced the
electrostatic interactions in the system, with the electrostatic energy in
the AC1 system declining by 70468.322 kcal/mol relative to the AC2 sys-
tem. In the concentrate, the aluminum ions carry a strong positive charge,
while each xanthan monomer carries two negative charges. Therefore,
there will be a significant electrostatic attraction between them, causing
the aluminum ions to cluster near the carboxyl groups of xanthan. At the
same time, in this charged system, non-covalent interactions are mainly
dominated by the electrostatic term. The enhancement of electrostatic
attraction will cause the overall non-covalent energy to shift toward a
more negative value. Furthermore, the change in bond energy reflects the
increase in the internal conformational tension of the molecule. This indi-
cates that under the influence of aluminum ions, the xanthan chain devi-
ates from its equilibrium geometric configuration, which is consistent with
the experimental results presented later.

3.3.2 | Radial distribution function and coordination
number analysis

The radial distribution function (RDF) and coordination number
(CN) are widely used to characterize the local coordination environ-
ment between interacting species.’° 22 Taking AI** as the reference
center, the experiment calculated its relative distribution with respect

to carboxylate groups and water molecules, as shown in Figure 13.
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FIGURE 11 The curve of MSD: (A) H,0 (B) XG.
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AC2
0 : :
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Non-bond -14364.677 -0986.603
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FIGURE 12 Energy distribution of the system.

For A¥-carboxylate coordination, a sharp primary peak appears at
r~2.57 A with g()~19.99. A secondary peak is also observed at
r~2.63 A with g(n~18.69. At the boundary of the first coordination
layer, the CN is 0.1, indicating that on average each AI** forms a
bridge with only a small number of carboxylic oxygen groups. In con-
trast, AI**-water exhibits a broader peak at r~2.63 A, followed by a
decay toward a minimum. The CN is approximately 3 at r = 2.63 A
and increases to about 7 at the end of the first hydration shell, indicat-
ing that AI®* is strongly solvated in the surrounding environment.

The gelation phenomenon observed in the experiments is driven
by coordination bridging between AI** and xanthan.>*> ?° Such
bridging promotes the development of a denser three-dimensional
network. In addition, electrostatic attraction facilitates chain associa-
tion and aggregation. Coordination sites on xanthan are limited, so

an excess of AI** leads to a low average CN for AI**-COO™. This

low CN can be further amplified by restricted site accessibility and
competitive hydration by water. Although the first-shell CN of AI**-
COO" is small, the extremely high near-contact g(r) indicates strong
and specific binding once contact is established. This behavior also
suggests that the gelation process is difficult to reverse. Once strong
coordination and electrostatic interactions are established between
aluminum ions and XG, simple dilution cannot readily restore the
original fluid state. This is unfavorable for the long-term storage and

emergency readiness of fire suppression systems.

3.3.3 | Conformational evolution of XG

The radius of gyration is an important parameter for characteriz-

ing the overall conformational evolution of polymer chains and
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FIGURE 14 \Variation in the radius of gyration with time.

can be used to determine whether the chains undergo contraction
or relaxation. As shown in Figure 14, the introduction of AR+
exerted a measurable influence on the conformational evolution
of XG molecules. In the aluminum-free system, the radius of gyra-
tion continuously increased, with the polymer molecular chains
gradually relaxing in the concentrate. In the aluminum-containing
system, the radius of gyration displayed a continuous downward
trend. The coordination bridging and electrostatic attraction
between APt and XG jointly drive this behavior. The continuous
decrease in the radius of gyration indicates restricted segmental
mobility, suggesting the progressive formation of a network-like
structure within the system, which in turn leads to an extreme

increase in viscosity.
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FIGURE 15 Hydrogen bonding information of the system.

3.34 | Hydrogen bonding network evolution and
interaction analysis

Hydrogen-bond analysis is used to evaluate changes in the solvation struc-
ture and to reveal whether the interactions between water molecules and
polymer functional groups are competitively affected or reconstructed by
ions. As shown in Figure 15, the hydrogen-bonding characteristics
between carboxylate oxygen atoms and water molecules are presented.
The average number of hydrogen bonds formed between carboxylate
groups and water decreases from 397.8308 to 335.7463, corresponding
to a reduction of approximately 15.6%. This indicates that the connectivity
between carboxylates and water is weakened in the presence of AP*.
However, the hydrogen-bond geometry remains nearly unchanged.
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FIGURE 16 The variation of foam performance with the aging period.

Together, these results suggest that AI** primarily reduces the number of
hydrogen bonds between carboxylates and water, rather than markedly

altering the typical geometric features of individual hydrogen bonds.

3.4 | Comparative analysis of fire extinguishing
performance

34.1 | Foaming behavior and drainage
characteristics

Foam concentrate usually needs to be mixed with water before use. For
the concentrated liquid that has already become gel-like, experiments
have found that it is difficult for it to dissolve with water to form an
effective fire extinguishing agent. To evaluate its foaming performance,
the sample was homogenized by prolonged high-speed stirring and then
allowed to stand before testing. However, complete dissolution of the
gel particles in water could not be ensured. As shown in Figure 16, the
25% drainage time for both samples remained relatively stable, even
exhibiting a slight increase. This is because metal ions can form a hydra-
tion shell, which binds water molecules and reduces their mobility in the
foam films. In addition, metal ions screen charges and decrease the elec-
trostatic repulsion between surfactant head groups, thereby enhancing
foam stability. Although the foam expansion ratio showed some fluctua-
tions, it generally showed a significant downward trend. The decline
amplitudes reached up to 37.46% and 12.84%. And the AFFF exhibited
a more pronounced degradation phenomenon. This indicates that in the
AFFF/AR solution after uniform stirring, XG plays a certain role in foam

stabilization to resist the damage caused by aging to the solution.?%%*

3.4.2 | Effectiveness of fire suppression system

A foam fire suppression system is considered effective and reliable
only when foam with fire extinguishing capability can flow through

the pipeline under pressure and be discharged successfully. The flow-
ability of the foam is closely associated with its viscosity. When the
viscosity increases, the fluidity of foam decreases markedly, thereby
weakening or even losing its ability to be effectively discharged and to
extinguish fires. Under steady state, incompressible, and fully devel-
oped flow in a circular tube, the apparent wall shear rate can be
expressed by Equation (3). The relationships among the apparent vis-
cosity and the wall shear stress are given in Equations (4) and (5). By
combining these equations, the relationship between the pressure
drop in the tube and the viscosity can be derived, as shown in

Equation (6).

. (3n+1 ﬂ, 3n+1 @ 3)
Yoo =\"an )D "\ 4n )D°
Tw
=— 4
Napp Vap ( )
APD
Ty = a0 (5)

(6)

3n+1\ 32n,5pLv  (3n+1Y 1281,,,QL
AP = =
4n D? 4n xD*

Here, 7,,, denotes the apparent wall shear rate; 7,,, is the appar-
ent viscosity; 7,, is the wall shear stress; AP represents the pressure
drop; v is the mean velocity in the tube; Q is the volumetric flow rate;
D is the inner diameter of the tube; L is the tube length; n is the flow
behavior index. Prolonged direct contact with the alloy results in a
pronounced increase in viscosity. According to Equation (6), the ele-
vated viscosity correspondingly leads to a dramatic increase in the
pressure drop along the pipeline. Moreover, the intensified pressure
loss gives rise to operational anomalies, including restricted discharge
and an inability to maintain a stable and continuous foam spray. Once
the pressure drop exceeds a critical limit, the foam concentrate can no
longer sustain flow within the tube. The aged AFFF/AR concentrate
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FIGURE 17 Representative fire extinguishing stages. (A) AFFF-0d; (B) AFFF-32d; (C) AFFF/AR-0d; (D) AFFF/AR-32d.

TABLE 2
parameters.

Fire extinguishing Medium

AFFF-0d
AFFF-32d
AFFF/AR-0d
AFFF/AR-32d

corresponds to this situation, as it has essentially lost its ability to flow
through the pipeline and to effectively extinguish fires.

To clarify the actual fire suppression efficiency of aged foam and
compare the aging effects on samples, fire suppression experiments
were conducted as shown in Figure 17. Based on the experimental
results, fire suppression tests were conducted using foam concen-
trates aged for 32 days and compared against unaged (0 day) samples.
The experiments employed a positive pressure foaming system and
scaled-down oil pans to simulate realistic fire scenarios; the device is
shown in Figure 2. As shown in Table 2, both foam solutions exhibited
a clear decline in fire suppression efficiency. The extinguishing time of
AFFF increased by 5.5%, while that of AFFF/AR increased by 16%.
Combined with the observed reduction in foam expansion, these
results indicate that the foam layer after aging became thinner and
less stable, which reduced the surface coverage area and weakened
the ability to isolate oxygen. As a result, the suppression efficiency of
the foam system decreased under the same fire conditions. Moreover,
the more severe deterioration observed in the AFFF/AR system sug-
gests that the cross linking between XG and metal ions reduced the
ability of the solution to resist dissolution by polar liquids.

In summary, the multiple uncertainties associated with storage
tank corrosion and foam agent aging can significantly reduce the oper-
ability and discharge capacity of the extinguishing agent. As a result,
the foam fire suppression system may fail to deliver a stable output
under emergency conditions, thereby weakening system reliability

and increasing process safety risks.

Fuel Injection method Fire extinguishing time
Gasoline Gentle application 31”36

33710
Ethyl alcohol Gentle application 3'24"02

3'56"72

4 | CONCLUSION

This study investigated the storage stability and performance evolu-
tion patterns of AFFF extinguishing agents in aluminum alloy con-
tainers through a high-temperature accelerated aging test system, and
employed molecular dynamics simulation to reveal the intrinsic mech-
anisms of performance degradation from a microscopic scale. The

main conclusions are as follows:

1. Corrosion of aluminum alloys can markedly degrade the perfor-
mance of foam agents for fire suppression. Under accelerated
aging at 80°C, the expansion ratios of AFFF and AFFF/AR
decreased by 37.46% and 12.84%, while both pH and electrical
conductivity increased substantially. After aging, the AFFF/AR for-
mulation containing XG underwent severe gelation and further lost
its flowability. In contrast, precipitation was observed in AFFF.

2. The simulation results indicate that the AI*+

ions released by cor-
rosion will enhance electrostatic attraction and the coordination
bridging effect with the carboxyl groups of xanthan gum. This ion-
mediated cross-linking effect restricts the mobility of molecules
and promotes the formation of the network, providing a mechanis-
tic basis for the observed rheological transition.

3. Fire suppression tests indicate that aging leads to a moderate
decline in extinguishing efficiency, whereas the formation of gels
and precipitates severely impairs the operability of the system.

Such corrosion-induced aging introduces latent failure modes that
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compromise the reliability and process safety of foam fire suppres-

sion systems.
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