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The mechanical characteristics of a paraffin–vegetable oil material and the compressive behavior of the powder
stemming from this material were used to estimate the resistance of the compressed samples. The compressive
behavior of powders under the low pressure range (1–2MPa) applied in the candle industry was investigated in
order to predict the tensile strength of the compressed samples. Compressive behavior was evaluated under
lab conditions similar to those practiced in the candle industry. Compressive behavior of the powders, which
represents the resistance of the particles to rearrangement during the packing step, Kp (30.98 ± 1.20 kPa of
the mixture M1), was positively correlated to tensile strength of the compressed samples, σt (175.46 ±
3.61 kPa of mixture M1). Tensile strength of the compacts was also related to the mechanical properties of the
raw material: high tensile strength was linked to low ductility (γMR), high mechanical strength (RMR) and high
Young's modulus (E) of the material. Formulation—particularly the presence of a lubricant of mineral (0.52%)
and vegetable (44.1%) origin in mixture M5—was found to strongly influence the mechanical properties of the
compressed samples (σt = 115.52 ± 2.42 kPa).
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1. Introduction

The paraffin wax obtained from refining oil finds a wide range of
applications in industry, medicine, and food, and is the main material
used in compression-based candle manufacture. However, despite
being in widespread use, the behavior of paraffin as a powder in
compression has never yet been studied. Furthermore, research into
alternative renewable materials of vegetable origin is thriving as the
candle market looks for more sustainable sources. Several patents
[1–3] state that the combination of alternative materials with paraffin
wax has to meet the physical characteristics required, including
controlled melting points, high malleability, low fragility, and high
chemical stability. Vegetable oils of different origins (e.g. palm oil,
rapeseed oil and olive oil) are candidates for mixing with paraffin,
and the use of vegetable oils derived from vegetable waste is also
described in certain patents [4]. In order to incorporate alternative
materials in the candle, one has to verify their compatibilitywith a com-
plex mechanical process, i.e. compression, to guarantee the quality of
the final candle product.

The compression process is widely used in many industrial sectors,
from pharmacy and metallurgy to cosmetics and foods. The success of
. Dunchych).
the compression is related to the mechanical properties of the material
[5–6] and of the powder bed, i.e. the ability of the powder to decrease
in volume under pressure (compressibility) [7–11] and form a cohe-
sive compact by densification (compactibility) [12–13], the transmis-
sion of forces through the powder volume [14–15], the mechanism
involved in the cohesion of the tablet (solid bridges, forces of attraction,
entanglements) [16–17], and inter-particle/wall friction during the
compression [18–20]. All these parameters play an important role in
the formation of a cohesive compressed sample.

The mechanical properties of the materials themselves, such as the
ductile or brittle character of the material and its hardness/softness
characterized by Young's modulus [21–26], also have to be taken into
account. These parameters depend on the nature of the forces involved
and the structure and purity of the material.

The behavior of the powder in compression is critical in the for-
mation of the compressed sample. During compression, with the in-
crease of the pressure, the powder undergoes intensive densification
and the powder particles move together to generate cohesive forces
[17,19,27]. Many studies have focused on the relationship between
relative density of the powder and compaction pressure, considered
as defining the compressibility of a material, and several models
have been developed and modified to characterize the compressibility
of powders [7–11,28]. When compression starts, the particles rear-
range themselves by sliding and rotating to form a denser stack, thus
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Table 1
Composition and characteristics of the five mixtures. Mean ± standard deviation.

Mixture Composition Melting
point (°C)

Density
(g/cm3)

% Paraffin
(fully and semi)

% Vegetable
oil

% Mineral
oil of the
blend

M1 84.1 15.9 0.48 54.27 ± 0.23 0.92 ± 0.002
M2 55.9 44.1 0.32 49.43 ± 0.41 0.93 ± 0.002
M3 70 30 0.53 48.10 ± 0.15 0.92 ± 0.002
M4 84.1 15.9 0.78 52.45 ± 0.32 0.91 ± 0.001
M5 55.9 44.1 0.52 49.56 ± 0.67 0.93 ± 0.003
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increasing the number of connection points between the particles
[7–8,10–11]. With the increase in pressure, at the end of the packing
step the particles cannot slide further and undergo deformations ac-
cording to their mechanical characteristics [7–8,17,29–33]. The specific
energy required during compression is related to the densification of
the powder and depends mainly on pressure range and the physical
properties of the material [34–36].

The tensile (or breaking) strength of compressed samples depends
on the nature and intensity of the inter-particle bonds, and the contact
surface between the particles. Comparisons of various materials are
generally based on destructive tests [37–42]. Many studies have been
carried out to understand the mechanisms of rupture of the com-
pressed samples and to define the influence of various parameters on
material strength. Several studies have investigated the relationship
between tensile strength and the properties of the compressed sam-
ples, including compaction behavior, porosity, particle size, and parti-
cle shape [43–50]. Concerning the shape and surface of the grains,
the more the grains are rough and irregularly shaped, the stronger
the forces of inter-particle friction, which promotes the formation of
solid bridges and improves the strength of the compressed samples
[43–44,49].

Another factor contributing to the mechanical strength of the
compressed sample is the presence of lubricant. The role of lubricants
used in the manufacture of pharmaceutical tablets is to reduce
the friction of the matrix walls and avoid powder sticking to the
punches, and to improve the transmission of pressures in the volume
of the powder bed by reducing the friction between the particles
[51–55]. Although these parameters can improve the compression
characteristics, they can also have negative effects on the quality of
the grains, and especially on the mechanical strength of the samples
[56–61].

The objective of this study was to provide a thorough understand-
ing of the formation of a cohesive compacted sample from paraffin/
vegetable substitute powders, and to define the predominant factors
that explain the tensile strength of the compressed samples. The
study was performed in three steps: (i) study of the mechanical char-
acteristics of the material (deformation capacity and mechanical
strength of the material, Young's modulus); (ii) study of the formation
of the compressed samples (the compressive behavior of the powders)
and energy requirements; (iii) determination of the tensile strength of
the compressed samples. Particular emphasis was placed on the step of
packing under low pressure, where rearrangement of the particles
is the dominant behavior. The influence of formulation (paraffin and
vegetable substitute) and presence of lubricant in the formulation
was studied in the three characterization steps.

The main purpose of this studywas to produce compressed samples
with the highest tensile strength while working in low pressure ranges
(up to 2 MPa) used in candle manufacture.
Fig. 1. Experimental area of the second-order central composite design.
2. Materials and methods

2.1. Materials

Two types of paraffin and a transformed vegetable oil (stearin)were
used: fully-refined paraffin containing 0.5% mineral oil (defined by
standard method ASTM D 721) and semi-refined paraffin containing
1%. The paraffin predominantly contains linear hydrocarbons with a
carbon chain distribution of C18–C40 (based on GC analysis on an
Agilent 7820A system, Santa-Clara, CA, USA). The stearin is composed
of free fatty acids, i.e. 50% palmitic acid and 50% stearic acid (based
on GC analysis on an Agilent 7820A system, Santa-Clara, CA, USA).
Five mixtures (M1-M5) formulated by the experimental second-order
central composite design realized by Statgraphics Centurion 17.1.06
(Graphics Software System, STCC, Inc. USA.) were used in our study, as
illustrated in Fig. 1.

The composition and characteristics of the blends are given in
Table 1. Melting point of the mixtures varied between 48 and 54 °C
Fig. 2. a) 3-point bending dual cantilever device (TA Instruments Q800 DMA); b) Scheme
of dual cantilever device used for rupture test.
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(measured by differential scanning calorimetry (DSC) on a TA Instru-
ments Q100 V9.9 system, New Castle, DE, USA). The true density, ρs,
at 25 °C (measured with an AccuPyc 13,330 helium pycnometer,
Micrometrics Ltd., Dunstable, UK) was very similar between blends, at
0.91–0.93 g/cm3.

The mixtures were first molten, then transformed into powders
by spraying onto a cooled roller, and finally compressed to a compact
sample. This process yielded the solid matter under several forms: as a
raw material, as a powder, then as a compressed sample.
Fig. 5. Principle of the tensile strengthmeasurement of the compressed samples: a) before
testing; b) after testing.

Fig. 4. a) Compression mold to form the sample; b) Compressed sample with Teflon disks
used during compression.
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2.2. Methods

2.2.1. Mechanical properties of the material
In order to determine the properties of the raw materials, the

powders were melted, cooled, and cut into rectangular slices of
4 × 65 × 12 mm.

Characterization of the mechanical properties of the material was
carried out with a TA Instruments Q800 DMA (Dynamic Mechanical
Analysis) instrument (Waters, USA) using the dual cantilever device
[23–25]. As illustrated in Fig. 2, in this type of measurement, called
3-point bending, the sample is fixed at both ends and the middle of
the sample is also attached to the moving driver. In this mode, the sam-
ple is subjected to increasing deformation from 1 μm to 400 μm ampli-
tude in logarithmic mode under oscillating conditions (1 Hz) until
rupture. Six replicates were performed for each blend.

As shown in Fig. 3, four characteristics of thematerialwere obtained:
Young's modulus, E, at low strain (0–0.5%); stress at rupture, RMR; strain
at rupture, γMR; and strain at 20 kPa, γM (Fig. 4).

2.2.2. Characterization of the powders
Particle-size distributions were measured by laser diffraction

(Malvern MasterSizer 2000, Malvern Instruments, UK) using a dry
Table 2
Particle size distribution of the five mixtures (n = 3). Mean ± standard deviation.

Mixture Particle size distribution

D50 (μm) Span

M1 1151.9 ± 43.5 1.17 ± 0.03
M2 1121.2 ± 21.7 1.11 ± 0.03
M3 1117.9 ± 47.7 1.18 ± 0.02
M4 1162.5 ± 27.3 1.19 ± 0.03
M5 1448.1 ± 56.9 1.15 ± 0.03
dispersing unit [16]. Three replicates of each sample were measured.
Median diameter D50 was determined, and the particle size distribution
was characterized by the span, calculated according to Eq. (1):

Span ¼ D90−D10=D50ð Þ ð1Þ

Morphology of the individual grains of powder as well as the com-
pressed sample was examined by scanning electron microscopy (SEM,
Jeol JSM-7600F, Japan). The samples were deposited on a carbon ribbon
and coated with a gold palladium layer for 4 min using a sputtering
apparatus (S150 Sputter Coater, Edwards, UK).

2.2.3. Formation of the compressed sample and energy calculations
Uniaxial compressionwas carried out at laboratory scale to simulate

the industrial candle production process and used to evaluate the com-
pressive behavior of the powders and the mechanical properties of the
compressed sample [10–12].

The protocol used a texturometer (Lloyd LR5N, Lloyd Instrument
Ltd., Southampton, UK) equipped with a 5 kN sensor. An industrial
Density of the three slices (top, middle and bottom) of the compressed sample for the five
mixtures. Mean ± standard deviation. Mean, in column, with the same letter are not
significantly different (ANOVA, p ≤ 0.05, Fisher test).

Mixture Density of slices (kg/m3)

Top Middle Bottom

M1 823.61 ± 0.53 a 758.95 ± 1.13 a 711.94 ± 0.79 c

M2 826.71 ± 0.98 a 757.84 ± 0.44 a 728.18 ± 1.94 a

M3 804.71 ± 2.11 b 757.48 ± 0.83 a 721.72 ± 0.70 b

M4 806.86 ± 1.52 b 757.28 ± 2.07 a 722.29 ± 0.56 b

M5 796.69 ± 0.76 c 759.06 ± 1.62 a 721.40 ± 1.28 b



Table 4
Mechanical characteristics: stress at rupture (RMR), strain at 20 kPa (γM), strain at rupture
(γMR) of material and Young'smodulus (E). Mean± standard deviation.Mean, in column,
with the same letter are not significantly different (ANOVA, p ≤ 0.05, Fisher test).

Mixture Stress at rupture,
RMR (kPa)

Strain at 20
kPa, γM (%)

Strain at rupture,
γMR (%)

Young's
modulus, E
(kPa)

M1 35.10 ± 2.15a 2.58 ± 0.15d 5.31 ± 0.34b 14.02 ± 0.46a

M2 30.36 ± 1.13b 3.25 ± 0.21c 5.65 ± 0.67a,b 12.34 ± 0.29b

M3 32.27 ± 0.78b 2.78 ± 0.25d 5.16 ± 0.32b 12.51 ± 0.27b

M4 22.05 ± 1.36d 4.65 ± 0.23a 6.01 ± 0.27a 8.17 ± 0.63d

M5 27.21 ± 1.19c 3.75 ± 0.13b 5.86 ± 0.34a 11.44 ± 0.30c
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compressionmold of 46mm internal diameter and 200mmheight was
used tomimic industrial candle production conditions. A piston and two
Teflon disks were manufactured to prevent the sample sticking to the
pistons. A mass of 126 g of powder was introduced into the mold and
compressed to the final height of 100 mm at a speed of 10 mm/s. In
these conditions, the deformation applied to the powder was fixed
at 33%, to reach a final density of 760 ± 2 kg/m3, which for industrial
technology reasons is the optimal density for candle manufacture. Six
repetitions were performed for each mixture.

After compression, the sampleswereweighed (±0.1mg) and diam-
eter (±0.01 mm) and height (±0.01 mm) were measured by a caliper
(DCA150, Velleman, China) to control density.

The heterogeneity in density of the compressed sample [19,28]
along the vertical axis was measured by cutting the sample into
three 33 mm-thick slices and measuring the density of each slice on
a 1000 mL-volume pycnometer (Duran, Schott, Germany). The value
reported presented in Table 3 is the mean of three measurements.

Force–displacement data was recorded during the compression. The
specific energy, Es, required to produce the compressed sample was de-
termined according to themethodology of Pampuro et al. [34] andMani
et al. [35]. The area under each curve was integrated using the trapezoi-
dal rule and combined with the powder mass, giving specific energy
values in J kg−1. Specific energy values were calculated for 5 mixtures.

2.2.4. Porosity evolution during compression
Porosity, ɛ, represents the void fraction of a solid material. It is

defined as the ratio of the volume of the voids (Vv) to total volume of
the material (Vapp), and can be expressed as [29]:

ε ¼ 1– ρapp=ρs

� �
ð2Þ

where ɛ is porosity, ρapp is apparent density of the compressed
sample, and ρs is the density of the material measured by the AccuPyc
13,330 helium pycnometer (Micrometrics Ltd., Dunstable, UK).

To estimate porosity evolution during compression, ρapp was calcu-
lated by Eq. (3):

ρapp ¼ m = hπr2
� � ð3Þ

where m is mass of powder, h is variation of the height of the sample
during compression, and r is radius of the sample.

2.2.5. Mechanical properties of the compressed sample
Destructive tests are amechanical criterion for characterizing the so-

lidity of the sample. The test was performed with the same equipment
as for compression (Lloyd LR5N texturometer, Lloyd Instrument Ltd.,
Southampton, UK) using a 20 mm-diameter piston with a compression
speed of 1 mm/s.

The compressionwas applied radially to the sample until it ruptured,
and maximum force was recorded. The tensile strength [37–42] of
the compressed sample, σt, was calculated from the crushing force
(P) according to the equation developed by Hertz [37]:

σ t ¼ 2P=πdt ð4Þ

where P is crushing force (N), d is sample diameter (mm), and t is piston
diameter (mm).

As shown in Fig. 5, the tensile strengthmeasurementwas carried out
on the middle part of the sample [40], on six repetitions.

2.2.6. Statistical analysis
All statistical analyses were performed using XLSTAT statistical data

analysis software (Version 2016.5, Addinsoft, New York, USA). Analysis
of variance (ANOVA) was used for comparison of experimental data.
Multiple comparisonswere performedusing Fisher's LSD test to analyze
the differences between the modalities with a confidence interval of
95%. Principal component analysis (PCA) was used to visualize correla-
tions between mixture variables. All analyses were carried out in six
replicates.
3. Results and discussion

3.1. Mechanical behavior of the material

Maximal stress recorded at rupture of the material, RMR, is used
to define the mechanical strength of the material (Fig. 6) [22,24].
The mechanical characteristics of the blends are reported in Table 4.
Mixture M1 showed the highest stress at rupture (Fig. 6, Table 4).
Strain at rupture, γMR, showed little difference between the five mix-
tures, whereas strain at 20 kPa stress, γM, was clearly different be-
tween samples. Mixtures M4 and M5 showed greater deformability
(Fig. 6, Table 4).

Young's modulus at low deformations (0–0.5%) characterizes the
rigidity of the material in the elastic area [21]. Mixture M1 was stiffer
than the other blends, and conversely, mixtures M4 andM5were softer
(Table 4).

Characterizing the mixtures according to their mechanical behavior
made it possible to classify them. Mixture M1 showed the behavior of
a hard and stiff material with low deformability, whereas mixtures
M4 and M5 showed the behavior of a fairly soft material and mixtures
M2 and M3 showed a very similar intermediate pattern of mechanical
behavior.

The mineral oil and the vegetable oil were found to have an impor-
tant influence on the mechanical properties of the blends. Fig. 7 and
Table 4 show that for the same amount of vegetable oil (15.9%) (Fig. 1
and Table 1), the presence of a higher amount of mineral oil (0.78%)
in mixture M4, in contrast to mixture M1 (0.48%), increases the
deformability of mixture M4 (γM), and logically decreases mechanical
stress at rupture (RMR) and stiffness (Young's modulus). The influence
of vegetable oil on the mechanical properties of the material also
appears important, as shown by mixtures M3 (0.53% mineral oil of the
blend and 30% vegetable oil) and M5 (0.52% mineral oil of the blend
and 44.1% vegetable oil) that share the same amount of mineral oil
whereas M5 is significantly softer than M3.
3.2. Compressive behavior of the powders

Fig. 8a presents the mechanical behavior of the powders based on
the uniaxial compression test. Powders of all five mixtures presented a
similar particle size distribution of 1.1–1.5 mm (Table 2), but compared
to the others, mixture-M5 particles were flake-shaped.



Table 5
Experimental values (n = 6) of the Kp coefficient (packing step) and the Kc coefficient
(compaction step) of thefivemixtures.Mean±standarddeviation.Mean, in column,with
the same letter are not significantly different (ANOVA, p ≤ 0.05, Fisher test).

Mixture Kp (kPa) Kc (kPa)

M1 30.98 ± 1.20a 3.72 ± 0.06b

M2 24.92 ± 1.29b,c 4.36 ± 0.04a

M3 27.26 ± 0.80b 3.73 ± 0.04b

M4 23.24 ± 1.56c 3.39 ± 0.08b

M5 18.98 ± 1.76d 4.38 ± 0.09a
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The compressive behavior of the powder can be described by
the slope of the curve. The curve shows two main regions of strain,
i.e. low strain (0–0.035) and high strain (0.15–0.33), and the slope is
calculated according to Eq. (5):

logσ ¼ aþ b � γc ð5Þ

where σ is axial stress applied in compression (Mpa), γc is compressive
strain, a is the constant, and b and b′ are the slopes of the curve at a low
and high strain, respectively.

The first region at low strain range (0–0.035) was assimilated to the
rearrangement of the particles during compression according to
Barbosa-Canovas & Juliano [10] and Järveläinen et al. [11]. The Kp coef-
ficient deduced from slope b in this region represents the resistance to
the movement of the particles: the larger the Kp, the lower the com-
pressibility of the powder bed. At low stress (lower than 0.1 MPa),
Fig. 9. SEM images of the different samples: a) individual grain of the powder before compress
M4; c) formation of solid bridges between particles, for mixture M1; d) formation of fragile br
the porosity (Fig. 8b) is larger than the theoretical packing porosity of
isodiametric spheres (0.36). This confirms that the volume reduction
of the sample is mostly due to the displacement of the particles with
relatively small contact deformation [12].

The second region at a high strain range (0.15–0.33)was ascribed to
the deformation of the particles during compression. The Kc coefficient,
defined as the slope b′ of the curve, represents the resistance of the par-
ticles during the compaction step. During compaction at large strains,
movement between particles is reduced and so they undergo plastic
deformation. Such deformations can be observed on Fig. 9b with the
appearance of flat surfaces at the contact zones between the spheres.
Moreover, bridges at the contact of the particles are observed (Fig. 9c
and d) that seem to be different according to composition of the sample
[17,27].

As shown in Table 5, mixture M1 showed the highest Kp coefficient
and M5 the lowest. The decrease of Kp coefficient, or increase of com-
pressibility, can be explained by a decrease in the resistance of the par-
ticles to the friction due to the sliding effect of lubrication played by
mineral and vegetable oils [52–53]. The presence of flake particles in
mixture M5 is a factor that lowers the resistance of the particles during
the packing step [18]. However, it is difficult to dissociate the influence
of the powder characteristics from the formulation effect.

Conversely, Kc coefficient varied little between themixtures analyzed.
This could be explained by a greater role of wall friction of the compres-
sion cell in that stress region, thus masking any other effect [19–20].
A part of the energy delivered to the piston might be dissipated by wall
friction. As shown in Fig. 9, during compression, the particles did not
ion, for mixture M4; b) plastic deformation of the particles after compression, for mixture
idges in presence of the mineral oil, for mixture M4.
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fuse but remained individual, due to the low pressure range (1–2 MPa)
compared to pressures used in the pharmacy industry (100–200 MPa).

Fig. 10 shows the specific energy required for compression of
the powders of the five mixtures. Specific energy evolved in the range
230–470 J kg−1 depending on formulation. During compression, mix-
tures caused different energy absorptions, as shown in the study by
Pampuro et al. [34] for two different types of compost. The specific en-
ergy values found here for compression of paraffin wax powder were
considerably lower than those found byMani et al. [35] during compac-
tion tests on corn stover where compression used higher pressures
(5–15 MPa), giving the briquette density ranging from 650 kg/m3

to 950 kg/m3, i.e. close to the densities obtained here (760 kg/m3). A
study by Mani et al. [36] on four biomass species (wheat straw, barley
straw, corn stover, switchgrass) reported that energy requirements
are dependent on applied pressure and density, and on the nature of
the material.

Fig. 11 shows the relationship between the applied stress and the
specific energy implemented to form the compressed samples of the
five mixtures. The figure shows that specific energy increases with
stress applied. Pampuro et al. [34] and Mani et al. [35] reported a
similar trend in energy to compact the compost and the corn stover.
The M1 and M2 mixtures require more pressure to compress the
powder at the same density, and therefore absorb more energy,
whereas mixtures M3, M4 and M5 require considerably less energy.
It can be concluded that the compression of powder is more efficient
when vegetable and mineral oil are present, as specific energy was
significantly lower for the same final density of compressed sample
for these three mixtures.
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3.3. Mechanical properties of compressed samples

The objective of measuring the tensile strength of the compressed
samples is to estimate the internal cohesion of the compressed samples
and hence their solidity [38,40]. The destructive test is carried out on
themiddle part of the cylinder where the density is the same for all for-
mulations (Table 3). As shown in Fig. 9c, cohesion of the compacted
sample is achieved by the formation of solid bridges between particles,
and mechanical breakage of the compressed samples is obtained by
their rupture [41].

Fig. 12 shows the evolution of process stress as a function of dis-
placement of the piston for the five mixtures studied. Fig. 13 shows
the variation of tensile strength σt according to formulation. Statistical
processing was able to classify the mixtures into three categories,
where mixture M1 exhibits the highest tensile strength, mixtures M2,
M3 and M4 show a very similar intermediate behavior, and mixture
M5 has the lowest tensile strength.

The mineral and vegetable oils had a significant influence on the
mechanical properties of the material and the compressive behavior of
the powder. Both components played a lubricating role that reduces
the friction between the particles, resulting in a weakening of the
bonds and a fragility of the compressed sample. Increased fragility
with the presence of lubricant has been observed in the compression
of pharmaceutical tablets [57–59], while Yaman et al. [61] found that
adding olive refuse had a detrimental effect on the mechanical strength
of fuel briquettes.

Particle properties are often referred to as a factor affecting the resis-
tance of compressed powder. The plastic deformation of particles plays
an important role inmaking permanent bonding, as shown in a study by
Kaliyan & Morey [50] on the densification of biomass products. The in-
fluence of the size and shape of the particles has been widely studied
in compression. The study by Pampuro et al. [49] on compression of
compost (at 3.5–5 MPa) demonstrated the important influence of
0.5–2 mm-range particle size on briquette strength, with small sizes
being preferable to improve the strength of the compacted powder.
Here, particle size of the 5 mixes was very similar (1.1–1.5 mm),
which certainly weakly influences the result. Furthermore, the flake
shape of the particles of mixture M5 seems to make the compressed
samples easier to crack and fracture, as also shown by Nikolakakis &
Pilpel [43] and Kaliyan & Morey [50].

Kaliyan & Morey [50] studied several factors affecting the strength
of densified biomass products, and found that mechanical strength in-
creases with density of the compacts and the specific energy required
during compression. The specific energy required to obtain the same
volume is lower for powders, which are then more compressible
[14,54], and the combination of mineral oil and vegetable oil strongly
reduces the mechanical strength of the candles (in the case of mixture



0

20

40

60

80

100

120

140

160

180

200

M1 M2 M3 M4 M5

e
ht

f
o

ht
g

nerts
elis

ne
T

co
m

p
re

ss
ed

 s
am

p
le

, σ
t
(k

P
a)

a

b
bb

c

Fig. 13. Tensile strength of the compressed sample σt for the five mixtures: M1, M2, M3,
M4 and M5.
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M5), which limits the use of the mineral oil and vegetable substitutes
in the manufacture of candles by compression.
3.4. Influence of overall mechanical characteristics on tensile strength of the
compressed samples

Fig. 14 presents the PCA used to visualize correlations between
variables. The mechanical parameters of the material and of the com-
pressive behavior of the powders as well as the formulation are taken
into account to explain the tensile strength of the compressed samples.
The first axis describes the properties of thematerial: strain at 20 kPa is
situated opposite stress at rupture and Young's modulus. The second
vertical axis corresponds to formulation.

Analysis of the mechanical parameters of the material studied in
DMA found that strain at 20 kPa (γM), stress at rupture (RMR) and
Young's modulus (E) can be related to the tensile strength of the
compressed samples (σt). According to Fig. 14, material deformability
(γM) is unfavorable to the solidity of the compressed samples as
represented by tensile strength—indeed, the mechanical strength
(RMR) and stiffness (E) of the material on the contrary promote a fairly
high tensile strength of the compressed samples.
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Fig. 14. PCA according to the mechanical parameters of the material: strain at 20 kPa (γM), s
formulation components: % mineral oil of the blend and % vegetable oil; and tensile strength o
The compressive behavior of the powders also influences the tensile
strength of the compressed samples. Kp coefficient represents the resis-
tance of the particles to rearrangement during the packing step to form
a compact medium. Kp coefficient is the characteristic that most closely
correlates to the tensile strength of the compressed samples, and in-
creases with it. This means that higher resistance to deformation in
the packing step is correlated to solidity of the compressed sample.
The specific energy required to compress the powder is also related to
the tensile strength of compressed samples, as it increases with resis-
tance of the compressed samples.

The formulation that promotes high tensile strength of the com-
pressed samples (M1) is characterized by low deformability (γM) with
both high mechanical strength (RMR) and high Young's modulus of
the material. The material that enhances the tensile strength of the
compressed samples is characterized by high particle resistance to
rearrangement (Kp) andhigh specific energy of the powder during com-
pression. High mineral oil content (M4) decreases the hardness of the
material and facilitates the compressibility of the powders. Moreover,
it has a strong and negative influence on the tensile strength of the
compressed samples, as it acts as a lubricant. The presence of vegetable
oil reduces particle resistance to rearrangement, thereby reducing the
tensile strength of the compressed samples.

To summarize, tensile strength of the compressed samples is strong-
ly influenced by the formulation, and especially by thepresence of lubri-
cant in the material. Mineral and vegetable oil decrease resistance to
compression (Kp), and likely also the strength of the bridges between
particles during compaction, thus decreasing the tensile strength of
the compressed samples.

4. Conclusion

The influence of the mechanical characteristics of the material and
compressive behavior of the powder on the tensile strength of the com-
pressed sample was studied. The Kp coefficient representing particle re-
sistance to rearrangement during the packing step is the parameter
most correlated with tensile strength of the compressed samples, and
increases with it. Specific energy in compression also increases with
strength of the compressed sample. The mechanical properties of the
material analyzed in DMA are further characteristics that help explain
the tensile strength of the compressed sample. High-tensile-strength
samples come from mixtures with low deformation capacity and with
hard material characterized by a high Young's modulus. The presence
M2

M1

Stress at rupture, 
RMR

Young's modulus, E

Specific energy, Es

Kp

Tensile strength of  
the compressed 

sample, σ t

1 2 3 4 5 6 7

3 %)

1 et F2 : 91,23 %)

tress at rupture (RMR) and Young's modulus (E); Kp coefficient and specific energy (Es);
f the compressed sample (σt) for the five mixtures M1, M2, M3, M4 et M5.
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of mineral oil and vegetable substitute both play a lubricant role and
have a huge influence on themechanical properties of both thematerial
and the compressed sample. The specific energy required for powder
densification decreases in presence of the two oils, which makes it
possible to reduce energy expenditure in compression but impossible
to obtain sufficiently strong compressed samples.

The paraffin, which is assimilated to a hardmaterial with a lower ca-
pacity to be deformed at a low percentage of mineral oil, showed the
highest tensile strength of the compressed samples. However, it is diffi-
cult to substitute paraffin by vegetable oil at 44.1%, as the incorporation
facilitates the compression of the powder but weakens the tensile
strength of the compressed sample. A higher percentage of substitution
might be considered if the compression can be conducted at higher
stresses and hence densities, as it would reinforce the cohesive forces
between the grains and therefore enhance the tensile strength of the
compressed sample. Clearly, there is a trade-off to be found between
the acceptable level of strength of the candles and the limit of incorpo-
ration of the vegetable substitute.
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