
 
 

 

 
Abstract—The term micofibril angle, MFA in wood science 

refers to the angle between the direction of the helical windings 

of cellulose microfibrils in the secondary cell wall, S2 layer of 

fibres and tracheids and the long axis of the cell.  In this study, 

the main MFA of the cell walls were determined for thin samples 

of thickness 200µm from pith and outwards, for eight ages of 

Acacia mangium wood.  The determination of MFA was based 

on diffraction pattern arising from cellulose crystal planes of the 

type 002 generated by x-ray diffraction and recorded using an 

electronic detector.  The results show an inversely relationship 

between MFA and age of tree in Acacia mangium wood.  MFA 

decreased from 26.13° at age 3 year-old to 0.20° at tree of age 15 

year-old for the pith region. .  The most significant drop 

occurred from 16.14° at age 7 year-old to 11.30° at age 9 

year-old.  An inversely relationship between MFA and storage 

modulus E’ was evidence in Acacia mangium at age 10-year-old.  

The results showed that about 76.22% variation of loss modulus 

E” was attributed to the MFA, while about 66.4% of the 

variation of glass transition Tg was explained by MFA under the 

same experimental condition.  

 
Index Terms—Acacia mangium, Microfibril angle, MFA, 

Glass transition, X-ray diffraction.  

I. INTRODUCTION 

The orientation of the cellulose microfibrils in the S2 layers of 
the cell walls of softwood has a significant influence on the 
mechanical properties of wood.  The angle between the 
cellulose fibrils and the longitudinal cell axis, the microfibril 
angle, MFA was found to be a critical factor in determining 
the physical and mechanical properties of wood [8].  For this 
reason, considerable effort has been directed towards the 
measurement of the cellulose MFA.  Direct measurement of 
MFA has been made by highlighting microfibrils in individual 
cell walls with iodine staining, but the most widely adopted 
techniques use either wide-angle X-ray diffraction or 
small-angle X-ray scattering [19]. The pioneering work of 
references [3] and [18] led to the use of the ‘T’ parameter 
derived from the curve distribution of the intensity diffracted 
by the (002) planes of the cellulose fibrils.  
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      MFA has been found to influence shrinkage of wood [15].  
The MFA of the S2 layer in the tracheid cell wall is known to 
be one of the main determinants of the mechanical properties 
of wood [4].  Reference [9] reported that the MFA also had a 
significant impact on paper properties.  The MFA has a very 
strong influence on the stiffness of wood [21].  MFA in the S2 
layer of the cell wall of Picea abies has been to influence on 
cambial age and growth conditions [14]. 

    

II. THERMAL AND DINAMIC-MECHANICAL 

PROPERTIES OF WOO 

Thermal analysis has been extensively applied to investigate 
the thermal behavior of various materials as a function of 
temperature [9].  A number of researches on thermal 
properties of wood fiber and polymer composites (WFPCs) 
have been reported [10]. Crystallization and morphology in 
WFPCs have been investigated with many thermal methods 
by a number of research workers [12]. Weight or volume 
ratios of wood fiber greatly influenced glass transition 
temperature and storage moduli of the resultant composites 
[13]. 
 
     A number of different methods have been used to 
investigate thermal properties and vescoelastic properties of 
wood. One such method is dynamic mechanical thermal 
analysis (DMTA). This has been used to investigate wood 
from different trees species [9]. The specimens were tested in 
the shearing and bending modes in the air dried state, show a 
number of overlapping tan δ peaks which are thought to 
represent the glass transitions of hemicelluloses and lignin 
components within the wall matrix [1].  Reference [2] 
identified two δ peaks in temperature scan ranging from 150 
to 150 Cº.   However, in all cases tan δ never fell below 0.1 
and above -50 Cº was always above 0.02.  DMTA is useful 
tool for investigation properties of secondarily thickened cell 
walls, and a long with other methods, is beginning to show 
just how complex the wood structure architecture [16]. One of 
the objectives to work was to examine the influence of MFA 
of the cell wall on the thermal and dynamic-mechanical 
properties of Acacia mangium wood.  

III. MATERIALS AND METHODS 

The wood samples used in this study were selected from 3, 5, 
7, 9, 10, 11, 13 and 15 year-old of Acacia mangium tree from 
Sabah Forestry Development Authority (SAFODA) and 
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Ganui Plantations, Sabah, Malaysia.  The standard 
methodology for the physical characterization followed the 
International technical standard (ISO standard 4471-1982).  
The samples were taken out at breast height (1.25m) on each 
tree.  An x-ray diffractometer (Philips X-Pert PRO 
PW3040/60) was used to determine the average microfibril 
angle.  A point-focused x-ray beam (Cu-Kα x-ray, beam 
diameter 1 mm) was applied to tangential section, 200 µm 
thick x 2 mm long, prepared from the pith and bark regions 
with a sliding microtome as shown in Figure 2b. Before 
proceeding further, it is necessary to define the geometry of 
the diffraction diagram-samples system.  Geometry of 
diffraction-samples system as indicated in (Fig.1): 
(a)  The sample axis is taken parallel to the vertical Z axis of 
the rectangular cartesian set (X, Y, Z). 
(b)  The incident X-ray beam is coincident with the positive x 
axis.   
(c)  The microfibril axis direction is given by the polar or 
MFA, µ, the angle the microfibril makes with the z axis, and 
the azimuthal angle α, the angle the projection of the 
microfibril on to the x y plane makes with the positive x axis. 
(d)  The position of the reflection spot on the (002) reflection 
circle is given by the angle ø measured from the right hand 
equatorial (positive y) axis towards the upper meridional 
(positive z) axis. 

 
 
 
 
 

Fig.1. Geometry of the specimen and X-ray diffraction 
system, p is the polar of a specimen reflecting plane, θ is the 
Bragg angle of reflection and Φ the reflection spot angle on 
the X-ray diagram, µ is the microfibril angle. 
 
   The measurements were made at a speed of 6 degrees per 
minute, at a Bragg’s angle 22.4°, using the 2 mm diverging slit 
and 1 mm receiving slit.   A diffraction pattern is produced by 
the crystalline structure and recorded by an electronic 
detector.  Parameter T defined by Cave, was obtained from the 
diffraction intensity around (002) arc [3].  Three lines were 
drawn to derive half the width of the curve.  The first was the 
baseline representing the portion in the curve when the x-ray 
intensity was more or less minimal.  Than, a tangent was 
drawn to divide the curve in to two equal parts.  The average 
MFA was calculated using the following formula [13].  
    
 19.36693.410431.110575.1 2133

−+×−×=
−− TTTMFA     (1) 

Radial slices 50 µm thick were cut by rotary microtome, 
LEICA RM from all eight ages and used for Probe 
microscope.   
    Samples for Dynamic Mechanical Analyzer DMA testing 
were of the impact using a table saw.  They were further 
machined down to nominal thickness of 3.0 mm using vertical 
milling machine.  The samples were held in place under 
controlled humidity and temperature. Care was taken to 
obtain samples from the same area of the impact region in the 

wood trunk. Each disc of wood was machined to produce a 
balance DMA samples desired thickness. The final samples 
dimensions were 50 mm × 13 mm × 3 mm. 

IV. RESULTS  

A. Determining of MFA  

Figure 2 shows typically diffraction pattern arising from the 
region of Acacia mangium wood as a slice samples of 
thickness 200µm from growth age 3 year-old. The MFA is 
determined from the intensity that has strongest peak [20]. In 
this work, the intensity peak at 2θ ≈ 22º has been used to 
calculate the parameter T for all growth ages because the peak 
of the diffraction intensity gives the best Full Width Half 
Maximum, FWHM value in this case. In case of wood sample 
from 3- year- old tree, the peak at 2θ = 22.4973º was used to 
calculate the MFA.  Fig. 2 shows that angle 2θ = 22.4973º 
gives the FWHM about 0.5196º for wood sample of 
3-year-old.  

 
 
 
 
 
 
 
 
 
 

 
Fig. 2.  Typical diffracting pattern arising from pith region of 
Acacia mangium sample at 3-year-old. 
 
    The parameter T was used as an indicator to MFA. T was 
calculated using Cave method [4]. Mean MFA was calculated 
using the formula developed by Yamamoto [22].  Three lines 
were drawn to derive half the width of the curve. The first was 
the baseline representing the portion in the curve where the 
X-ray intensity was more or less minimal. Than a tangent 
were drawn through the infection point on one side of the 
curve. Finally a vertical line was drawn to divide the curve in 
to two equal parts as shown in “Fig. 3”.  The results shows 
that the MFA ranged from 26.13º at the pith region of Acacia 

mangium wood at age 3 year-old, and decreases to about 
0.20º ± 0.01º at tree age 15 year-old. It was found that the 
mean MFA at the bark region of Acacia mangium wood 
behaves the same way. MFA and standard deviation for 
Acacia mangium from 3 year-old at bark region was 
calculated using the polynomial relationship of Yamamoto 
[22]. 
 

19.36693.410431.110575.1 2133
−+×−×=

−− TTTMFA  

 

T = 2.3° ± 0.1° for growth age of 3-year-old as shown in Fig.3 
   

19.36)3.2(693.4)3.2(10431.1)3.2(10575.1 2133
−+×−×=

−−

MFA                       
ο13.2619.367939.107569.00191.0 −=−+−=MFA

ο13.26−=MFA  
                                  

2θ = 22.49° 
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The (-) signal mean that the microfibrils orient in the back cell 
wall. 
The parameter T given by Cave (1966) by the formula: 

σ2+= MFAT                                                         (2) 
σ = 14.21°  
  Were σ = 14.21° represent the standard deviation of the 
intensity distribution arising from the fibril orientation about 
the mean value. 

                                                                          
 

Fig. 3.   X-ray diffraction intensity used to measurement of T 

in wood model of 3 year-old. 
 
     The results of MFA for pith and bark region of the tree 
under investigation are summarized in Table 1 and 2 
respectively. Overall MFA was found to decrease when the 
growth age increased in all discs. It was found that MFA 
decreases from 26.13º at growth age about 3 year-old to 0.20º 
at the pith center of age 15 year-old (Table 1). In the bark 
region, MFA ranged from 31.26º at age 3 year-old to 0.47 at 
age 15 year-old.  
 

MFA decreased as the tree age increase. Most 
significant drop occurring from 21.45º at age 5 year-old to 
16.14º at age 7 year-old, and from 9.80º at 10 year old 4.96º at 
11 year-old at the pith region. The smallest value of MFA was 
found in the pith center, MFA = 0.20º ± 0.01º. An inverse 
relationship between MFA and tree age was evident in this 
study within the pith region “Fig. 4”. The MFA of Acacia 

mangium in the bark region behaves the same way. The 
highest rates of decreasing of MFA occur between ages 5 to 7 
year-old within the bark region. MFA was found to drop from 
27.36º at 5 year old to 17.83º ± 0.01º at age 7 year old. An 
inverse relationship between tree age and MFA was found 
within the bark region “Fig. 5”.  A strong positive direct 
relationship (R2 = 0.98) has been found between MFA and the 
distance from pith to bark in wood model at age 10 year old 
“Fig. 6”.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table 1:  The value of MFA and standard deviation σ in the   
pith region for each age of Acacia mangium tree. 

 
 
 
Table 2:  The value of the MFA and the standard deviation in 
the bark region for each age of Acacia mangium tree. 

 
 
 
 
 
 
 
 
 
 
 
 

Sample 
No. 

Tree 
age 

(year) 

MFA ± 
0.01° 

σ  ( ° ) Microfibrils 
orientation 

     
1 3 26.13 14.21 Back cell wall 
2 5 21.45 8.97 Back cell wall 
3 7 16.14 5.47 Back cell wall 
4 9 11.30 2.40 Back cell wall 
5 10 9.80 1.40 Back cell wall 
6 11 4.96 4.27 Front cell wall 
7 13 0.26 0.08 Front cell wall 
8 15 0.20 0.07 Front cell wall 
9 15 

(Pith 
center) 

0.20 0.07 Front cell wall 

  Mean= 
10.05 

Mean= 
4.10 

 

  Std. 
Dev= 
9.64 

Std. 
Dev= 
4.83 

 

Sample 
No. 

Tree 
age 

(year) 

MFA ± 0.01° σ  ( ° ) Microfibrils 
orientation 

1 3 31.62 15.13 Back cell 
wall 

2 5 27.36 12.68 Back cell 
wall 

3 7 17.83 6.60 Back cell 
wall 

4 9 14.44 4.47 Front cell 
wall 

5 10 9.87 1.43 Front cell 
wall 

6 11 5.67 1.42 Front cell 
wall 

7 13 3.17 3.16 Back cell 
wall 

8 15 0.47 0.15 Back cell 
wall 

  Mean=13.80 Mean= 
5.63 

 

  Std. 
Dev=11.27 

Std. 
Dev= 
5.53 

 

2θ = 22.49° 

T= 2σ 
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Fig. 4.  The relationship between MFA and the tree age in the 
pith region of Acacia mangium wood. 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. The relationship between MFA versus tree age in the 
bark region of Acacia mangium wood. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 6. The relationship between MFA and the distance from 
the pith in Acacia mangium wood at age 10 year- old 
 

B. The Effect of Microfibril angle on the Thermal and 

Dynamic- Mechanical Properties of Acacia mangium 

Wood 

In this study, the DMTA technique is used in glass transition 
calculation.  Method was based on the temperature at which 
mechanical properties began to be compromised, that is the 
maximum damping ratio.   This method is used to present the 
glass transition of Acacia mangium wood as a function to the 
MFA, because this is the method commonly found in the 
literature.   The thermal and mechanical properties of Acacia 

mangium wood under analysis are presented in Table 3.  The 
values of Tg were calculated based on the maximum damping 
ratio.      
 
 
 
 
 

Table 3: Thermal and mechanical properties of Acacia 

mangium wood with respect to the MFA.  The values of Tg 
were calculated based on the tanδ. 

 
MFA 

(°) 
E’ (GPa) E” (GPa) Glass 

transition 
(°C) 

tanδ 

0.46 9.00 ×108 55129999 102.583 0.175 
3.17 7.79 ×108 46028906 103.213 0.145 
4.90 7.16 ×108 48354672 92.694 0.166 
6.46 7.13 ×108 45717485 88.899 0.165 
7.68 7.14 ×108 44826412 99.669 0.151 
8.66 6.47 ×108 45953213 84.633 0.165 

11.91 6.24 ×108 42198028 84.113 0.153 
12.84 6.71 ×108 37456490 83.688 0.172 
14.44 4.76 ×108 31983774 83.895 0.147 

 
    The effect of MFA on the storage modulus (E’), loss 
modulus (E”) and tanδ in the pith center for MFA about 0.46º 
is presented as shown from “Fig. 7, 8 and 9”.  A general 
declining trend for all curves of E” test is observed when the 
wood samples go through higher temperatures.  The only 
noticeable transition can be detected at around 99.66 ºC as 
shown in Table 3.  As it seen in “Fig. 7”, wood sample at MFA 
0.46º have higher Tg about 77.64 ºC based on the maximum of 
E”. No significant difference between the temperatures based 
on the change of storage modulus is observed.  Result show 
also that, in the case of the temperature based on the tanδ, a 
significant different due to the increase of MFA can easily be 
seen (Table 3).  It was found that Tg ranging between 102.583 
ºC at MFA about 0.46º “Fig. 9”, and 83.895 ºC at MFA about 
14.44º as shown in Table 3.  An inversely relationship has 
been established between MFA and E” for wood sample at 
age 10 year-old “Fig. 11”. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.7. Tg determined by the onset of the E’ change and the 
maximum of E” at MFA = 0.46°.  The Tg value based on the 
change of E’ = 26.072 °C while Tg based on the maximum of 
E” = 77.647 °C.  The Frequency = 1 Hz. 
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Fig. 8. The Tg value based on the change of E’ = 26.072 °C 
while Tg based on the maximum damping ratio, tanδ = 
102.593 °C, at MFA = 0.46°.  The Frequency = 1 Hz. 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 9. The Tg value based on the maximum of E” = 77.647 °C 
while Tg based on the maximum damping ratio, tanδ = 
102.593 °C, at MFA = 0.46°.  The Frequency = 1 Hz.  
 

 
 
 
 
 
 
 
 
 
 

Fig. 10.  The relationship between MFA and E” in Acacia 

mangium wood of 10-year-old. 

V.  CONCLUSION 

In this work, the variations of MFA with the tree ages were 
studied for the real wood cell wall structure of Acacia 

mangium using X-ray diffraction.  The results of MFA 
measurements from the eight Acacia mangium trees, 3, 5, 7, 9, 
10, 11, 13 and 15-year-old examined in this study showed that 
differences in MFAs between tree ages were significant.  The 
general trend was for the MFA to be greatest in the young 
wood of age 3-year-old and decrease gradually with 
increasing the tree age.  This trend has been found for both 
pith and bark region of the wood samples. It was found that 
for eight ages of trees examined, the MFA was at its greatest 
in the sample of 3-year-old, where angle as high as 26.13° 
were recorded.  The lowest for all eight cases were taken from 
the pith region were found in tree age 15-year-old where the 
angle varied from 1.99° to 0.20° in the front cell wall 
direction of the microfibrils.  For all cases of the wood 

samples were taken from the bark region of the eight trees, the 
results shows that the MFA was its greatest in tree age 
3-year-old, were angle as high as 31.62° were recorded.   
Tables are numbered with Roman numerals. The lowest 
MFAs for the same samples were found in 15-year-old of the 
trees were the angle was 0.47° in the back cell wall direction 
of the microfibrils.   

Results shows that MFA in Acacia mangium wood 
increases rapidly as a function of the distance from pith 
towards the bark in wood models were taken from 10 
year-old. The general trend was for the MFA to be lowest near 
the pith and then to increase gradually towards the cambium. 
It was found that for the samples taken from 10 year-old trunk, 
the MFA was at its lowest at a distance 10.0 mm from the pith 
center, where angle as 0.46° was recorded. The highest MFA 
for all samples in the trunk was found at the distance 90.0 mm 
from the pith where the angle was 14.44° (Table 3). 
Obviously, the MFA has a strong correlation with the wood 
quality as well as with the physiomechanical function of tree 
[5]. 

When a tree is young it needs to be elastic in order to move 
in the wind.  After some decades, however the cells produced 
by matured trunk cambium have a smaller MFA for stiffness 
and keeping the trunk upright.  By contrast, young woods 
have to be rather elastic, allowing them to bend.  Therefore, 
MFA need to be larger.  The MFA is thus critical to the total 
mechanical balance of the tree, correct MFAs are essential for 
its survival. However, the results clearly show that greater 
variation exists across the distance from pith to bark and 
between the tree ages.  

Effect of MFA on the storage modulus, loss modulus and 
glass transition of Acacia mangium wood is discussed in this 
study. Results show a good inversely relationship between 
MFA and the E’ was evidence in Acacia mangium wood of 
10-year-old.  A general declining trend for all curves of E’ test 
is observed when the wood samples go through higher MFA.  
The only noticeable variation can be detected in the case of 
MFA about 6.46° (Table 3).  Thus, as the MFA increases the 
E’ decreases.  It was found that for a decrease in MFA from 
14.44° to 0.46°, the E’ increased from 4.76 ×108 GPa to 9.00 
×108 GPa.  

The results also showed that E” was most strongly 
influenced by MFA under the same experimental conditions. 
The model suggests that a similar reduction in MFA as 
outlined above, causes E” to increase about 23,146,225.00 
GPa. These results supports those of Cave and Walker [7] 
who found that wood stiffness and bending strength are 
negatively affected by large microfibril angle.  [6] and [17]. 
reported that the tensile strength of the tracheid decreasing 
with increasing MFA in the cell wall. This behave of 
dynamic-mechanical properties of wood with MFA may be 
attributed to the effect of MFA on the density of wood. Fig. 1 
meant 16000 A/m or 0.016 A/m. The density of wood impacts 
the pulping process, energy consumption and is important for 
pulp yield [9].  High density had a positive correlation with 
tear strength but the effects diminished when position in the 
tree was taken in to account indicating that it is not the density 
in itself that is important but ruther the properties of the fibres 
which are mirrored by the density [6].  Farther more has been 
reported that these two properties have been successfully 
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combined to predict the dynamic-mechanical properties of 
small specimens [5].   
    As a result the mechanical properties of Acacia mangium 
wood can be expected to weaker with high MFA. Glass 
transition in highly crystalline polymers is difficult to identify 
[21].  This is true because in such cases Tg is a minor event, 
masked by crystallinity, and because crystalline polymers 
frequently have multiple transitions arising from relaxations 
associated with amorphous phase, or both. The effect of MFA 
on the glass transition was discussed in this study.  Tg was 
calculated based on the temperature at which mechanical 
properties began to be compromised, that is the maximum 
damping ratio. An inversely correlation was evident between 
Tg and MFA in Acacia mangium wood.  The regression 
analysis of MFA and Tg data shows that about 71.94% of the 
variation in Tg was explained by MFA. 
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