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Information for users of METTLER
TOLEDO thermal analysis systems

Dear Customer,

This year METTLER TOLEDO celebrates 40 years of outstanding success in thermal analy-
sis. In 1964 we introduced the TA1, an advanced, research grade TGA/DTA instrument.
Since then, we have continuously expanded our TA product line with new ideas and solu-
tions. And now we are proud to introduce the TMA/SDTA841¢.

Thermomechanical analysis is more sensitive than DSC for a number of applications. We
demonstrated this in UserComs 17 and 18 for the determination of glass transition tem-
peratures. TMA is in fact the ideal complement to a DSC system.
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In principle, the software allows high heat-
ing rates (up to 400 K/min and more). The
accuracy of the results so obtained must be
checked with respect to the physical and
chemical facts. The laws governing physi-
cal and chemical events such as reactions
and transitions must be taken into ac-
count.

Such events include:
* Heating rate-dependent effects:
- kinetic events
- crystallization
- chemical reactions
- glass transitions
 Heating rate-independent effects:
- melting
- physical properties such as
specific heat capacity

Besides this, sample measurement is influ-
enced by the following sample properties
and instrument parameters:
Sample
e Situation within the sample:
- sample size
- sample homogeneity
- thermal gradients
- thermal conductivity
- decomposition
- thermal contact
Instrument
e Instrumental effects:
- crucible
- signal-time constant
- baseline stability
- stabilization time
- calibration

To gain a better understanding of the effect
of these different factors, a number of
measurements will now be presented and
discussed. All the measurements were per-
formed with a DSC822¢ equipped with an
automatic sample robot. The instrument
was calibrated with indium and zinc.

Application examples

Melting of metals

In general, the melting point of pure sub-
stances is determined as the onset tem-
perature of the peak. For physical reasons,
the side of the melting peak before melting
is a straight line. The enthalpy of fusion is
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determined from the peak area. As a result
of the given thermal conductivity, melting
takes place over a certain period of time.
The peaks are therefore much broader at
higher heating rates.

With the DSC822¢, the melting point of
indium can be determined over a wide
range of heating rates (Fig. 1). Due to the
integrated FlexCal® calibration system,
onset temperatures and the enthalpies of
fusion are independent of the heating rate.
This ensures that the DSC measures reli-
ably at high heating rates and that accu-
rate temperature and heat flow values are
obtained.

To improve heat transfer, it is advisable to
perform fast measurements in light cru-
cibles. The measurements used for the
evaluation in Figure 1 were done in 20-ul
aluminum crucibles.

to higher final temperatures. At high heat-
ing rates, the reaction peak is possibly
shifted to such high temperatures that the
sample begins to decompose. The occur-
rence of a decomposition reaction can be
verified through measurement of the glass
transition temperature after the reaction.

The example in Figure 2 shows the results
of a curing reaction using a reactive coat-
ing powder (KU600) as an example. Heat-
ing rates of up to 200 K/min were used.

As expected, the glass transition tempera-
ture is shifted to higher temperatures at
higher heating rates. It can also be seen
that the chemical reaction is shifted to
higher temperature. The temperature of
the peak maximum of the reaction shows
a linear relationship with the logarithm of
the heating rate. The increase is deter-
mined by the activation energy. As shown
in Figure 3, the measurement result corre-

160 29.0
OO 158 - -28.8
c 1 ® ® ® ® °
o jwe © o o m
< 156 -28.6 3
= =
g 1o o) 5 o ® o i -%
o O 0) O <
IS 154 - O -28.4 5
§C o
g «Q
2 152 - -28.2
O

150 . T I I —28.0

0 100 200 300 400

Heating rate in K/min

Fig. 1. Onset temperatures and enthalpies of the melting peak of indium at different heating rafes.

In summary, one can say that

- onset temperatures can be determined
accurately

- the same calibration procedures as with
conventional DSC (heating rate to
20 K/min) can be used.

Curing of resins

Reaction temperatures should also increase
with increasing heating rates. To follow
the complete reaction, one must measure

sponds to the predicted behavior. The reac-
tion enthalpy is practically independent of
the heating rate.

The sample has a built-in «temperature
calibration system» — the accelerator,
which melts at 208 °C. As expected, this
melting process is independent of the heat-
ing rate and proves that the shifts of the
other characteristic temperatures are not
artifacts. The results are summarized in
Table 1.



Aexo Curing of KU600 Resin at Fast Rates 13.11.2003 09:49:17
Integral 264.68 mJ
normalized 57.54 Jg*-1
Peak 279.36 °C
Heating Rate 200.00 °Cmin”-1
Integral 281.46 mJ
normalized 57.97 Jg*-1
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Fig. 2. Curing of KUB0O powder af high heating rates.
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Fig. 3. Peak temperature of the curing reaction of KUGOO as function of the logarithmic heating rate.

Heating rate | T, onset Tpeak reaction Ty accelerator AH,
[K/min] [°C] [°C] [°C] U/g]
20 71.2 2155 207.3 56.56
100 75.4 257.7 208.3 57.97
200 75.7 279.4 208.7 57.54

Table 1. Characteristic thermoanalytical data of the curing reaction of KUGOO.

Melting of PET

Amorphous polyethylene terephthalate
(PET) exhibits cold crystallization and the
heating rate determines how much crystal-
line material is formed and hence the de-
gree of melting that takes place. Figure 4
displays several curves of PET normalized
in heat capacity units measured at heating
rates between 10 and 300 K/min. After the
glass transition at about 80 °C, cold crys-
tallization occurs. The PET used for these
measurements melts at 240 °C. With in-
creasing heating rates, cold crystallization
shifts to higher temperatures due to the ki-
netic processes involved in nucleation. The
smaller peak areas indicate that with in-
creasing heating rates the degree of crys-
tallinity decreases. The curves measured at
lower heating rates do not characterize the
original material because the main effects
(crystallization and melting) originate
during the actual measurement itself. The
curve measured at 200 K/min shows only
weakly induced processes and a very small
melting peak. The absence of the melting
peak at 240 °C on the curve measured at
300 K/min shows that in this case no cold
crystallization at all has occurred. This
curve characterizes the original material.
At first sight only the glass transition is
visible. A closer examination of the curve
revealed a very small endothermic peak at
about 150 °C (marked with an arrow in
Fig. 4).

This peak, which occurs between 140 and
160 °C, is shown on an expanded ordinate
scale in Figure 5. At lower heating rates the
peak is masked by cold crystallization. The
effect responsible for this peak is the melt-
ing of a small amount of crystals that were
formed during cooling in manufacture.
The peak characterizes the original crys-
tallinity of the material (about 1%). The
low melting temperature indicates the im-
perfect structure of the crystallites.

The experimental results show that at a
high heating rate of 300 K/min, the origi-
nal state of the material can be character-
ized because no cold crystallization occurs
during the experiment.
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Aexo PET at Different Heating Rates 13.11.2003 09:49:37
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Fig. 4. DSC curves of amorphous PET, normalized to initial sample weight and the heating rate (specific heat

capacity). Sample weight was less than 1 mg. Data sampling interval was 0.1 seconds.

Aexo PET Heated at 300 K/min 13.11.2003 09:49:40
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Fig. 6. Melting peak of small crystals formed in amorphous PET during cooling in production.

The diagram inserted in Figure 4 displays
the step height of the glass transition at
different heating rates.

As expected, Ac, is independent of the heat-
ing rate. This result shows that it is possi-
ble to achieve correct quantitative results
even at high heating rates.

I
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Liquid crystal transitions

Azoxydianisole melts at 118 °GC and then
exhibits a liquid crystal transition at

135 °C. Both effects are independent of the
heating rate. This substance can also be
measured at very high heating rates as
shown in Figure 6. At 200 K/min the melt-
ing peak is broadened due to the finite heat

transfer in the sample. The small liquid
crystal transition can still however clearly
be seen as a shoulder.

The inserted diagram shows that the two
effects can however be clearly separated
using a deconvolution routine.

Polymorphic transitions

The phase behavior of organic substances
can also be investigated at high heating
rates. This is shown using phenylbutazone
as an example. In the crystalline form this
substance melts at 106 °C. If the melt is
shock-cooled, amorphous material is pro-
duced. On heating, the glass transition
occurs at -5 °G followed by cold crystalli-
zation and then melting of two polymor-
phic phases. This behavior is shown in
Figure 7 using heating rates of 50, 100 and
150 K/min.

It can be seen that, at higher heating rates,
the crystallization peak is shifted to higher
temperatures due to kinetic reasons. The
decrease of the enthalpy of crystallization
with increasing heating rate shows that
less material is able to crystallize. Due to
the high heating rate, the time for crystal
growth between the beginning of cold crys-
tallization and melting is very short.

The polymorphic phases formed melt at 98
and 106 °C. The transition temperatures of
both polymorphic phases are independent
of the heating rate. The areas of the melting
peak and crystallization peak correspond
to one another.

Summary

The following table summarizes the ad-
vantages of using high heating rates:

Advantages

Suppression of kinetically controlled ef-
fects (e.g. cold crystallization = meas-
urement of the original crystallinity).

Simulation of production conditions.

Signal amplification due to the more

rapid heating rate for

- small samples

- for samples that exhibit only weak
transitions.

High heating rates appreciably shorten
the measurement time.



As with many other techniques, the advan-
tages are offset by certain limitations in
other respects.

Possible limitations that should be consid-
ered are:

Limitations

High heating rates degrade temperature
resolution (e.g. separation of peaks be-
comes poorer or even impossible).

There are no standards (up until now)
for the application of high heating rates.

Small samples are not representative of
the sample as a whole.
Sample preparation demands special care.

Higher heating rates necessitate higher
end temperatures in methods because the
peaks become broader. At higher end tem-
peratures the risk of sample decomposi-
tion is greater.

Higher heating rates necessitate a higher
measurement signal data sampling rate.

Conclusions
The DSC822¢ can measure samples at very
high heating rates. FlexCal® technology
ensures that the measured temperatures
remain independent of the heating rate.
The short response time of the DSC sensor
results in rapid stabilization of the signal
so that starting temperatures do not have
to be very low.
The influence of the heating rate on the
effect to be investigated should always be
carefully considered beforehand. In gen-
eral, higher heating rates lead to larger
thermal gradients in the sample. This can
influence the kinetics of processes, e.g. nu-
cleation in connection with crystallization
is significantly affected.
Furthermore, peaks are broadened due to
smearing. To reduce these effects, it is best
to use light crucibles and optimize the ther-
mal contact between the sample and the
crucible. Small, thin samples reduce the
formation of temperature gradients within
the sample. The use of commercially avail-

Aexo

Fast DSC of Azoxydianisole

13.11.2003 09:49:24
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Fig. 6. Melting peaks of azoxydianisole measured at different heating rates.

Aexo Phenylbutazone at High Heating Rates 13.11.2003 09:49:45
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Fig. 7. Phenylbufazone measured at different heating rafes.

able crucibles allows an automatic sample
changer to be used.

Higher heating rates permit kinetic proc-
esses to be studied over a large dynamic

range. Undesired processes that occur dur-
ing the measurement (e.g. cold crystalliza-
tion) can be suppressed so that the meas-
urement curve characterizes the original
material.

|
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New in our sales program

TMA/SDTA84 1¢

We are once again pleased to introduce a
new instrument.

The TMA/SDTA841¢ complements the
TMA/SDTA840 and extends the previous
temperature range available in thermo-
mechanical analysis (TMA). The new
measuring module allows you to analyze
polymeric and other materials in the range
-150 °C to 600 °C.

Fig. 1. The new TMA/SDTA841¢€ module.

Thermomechanical analysis measures the
dimensional changes of a sample as a func-
tion of temperature. The characteristic val-
ues and properties most frequently studied
are:

e expansion coefficients

e glass transition temperatures

e softening temperatures

e solid-solid transitions

e melting behavior

e swelling behavior and

e elastic behavior.
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Tg of SBR Elastomers by TMA

27.03.2004 11:41:24
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Fig. 2. TMA is an excellent method for determinin
shows the expansion behavior of two rubber sam
fransitions are often difficult to see on TMA curves.
on the expansion coefficient curve.

Typical areas of application

Industry

STAR® SW 8.10 B5

g glass fransitions and expansion coefficients. The figure
ples (E-SBR: emulsion SBR; L-SBR: solution SBR). Glass
They are however immediately apparent as a step change

Applications

Plastics (elastomers, thermosets,
thermoplastics)

Electronics industry

Paint/lacquers/adhesives/coatings
Textile fibers
Packaging (films)

Chemical (organic and inorganic
materials, metals, pharmaceutical
products)

Universities

SDTA signal

The sample temperature is measured very

close to the sample by means of a sheathed

K-type thermocouple.
A thin quartz glass coating protects it

Coefficient of thermal expansion, glass
transition, creep behavior

Glass transition, coefficient of thermal
expansion, delamination

Softening point

Expansion and shrinkage behavior
Expansion and shrinkage behavior

Coefficient of thermal expansion and
expansion behavior, solid-solid transitions

Dimensional changes under the most varied
conditions

against direct contact and contamination.
This means that temperature adjustment
can be performed using the melting points
of pure metals and/or the length change of
suitable standards.



Fig. 3. Quariz glass sample support with the K-type
thermocouple for sample femperature measurement.

The SDTA signal is the difference between
the reference temperature calculated with
a model and the measured sample tem-
perature (US Patent 6146013).

This means that, besides the length change,
the simultaneously measured DTA signal
(SDTA) is also available as a measurement
quantity. This can often be of great help
when interpreting a measurement curve.

Gastight measuring cell

The measuring cell can be purged with gas
in order to measure samples under defined
atmospheric conditions just as in the
TMA/SDTA840.

Fig.1. DSC822¢ with the UV-DSC accessory.

Automation

The furnace opens and closes at the stroke
of a key, guaranteeing easy and reliable
operation.

Cooling

The liquid nitrogen cooling system has
been completely automated; manual refill-
ing is not necessary. This simplifies opera-
tion, improves reproducibility and allows
measurements to be performed over a long
period of time.

Thermostating

The mechanical part of the measuring cell
is incorporated in a thermostated housing.
This minimizes drift and guarantees excel-
lent accuracy for the determination of ex-
pansion coefficients.

Deformation modes

Different accessories enable you to perform
measurements on solid samples, foams,
films and fibers.

The TMA/SDTA841¢ supports the following
measurement modes:

e Expansion

e Penetration

e Tension

e Bending

e Swelling

The DLTMA mode (dynamic load TMA) al-
lows you to study the elastic behavior of
materials.

In DLTMA the force exerted on the probe
alternates automatically between two
values.

Overview of the TMA/SDTA841¢ specifications

Wide measurement range +/- 5.0 mm
High resolution 0.6 nm (over the whole measurement range)
Long sample lengths up to 20 mm
Large force range -0.1to 1N
High force resolution 0.13 mN
Wide temperature range -150 °C to 600 °C
Cooling system automatic liquid nitrogen cooling
High temperature accuracy +/-0.35K
SDTA resolution 0.005 K
Automation automatic opening of the furnace with keystroke
DLTMA mode <1Hz
Options gas controller
switched line socket

The DSC module is easily converted to a
UV-DSC system by means of a special ac-
CEssoTYy.

The UV-DSC system allows you to study the
influence of temperature, UV light inten-

sity and exposure time on curing processes.

The sample is held isothermally at a par-
ticular temperature and exposed to UV
light for a defined period of time. The re-
action of the sample to the light is meas-
ured with the DSC.

Light curing systems are used

e to shorten processing times and/or

e to avoid exposing sensitive materials
to high temperatures.

Nowadays, light curing systems are used
for all kinds of coating applications (e.g.
in the automobile industry) and in den-
tistry (curing fillings).

The UV-DSC accessory can be easily in-
stalled or removed by the user.

7
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Applications

Kinetic studies of complex reactions
Part 2. Descripfion of diffusion control

Dr. Jiirgen Schawe

Introduction

Cross-linking reactions of «hot curing sys-
tems» are complex reactions. Depending
on the reaction conditions, an initially
chemically controlled reaction can change
and become diffusion controlled. The reac-
tion rate thereby decreases rapidly. The re-
action almost stops. The reason for this is
chemically induced vitrification as a result
of which the material changes from a lig-
uid to a glassy state.

In the first part of this study [1], the cur-
ing reaction of the a two-component epoxy
resin consisting of the diglycidylether of bis-
phenol A (DGEBA) and diaminodiphenyl-
methane (DDM) as hardener or curing
agent was investigated by DSC and evalu-
ated using the Model Free Kinetics (MFK)
software. Here it was shown that curing at
heating rates greater than 1 K/min is
chemically controlled over the entire reac-
tion range.

By means of MFK; it is possible to correctly

predict the course of an isothermal reac-
tion right up to vitrification. If the glass

100

transition temperature is known as a func-
tion of conversion, MFK can be used to
estimate the time at which the material
vitrifies in an isothermal reaction.

MFK must be extended in order to describe
the complete course of a curing reaction
that includes the transition from chemi-
cally to diffusion-controlled kinetics [2-4].
In this article, MFK is enhanced sufficiently
for it to take the effect of diffusion control
on the reaction kinetics into account.

Prediction of chemical behavior
The conversion curve

If MFK is applied to DSC curves that were
measured at sufficiently high heating
rates, one obtains activation energy curves
as a function of conversion that describe a
purely chemically controlled reaction
(curve a in Fig. 2 of Part 1 [1]). The acti-
vation energy curve can then be used to
calculate the isothermal course of the re-
action. A comparison of the conversion
curve calculated using MFK and the meas-
ured conversion curve for Tye,e = 100 °C is
displayed in Figure 1.

Up until about 40 min, the measured curve
agrees well with the MFK prediction. Tn
this range the cross-linking reaction is
chemically controlled. Afterward, the influ-
ence of diffusion control increases and the
measured reaction proceeds more slowly.

A comparison of the two curves allows the
influence of diffusion control on the reac-
tion kinetics to be estimated.

The reaction rate is described by the equa-
tion

d_oc_[doc
dt

E Lhem fd (a) (1)

where do/dt is the reaction rate (derivative
with respect to time of the measured con-
version curve), [dov/dt] en i the reaction
rate of the chemically controlled reaction
(obtained using MFK) and fq(or) is the
diffusion control function that describes
the influence of diffusion control on the
reaction Kinetics. f4 can be determined ac-
cording to eq (1) by division of the meas-
ured reaction rate and the reaction rate
calculated by MFK (see Fig. 1).

T ,=100°C _~

react

chem 100 4

80

60

0.6
40

Conversion in %

20+

— calculated curve
- — -model function

Conversion in %

0 20 40

o4

60 80 100
Conversion in %

T
0 20 40 60 80
Time in min

Fig. 1. Conversion as a function of time at a reaction temperature of 100 °C. oy,
is the measured curve and a.ghem is the prediction with MFK using the activation

energy curve (a) in Figure 2 from Part 1 [1].

The inserted diagram displays the diffusion control function, f4. The continuous

T T T v
100 120 140

T —— T
100 1000

Reaction time in min

Fig. 2. Conversion as a function of reaction time for isothermal reactions at differ-
ent temperatures. Dashed line: result from MFK (aghem); continuous line: result

of the calculation according to eq (4), circles: measured curves. The line with the

curve is calculated from the conversion curves according to eq (1). The dashed

line corresponds fo the model function from eq (2).
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squares marks the vitrification. These values were taken from Figure 4.



Since the diffusion control is connected
with the vitrification, a model function is
introduced for f4 that takes into account
the conversion-dependence of the glass
transition temperature [4]:

fd(OC, Treact) =
331
1_[1+ ! [TremAT—Tg(oo] ] o

AT

The only parameter in this equation is AT.
This parameter describes the width of the
glass transition. AT is set to 20 K, the width
of the glass transition of the fully cured
material.

A modified DiBenedetto equation [5] is
used to describe the glass transition tem-
perature as a function of conversion:

Ao(Ty —T
Ty (0)= w +Ty (3)
where Ty and Ty are the glass transition
temperatures of the unreacted and fully
reacted sample. A is a fit parameter. The
parameters A, = 0.31 and Ty = 169.3 °C
were determined [1] by means of curve fit-
ting to the measurement results from post-
curing experiments [1]. Tyy = -18.3 °C
was measured by DSC at 10 K/min [1].

As can be seen in Figure 1, the model func-
tion calculated according to eq (2) agrees
very well with the experimentally deter-
mined diffusion control function. Using
eqs (1) and (2), a complete prediction of
the kinetics of such complex reactions can
be made based on MFK.

105

The isothermal conversion curves were cal-
culated using a spreadsheet. The change of
conversion at a reaction step Aay; is given

by
A(Xj =

((xchem,i - OLchem,i—l)fd ((xi—l + Aai) (4)

where o, is the sum of all the previous re-
action steps:

j=

Olchem i are the individual values of the
MFK prediction for the isothermal reaction
at Treger-

At the beginning: Aoy = O(treger = 0) = 0
and Ay = a; = Olchem,1-

The indices i and j (i,j = 0,1,2,3...) describe
the number of the base points.

The conversion calculated according to eq
(4), the results of the MFK prediction and
the measurements are displayed in Figure
2 and show agreement of the measure-
ments with the predictions of MFK before
vitrification begins. The results of the cal-
culation taking into account the diffusion
control function describe the entire reac-
tion.

Maximum conversion

After vitrification, the reaction becomes
more and more diffusion controlled and
then practically stops at a maximum con-
version, Oty ,y, Which is smaller at lower re-

100
® measured final conversion
95
90

85

Conversion in %

80

75

70

—O—simulated data of the final conversion

action temperatures. oLy, is an important
technological quantity because it indicates
the conversion up to which the material
can react. A greater conversion can only be
reached by raising the reaction tempera-
ture.

The calculated values of o,y originate
from the end points of the calculations ac-
cording to eq (4) (Fig. 2). Figure 3 shows
that they agree with the measured values
within the limits of measurement uncer-
tainty.

The vitrification time

Another important factor for describing
curing reactions is the vitrification time,
t,. This is important from the technologi-
cal point of view because it indicates the
time after which the resin is no longer lig-
uid. At the vitrification time, Ty = Treq.
The conversion-dependence of Ty is used
to calculate o at t, (eq (4) and Fig. 4 in
[1]). The time for the conversion curve to
reach this value is called the vitrification
time. t, was determined from the two con-
version curves, one value calculated by
MFK [1] and the other according to eq (4)
taking the diffusion control function into
account. The values are displayed together
with the experimental results from postcur-
ing measurements (Fig. 3 in Part 1 [1]) in
Figure 4. It can be seen that the vitrifica-
tion time can be predicted with very good
accuracy on the basis of both calculations.
Only at high reaction temperatures (greater
than 130 °C) is the time calculated by
MFK somewhat too short. If the diffusion

1000 -

100 4

Vitrification time in min

10+

—@— measured data
o prediction without diffusion control
© prediction with diffusion control

65 +———

v T z T
40 60 80 100 120

T T T
140 160 50

Reaction temperature in °C

Fig. 3. The maximum conversion for an isothermal reaction as a function of the

reaction femperature.

T T T
100 150 200

Temperature in °C

Fig. 4. Vitrification fime as a function of reaction temperature for an isothermal re-
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control function is taken into account, t, is
correctly predicted over the entire tempera-
ture range. MFK alone without taking dif-
fusion control into account is adequate to
predict the storage life.

Conclusions

MFK adequately describes the reaction ki-
netics if the DSC measurements are made
at sufficiently high heating rates so that
the reaction remains chemically control-
led. Tf the material vitrifies during the re-
action, the kinetics changes from being
chemically controlled to diffusion control-
led. In this case, a better description of the
kinetics can be achieved through the intro-
duction of a diffusion-control function.
This function enhances MFK in such a way

that it also describes the transition to dif-
fusion control. It is then possible to calcu-
late the maximum conversion that can be
reached.

To predict the kinetics of the curing reac-
tion with MFK requires at least three dy-
namic DSC measurements performed at
different heating rates. Furthermore, at
least four (better six) postcuring measure-
ments to determine the conversion depend-
ence of the glass transition temperature
are needed. The glass transition tempera-
ture of a fully cured sample should be de-
termined in an additional experiment. In
comparison to the time required for iso-
thermal measurements, the use of MFK
presents a considerable saving of time.
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Curing kinefics of phenol-formaldehyde resins

Felisa Chan, Guangbo He, Yves Bedard and Bernard Riedl, Université Laval, Dept of Wood Science and CERSIM, Ste-Foy, Qc, Canada, GI1K 7P4

Introduction

DSC and TGA are well-known techniques
commonly used to perform kinetic studies
of materials in thermal analysis (TA).
Knowledge of the influence of temperature
on the reaction rate of phenol-formalde-
hyde resins (PF resols) allows the polym-
erization rate to be predicted. This is of
great practical importance for example in
the manufacture of wood composite mate-
rials or for the storage of the resins.

Most of the resol cure kinetics reported in
the literature have been obtained using the
Borchardt-Daniels method. Here only one
run at one heating rate (dynamic meas-
urement) is necessary to obtain the desired
kinetic parameters. The kinetic parameters
are, however, usually heating rate depend-
ent and care must be taken when evaluat-
ing and interpreting the results. Likewise,
the activation energy is often assumed to
be constant throughout the reaction. This
is, however, not true for complex curing re-
actions such as occur in phenolic resins. A
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phenol-formaldehyde (PF) resin may be of
low viscosity at the start of the run and fit
the assumptions for dilute solutions. But
as the curing reaction proceeds, the mate-
rial undergoes gelation, i.e. changes from
a liquid to a rubbery state, and possibly vit-
rifies (transition from a rubbery to a glassy
state). The cross-linking reduces molecu-
lar mobility and results in the process
changing from being kinetically controlled
to diffusion-controlled [1].

The model-free kinetics (MFK) method,
developed by Vyazovkin [3-5] is based on
the assumption that the activation energy,
E,, is dependent on the conversion (ct). At
a particular conversion, the activation en-
ergy, E,, is independent of the heating rate.
Evaluation by MFK requires at least three
dynamic measurements performed at dif-
ferent heating rates.

Since the reaction of phenol and formalde-
hyde under alkaline conditions to a PF resin
is complex, MFK evaluation seems a suit-
able method to describe the curing behavior.

Experimental details

A liquid PF resol consisting of low and high
molecular weight fractions (1:1 by weight)
was synthesized in the laboratory.

The high molecular weight fractions were
prepared with a formaldehyde-to-phenol
ratio of 2.2 and a ratio of NaOH to phenol
of 0.35; the low molecular weight fractions
had ratios of 2.2 and 0.17. The resulting
resin had a solid content of 46% («pan
method»).

AMETTLER TOLEDO DSC 20 with STAR®
software was used for all the thermoana-
Iytical measurements. Since such adhesive
formulations contain water, re-usable 30-ul
high-pressure steel crucibles capable of
withstanding vapor pressures up to 10 Mpa
were used. The dynamic DSC measure-
ments were performed at heating rates of
5, 10 and 20 K/min in the temperature
range 25 to 250 °C. The DSC curves were
evaluated with different kinetic methods
(STAR® software options).
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Fig. 1. DSC curves of the PF resol measured in high-pressure crucibles at 5, 10
and 20 K/min. The parameters of the n'M order kinetics are entered for each curve.
The simulated curves (red dashed lines) were calculated with the kinetic parame-

ters from the measurement at 5 K/min.

Measurements and results
Evaluation according to Borchardt-
Daniels

Figure 1 shows the DSC curves of the PF
resol measured at heating rates of 5, 10
and 20 K/min. The exothermic reaction
peaks were shifted to higher temperatures
at increasing heating rates due to kinetic
effects. The beginning of an endothermic
decomposition reaction can be seen from
200 °C onward especially in the curve
measured at 20 K/min. This overlaps the
end of the curing reaction. A «spline»
baseline type was therefore used to inte-
grate the DSC peaks to determine the con-
version and the reaction rate. Care was
taken to make sure that the total reaction
enthalpy was about the same for each
evaluation because it can be assumed that
it is independent of the heating rate. The
kinetic parameters for each measurement
curve were determined using the n' order
kinetics method according to Borchardt-
Daniels (see Fig. 1 and Table 1). As the
table shows, with the Borchardt-Daniels
method the results change with the heat-
ing rate. E, at 20 K/min has about the
same magnitude as the value published by
Amen-Chen et al. [6] for liquid laboratory-
synthesized PF resin (E, = 129 kJ/mol at
10 K/min).

To demonstrate how well the three values
describe the curing process, the kinetic pa-
rameters were used to simulate the DSC
curves. As Figure 1 shows, this was done
with the parameter set for 5 K/min. The

activation energy, Eq, as afu

Fig. 2. Model free kinetics: Above left: the conversion curves calculated from the
DSC curves (see Fig. 1) for heating rates of 5, 10 and 20 K/min. Above right: the

nction of reaction conversion. The result block shows

E, and In(kp) evaluafed according to ASTM E698. Bottom half: the simulafed

DSC curves plofted fogether

with the measured DSC curves. The dashed curves

show the curves predicted from the ASTM parameters; the continuous red curves

show the curves from MFK.

Kinetic evaluation Heating rate | E, n In(kg) | AH,
K/min kJ/mol - - J/g

Borchardt-Daniels 5 117 1.17 29.4 428.3

Borchardt-Daniels 10 116 1.12 28.9 426.8

Borchardt-Daniels 20 124 1.33 31.2 423.3

ASTM E698 88.6 1 21.0

MFK (o = 50%) 86.4

MFK (a: 30 to 80%) 86.4+ 03

Table 1. Summary of the numerical results of the PF resol curing reaction.

measured curve is relatively well simu-
lated; at higher heating rates, however, the
simulated curve is displaced by more than
5 K from the corresponding measurement
curve. This shows that the kinetic descrip-
tion is only valid for the measured condi-
tions, and that other situations cannot be
accurately predicted.

Table 1 also lists the evaluation according
to ASTM E698. From the three measure-
ments, only the peak temperatures are
used. The reaction order, n, is set to 1. E,
and In(kp) differ significantly from the
Borchardt-Daniels values. Differences in
the kinetic parameters from multiple dy-
namic measurements and from isothermal
measurements have also been described in
[2]. The activation energy from individual
dynamic measurements was more than
25% greater than that determined from
multiple measurements.

Evaluation with model free Kinetics
Figure 2 shows the evaluation with model
free kinetics. The first step is to determine
the conversion curve as a function of tem-
perature for each of the three heating
rates. The same baselines as in Figure 1
were used. The diagram clearly shows that
the reaction curves are shifted to higher
temperatures at higher heating rates. For
heating rates of 5, 10 and 20 K/min, 50%
conversion was for example reached at
131.9, 141.8 and 153.3 °C. This informa-
tion can already be valuable for perform-
ing the reaction process on a technical
scale.

In a second step, the activation energy (E,)
curve is calculated as a function of conver-
sion from the conversion curves. At the be-
ginning of the reaction, E, increases by
about 5%, and then attains a practically
constant value of about 86 kJ/mol between

. mn
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40 and 80%. This value is very similar to
the value obtained from the ASTM E698
method. The rapid increase of E, above 90%
conversion indicates a significant change
in the reaction mechanism. The results of
Amen-Chen et al. [6] also show a practi-
cally constant activation energy from 20%
conversion onward.

The results from MFK can then be used to
simulate DSC curves (Fig. 2). Comparison
with the measured curves shows excellent
agreement. There are small deviations to-
ward the end of the reaction where the DSC
curves are deformed through overlapping
effects (decomposition).

For comparison Figure 2 also shows the
DSC curves calculated using the kinetic pa-
rameters obtained from ASTM E698. Com-
parison with the measured curves shows
that in spite of good agreement of the E,
values from ASTM and MFK evaluation,
the curve simulated with the ASTM param-
eters is significantly poorer than the curve
simulated with the results obtained from
MFK.

He et al. [1] report a value of

E, = 60 kJ/mol (MFK method) for the PF
resol described in their publication.
Borchardt-Daniels evaluations tend to give
higher activation energies compared with
MFK and ASTM698 values. A similar obser-
vation was made by Amen-Chen et al. [6]
in their pyrolysis reactions of oil-PF resins.

Prediction of reaction behavior

The results of the kinetic analysis allow
one to predict the course of the curing re-
action under other reaction conditions.
Besides the simulation of DSC curves al-
ready shown (Figs. 1 and 2), predictions of
a more technical interest are summarized
in Figure 3. The diagram on the left that
shows conversion as a function of time
answers the question, «How long does the
reaction take at a particular isothermal re-
action temperature?» The other diagram
on the right shows how the reaction time
changes with temperature for a given con-
version. According to the MFK prediction,

12
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PF Resin: ASTM and MFK Predictions
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Fig. 3. Applied kinetics: prediction of conversion behavior. Left diagram: conver-
sion as a function of time for three different reaction femperatures. Right diagram:
reaction time as a function of the isothermal curing fime for three different degrees
of conversion. The red continuous lines show the predictions based on model free
kinefics, the black dashed curves show the behavior based on the resulfs of the

ASTM E698 kinetics evaluation.

it takes for example 40 minutes to obtain a
95% degree of cure at a constant tempera-
ture of 120 °C. In contrast the prediction
made on the basis of the ASTM results gives
23 min, which in view of the poor simula-
tion of the DSC curves (Fig. 2) seems im-
probable.

These types of predictions are important for
practical processes using PF resins, e.g. in
hot press molding cycles in the manufac-
ture of wood composite materials. Further-
more, by properly choosing the conditions,
predictions can also be made with respect
to the storage life of the resins.

Conclusions

The reaction behavior of phenol-formalde-
hyde resins can be studied with different
kinetic evaluation methods. From the re-
sults, the conversion-temperature-time
behavior can be predicted and answers
given to technological questions. The acti-
vation energy is often the key quantity. A
comparison of the methods has shown that
only model free kinetics (MFK) is able to
adequately describe the complex curing
reaction in most respects. The Borchardt-
Daniels method can hardly determine the
activation energy properly and the ASTM

E698 method yields the activation energy
only at the highest reaction rate (DSC peak
temperature). MFK however shows the acti-
vation energy curve as a function of conver-
sion. This can provide useful information
for the interpretation of the curing mecha-
nisms besides yielding trustworthy simula-
tion data. It has for example been shown
for PF resins in wood composites (He et. al.
[1]) that the degree of cure of the resin in
the wood is not so high as when the resin
is used in the pure form. Diffusion of the
resin in the wood, which has a porous
structure, is hindered or even prevented
through gelation of the adhesive.
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Curing of powder coafings using UV light

Dr. Markus Schubnell

Introduction

Today, powder coating technology is ap-
plied to a wide range of different materials
(wood, plastics, metals, etc.).

Besides the excellent properties of such
coatings, their use also offers important
ecological advantages. For example, unlike
liquid paints, no solvents are used so that
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Fig. 2. Optical setup for projecting UV light info the
DSC822¢.

only negligible amounts of volatile organic
compounds (VOCs) are released into the
atmosphere.

The powder coating is usually sprayed onto
the parts to be coated and then cured. The
curing or cross-linking process is then per-
formed either thermally in an oven (typi-
cally at about 180 °C) or by means of UV
light. Curing with UV light has the great

Fig. 1. Left: the UV-DSC accessory. Right: support for the quartz glass fiber bundle.

advantage that materials sensitive to tem-
perature (such as wood or plastic products)
can be coated.

In practice, a combined TR/UV processing
line is used for the UV curing of powder
coatings. In the IR zone, the powder
«melts» under the influence of the infra-
red (IR) light and forms a homogeneous
film on the substrate to be coated. The lig-
uid film so formed is then cured in the UV
zone within seconds or minutes.

This article describes how DSC can be used
to investigate the UV curing behavior of
powder coatings.

Experimental details

Design of the UV-DSC system

The measurements were performed with a
METTLER TOLEDO DSC822¢ equipped with
an accessory that allowed the sample to be
exposed to UV light.

The UV-DSC system is pictured in Figure 1
and a schematic diagram is shown in Fig-
ure 2.

The light source used was a Hamamatsu
«Lightningcure 200» system. The spec-
trum of the built-in mercury-xenon lamp
is shown in Figure 3.
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Fig. 3. Spectrum of the UV lamp used in the Hamamatsu
«Lightningcure 200». The lamp emits UV light mainly
in the so-called UV-A region (315-400 nm). The UV
light emifted in the 290-315 nm wavelength region
is referred to as UV-B light. UV light of sfill shorfer
wavelengths (down to 100 nm) is called UV-C light.

Sample preparation and evaluation of
the measurements

The sample investigated was a commer-
cially available powder coating material
used as a clear primer for wood fiberboard
and chipboard surfaces. Typically 8.5 mg
of the material was spread evenly over the
bottom of the crucible forming a layer
about 0.8 mm thick. In each case, the
samples were held for 25 minutes at the
temperature at which curing was to be per-
formed. During this time interval, the
sample was exposed to UV light for 15 min-
utes. The degree of cure was afterward
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checked by measuring the glass transition
temperature of the sample in a separate
heating experiment at 10 K/min.

The baseline during the curing process is
of course required to determine the en-
thalpy of cure. To a good approximation,
this unknown baseline can be determined
by repeating the measurement with the
cured sample under exactly the same con-
ditions (including UV exposure). Another
possibility is simply to integrate the exo-
thermic curing peak during the UV expo-
sure interval using a horizontal baseline.
Figure 4 shows that the two methods in
fact yield similar results. For our experi-
ments, only the second method was used.

Measurements and results

With UV curing, three basic questions

arise:

1. What influence do the temperature and
UV light intensity have on the curing
process?

2. How long does the sample have to be
exposed to UV light to achieve an ad-
equate degree of cure or cross-linking?

3. What are the optimum parameters for
the cross-linking reaction?

The first two questions are investigated in
more detail in the following sections. The

Aexo

Evaluation of UV Curing Experiments

latter point is discussed in the final con-
clusions.

Influence of temperature and UV light
intensity

To investigate the influence of temperature
and UV light intensity on the curing reac-
tion, isothermal DSC curves were measured
at four different temperatures using three
different UV light intensities.

An example is shown in Figure 5. The fig-
ure displays curves of samples that were
measured at 100, 110, 120 and 130 °C
while being exposed to a UV light intensity
of 1.12 mW/cm? (falling on the sample).
The results show that temperature does not
have any appreciable influence on the
enthalpy of cure at this level of light inten-
sity. This also means that glass transition
temperatures measured after curing are in-
dependent of temperature. At higher tem-
peratures, however, the maximum heat
flow increases and the peak width de-
creases, i.e. the curing or cross-linking re-
action takes place more rapidly.

Figures 6 and 7 summarize these relation-
ships for the different UV light intensities
used. With a light intensity of 1.12 mW/cm?,
the width of the curing peak changes by
about 20 s for a 10 K change in tempera-

27.03.2004 10:34:14 Aexo

ture (Fig. 6). The peak width here is defined
as the full width of the peak at half the
maximum peak height (Full Width at Half
Maximum, FWHM). The maximum heat
flow (Fig. 7) changes by about 0.05 mW
for a temperature change of 10 K. At a
light intensity of 1.12 mW/cm?, this corre-
sponds to about 5% of the maximum heat
flow. These results show that the curing
temperature has an insignificant (but nev-
ertheless clearly measurable) influence on
the actual cross-linking process. In con-
trast, temperature has a large effect on the
viscosity (and hence on flow behavior) and
in turn on the uniformity of the thickness
of the coating.
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Fig. 6. Influence of temperature on the curing time for
different UV light infensities. The FWHM increases by
about 0.3 minutes when the temperature is reduced
by 10 K.
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Fig. 4. Determination of the enthalpy of curing in UV-DSC experiments. The sam-
ple was held isothermally for 25 minutes at 110 °C. After 6 minutes, the shutter
of the lamp was opened and the sample exposed fo UV light for 15 minutes dur-
ing which time the curing reaction fook place. The reaction enthalpy is obtained
from the measured curve (black, confinuous) by integration of the exothermic
curing peak. If baseline correction is not applied, a horizontal baseline is drawn
at equilibrium heat flow after curing (21 minutes). Correction of the original meas-
ured curve with a baseline yields the red curve. The baseline is the black dotted
DSC curve that results when the cured sample is again exposed to UV light of the

same infensity for the same interval. Calculation of the reaction enthalpy, i.e. the
enthalpy of cure, yields the same value with both methods within the limits of

measurement accuracy.
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Fig. 5. Curing of a powder coating system af different femperatures using a UV
light intensity of 1.12 mW/cm?2 (on the sample). The sample was held isother-
mally for 25 minutes at the given temperatures and exposed fo UV light for 15 mi-
nutes. The left side of the figure displays the isothermally measured curves and
the evaluation of the enthalpy of cure. The right side of the diagram shows the
heating curves recorded (af 10 K/min) immediately after curing. The conclusion
is that femperature has no significant influence on the degree of cure at this level
of light infensity. In contrast, the widths (and therefore the heights) of the curing
peaks vary with temperature (Figs. 6 and 7).
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Fig. 7. Influence of temperature on the maximum heat
flow during curing for different UV light intensities. The
maximum heat flow increases by about 0.056 mw
when the femperature is increased by 10 K.

The two figures also show that the UV light
intensity strongly influences the curing
time. This relationship is shown in Figure
8. If the data is approximated to a simple
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Fig. 8. Relationship between the FWHM and the UV
light intensity at different temperatures. The diagram
shows that the influence of temperature on the curing
or cross-linking process can be neglected in the tem-
perafure and light intensity ranges used here. If an
exponential relationship is assumed for the FWHM
and light infensity, it shows that the FWHM approxi-
mately doubles when the light infensity is reduced by
0.4 mW/cm2,

Aexo Thermal Curing

exponential function, the FWHM (and
therefore the curing time) doubles when
the light intensity is reduced by about
0.4 mW/cm?.

Thermal curing (without exposure to
UV light)

The powder coating system studied here
can also undergo thermal curing or cross-
linking. This is illustrated in the DSC
measurements shown in Figure 9. The sec-
ond heating run was used as baseline for
the determination of the reaction enthalpy
or enthalpy of cure. The measurements
show that thermal cross-linking does not
begin until about 180 °C. This proves that
no significant degree of thermal cross-link-
ing takes place in the temperature range in
which the UV curing experiments were per-
formed.

Influence of the UV exposure time on
the degree of cure

For a given UV light intensity, the degree of
cure and hence the glass transition tem-
perature depend mainly on the UV exposure
time. Figure 10 shows the heat flow curves
for the isothermal curing of samples ex-
posed to UV light for different periods of
time. The sample temperature was 110 °C
and the light intensity 1.12 mW/cm?. The
inserted diagram in the upper right part of
the figure shows heating curves of the
samples measured immediately after cur-
ing (heating rate 10 K/min). From these
curves, the relationship between the glass
transition temperature and the degree of
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UV Curing - Different Exposure Times

cure, i.e. conversion or degree of cross-
linking can be plotted (Fig. 11). The de-
gree of cure corresponds to the ratio of the
reaction enthalpies of a partially cured and
a fully cured sample. For practical applica-
tions, the coating should have a glass tran-
sition temperature of about 70 °C. This is
achieved with a degree of cure or conver-
sion of 80%. Figure 12 displays the conver-
sion as a function of time for a sample
that was exposed to a UV light intensity of
1.12 mW/cm? at 110 °C until it was fully
cured. The diagram shows that a conver-
sion or degree of cure of 80% is reached af-
ter an exposure time of about 5 minutes.

Conclusions

Powder coating technology with UV light
curing is used to apply high quality coat-
ings to the surfaces of temperature sensi-
tive materials. The influence of tempera-
ture, UV light intensity and exposure time
on the curing process can easily be deter-
mined using a DSC822¢ equipped with a
UV accessory.

The experiments clearly showed that tem-
perature has a negligible influence on the
actual curing or cross-linking process for
the powder coating system studied here.
Temperature does however have an impor-
tant influence on the flow properties of the
uncured coating material and hence on
the homogeneity of the coating produced
in the cross-linking reaction. A number of
other studies have established that the flow
behavior of this powder coating at 110 °C
is optimal for the UV cross-linking process.
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Fig. 9. Thermal curing or cross-linking reaction of a powder-coating system. The
curing process begins at about 180 °C at the heating rate used here (10 K/min).
Evaluation of the glass transition of the cured material yielded a midpoint value
of 71.9 °C.

Fig. 10. Influence of UV exposure time on the degree of cure. Sample temperature
110 °C; light infensity 1.12 mW/cmZ. Upper right: the glass transitions of the par-
fially cured samples (heating rate 10 K/min).
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Aexo

UV Curing: Conversion Curve 27.03.2004 10:34:50

741
| mw | Sample was cured
g-) 72 4 1.04 to completion
= i Light intensity: 1.12 mW/cm*2
= 1 O Temperature 110 °C
g 704 ]
= 1 0.5+
L 68 -
(]
g- 66 ]
T 1 {
o | 00 A\
—— T T T T T T
g 64 4 o 6 8 10 12 14 16 18 20 22min
= 1 %]
N N <
g 62 Sy Conversion
© i
=}
= 60
n g o
@ = 50
(D 4
56 T r : r : . r s
0.0 02 0.4 0.6 0.8 0] T T T T T T T T T T T T T T T T T T
g q 6 8 10 12 14 16 18 20 22min
Conversion in % -
DEMO Version STAR® SW 8.01

Fig. 11. Glass transition femperature as a function of conversion or degree of

cure.

UV-DSC experiments showed that about 5

minutes were needed to attain an adequate
degree of cross-linking at this temperature
and with a light intensity of 1.12 mW/cm?.
If the UV light intensity is doubled, the ex-

Fig. 12. The UV exposure time necessary to achieve a given conversion or degree

of cure, e.g. of 80%, can be defermined from the curing curve of a sample that is
exposed fo UV light until it is fully cured.

posure time is reduced to about 3 minutes.
There is however a limit to the possible re-
duction in UV exposure time: light inten-
sities that are too high lead to incomplete
curing of the powder coating. On the other

hand, UV exposure times that are too long
lead to an increase in temperature on the
surface of the substrate. This inevitably
results in the coating having poorer me-
chanical properties.

Quality assurance of plastic molded parts by DSC
Part 1: Incoming materials

Dr. Achim Frick, Claudia Stern, Fachhochschule Aalen, Kunststofftechnik, Aalen, Germany

The article describes several practical ap-
plications that illustrate the use of DSC for
the quality control of plastic molded parts.
It explains how DSC can be used to identify
materials and detect differences between
batches. The influence of additives such as
colorants and stabilizers is also discussed.

Introduction

The quality of incoming plastic molding
materials is often only assessed by charac-
terizing their flow properties in the melt or
in solution, in particular by measuring the
melt flow index (MFI) or the viscosity in-
dex (VI) in solution. These rheological
methods do not however identify the mate-
rial or allow information to be obtained
about melting and solidification behavior,
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although the latter is directly relevant to
the properties of the molded parts produced.
This article discusses different applications
of DSC for the quality control of incoming
materials using practical examples.

Part 2 of this series will deal with the use
of DSC for process and production control.

Material identification
Semicrystalline polymeric materials melt
over a temperature range characteristic of
the particular type of polymer concerned
whereas amorphous molding materials
usually exhibit a pronounced glass transi-
tion. For this reason, melting temperatures
are used to identify semicrystalline thermo-
plastic molding materials, and glass tran-
sition temperatures amorphous materials.

Figure 1 shows the DSC second heating
curves of several different polymers. Prior
to each measurement, the sample was first
heated to eliminate the possible effects of
thermal and mechanical history and then
cooled reproducibly under control. The
melting temperature is taken to be the
maximum of the melting peak.

DSC can also distinguish between different
variations within a particular class of poly-
mers. This is illustrated in Figure 2, which
shows the melting behavior of a POM
(polyoxymethylene) homopolymer and a
POM copolymer. While the molecules of
the homopolymer consist of just one type
of monomer, the molecules of the copoly-
mer contain different monomers. These



differences in molecular structure influ-
ence the melting behavior of the materials.
In this particular case, the melting tem-
perature of the copolymer is about 10 K
lower than that of the homopolymer.

Differences between batches
Plastic molding materials are usually pro-
duced in batches. Individual batches may
differ because of variations in the polymer
synthesis and in compounding. Such dif-
ference can be measured by DSC and
evaluated. For example, Figure 3 shows the
DSC heating and cooling curves of three
different batches of the same standard type
of POM (POM black). Significant differ-
ences in crystallization behavior can be
seen in the cooling curves, particularly in

the width and temperature maximum of
the crystallization peaks. Under defined
cooling conditions, different morphologi-
cal structures are formed when the poly-
mer melt solidifies. This influences the
properties of the individual molded parts.
Applied to the field of plastics processing,
this means that the functional properties
of the molded parts can differ due to differ-
ences in the materials from batch to batch
even though the same processing condi-
tions were used in production. The proper-
ties of the parts with respect to quality may
therefore also be different.

Stabilizers
Raw polymers are stabilized to prevent
thermal and oxidative aging. In the DSC

method, the effect of the stabilizer is as-
sessed by measuring the sample in an oxi-
dative atmosphere (oxygen or air as purge
gas). In particular, the beginning of the
thermal oxidative degradation of the poly-
mer is measured. Figure 4 shows the
behavior of four polypropylene (PP) sam-
ples containing different concentrations of
thermostabilizers. The decomposition of
the PP sample without stabilizer begins
immediately after melting is completed.
With larger stabilizer contents, the onset
of decomposition is shifted to higher tem-
peratures. A stabilizer content of 2% or
more ensures that the molding material is
adequately stabilized with regard to aging.
A closer examination of the curves shows
the presence of a small peak at 116 °C.
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Fig. 1. DSC heating curves (second measurement) of several different polymers:

granules; heating rate 20 K/min; purge gas No.

Aexo DSC of POM

Fig. 3. Cooling curves followed by (second) heating curves of different batches of

POM (Hostaform C13021 black). Cooling and heating rafes 20 K/min; purge
gas N,; sample weight 5.0 = 0.1 mg).
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Fig. 2. Melting curves of samples of original POM homopolymer (Delrin 500 ClI

natur) and original POM copolymer (Hostaform C130
20 K/min; purge gas Np; sample weight 5.0 = 0.1 mg.

21 natur). Heating rate

Fig. 4. Oxidation Onset Temperature (OOT) of PP confaining different amounts
of stabilizer. The inserfed diagram displays the melting region of the stabilizer

on an expanded scale. Heating rate 20 K/min; purge gas Op; sample weight

5.7 0.1 mg.
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This can be assigned to the melting of the
thermostabilizer. The peak is displayed on
an expanded scale in the inserted diagram
in Figure 4.

Color

Colored molded parts are manufactured
either from bulk-colored molding material
or by adding a standard color concentrate,
a so-called color masterbatch, to the orig-
inal uncolored molding material. The
base material of such color masterbatches
is usually a resin formulation or a polyo-
lefine. Processing and technical problems
can arise if the melting range of the mas-
terbatch and that of the molding material
to be colored are too far apart. To obtain
molded parts with optimum properties,
e.g. excellent visual homogeneity and
processibility, masterbatches based on a
polymer matrix should be used for coloring
the molding material. The polymer matrix
must be compatible with the molding ma-
terial and melt in the same temperature
range otherwise problems arise when the
molding material is processed.

DSC measurements can be used to char-
acterize the masterbatch and to estimate
the temperature range for processing the
molding material. Figure 5 shows the
melting curves of a reinforced PP molding
material and the color masterbatch. The
masterbatch has already completely melted
by 118 °C, while the PP molding material
only just begins to melt at this tempera-
ture. The melting temperatures in fact dif-
fer by 48 K, which can lead to processing
problems. The melting peak temperature
of 117 °C for the granulated coloring ma-
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Aexo Influence of Color Additives
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Fig. 5: DSC curves (second heating runs) of differentl

y colored molding materials:

a) melting curve of the PP-GF30 polymer and the color masterbaich; b) cooling
and second heating curves of differently colored PBT, Uliradur B4520. Heating/
cooling rate 20 K/min; purge gas No; sample weight 3.5 + 0.1 mg).

terial is typical for a color masterbatch.
Carbon black is often used to render mate-
rials black. Figure 5 shows the DSC curves
of unreinforced polybutylene terephthalate
(PBT) molding material with and without
carbon black. On cooling, the black
molding material crystallizes with a peak
maximum at 189 °C, whereas the original
uncolored molding material has a maxi-
mum at 167 °C. The reason for this is the
increased crystallization rate due to the ef-
fect of the carbon black particles acting as
centers for nucleation. This leads to a finer
crystalline structure and results in plastic
molded parts whose properties are different
to those formed from the uncolored poly-
mer melt under the same cooling condi-
tions. The difference in structure is also
the reason for the difference in melting
behavior. The second heating run of the
black sample exhibits two peaks with the

first maximum at about 212 °C. This rela-
tively low melting temperature indicates
that small crystallites are formed due to
the large number of nucleation centers.

Conclusions

DSC is an excellent method for the quality
control and characterization of incoming
materials. The analysis of glass transitions,
melting and crystallization processes, and
chemical reactions provides important in-
formation on the identity and stability of
the molding materials as well as the influ-
ence of different types of additives.

Comprehensive information on the sample
preparation and application possibilities of
DSC in plastics technology is given in the
DSC technical manual. This book can be
obtained from Prof. Dr.-Ing. Achim Frick
at the Fachhochschule Aalen.
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