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Abstract

For many industrial processes it is important to model the cure kinetics of phenol-formaldehyde resoles. Yet the applicability of com-
mon model-free kinetic algorithms for the cure of phenolic resins is not known. In this study the ability of the Friedman, Vyazovkin and
Kissinger—Akahira—Sunose (KAS) model-free-kinetics algorithms to model and predict the cure kinetics of commercial resoles is compared.
The Friedman and Vyazovkin methods generate consistent activation energy dependences on conversion compared to the KAS method. In ad
tion, the activation energy dependency on conversion is of higher amplitude with these two methods than with the KAS method. Hence, the
Friedman and Vyazovkin methods are more adequate for revealing the cure steps of commercial PF resoles. Conversely, the KAS algorithm
easily amenable to dynamic cure predictions compared to the Friedman and Vyazovkin methods. Isothermal cure is equally well predicted witt
the three. As a result, the KAS algorithm is the method of choice for modeling and predicting the cure kinetics of commercial phenolic resoles
under various temperature programs.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction kinetic methodg[6]. On the other hand, model-free kinetics
(MFK) is well suited to portray the kinetics of complex reac-
Phenolic resins are widely used as binders in the compogions such as the cure of PF resjis7]. MFK does not assume
ites industry, for thermal insulation and molding compoundsany definite form of the reaction and allows for variations in acti-
[1]. As for any thermosets controlling the degree of cure andsation energy as the reaction progregé¢dn fact, both PF and
cure kinetics is critical to designing the manufacturing pro-phenol-urea—formaldehyde (PUF) resins have been successfully
cess and the performance of the end-product. For charactesharacterized with MFK using the Kissinger—Akahira—Sunose
izing cure kinetics differential scanning calorimetry (DSC) (KAS) algorithm[8-11]. For PF resoles, changes in activation
is the technique of choic§]. During a DSC temperature energy with degree of curé,, helped distinguish two-stages
scan phenol-formaldehyde (PF) resoles typically exhibit twdn a highly condensed PF resin. In the first stdfjeincrease
exotherms[3—4]. Although a subject of controversy the first with degree of cure was ascribed to consecutive and competitive
exotherm is often ascribed to hydroxymethylphenols (HMPsYeactions. Following this chemical regime, a decreagg, iwas
formation and condensation while the second exotherm igscribed to a diffusion-controlled reginfitQ]. The KAS algo-
attributed to dimethylene ether linkages decomposition intagithm could also be used to predict the isothermal cure of PF
methylene linkages between phenolic moief@s4]. In addi-  resins from dynamic tesfd0]. Owing to additional cure reac-
tion, commercial PF resoles for wood-based composites ar#ons involving urea, PUF resins exhibited a more com@gx
often modified with up to 20 wt.% urdg&] such that their cure curve than PF resirfd1]. Finally, the effects of water and wood
may not be adequately modeled with traditional model-fittingon the cure kinetics of PF resins have also been examined with
the KAS method12-13]. While at low conversion water con-
tributed to reversible cure reactions, it acted as a plasticizer at
* Corresponding author. Tel.: +1 509 335 8722; fax: +1 509 335 5077. higher conversion and thus delayed the diffusion control regime
E-mail address: mlaborie@wsu.edu (M.-P.G. Laborie). enabling more complete cufé2]. Wood was found to accel-
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erate the addition reactions in PF resoles while retarding thele  dH/dr

condensation reactiofi$3]. dr -~ AH (2)
To date, all MFK studies on phenolic systems have utilized the

KAS algorithm although isoconversional algorithms such as th

Vyazovkin[14—15]and Friedman method46] are also avail-

MATLAB programs using the linear least square method
Svere then developedto extract cure kinetic parameters according

S . . to the Friedman, Vyazovkin and KAS algorithms. The experi-
able. The objective of this research is to evaluate and compale. - data obtained at 2. 5 and°Tmin was then processed

the ab”'ty. of the Friedman, Vyazovkin and KAS methods for,with these three programs. Kinetic parameters measured with

(1) revealing the cure process and (2) predicting the dynam|{:he KAS algorithm were used to develop and compare dynamic

and isothermal cure behavior of commercial PF resole resin(§ure predictions with experimental data at 20 and@4nin

from dynam|c_ test data. In this ob!ect|ye, the cure klne-t|cs Ptl'o further validate the three MFK methods for isothermal cure,

two commercial PF resoles that differ in molecular weight ISisothermal DSC runs were conducted at 1C0for different

evaluated with the three MFK methods. periods of time. The cure temperature and the cure times were
selected based on experimental facility and so as to span the

2. Experimental complete cure process. Specifically, the DSC cell was preheated
to 120°C and approximately 13.5mg of PF resin was inserted
2.1. Materials and cured for different periods of time. The sample was then

quickly removed from the DSC and quenched in liquid nitro-

Two PF resoles, tailored as adhesives for oriented stran@€n. The residual heat of reaction of the partially cured samples,
boards, were obtained from a commercial source. The resindHRr, was obtained from a subsequent ramp scan a€Clin
were frozen and stored a20°C until use. To determine molec- from 25 to 250°C so that:
ular weights, the resins were acetylated with 1:1 pyridine and AH — AHR
acetic anhydridg17] and analyzed by gel permeation chro- ¢ n= AH 3

matography (GPC) in tetrahydrofuran. The GPC system COMhe total heat of reaction was taken as the average reaction heat

sisted of a-\/-|scotek 270 cogpled toaWaters HP.LC uplt and Jord[5reviously measured in dynamic tests of fresh resins, 365 (+5)
Gel polydivinylbenzene mixed bed column with triple detec—k\]/kg for PE-high and 420 (+9) kJ/kg for PF-low. The time

tors. One resin had a \{velght'—average molecglgr weigh @1 dependence of the degree of cure at 12@vas compared with
621 g/mol and a polydispersity (MM,) of 1.41; it was labeled predictions from the three methods
as PF-low. The other resin displayed &k, =6576 g/mol and '

MyIM,=1.72; it was labeled as PF-high. The resin solid coN- 3 MFK algorithms

tents were 54.5 and 45.0% for PF-low and PF-high respectively.

In addition, elemental analysi$8] showed the presence of 3.7 The phenomenological kinetics of cure can be generally
and 3.9wt.% nitrogen for PF-high and PF-low, respectivelygescribed as:

indicating the presence of urea in both resins.

da —E
—=A — 4
& —ae( 7 ) 1@ @
wheref{«) is the reaction modell’ (K) the absolute tempera-
ture,A (s~1) the pre-exponential factaf, (kJ/mol) the activation
gnergy ana the universal gas constant. The Friedrfit] Vya-

2.2. Differential scanning calorimetry

A Mettler-Toledo DSC 822was used to perform dynamic

and isothermal cure experiments. Approximately 13.5mg o ; ;
resin was placed in a 30 high-pressure gold-plated crucible. zovkin [14-15]and KAS algorithmg8-9] can then be used to

Dynamic temperature scans were conducted at five heating ratggtermme the activation energy dependence on degree of cure
2,5, 10, 20 and 25C/min from 25 to 250 C [10]. Nitrogen was o . . . .
used as a purge gas at a flow rate of 80 ml/min. For each heatinc\;/ For various heating rajtgﬁ,-, the Friedman method directly
rate six replicate measurements were performed. In addition the aluates Eq4) at a specific degree of cuse

first replicate was scanned again af @@min immediately after da E,

the first scan. This second scan ensured complete cure durillfb ar ) = (Ao f(a)) - RT,; ©)
the first heating scan as evidenced by the absence of residual 0” .

cure. DSC thermograms were then processed with the Mettlef: "W paramete€i(«) =In(Aqf(«)) can introduced so thak(«)
Toledo STAR V7.2 software to extract the degree of cuse, andk, are sufficient to fully describe the kinetic behavior:
reaction rate, da/dr, and corresponding temperatliyein the da E,
0 <« <0.99 range. Botly and do/dawere determined at a spe- N (dt) = Cr(o) — RT..
cific cure time,7, by normalizing the partial heat of reaction, o “
AH(7), and heat flow, dH/dz, respectively, by the total heat ofFor @ specificx value and several heating ratgs pairs of

(6)

reactionAH: (da/dr)y; andTy; are determined experimentally from the DSC
thermograms. The parametéisandCs(«) at this specific value
o AH(t) ) of a are then estimated from plots of In(da/gayersus 1/%; (Eq.

AH (6)) across at least three different heating rates. The procedure is
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repeated for many values efyielding continuous functions of utilizes a close-form approximation (E€L0)). As a result, the
«a for E, andCi(«). The interest of the Friedman method is that KAS method provides only an estimate of the activation energy
Eq. (6) does not introduce any approximations and the methodompared to the Vyazovkin and Friedman metH@d$. In addi-
is not restricted to the constant heating rate mode. However, d®n, while the Friedman and Vyazovkin methods are applicable
in the case of any kinetic methods involving the differential termto different temperature programs, the KAS method only works
da/dt, the Friedman method is subject to significant numericafor constant heating programs.
instability and noise interferengé].
As a result, Vyazovkin proposed an alternative algorithm3 Results
which is summarized in the following equations. A detailed
derivation of the algorithm is provided elsewhgig-15]. In 3 ; g0 0. parameters from MFK methods
Vyazovkin method n scans are performed at different heating

programsT;(z). The activation energy at a specific degree of  ag expected, the commercial PF resoles exhibit two major

cure is obtained by minimizing the functigri£.): exotherms that shift to higher temperatures with increasing
" [Ey. Tit)] heat?ng rate (Fig. 1). In addition, I_DF-hi_gh displays a third inter-
9o(Eq) = Z Z T T (7)  mediate exotherm of small intensity (Fig. 1). Hence, PF-low has
@ ¢ two discernable cure reactions while three reactions are evident
during PF-high cure. Note also that a high degree of cure (54%)
(] a ’) is required for PF-low to reach its highest reaction rate while
In Eq. (7) the temperature integrdl, is defined as: the maximum reaction rate is achieved very early (22% degree
" _E, of cure) for PF-high. To interpret the differences in stages in the
I[Eq, T(ts)] = / exp< ) dr (8)  cure of both resins, the, dependence on degree of cure can be
ta—ta RT (1) examined22)].

Eq.(8) can be solved numerically by integrating the experimen- " Fig- 2, the dependence @&, on degree of cure is com-
tal data within small time intervalao. The values are then Putéd from the Friedman, Vyazovkin and KAS algorithms. The

substituted int@(E,), and this function is minimized by Brent’s

method[19] leading toE,. Again the procedure is repeated for 08 -
distinct values ofr. A new paramete€y(«) can also be created . PFlow . bt
that complementg,, in fully describing the cure kinetics: 06 — PF-high :ﬂ 5 201 —
—_ ] | ~ 154
“ da 1 (T —E . s
Cy(a) = / == exp( “) dr (9) z (| g 1o
0 Af(Ol) ﬂ To RT = 044 | | 0.5
z |1
. . . . ) es) [\ 0.0 T T T T T T
Fmally in the KAS metho'dEa is evaluated by using Doyle's =5 Bo 20 100 130 140 160 150 200 250
integral approximations in Eq10) [20]. In this case, Eqg. 02 Temperature (°C)
(11) is derived for various heating rates. Again it can be
rewritten into Eg. (12) by introducing a new parameter
- . 0.0 +—= , , \ ; ‘ . .
Ck(@) =IN(RAL/Eqg(e)): 60 80 100 120 140 160 180 200 220 240
¢ do Temperature (°C)
gloy= [ —
o f(@) Fig. 1. DSC thermograms atZ/min for the PF-low and PF-high resins. Insert
A T E ART?2 E highlights the influence of heating rate (2, 5, 10, and@0nin) on the cure of
= — exp| —— e xXp| —— (20) the PF-high resin.
B J1 ( RT> BE ( RT)
120
i RA E ) PE-low /73 — — Friedman
n (ﬁ;) =1In (E g(o(;)) - R’; (11) 110 ;/f‘\\\ — PF-high ———— Vyazovkin
por a ai \\ _ KAS
~ 1001 / i Fa
E, = 7 i -
(%) = o) - 12  Z ' ) N
Tm RT,; ) 90 : :
The experimental determination &f, and Cy(«) is similar to = g N
that of the Friedman method. For each degree of eueecorre-
spondingTy,; and heating rate are used to plot I/(B2) against 0y
1/T,;. The parameterg, and Cx(«) are then determined from 60 — — , —
the regression slope and intercept, respectively. 0 10 20 27 4045 y 6065 7780 8890 100
o (%)

The Friedman and Vyazovkin methods respectively solve the
differential (Eq.(4)) and the integral kinetic forms (E¢8)) Fig. 2. Activation energies change with the degree of cure by the Friedman,
without approximations. On the other hand, the KAS methodvyazovkin and KAS methods for the PF-low and PF-high.
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overall range of activation energies between 60 and 120 kJ/mol 2.5¢-8
is consistent with the values obtained from model fitting kinet- 1A
ics of PF resing23—24]. Evident inFig. 2is the superposition s/ \ e 7t 2.0e-8

of the Friedman and Vyazovkif, curves. The KAS method
yields similar ascending and descending pattern, yet variations 20 1 | e NS
in E, are smaller and the activation energy curve is shifted

\ ! : -
15 4 3
to higher conversion (Fig. 2). Such a consistency between the /Kﬁ [ 1.0e-8 T

Friedman and Vyazovkin methods has been previously observed < 10 1 | — — Friedman, C{a)

(ar) or C, (o)

on simulated data of parallel reactidi$]. In contrast, the shift / . r 5.0e-9
. i . . 5 1 | ———— Vyazovkin, C (o)
and low amplitude of, obtained with the KAS method likely / KAS. C
. . . . . I » 'k(a) .
stems from the approximation used in this algorithm. Recall that 0 - - : : 0.0
the Friedman and Vyazovkin methods use the point values of 0 20 - 60 80 100

the overall reaction ratR21] or small time interval$15] while o (%)

the KAS method uses Doyle’s approximation (Ef§j0)) that  Fig. 3. Combined parameters of the Friedman, Vyazovkin and KAS methods
describes the history of the syst§i]. Yet Vyazovkin reported  for PF-high.
that the KAS method provides satisfactdryestimates as long

. . Although the specific reactions underlying the four stages
asE/RT is greater than 185]. In the case of the commercial g P ying 9

. : ) cannot be identified solely based on this study, this cure behavior
PF resoles used in this study, despite/dRT> 13, the KAS is in line with the individual cure reactions of urea-modified PF

method generates an activation energy curve that is shifted Rsins. PF cure involves a set of parallel reactions with HMPs for-

higher conversion and reduced in amplitude. This dlscrepanc%ation' condensation and the various crosslinking chemistries

n the case of cqmmerual I?F resoles likely stems from V'Ola'SO]. With the addition of urea, condensation of phenol and urea
tion of the Dc.)yle.s assumption of a constant activation ENeIyith formaldehyde as well as co-condensation between phenol
aczjolis' tge klnetlchprgce$$;](;l It results th.at the Vé/azovkln and urea derivatives are also taking pl&8&]. The changing

and Friedman methods provide more consistentand acdrate i tion of each reaction to the overall activation energy

functions. With these two methods, is also more sensitive to explains the constant change in activation energy as cure pro-

;:r:langes n PE cure m]?g;amsms' J]he\r/efore, Iio galg ::nsl%ht:ﬂessesgll]. Since water is remains in the crucible during cure,
€ cure mechanism o resins, the Vyazovkin and Friedmajq o re process is further complicaf{@@]. At low conversion

meéhOdS;re prefffr:red O\tlﬁ rctihe Kg\tshmethod. h int water contributes to reversible reactidi®]. At high conver-
egardless of the method used the wavy shapig gfoints sion, water plasticizes the PF network thus delaying diffusion

to the complexity and molecular weight dependency of PF cure - trol and allowing for more complete cUte?]
kinetics. Indeed itis established that complex reactions involving For PF-high an even more complex cur.e mechanism s

multiple parallel reactions or changes in the limiting stage causgy rved with the presence of two highest peaks at 10
variations in, [26 —28]. Specifically, an increasirig[function and 77% conversion but also two smal} peaks at 40 and
'[i(\a/ \Sals competltljon betw_een parallel reactifi®;26]. A!tbeirna- 90% degree of cure. The greater complexity likely stems from
y aconcave decreasiig curve suggests a reversible stagey, jerection of three exotherms on the DSC thermogram for
reaction and a convex decreasifgfunction shows a change pr ioh (Fig. 1. In all case PF-high likely exhibits a similar
in limiting stage{26]. Therefore the shape @, can give some four steps pattern as PF-low does. That is competitive con-

insight on the change in reaction st¢f densation reactions occur up to 10%; they are followed by a

E For EF'I?géFr'edd;n;? an Vyazofv i mle:t.hogs generatt; tW?eversible intermediate stage up to 27% degree of cure. Com-
o PEAxs a an 6 degrees of cure (Fig. 2) in accor ancf:')aeting crosslinking reactions then resume until diffusion rate

with two detected exotherms (Fig. B, shape for PF-low sug- control occurs at 77% degree of cure as previously observed on

ges}tss four cure stagets.tﬁhe mcreasmgfand the?tg:oncaV(ethcr(Lagﬁ-enolic systemid 0,11]. TheE, peaks shoulders at 40 and 90%
ing E, curve suggests the presence of competitive reactions ay arise from a mathematical artifact.

to 45% conversion followed by a reversible stage intermediate Finally, the second MEK parameter needed to model reaction
up to 65%[6’26]' At a degree O.f cure of 650./0 parallel reactions kinetics ié the combined complex parametée). The degree
reconvene as indicated by thg increase until the cure changes of cure dependence of this parameter with all three methods

gg;' a chem_|cal t?] aEdlgfusmn-conFrolled proc?ﬁ:ﬁ:]]. ab%ve also reflects the changing cure mechanism as shown for PF-high
6 conversion wherk, decreases in a convex fashigh26]. I(Fig. 3). Because this parameter is a modeling tool deprived

This four-s_tage cure 1S more cpmplex than the three—stage'cuoq distinct physical meaning no inferences are made from its
of PUF resins previously described based on the KAS algorith attern. NextC(e) and E,, obtained from the three methods

[11]. Rec_all however that the .KAS me_thod s less sensitive t are utilized for assessing MKF predictions during dynamic and
changesiik, than the Vyazovkin and Friedman methods used 'qsothermal cure of PF resins.

this study. In fact, th&, curves obtained from the KAS method

for PF-low and PF-high would also suggest a three-stage cure. 112 pregiction of dynamic cure of PF resins

addition in contrast to a single cure exotherm previously detected

on PUF resing11], two exotherm peaks are detected on these Eq.(12)used forthe KAS method directly relates temperature

commercial PF resoles. and degree of cur@0]. Therefore, only the KAS method was
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12 Table 1
(a) PF-high Experimental Mean squared errors of prediction for both dynamic and isothermal conditions
0 ' — —KAS predictions at specific degree of cure and data points (in parentheses)

Predicted variable Model PF-low PF-high

Dynamic (10°C/min)  KAS 2.97 (99) 0.27 (99)
temperature at
Q)

Dynamic (10°C/min)  KAS 9.82x 10°8(99) 6.27x 10°8 (99)
reaction rate ak
(1/s)

Isothermal (120C) Friedman 15.8 (11) 13.4 (13)
cure time atx (min)  Vyazovkin ~ 16.7 (11) 19.1 (13)

KAS 12.0 (11) 19.4 (13)

Increasing
heating rate

do/dt (x 107s)

“ 3.3. Prediction of isothermal cure of PF resins
Prediction of isothermal cure from dynamic scans is of scien-
tific and practical interest. First, good prediction of isothermal
cure from parameters obtained during dynamic cure clearly val-
idates the models. Second, isothermal cure characterization is
notoriously challenging from the experimental standp{85i.
In this study, Friedman, Vyazovkin and KAS algorithms were
Increasing used to predict the isothermal cure behavior of the two PF resins
heating rate at 120°C. The premise of isothermal prediction is that pairs of
o , , , J , , a and the correspondinffa), g(«), E, andA values are iden-
g0 100 120 140 160 180 200 220 tical for dynamic and isothermal conditiof6]. Hence, MFK
Temperature (°C) parameters can be used to develop a prediction model of the cure
time needed to achieve a specific degree of ayregt a given
Fig. 4. Comparisons of experimental data and KAS predictions for dynamiqemperature (o).

conditions at 2, 5, 10, 20 and 26/min for (a) the reaction rate of PF-high and - . . . . C
(b) the degree of cure of PF-low. With Friedman algorithm, E(6) is rewritten to yield:

o (%)

40 A

20 1

o

= [ en( 7 ) expl-GleN de 13)
used to predict the dynamic cure of PF resins. At a selected heat- 0 50
ing rateCy (o) andE, were substituted into Eq12) to predict ~ Vyazovkin method yields an integrated equation from E4j.
the temperature associated with discrete values @ algo-  and (9)at an arbitrary isothermal temperatfig, as:
rithm based on the Powell dogleg methi@®] was developed ¢ _E ¢ do
with MATLAB to solve Eq.(12). Relationships between tem—y[ exp< “) dr = / = Cy(@) (14)
perature and degree of cure were thus obtained and were easil} RTiso 0o Af(@)
converted to reaction rate-temperature relationships at specifigt each smallA«, the left integral is evaluated numerically with
heating ratesFig. 4 compares experimental reaction rate andthe trapezoid integration rule and the correspondings cal-
degree of cure with the KAS predictions for PF-high and PF-culated. This calculation is reiterated from time 0 on. Thus at an
low respectively. Recall that the model was built from data atarbitrary isothermal temperature a relationship betwgeand
2, 5, and 10C/min only whereas predictions are also made aly is established.
20 and 25C/min for model validation. Mean squared errors  Finally, the KAS parameters are used to reorganize EJs.
of prediction (MSEPs]33] were calculated for both dynamic and(12)into:
and isothermal MFK predictions (Table 1). The MSEP is the
average squared difference between independent experimental Rexp(R’;‘éo)
observations and model predictions for the corresponding valuds = m
of the independent variabl¢33]. The MSEP values of the KAS “
predictions for temperature and reaction rate are small, bottsothermal cure predictions from all three MFK algorithms are
one order of magnitude lower than those obtained with the bestompared with experimental data for PF-low and PF-high in
model-fitting kinetics in a parallel studg4]. The KAS method Fig. 5. The small MSEP values (MSEP <19.4) for both resins
therefore provides excellent dynamic predictions compared tand all three models (Table 1) indicates the quality of the models
model-fitting kinetics. This is further evidencedriy. 4, where  compared to those determined in another s{@8dyfrom n-order
the KAS algorithm succeeds in capturing the complexity of PFkinetics (MSEP <33). Analysis of variance (ANOVA) at an
high thermogram. level of 0.05 detected no differences in the isothermal prediction

(15)
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