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ABSTRACT: This study determines the effects of the pro-
cess of impregnation of boron compounds on the surface
roughness of Oriental beech, Scotch pine, Oriental spruce,
and Uludağ fir woods and varnished surfaces. For this pur-
pose, samples are prepared according to ASTM D 358 and
impregnated according to ASTM D 1413-99 with a 5.5% solu-
tion of boric acid (Ba), borax (Bx), and Ba with Bx (Ba þ Bx)
and varnished with synthetic varnish (Sv) and water-based
varnish (Wb) in accordance with ASTM D 3023. The surface
roughness is determined according to ISO 4287 and TS 930
standards. The results indicate that the surface roughness is
the highest in Uludağ fir, Wb, and Bx and the lowest in Orien-
tal spruce, Sv, and Ba þ Bx. For the combination of wood,

impregnation material, and varnish, the surface roughness is
the highest in Oriental beech with Bx and Wb and the lowest
in Scotch pine with Ba þ Bx and Sv. The surface roughness is
less in impregnated samples than unimpregnated samples
and in impregnated and varnished samples than impregnated
and unvarnished samples. According to these results, boron
compounds decrease the surface roughness of varnishes and
wood materials. Thus, impregnation of wood with boron
compounds decreases the surface roughness. � 2006 Wiley
Periodicals, Inc. J Appl PolymSci 102: 4952–4957, 2006
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INTRODUCTION

Wood materials are impregnated with chemicals to
increase durability against biotic and abiotic damage
and to elongate economic life. Varnishing increases the
esthetic and economic value of wood and keeps it free
from dirt and stain.

Woodmaterial, which has an important empty space
because of its porous structure, gains irregularities on
the surface when processed by cutting.1 Material struc-
ture and manufacturing techniques create surface
roughness directly, affecting the surface finishing pro-
cess. If the surface process is not sufficient, after paint-
ing and varnishing, the surface roughness becomes
muchmore evident and causes a decrease in quality.2

Scotch pine impregnated with different solutions of
chromated copper arsenate (Tanalith-E, Wolmanith-
CX, or ACQ) and left under open air conditions had less
surface roughness than other unimpregnated samples.3

It was reported that the surface roughness in wood
increases with humidity.4 In maple, Douglas fir, and
poplar woods, the surface roughness is increased by
the depth and rate of cut and the dimensions of abra-
sive grains.5

Wood samples were cut in the radial and tangential
directions from Oriental beech, oak, Scotch pine, and
Uludağ fir. They were processed with a radial saw,
planer and sanded with number 80 abrasive paper.
The surface roughness (Ra) values were 5.20 mm in
Scotch pine, 7.32 mm in Uludağ fir, 7.78 mm in Oriental
beech, and 11.84 mm in oak.6

Locust, pear, chestnut, Toros cedar, and oak wood
samples were sanded with number 120 abrasive paper
to attain a smooth surface and than sanded with num-
ber 80 abrasives.7 The Ra values of parquets were mea-
sured and found to be 4.50 mm in Oriental beech and
5.12 mm in oak.8 They were decreased in Oriental
beech, Scotch pine, Oriental spruce, and Uludağ fir by
vacuum impregnation with 5.5% solutions of boric
acid (Ba), borax (Bx), and Bawith Bx (Baþ Bx).9

This research was performed in order to determine
the effects of the impregnation process on the surface
roughness of Oriental beech, Scotch pine, Oriental
spruce, and Uludağ fir woods and varnished surfaces.

EXPERIMENTAL

Wood materials

Oriental beech (Fagus orientalis Lipsky), Scotch pine
(Pinus sylvestris Lipsky), Oriental spruce (Picea orienta-
lis Lipsky), andUludağ fir (Abies bornmüllerianaLipsky)
woods were selected as test materials because of their
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wide use in industry.Wood samples were selected ran-
domly from timber merchants in Ankara, Turkey. Spe-
cial emphasis was given for the selection of wood
materials. Accordingly, nondeficient, proper, knotless,
normally grown (without zone line, reaction wood,
decay, or mushroom damage) wood materials were
selected.

Impregnation material

The Ba and Bx impregnation materials were obtained
from Etibank–Bandırma Borax and Acid Factory. The
Ba (H3BO3) contained 56.30% 0.5B2O3 and 43.7% H2O
with a molecular weight of 61.84, a density of 1.4 g
cm�3, and a melting point of 1718C. The Bx (Na2B4O7

5H2O) contained 21.28% Na2O, 47% B2O3, and 30.9%
H2Owith amolecular weight of 291.3, a density of 1.8 g
cm�3, and amelting point of 7418C.10

Varnishes

Synthetic varnish (Sv) creates irreversible and bright
layers by reaction, oxidation, and vaporization of sol-
vents. It is durable for water and humidity and has a
low hardness value. Because of its property of durabil-
ity to humid conditions, it is preferred in the produc-
tion of furniture and decorations that will be used in
open air, high humidity, and water contact conditions
but with low resistance.

Water-based varnish (Wb) is a colorless and odorless
varnish that does not turn yellow with time and does
not cause any changes in the properties of wood mate-
rials. It dries chemically and forms hard layers, can be
applied several times on the same day, and is resistant
to acidic foods such as mustard and vinegar. The layer
thickness should be between 70 and 80 mm in wet con-
ditions and 25 and 35 mm in dry conditions. It is amilky
liquid and has a density of 1.006 0.05 g cm�3 at 208C.

The surfaces on which Wb is applied should be dry
and cleaned of dust, dirt, and oily stains by sandpaper-
ing. It should be applied in one to three layers for non-
treated surfaces and one to two layers for previously
painted surfaces. It takes about 30min for the first layer
to have touch resistance. For multilayer applications,
the subsequent layers should be allowed to dry
approximately 4–6 h. One liter of varnish is reported to
be sufficient to treat a 10-m2 surface.11

In this study Jansen Wb, which is a single com-
pound polyurethane–acrylic resin produced accord-
ing to DIN 53160, was applied in accordance with
ASTM D 3023. During varnish preparation and to
avoid the inferior effects on the layer performance,
emulsion ratios were carefully calculated considering
the product specifications. The varnish viscosity was
determined as 18 s/4-mm diameter flow-cup at 20
6 28C and 65 6 3% relative humidity (RH). It was
applied on the surface of test samples by means of
hard-haired brushes. The solid content and dry film
thickness of Wb were determined to be 28% and
24 mm, respectively.12

Some of the technological properties of different
kinds of varnishes used in the tests are given in Table I.

Preparation of test samples

The wood samples cut in rough dimensions were con-
ditioned at 206 28C and 656 3% RH until reaching to
12% dry-air moisture content. The humidity was deter-
mined in accordance with the TS 2471 standard.13 Test
samples were cut from sapwood with dimensions of
10� 100� 150mm.

In the process of impregnation, ASTM D 1413-99
standard procedures were applied.14 Accordingly,
the test samples were processed with a prevacuum of
60 cm Hg�1 for 60 min and then atmospheric pressure
for 60min.

Impregnated samples were stored under air circula-
tion until reaching dry-air moisture content (12%).
Samples were later weighed with an analytic balance
with 0.001-g sensitivity. The amount of retention (R) is
calculated by the formula

R ¼ G� C

V
103 kg m�1 G ¼ T2 � T1

where T1 is the sample weight after impregnation, T2

is the sample weight before impregnation, V is the
volume of the sample, and C is the concentration of the
solution (%).

In the process of varnishing, ASTM D 3023 standard
procedures were applied.15 According to this stand-
ard, the surfaces were sanded slightly to remove fiber
swells, cleaned of dust, and varnished according to the
definition of the producer. According to this, surfaces

TABLE I
Properties of Varnishes Used in Tests

Type of varnish pH
Density
(g cm�3)

Viscosity
(Pa S)

Amount used
(g m�2)

Synthetic — 0.94 5000 – 6000 120
Water based
ST D17 (primer) 9.17 1.014 5000 – 6000 160
AST D65 (filling) 9.30 1.015 5000 – 6000 67
AST D45 (last) 8.71 1.031 5000 – 6000 67
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of samples are coated with 120 g m�2 Sv and 160 g m�2

Wb varnish.

Test methods

The surface roughness was determined in accordance
with the ISO 4287 standard.16 TIME TR-200 contact-
type test equipment, which measures the sequential
profile change property, was used in the measure-
ments according TS 971,17 TS 930,18 and TS 6959 stand-
ards.19 The sensitivity of TIME TR-200 is 0.01–0.04 mm
and the lengths of the measurements were 0.25, 0.8,
and 2.5 mm. The temperature was 0–408C and the RH
was<90% in themeasurement conditions.

Measurements were taken at five different points
and perpendicular (\mm) to the fiber as shown in Fig-
ure 1. The test equipment was adjusted for a 2.5-mm
length of one stride and three measurements. Test
specimens and the measuring instrument were placed
parallel to the ground and the needle was placed at the
region in between the 20-mm parallel lines. Measure-
ments weremade of the surface roughness.

Data analyses

Forty-eight (4 � 3 � 2 � 2) test samples were prepared
for four different type of woods, three impregnation
materials, two types of varnishes, and two for each
measurement. In each test specimen seven measure-
ments were made (48� 7¼ 336). Amultiple analysis of
variance method was used to determine the difference
between the groups of test samples. The Duncan test
was applied to significantly evaluate the differences
between the groups.

RESULTS AND DISCUSSION

The amounts of retention of impregnation materials
are given in Table II. The highest retention amount was

obtained in Oriental beech impregnated with Ba, and
the lowest was obtained in Oriental spruce impreg-
nated with Bx. The resin in Scotch pine and pit aspira-
tion in Uludağ fir may have affected the results.

Table III provides the Ra values for the types of pro-
cesses, and Table IV gives the type of wood plus
impregnationmaterial and impregnation material plus
varnish interactions. Multiple analyses of variance are
given in Table V for the impact of the type of wood,
impregnation material, and varnish on the surface
roughness.

The highest Ra was measured in Uludağ fir and Ori-
ental beech impregnated with Bx and coated with Wb.
The value was higher in Oriental beech than in Scotch
pine and Oriental spruce. This may be because of the
thick and multiseriate rays in Oriental beech wood. In
Uludağ fir, fast growing and wide annual rings may be
the reason. Wide lumen and annual rings, thick rays,
and defects in wood cause increasing surface rough-
ness.20 The Ra was the highest in the control samples.
According to this result, impregnation and varnishing
develops the surface quality.

The highest value for the mean surface roughness
was found in Uludağ fir impregnated with Bx and the
lowest value was in synthetically varnished Scotch
pine impregnated with Baþ Bx. The impact of the type
of wood, impregnation material, and varnish on
the surface roughness was statistically important (p
< 0.05). To determine the differences between the
groups, the Duncan test results are given in Table VI.

The retention of the impregnation material on Ra

was not affective but the type of wood, impregnation
material, and varnish was affective. Thus, impregnat-

Figure 1 The test sample.

TABLE II
Mean Amount of Retention (kg m�3)

Wood materials Ba Bx Ba þ Bx

Oriental beech 13.15 9.32 10.24
Scotch pine 2.86 2.41 5.42
Oriental spruce 4.59 2.03 3.67
Uludağ fir 5.48 2.73 4.65

Ba, boric acid; Bx, borax.

TABLE III
Surface Roughness for Type of Process (\\mm)Ra

Types of materials Ra (\mm) HG

Wooda

I 2.759 A
II 2.406 B
III 2.204 C
IV 2.824 A

Impregnationb

1 3.280 A
2 2.240 C
3 2.564 B
4 2.109 D

Varnishesc

Uv 4.184 A
Wb 2.479 B
Sv 0.987 C

* HG, different letters in the columns refer to significant
changes among wood type, impregnation, and varnishes at
0.05 confidence level (a: LSD0.5 ¼ 0.1218; b: LSD0.5 ¼ 0.1218;
c: LSD0.5 ¼ 0.1055). \, perpendicular þD the fiber; A, the
highest value; D, the lowest value; I, Oriental beech; II,
Scotch pine; III, Oriental spruce; IV, Uludağ fir; 1, unim-
pregnated; 2, boric acid; 3, borax; 4, Ba þ Bx; Uv, unvar-
nished; Wb, water-based; Sv, synthetic-based.
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ing wood with Ba þ Bx and varnishing develops the
surface quality.

TheRawas the highest in Uludağ firwithout impreg-
nation and varnishing and the lowest in Scotch pine
impregnated with Ba þ Bx and then coated with Sv
(Fig. 2).

CONCLUSION

The retention of impregnation material was different
for different types of wood and impregnationmaterials.
The highest retention was obtained by impregnation of
Oriental beech, Oriental spruce, and Uludağ fir with Ba
(13.15, 4.59, and 5.48 kg m�3, respectively) and impreg-
nation of Scotch pine with Ba þ Bx (5.42 kg m�3). The
lowest Ra was obtained by impregnation of Oriental
beech, Scotch pine, Oriental spruce, and Uludağ fir with
Bx (9.32, 2.41, 2.03, and 2.73 kgm�3, respectively).

Oriental spruce has a 20.2% smoother surface than
Oriental beech, 8.4% smoother than Scotch pine, and

22% smoother than Uludağ fir. This may be because
of the anatomic structure of the woods. It was re-
ported that the anatomic structure, growth character-
istic, and processes (steaming, seasoning, impregna-
tion, machining, etc.) affect the surface roughness.21

Roughness is also different in the tangential and ra-
dial directions in early and late wood.

The highest Ra value for the impregnation materials
wasmeasured in Bx (2.564 mm) and the lowest was in Ba
þ Bx (2.109 mm). Impregnation materials increase the
surface smoothness, which was 32% for Ba, 22% for Bx,
and 46% for Baþ Bx as compared with control samples.
For the interaction of woodwith impregnationmaterial,
the Rawas the highest in Bx (2.859 mm) and the lowest in
Ba þ Bx impregnated in Oriental spruce (1.798 mm).
These values are less than the unimpregnated samples.
The porosity in the wood materials may be the reason.
Thus, the impregnation material decreases the surface
roughness. The Ra was less in impregnated samples
than in unimpregnated samples.3

TABLE VI
Results of Duncan Test

Process x HG Process x HGa Process x HGa

IV þ Uv þ C 5.692 A II þ Uv þ Ba 3.533 EF III þ Wb þ Ba 1.415 MNO
I þ Uv þ C 5.578 A II þ Uv þ Ba þ Bx 3.517 EF III þ Sv þ C 1.363 NOP
IV þ Uv þ Bx 4.820 B II þ Wb þ C 3.292 FG II þ Sv þ C 1.304 NOPQ
I þ Uv þ Bx 4.338 C I þ Wb þ Bx 2.964 GH III þ Wb þ Ba þ Bx 1.253 NOPQR
III þ Uv þ C 4.276 CD IV þ Wb þ Bx 2.877 GHI I þ Sv þ Bx 1.197 OPQRS
IV þ Uv þ Bx þ Ba 4.196 CD II þ Wb þ Ba 2.865 GHI III þ Sv þ Bx 1.052 OPQRST
II þ Uv þ C 4.165 CD III þ Wb þ C 2.810 HI I þ Sv þ Ba 1.044 OPQRST
IV þ Uv þ Ba 3.936 CDE IV þ Wb þ Ba 2.450 IJ II þ Sv þ Bx 0.962 OPQRSTU
I þ Uv þ Ba 3.924 CDE II þ Wb þ Bx 2.304 JK IV þ Sv þ Bx 0.870 PQRSTU
I þ Wb þ C 3.915 CDE IV þ Wb þ Ba þ Bx 2.295 JK IV þ Sv þ Ba þ Bx 0.847 QRSTU
III þ Uv þ Ba 3.903 CDE I þ Wb þ Ba þ Bx 1.998 JKL I þ Sv þ Ba þ Bx 0.775 RSTU
II þ Uv þ Bx 3.862 CDE II þ Wb þ Ba þ Bx 1.973 KL III þ Sv þ Ba 0.731 STU
I þ Uv þ Ba þ Bx 3.828 DE III þ Wb þ Bx 1.845 KLM IV þ Sv þ Ba 0.640 TU
III þ Uv þ Bx 3.659 EF I þ Wb þ Ba 1.835 KLM III þ Sv þ Ba 0.602 TU
III þ Uv þ Bx þ Ba 3.616 EF I þ Sv þ C 1.707 LMN III þ Sv þ Ba þ Bx 0.525 U
IV þ Wb þ C 3.573 EF IV þ Sv þ C 1.682 LMN II þ Sv þ Ba þ Bx 0.486 U

a Different letters in the columns refer to significant changes among interaction of wood, impregnation materials, and
varnish at 0.05 confidence level (LSD0.5 ¼ 0.421). I, Oriental beech; II, Scotch pine; III, Oriental spruce; IV, Uludağ fir; Uv,
unvarnished; Wb, water-based; Sv, synthetic-based; Ba, boric acid; Bx, c, control, x, mean.

TABLE V
Results of Variance Analysis of Impact of Types of Wood, Varnish, and

Impregnation Material Combinations on Surface Roughness

Source of
variance

Degrees of
freedom

Sum of
squares

Ave. of
squares

F
value

p < 0.05
signif.

Factor A 3 21.760 7.253 45.1396 0.0000
Factor B 2 570.744 285.372 1775.9606 0.0000
AB 6 11.858 1.976 12.2996 0.0000
Factor C 3 69.123 23.041 143.3908 0.0000
AC 9 6.081 0.676 4.2048 0.0000
BC 6 3.565 0.594 3.6981 0.0015
ABC 18 8.727 0.485 3.0171 0.0001
Error 288 46.278 0.161
Total 335 738.136

Factor A, type of wood; Factor B, type of varnish; Factor C, impregnation materials.
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The Ra for the type of varnish was the highest in Wb
(2.479 mm) and the lowest in Sv (0.987 mm). Sv and Wb
increased the surface smoothness by 77 and 41%,
respectively, compared to control samples. For the
combination of types of wood and varnishes, the Ra

was the highest in Uludağ fir impregnated with
Wb (2.799 mm) and the lowest in Scotch pine impreg-
nated with Sv (0.838 mm). These values are less than
unvarnished samples. Thus, varnishing develops the
surface smoothness, depending on the type of varnish-
ingmaterial.

For the interaction of the impregnation material and
varnish, the surface roughness was found to be the
highest in Bx with Wb (2.498 mm) and the lowest in Ba
þ Bx with Sv (0.6588 mm). The surface roughness of
varnished but unimpregnated samples was higher
than the impregnated and varnished samples. Accord-
ing to this, boron compounds increase the surface
smoothness in varnishes.

For the interaction of wood, impregnation material,
and varnishing material, the Ra had the highest value
in Uludağ fir varnished with Wb (5.692 mm) and the
lowest in Scotch pine impregnated with Ba þ Bx and
coated with Sv (0.486 mm). According to these results,
boron compounds developed the surface quality of our
testedwoods and varnishes.
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Miktarı Tayini (Assessment of Humidity for Mechanical and Phys-
ical Tests of Woods), Turkish Standard Institute: Ankara, 1976.

14. ASTM D 1413, Standard Method of Testing Wood Preserva-
tives by Laboratory Soil Block Cultures, American Society for
Testing and Materials, Philadelphia, PA, 2005.

15. ASTM D 3023, Standard Practice for Determination of Resist-
ance of Factory Applied Coatings on Wood Products of Stain
and Reagents, American Society for Testing and Materials,
Philadelphia, PA, 1998.

16. ISO 4287, Geometrical Product Specifications Surface Texture
Profile Method Terms, Definitions and Surface Texture Param-
eters, International Standard Organization, NY, 1997.
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Figure 2 The surface roughness (Ra) values for different
types of wood, impregnation materials, and varnishes.
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