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Abstract
Panels from laminated phenol-formaldehyde resin (PF) impregnated and compressed wood (Compreg) with top veneers 
from European species of beech, maple and white birch were prepared, each without or coated with resin pre-impregnated 
overlay papers. To clarify the outdoor resistance of Compreg surfaces, long-term artificial weathering experiments were 
performed. Weather-related color changes, gloss retention and microscopic and surface topographical surface alterations 
were examined. It has been observed that the application of PF impregnated paper overlays and combinations of them with 
melamine formaldehyde resin (MF) treated films significantly improved the weather resistance of Compreg surfaces. The 
extent of UV and moisture-induced surface damages of Compreg has been shown to also be dependent on the veneer types 
used as surface top layer. Highest surface and color stabilization against weather was achieved providing Compreg with top 
veneers from maple combined with PF overlays or applying both MF and PF impregnated overlay films as surface finish.

1 Introduction

Impregnation with thermosetting resins and subsequent 
hot compression of pre-impregnated wood veneers reach-
ing raw densities up to 1400 kg  m−3 is an attractive and 
promising technology to improve strength properties, 
dimensional stability and durability of laminated wood 
against decay and weather (Hill 2006; Stamm and Seborg 
1955). In Germany, the procedure has been developed and 
used at an industrial scale since the 1930s to manufacture 
products under the military coined tradename “Panzerholz” 
(Thum and Jacobi 1938), also known under the technical 
term “Kunstharzpressholz” (Kollmann 1942; Küch 1939; 
Schulte 1938). Similar products called “Compreg” were 
developed in the US during World War II at the Forest Prod-
ucts Laboratory (Stamm and Seborg 1941). Compreg and 
similar materials are currently being produced in Germany 

and UK by companies belonging to the Delignit AG group 
 (Panzerholz®), by Roechling KG, Germany  (Lignostone®, 
 Transfomerwood®), Pagholz GmbH, Germany  (Pagholz®), 
in Poland and in different Asian countries.

The manufacture of the respective products is a proven 
technology based on the following sub-processes. (I) 
Impregnation of wood veneers, in Europe commonly rotary-
cut veneers from European beech, with water-soluble low-
molecular phenol-(PF) and rather more rarely melamine-
formaldehyde (MF) condensation resins. (II) Pre-drying 
of impregnated veneers at 100–150 °C. (III) Subsequent 
hot pressing and deformation/densification of pre-treated 
veneers with pre-crosslinked reactive resins (prepregs) 
at specific pressures of 10–25 MPa and temperatures of 
100–150 °C to highly compressed laminated wood (Niemz 
and Wagenführ 2012; Dunky and Niemz 2002; Stamm and 
Seborg 1955).

The resins applied act as plasticizer, soften the wood cell 
wall and enable a non-destructive cell wall collapse and fiber 
deformation while wood is compressed in transverse direc-
tion (Shams et al. 2004). Simultaneously, resin condensa-
tion, crosslinking and hardening of the resin that previously 
penetrated into the cell lumen and the wood cell walls occur. 
Thus, after resin condensation, the densified wood is fixed 
and dimensionally stabilized (Yano et al. 1997). Resulting 
characteristics of compressed and impregnated laminated 
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wood—in the following referred to as Compreg—are specifi-
cally adjustable by varying veneer thickness, layer structure, 
resin content, resin type, pressure, and pressing tempera-
ture (Shams and Yano 2004, 2006, 2011; Shams et al. 2004, 
2006). Compreg is used for a wide range of small-scale and 
industrial applications due to its strength properties compa-
rable to those of steel but with a much lower specific weight 
(Niemz and Wagenführ 2012; Westin et al. 2009; Kollmann 
1955).

Early uses of Compreg were for aircraft parts, propel-
lers, gears, pulleys, loom parts or for musical instruments 
(Westin et  al. 2009). Actually, it is used industrially in 
tool- and mould-making, as electrical insulation material 
for transformer constructions and for vehicle constructions 
like undersides and slapsticks, coil clamping rings, pres-
sure beams, round rods, threaded rods and nuts, and other 
CNC machined components (Westin et al. 2009; Dunky and 
Niemz 2002).

Because of the plasticizing effect of low molecular 
thermosetting resins, Compreg is deformable before resin 
condensation and hardening is completed. Thus, it can be 
molded into three-dimensional shapes (Niemz and Wagen-
führ 2012; Westin et al. 2009). After processing, the natural 
appearance of wood is largely maintained, and thus Com-
preg represents an attractive wooden material for repre-
sentative and decorative applications (Rowell 1999; Seborg 
1955). Hence, despite significantly higher costs compared 
with untreated solid or laminated wood (Kollmann 1955), 
Compreg application for high-value outdoor applications is 
rising (Bao et al. 2016; Passauer et al. 2016). Examples of 
outdoor products are seat shells for stadium seating, cush-
ions for park benches, and façade or landscape-architectural 
elements that have to be exterior resistant if permanently 
exposed to weather (Passauer et al. 2016).

Weathering of wood surfaces is well known to cause sub-
stantial material and surface alterations such as discolora-
tion (Oberhofnerova et al. 2017), surface roughening and 
cracking (Reinprecht et al. 2018). There is a large number of 
studies discussing this phenomenon for native (Evans et al. 
1992), thermally (Baysal et al. 2014) or chemically modified 
wood (Evans et al. 2000) and to a lesser extent for PF or MF 
resin treated wood (Bicke and Militz 2015; Hansmann et al. 
2005). On the other hand, there is a lack of published data 
regarding weather-related changes in surface properties of 
Compreg.

Since improvements in physical and mechanical prop-
erties due to impregnation and compression of laminated 
wood is well investigated, weather-related changes in color, 
microstructure, roughness or other surface properties related 
to the optical appearance and haptic of Compreg are cur-
rently not documented.

Due to the increasing use of Compreg in outdoor appli-
cations, knowledge of weathering stability is therefore 

considered essential, which also is supported by the fact that 
moisture- and weather-induced damage on exposed Com-
preg surfaces has been observed in corresponding products 
after several years of use (Bao et al. 2016; Passauer et al. 
2016). Material-related causes of this are to be clarified and 
technologies developed that delay or at best prevent weather-
related damage to the Compreg surfaces as long as possible.

Thus, weather-related changes of selected surface proper-
ties of Compreg were examined on macroscopic and micro-
scopic levels. Thereby, the focus was on changes in optical 
and microstructural parameters like color, gloss, surface 
topographical features and surface roughness induced by 
artificial weathering. Surface alterations were investigated 
(a) depending on which type of veneer—European beech, 
European maple, and European white birch—was used as 
top layer; (b) depending on which type of resin—low-molec-
ular weight PF or MF—was applied to top veneer impregna-
tion; and (c) whether PF or MF overlay films or combina-
tions thereof were used as an additional surface finish or not.

2  Materials and methods

2.1  Materials

Compreg panels were prepared in a pilot plant scale using 
rotary-sliced veneers from European beech (Fagus sylvatica 
L., FASY) commonly used for industrial compreg produc-
tion in Europe (Dunky and Niemz 2002; Kollmann 1955). 
Veneer dimension was 300 mm × 300 mm and the thickness 
was 0.4 mm for core layers and 0.6 mm for top veneers. To 
study a possible influence of the veneer type on the surface 
properties of Compreg, rotary-sliced veneers from European 
birch (Betula pendula Roth, BTXX) and sliced veneers from 
European maple (Acer pseudoplatanus L.; A. platanoides L., 
ACPL) with the same dimension were used as alternative top 
layers. Both types of veneer have been described as com-
paratively easy to impregnate with synthetic resins and can 
also be used for Compreg production (Westin et al. 2009; 
Wagenführ 1996; Kollmann 1955). Core and top veneer 
slides were evaluated visually, and only specimens without 
defects like knotholes, cracks, or insect holes that may affect 
the appearance and surface properties of the resulting Com-
preg panels were selected.

For top and core veneer impregnation, a low-molecular 
PF condensation resin (resole type, Prefere resins, Germany) 
with a solids content of 70% ± 2%, pH value of 8.5 ± 0.5 
and viscosity of 300–600 MPa s was used. Alternatively, a 
MF resin (BASF, Germany) with a pH of 9.8 and viscosity 
of 45–70 MPa s was used for top veneer treatment if sub-
sequently coated with MF impregnated overlay papers or 
MF-PF overlay combinations.
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PF and MF resin impregnated cellulose paper overlays 
were supplied by Surfactor (Germany) and Hans Schmid 
KG (Germany), respectively.

2.2  Compreg production and characterization

Resin impregnation of veneers. Air-dried beech veneers used 
as core layers were industrially impregnated under normal 
pressure in a PF resin immersion bath by soaking (Stamm 
and Seborg 1941, 1955) and pre-dried in a continuous hot-
air flotation dryer at 100 °C (processing time: 10 min). 
Impregnation degree of the veneers and resin quantity were 
adjusted by the feed speed of the conveying sieves, which 
continuously transported the veneers through the impregna-
tion bath. Top veneers from beech, maple and white birch 
were resin-impregnated (PF or MF resin) on a laboratory 
scale by double-sided brush application. In each case, the 
total resin application amount was 190.0 ± 10.0 g  m−2. Sub-
sequently, veneers were pre-dried in a laboratory-drying 
oven with recirculating air at 95 °C for 10 min.

Compression of veneer prepregs. Compreg boards were 
made from 28 core veneers with adjacent layers having a 
fiber orientation of 90° to one another. Top and bottom 
surfaces of uncoated Compreg boards were finished with 
two parallel oriented top veneers, each from either beech, 
white birch, or maple. Counterparts were coated addition-
ally with a PF or MF impregnated overlay paper or combi-
nations of both, in the study referred to as PF_O, MF_O or 
MF/PF_O variants (Fig. 1). Stacked veneers and overlay 
films were processed at a maximum specific pressure of 
120 MPa at 130 °C to ensure wood softening and den-
sification and simultaneous resin thermosetting. For that 
purpose, a hydraulic laboratory down-stroke press with 
re-cooling option (Höfer, Austria) was used. Pressing time 
at maximum temperature was 2 min  mm−1. Subsequently, 
panels were cooled down to 55 °C while the press was in 

closed position. Compreg panels obtained had a thickness 
of 10 mm. Compreg characterization. Average density and 
density profiles of selected specimens were determined by 
X-ray densitometry based on the principle as explained 
by Ranta and May (1978) using a density profile analyzer 
GreCon DA-X (GreCon, Germany).

2.3  Artificial weathering

Compreg belongs to the material group of (high-pressure) 
laminates (Niemz and Wagenführ 2012) and is therefore 
tested for its weathering stability in the same way as HPL 
(EN 438-2 2016). Consequently, artificial weathering of 
Compreg specimens with a dimension of 145 mm × 65 mm 
× 10 mm was accomplished according to EN ISO 4892-2 
(2013), method A, cycle 1 (102 min dry, 18 min spray water) 
using a Weather-Ometer ATLAS Ci3000 (Atlas Material 
Testing Technology, USA). To simulate the relative irra-
diance of solar radiation in the UV and visible spectral 
region, the weathering device is equipped with a water-
cooled xenon arc lamp. The following weathering conditions 
were adjusted: irradiance  E300−400 = 60 ± 2 W  m−2, black 
panel temperature BCT = 65 ± 2 °C, and relative humidity 
50 ± 10%. Total exposure time  texp was 1000 h. Unexposed 
and artificially weathered surfaces of the specimens were 
characterized as described in the following sections.

2.4  Reflectometry and colorimetry

Gloss measurements were taken according to EN ISO 2813 
(2014) using a portable gloss-meter REFO 3D (Hach-
Lange, Germany) with a three-angle geometry at 60° and 
85°, respectively. CIELab color changes were determined as 
described in ISO 11664-4 (2008) using a spectrophotometer 
CM-3610d (Minolta, Japan) under the following conditions: 
d65 standard light, 10° standard observer with gloss trap, 
measuring point Ø: 24.5 mm. The reflection spectra were 
acquired in the spectral range between 360 and 740 nm. CIE 
color parameters L* (lightness), a* (red–green axis) and b* 
(yellow–blue axis) were calculated from the spectra using 
the spectrophotometer software SpectraMagic NX. Color 
differences expressed as ΔE* were computed according to 
Eq. (1).

Both gloss and color measurements were taken at two 
precisely defined points of the unexposed sample surface 
 (texp = 0 h) and after exposure times  texp = 250, 500, 750 and 
1000 h, respectively. Thus, changes in color and gloss were 
always monitored within the same surface spots.

(1)ΔE∗ =

√

(ΔL∗)
2
+ (Δa∗)

2
+ (Δb∗)

2

Fig. 1  Surface finish of uncoated and overlay-treated Compreg vari-
ants: PF impregnated top veneer without (a) and with PF overlay (b); 
MF impregnated top veneer with MF overlay (c) and with a combina-
tion of MF (top layer) and PF overlays (d)
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2.5  Light microscopy

Cross-sections of veneers before and after PF impreg-
nation of a finished Compreg board, as well as exactly 
defined surface spots of selected Compreg samples before 
and after 250, 500, and 1000 h of exposure were investi-
gated with an incident light microscope SMZ 1500 (Nikon, 
Japan) and with an incident light fluorescence microscope 
ECLIPSE E 800 (Nikon, Japan) under UV light. Images 
were prepared using the image processing system NIS Ele-
ments D3.2 and a digital camera DS-Fi1c.

2.6  Confocal laser scanning microscopy

Confocal laser scanning microscopy (CLSM) combines 
high-resolution optical imaging with depth selectiv-
ity, which allows performing optical sectioning and the 
detection of surface topographical features of the sample. 
Therefore, multiple 2D images (horizontal scanning) at 
different depths in a sample are captured. In the course 
of this, only light from the focal plane is collected while 
rejecting the out of focus light. These 2D images can be 
used to compute a 3D model of the sample surface.

For this study a confocal laser scanning microscope 
Leica SP8 was used to analyse morphology and topo-
graphic features of selected samples. A 488 nm solid-
state laser (maximum laser output power: 20 mW) was 
employed as light source. Surface areas of 2000 µm × 
2000 µm were scanned using a 20×-objective. Surface 
scans were conducted threefold for each specimen.

With the samples being moved along the optical axis 
by defined increments of 0.68 µm, multiple images were 
recorded at different Z-planes at each scanning area of the 
specimens. Using Fuji image processing software (Schin-
delin et al. 2012), a heightmap of the sample surface was 
computed in which the intensity in each pixel represented 
the total amount of backscattered light and thus the height 
on the surface of the sample in µm. With the help of the 
heightmap, the roughness was calculated using the Surf-
CharJ1q Plug-in in Fuji. Roughness should deliver infor-
mation regarding weather-related microstructuring of the 
material´s surface (Faucheu et al. 2006) and is expressed 
as follows:

 (I) By the arithmetic average roughness Ra:

 where zi is the vertical distance from the mean line 
to the ith data point.

 (II) The root mean squared roughness Rq:

(2)Ra =
1

n

∑n

i=1
|
|zi
|
|

 (III) The maximum height of the profile  Rt:

where the maximum valley depth Rv = mini zi and 
maximum peak height Rp = maxi zi.

3  Results and discussion

3.1  General considerations

In the current work, Compreg was made using core layer 
veneers from beech, which were industrially impregnated 
by immersion. Top veneers from beech, maple and white 
birch were treated alternatively by manual brush applica-
tion of low-molecular PF or MF resins. In this state—the 
so-called A-stage—the aqueous impregnation resins contain 
low molecular oligomers and have therefore a low viscosity 
and correspondingly a high penetration capability (Biziks 
et al. 2019; Thebault et al. 2017). By means of microscopic 
imaging of the cross-sectional areas of impregnated and 
pre-dried beech veneers, it becomes evident that both types 
of impregnation have comparable effects regarding applied 
resin quantity and resin penetration depth (between 50 and 
100 µm) into the veneer (Fig. 2a, b). The type of impregna-
tion should therefore not affect top veneer processing and 
material/surface characteristics of the resulting Compreg 
variants. Identical raw density profiles of variants processed 
with an industrial PF impregnated top veneer and a manu-
ally treated counterpart as top layer support this assumption 
(Fig. 3). The resulting average raw density of the samples 
was 1375 kg  m−3.

Figure 2 also depicts a stack of impregnated and pre-dried 
beech veneers, a resulting Compreg sample manufactured 
on a laboratory scale (c, d) and a cross-sectional area of the 
specimen with the typical multilayer design of the mate-
rial (e). The multilayer structure also becomes visible in 
the wave-like raw density profile with density peaks around 
1410 kg  m−3 and local minima about 1325 kg  m−3 (Fig. 3).

The micrograph of the cross-sectional area of the hot-
compressed sample under UV light revealed that the wood 
vessels were completely filled with resin during wood pro-
cessing (Fig. 2f, blue fluorescing areas). This condition 
ensures a sufficient and strong interaction between the resin 
and the wood matrix and thus an adequate cell wall soften-
ing, wood deformation and adhesion between the veneer 
prepregs. Due to heating and fusing of the resin in the 
B-stage, cell wall softening and subsequent material densi-
fication, the morphology of the compressed wood changed 

(3)Rq =

√
1

n

∑n

i=1
z2
i

(4)Rt = Rp − Rv
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significantly compared with its original state (Fig. 2a, b). It 
is evident that circular and oval pores became irregularly 
shaped, vessel lumen volume decreased, and rays became 
undulating due to compression (Fig. 2f). Similar effects were 
recently described for Compreg based on hardwoods like 
poplar and beech (Bao et al. 2016; Gabrielli and Kamke 
2010; Küch 1951).

3.2  Weather‑related changes in appearance 
and CIELab color parameters

In the current study, artificial weathering was performed 
according to EN ISO 4892-2. In that context, the aim was not 
to simulate natural weathering in a specific local region, but 
the defined changes between dry and spray water intervals 

have served to induce a hard and cyclic stress to the tested 
specimens and an accelerated surface ageing. Furthermore, 
the periodical water spray ensures the removal of degraded 
material from the sample surface as is the case under real-
istic conditions during rainfall events in natural weathering 
tests or practical outdoor exposure (Hansmann et al. 2005).

Figure 4 shows the surfaces of Compreg samples with 
top veneers from (a) beech, (b) maple, and (c) white birch 
each without an overlay, with PF or MF impregnated overlay 
films, and combinations thereof (not for white birch) after 
the samples have been exposed to artificial weathering over 
a period of 1000 h.

It is obvious that Compreg surfaces without protective 
overlays strongly brightened up compared to the initial state 
that is characterized by a strong reddish–brown color (unex-
posed peripherical areas of test specimens and scaled down 
images bottom right in Fig. 4), regardless of which type of 
veneer was used. This original color is substantially caused 
by the phenolic resin, more precisely quinoid compounds 
like quinone methides that are formed by the oxidation of 
phenols during the synthesis and the processing of PF resins 
(Pilato 2008).

It is noteworthy that the considerable color change is not 
only due to the moisture- and light-induced wood discolora-
tion that is discussed extensively in the literature (Passauer 
et al. 2015; Hon and Minemura 2001). A key reason is the 
degradation and damage of the phenolic resin surface of 
Compreg connected with embrittlement, microcracking and 
subsequent stress whitening. The phenomenon was most dis-
tinct for the sample with beech surface (Fig. 4a, FASY) and 
will be discussed in Sect. 3.3 in more detail.

Fig. 2  Cross-sections of beech veneers after a  industrial and b man-
ual PF resin impregnation and pre-drying. Arrows indicate veneer 
thicknesses and resin penetration depths. Stacked PF impregnated 

beech veneers c before and d after hot compression. e Micrograph of 
the cross-section of a Compreg panel (scale 7.5:1) and f zoom into a 
cross-sectional area under UV light (scale 200:1)

Fig. 3  Density profiles of Compreg with top veneers that were either 
industrially (1, black line) or manually impregnated with PF (2, dot-
ted line)
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This brightening effect was less pronounced for all Com-
preg types in case of applying a PF impregnated overlay 
paper. The protective and color stabilizing effect of the phe-
nol film is particularly impressive for the variant with maple 
top veneer (Fig. 4b, ACPL_PF_O). Promising results were 
also obtained for BTXX_PF_O (Fig. 4c). Because of the 
comparable behavior of these two variants, further treat-
ments with MF overlays and MF/PF film combinations were 
performed regardless of BTXX variants.

Alternatively, stabilization against weather without sur-
face damaging was achieved applying maple top veneers 
in combination with melamine overlays (Fig. 4b, ACPL 
MF_O). Because both overlay and top veneer were treated 
with transparent MF resins, the starting color of the sam-
ple was much brighter than that of the counterparts treated 
with PF. Thus, artificial weathering of ACPL_MF_O led to 
severe darkening of the sample surface. This is probably due 

to the UV transparency of the MF film and a more intense 
photooxidation of UV sensitive wood components such as 
lignin and low molecular phenolic wood extractives (Pas-
sauer et al. 2015; Hon and Minemura 2001). Compared 
with ACPL_MF_O, the counterpart with beech top veneer 
(FASY_MF_O) exhibited a higher susceptibility to surface 
damaging and whitening that manifests in a reticular white 
flecked damage pattern (Fig. 4a). Combined application of a 
MF overlay (topcoat) and a PF film (subjacent layer) resulted 
in a more considerable surface stabilization without cracking 
and only minor discoloration and brightening for both, sam-
ples with beech and maple top veneers (FASY_MF/PF_O, 
BTXX_MF/PF_O).

Figure 5 depicts the CIELab color changes of the respec-
tive Compreg variants including the progress of the total 
color change ΔE* during artificial weathering (Fig. 5a–c) 
and shifts of lightness ΔL*, red–green components Δa* and 
blue–yellow axis Δb* after the maximum exposure time of 
1000 h (Fig. 5e–f).

For untreated samples, a rapid discoloration—indicated 
by the significant total color change ΔE*—was observed 
after 250  h of weathering. This is particularly true for 
specimens with top veneers from beech and birch and less 
pronounced for the sample with maple surface (Fig. 5a–c). 
Successively declining rates of discoloration for untreated 
variants ACPL and BTXX are probably due to a rapid initial 
darkening of the originally brightly colored veneer surfaces 
in the early stage of exposure  (texp = 250 h) and subsequent 
whitening of the pre-damaged phenolic resin surface. Later 
on, at  texp > 750 h, resin whitening dominates initial wood 
darkening and, hence, total color change increases again.

For all untreated sample surfaces, brightening was asso-
ciated with strong shifts to green (Δa < 0) and blue tones 
(Δb < 0) and decreased in the range FASY > ACPL > BTXX 
with ΔL1000h = 23.5, 10.7 and 1.4 (Fig. 5e, f).

Phenol film application significantly reduced total color 
changes from ΔE*1000h = 25.6 (FASY), 17.7 (ACPL), and 
9.6 (BTXX) of uncoated samples to values in the range 
between 3.8 (BTXX_PF_O) and 10.2 (FASY_PF_O). In 
case of combining top veneers from beech with PF_O, the 
general discoloration pattern—brightening with green and 
blue shift—remained. PF_O-treatment of ACPL markedly 
reduced the blue shift (Δb* = 0.2) and treatment of BTXX 
resulted in a slightly increased red value (Δa* = 1.8).

Coating of FASY with a melamine overlay (MF_O) fur-
ther reduced CIELab color changes but induced surface 
damaging due to crack formation (cf. Fig. 4a). For ACPL, 
this kind of treatment led to surface darkening (ΔL* = − 6.3) 
associated with a red shift (Δa* = 4.4) and surface yellowing 
(Δb* = 4.7). Samples with top veneers from beech (FASY_
MF/PF_O) and maple (ACPL_MF/PF_O) that were treated 
with combinations of melamine (top layer) and phenol films 
(“underlay”) behaved similar to PF_O coated counterparts. 

Fig. 4  Compreg surfaces before (scaled down images in each case 
bottom right) and after 1000 h of exposure. Samples with top veneers 
from a  European beech (FASY), b  European maple (ACPL) and 
c  European white birch (BTXX) each without overlay application, 
variants with PF (PF_O) and MF pre-impregnated overlays (MF_O) 
and combinations thereof (MF/PF_O)
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Different from PF_O variants, they exhibited slight yellow-
ing that is more pronounced for the sample with top veneer 
from beech (Δb* = 6.4 and 3.2).

3.3  Microstructural alterations and changes in gloss

Weather-related microstructural changes of Compreg sur-
faces including surface roughening and crack formation were 
analyzed using light microscopy. Figure 6 depicts defined 
surface sections of Compreg variants with top layers from 
European beech and European maple without and with PF 
treated overlays after different times of exposure. It became 
obvious that progressive cracking at the surface of Compreg 
with top veneers from beech took place particularly within 
the wood rays in longitudinal direction. It was associated 
with a gradual erosion of the resin from the surface and 
subsequent surface bleaching (Fig. 6a–c).

The resin degradation is probably initiated by the pho-
tooxidation of UV absorbing phenolic structures of the resin 
and subsequent resin embrittlement by interchain cross-link-
ing between free radicals in adjacent chains, formed after 
induced resin photolysis (Rabek 1995; Rivaton and Lemaire 
1989). Susceptibility to crack formation of ACPL was much 
lower (Fig. 6g–i) and markedly reduced for both types of 
Compreg providing PF overlays. Nevertheless, microcracks 
appeared at the overlay of FASY_PF_O, originating again 
from wood rays (Fig. 6d–f). The results emphasize that par-
ticularly large wood rays—as is the case for beech wood—
are prone to cracking and serving as potential fissure chan-
nels during wood drying or alternating climatic or moisture 
conditions as explained by Richter (2014). Furthermore, the 
uncovering of cellulosic fibers of the overlay paper that is 
a result of resin embrittlement and subsequent resin ero-
sion from the overlay surface additionally contributes to 
surface whitening of this Compreg variant. At the surface 

Fig. 5  Progress of the weather-
induced total color change of 
Compreg surfaces with top 
veneers from a European beech 
(FASY), b European maple 
(ACPL) and c European white 
birch (BTXX) without or with 
PF (PF_O) or MF overlays 
(MF_O) and combinations 
thereof (MF/PF_O). CIELab 
color changes of respective 
samples after 1000 h of expo-
sure (d–f)
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of ACPL_PF_O, this phenomenon is strongly decreased 
meaning that no cracks have been generated and only a few 
uncovered cellulosic fibers at the exposed overlay surface 
became visible (Fig. 6k, l).

The weather-related increase in surface microstructur-
ing includes an increase in light scattering and results in 
a successively diminished gloss degree. The phenomenon 
was extensively studied in the area of coating materials and 
is used to assess the outdoor performance of coating sys-
tems (Faucheu et al. 2006; Osterhold and Glöckner 2001). 
Similarly, changes in gloss levels should provide essential 
information regarding the weather resistance and outdoor 
performance of Compreg surfaces.

Figure 7 exemplarily depicts the stages of gloss of FASY 
and overlay-treated counterparts.

Generally, unexposed Compreg variants without over-
lay films possess matt surfaces with gloss values < 10 GU. 
Overlay application results in somewhat higher gloss levels 
in the range between 10 and 15 GU (FASY) up to 25 GU 
(ACPL; not shown). Higher gloss levels of ACPL variants 

Fig. 6  Micrographs of the sur-
face of Compreg variants with 
top layers from European beech 
(a–f) and European maple (g–l) 
without (a–c, g–i) and with PF 
overlay (d–f, j–l) after 250, 500 
and 1000 h artificial weathering 
(from left to right); scale bars 
represent 500 µm

Fig. 7  Changes in gloss levels of Compreg surfaces with top veneers 
from beech without (FASY) and with PF (PF_O) or MF overlay finish 
(MF_O), or a MF/PF overlay combination (MF/PF_O)
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are probably due to the specific veneer texture and the 
appearance of silvery shining wood rays. It is obvious that 
the gloss level of FASY is heavily reduced after 250 h of 
weathering and reached its minimum after 500 h (2.40 GU). 
This state corresponds to the point, where the PF resin is 
almost completely eroded from the top surface of the sam-
ple and crack formation is completed substantially as it was 
shown by microscopy (cf. Fig. 5a, b). The counterpart with 
PF overlay exhibits a comparable gloss reduction after short 
time weathering originating from 13.3 (unexposed) to 7.5 
GU after 250 h and a subsequent and successive decrease 
down to 3.6 GU after 1000 h. This is mainly a result of the 
formation of microcracks at the surface and within the over-
lay finish and subsequently induced the uncovering of white 
appearing cellulosic fibers at the overlay surface.

This ultimately led to the white stress phenomenon par-
ticularly in the region of overlaid wood rays (Fig. 6e, f). A 
markedly increased gloss retention with final values of 7.7 
and 8.4 GU indicates a significantly improved weather resist-
ance of the samples treated with MF and MF/PF film combi-
nations. Furthermore the latter showed a temporary glossing 
over a weathering period between 250 and 500 h. Respective 
variants are largely free of cracks after 1000 h of exposure, 
which indicates the significantly improved weather resist-
ance of the respective variants (cf. Fig. 4a, b).

3.4  Relating discoloration and gloss retention

Correlating gloss levels and total color change of varying 
Compreg samples impressively summarizes the findings 
discussed in the previous sections (Fig. 8). Since samples 
without overlay films markedly change their surface color, 
reaching maximum color differences ΔE* > 25 in case of 
FASY (Fig. 8a), the use of PF overlays significantly reduced 
surface discoloration of all counterparts down to values 
between 5 and 10, with the lowest discoloration in case of 
using maple top veneer (Fig. 8b). Simultaneously, gloss 
reduction was more pronounced if PF films were applied 
generating medium gloss surfaces in the initial state (13–25 
GU). In that context, it has to be considered that specimens 
without an overlay possessed low gloss surfaces in the initial 
state and, thus, heavy gloss reduction is physically impossi-
ble. Nevertheless, the respective samples were characterized 
by a rapid gloss reduction after the early stage of exposure. 

Application of MF overlays to specimens with top 
veneers from maple significantly reduced surface micro-
structuring and, thus, weather-related gloss reduction (mini-
mum > 10 GU) but led to stronger surface discoloration by 
light-induced darkening (Fig. 8c). More promising results 
characterized by simultaneous color and surface stabiliza-
tion were obtained combining both MF and PF (Fig. 8c). It 
is assumed that interpenetrating networks that are formed 
when PF and MF overlays were combined, simultaneously 

arise advantages of both resin types like mechanical and 
chemical resistance (PF, MF), weather and UV resistance 
(MF), UV protection (PF) and lower brittleness (MF; Evans 
et al. 2013; Pizzi 2003).

3.5  Surface topographical alterations

In connection with surface degradation and associated 
microstructuring, the quantification and assessment of sur-
face topographical features of related samples can provide 
important information regarding their weather resistance 
and surface stability. For that purpose, CLSM was used to 
characterize selected Compreg samples at their initial state 
and after maximum exposure time  texp = 1000 h. Changes in 
the surface topography after exposure were evident on the 
microscopic level, as shown in the 2D heightmaps of surface 
sections of FASY, ACPL and respective variants with PF 
overlay (Fig. 9).

Unlike the images of the Compreg surfaces before weath-
ering, heightmaps of the exposed sample of FASY showed 
numerous intensive dark colored areas that are indicative 
for deep surface valleys. These regions are associated with 
typical microcracks with parallel fiber orientation (Fig. 9a). 
Cracking and microstructuring of ACPL seems to be much 
lower (Fig. 9c), which corresponds to results of light micros-
copy (cf. Fig. 6). Crack formation and appearance of raised 
regions (bright areas) due to cyclic moisture and dryness 
induced swelling and shrinking of wooden rays and wood 
fibers are markedly reduced for both types of Compreg pro-
viding PF overlays (Fig. 9b, d). Nevertheless, FASY_PF_O 
surface is more structured due to raised cellulosic fib-
ers originating from the overlay film stressed by weather 

Fig. 8  Correlation between gloss levels and total color change of 
a  Compreg variants with top veneers from beech (FASY), maple 
(ACPL) and white birch (BTXX), counterparts with b PF and c MF 
overlays and MF/PF overlay combinations; arrows indicate develop-
ment over time of exposure  texp
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conditions than the equivalent with maple top veneer. This 
is also consistent with results of light microscopy (cf. Fig. 6) 
and indicates that the stress level of the overlay film strongly 
depends on which veneer or wood type—prone to cracking 
or stable—was applied as surface layer.

Root mean square surface roughness Rq of unexposed 
samples was in the range from 4.04 to 5.63 µm with deep-
est valleys between 13.92 and 22.08 µm and highest peaks 

from 11.11 to 28.31 µm (Table 1). Tenfold increase in Rq 
after maximum exposure from 4.83 to 41.45 µm and tri-
pling of the maximum height of the profile from Rt = 45.72 
to 143.24 µm strongly indicated the progression of surface 
damaging, resin erosion and surface cracking of FASY. In 
contrast, weather-related surface roughening of ACPL was 
clearly weaker with Rq values rising from 3.86 to 8.99 µm 
and increasing Rt from 26.36 to 74.04 µm, respectively, 

Fig. 9  CLSM 2D heightmaps 
of surface sections of a FASY, 
b FASY_PF_O, c ACPL, and 
d ACPL_PF_O before (small 
images) and after 1000 h 
artificial weathering; white bars 
indicate a distance of 500 µm; 
colour tone indicates the 
height in µm (scale bar; light: 
+100 µm, dark: − 100 µm)

Table 1  Surface roughness 
parameters of Compreg variants 
before and after artificial 
weathering  (texp = 1000 h): 
arithmetic mean roughness Ra, 
root mean square roughness 
Rq, deepest valley Rv, highest 
peak Rp and highest total profile 
height Rt

Ra [µm] Rq [µm] Rv [µm] Rp [µm] Rt [µm]

Unexposed
 FASY 4.84 ± 0.35 4.83 ± 0.35 − 17.52 ± 21.10 28.21 ± 13.42 45.72 ± 11.44
 FASY_PF_O 3.28 ± 0.39 4.04 ± 0.48 − 17.31 ± 5.02 11.22 ± 0.32 28.52 ± 5.32
 ACPL 3.83 ± 0.93 4.67 ± 1.10 − 13.92 ± 1.97 12.44 ± 2.33 26.36 ± 4.28
 ACPL_PF_O 4.47 ± 0.53 5.63 ± 0.51 − 22.08 ± 8.78 15.56 ± 1.79 37.33 ± 0.61

texp = 1000 h
 FASY 35.02 ± 7.71 41.54 ± 7.41 − 84.35 ± 10.78 58.89 ± 9.25 143.24 ± 1.56
 FASY_PF_O 5.34 ± 0.70 6.67 ± 0.87 − 26.31 ± 3.14 21.13 ± 4.12 47.44 ± 6.91
 ACPL 6.84 ± 0.86 8.99 ± 1.11 − 31.57 ± 2.04 42.47 ± 3.24 74.04 ± 4.22
 ACPL_PF_O 4.73 ± 0.37 5.73 ± 0.32 − 17.57 ± 1.61 19.76 ± 1.16 37.33 ± 0.61
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indicating that maple veneer is considerably less prone to 
weather-induced structuring and cracking than beech veneer.

Marginal increase in Rq from 4.04 to 6.67 µm in case 
of FASY_PF_O and nearly no changes of the counter-
parts’ roughness with maple surface (unexposed: 5.63 µm, 
exposed: 5.73 µm) clearly indicate the stabilizing effect of 
PF overlay films. The impact of MF films and MF/PF over-
lay combinations on surface topographical features of arti-
ficially weathered Compreg is under investigation and will 
be published in a separate contribution.

4  Conclusion

The study has shown that the weather-related surface deg-
radation of Compreg with top veneers from European beech 
originates from initial cracking within large wood rays in 
longitudinal direction. Subsequent embrittlement, microc-
racking and stress whitening of the PF resin coating associ-
ated with gradual resin erosion from the top veneer surface 
is culminating in a distinct surface whitening, microstruc-
turing and gloss reduction. Application of top veneers from 
European white birch and European maple substantially 
reduced the susceptibility of respective Compreg variants 
to cracking but did not prevent surface degradation. Since 
respective samples without overlay finish markedly changed 
their surface color, use of PF impregnated paper overlays 
significantly reduced discoloration reaching the lowest color 
change in case of using maple top veneers, but induced lower 
gloss retention indicating unwanted surface microstructur-
ing. Conversely, application of MF overlays to specimens 
with top veneers from maple significantly reduced surface 
structuring and gloss reduction but led to an increased sur-
face discoloration by light-induced darkening of originally 
bright Compreg types. Most promising effects that include 
simultaneous color and surface stabilization of Compreg 
surfaces were obtained combining both MF and PF impreg-
nated overlay coatings and treatment of top veneers with 
MF impregnation resins. As a result, there are potential 
Compreg grades with enhanced weather resistance of the 
materials surface available that make its outdoor use even 
more sustainable.
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