European Polymer Journal 49 (2013) 3089-3094

Contents lists available at SciVerse ScienceDirect

POLYMER
JOURNAL

European Polymer Journal

journal homepage: www.elsevier.com/locate/europolj

ELSEVIER

Macromolecular Nanotechnolgy

Hardness evaluation of cured urea-formaldehyde resins
with different formaldehyde/urea mole ratios using
nanoindentation method

@ CrossMark

Byung-Dae Park®*, Charles R. Frihart®, Yan Yu¢, Adya P. Singh?

2 Department of Wood Science and Technology, Kyungpook National University, Daegu 702-701, Republic of Korea
b Forest Products Laboratory, One Gifford Pinchot Drive, Madison, WI 53726, USA
CInternational Center for Bamboo and Rattan, Beijing 100102, China

ARTICLE INFO ABSTRACT

Article history:

Received 16 March 2013

Received in revised form 29 May 2013
Accepted 5 June 2013

Available online 28 June 2013

To understand the influence of formaldehyde/urea (F/U) mole ratio on the properties of
urea-formaldehyde (UF) resins, this study investigated hardness of cured UF resins with
different F/U mole ratios using a nanoindentation method. The traditional Brinell hardness
(Hp) method was also used for comparison. The Hp of cured UF resin films with different F/U
mole ratios was determined after exposing the films to different post-curing temperatures.
The nanoindentation method was employed for these films to measure Meyer hardness

IL(J?e,?f:)drsr;)al dehvde resin (Hp) and reduced modulus (E,) which have been used to calculate the elastic modulus
Hardness v (Es) of cured UF resins. As the F/U mole ratio decreased, the Hg decreased continuously,
Modulus indicating a less rigid network structure in low F/U mole ratio UF resins. The higher the

post-curing temperature, the greater the value of Hg. The Hy, value also showed a similar
trend as a function of F/U mole ratio. However, the E, and E; did not show a consistent trend
as exhibited by Hy; and Hg. Both Hy, and E, showed much greater variation in the coefficient
of variation (COV) at lower F/U mole ratios 1.0 and 1.2, indicating a more heterogeneous
composition of these resins. Linear relationships between Hy, and E, indicate that hetero-
geneity of the surface composition of samples contributes greatly to variations in the mea-
sured values. This variability is discussed in terms of crystal structures present in the cured
UF resins of low F/U mole ratios.

Nanoindentation
Crystal structure

© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

Urea-formaldehyde (UF) resin is one of the most impor-
tant resins among formaldehyde-based resins, which
include melamine-urea-formaldehyde (MUF) resin, mela-
mine-formaldehyde (MF) resin, and phenol-formaldehyde
(PF) resin. As a polymer formed by chemical reactions
between formaldehyde and urea, UF resins are widely used
as adhesive in the manufacture of wood-based composite
panels, such as interior plywood, particleboard and

* Corresponding author. Tel.: +82 53 950 5797; fax: +82 53 950 6751.
E-mail address: byungdae@knu.ac.kr (B.-D. Park).

0014-3057/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
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medium density fiberboard with the wood-based panel
industry being a major consumer of this type of resin.

While UF resins are valuable as lower cost, fast curing,
good performance adhesives, which are also water soluble
and colorless, formaldehyde emission (FE) from the panels
is a critical disadvantage of this type of resin. The FE
results primarily from UF resins in wood-based composite
panels [1]. Furthermore, FE from the panels used for inte-
rior applications is a serious health concern, in that it has
been related to sick building syndrome in an indoor envi-
ronment. However, concerted and dedicated efforts are
being made to reduce or control the FE from UF resin-
bonded panels through developments in resin technolo-
gies [2-10].
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Among the methods attempted to reduce the FE, lower-
ing of formaldehyde to urea (F/U) mole ratio for the syn-
thesis of UF resins has been proved to be a very practical
approach [8], and lower F/U molar ratios below 1.0 are
being employed for UF resin synthesis these days. How-
ever, reduction achieved in the FE from UF resins with
low F/U mole ratios has been at the expense of some
important panel properties, such as bending strength,
internal bond (IB) strength, thickness swelling, or water
absorption by wood-based panels. For example, an excel-
lent literature review on the influence of F/U mole ratio
on the FE as well as panel properties was undertaken by
Myers [3], and the information provided suggests that gel
time used as an indicator of resin reactivity increased with
decreasing F/U mole ratio. In general, lower F/U mole ratios
cause less FE from panels, but with a loss in some panel
properties, particularly IB strength and thickness swelling
after water immersion for 24 h. Lower F/U mole ratios also
reduced modulus of rupture (MOR) [8]. Lower cross-link-
ing density of low F/U mole ratio UF resins compared to
high F/U mole ratio UF resins [11] may be the reason for
a reduction in such properties. However, despite much
work on the impact of low F/U mole ratio on the FE and
properties of wood-based panels [12-16], it is still not fully
understood why low F/U mole ratio resins result in poor
properties of wood-based composite panels. Characteriza-
tion of mechanical properties, such as hardness or stiffness
of solid state cured UF resins, is a promising approach for
seeking an answer.

In recent years several high resolution techniques, such
as atomic force microscopy (AFM) combined with nanoin-
dentation, electron microscopy, or X-ray diffraction have
been employed for material characterization at nano-scale
[17]. Among these, we think that a nanoindenation tech-
nique coupled with AFM can provide nano-scale informa-
tion on hardness of materials, may offer an insight
because comparative hardness or stiffness values of cured
UF resin adhesive can be obtained at a very small scale
by this technique.

Characterization of materials by nanoindentation (also
called depth sensing indentation) is based on the use of ri-
gid indenters, typically with diamond or diamond coated
tips, and since its proposal in 1992 by Oliver and Pharr
[18], it is increasingly attracting interest in characterizing
mechanical properties of polymers [19-23] and thin poly-
mer films [24,25] at nano-scale. Nanoindentation has also
been effectively used to characterize mechanical proper-
ties, such as hardness and modulus of elasticity, of wood
cell wall [26-29] and bamboo cell wall [30]. The use of
nanoindentation in characterizing the properties of
wood-adhesive bond lines [31-33] and wood coatings
[34,35] further extends its application in materials re-
search. Konnerth et al. [31] reported that the hardness of
phenol-resorcinol-formaldehyde (PRF) resins at wood-
adhesive bond lines was greater than that of wood cell
wall, and the impression gained is that the nanoindenta-
tion technique can serve as a useful method to test the per-
formance of adhesives themselves.

To the authors’ knowledge, the hardness of cured UF
resins has not been characterized before using the nanoin-
dentation technique. Therefore, our work is the first to pro-

vide information on mechanical properties of cured UF
resins by measuring their hardness and elastic modulus
by nanoindentation. For comparison, a traditional method
of Brinell hardness was also applied for these resins after
post-cure treatment at different temperatures.

2. Experimental details
2.1. Materials

Both the urea and formalin (37%) used for the synthesis
of UF resins were technical grade. Aqueous solutions of
both formic acid (20 wt%) and sodium hydroxide (NaOH)
(20 wt%) were used to adjust the pH level during UF resin
synthesis. Aqueous solution (20 wt%) of ammonium chlo-
ride (NH4CI) was used as the hardener.

2.2. Preparation of UF resins and their properties

All UF resins used for this study were prepared in the
laboratory, following traditional alkaline-acid two-step
reaction. The formalin (405.8 g) was placed in the reactor
and then the pH was adjusted to pH 7.8 with aqueous
NaOH and then a defined amount of the first urea
(151.7 g) was added at 1-min intervals. Temperature
slowly increased by 1 °C/min. to 90 °C where the reaction
was kept for 1h. Then the acidic reaction was initiated
by adding formic acid (20 wt% solution), and adjusting
the pH to about 4.6, and the condensation reactions were
carried out until the target viscosity of JK was reached as
measured using a bubble viscometer (VG-9100, Gardner-
Holdt Bubble Viscometer, USA). Final F/U mole ratios of
UF resins were adjusted by adding different amounts of
the second urea addition. The amounts of the second urea
were 37.9 g, 65.0¢g, 101.1 g, and 151.7 g for F/U mole ratio
of 1.6, 1.4, 1.2, and 1.0, respectively. Then, the UF resin was
cooled to room temperature, and subsequently the pH was
adjusted to 8.0 by adding aqueous NaOH.

The non-volatile solids content was determined by
measuring approximately 1 g of the liquid UF resin in a dis-
posable aluminum dish and taking an accurate weight be-
fore and after drying in a convective oven at 105 °C for 3 h.
The viscosity of the UF resin was measured at 25 °C by a
cone-plate viscometer (DV-II+, Brookfield, US) with a No.
2 spindle at 60 rpm. The gel time of the UF resins was mea-
sured at 100 °C by a gel time meter (Davis Inotek Instru-
ment, Charlotte, NC) by adding 3% ammonium chloride
(20% aqueous solution) based on the resin solids (see
Table 1).

2.3. Preparation of cured UF resin films

In order to measure properties of cured UF resins, first
0.1% ammonium chloride (20% aqueous solution) based
on the resin solids was thoroughly mixed with the liquid
UF resin synthesized. Then films were prepared by casting
the mixed liquid UF resin between two glass slides with a
gap of 2 mm as shown in Fig. 1. The liquid UF resin was
cured at 60 °C for 24 h in a drying oven, and then the rig
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Table 1
Properties of liquid UF resins of different F/U mole ratios.

F/U mole Non-volatile solids  Viscosity Gelation time
ratio (%wt) (mPas) (s)

1.6 52.53 3273 51

1.4 54.12 276.0 72

1.2 54.92 250.7 168

1.0 57.58 248.0 201

Fig. 1. A set-up rig for the film preparation of cured UF resin using glass
slides.

was disassembled to remove the films which were used for
the nanoindentation scan.

The film preparation conditions used in this work were
somewhat different from those in industrial preparations
of composites, because higher temperature employed for
hot pressing in industrial operation resulted in broken
pieces of cured UF resins. We optimized conditions so as
to characterize cured UF resins without wood.

2.4. Measurements of mechanical properties of cured UF resin
films

The cured UF resin films were exposed to different post-
curing temperatures (100 °C, 110 °C, 120 °C and 130 °C) for
20 min in a drying oven and then used for the determina-
tion of Brinell hardness (Hg). The Hg values were measured
using a 10 mm diameter (D) steel ball as an indenter
(294N) attached to a universal testing machine (300TC,
Hounsfield Test Equipment Ltd., Surry, England). The
indentation depth (h) was set to equal to 1/m (=0.32),
where the force (P) was used to calculate the Hy by the
Eq. (1) shown below:

P P

Hs = 51 =10 (M

In addition, the control film samples, which had not
been post-cured, were also analyzed by nanoindenter
equipped with a diamond Berkovich tip indenter (Tribo-
indenter®, Hysitron, Minneapolis, Minnesota, USA) and
AFM. The nanoindentation was replicated at least 30 in-
dents per sample with a scanning area of 20 pm x 20 pm.

All nanoindentation tests employed a three-segment load
ramp in force control [18]. The Meyer hardness (Hy;) was
determined by the following equation:

Hy = L’;‘;X (2)
where L. is the maximum load of the final partial
unloading segment and A is the projected indent area at
the Lax.

Elastic punch theory states that the elastic modulus of
materials and hardness can be inferred from load-dis-
placement curves of nanoindentation. Fig. 2 displays a typ-
ical load-displacement curve of cured UF resin (F/U mole
ratio of 1.2). The peak load and loading-unloading rates
were 5000 uN/s and 50 puN/s for the indentation of sam-
ples. A load holding segment of 2 s was added between
loading and unloading segments to remove the effect of
creep. According to the method of Oliver and Pharr [18],
the unloading segment can be fitted very well with a
power-law function, from which the initial slope of the
unloading curve, namely elastic contact stiffness (S) from
load (L)-depth (h) curve, can be determined according to
the Eq. (3). Based on the S, the reduced elastic modulus
(E;) can also be obtained by using the Eq. (4). The Er is
termed because it takes into account the compliances of
the indenter tip as shown by the Eq. (5). Then the elastic
modulus (E;) of samples can be calculated from the Eq. (5):

dL 2
SthzjﬁEr\/E (3)

NS
S

Er = (4)

1 1-v: 1-v?

LT E ®
Both E; and v; are the elastic modulus and Poisson ratio

of the tip. For diamond tips, E; and v; are 1141 GPa and

0.07, respectively. For the calculation of cured UF resin

films, the v was assumed to be 0.45, used for phenol-res-

orcinol-formaldehyde (PRF) resin [32].

5000
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Fig. 2. A typical load-displacement curve of cured UF resin film (F/U mole
ratio=1.2).
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3. Results and discussion
3.1. Brinell hardness of cured UF resins

Prior to undertaking nanoindentation work, traditional
Brinell hardness (Hg) was measured for the cured UF resin
films that were exposed to different temperatures as post-
curing treatment. Hg values of cured UF resins as a function
of F/U mole ratio and post-curing temperature are shown
in Fig. 3. Both F/U mole ratio and post-cure temperature
greatly impact the Hp values of cured UF resins. As ex-
pected, the Hp of cured UF resins decreased with lowering
of F/U mole ratio from 1.6 to 1.0, while in comparison to
control (i.e., no post-curing), it increased with an increase
in the post-curing temperature. The highest Hp value of
the cured UF resins was recorded for F/U mole ratio of
1.6 and the post-cure temperature of 130 °C, which also
indicated a greater impact of F/U mole ratio than post-cur-
ing temperature to the Hg value. The results can be ex-
plained in terms of changes of either in cross-linking
density or stiffness of cured UF resin as a function of F/U
mole ratio. In other words, a decrease in the F/U mole ratio
results in the reduction of branching in cured UF resins,
and thus a decrease of cross-linking density and maximum
storage modulus (E,,, ), and an increase in the damping for
cured UF resins of low F/U mole ratios [11]. It appears that
an increase in the post-curing temperature also results in
an increase in the cross-linking density of the resins of
all F/U mole ratios.

3.2. Hardness and modulus of cured UF resins by
nanoindentation

Prior to measuring Meyer hardness (Hy;) of cured UF
resins using the nanoindentation method, the surface qual-
ity of cured UF resin films was evaluated. Fig. 4 shows typ-
ical surface images of cured UF resin films of F/U mole
ratios of 1.0 and 1.6. The surface of cured UF resins of F/U
mole ratio 1.0 (Fig. 4a) is considerably rougher compared
to the surface of F/U mole ratio of 1.6. The pores present
(blue! arrow in Fig. 4a) are considered to form from evapo-
ration of water during curing of the resin by condensation
reaction. In addition, irregular particles (white thick arrows
in Fig. 4) were present on the surfaces of all F/U mole ratio
samples, and are readily distinguishable from the indents
produced by the three-sided indenter (black thick arrows
in Fig. 4). The small particles may be what have been previ-
ously described as spherical structures [36,37]. Although
some observations suggest that spherical particles are a fea-
ture only of UF resins of F/U mole ratios lower than 1.2
[38,39], we have recorded their presence also in higher mole
ratio UF resins [36]. It has been considered that the crystal-
linity of cured UF resins may arise from such particles
[4041].

A relatively large indenter was used for all samples in
this study because of variability in the quality of surface,
with samples 1.0, 1.2, and 1.4 being much poorer that

! For interpretation of color in Fig. 4, the reader is referred to the web
version of this article.
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Fig. 3. Hp values of cured UF resin films at different F/U mole ratios and
post-curing temperatures.

the sample of 1.6 F/U mole ratio. Field emission scanning
electron microscope studies have shown these particles
to be dispersed on the surfaces of all cured UF resin films,
resulting in a heterogeneous composition of the resins
regardless of F/U mole ratios, although fewer particles
were present on the surfaces of high mole ratio resins com-
pared to low mole ratio resins [36]. As will be discussed in
greater detail later, we think that the surface quality of
samples as related to surface roughness (Fig. 4) and the
size and frequency of spherical particles [36], had an influ-
ence on the Hy and modulus values, measured by the
nanoindentation.

Changes in the Hy values determined by the nanoin-
dentation as a function of F/U mole ratio of cured UF resins
are shown in Fig. 5. As expected from the Hz measurement,
the Hy, values decreased from 0.79 GPa to 0.57 GPa with a
decrease in the F/U mole ratio from 1.6 to 1.0, and thus the
results from nanoindentation measurements are consis-
tent with those from Hz measurements. Lower H,; of low
F/U mole ratio UF resins can be attributed to their lower
cross-linking density and stiffness. In other words, cured
UF resins increasingly become less hard as the cross-link-
ing density decreases. In addition, the standard deviation
of Hy; measurements is increasingly larger as the F/U mole
ratio decreases, and the poor surface quality of cured UF
resins of low F/U mole ratio is likely to contribute to great-
er variation found in the measured values.

Changes in moduli, i.e., reduced modulus (E;) and calcu-
lated elastic modulus (E;) of cured UF resin film samples as
a function of F/U mole ratio, are shown in Fig. 6. As the F/U
mole ratio decreased, E, value at first decreased at the F/U
mole ratio of 1.4 and then increased up to 1.0 F/U mole ra-
tio. E; followed a trend similar to that for E,, but with dif-
ference in the absolute values. Measured E, values are
greater than those of the Es by an order of about 2 GPa.
As shown in Eq. (5), the elastic modulus of the sample is
calculated by incorporating the Poisson ratio of sample
that was assumed as 0.45 from the reported literature
[32]. Thus, the incorporation of the sample Poisson ratio
into the Eq. (5) results in lower calculated elastic modulus
compared to measured values for cured UF resins.
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Fig. 4. Images of cured UF resin films after the nanoindentation, depending on the F/U mole ratio of (a) 1.0, and (b) 1.6.
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Fig. 5. Relationship of F/U mole ratio and the hardness (Hy;) of cured UF
resin films, measured by the nanoindentation.

As indicated in Figs. 5 and 6, Hy, E; and E; values of
cured UF resins of low F/U mole ratios of 1.2 and 1.0
showed greater variations with a relatively large standard
deviation compared to those of higher F/U mole ratio res-
ins. We made a quantitative comparison of the variation
on the basis of the coefficient of variation (COV) as shown
in Fig. 7. As expected, the COVs of both Hy, and E, gradually
increased as the F/U mole decreased except for F/U mole
ratio of 1.0, which showed less variation than F/U mole ra-
tio of 1.2. Using field emission scanning electron micros-
copy (FE-SEM) in our earlier study two morphologically
distinct phases were identifiable in the low mole ratio UF
resins, crystalline and non-crystalline formations [35].
Crystalline aggregates were dispersed within the non-crys-
talline phase and were observable in fractured faces of re-
sin films. The non-crystalline phase consisted of particles,
predominantly of globular forms, within a less morpholog-
ically defined amorphous matrix [36]. Although reported
lacking in previous studies [37], we found globular parti-
cles to be a component also of high mole ratio UF resins
[36], although compared to low mole ratio UF resins glob-
ular particles were fewer and smaller. Greater variability in
the modulus values of low mole ratio resins compared to
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Fig. 6. E, and E; of cured UF resin films measured by the nanoindentation
as a function of F/U mole ratio.
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Fig. 7. Change of COV of both H, and E, of cured UF resin films,
depending on the F/U mole ratio.

high mole ratio resins obtained using the nanoindentation
method can be explained on the basis of above architec-
tural differences between these resin types. This heteroge-
neity in turn influences the receding compliance for the E,
measurements during the nanoindentation [42].
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Fig. 8. Relationship between H), and E, of cured UF resin films as a
function of F/U mole ratio.

The relationship between Hy, and E, obtained by the
nanoindentation method is shown in Fig. 8. The results
clearly indicate that the Hy; and E, values have positive lin-
ear relationships even though there is a relatively large
variation in the measurements, which can be attributed
to heterogeneity of the surface compositions/textures of
samples, depending on the F/U mole ratio. In other words,
the F/U mole ratio of cured UF resins has a profound impact
on Hy; and E, measurements.

4. Conclusions

This study investigated hardness of cured UF resins
with different F/U mole ratios by the nanoindentation
method, comparing with the traditional Brinell hardness
(Hp). The Hp of cured UF resin films with different F/U mole
ratios was determined by exposing them to different post-
curing temperatures. The nanoindentation provided Meyer
hardness (Hy;) and reduced modulus (E,) that has been
used to obtain the sample elastic modulus (Es) of cured
UF resins by calculation from the nanoindentation. The fol-
lowing conclusions were drawn from this study:

1. As the F/U mole ratio increased, the Hp increased con-
tinuously. The Hp values also increased with an increase
in the post-cure temperature. The Hy,; value also showed
a similar trend as a function of F/U mole ratio.

2. However, the trend for E, and Es was not as consistent as
for Hy and Hp. Both Hy and E, showed much greater
variation in the coefficient of variation (COV) with the
cured UF resins at lower F/U mole ratios (1.2 and 1.0),
indicating a heterogeneous composition.

3. Linear relationships between Hy, and E, indicate that
heterogeneity of the surface composition of samples
contribute greatly to the variations recorded. Greater
variability in cured UF resins with low F/U mole ratios
is likely to be due to their greater compositional/tex-
tural heterogeneity, resulting likely from higher fre-
quency of globular particles and the presence of
crystalline domains inter-dispersed within non-crystal-
line phases.
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