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ABSTRACT

In this study, the effects of extreme temperatures on screw direct withdrawal resistance
(SDWR) of wood plastic composite (WPC) decking profiles were systematically investigated.
Commercially produced WPC decking profiles were tested at different temperature levels
(-40°C, -20°C, 0°C, room temperature, +40°C and +60°C); their effects on SDWR were
evaluated by controlling parameters such as screw diameter (3.0 mm and 3.5 mm) and pilot
hole diameter (60%, 70% and 85%). Additionally, the relationships between Shore D hardness
and SDWR measured at each temperature level were revealed through statistical analyses.
The results show that as the temperature increases, Shore D hardness decreases and
accordingly, significant decreases occur in SDWR. The highest SDWR was obtained at -40°C
temperature, 60% pilot hole ratio and 3.5 mm screw diameter combination. This highlights the
influence of material hardness and screw-material interaction on joint performance. According
to Pearson correlation analysis, a strong and statistically significant (r=0.939, p=0.0055)
positive relationship was determined between Shore D hardness and SDWR.

KEYWORDS: Wood plastic composite, extreme temperature, screw withdrawal resistance,
shore D hardness, decking profiles.
INTRODUCTION
WPC have become an important component of sustainable production thanks to both
the utilization of waste materials and the low energy requirements of the production processes

(Adhikary et al. 2009; Madhoushi et al. 2009; Bledzk et al. 2010; Guo et al. 2010; Zhao et al.
2020). WPC, which are heavily preferred in outdoor areas (terrace flooring, balcony coverings,
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garden furniture, etc.), are directly affected by environmental conditions. Particularly factors
such as temperature differences, humidity, freeze-thaw cycles and UV rays can threaten both
the physical-mechanical properties and the connection security of WPC (Srivabut et al. 2022;
Zhang & Kamdem 2023; Friedrich 2023). Therefore, the durability of screw connections
applied to these materials is of vital importance for application safety and long-term use (Li et
al. 2022; Pour et al. 2022; Birinci & Kaymakci 2023; Friedrich & Luible 2023).

The performance of screw connections in wood and composite materials is often evaluated
by screw direct withdrawal resistance (SDWR). SDWR is a key indicator of the strength with
which a fastener separates from the assembly surface and reflects the structural integrity of
the joint. In heterogeneous materials such as WPC, SDWR value varies depending on
the interaction of many factors such as material density, polymer/wood ratio, installation
direction, screw type, pilot hole diameter, screw diameter and ambient conditions (Durmaz
2021; Haftkhani et al. 2011; Machado et al. 2016). Pilot hole diameter is an important
parameter for the success of screw connections. Pilot holes that are too small can cause cracking
and damage to the material during screwdriving, while holes that are too large can reduce
the friction between the screw and the material, lowering the SDWR (Pilarski & Matuana 2005;
Eshaghi et al. 2013; Ghanbari et al. 2014). It was stated that the ratio of the pilot hole diameter
to the screw root diameter should be between 60% and 85%. It has also been shown that as the
screw diameter increases, the SDWR also increases due to the increase in the contact surface
(Srubar IIT 2015; Percin & Altunok 2019; Durmaz et al. 2020).

The temperature factor is a parameter that has a direct effect on the mechanical behaviour
of polymer-based materials. Although WPCs are resistant to temperature changes to a certain
extent, effects such as hardness loss, embrittlement, internal structure deformations and thermal
expansion are observed in the material matrix, especially at extreme temperatures (-40°C to
+60°C) (Yang et al. 2013,2018; Turku & Kaérki 2016; Friedrich & Luible 2023). These effects
can directly affect the security of the screw connection, causing a decrease in SDWR. Birinci &
Kaymakci (2023) reported that WPC materials experienced losses of up to 20% in SDWR
values under freeze-thaw cycles. These findings are critical to assessing the reliability of
the material under actual field conditions.

Material hardness is an important factor affecting the success of screw connections,
especially in composite structures containing polymers. The Shore D measurement method
used to determine hardness expresses the resistance of the material to external forces. It is
predicted that materials with higher Shore D hardness will have higher SDWR. Additionally,
since there is an inverse relationship between Shore D value and temperature, it is expected that
both hardness and screw adhesion will decrease with temperature (Madhoushi & Nadalizadeh
2009; Haftkhani et al. 2011; Yang et al. 2018; Pour et al. 2022).

The main purpose of this study is to experimentally evaluate the screw direct withdrawal
resistance of commercially produced wood plastic composite profiles under different
temperatures, pilot hole diameters and screw diameters. Additionally, the relationships between
Shore D hardness and SDWR measured in different temperature environments were analysed.
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MATERIAL AND METHODS

In this study, commercial WPC were specially produced by a decking company in
Ankara/Turkey. WPC are composed of 30% wood flour (a mixture of Pinus sylvestris L., Abies
normanniana spp bornmulleriana Mattf. and Populus nigra), 20% rice husk, 28% high density
polyethylene (HDPE; Petkim Company, Izmir/Turkiye), 10% zinc powder (63 um; DMR Suren
Chemistry Company, Istanbul/Turkiye), 3% calcite (5 um; Erciyes Micron Company,
Istanbul/Turkiye), 3% compatibilizing agent (MAPE; Deckline Company, Ankara/Turkiye)
and 6% dye. The company uses a co-extruder to keep production parameters constant. The wall
thickness of profiles was measured as 5.43+12 mm (Fig. 1). Samples were conditioned at
2242°C and 50% relative humidity for at least 14 days before the tests.

25.00 25.00

(@) (b)
Fig. 1: a) Commercial WPC profile dimensions (mm); b) screwed specimen.

Water absorption (WA) and thickness swelling (TS) tests were carried out in accordance
with ISO 62:2008 After the samples were conditioned in the climate chamber at 23+2°C and
50+5% relative humidity, they were kept in water for 1, 7 and 28 days and then measured.

In this study, the experimental variables were determined as screw diameter (3.0 mm and
3.5 mm), temperature (-40°C, -20°C, 0°C, room temperature, 40°C and 60°C) and pilot hole
diameter (60%, 70% and 85% of the screw diameter). In the study, Philips flat head sheet metal
screws made of zinc-plated steel produced by Akdeniz were used. The screws used were
selected in two different sizes as 3.0 mm and 3.5 mm (diameter) x 30 mm (length). After
the samples were prepared in the dimensions specified in Fig. 1, the pilot holes were precisely
drilled using a Dremel 3000 model drill and workstation. The pilot hole diameters are given in
Tab. 1.

Tab. 1: Diameters of pilot hole of tested commercial WPC profile.

Pilot hole diameter Screw 3.0 x 30 mm Screw 3.5 x 30 mm
60% 1.80 2.10
70% 2.10 2.50
85% 2.50 3.00

During screwing, the screw direction was made at a 90° angle to the sample surface, with
18 mm of the screw remaining outside the sample. 30 samples for each group were kept in
a laboratory-type freezer at temperatures of -40°C, -20°C, 0°C, room temperature, 40°C and
60°C before SDWR tests and subjected to instant tests. SDWR tests were carried out on
the Shimadzu AGIC/20/50KN universal testing machine according to EN 320:2011.
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Statistical evaluation of the data obtained within the scope of the study was carried out
using the IBM SPSS 26.0 package program. In order to determine the significant differences
between the results, variance analysis (ANOVA) was applied; post-hoc Duncan test was
preferred at 95% confidence level in comparing the means.

RESULTS AND DISCUSSION

Density, water absorption and thickness swelling performance

The average density of commercial WPC samples was measured as 1.256+0.142 g/cm?.
This value is compatible with the compact structure obtained by homogeneous mixture of
high-density polyethylene (HDPE) and lignocellulosic components (Guo et al. 2010).
In composite materials, density is considered a leading indicator of overall mechanical
performance and screw-fastening ability (Haftkhani et al. 2011).

WA and TS tests performed according to ISO 62:2008 are critical in evaluating the water
resistance of commercial WPC material. As a result of keeping the samples in water for 1, 7 and
28 days, WA values were determined as 41.50%, 46.35% and 51.18%, respectively. TS values
were determined as 8.90%, 10.24% and 10.48% (Fig. 2). This increase indicates that the fibers
may have difficulty absorbing water and the polymer matrix may have difficulty resisting
long-term swelling. This means a risk of long-term deformation and loosening of connections,
especially in outdoor areas exposed to rain and humidity (Pour et al. 2022).
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Fig. 2: WA and TS values (%) of commercial WPCs.

Shore D hardness and temperature change effect

Shore D hardness is an important parameter used to measure the resistance of commercial
WPCs to external forces. According to the data obtained, there was a significant decrease in
Shore D value as the temperature increased: the average value was 78.08 at -40°C, and
decreased to 65.93 at +60°C (Tab. 2). This occurs due to the increased mobility of polymer
chains at high temperatures, i.e., thermal softening (Yang et al. 2018).
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Tab. 2: Shore D hardness values of commercial WPCs at different temperatures.

Shore D hardness

(Min-Max)
-40 -20 0 Room temperature +40 +60
78.08+0.71 77.80+0.94 76.50+0.73 72.20+1.04 69.88+0.92 65.93+1.23
(77.0-79.5) (76.0-80.0) (75.0-77.5) (70.5-74.0) (68.5-71.5) (64.0-68.5)

Loss of hardness at high temperatures increases the possibility of deformation on
the connection surfaces, reducing screw adhesion performance. In addition, the existence of
a linear relationship between Shore D value and SDWR shows that decreases in connection
quality are inevitable depending on temperature. Similarly, studies in the literature have also
stated that decreases in Shore D hardness negatively affect connection strength (Haftkhani et al.

2011; Pour et al. 2022).

Effect of pilot hole diameter on screw direct withdrawal resistance

It is seen that 60% pilot holes provide the highest connection strength. For example, with
3.0 x 30 mm screw, 901.33 MPa SDWR was obtained at 60% pilot hole and only 652.39 MPa
SDWR was obtained at 85% pilot hole at -40°C (Tab. 3). A similar trend is valid for 3.5 mm
screw (974.76 MPa vs. 712.47 MPa). Some studies state that the ratio of the pilot hole diameter
to the screw root diameter should be between 60% and 85% (Pilarski & Matuana 2005; Eshaghi
et al. 2013). This study shows that the highest performance is achieved at 60% and that
the screw-material friction surface decreases as the diameter increases. However, it should be
noted that pilot holes with very small diameters may cause cracking, especially at low

temperatures.

Tab. 3: The effect of pilot hole diameter on SDWR (MPa) of commercial WPCs.

. Direct withdrawal resistance (MPa)
Screw diameter | Temperature Min-Max)
(mm) (°C) (Min
60% 70% 85%
40 $901.33+33.63 F811.57+86.96 5€652.39+71.04
(850.48 — 940.36) (724.93 — 975.14) (485.14 —761.35)
- P791.57+43.96 ©718.47+70.47 €632.39+57.16
(712.36 — 865.47) (612.36 — 821.47) (528.36 — 688.94)
g ©P810.48+52.21 ©720.05+83.36 €640.43+73.34
3.0 % 30 (742.45 — 875.85) (612.32 — 877.47) (524.36 — 731.69)
' Room FF523.22+51.93 PF473.30+38.16 PF434.80+£26.54
temperature (450.14 — 591.44) (423.22 - 551.19) (401.23 — 473.22)
+40 ¥6490.81+59.32 ¥461.13+41.93 £407.37+50.92
(411.74 — 596.36) (401.23 —551.19) (350.25 — 497.85)
+60 9456.65+49.78 305.94+45.61 283.42+59.88
(360.25 — 513.58) (204.60 — 391.25) (184.30 — 350.86)
40 1974.76+85.35 A880.80+70.66 A712.47+76.51
(800.45 — 1095.36) (750.11 — 974.36) (605.41 — 865.13)
20 #¢861.00+83.29 P784.13+56.71 A8686.50+35.67
(745.14 — 1077.93) (685.14 — 864.17) (608.97 — 754.13)
35 x 30 0 5894 .44+82.35 5791.70+48.34 A702.33+44.41
: (745.14 — 985.36) (729.09 — 861.63) (640.14 — 766.78)
Room £564.97+91.76 D513.50+43.81 0470.43+20.08
temperature (454.91 —763.32) (433.72 — 566.53) (431.23 — 496.61)
+40 F534.50+81.47 PE501.80+24.70 PF447.66+37.09
(423.22 — 685.14) (453.03 — 535.91) (374.25 — 500.88)
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+60

¥6492.58+45.20
(423.22 — 567.45)

F331.19424.78
(293.47 — 361.06)

F306.50+13.91
(274.69 — 332.44)

Note: mean, arithmetic mean; SD, standard deviation. Superscript letters of A, B, C, D, E, F, and G are
homogeneous subset of post-hoc test results (p<0.05).

Effect of screw diameter on screw direct withdrawal resistance

Screw diameter has a significant effect on SDWR. 3.5 mm screws showed higher strength
than 3.0 mm screws at all temperatures and pilot hole combinations. This difference became
more pronounced especially at low temperatures. For example, 974.76 MPa was obtained with
3.5 mm screw at 60% pilot hole at -40°C, while 901.33 MPa was obtained with 3.0 mm screw
under the same conditions (Tab. 4). Increasing the screw diameter allows the screw to contact
more surface area and resist greater torque forces. Per¢cin & Altunok (2019) have clearly
demonstrated this relationship. Additionally, thicker screws compress the micro-voids within
the material more, creating a stronger hold around the screw (Per¢in & Uzun 2022).

Tab. 4: The effect of screw diameter on SDWR (MPa) of commercial WPC.

Pilot hole diameter Temperature Direct withdrawal resistance (MPa)
(°C) (Min-Max)
3.0x 30 mm 3.5x30 mm
40 901.33+33.63 974.76+85.35
(850.48 — 940.36) (800.45 — 1095.36)
20 $791.57+43.96 "861.00+83.29
(712.36 — 865.47) (745.14 — 1077.93)
0 B810.48+52.21 8894.44+82 35
60% (742.45 — 875.85) (745.14 — 985.36)
° Room temperature £523.22+51.93 F564.97+91.76
P (450.14 — 591.44) (454.91 —763.32)
+40 £F490.81+59.32 FF534.50+81.47
(411.74 — 596.36) (423.22 — 685.14)
+60 ¥6456.65+49.78 FGH492 5844520
(360.25 — 513.58) (423.22 — 567.45)
40 P811.57+86.96 $880.80+70.66
(724.93 — 975.14) (750.11 — 974.36)
20 “718.47+70.47 ©784.13+56.71
(612.36 — 821.47) (685.14 — 864.17)
0 €720.05+83.36 €791.70+48.34
0% (612.32 — 877.47) (729.09 — 861.63)
° Room temperature ¥6473.30+38.16 ¥6513.50+43.81
P (423.22 — 551.19) (433.72 — 566.53)
+40 ¥6461.13+41.93 ¥6501.80+24.70
(401.23 — 551.19) (453.03 —535.91)
+60 1305.94+45 .61 1331.19+24.78
(204.60 — 391.25) (293.47 — 361.06)
40 D652.39+71.04 D712.47+76.51
(485.14 — 761.35) (605.41 — 865.13)
20 632.39+57.16 P686.50+35.67
(528.36 — 688.94) (608.97 — 754.13)
0 D640.43+73.34 D702.33+44.41
8504 (524.36 — 731.69) (640.14 — 766.78)
° Room temperature Gi434.80+26.54 GH470.43+20.08
P (401.23 —473.22) (431.23 —496.61)
+40 1407.37+50.92 H447.66+37.09
(350.25 — 497.85) (374.25 — 500.88)
+60 1783.424+59.88 306.50+13.91
(184.30 — 350.86) (274.69 — 332.44)

Note: mean, arithmetic mean; SD, standard deviation. Superscript letters of A, B, C, D, E, F, G, H, and | are

homogeneous subset of post-hoc test results (p<0.05).
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Effect of temperature on screw direct withdrawal resistance

SDWR values are temperature sensitive (Ayrilmis et al. 2011; Zhou et al. 2021). SDWR
values decreased as temperature increased for all screw and pilot hole combinations. At -40°C,
screw-material interaction is more rigid and tighter, while at +60°C, bond strength is
significantly weakened due to polymer embrittlement and deformation tendencies (Tab. 5).
SDWR value obtained with a 3.5 x 30 mm screw and 60% pilot hole was 974.75 MPa at -40°C,
while it was only 492.58 MPa at +60°C. These findings are in line with Birinci & Kaymakci
(2023) reporting SDWR losses under freeze-thaw cycles. In addition, the decrease in Shore D
hardness with temperature further increases the possibility of mechanical deformation (Yang et
al. 2018).

Tab. 5: The effect of temperature on SDWR (MPa) of commercial WPCs.

Screw Pilot hole Direct withdrawal resistance (MPa)
type diameter Room
(mm) -40 -20 0 temperature +40 +60
60% %901.33 | B791.57 $810.48 8523.22 AB€490.81 $456.65
3.0x30 70% “811.57 | ©“718.47 ©720.05 “P473.30 BC461.13 “P305.94
85% ¥652.39 | P632.39 P640.43 434 80 ©407.37 P283.42
60% 297475 | *861.00 2894 .44 2564.97 2534 50 2492 .58
3.5x30 70% ©880.80 | P784.13 $791.70 BC513.50 A8501.80 ©331.19
85% P712.47 | ©686.50 ©702.33 “P470.43 D447 .66 “P306.50

Note: mean, arithmetic mean; SD, standard deviation. Superscript letters of A, B, C, D, and E are homogeneous
subset of post-hoc test results (p<0.05).

Correlation between shore D hardness and screw direct withdrawal resistance

For this purpose, the average SDWR values of the 3.5 x 30 mm screw and 60% pilot hole
combination at temperatures ranging from -40°C to +60°C were compared with the Shore D
hardness values measured at the same temperatures. Pearson correlation analysis was applied to
evaluate the statistical relationship between these two variables. As a result of the analysis,
the correlation coefficient and the significance level were calculated and are given in Tab. 6.

Tab. 6: Shore D hardness values of commercial WPCs at different temperatures.

Correlation coefficient (r) 0.939
Significance level (p) 0.0055

This result shows that there is a very strong and positive relationship between Shore D
hardness and SDWR (r>0.9). That is, the harder the material, the higher the screw pull-out
resistance. The correlation was confirmed to be statistically significant at p<0.01, indicating
that the observed relationship is unlikely to be due to chance. Some researchers have reported
that Shore D hardness plays a decisive role on joint strength and that these parameters decrease
with temperature (Haftkhani et al. 2011; Pour et al. 2022). This strong correlation also suggests
that Shore D can be used as an indicator parameter to indirectly estimate joint reliability in
future material designs. This suggests a practical application that Shore D measurements can be
used instead of costly tensile tests for long-term joint performance evaluations in the field.
Fig. 3 visually demonstrates the linear regression relationship between Shore D hardness and
SDWR. The linear regression equation obtained as a result of the analysis is shown in Eq. 1:
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SDWR (MPa)=40.59 xShore D -2258.85 (1)

In particular, it was determined that each unit increase in Shore D hardness provides
an SDWR increase of approximately 40.59 MPa. Based on these findings, Shore D hardness
can be considered as a strong and reliable predictive variable for the estimation of SDWR.
On the other hand, hardness changes caused by environmental factors such as temperature can
indirectly affect the Shore D value and lead to deviations in long-term connection performance.

&3] 68 70 72 74 78

Shore U Hardn

aness

..
[44]
5

Fig. 3: Linear relationship between Shore D Hardness and SDWR.

CONCLUSIONS

Experiments conducted within the scope of this study revealed that the screw connection
performance of commercial WPC materials is affected by multivariable factors:
(1) Temperature is one of the most effective parameters on screw connection performance.
Especially at high temperatures such as +60°C, losses of up to 50% in SDWR values have been
observed. (2) As the screw diameter increases, SDWR values also increase significantly.
Therefore, the use of larger diameter screws is recommended, especially in harsh
environmental conditions. (3) Pilot hole diameter optimization plays a critical role in
connection quality. The 60% ratio provided the best performance; screw adhesion weakened at
85%. (4) Shore D hardness is directly related to SDWR, and parallel decreases in both values
were observed, especially with temperature. This finding suggests that Shore D hardness may
be an effective indicator in predicting screw connection security.
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