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Abstract
The topographical features of fractured tensile, flexural, K1C, and impact specimens
of monolithic epoxy have been studied and correlated with mechanical properties
and surface features of samples before fracture. The topographical features studied
include waviness (Wa), roughness average (Ra), root mean square value (Rq), and
maximum roughness height (Rmax or Rz). As surface notches generate triaxial state of
stress, therefore, the crack propagation is precipitated resulting in catastrophic failure. Although surfaces can be examined before fracture for any deleterious topographical elements, however, fractured surfaces can reveal finer details about the topography. It is because, as discussed in this article, surfaces with specific topography
produce fracture patterns of peculiar aesthetics, and if delved deeper, they can further be used to estimate about the topography of surfaces before fracture. In addition, treating the samples with surfaces of specific topography can help improve the
mechanical properties of monolithic epoxy.
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1. Introduction
The tribological conservation of technical polymers, such as thermosetting epoxy, is
getting increasing interest to use them in various engineering applications [1]-[5]. To
grasp the science related to fracture mechanics and tribology, it is of prime significance
to investigate the correlations between topography and bulk features [6]. To enhance
the wear resistance of monolithic thermosetting and thermoplastic polymers, surface
coatings are employed. It is due to the thickening of crystallites in following deposition
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occludes the fissures and offers the choice to tune the topography in accordance with
the service/design needs [7]-[10]. Some coating methods are electrochemical/galvanic
deposition and thermal and plasma spraying that produce thick coatings with elevated
load bear [11].
The influence of topographical features is momentous both at micro and macro level
[12] [13]. For example, Karger-Kocsis et al. [14] have rightly stated that hairy and hierarchical reinforcements have high surface area. In addition, polymers do capillary wetting of the fillers that can significantly improve the interfacial interactions and result in
a concomitant enhancement in the mechanical properties. In addition, various attributes of the polymers can be studied from the fractography analysis of the samples [15].
The topography also becomes very important when the polymers are applied in tribological applications [16]. It is because the cracks in most of the cases originate from the
surfaces [17]. The topography plays a crucial part especially in the presence of surface
notches as they generate triaxial state of stress in the presence of which the polymers
show a marked degradation in mechanical properties, especially when the polymers are
thermosetting such as epoxy. Although micro- and nano-scale topography of polymers
and polymer nanocomposites have been discussed in detail, however, the influence of
macro-topography on mechanical properties of polymers has been overlooked, especially to correlate the fracture patterns with the topography of samples before fracture
takes place.
In current work, monolithic epoxy was treated with abrasive papers to change their
topography to correlate with mechanical properties and fracture patterns. The topographical features were studied using an Infinite Focus (G4) Alicona optical microscope. The working principle of Alicona optical microscope is focus-follow technique
which is a non-contact method. Non-contact methods are getting growingly famous to
determine topography, usually for surfaces that may undergo damage by contact methods [18] [19]. The results achieved are alike to that of stylus methods and can use
similar parameter nomenclature. Some non-contact methods can determine topography straightforwardly and briskly and can potentially be employed on the machining
instruments. The non-contact techniques have some limiting factors. For instance, in
surfaces with high slope, an inadequate power of light enters into the detector and the
focus lens starts to track falsely. Additionally, when the impure surfaces are investigated, the impurity is considered as topography as there is no extraneous force to abolish the impurities from the surface [20]. It was observed that mechanical properties of
monolithic epoxy are significantly depended upon the topographical features. In addition, the topography significantly influences the fracture patterns of the samples.

2. Experimental Section
2.1. Materials
Bisphenol A-epichlorohydrin based epoxy (density ~1.3 g/cm3) and dimethylbenzylamineisophoronediamine based low viscosity fast curing hardener with (density ~1.1
g/cm3) were employed and purchased from Polyfibre, UK. The mixing ratio of hardener: epoxy was 1:2.
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2.2. Samples Production
The hardener and epoxy were degassed for 1 h in separate beakers. The hardener and
epoxy were mixed by tip sonicator of 750 W power and 250 kHz frequency with 5 s
break, 10 s vibration, and 70% power (Vibra-cell model VC 750, USA). Then, vacuum
degassing was repeated for 15 min. The resin mixture was cast into silicone molds and
cured for 6 h at room temperature and then post-cured at 150˚C overnight. The bottom
and top surfaces of each specimen were processed with abrasive papers on rotating
wheels at 150 rpm for 1 min.

2.3. Characterization
TAn Infinite focus Alicona G4 optical microscope was employed for microscopy and to
measure topography. The working principle of the microscope is focus-follow method
which is a non-contact method. ASTM Standard D792 (Equations (1) and (2)) was used
to measure densification. The densities of water, hardener, and epoxy were 0.9975, 1.1,
and 1.3 g/cm3, respectively. Vickers microhardness was measured using Buehler Micromet II hardness tester (200 g, 10 s). The schematics of mechanical test specimens are
shown in Figure 1. Universal Testing Machine (Instron Model 3382) was used to conduct tensile test (ASTM D638, 4 mm thickness, Type-V geometry, 0.5 mm/min),
three-point bending test (ASTM D790, 3 × 12.7 × 48 mm, 1.0 mm/min), and mode-I
fracture toughness test (ASTM D5045, 36 × 6 × 3 mm, crack length 3 mm, 0.5 mm/min,
Equations (3)-(5)). ASTM standard D 6110 was used to measure Charpy impact
toughness (specimen dimensions 64 × 12.7 × 3.2 mm with V-notch of 45˚, 2.5 mm

Figure 1. Schematics of mechanical test specimens: (a) tensile; (b) three point bend; (c) Charpy impact toughness; and (d) fracture
toughness (K1C).
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depth and 0.25 mm tip of radius) using Equation (6). The weight of impactor head was
400 g and length of impactor arm was 0.4 m. SEM FEI Quanta 200 was used to study
the fractured surfaces of tensile samples to investigate the fracture patterns in the specimens. The fractured surfaces were trimmed from the samples and gold layer was employed using SC500A Emscope sputter coater.
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3. Results and Discussion
The densification values and mechanical properties are summarized in Table 1. The
variation in density values may be either yielded by treating with abrasive papers or the
specimens had different density before the processing with the abrasive papers as casting is not as reproducible as latex method [21]. The topography influenced mechanical
Table 1. Mechanical properties of monolithic epoxy with tailored topography.
Sr.
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Properties

As-cast

VC

1200 P

320 P

60 P

1

Densification (%)

99.3 ± 0.37

99.1 ± 0.31

99.2 ± 0.34

99.4 ± 0.29

99.3 ± 0.36

2

Microhardness (HV)

278.2 ± 15.2

391.2 ± 10.2

437.9 ± 11.8

335 ± 18.6

298 ± 21.7

3

Young's modulus (MPa)

748.6 ± 24.7

776.1 ± 21.3

781.6 ± 29.4

741.9 ± 33.4

726.9 ± 36.4

4

UTS (MPa)

50.2 ± 2.7

51.5 ± 2.7

54.7 ± 2.3

49.6 ± 2.9

47.3 ± 3.1

5

Tensile strain (%)

7.2 ± 1.0

7.4 ± 1.1

8.5 ± 1.3

9.1 ± 1.7

12.3 ± 2.3

6

Flex. Modulus (MPa)

729 ± 38.3

787.1 ± 25.3

797.3 ± 30.5

762.9 ± 33.5

652.9 ± 42.6

7

Flex. Strength (MPa)

68.7 ± 6.9

71.5 ± 3.8

79.9 ± 2.9

65.6 ± 4.6

63.6 ± 8.3

8

Flex. Strain (%)

5.8 ± 0.06

5.8 ± 0.29

5.9 ± 0.31

6.2 ± 0.49

6.9 ± 0.4

9

K1C (MPa.m )

1.02 ± 0.1

1.04 ± 0.15

1.04 ± 0.05

1.03 ± 0.1

1.02 ± 0.1

10

G1C (J/m )

341.5 ± 51.5

546.6 ± 42.3

620.5 ± 47.9

684.7 ± 62.8

759.6 ± 69.8

11

Charpy (kJ/m )

1.11 ± 0.15

1.15 ± 0.1

1.17 ± 0.09

1.12 ± 0.12

1.01 ± 0.2

1/2

2

2
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performance of epoxy samples. The microhardness of specimens (as-cast) is 277 HV.
When processed with velvet cloth (VC), the hardness enhanced to 392 HV (40% increase). When processed with 1200 P, hardness enhanced to 439 HV (57% increase).
This improvement in hardness values can be related to the straightening of surfaces.
High roughness values were recorded in samples (as-cast). When specimens have fluted
surface, the edge of indenter may not hit completely on edge of the sample. When the
indenter comes in contact with the flat surface, hindrance is presented by the surface
beneath and high hardness was recorded. On the other hand, when indenter comes in
contact with the corners, decreased hindrance is presented by the corners, and hence,
the hardness values decreased. In specimens processed with VC and 1200 P, smoothness enhanced or sharp sections were truncated. Hence, an increment in hardness was
recorded. The hardness degraded in specimens processed with 320 P and 60 P which
indicates that indenter bears low hindrance due to fluted topography.
The stiffness improved from 749 MPa to 776 MPa (4.1% increase) when samples
were processed with VC. The stiffness of epoxy processed with 1200 P also enhanced to
782 MPa (4.9% increase). Nevertheless, the stiffness of samples processed with 320 P
degraded to 742 MPa (1% decrease). The maximum degradation in stiffness was recorded when the specimens were processed with 60 P and degraded to 727 MPa (2.9%
decrease). The results indicate that stiffness can be improved by treating the epoxy with
VC and 1200 P and degraded by treating the samples with 320 P and 60 P. The UTS of
samples treated with VC changed from 49.8 MPa to 51.9 MPa (2.9% increase). The
maximum enhancement in UTS was recorded when samples were processed with 1200
P and UTS became 55 MPa (3.9% increase). The UTS of samples processed with 60 P
degraded to 48.9 MPa (1.9% decrease). When processed with 60 P, the UTS degraded to
46.8 MPa (4.9% decrease). The improvement in stiffness and UTS with VC and 1200 P
can be because of the straightening of surfaces as samples (as-cast) had roughness of
±14 µm. In contrary, the roughness of samples processed with VC changed between ±4
µm while that of 1200 P fluctuated between ±3 µm. Hence, modulus and strength can
be enhanced by treating the samples with VC and 1200 P. On the other hand, the
roughness of samples processed with 320 P abrasive paper fluctuated between ±20 µm
while roughness of 60 P fluctuated between ±30 µm. Therefore, roughness above ±20
µm shows deleterious impact on strength and stiffness of samples. The tensile strain increased with coarser topography which can be because of decreased strength and stiffness values. The tensile strain showed no marked variation with VC and marginally
enhanced in 1200 P. Hence, improved tensile features can be obtained when specimens
were processed with VC and 1200 P. Similar results were recorded for flexural properties.
It was observed that K1C values were unchanged. One reason can be the direction of
roughness. It was observed that roughness perpendicular to loading direction does not
significantly change the mechanical performance. The results indicate that standard
deviation is disparate for different specimens. It may be attributed to the notch tip that
was manually honed that does not replicate length and curvature of notch tip. In addition,
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the distribution, size, and volume fraction of porosity can be an additional aspect that
can affect the mechanical performance. The trend indicates that G1C improves with the
coarsening of roughness. Nevertheless, as topography did not record any marked impact on K1C, we believe that this increase in G1C is not arising from the topography. In
calculating G1C, K_1C^2 is divided by stiffness. As stiffness degraded with coarse topographical features, hence the increment in G1C is probably coming from degraded stiffness. No major difference was recorded in fracture toughness results. Nevertheless,
processing of specimens with abrasive papers recorded a marked influence on Charpy
impact results. The change in flexural stress-strain is presented in Figure 2. It is worthy
to mention that all the samples did not show the same trend as presented in Figure 2.
The average results should be taken from Figure 2. As shown in Figure 2, the epoxy
(as-cast) recorded a brittle fracture. It can be attributed to the stiffness associated with
the monolithic epoxy. In addition, existence of any porosity and notches at surface may
also contribute toward brittle fracture. When specimens were processed with VC and
1200 P, flexural modulus and flexural strength were enhanced. Nevertheless, processing
with 60 P and 320 P had deleterious influence on flexural features.
The fractography surfaces of specimens are presented in Figure 3 and Figure 4. The
as-cast epoxy showed straight bamboo-like fracture pattern indicating the occurrence
of typical epoxy brittle fracture. It is because crack bridging mechanisms are unavailable in monolithic epoxy [22] [23]. However, with the treatment with abrasive papers, a
shift in crack propagation and fracture pattern was observed. The fracture became
coarser when the samples were processed with VC and 1200 P while trenches and
straight and flat fracture patterns were recorded when the specimens were processed

Figure 2. Flex. Stress vs Flex. Strain curves of monolithic epoxy samples [24].
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Figure 3. Fractured surfaces of (a) 3PBT; (b) K1C; and (c) Charpy impact test specimens of
monolithic epoxy samples. From top to bottom: (i) as-cast, (ii) treated with VC, (iii) 1200 P, (iv)
320 P, and (v) 60 P. The length of bottom edge of each image is 800 nm.

Figure 4. Topographical features of fractured tensile samples: (a) as-cast, processed with: (b) VC; (c) 1200 P; (d) 320 P; and (e) 60 P. From
top to bottom: (i) tensile images (ii) waviness, (iii) roughness, (iv) Gaussian distribution, and (v) surface profile.
523
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with 60 P and 320 P. The fracture patterns of K1C specimens differ from those of 3PBT
specimens in a way that fracture was originated from the notch tip as the tip generated
high levels of stress concentration. Although there were no diversions in crack path in
case of as-cast epoxy, however, a bit coarser topography was recorded in samples
processed with the abrasive papers. As the displacement rate is relatively low in K1C
testing, the surface notches showed a significant impact on the topography of fracture
surfaces. However, the influence of surface notches and topographical features on fracture patterns was marginalized in case of Charpy impact testing where the samples were
suddenly impacted at the back of the notch by a heavy and pointed hammer. Sheer and
straight fracture patterns were observed in Charpy impact specimens and fracture occured right from the notch tip.
The surface waviness (Figure 4(ii)) and Gaussian distribution (Figure 4(iv)) did not
show a specific trend of change with the abrasive papers. It can be attributed to the
multiple factors affecting the fracture pattern such as size, distribution, and orientation
of surface notches. On the contrary to Wa, a specific variation in surface roughness
(Figure 4(iii)) was observed. The surface roughness of monolithic epoxy varied between ±6 µm with the presence of deep crests and troughs. With the treatment with the
VC, the surface roughness changed slightly which became pronounced in samples
processed with 1200 P. However, in samples processed with 60 P and 320 P, deep
trenches can be observed in roughness patterns (Figure 4(diii) and Figure 4(eiii)) that
may be attributed to the presence of large notches. The trenches can also be observed in
the surface profiles (Figure 4(dv) and Figure 4(ev)).
The topographical features are summarized in Figure 5. The Rz value of monolithic
epoxy (as-cast) is 7.24 µm. This Rz comes from the ravines formed due to brittle fracture

Figure 5. Topographical features of tensile specimens of monolithic epoxy samples.
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in the thermoset. The Rz values decreased when the specimens were processed with VC
and 1200 P and increased when treated with 60 P and 320 P abrasive papers. As ravines
were partially removed with 1200 P and VC, therefore, a reduction in Rz indicates that
severe surface notches present in the as-cast samples were removed by the treatment
with VC and 1200 P abrasive paper. In addition, an increase in mechanical properties
when processed with VC and 1200 P further validates the removal of deep notches. On
the contrary, in samples processed with 320 P and 60 P abrasive papers, the Rz values
increased and were even higher than those in as-cast monolithic epoxy samples. Therefore, increase in Rz values and the presence of craters and trenches indicate that both
abrasive papers 320 P and 60 P produced severe surface notches that caused the fracture. A decrease in mechanical properties when treated with 320 P and 60 P abrasive
papers further corroborates the presence of severe surface notches which act as stress
concentration sites and causes fracture. Therefore, Rz of fractured surfaces can be an
indicator of the topographical features of the samples. Apart from Rz, Ra is another important parameter to consider. The decrease in Ra with increasing Rz may seem contradicting however can be explained on the basis of observed fractured patterns and surface roughness charts shown in Figure 4. When processed with VC and 1200 P abrasive
paper, no crater was formed due to which lower Rz value was observed. In addition,
cracks were deflected quite sharply resulting in sudden variation in surface roughness
thereby increasing the Ra value. On the contrary, when treated with 60 P and 320 P abrasive papers, deep notches were present that caused fracture and increased Rz due to
crater formation. However, once cracked formed, it could not deflect much and rest of
the fractured surface remained flat thereby decreasing the Ra value. Therefore, a high
value of Ra (with low Rz value) can be on indicator of smoother samples surfaces. On
the other hand, a low value of Ra (with high Rz value) indicates the presence of deep
surface notches. A similar trend was recorded in Rq values as in Ra values. However, no
specific trend was observed in surface waviness and may not be indicative of topographical features.

4. Conclusion
The mechanical performance is a function of topography and also depends on the
orientation of topography. The topography of fractured patterns of monolithic epoxy
can be used to approximate the topography of samples before fracture. It was recorded
that epoxy (as-cast) had roughness that was decreased when processed with VC and
1200 P and enhanced by 60 P and 320 P. The highest enhancement in mechanical performance was recorded when specimens were processed with 1200 P. A high value of Ra
(with low Rz value) can be on indicator of smoother samples surfaces. On the other
hand, a low value of Ra (with high Rz value) indicates the presence of deep surface
notches. A similar trend was observed in Rq values as in Ra values. However, no specific
trend was observed in surface waviness and may not be indicative of topographical features. The fracture patterns suggest that when the surface notch goes beyond certain
severity, brittle fracture occurs. In addition, treating the samples with surfaces of specific topography can help improve the mechanical properties of monolithic epoxy.
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