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Abstract

Refined wood fibers of a 54-year-old loblolly pine (Pinus
taeda L.) mature wood were investigated by nanoinden-
tation and atomic force microscopy (AFM). The effect of
steam pressure, in the range of 2–18 bar, during thermo-
mechanical refining was investigated and the nano-
mechanical properties and nano- or micro-level damages
of the cell wall were evaluated. The results indicate that
refining pressure has important effects on the physical
and mechanical properties of refined fibers. No obvious
damage was observed in the cell walls at pressures
between 2 and 4 bar. Nano-cracks (most less than
500 nm in width) were found in fibers at pressures in the
range of 6–12 bar, and micro-cracks (more than 5 mm in
width) were found in fibers subjected to pressures of 14
and 18 bar. The damages caused at higher pressures
were more severe in layers close to the lumen than on
the fiber surfaces. Under special circumstances, the S3

layer was heavily damaged. The natural shape of the
cross sectional dimensions of the cell walls was not
changed at lower pressures (2 and 4 bar), but, as pres-
sure was increased, the fibers tended to collapse. At
pressures around 18 bar, the lumina were augmented
again. The nano-mechanical properties in terms of elastic
modulus and hardness were obviously decreased, while
nanoindentation creep increased with refining pressure.

Keywords: atomic force microscopy (AFM); nanoinden-
tation; nano-mechanical properties; refined fiber; thermo-
mechanical refining.

Introduction

In the manufacture of medium-density fiberboard (MDF),
thermo-mechanical refining pressure plays an extremely

important role in the quality of refined fibers and domi-
nates the performance of final composites. Low refining
pressure generates an abundance of fiber bundles as
opposed to individual fibers. High pressure may not only
shorten the fiber length, but it also damages the fibers
otherwise; it induces twisting and curling and lowers the
strength of the fibers. Krug and Kehr (2001) suggested
that increasing refining steam pressure results in shorter
fibers and reduced strength of fiberboard. Kelley et al.
(2005) found that with increasing refining pressure, the
amount of extractives and glucose was increased while
the percentages of xylose, galactose, and mannose
decreased.

Fiber strength and morphology (Jones 1960; McMillan
1969), fiber size distribution and bulk density (Myers
1983; Groom et al. 1999) and pH and buffering capacity
(Park et al. 2001; Xing et al. 2006) are all important to the
properties of the final fiberboard composites. The
mechanical properties of individual fibers are most sig-
nificant with this regard. Jones (1960) demonstrated this
for MDF and for high-density fiberboard (HDF) compos-
ites. The interrelation between fiber strength, such as
stiffness, hardness and creep behavior, and fiberboard
properties are still not very clear.

In wood plastic composites (WPCs), wood fibers are
supposed to be the reinforcing element. In current WPCs,
wood is applied as flour (obtained by grinding sawdust
and industrial wood waste) that requires high-energy
consumption. The reinforcement potential of wood flour
is limited due to the small particle aspect ratio, which
does not allow efficient stress transfer from the matrix to
the particulates. Clearly, alternative (energy saving and
economic) approaches for size reduction of solid wood
are needed. The steam explosion is such an alternative
(Yin et al. 2007). An optimized refining process could be
another alternative.

Kersavage (1973) and Mott et al. (1995) developed
methods to measure the tensile modulus of a single
wood pulp fiber based on environmental scanning elec-
tron microscope (ESEM) and video image analysis (VIA).
The tensile test characterizes only the weakest zone of
the fiber. Thermo-mechanically refined wood does not
contain individual fibers as pulp but fiber bundles
instead. These have a more complicated morphology,
and the application of the ESEM-VIA method is difficult.

The nanoindentation technique is a new tool for testing
the micro- or nano-mechanical properties of near-surface
layers of solids. It has been used to measure the longi-
tudinal hardness and modulus of elasticity (MOE) of indi-
vidual wood cell walls (Wimmer et al. 1997; Gindl et al.
2004; Wang et al. 2006; Tze et al. 2007), the regenerated
cellulose fibers (Gindl et al. 2006; Lee et al. 2007a) and
the interphase mechanical properties between cellulose
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Figure 1 Typical load-displacement curve with the definition of
hf, hc, h1 and h2.

fibers and thermoplastic polymers (Lee and Wang 2005;
Lee et al. 2007b).

However, the effect of refining pressure on the cell wall
properties of refined wood fibers is still not well under-
stood. Therefore, the objective of this study was to close
this gap. The effects of pressure during thermo-mechan-
ical refining should be investigated in terms of the phys-
ical and nano-mechanical properties of wood fiber cell
walls by means of nanoindentation and AFM.

Materials and methods

Materials and preparation of specimen

A 54-year-old loblolly pine (Pinus taeda L.) was collected from a
traditional plantation located in Crossett, AR, USA. Mature wood
was cut from growth rings representing years 25 to 54 by means
of a portable sawmill with ripsaws. Chips were produced at the
Southern Research Station (SRS) in Pineville, LA, USA and the
chips were refined at pressures of 2, 4, 6, 8, 10, 12, 14 and 18
bar with a thermo-mechanical refiner to generate fibers in the
BioComposites Center pilot plant, Bangor, Gwynedd, UK. The
fibers were air dried at 238C and 65% relative humidity (RH) for
2 weeks and embedded in epoxy resin with a silicon mold. The
embedded samples were placed in a desiccator under vacuum
for 20 min to remove the air bubbles and then cured in an oven
at 708C for 8 h.

The cured sample was cut into a small block and glued to an
acrylic block, and the top surface was trimmed with new razor
blades to form a small trapezoidal base. The acrylic block was
then mounted onto an ultramicrotome, and the top face was
cross-sectioned with a glass knife. Finally, the top surface was
smoothed with a diamond knife. The final specimens were con-
ditioned at 218C and 65% RH for at least 24 h in the test room
before the nanoindentation test.

Nanoindentation

All indentations were made by a Nano Indenter II (MTS Systems
Corp.) equipped with a diamond Berkovich tip (a three-sided
pyramidal tip) at the Oak Ridge National Laboratory (Oak Ridge,
TN, USA). The indentation experiment consisted of four seg-
ments. A rate of 10 nm s-1 and 9000 nm approaching distance
were used for the first segment. Once the tip contacted the sam-
ple surface, a constant strain rate of 0.05 s-1 was applied until
a designed indentation depth of 200 nm was reached (Figure 1).
At this depth, the maximum loading force was held for 10 s prior
to the ultimate unloading. This holding segment is not essential,

but it offers an opportunity to monitor possible creep or mechan-
ical stabilization of the test materials (Fischer-Cripps 2002).

In the unloading segment, a constant displacement rate of
10 nm s-1 was applied until 90% of the maximum loading force
was removed. At the end of the experiment, the sample was
examined by the video system of the Nano Indenter II to eval-
uate the position and quality of indents. A total of 40 indents
were made on 5–9 refined fibers for each sample.

Based on the theory of nanoindentation, the reduced modu-
lus, Er (the composite modulus for indenter and sample combi-
nation) can be evaluated from the nanoindentation measur-
ements by employing the following equation (Oliver and Pharr
1992):

yp(dPydh)unloading
E s (1)r

y2 Ahc

where, P is the indentation load; h and hc are the penetration
and contact depths, respectively, and Ahc is the contact area,
which is a function of the contact depth.

The contact depth at the maximum load is given by:

Pmaxh sh -0.75 (2)c max S

where, SsdP/dh at hshmax, and 0.75 is a constant that depends
on the indenter geometry. For evaluating Er, the contact stiff-
ness, (dP/dh)unloading, and the contact area Ahc could be deter-
mined accurately from load against displacement graph
measured during the indentation process.

The expression for the contact area using the Berkovich
indenter is approximated by the following formula:

2As24.5h (3)c

The hardness (H) can be obtained from the following equation:

PmaxHs (4)
A

The sample modulus (Es) can be calculated as follows:

2B E1 1-ni2 C FE s(1-n ) - (5)s s D GE Er i

where, Es is Young’s modulus and ns is Poisson’s ratio of the
specimen; Ei and ni are the corresponding values of the indenter.
For the diamond indenter used in our experiments,
Eis1141 GPa and nis0.07. Also, in all calculations, ns is
assumed to be 0.25. From Eqs. (1)–(6), Young’s modulus and
the hardness of the fiber cell wall can be obtained.

Indentation creep ratio Ci was defined as the relative change
in indentation depth while the applied load remained constant
during the holding time (CSM Instruments 2002):

h -h2 1Cs =100, (6)i h1

where h2 is the final penetration depth at the end of holding
segment, h1 is the depth at the end of loading segment.

Atomic force microscopy (AFM) and polarized light
microscopy

The topographies of the samples were determined by AFM
XE-100 (PSIA Corp., Sang-Daewon-Dong, Korea) operated in
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Figure 2 An AFM image of nanoindentation indents in refined
fiber cell wall.

Figure 3 Load-displacement curves of indents. (a) Refined fibers obtained at 2 bar, (b) refined fibers obtained at 18 bar.

contact mode. The surface of the specimens had a vertical
range of 300–350 nm with root mean square surface roughness
amplitude of 30–35 nm and an average roughness of 20–30 nm.
Figure 2 shows the AFM image of indents in the cross sections
of the fibers. The damages to the cell walls of the fibers were
analyzed by means of the XEI software associated with the AFM.
The polarized light microscope (PLM Olympus BX 51, Tokyo,
Japan) and its associated software (ImageJ, Bethesda/MD, USA)
were also used to obtain and analyze images of the refined
fibers.

Results and discussion

Indent position

In general, the S2 layer comprises approximately 80% of
the thickness of the cell walls. Thus, the properties of the
S2 layer are essential for the mechanical properties of the
fibers. Accordingly, most indentation tests were per-
formed on the S2 layers with a few exceptions. For a
reliable data analysis, results taken from outside the S2

layer has to be eliminated. Based on microscope images,
indentations taken from overlapped areas or which were
outside the edge of the cell wall can be clearly observed.
On the other hand, it is very difficult to recognize the
indentations taken from defected areas, which are just
below the surface (such as micro-cracks), and those from
the interface between S2 and S1 or between S2 and S3

layers, as well as at the interface of the embedded resin
and S1 or S3.

The locations of all indentations taken from the mate-
rial obtained at lower steam pressures can be classified
into five zones. The combination of microscopy and the
load/displacement curve of each indentation are helpful
with this regard (Figure 3a). The same is true for the six
classification zones for fibers refined at higher steam
pressures (14–18 bar) (Figure 3b). The first zone is for the
overlapped indentations. These have the highest Pmax.
This could be due to the plastic deformation by the first
indentation, which makes the cell wall denser. When a
second indent should add on this denser cell wall area,
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Figure 5 Percentage of fiber bundles as a function of refining
pressure.

Figure 4 Damages in refined fiber cell wall cross sections. (a) Refined fibers obtained at 8 bar, (b) refined fibers obtained at 18 bar.

higher force would be needed to penetrate the same
depth. The second zone is for the indentations in the S2

layer without defects. The third zone is the interphase of
S2 and S1 or that of S2 and S3. The fourth zone is the
interface between the embedded resin and the cell wall.
The fifth zone is the embedded resin. The last zone is for
indentations taken on large defects, such as micro-pores
or cracks in the cell walls of the fibers. However, the
indents in S2 layers with small cracks can be in the zones
of 2–5.

The effects of refining pressure on damage and
morphologies of fiber cell walls

No obvious damage was observed in the cross section
of fibers treated at lower pressures (2 and 4 bar). As pres-
sure increased, however, nano-cracks were found in the
cell wall, especially on the thinner part of the cell wall
(Figure 4a). The width of most crackles was less than
500 nm, as measured with AFM. Micro-cracks were
observed in the cell wall cross section of fibers at higher
pressures (14 and 18 bar). Some cracks were more than
5 mm in width. It seemed that the micro damages in
layers close to the lumen were more serious than those
close to the compound middle lamella (Figure 4b). The
S3 layer in Figure 4b was heavily damaged, but in Figure
4a, the S3 layer is not obviously affected. The sudden
explosion of the higher pressures inside the lumens, as
the fibers are released from the refiner, is the reason for
damages on the S3 layer. Yin et al. (2007) also found that
the rupture of chips was more likely to occur by explod-
ing cells from their lumens than by separating cells along
their middle lamellae.

The cross sectional dimensions of the cell walls at
pressures of 2 and 4 bar remained almost unchanged.
This could be due to the fact that more than 68% of the
fibers were present as fiber bundles, as shown in Figures
5 and 6. As refining pressure increased to 6 bar, the
amount of fiber in bundles was greatly diminished to
30% and to 7% at 18 bar treatment. The lumen of fibers
tended to collapse, as clearly visible on their narrow
cross section. Cross-sectional stability of the fibers can
be described by their ratio of length (L) to width (W), i.e.,
L/W, as listed in Table 1. L/W increased from 1.4 to 2.5
as refining pressure increased from 2 bar to 12 bar.

This could be explained by the hypothesis that the
swollen fibers collapse more readily between the refiner
plates under higher steam pressure conditions. Another
or additional explanation could be that the wet fibers
tend to collapse as different shrinkages occur in different
directions during the fiber drying process. In addition, as
curling and twisting increased, the extent of collapse also
increased. However, when pressure was elevated to 18
bar, the size of the cross sections obviously decreased
and the L/W ratio decreased to 1.83. As wood fibers are
refined at higher pressure, some substances of the cell
walls can be degraded (hydrolyzed). This can lead to a
shrinkage of fiber diameter after drying. The change of
the lumen from a narrow to a round shape is probably
due to the gas extension after the pressure is released.
This could be the reason why the L/W decreased in fibers
produced at 14 and 18 bar.

The effect of refining pressure on the mechanical
properties of the fiber cell walls

The nanoindentation results of fiber cell wall mechanical
properties are summarized in Table 2. The fibers at the
lowest pressure (2 bar) exhibited the highest elastic mod-
ulus (21 GPa). This value is higher than that of the natural
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Figure 6 Refined fibers from different pressure: (a) 4 bar, (b) 6 bar, (c) 8 bar, (d) 14 bar.

Table 1 Fiber cell wall cross sectional dimensions with refining pressures.

Steam pressure (bar)

2 4 6 8 10 12 14 18

L (mm) 35.4 (2.18) 33.6 (1.29) 37.3 (3.71) 40.5 (6.21) 41.5 (5.67) 41.1 (3.16) 37.1 (6.23) 28.3 (4.79)
W (mm) 24.8 (2.66) 23.4 (1.65) 22.4 (4.41) 22.4 (3.66) 21.1 (6.75) 16.6 (2.14) 21.5 (1.06) 15.5 (3.89)
L/W 1.43 (0.14) 1.44 (0.13) 1.66 (0.23) 1.81 (0.36) 1.97 (0.66) 2.48 (0.29) 1.73 (0.33) 1.83 (0.67)

L, Length; W, width. L/W, Ratio of length and width. Data in parentheses are standard deviations.

Table 2 Summary of nanoindentation results of fiber cell wall.

Propertya Steam pressure (bar)

2 4 6 8 10 12 14 18

Mean 21.35 18.62 15.96 16.83 15.32 14.05 13.09 12.22
Es SD 2.59 2.97 2.41 2.53 2.51 2.87 3.42 3.29
GPa CV 12.13 15.95 15.10 15.03 16.38 20.43 26.13 26.92

Mean 0.50 0.47 0.47 0.45 0.43 0.43 0.39 0.37
H SD 0.04 0.062 0.07 0.05 0.067 0.079 0.078 0.095
GPa CV 8.00 13.19 14.89 11.11 15.58 18.37 20.00 25.68

Mean 7.58 8.72 8.87 8.63 8.24 9.68 12.30 13.08
Ci SD 0.86 1.56 1.25 1.29 1.09 1.79 3.89 3.91
% CV 11.35 17.89 14.09 14.95 13.23 18.49 29.25 29.89
n 31 27 23 28 30 28 14 13
aSD, standard deviation; CV, coefficients of variation; Ci, indentation creeps; n, the number of indents. Es, elastic modulus; H,
hardness.

(unpressurized) cell wall of the same wood (Tze et al.,
2007). This indicates that lower pressure has a reinforce-
ment effect on the mechanical properties of fiber cell
walls. However, this effect only appeared on fibers sub-
jected to a pressure of 2 bar.

Runkel and Wilke (1951) reported that hemicelluloses
in beech and spruce, which are the least thermal stable
component compared to lignin and cellulose, decreased
at temperatures between 1308C and 1948C. Also for the
mild conditions in this study (2 bar, 1348C) it can be

assumed that no fiber degradation occurs. The structural
alteration in the cell wall during refining and drying may
lead to the reinforcement of the cell walls. The results of
Yildiz et al. (2002) and Repellin and Guyonnet (2003) also
support the finding that MOE of wood can be improved
by thermal treatment.

On the other hand, fibers subjected to pressures
between 4 and 18 bar (at 152–2108C) can cause some
degradation in the cell wall. This leads to stiffness dec-
rement of fibers. The elastic moduli (EM) of fibers in the
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present study (treatment at 4–10 bar) were similar
(18.6–14.1 GPa) to those obtained from natural wood
fibers described by Tze et al. (2007). These EM data of
the highest pressure fibers were 9 GPa lower than those
obtained from fibers treated at milder conditions (2 bar).
It is obvious that refining pressure has a significant effect
on the mechanical properties of fibers, because at harsh
conditions the cell wall is damaged.

Wet and swollen fibers also suffered chemical changes
under harsh conditions. Fibers subjected to 18 bar
(2108C) refining conditions could result in the degradation
of hemicelluloses, lignin and cellulose. The macroscopic
observations of the fiber furnish with dark appearance
reveals numerous fine cracks. The reduction of the MOE
in fiber walls is plausible based on these observations.

The EM observed in this study were 2–3 times greater
than the tensile moduli (from 2.7 to 8.5 GPa) reported by
Groom et al. (2006) for fibers of the same origin. Tensile
tests are indicative of the entire cross section of the
fibers, including the primary cell wall, the secondary cell
wall and the middle lamella. The EM of the S2 layer are
significantly greater than those of other layers. According
to Lee et al. (2007a), there is no significant difference in
moduli of Lyocell fibers deduced by nanoindentation and
the nano-tensile test. However, the homogeneity of Lyo-
cell fibers is high; they have a regular morphology and
are defect-free. Accordingly, the performance of the
tensile tests was more accurate. On the other hand, the
nanoindentation has the advantage that the effects of the
largest fiber damage do not play an essential role. The
same is true for the irregular fiber morphology. Accord-
ingly, the nanoindentation emphasizes the mechanical
properties of the cell wall (i.e., S2 layer) as affected by
refining steam pressure.

The hardness was influenced by refining conditions in
a similar way, but the differences were smaller than those
of elasticity moduli. The hardness values decreased from
0.50 to 0.43 GPa as refining pressure increased from 2
to 12 bar. At pressures between 14 and 18 bar, hardness
values were further reduced to 0.39 and 0.37 GPa. The
higher the refining pressure, the more cracks are formed
in the cell wall. Obviously, the cell wall density – as a
main contributor to the hardness – decreases in the pres-
ence of cracks in the cell wall. The indentation creep
increment varied from 7.6% to 9.7% for fibers subjected
to pressures of 2–12 bar, but increased to 12.3% for a
pressure of 14 bar and to 13.1% for a pressure of 18 bar.
Cell wall damages of fibers subjected to pressures over
14 bar are indeed serious.

Conclusion

The physical and mechanical properties of refined wood
fiber cross section can be successfully investigated by
nanoindentation and AFM techniques. The exact location
and penetration pattern of each indentation can be accur-
ately determined from the load/displacement curves
associated with indentation images. Refining pressure
was a very important determinant of the physical and
mechanical properties of refined fibers. No obvious dam-
age was observed in the fiber cross section for fibers
subjected to lower pressures (2 and 4 bar). Nano-cracks

were found in fibers subjected to pressures of 6–12 bar,
and micro-cracks were found in fibers subjected to high-
er pressure (14 and 18 bar). The cross sectional dimen-
sion was more stable for fibers subjected to lower
pressures than for fibers subjected to higher pressures.
The nano-mechanical properties of refined fibers
decreased with pressure. The nanoindentation creep was
higher after application of higher pressures than at lower
pressures.
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Gindl, W., Gupta, H.S., Schöberl, T., Lichtenegger, H.C., Fratzl,
P. (2004) Mechanical properties of spruce wood cell walls by
nanoindentation. Appl. Phys. A 79:2069–2073.
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