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The current evaluation method cannot predict accurately the hydrolysis resistance of
sealants applied in ballastless slab track. And the degradation mechanism of sealant in
hydrolysis condition has not been researched systemically. In this paper, the hydrolysis
resistance of different sealants was researched with the aid of the self-developed direct
tensile test method. The atomic force microscope was employed to analyze the micro-
adhesion force on the surface of sealants, and thereby the correlation between macro-
behavior and the micro-mechanism of sealants during hydrolysis was established. Results
showed that the characteristics of the interface between sealants and substrates are
reduced after hydrolysis, and that sealants with higher soft-segment content have good
resistance to hydrolysis. Reduction of the bonding area after hydrolysis is also an important
factor in the reduction of the characteristics of the adhesive interface. The micro-adhesion
force of soft segments shows a fluctuating reduction tendency, and that of hard segments
reduces more significantly during hydrolysis. The micro-adhesion force has good
correlation with the maximum tensile force, but a poor correlation with failure
displacement. The maximum tensile force is proved to be an optimal evaluation index
in determining the hydrolysis resistance of sealants.

Keywords: ballastless track sealant, hydrolysis resistance, microscopic characteristic, direct tensile test,
multi-scale analysis

INTRODUCTION

The quality of sealant installation in the supporting layer joint of the ballastless track is a key factor in
the determination of its service life (Lin and Yan, 2014). Given their proper installation, sealants can
protect the rebar and edges of the supporting-layer concrete from atmospheric precipitation. The
most widely used sealant material in ballastless track is polyurethane, because its properties can be
adjusted across a wide range, and it is moderately priced (Esveld, 2003). Safety considerations obliged
discussion of the critical requirements of ballastless track maintenance, most notably the fact that the
polyurethane sealant used should serve without failing for no less than 10 years. It was emphasized
that this is a big challenge to sealant durability. Especially for sealants installed in cold areas, erosion
by water will reduce their adhesion properties with joint wall of supporting layer concrete, and cause
their loss of efficiency (Xu, 2013).

The current evaluation method of the hydrolysis resistance of sealants was imported from the
tension performance test method at maintained extension in GB/T 13477.10 (GB/T 13477.10, 2017),
but the evaluation index and testing parameters correlated poorly with service conditions. In
addition, not enough attention was given on the correlation of the mechanism and the adhesive
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property of the sealant under hydrolysis conditions (Ghosh et al.,
2018), with the result that there was a lack of theoretical support
for improving the hydrolysis-resistant properties of the targeted
sealants. Because little work has been done on the mechanism and
evaluation method of ballastless track sealants in hydrolysis
condition, experience from related field has to be referenced.

Mitchell developed a crack sealant adhesion test, based on
the direct tensile test, to measure maximum load and energy
for separation (Al-Qadi and Fini, 2011). Dannenberg (1961)
tested the adhesive performance between coating materials
and metal plate by injecting alcohol into the interface. Fini
modified this test method to assess the bonding properties of
pavement sealants (Fini and Al-Qadi, 2011). Also, Fini (2008)
conducted a sessile drop test to examine the compatibility of
sealants and specific aggregates by testing the contact angles.
Shephard employed the 180° peel test to assess the adhesion of
sealants to various substrates (Shephard and Wightman,
1996). Shuang tested the rheological behavior of sealants at
different temperatures (Shuang et al., 2016). This technique
can be used to calculate surface energy. The boiling water test is
commonly used to research the adherence of aggregate and
asphalt in the asphalt binder field (Pasandín and Pérez, 2014).
To summarize the foregoing research experience: A direct-
tensile test can simulate closely the crack expansion caused by
thermal loading (Al-Qadi et al., 2008).

Additionally, the hydrolysis mechanism of polyurethane
sealants has been researched. Most sealants installed in the
ballastless track are polyether polyurethane, which has a strong
resistance capacity to hydrolysis, due to the weak-polar of the
ether group (Zain, 2015). The polyurethane sealants’ erosion
by moisture is bi-directional: 1) Water molecules can enter the
sealant-microdefect through the open porosity of its surfaces,
which leads to the expansion of its volume, followed by
shrinkage as the air dries. This repetitive cycle accumulates
stress in the sealant body, and this results in the degradation of
sealant properties. 2) Water molecules affect the hydrogen
bond in the hard phase of the polyurethane, which causes
irreversible damage to the sealant (Kau et al., 2010). Various

microcosmic examination methods were also introduced to
characterize the micro-properties of sealants. Schön mapped
the elastic moduli distribution of polyurethane quantitatively,
using the atomic force microscope (AFM) (Schön et al., 2011).
Jiang characterized the polyurethane modified by acrylate/
nano-ZnO (for the dyeing of cotton fabrics) as scanning
electron microscope (Jiang et al., 2018). Nabulsi employed
infrared radiation to research isocyanate formation during the
assembly of rigid polyurethane foam (Nabulsi et al., 2018).
Related research experience shows that the AFMmethod could
indicate micro-structure and surface-adhesion quantitatively,
which would correlate with the developing rules of the
adhesive behaviors of sealants.

This paper aims to report the developing rules of the
adhesive behaviors of sealants under hydrolysis conditions.
The self-developed method of evaluation of the adhesive
properties of sealants is installed in the ballastless slab
track. Also, AFM is employed to quantitatively analyze
micro-structure and surface adhesion at various degrees of
hydrolysis. Last, the correlation of microscopic properties and
macro-bonding behaviors of ballastless sealants will be
discussed to represent the hydrolysis resistance mechanism.

MATERIALS AND METHODS

Adhesive Property Test Method
At low temperatures, the sealant adhesive property test is
conducted with the self-developed low temperature tensile
tester. The low temperature tensile tester could apply a
direct tensile load on specimen (seen in Figure 1A) by
pulling one end piece (seen in Figure 1B) along with the
sliding rail, and the detailed testing procedure can be seen in
Xue et al. (2020). The maximum traveling distance is 100 mm,
the maximum stretch force is 2 kN, the environmental
temperature range is −35 to 60°C, and the loading rate
varies from 3 to 200 mm/h. It was proved that the test can
meet the evaluation requirements of sealants precisely.

FIGURE 1 | Adhesive test specimen of polyurethane sealant and its failure mode: (A) failed specimen; (B) end piece.

Frontiers in Materials | www.frontiersin.org September 2020 | Volume 7 | Article 5354832

Xue et al. Hydrolysis Resistance Mechanism of Sealants

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


Regarding the climatic conditions in the service area of
sealants: The selected test temperature is −25°C. It is unrealistic
to simulate the real cracking rate in a laboratory test because
the joint movement rate of cement concrete slabs (due to
temperature drops) is about 5 × 10−5∼8 × 10−5 mm/min. Based
on previous research experience, 100 mm/h was the selected
standard loading rate (Xue, 2018).

Polyurethane Sealant Hydrolysis
Because the low intensity of the current hydrolysis test method, it
is difficult to meet the evaluation requirement of the 10-year
service life of the polyurethane sealant. According to the actual
working conditions of sealants, the highest surface temperature of
the supporting layer can be as high as 60°C in summer. In
addition, according to the water immersion test method
recommended in the GB/T 1690-2010 “Test Method for
Resistance to Liquid of Vulcanized Rubber or Thermoplastic
Rubber,” it is reasonable to determine the soaking time to be
the integral multiple of 7 days. Therefore, the specimens were
soaked at 60°C for 7, 14, 21, 28, and 35 days, respectively.

Adhesion Force
As a polymer material, the relative molecular weight of
polyurethane can be as large as 106 (Xue et al., 2020). In
addition, molecular chains of polyurethane contain a large
number of polar groups, such as the NH and –NCO groups
(Jang et al., 2002). Therefore, a Van der Waals interaction force
has an important impact on the adhesion properties of
polyurethane sealant (Bräuer et al., 2002; Zheng et al., 2006).

With the advance in material characterization methods, the
Bruker Company (United States) developed a new Peakforce
model for the AFM in 2009, and the probe periodically taps the
sample and the pN-level interaction force is measured directly by
the deflection of the cantilever in Peakforce model. Therefore, the
mechanical parameters of the sealant surface, among which
adhesion force is an important evaluation index to
characterize the Van der Waals force of materials (Tan et al.,
2020), was scanned based on the Peakforce mode of AMF after
various soaking-time lengths, and the micro-mechanism of
polyurethane sealant hydrolysis was studied. The Peakforce
mode scanning parameters are shown in Table 1. The AFM
specimen can be seen in Figure 2.

RESULTS AND DISCUSSION

Four different polyurethane sealants (SE, NI,WQ, SY) commonly
used in cold regions of China were selected for the adhesive test,
and the sealant properties can be seen in Table 2. The properties
of the tested materials meet the requirements of the current
specifications (the Provisional Technical Specification for sealant
in the Ballastless Track of the High-Speed Railway) for sealants
installed in the ballastless slab track. To study the developing rules
of sealant adhesive properties under hydrolysis condition, the
specimens were hydrolyzed at 60°C for various time lengths, and
maximum tensile forces and failure displacements were analyzed
and compared.

Maximum Tensile Force
The maximum tensile force is defined as “the peak value of the
tensile force measured in the adhesive test.” It is used to
characterize the adhesion strength of sealants to substrate. The
development of the maximum tensile force of four kinds of
sealant, after various hydrolysis time lengths, was as shown in
Figure 3.

As shown in Figure 3, the ranking from high to low of the
maximum tensile forces for the unhydrolyzed-sealants is NI >
SE > WQ > SY. Compared with the R value of sealants, the
maximum tensile force has a positive correlation with the R value.
This is because sealants with a higher R value have more hard
segments and polar groups, which leads to the higher adhesive
strength of sealants. The adhesive strength of the four sealants
decreased significantly after hydrolysis.

After 35 days of hydrolysis, the residual rate of the maximum
tensile force (the ratio of maximum tensile force before and after
hydrolysis) of the four sealants (SE, NI, WQ, and SY) was 56.6,
52.8, 63.9, and 63.4%, respectively. Compared with the R value of
sealants, the residual rate of the maximum tensile force correlates
negatively with the R value, on the whole. It can be concluded that
the residual rate of the maximum tensile force of sealants with
higher R value is smaller after hydrolysis, although the WQ
residual rate of the maximum tensile force is slightly higher
than that of SY. But the overall trend is clear. This is because the
tested sealant was polyether polyurethane. That is currently the
most widely used material. The polarity of the C–O–C group in
soft segment is weak (Li et al., 2020), so its hydrolysis-resistance

FIGURE 2 | Specimen of micro-surface force test.

FIGURE 3 | Developing tendency of maximum tensile force at various
hydrolysis time lengths.
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ability is strong. In contrast, the content of polar groups in hard
segment is relatively high, so degradation will take place
preferentially under hydrolysis.

Comparing the failure interface of the adhesive specimen
before and after hydrolysis (seen in Figure 4), it becomes
evident that the smaller adhesion area of the polyurethane
after hydrolysis is an important reason for the reduction of
bonding strength. It can be concluded that the effect of water
on polyurethane not only degrades the hard segments, but also
enters the interior of sealants along surface defects and
connecting voids. This results in sealant expansion
(Schollenberger and Stewart, 1971). After hydrolysis, the
adhesive properties of sealants reduce under the synergistic
effect of hard-segment decrease and material shrinkage.

Failure Displacement
“Failure displacement” is defined as “the displacement where the
maximum tensile force occurs.” Micro-crack within the sealant
body appears once the load-displacement curve reaches its peak
point. That eventually develops to macro-damage. The
development of the failure displacement of the four materials
under hydrolysis is shown in Figure 5.

As shown in Figure 5, the failure displacements of the tested
sealants before hydrolysis are SY, WQ, SE, NI, from high to low.
Unlike the maximum tensile index, failure displacement has a
positive correlation with the R values of sealants. This is due to the
higher content of soft segment in sealants with a smaller R value,
which determines the macro-flexibility and deformation
propensity of polyurethane (Janardhan et al., 1994). After
hydrolysis, the failure displacement of the four sealants
decreased significantly. The residual rate of failure displacement
(the ratio of failure displacement after a 35-day hydrolysis to initial
failure displacement) of NI was the smallest (22.4%) of all. As
already noted, the maximum tensile force results indicated that
hydrolysis has the severest effect on the adhesive force of sealants
with the largest R value. In the light of the failure displacement
results, it can be concluded that hydrolysis acts mainly on the hard
segment of polyether polyurethane.

In addition, the average coefficients of variation of the
maximum tensile force and failure displacement measured

during the hydrolysis of the four sealants are 12.5 and 19.6%,
respectively. It can be said that the stability of the maximum
tensile force index is better than that of the failure displacement.
This is because the micro-defects within the sealant body result in
stress concentration if sealants are applied as an exterior load. The
random spatial distribution characteristics of micro-defects in
sealants may cause the poor stability of the failure displacement
index (Brünig et al., 2014; Qiang et al., 2018).

Micro Adhesion Force
According to the AFM scanning results, the microphase
separation characteristics of polyurethane lead to the various
micro-elevations on the surface of sealants. The elevation of the
soft segment is lower, and that of the hard segment is higher
(2,930). To analyze quantitatively the development characteristics
of the adhesion forces of the soft and hard segments during
hydrolysis, the AFM scanning results were analyzed
mathematically. The elevation of each scanning point was
analyzed independently, and recorded as soft segment in the
range 0–20% of the total elevation, and as hard segment in the
range 80–100%. As the developmental rules of average adhesion
force, the soft and hard segment adhesion force of sealant (after
various hydrolysis times) were observed by PeakForce mode
based on the AFM, as shown in Figure 6.

As shown in Figure 6A, the overall micro-adhesion force on
the surface of polyurethane tends to decrease, indicating the Van
der Waals force decrease during hydrolysis. Figures 6B,C shows
that the adhesion force of soft segments has a trend of fluctuating
decrease during hydrolysis, and that the hard segments decrease
more significantly. It can be concluded that hydrolysis affects
mainly the hard segments. In addition, it can be seen in Figure 6B

TABLE 1 | Peakforce mode scanning parameters.

Scanning speed Scan range Pre-pressure Probe type Probe pressure Probe material K value

0.999 Hz 10 × 2.5 μm 300 MV Multi75Al 20 nN Silicon 0.3

TABLE 2 | Sealant properties.

Investigation city Shenyang Shuangcheng Zhaodong Harbin

Sealant type NI SY SE WQ
Average temperature in
January (°C)

−17 −24 −27 −24

Train speed (km/h) 250 250 200 250
Service time (year) 5 5 1 5
Joint dimension (cm) 2 × 2 2 × 2 2 × 2 2 × 2
Isocyanate index (R value) 3.5 1.7 2.8 2.5

FIGURE 4 | Comparison of failed interface before and after hydrolysis.
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that for the four sealants tested in this study, the adhesion force of all
the soft segment increases after 14-days of hydrolysis. Consistently
with the failure displacement test results shown in Figure 5 (which
was affected mainly by soft segment) the trend of NI and SY to

decrease slowed down when hydrolyzed for 14 days. The soft
segments of polyether polyurethane have strong hydrolysis
resistance. Short-term hydrolysis may improve the crosslinking
level of polyurethane, but degradation plays a dominant role
after long-term hydrolysis. Under the effect of this competitive
mechanism, the developing rules of soft segment fluctuate.

Correlation Between Macro-Micro
Properties of Sealants
To research the relationship between the macro- and micro-
properties of sealants, a correlation analysis of the residual rate of
the average adhesion force in AFM scanning results, and that of
maximum tensile force/failure displacement in direct tensile test
during hydrolysis, is as shown in Figure 7.

It can be seen in Figure 7 that the adhesion force measured by
AFM has a good correlation with the maximum tensile force
index (of which R2 could be as large as 0.8678 in fitting analysis)
but a poor correlation with the failure displacement index. In
addition, it can be concluded that intermolecular force is an
important micro-mechanism affecting the macro-adhesive

FIGURE 5 | Development of failure displacement at various
hydrolysis times.

FIGURE 6 | The developmental rules of adhesion force in various domains during hydrolysis: (A) average adhesion force; (B) adhesion force of soft segment; (C)
adhesion force of hard segment.
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properties of the polyurethane sealant. And the maximum tensile
force was proved to be an optimal index in evaluating the
developing rules of sealants’ adhesive interface during hydrolysis.

CONCLUSION

The adhesive properties of sealants applied in ballastless slab
track were researched using the direct tensile test after hydrolysis.
Maximum tensile force and failure displacement were analyzed as
the evaluation indices. In addition, the micro-adhesion force on
the surface of sealants was tested on the PeakForce mode of the
AFM after hydrolyzation. Regression analysis was employed to
correlate the macro-bonding behavior and the micro-adhesive
mechanism. The main conclusions can be summarized as follows:

(1) For the unhydrolyzed-sealants, the R value has a positive
correlation with adhesion strength, and a negative
correlation with failure displacement. The adhesive
characteristics of sealants reduced after hydrolysis.
Hydrolysis acts mainly on the hard segment of polyether
polyurethane. Reduction after hydrolysis of the adhesion
area between sealants and substrates is also an important
cause of the decrease in bonding strength. The stability of
maximum tensile force is better than that of failure
displacement.

(2) The overall adhesion force, tested by AFM, on the surface of
sealants tends to decrease. This indicates that the Van der
Waals force decreases during hydrolysis. The adhesion force
of soft segments shows a trend of fluctuating decrease during
hydrolysis, and that of hard segments, a significant decrease.

Short-term hydrolysis may improve the crosslinking level of
sealants, because it strengthens the bonding interface
between sealants and substrates. But degradation plays the
dominant role after long-term hydrolysis.

(3) The adhesion force tested on the AFM has a good correlation
with the maximum tensile force, but a poor correlation with
failure displacement. Intermolecular force is an important
micro-mechanism affecting the macro-adhesive properties of
the polyurethane sealant. The maximum tensile force is
proved to be an optimal evaluation index when
determining the hydrolysis resistance of sealants in the
direct tensile test.
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