
Journal of Visualized Experiments
 

Evaluation of the curing of adhesive systems by rheological and thermal testing
--Manuscript Draft--

 
Article Type: Methods Article - JoVE Produced Video

Manuscript Number: JoVE61468R1

Full Title: Evaluation of the curing of adhesive systems by rheological and thermal testing

Section/Category: JoVE Engineering

Keywords: Adhesives;  rheology;  DSC;  curing;  polymers;  glass transition

Corresponding Author: Jorge López-Beceiro
University of A Coruña
Ferrol, A Coruña SPAIN

Corresponding Author's Institution: University of A Coruña

Corresponding Author E-Mail: jorge.lopez.beceiro@udc.es

Order of Authors: A. Díaz-Díaz

B. Sánchez-Silva

J. Tarrío-Saavedra

Jorge López-Beceiro

S. Gómez-Barreiro

R. Artiaga

Additional Information:

Question Response

Please indicate whether this article will be
Standard Access or Open Access.

Standard Access (US$2,400)

Please indicate the city, state/province,
and country where this article will be
filmed. Please do not use abbreviations.

Ferrol, A Coruña, Spain

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



         

TITLE:  1 
Evaluation of the Curing of Adhesive Systems by Rheological and Thermal Testing 2 
 3 
AUTHORS AND AFFILIATIONS:  4 
Ana Díaz-Díaz*, Barbara Sánchez-Silva*, Javier Tarrío-Saavedra*, Jorge López-Beceiro*, Silvia 5 
Gómez-Barreiro*, Ramon Artiaga* 6 
 7 
1Escola Politécnica Superior, Universidade da Coruña, Ferrol, Spain 8 
 9 
*These authors contributed equally 10 
 11 
Ana Díaz-Díaz    (ana.ddiaz@udc.es) 12 
Barbara Sánchez-Silva  (barbara.silva@udc.es) 13 
Javier Tarrío-Saavedra (javier.tarrio@udc.es) 14 
Jorge López-Beceiro  (jorge.lopez.beceiro@udc.es) 15 
Silvia Gómez-Barreiro  (silviag.gomez@gmail.com) 16 
Ramon Artiaga  (ramon.artiaga@udc.es) 17 
 18 
CORRESPONDING AUTHOR:  19 
Jorge López-Beceiro  (jorge.lopez.beceiro@udc.es) 20 
 21 
KEYWORDS:  22 
Adhesives, rheology, DSC, curing, polymers, glass transition  23 
 24 
SUMMARY:  25 
An experimental methodology based on thermal and rheological measurements is proposed to 26 
characterize the curing process of adhesives with to obtain useful information for industrial 27 
adhesive selection. 28 
 29 
ABSTRACT:  30 
The analysis of thermal processes associated to the curing of adhesives and the study of 31 
mechanical behavior once cured, provide key information to choose the best option for any 32 
specific application. The proposed methodology for the curing characterization, based on 33 
thermal analysis and rheology, is described through the comparison of three commercial 34 
adhesives. The experimental techniques used here are Thermogravimetric Analysis (TGA), 35 
Differential Scanning Calorimetry (DSC) and Rheology. TGA provides information about the 36 
thermal stability and filler content, DSC allows the evaluation of some thermal events associated 37 
to the cure reaction and to thermal changes of the cured material when subjected to 38 
temperature changes. Rheology complements the information of the thermal transformations 39 
from a mechanical point of view. Thus, the curing reaction can be tracked through the elastic 40 
modulus (mainly the storage modulus), the phase angle and the gap. In addition, it is also shown 41 
that although DSC is of no use to study the curing of moisture curable adhesives, it is a very 42 
convenient method to evaluate the low temperature glass transition of amorphous systems. 43 
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INTRODUCTION:  45 
Nowadays there is an increasing demand of adhesives. Today's industry demands that adhesives 46 
have increasingly varied properties, adapted to the growing diversity of possible new 47 
applications. It makes the selection of the most suitable option for each specific case a difficult 48 
task. Therefore, creating a standard methodology to characterize the adhesives according to their 49 
properties would facilitate the selection process. The analysis of the adhesive during the curing 50 
process and the final properties of the cured system are crucial to decide whether an adhesive is 51 
valid or not for a certain application.  52 
 53 
Two of the most commonly used experimental techniques to study the behavior of adhesives are 54 
Differential Scanning Calorimetry (DSC) and Dynamic Mechanical Analysis (DMA). Rheological 55 
measurements and thermogravimetric tests are also widely used. Through them, the glass 56 
transition temperature (Tg) and the residual heat of curing, which are related to the degree of 57 
cure1,2, can be determined. 58 
 59 
TGA provides information about the thermal stability of the adhesives3,4, which is very useful to 60 
establish further process conditions, on the other hand rheological measurements allows the 61 
determination of the gel time of the adhesive, analysis of the curing shrinkage, and the definition 62 
of the viscoelastic properties of a cured sample5-7, while the DSC technique allows measurement 63 
of the residual heat of curing, and discernment between one or more thermal processes that can 64 
take place simultaneously during the curing8,9. Therefore, the combination of DSC, TGA and 65 
rheological methodologies provide detailed and reliable information to develop a complete 66 
characterization of adhesives.  67 
 68 
There is a number of studies of adhesives where DSC and TGA are applied together10–12. There 69 
are also some studies that complement the DSC with rheological measurements13–15. However, 70 
there is not a standardized protocol to address the comparison of adhesives in a systematic way. 71 
That comparison would all to better choose the right adhesives in different contexts. In this work, 72 
an experimental methodology is proposed for doing a characterization of the curing process 73 
through the combined use of the thermal analysis and rheology. Applying these techniques as an 74 
ensemble allows to gather information about the adhesive behavior during and after the curing 75 
process, also the thermal stability and the Tg of the material16.  76 
 77 
The proposed methodology involving the three techniques, DSC, TGA and rheology is described 78 
in this work using three commercial adhesives as an example. One of the adhesives, hereinafter 79 
referred to as S2c, is a two-component adhesive: component A contains tetrahydrofurfuryl 80 
methacrylate and component B contains benzoyl peroxide. The component B acts as an initiator 81 
of the curing reaction by causing the tetrahydrofurfuryl methacrylate rings to open. Through a 82 
free radical polymerization mechanism, the C=C bond of the monomer reacts with the growing 83 
radical to form a chain with tetrahydrofurfuryl side groups17. The other adhesives, T1c and T2c, 84 
are the one- and two-component versions from the same commercial house of a modified silane 85 
polymer adhesive. The curing process begins by the hydrolysis of the silane group18, which can 86 
be initiated by ambient humidity (as in the case of T1c) or by the addition of a second component 87 
(as in the case of T2c).  88 



   

 89 
Concerning the application areas of these three different systems: the adhesive S2c was designed 90 
to substitute, in some cases, welding, riveting, clinching and other mechanical fastening 91 
techniques and it is suitable for high strength fastening of concealed joints on different types of 92 
substrates including top coats, plastics, glass, etc. The T1c and T2c adhesives are used for elastic 93 
bonding of metals and plastics: in caravan manufacturing, in the railroad vehicle industry or in 94 
shipbuilding. 95 
 96 
PROTOCOL:  97 
 98 
1. Checking the manufacturer curing conditions  99 
 100 
1.1. Cure the adhesive sample following the manufacturer recommendations, and then 101 
evaluate it by a TGA and a DSC test. Record the specific curing conditions.  102 
 103 
1.2. TGA test of cured sample 104 
 105 
1.2.1. Perform thermogravimetric tests in a TGA or in a simultaneous DSC+TGA equipment 106 
(SDT). 107 
 108 
1.2.2. Carry out a thermogravimetric test of the cured sample to determine the inorganic filler 109 
content and the temperature at which the material starts to degrade. Do not exceed that 110 
temperature in further tests.  111 
 112 
1.2.3. Open the air stopcock. Switch on the SDT (or TGA) apparatus. Open the SDT control 113 
software. 114 
 115 
1.2.4. Open the furnace of the SDT and place two empty capsules: one will be the reference 116 
capsule and the other will contain the sample.  117 
 118 
1.2.5. Close the furnace and press the bottom Tare.  119 
 120 
1.2.6. Open the furnace and place a sample size of 10-20 mg in the sample capsule.  121 
 122 
1.2.7. Fill the information about the sample in the tab Summary.  123 
 124 
1.2.8. Open the tab Procedure and click Editor. Drag the segment type Ramp to the Editor 125 
screen. Establish the ramp as 10 or 20 °C/min to 900 °C. Click OK.  126 
 127 
1.2.9. Open the tab Notes. Choose Air as the purge gas and establish a flow rate of 100 mL/min. 128 
Click Apply. 129 
 130 
NOTE: TGA test has two objectives: 1) to determine the inorganic filler content and 2) to 131 
determine the temperature at which the material starts to degrade. For the first objective the 132 



   

test has to be performed in an air atmosphere. For the second one, an air atmosphere represents 133 
the most common situation in normal use. 134 
 135 
1.2.10. Close the furnace. 136 
 137 
1.2.11. Start the experiment.  138 
 139 
1.3. DSC test of cured sample 140 
 141 
1.3.1. Carry out the DSC tests on a standard DSC or on a modulated temperature DSC (MTDSC) 142 
instrument working in standard mode, use aluminum crucibles. Carry out a DSC test of the cured 143 
sample to study the following parameters: the Tg of the material, a possible residual curing and 144 
the Tg∞ of the sample.  145 
 146 
1.3.2. Open the nitrogen stopcock. Switch on the DSC apparatus. Open the control software of 147 
the DSC instrument. 148 
 149 
1.3.3. Click Control | Event | On. Then click the tab Tool | Instrument Preferences, choose DSC 150 
and establish a standby temperature of 30 °C.  151 
 152 
1.3.4. Click Apply. Click the tab Control | Go to Standby Temperature and wait for at least 45 153 
min before starting any experiment.  154 
 155 
1.3.5. Open the tab Summary. Click Mode and choose Standard.  156 
 157 
1.3.6. Open the tab Procedure, click Test and choose Custom. Click Editor. 158 
 159 
1.3.7. Drag an Equilibrate segment indicating the temperature at which to start the experiment 160 
(that temperature should be relatively low, for example -80 or -60 °C). 161 
 162 
1.3.8. Drag the segment type Ramp to the Editor screen. Introduce a heating rate of 10 or 20 163 
°C/min and the final temperature into the command editor window. The final temperature is 164 
tentatively chosen to allow for a complete cure and must be lower than the degradation 165 
temperature obtained from the previous TGA test. Click Apply.  166 
 167 
NOTE: These recommended heating rates are proposed as a starting point that will probably work 168 
fine in most cases. However, these heating rates can be modified to improve sensitivity or 169 
resolution. 170 
 171 
1.3.9. Drag the segment type Ramp to the Editor screen. Similarly, to the previous step, 172 
introduce a 10 or 20 °C/min cooling rate to a temperature tentatively below the glass transition. 173 
 174 
1.3.10. Drag the segment type Ramp to the Editor screen. Introduce a 10 or 20 °C/min heating 175 
rate to a temperature slightly below the degradation temperature. 176 



   

 177 
1.3.11. Open the tab Notes. Choose Nitrogen as the flow gas and establish a flow rate of 50 178 
mL/min. Click Apply.  179 
 180 
1.3.12. Fill the information about the sample in the tab Summary. 181 
 182 
1.3.13. Click Control | Lid | Open. Place a reference pan and a pan with a sample of 10-20 mg 183 
weight inside the DSC cell.  184 
 185 
1.3.14. Launch the experiment by clicking Start.  186 
 187 
2. DSC analysis of a fresh sample 188 
 189 
2.1. Prepare a fresh sample of the adhesive using the ratios and procedures recommended by 190 
manufacturer and immediately subject it to the following tests. 191 
 192 
2.2. Ramp curing test 193 
 194 
2.2.1. Perform a heating-cooling-heating test to obtain the curing enthalpy of the adhesive, the 195 
final glass transition on heating and to establish the range of temperatures where the curing 196 
process starts.  197 
 198 
2.2.2. Open the tab Summary. Click Mode and choose Standard. 199 
 200 
2.2.3. Click the tab Tool | Instrument Preferences, choose DSC and establish a standby 201 
temperature of 10 °C. Click Apply. Click the tab Control | Go to Standby Temperature, 202 
 203 
2.2.4. Open the tab Procedure, click Test and choose Custom. Click Editor. Drag the segment 204 
type Equilibrate at -80 °C to the Editor screen. Drag the segment Ramp and establish 10 or 20 205 
°C/min to (a temperature slightly below the degradation temperature obtained from the TGA 206 
test).  207 
 208 
2.2.5. Insert the segment Equilibrate at -80 °C. Then drag the segment Ramp, establish 10 or 20 209 
°C/min to (the same temperature as before). Click Apply.  210 
 211 
2.2.6. Fill the information about the sample in the tab Summary. 212 
 213 
2.2.7. Click Control | Lid | Open. Place a reference pan and a pan with the freshly prepared 214 
sample of 10-20 mg weight inside the furnace.  215 
 216 
2.2.8. Start the experiment.  217 
 218 
2.3. Isothermal curing test 219 
 220 



   

2.3.1. Taking into account the DSC plot of the curing in ramp, choose several temperatures at 221 
the beginning of the exotherm to execute the isothermal experiments. 222 
 223 
NOTE: The isothermal experiments will allow to evaluate the maximum degree of curing that can 224 
be obtained at each temperature.  225 
 226 
2.3.2. Open the Summary tab. Click Mode and choose Standard.  227 
 228 
2.3.3. Open the Procedure tab, click Test and choose Custom. Click Editor. Drag the segment 229 
type Ramp to the Editor screen. Introduce a 20 °C/min to the chosen isothermal temperature.  230 
 231 
2.3.4. Introduce an Isothermal segment for time enough to complete the cure at this 232 
temperature. It is possible, for example, to establish 300 min, but the test can be stopped when 233 
the heat flow curve is flat. 234 
 235 
2.3.5. Introduce a command segment Equilibrate at 0 °C. Add a Ramp segment, establish a 236 
heating rate between 2 and 20 °C/min (in the example 2.5 °C/min was chosen) to the maximum 237 
temperature, which was chosen from the TGA test in order not to compromise the thermal 238 
stability of the adhesive.  239 
 240 
2.3.6. Drag the Mark end of cycle segment to the editor window. Insert another Equilibrate 241 
segment, this time with a temperature of -80 °C. Add another Ramp segment with a heating rate 242 
between 2 and 20 °C/min (in the example 2.5 °C/min was chosen) to the same temperature 243 
indicated before. Click Apply.  244 
 245 
NOTE: A set of heating rates are suggested. Probably, most of them work correctly and depending 246 
of the nature of the curing process, mainly its kinetics, and the sensitivity and resolution required, 247 
some of these heating rates could be better. If the evaluation is done with comparative purposes 248 
the same conditions should be used for each studied adhesive system. In order to minimize the 249 
time elapsed from mixing the components to the beginning of the isothermal experiments, 250 
the temperature of the DSC cell should be adjusted to a temperature lower than the 251 
isothermal temperature before mixing both components. 252 
 253 
2.3.7. Click the tab Tool | Instrument Preferences, choose DSC and establish a temperature 254 
lower than the isotherm temperature of the experiment. Click Apply. Click the tab Control | Go 255 
to Standby Temperature.  256 
 257 
2.3.8. Fill the information about the sample in the tab Summary. 258 
 259 
2.3.9. Click Control | Lid | Open. Place a reference pan and a pan with the sample of 10-20 mg 260 
weight inside the furnace.  261 
 262 
2.3.10. Start the experiment.  263 
 264 



   

3. Rheological analysis  265 
 266 
3.1. Perform the rheological tests on a rheometer, using a 25 mm parallel plate geometry.  267 
 268 
3.2. Logarithmic strain sweep test 269 
 270 
3.2.1. Do an exploratory logarithmic strain sweep test to set up the strain amplitude to be used 271 
in the curing study of the adhesive in the rheometer. Perform the test with a fresh sample (before 272 
curing).  273 
 274 
3.2.2. Open the air stopcock. Switch on the rheometer apparatus. Open the rheometer control 275 
software. 276 
 277 
3.2.3. Place the specific geometry on the rheometer. 278 
 279 
3.2.4. Click Zero Gap.  280 
 281 
3.2.5. Click the tab Geometry. Choose the specific geometry.  282 
 283 
3.2.6. Open the tab Experiment.  284 
 285 
3.2.7. Fill the information about the sample in the tab Sample.  286 
 287 
3.2.8. Click the tab Procedure. Choose Oscillation Amplitude. This experiment can be 288 
performed at room temperature (the actual temperature is annotated), and with a frequency of 289 
1 Hz and a logarithmic sweep from 10-3 to 100% of strain.  290 
 291 
NOTE: To prepare a sample of the two-component system, weigh components at room 292 
temperature, about 20 °C to the exact proportions recommended by the manufacturer. Then mix 293 
both components. 294 
 295 
3.2.9. Place the sample on the bottom plate with the upper plate separated about 40 mm from 296 
the lower plate. Lower the upper plate until a gap of about 2 mm is observed between both 297 
plates. Trim off the excess adhesive.  298 
 299 
3.2.10. Start the experiment.  300 
 301 
3.3. Isothermal multifrequency curing test  302 
 303 
NOTE: This test shows if there is or not gelation and, in case of gelation, it provides the gelation 304 
time. In addition, the contraction and the evolution of G’ and G’’ can be observed along the curing 305 
process.  306 
 307 
3.3.1. Follow the subsequent procedure to monitor the curing of the adhesive.  308 



   

 309 
3.3.2. Click the tab Procedure. Choose Conditioning Options. Establish the Mode Compression, 310 
Axial Force 0 N and Sensitivity of 0.1 N. Click Advance and establish a Gap change limit of 2000 311 
µm in the up and down directions.  312 
 313 
3.3.3. Insert a new step of an oscillatory time sweep. This experiment can be performed at room 314 
temperature (the actual temperature is annotated), the duration of the test as a function of the 315 
estimated curing time based on the Data Sheet of the adhesive, and the percentage of Strain 316 
which is chosen from the result of the previous logarithmic strain sweep test. Choose Discrete 317 
and then set the frequencies 1, 3 and 10 Hz for all samples.  318 
 319 
3.3.4. Remove the previous sample, do the Zero Gap and place a new sample. Then proceed as 320 
in step 3.2.9.  321 
 322 
3.3.5. Start the experiment. 323 
 324 
NOTE: Do not remove the sample at the end of experiment. It will be used in the next experiment. 325 
 326 
3.4. Torque sweep test  327 
 328 
3.4.1. Once the curing test ends, proceed to the torque sweep test to find out the linear 329 
viscoelastic range for the previously cured material.  330 
 331 
NOTE: The extension of LVR can be determined either by applying strain sweep test, mostly in 332 
controlled-strain rheometers, or torque or stress sweep test, mostly in controlled-stress 333 
rheometer. However, in some rheometers both methods can be used. 334 
 335 
3.4.2. Click the tab Procedure. Choose the Oscillation Amplitude. This experiment can be 336 
performed at room temperature (the actual temperature is annotated), with a frequency of 1 Hz 337 
and a logarithmic sweep from 10 to 10000 µNm of torque.  338 
 339 
NOTE: Use the same sample that was left in the instrument from the previous experiment. 340 
 341 
3.4.3. Start the experiment. 342 
 343 
NOTE: Do not remove the sample at the end of experiment. It will be used in the next experiment. 344 
 345 
3.5. Temperature scan test  346 
 347 
3.5.1. Perform a temperature scan test to verify the cure is complete.  348 
 349 
3.5.2. Click the tab Procedure. Choose Temperature Ramp. Initiate the experiment from room 350 
temperature, establish a ramp rate of 1 °C/min, which ensure a uniform distribution of 351 
temperature into the sample without consuming too excessive time, a frequency of 1 Hz and a 352 



   

given Torque amplitude, which is chosen from the previous Torque sweep test.  353 
 354 
NOTE: Use the same sample that was left in the instrument from the previous experiment.  355 
 356 
3.5.3. Close the furnace of the rheometer. Open the air stopcock of the furnace. 357 
 358 
3.5.4. Start the experiment.  359 
 360 
NOTE: If the next experiment is needed, do not remove the sample at the end of experiment. In 361 
that case it would be used for the next experiment. 362 
 363 
REPRESENTATIVE RESULTS: 364 
In order to show the application of the proposed method three adhesive systems are used (Table 365 
of Materials): 366 

 S2c, a two-component system.  367 

 T1c, a one-component silane-modified-polymer, whose cure reaction is triggered by 368 
moisture. 369 

 T2c, a two-component system. It is a silane-modified-polymer too, but the second 370 
component is aimed to make the curing rate a little more independent from the moisture content 371 
of air.  372 
 373 
The thermal stability and the amount of filler of the cured adhesives are analyzed by TGA. Figure 374 
1 shows the thermogravimetric plots obtained in air from the three adhesives. In the case of S2c 375 
a slight mass loss is observed from about 50 °C, which is probably related to moisture 376 
volatilization. The onset of the main degradation process appears at 196 °C. For T1c and T2c, the 377 
degradation onsets appear at slightly higher temperatures: 236 °C and 210 °C, respectively. These 378 
degradation temperatures should be not reached in further DSC or rheology experiments. The 379 
residue at 600 °C probably corresponds to inorganic fillers. It amounts 37.5% for T1c, 36.9% for 380 
T2c, and 24.6% for S2c. In the case of S2c an important mass loss is observed in the 600-800 °C 381 
range which suggests that CaCO3 is the main filler component since it is a typical filler which 382 
decomposes in that range of temperature in air. A mass loss of 10.32% was observed what 383 
corresponds to a 23.5% of CaCO3 in the cured sample.  384 
 385 
[Place Figure 1 here] 386 
 387 
Following the procedure, the next step consists of performing DSC tests of cured samples. Figure 388 
2 shows the heat flow curves obtained. The S2c was previously cured at room temperature 389 
(approx. 20 °C) during 95 min. The T1c (moisture curing system) and T2c were previously cured 390 
at room temperature for 48 h. 391 
 392 
[Place Figure 2 here]  393 
 394 
Figure 2A shows no evidence of residual cure. A small deviation from the baseline is observed at 395 
about 60 °C during the first heating ramp. It could be considered a manifestation of a glass 396 



   

transition, but it is practically negligible, and it would be better to wait for the rheological test to 397 
confirm. A glass transition temperature at 60 °C was specified by the manufacturer but it is not 398 
observed in this DSC plot. At -67 °C, there is a tiny drop in the heat flow signal that suggest a 399 
possible glass transition of a component of the adhesive. Figure 2B shows a clear glass transition 400 
at -66 °C. There is also an endothermic peak between 65 °C and 85 °C on heating and the 401 
corresponding exotherm on cooling at 53 °C. The shape and size of these peaks suggest possible 402 
melting and crystallization processes of a polymeric compound and will be discussed in the scope 403 
of additional results. The only important event in Figure 2C is a glass transition at -64 °C. 404 
 405 
The next results are also related to DSC tests. Figure 3 shows the curing plot of a S2c sample at 406 
20 °C/min in a heating ramp. That ramp will be followed by a cooling and heating ramps not 407 
displayed in this Figure. The curing enthalpy of the adhesive, 171.5 J/g, is obtained by integration 408 
of the peak. The shape of the exotherm suggests an autocatalytic curing reaction19–21, which 409 
would correspond to the methyl methacrylate free radical polymerization of the S2c adhesive22. 410 
 411 
[Place Figure 3 here]  412 
 413 
In the case of T1c and T2c no curing exotherm was observed by DSC, as expected for moisture 414 
curing adhesives. Rheology studies of the curing will be of highest interest for these systems. 415 
 416 
In order to evaluate the degree of curing that can be achieved at different temperatures 417 
isothermal DSC experiments were performed only for S2c, since the moisture curable systems 418 
cannot be tracked by DSC. For T1c and T2c samples, rheological measurements such as G’ or the 419 
gap can be used to track the advancement of the curing reaction at any temperature at which 420 
the experiment is performed. Table 1 shows the curing enthalpy values obtained at three 421 
temperatures. The degree of curing is calculated by comparing the curing enthalpy obtained at 422 
each temperature to that obtained in a heating ramp. The one used to calculate the values 423 
displayed on Table 1 was obtained at 20 °C/min. 424 
 425 
[Place Table 1 here] 426 
 427 
Figure 4 shows how the residual cure is much smaller in the case of the sample cured at the 428 
higher temperature. That is so because the degree of curing achieved at 20 °C is higher than that 429 
obtained at 10 °C, as it can be observed in Table 1. 430 
 431 
[Place Figure 4 here] 432 
 433 
Important features of a curing process that were not observed by DSC are the gelation, the 434 
shrinkage produced by the curing and the change of the moduli along the cure process. The latter 435 
is especially important in the case of moisture triggered curing, since in these systems the 436 
conversion of the curing process cannot be tracked by DSC. These missing features can be 437 
evaluated by rheology. 438 
 439 
The first rheological test performed with each sample consists of a strain sweep that allows to 440 



   

see the linear viscoelastic range from which a strain value will be chosen for the next experiment, 441 
an isothermal multifrequency test with the following frequencies: 1, 3 and 10 Hz. (6.28, 18.85 442 
and 62.83 rad/s). Figure 5 corresponds to the cure of a fresh S2c sample that is placed between 443 
the parallel plates of the rheometer. The gelation time of the material can be observed as the 444 
point where the phase angle, δ, becomes frequency independent, according to the Winter and 445 
Chambon criterion23,24. The gelation time is the time from mixing the two components to the 446 
instant when the phase angle curves obtained at different frequencies cross. After the gelation, 447 
the Tg continues to increase until a value somewhat above the cure temperature. The high filler 448 
content of this sample, about 23%, is the reason why a higher value of G’ than of G” is obtained 449 
throughout the test. Figure 5 also gives information about the shrinkage of the adhesive along 450 
the curing, that is about 6.5% in 10 minutes. A value of 20.5 MPa the modulus is obtained after 451 
about 11 minutes from mixing the components. After that instant, the moduli and the gap change 452 
only very little.  453 
 454 
[Place Figure 5 here]  455 
 456 
Performing the isothermal multifrequency test at different temperatures, it would be possible to 457 
evaluate how the gel time varies with the curing temperature. In the case of the T1c and T2c 458 
systems, Figure 6 and Figure 7, there is no sign of gelation of the adhesives. A comparison of the 459 
slopes of the moduli of both adhesives reveals that T2c cures faster than T1c, which is normal 460 
since T2c has an additional compound to accelerate the curing reaction. An important increase 461 
of the storage modulus is observed in both cases, reaching an almost constant value after 24 h. 462 
A value of 0.94 MPa is observed for T1c and 1.2 MPa for T2c, which are much smaller than that 463 
observed for S2c. 464 
 465 
Again, a high filler explains that G’ is consistently higher than G” along the test. The behavior of 466 
tan δ in both cases, seems to be related to the shear that those thixotropic materials undergo 467 
between the plates of the rheometer and also because of the curing process.  468 
 469 
On the other hand, the contraction observed for both T1c and T2c systems in 24 h, 0.65% and 470 
0.89%, respectively, are very little in comparison to that observed for S2c in 15 minutes, 5.7%.  471 
 472 
[Place Figure 6 here]  473 
 474 
[Place Figure 7 here] 475 
 476 
The temperature scan tests of the cured samples are needed to evaluate the linear viscoelastic 477 
range (LVR) of the cured samples. The LVR is usually determined either by applying strain sweep 478 
test, in controlled-strain rheometers, or stress or torque sweep test, in controlled-stress 479 
rheometer. However, in some rheometers both methods can be used. On this occasion torque 480 
sweeps were done.  481 
 482 
Figure 8 shows the results of a temperature scan of the S2c sample that was cured for one hour 483 
in the rheometer. The glass transition can be easily identified as a drop in G’, and as broad peaks 484 



   

in G’’ and in the phase angle, δ. The value of Tg, measured as the δ peak, is 60.2 °C.  485 
 486 
[Place Figure 8 here] 487 
 488 
Temperature scans of fully cured T1c and T2c adhesives are reflected in Figure 9. The scan of T2c 489 
does not shows any relaxation in all temperature range. That can be of interest in case a 490 
consistent behavior is sought in that range of temperature. On the other hand, the moduli of the 491 
scan of T1c show a slow decrease until up to 60 °C, and then a more intense decline between 60 492 
°C and 80 °C to then persist constant until the end of test.  493 
 494 
[Place Figure 9 here] 495 
 496 
Figure 1: TGA curves of the three adhesives. The curves were obtained from cured samples using 497 
air as the purge gas.  498 
 499 
Figure 2: DSC heat flow curves obtained from cured samples of the three adhesives: S2c (A), 500 
T1c (B), T2c (C) 501 
 502 
Figure 3: DSC heat flow curves obtained from a fresh sample of the S2c adhesive system 503 
 504 
Table 1. Curing enthalpy and the degree of curing values resulting from the isothermal cure of 505 
S2c samples at different temperatures.  506 
 507 
Figure 4. Specific heat flow plots obtained in the first and second heating scans from S2c 508 
samples isothermally cured at the indicated temperatures 509 
 510 
Figure 5: Plots resulting from the isothermal curing of a S2c sample in the rheometer at room 511 
temperature. 512 
 513 
Figure 6: Plots resulting from the isothermal curing of a T1c sample in the rheometer at room 514 
temperature. 515 
 516 
Figure 7: Plots resulting from the isothermal curing of a T2c sample in the rheometer at room 517 
temperature. 518 
 519 
Figure 8: Temperature scan test performed in the rheometer with a cured S2c sample. 520 
 521 
Figure 9: Temperature scan tests of the cured adhesives T1c and T2c. Values of G’, G’’ and δ 522 
were obtained from a 1°C /min temperature scan. 523 
 524 
DISCUSSION:  525 
A preliminary TGA test of each adhesive is always a fundamental step as it gives information 526 
about the temperature range at which the material is stable. That information is crucial to 527 
correctly setting up further experiments. In addition, TGA may also inform about the filler 528 



   

content, which can be very insightful to understand that storage and loss modulus may not to 529 
cross along the cure. 530 
 531 
On the other hand, DSC allows to study the cure of most thermosetting systems but not of those 532 
whose cure reaction is moisture triggered. Rheology allows to track the cure of any system, 533 
moisture triggered or not and is the right technique to compare them. However, it must be taken 534 
into account that a typical limitation of rheometers is the minimum temperature at which a 535 
curing test can be performed. Fortunately, most adhesives are intended to be used at room 536 
temperature or higher. 537 
 538 
Most flexible adhesives have a glass transition temperature at sub ambient temperatures. Some 539 
components of semi-rigid systems may have a low Tg too but it is frequent that common 540 
rheometers cannot reach that low temperature. Many commercial DSC can easily reach -80 °C 541 
and thus can be used to determine that low Tg. 542 
 543 
An interesting feature of some rheometers is the possibility of applying an almost null axial force, 544 
which allows to track the gap changes due to the adhesive contraction along the cure. That 545 
feature was not common in the past but nowadays many rheometers incorporate that feature. 546 
Another interesting advantage of rheology respect to DSC is the possibility of identifying the gel 547 
point through the phase angle at different frequencies. That is useful to see it the adhesive is a 548 
thermoset or not and, if so, to measure the gel time, a critical factor that is directly related to the 549 
working time at a given temperature. 550 
 551 
A critical step within the protocol is the use of appropriate ratios and procedures recommended 552 
by manufacturer with two component systems, as well as adjusting both DSC temperature and 553 
time expended to launch experiment for freshly prepared samples. In relation to the rheological 554 
test, it is important to keep the heating rate at low values to ensure a uniform distribution of 555 
temperature, also for DSC test the chosen heating rate should take into account aspects such as 556 
sensitivity and resolution. 557 
 558 
The experimental results that can be obtained by the proposed methodology allow to better 559 
understand how time and temperature parameters involved in the preparation of any adhesive 560 
joint may affect the technological properties of the adhesives. For example, in the case of 561 
thermosets, it is important to complete the application of the different elements of a joint before 562 
gelation occurs, and it is also important to keep the elements in their place until about a 90% of 563 
the maximum modulus is reached. This methodology can help to choose between adhesives with 564 
different reactivity, modulus, or contraction in the curing. 565 
 566 
From all the above, it can be deduced that the convenience of the elaboration of a methodology 567 
for the systematic study of the cure of adhesive systems through two techniques, thermal 568 
analysis and rheology, which complement each other efficiently to achieve a complete 569 
characterization of the cure for very different systems. 570 
 571 
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Temperature (ºC)Curing enthalpy (J/g)Degree of curing (%)

10 162.1 94.5

15 166.0 96.8

20 169.5 98.8
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Name of Material/Equipment Company Catalog Number

2960 SDT TA Instruments

Discovery HR-2 TA Instruments

MDSC Q2000 TA Instruments

Sikafast 5211NT Sika

Teroson MS 939 FR Henkel

Teroson MS 9399 Henkel

TRIOS TA Instruments
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Comments/Description

Simultaneous DSC/TGA device: Used to perform thermogravimetric tests.

Rheometer to perform rheological test.  
Differential Scanning Calorimeter with optional temperature modulation. Used to 

peform DSC and MDSC tests.
S2c: a two component system manufactured by Sika. It is based on tetrahydrofurfuryl 

methacrylate and contains an ethoxylated aromatic amine.

The second component contains benzoyl peroxide as the initiator for the crosslinking 

reaction.
T1c: manufactured by Henkel, which is a one component sylil-modified-polymer, whose 

cure reaction is triggered by moisture.
T2c:  a two component system manufactured by Henkel. It is a sylil-modified-polymer 

too but the second component is aimed to make the curing rate a little more 

independent from the moisture content of air.

Control Software for the rheometer. Version 4.4.0.41651
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two different places (sections 3.1 and 3.3) for the same purpose, i.e. to determine the 
linear viscoelastic range (LVR). The extension of LVR can be determined either by 
applying strain sweep tests, in controlled-strain rheometers, or stress (better than torque) 
sweep tests, in controlled-stress rheometer. This issue must be unified and mentioned. 

It is now better explained that in section 3.1 the extension of LVR is determined from a 
fresh sample (before curing), and in section 3.2, is obtained for a cured sample. 

We agree with reviewer 1 that the extension of LVR can be determined either by applying 
strain sweep test, mostly in controlled-strain rheometers, or torque or stress sweep test, 
mostly in controlled-stress rheometer. However, in some rheometers both methods can 
be used. In this work a stress controlled rheometer was used and torque and strain sweep 
tests were used to evaluate the extension of the LVR. This is now mentioned in the 
manuscript.  

 

* Lines 503-504. To apply the Chambon-Winter criterion, a broader range of 
frequencies should be considered. 

The following frequencies were used: 1, 3 and 10 Hz. (6.28, 18.85 y 62.83 rad/s) 

Of course, a broader range of frequencies would be nice. These frequencies were chosen 
in accordance to the limitations of the instrument and recommendations from the 
manufacturer. Not many instruments allow to apply simultaneous oscillations at different 
frequencies. However, the results were clear and the gelation was observed. The 
possibility of a frequency in each separated test or successive frequencies in a single test 
would not ensure simultaneity of the measurements, what we think is important to apply 
the Chambon-Winter criterion. 

 
* If the reason for performing torque sweep tests in section 3.3 is delimiting the LVR in 
the subsequent temperature scan test, the temperature applied should be the maximum 
reached in the latter, since temperature will affect the limits of the LVR. 

It is generally accepted that for a cured sample the limit of LVR is lower for the minimum 
temperature, as it can be observed in this picture from the manufacturer of the rheometer. 
We understand the reviewer’s concern because sometimes the LVR obtained at low 
temperature is not valid for higher temperatures. However, on this occasion, in addition 
of determining the glass transition temperature we wanted to see if the material 
experiences some residual curing along the heating ramp. Thus, the amplitude had to be 
chosen before starting the first heating ramp. 



 

At the minimum temperature the sample is below its glass transition and even taking into 
account a possible small residual cure, surely the LVR is thinner at the initial temperature.  

 
* Again, justify why a 1°C/min heating rate ramps is proposed in the temperature scan 
tests and discuss the appropriateness. It's well known that Tg may be influenced by the 
heating ramp. 

According to the manufacturers, the recommended heating rate is between 2 and 5 
ºC/min. But, the lower the heating rate, the lower the temperature gradient into the sample. 
A 1ºC/min heating rate ramp is proposed in the temperature scan tests because it is a 
convenient value to ensure a uniform distribution of temperature into the sample without 
consuming too excessive time.  

 
Reviewer #2: 
Minor Concerns: 
Comment to the paper "Evaluation of adhesive systems by rheological and thermal 
testing" by A. Díaz-Díaz et al. 
1. The title will expand, specify "adhesive systems"?    

As results of the reviewers’ comments and the corresponding modifications of the 
manuscript the new title is: “Evaluation of the curing of adhesive systems by rheological 
and thermal testing” 

The aim is that the method can be applied to different systems. Two very different systems 
were chosen as an example. 

 
2. Introduction section is poor references (6 references), please add other references. 

The introduction section was improved. The total number of references is now 18. 

 
3. Talk a little bit about polymer materials used in this study (Introduction). 



More information about the materials used was added at the Introduction section. 

 
4. The experimental section is very big? it must be summarized. 

Taking into account this comment and the comments of other reviewers the scope of the 
article and also the experimental section were reduced.  

 
5. All figures have inhomogeneous? axes X and Y for example 1.103 not 1E3… 

Figures were modified accordingly to the recommendations. 
 

6. About methodology, how authors guarantee that curing was complete? The number 
of formulations they used is not adequate for drawing a conclusion on rheological 
properties. Even in the conclusion, no values are compared and discussed. 
In the next lines we discuss about how guarantee a complete curing for the different test 
performed in the different sections of the Protocol: 

Section 1. Analysis of a cured sample. 

The sample was cured according to the manufacturer recommendations and then tested. 
The DSC test (section 1.2) includes two heating: the first one allows us to check if there 
is a residual cure, if yes, the second scan allow us to find out the glass transition 
temperature of the fully cured sample; if not, first and second scan should be identical. 
Of course, if we observe a residual cure we can conclude that the recommended curing 
conditions are not enough for getting the total cure of the adhesive system. 

Section 2. DSC analysis of a fresh sample. 

For a ramp curing test, typically an exothermic peak is observed by DSC and if the 
exothermic peak ends, this means that the curing reaction was completed. 

For the isothermal curing test, after them, the sample is cooled and then heating to 
quantify the residual cure. And finally, it is cooled and heating again to verify there is not 
residual cure and find out the glass transition of total cured sample. 

Section 3. Rheological test 

The samples were cured isothermally into the rheometer until the storage modulus signal 
was flat of practically flat. And then, the samples were submitted an oscillatory 
temperature sweep test to check it there was residual cure or not.  

On the other hand, it is now better explained that the aim is not focused on the adhesives 
properties but on the method. 

 
Reviewer #3: 
Manuscript Summary: 



The methods are helpful. However, the manuscript needs to be well revised before 
acceptance 
 
Minor Concerns: 
The detailed comments are as follows: 
1. The abbreviation of thermogravimetry is TG, not TGA (thermogravimetric analysis). 
Please unify TG or TGA in the manuscript. 

Now, we use always the abbreviation of thermogravimetric analysis (TGA).  

 
2. In the Protocol section, the manufactures, models and software version of all 
instruments, such as TG and DSC used in this paper should be provided, since different 
instruments have different operations. 

In this issue, we will follow the Editorial recommendations: “JoVE is unable to publish 
manuscripts containing commercial sounding language, including trademark or 
registered trademark symbols (TM/R) and the mention of company brand names before 
an instrument or reagent. Examples of commercial sounding language in your manuscript 
are TA Instruments Rheometer HR-2, TRIOS, items on Lines 401-404 
1) Please use MS Word’s find function (Ctrl+F), to locate and replace all commercial 
sounding language in your manuscript with generic names that are not company-specific. 
All commercial products should be sufficiently referenced in the table of 
materials/reagents. You may use the generic term followed by “(see table of materials)” 
to draw the readers’ attention to specific commercial names.” 
 
3. In DSC measurement, the objective of the second heating run for removing the thermal 
history should be mentioned in the manuscript. 

Related to the section 1.2 DSC test of cured sample, the second heating is not for 
removing the thermal history. In this is case, the comparison between first and second 
heating allow us quantify the possible residual cure in the first one. 

For section 2.1. Ramp curing test, again, it is not a question of erasing the thermal history. 
Here, during the first heating the curing should be observed and the second heating allows 
to observe the glass transition of fully cured sample and the heat flow curve obtained 
could be used as baseline for making the integration of exothermic peak obtained in the 
first one. 

In this work, the second heating is not used for removing thermal history. 

 
4. The full name of MTDSC should be given once where it first appears. In the 
following section, please only use the abbreviation. 

It was done. 

 
5. Detailed information, like polymer type and components of three adhesive systems 
will be helpful for the readers to understand the results. 



More information about the three adhesive system is now provided in the manuscript. 

6. In Line 415-47, "In the case of S2c an important mass loss is observed in the 60-800 
ºC range which suggests that CaCO3 is the main filler component since it is a typical 
filler which decomposes in that range of temperature in air." Why not other fillers? 
More other measurements are needed to determine the filler is CaCO3. 

We agree with the reviewer that more other measurements are needed to determine the 
filler is CaCO3. The mass loss observed for S2c in the 600-800ºC matches with the 
thermal decomposition of calcium carbonate according to the following chemical 
reaction: CaCO3 → CaO + CO2 and the calcium carbonate it is most commonly used 
extender for adhesive formulations. Taking these two things into account, we dare to 
suggest the presence of CaCO3. 

 
7. In Fig. 1, derivative TG (TGA) should be added. 

Derivative TG (TGA) was added to Figure 1. 

 
8. In Fig. 2 and 3, the endothermal or exothermal direction should be marked in every 
DSC thermogram. 

It was done. 

9. In Fig. 4-6, sample names should be included in the figure captions. 

Old Figures 4 and 5 are not present in the current version of the manuscript. The caption 
of the old Fig. 6 (now renamed as Fig. 4) includes the sample name. 

 
10. In Line 487-488, 20 oC and 10 oC should be 20 oC/min and 10 oC/min. 

No. 20ºC and 10ºC are the isothermal temperatures used to cure the samples. 

 
11. In Fig. 7-11, Moduli should be Modulus. 

It was done. Although the figures numeration has changed. 

 
12. In Line 577, I think Discussion should be Conclusions. 

There is no Conclusions section according to the Jove template. 

 
 
Reviewer #4:  
Manuscript Summary: 
The manuscript describes thermal analysis and rheological characterization of adhesive 



systems. Analysis during cure, and properties of the cured adhesives are discussed. 
 
Major Concerns: 
If this is meant for an industry protocol, I am concerned about lack of clear emphasis. 
Characterization of the curing is generally relevant from one point of view, while 
characterization of cured adhesive is from another point of view. Of course, they are 
related to each other, but my opinion is that a manuscript should focus on one aspect or 
the other. 

We agree that the detailed explanation of both the characterization of the cure and the 
characterization of the cured material may cause some confusion. Thus, we chose to 
minimize the characterization of the cured material. 

 
If curing is the main emphasis, gel time at different temperature and / or heating rates is 
most important. Since the authors take the gel time to be at crossover between G' and 
G", does it mean that rheology offers no help to industrial user in terms of time required 
for gelation? Surely, crosslinked network increases and undergoes percolation as the 
cure proceeds, then what is the procedure to detect the gel time? 

Of course, a crossing of G’ and G’’ is observed during the curing of many adhesive 
systems, being the cross-over point of G' and G'' often taken as the gel time. However, 
that cross-over point is frequency dependent and the phase angle cross-over obtained at 
different frequencies can be used as a more accurate measurement of the gel time (ref. 
Chambon and Winter). In addition, A crossing of G’ and G’’ may not occur at the 
gelation. The case presented in Figure 7 is a clear example of that behavior: there is no 
cross-over of G’ and G’’ but the gelation can be clearly observed through the crossing of 
the phase angle at three different frequencies.  

In relation to the comment related to the gel time, gel time was evaluated only at room 
temperature because the aim of this work is to show the procedure. On the other hand, the 
systems used in this work are normally used at room temperature. 

 
If cured adhesive is the emphasis, then mechanical properties of cured adhesive are 
most important. The manuscript does not claim to do this. 

As commented above, in order to improve the clarity, we chose to minimize the 
characterization of the cured material. 
 
Discussion section of the manuscript is very general, and does not seem to specifically 
talk about protocols/results of the manuscript. 

Discussion section was improved through comments on results and protocols. 
 
Minor Concerns: 
1. Not sure about the relevance of TGA as presented. Maybe, more focus on weight loss 
below 150 C might help connection with rest of the analysis. 



TGA test has two objectives: 1) to determine the inorganic filler content and 2) to 
determine the temperature at which the material starts to degrade. For the first objective 
the test has to be performed in an air atmosphere. For the second one, an air atmosphere 
represents the most common situation in normal use. The temperature at which the 
material starts to degrade represents a limit that should not be reached in the DSC 
experiments. This explanation is now included in the manuscript. 

2. DSC curing is done at several temperatures, but rheometer curing only at room 
temperature. Why? 

It is now better explained that isothermal curing DSC tests of one adhesive system were 
performed at different temperatures to demonstrate how the temperature effect on the 
curing rate can be evaluated by any method that can “see” the curing reaction. It is also 
commented in the rheological section how the G’ or the gap can be used to track the 
advancement of the curing reaction at any temperature at which the experiment is 
performed. In addition, it is also commented how the multifrequency setup can be applied 
for curing at different temperatures to evaluate how the gel time varies with the curing 
temperature. 

3. "which is incompatible with the fact that a glass transition occurs, since the temperature 
changes near the Tg typically modify the relaxation time by decades". Based on DSC, it 
is already concluded that it is "smaller ingradient" undergoing transformation: either Tg 
or Tm. Since the ingredient is known to be very small, and its effect of moduli decrease 
is also small, relaxation time of the overall sample will not be influenced significantly. 
Therefore, from stress relaxation, one cannot conclude that it is not Tg. The relaxation 
time of ingredient undergoing Tg will change by decades, however the overall relaxation 
time of the sample depends on all the ingredients. 

As the reviewer points, the relaxation experiment may admit differnt interpretations. As 
commented above, in order to improve the clarity, we remove most of the 
characterization of the cured material. 
 
Reviewer #5: 
Manuscript Summary: 
The paper deals with the measurement of thermodynamic and thermomechanical effects 
in the curing of adhesives formed by a filler containing thermoset. Although these are 
industrial adhesives, this experimental investigation can be of benefit to both education 
and science and engineering experts. Understanding and discussion of individual results 
are generally correct. 
 
Major Concerns: 
1) The biggest drawback of the work is the absence of experiments investigating the 
chemical structure of adhesives. Therefore, some conclusions should be taken only as 
speculative. Although curing reactions are often difficult to detect for conventional 
experimental methods (FTIR), at least basic information about the chemical structure of 
the system would be very useful to better understand the results obtained. 

The work is focus on the proposal of a method for the evaluation of the curing of adhesive 
systems by rheological and thermal testing. Now some basic information about the 



chemistry was included to help to understand the curing processes. The chemical 
explanations were not very long because other reviewers recommended to focus only on 
the experimental part of the curing.  

 
2) The aims of this study should be formulated more precisely. 

The aim of the study is now better explained: it is focusing on the proposal of a method 
for the evaluation of the curing of adhesive systems by rheological and thermal testing. 

 
3) The adhesives under investigation should be described in more detail (using at least 
the manufacturer's material sheets) and their primary use should be stated. 

It was done. 

 
4) The authors do not state how the obtained results relate to the utility and 
technological properties of the investigated adhesives. 

The work is aimed to provide a method to study the curing. The experimental results that 
can be obtained by the method allow to better understand how time and temperature 
parameters involved in the preparation of any adhesive joint may affect the technological 
properties of the adhesives. For example, in the case of thermosets, it is important to 
complete the application of the different elements of a joint before gelation occurs, and it 
is also important to keep the elements in their place until about a 90% of the maximum 
modulus is reached. This method can help to choose between adhesives with different 
reactivity, modulus, or contraction in the curing. This explanation was included in the 
text. 

 
5) Conclusion of the thesis is missing 

According to the JOVE template there is not a Conclusions section. The journal is 
focused in demonstrating the methodology of experimental methods. 

 
6) The experiment in Fig. 1 is pyrolysis or oxidation? Both of these experiments would 
be interesting. 

The experiment in Fig 1 is oxidation. In this case, TGA test has two objectives: 1) to 
determine the inorganic filler content and 2) to determine the temperature at which the 
material starts to degrade. For the first objective the test has to be performed in an air 
atmosphere. For the second one, an air atmosphere represents the most common situation 
in normal use. The temperature at which the material starts to degrade represents a limit 
that should not be reached in the DSC experiments. This explanation is now included in 
the manuscript. 

 
Minor Concerns: 



7) FIG. 2A - Why cannot a breaking at 60 ° C be considered a manifestation of a glass 
transition? (and the one at 20 ° C as hysteresis on cooling) 

We agree with the reviewer. But the transitions are very smooth and should be confirmed 
by other techniques. The glass transition is clearly observed at 60ºC in the rheological 
temperature ramp test. This is a clear example of how rheology and calorimetry can be 
complementary.  

 
8) For the sake of clarity, it would be a good idea to show the records of all three 
adhesives examined in the diagram in FIG. 3 

It is explained in the manuscript, that “In the case of the T1c and T2c no curing exotherm 
was observed by DSC, as expected for moisture curing adhesives. Rheology studies of 
the curing will be of highest interest for these systems” (line 472 of the original 
manuscript). 

 
9) For Figures 7, 8 and 9 I recommend to unify the unit of time. 

It was done. 

 
10) The design of rheometers is more variable than TGA or DSC. It would be 
appropriate to give a scheme of the used rheometer. 

 The design (scheme) of the used rheometer is included in the Table of Materials of the 
article. 
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ABSTRACT:  35 
 36 
The analysis of thermal processes associated to the curing of adhesives and the study of 37 
mechanical behavior once cured, provide key information to choose the best option for any 38 
specific application. The proposed methodology for the curing characterization, based on 39 
thermal analysis and rheology, is described through the comparison of three commercial 40 
adhesives. The experimental techniques used here are Thermogravimetric Analysis (TGA), 41 
Differential Scanning Calorimetry (DSC) and Rheology. TGA provides information about the 42 
thermal stability and filler content, DSC allows the evaluation of some thermal events associated 43 
to the cure reaction and to thermal changes of the cured material when subjected to 44 
temperature changes. Rheology complements the information of the thermal transformations 45 
from a mechanical point of view. Thus, the curing reaction can be tracked through the elastic 46 
modulus (mainly the storage modulus), the phase angle and the gap. In addition, it is also shown 47 
that although DSC is of no use to study the curing of moisture curable adhesives, it is a very 48 
convenient method to evaluate the low temperature glass transition of amorphous systems. 49 
 50 
 51 
INTRODUCTION:  52 
 53 
Nowadays there is an increasing demand of adhesives. Today's industry demands that adhesives 54 
have increasingly varied properties, adapted to the growing diversity of possible new 55 
applications. It makes the selection of the most suitable option for each specific case a difficult 56 
task. Therefore, creating a standard methodology to characterize the adhesives according to their 57 
properties would facilitate the selection process.  58 
 59 
The analysis of the adhesive during the curing process and the final properties of the cured 60 
system are crucial to decide whether an adhesive is valid or not for a certain application.  61 
 62 
Two of the most commonly used experimental techniques to study the behavior of adhesives are 63 
Differential Scanning Calorimetry (DSC) and Dynamic Mechanical Analysis (DMA). Also 64 
rheological measurements and Thermogravimetric tests are widely used. Through them, the 65 
glass transition temperature (Tg) and the residual heat of curing, which are related to the degree 66 
of cure1,2, can be determined. 67 
 68 
TGA provides information about the thermal stability of the adhesives3,4, which is very useful to 69 
establish further process conditions, on the other hand rheological measurements allows to 70 
determine the gel time of the adhesive, to analyze the curing shrinkage, and to define the 71 
viscoelastic properties of a cured sample5-7, while the DSC technique allows to measure the 72 
residual heat of curing, and discern between one or more thermal processes that can take place 73 
simultaneously during the curing8,9. Therefore, the combination of DSC, TGA and rheological 74 
methodologies provide detailed and reliable information to develop a complete characterization 75 
of adhesives.  76 
There is a number of studies of adhesives where DSC and TGA are applied together10–12. There 77 
are also some studies that complement the DSC with rheological measurements13–15.  However, 78 
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there is not a standardized protocol to address the comparison of adhesives in a systematic way. 100 
That comparison would all to better choose the right adhesives in different contexts. In this work, 101 
an experimental methodology is proposed for doing a characterization of the curing process 102 
through the combined use of the thermal analysis and rheology. 103 
 104 
Applying these techniques as an ensemble allows to gather information about the adhesive 105 
behavior during and after the curing process, also the thermal stability and the Tg of the 106 
material16.  107 
 108 
The proposed methodology, involving the three techniques, DSC, TGA and rheology, is described 109 
in this work using, as an example, three commercial adhesives. One of the adhesives, hereinafter 110 
referred to as S2c, is a two-component adhesive: component A contains tetrahydrofurfuryl 111 
methacrylate and component B contains benzoyl peroxide, the component B acts as an initiator 112 
of the curing reaction by causing the tetrahydrofurfuryl methacrylate rings to open, through a 113 
free radical polymerization mechanism, the C=C bond of the monomer reacts with the growing 114 
radical to form a chain with tetrahydrofurfuryl side groups17. The other adhesives, T1c and T2c, 115 
are the one- and two-component versions from the same commercial house of a modified silane 116 
polymer adhesive, the curing process begin by the hydrolysis of the silane group18 which can be 117 
initiated by ambient humidity, this is the case of T1c, or either by the addition of a second 118 
component, as in the case of the adhesive T2c.   119 
Concerning the application areas of these three different sytems: the adhesive S2c was designed 120 
to substitute, in some cases, welding, riveting, clinching and other mechanical fastening 121 
technicques and it is suitable for high strength fastening of concealed joints on different types of 122 
substrates including top coats, plastics, glass, etc;  the T1c and T2c adhesives are used for elastic 123 
bonding of metals and plastics, for example in the caravan manufacture, in the railroad vehicule 124 
industry or in shipbuilding. 125 
 126 
PROTOCOL:  127 

1 Checking the manufacturer curing conditions    128 
 129 
Cure the adhesive sample following the manufacturer recommendations, and then evaluate it by 130 
a TGA and a DSC test. Record the specific curing conditions.  131 
 132 
 133 
1.1 TGA test of cured sample 134 
 135 
Perform Thermogravimetric tests in a TGA or in a simultaneous DSC+TGA equipment (SDT). 136 
 137 
Carry out a thermogravimetric test of the cured sample in order to determine the inorganic filler 138 
content and the temperature at which the material starts to degrade. Do not exceed that 139 
temperature in further tests.  140 
 141 
Follow the procedure explained below: 142 
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 168 
1.1.1. Open the air stopcock. Switch on the SDT (or TGA) apparatus. Open the SDT control 169 
software. 170 
 171 
1.1.2. Open the FURNACE of the SDT and place two empty capsules. One will be the reference 172 
capsule and the other will contain the sample.   173 
 174 
1.1.3. Close the FURNACE and press the bottom TARE.  175 
 176 
1.1.4. Open the Furnace and place a sample size of 10 – 20 mg in the sample capsule.   177 
 178 
1.1.5. Fill the information about the sample in the tab “Summary”.  179 
 180 
1.1.6. Open the tab “Procedure” and click EDITOR. Drag the segment type “Ramp” to the Editor 181 
screen. Establish 10 or 20 °C/min to 900 °C. Click Ok.  182 
 183 
1.1.7 Open the tab “Notes”. Choose Air as the purge gas and establish a flow rate of 100 mL/min. 184 
Click Apply. 185 
 186 
Note: TGA test has two objectives: 1) to determine the inorganic filler content and 2) to 187 
determine the temperature at which the material starts to degrade. For the first objective the 188 
test has to be performed in an air atmosphere. For the second one, an air atmosphere represents 189 
the most common situation in normal use. 190 
 191 
1.1.8 Close the Furnace. 192 
 193 
1.1.9 Start the experiment.  194 
 195 
1.2 DSC test of cured sample 196 
 197 
Carry out the DSC tests on a standard DSC or on a Modulated temperature DSC (MTDSC)  198 
instrument working in standard mode, use aluminum crucibles. Carry out a DSC test of the cured 199 
sample to study the following parameters: the Tg of the material, a possible residual curing and 200 
the Tg∞ of the sample. Follow the procedure below:  201 
 202 
1.2.1. Open the nitrogen stopcock. Switch on the DSC apparatus. Open the control software of 203 
the DSC instrument. 204 
 205 
1.2.2. Click “Control” → Event → On. Then click the tab “Tool” → Instrument Preferences, choose 206 
DSC and establish a standby temperature of 30 °C. Click “Apply”. Click the tab “Control” → Go to 207 
Standby Temperature, and wait for at least 45 min before starting any experiment.  208 
 209 
1.2.3. Open the tab “Summary”. Click Mode, choose Standard.  210 
 211 
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1.2.4. Open the tab “Procedure”, click “Test” and choose Custom. Click EDITOR. 227 
- Drag an “Equilibrate“ segment indicating the temperature at which you want to start the 228 
experiment (that temperature should be relatively low, for example -80 or -60 ºC). 229 
 230 
- Drag the segment type “Ramp” to the Editor screen. Introduce a heating rate of 10 or 20 °C/min 231 
and the final temperature into the command editor window. The final temperature is tentatively 232 
chosen to allow for a complete cure and has to be lower than the degradation temperature 233 
obtained from the previous TGA test. Click Apply.  234 
 235 
Note: These recommended heating rates are proposed as a starting point that will probably work 236 
fine in most cases. However, these heating rates can be modified to improve sensitivity or 237 
resolution. 238 
 239 
- Drag the segment type “Ramp” to the Editor screen. Similarly, to the previous step, introduce a 240 
10 or 20 °C/min cooling rate to a temperature tentatively below the glass transition. 241 
 242 
- Drag the segment type “Ramp” to the Editor screen. Introduce a 10 or 20 °C/min heating rate 243 
to a temperature slightly below the degradation temperature. 244 
 245 
1.2.5. Open the tab “Notes”. Choose Nitrogen as the flow gas and establish a flow rate of 50 246 
mL/min. Click Apply.  247 
 248 
1.2.6. Fill the information about the sample in the tab “Summary”. 249 
 250 
1.2.7. Click “Control” → Lid → Open. Place a reference pan and a pan with a sample of 10-20 mg 251 
weight inside the DSC cell.  252 
 253 
1.2.8. Launch the experiment by clicking Start.  254 
 255 

2 DSC analysis of a fresh sample 256 
 257 
Prepare a fresh sample of the adhesive using the ratios and procedures recommended by 258 
manufacturer and immediately subject it to the following test: 259 
 260 
2.1. Ramp curing test 261 
 262 
Perform a Heating-Cooling-Heating test, in order to obtain the curing enthalpy of the adhesive, 263 
the final glass transition on heating and to establish the range of temperatures where the curing 264 
process starts. Follow the steps below: 265 
 266 
2.1.1. Open the tab “Summary”. Click Mode, choose Standard. 267 
 268 
2.1.2 Click the tab “Tool” → Instrument Preferences, choose DSC and establish a standby 269 
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temperature of 10 °C. Click “Apply”. Click the tab “Control” → Go to Standby Temperature, 285 
 286 
2.1.3 Open the tab “Procedure”, click “Test” and choose Custom. Click EDITOR. Drag the segment 287 
type “Equilibrate” at -80 °C to the Editor screen. Drag the segment Ramp and establish 10 or 20 288 
°C/min to (a temperature slightly below the degradation temperature obtained from the TGA 289 
test).  290 
 291 
2.1.4 Insert the segment Equilibrate at -80 °C. Then drag the segment Ramp, establish 10 or 20 292 
°C/min to (the same temperature as before). Click “Apply”.   293 
 294 
2.1.4. Fill the information about the sample in the tab “Summary”. 295 
 296 
2.1.5. Click “Control” → Lid → Open. Place a reference pan and a pan with the freshly prepared 297 
sample of 10-20 mg weight inside the Furnace.  298 
 299 
2.1.6. Start the experiment.  300 
 301 
2.2 Isothermal curing test 302 
 303 
Taking into account the DSC plot of the curing in ramp, choose several temperatures at the 304 
beginning of the exotherm to execute the isothermal experiments. 305 
 306 
Note: The isothermal experiments will allow to evaluate the maximum degree of curing that can 307 
be obtained at each temperature.  308 
 309 
Follow the steps explained below:   310 
 311 
2.2.1. Open the “Summary” tab. Click Mode, choose Standard.  312 
 313 
2.2.2. Open the “Procedure” tab, click “Test” and choose Custom. Click EDITOR. Drag the segment 314 
type “Ramp” to the Editor screen. Introduce a 20 °C/min to the chosen isothermal temperature.  315 
 316 
2.2.3. Introduce an Isothermal segment for time enough to complete the cure at this temperature 317 
(It is possible, for example, to establish 300 min, but the test can be stopped when the Heat Flow 318 
curve is flat). 319 
 320 
2.2.4. Introduce a command segment “Equilibrate at 0 °C”. Add a Ramp segment, establish a 321 
heating rate between 2 and 20 °C/min (in the example 2.5 ºC/min was chosen) to the maximum 322 
temperature, which was chosen from the TGA test in order not to compromise the thermal 323 
stability of the adhesive.  324 
 325 
2.2.5 Drag the “Mark end of cycle” segment to the editor window. Insert another Equilibrate 326 
segment, this time with a temperature of -80 °C. Add another Ramp segment with a heating rate 327 
between 2 and 20 °C/min (in the example 2.5 ºC/min was chosen) to the same temperature 328 
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indicated before. Click “Apply”.   342 
 343 
NOTE: A set of heating rates are suggested. Probably, most of them work correctly and depending 344 
of the nature of the curing process, mainly its kinetics, and the sensitivity and resolution required, 345 
some of these heating rates could be better. If the evaluation is done with comparative purposes 346 
the same conditions should be used for each studied adhesive system. 347 
 348 
NOTE: In order to minimize the time elapsed from mixing the components to the beginning 349 
of the isothermal experiments, the temperature of the DSC cell should be adjusted to a 350 
temperature lower than the isothermal temperature before mixing both components. 351 
 352 
 353 
 354 
2.2.6. Click the tab “Tool” → Instrument Preferences, choose DSC and establish a temperature 355 
lower than the isotherm temperature of the experiment. Click “Apply”. Click the tab “Control” → 356 
Go to Standby Temperature.  357 
 358 
2.2.7. Fill the information about the sample in the tab “Summary”. 359 
 360 
2.2.8. Click “Control” → Lid → Open. Place a reference pan and a pan with the sample of 10-20 361 
mg weight inside the Furnace.  362 
 363 
2.2.9. Start the experiment.  364 
 365 
 366 

3 Rheological analysis   367 
 368 
Perform the rheological tests on a Hybrid rheometer, using a 25 mm parallel plate geometry.  369 
 370 
3.1. Logarithmic strain sweep test 371 
 372 
Do an exploratory logarithmic strain sweep test in order to set-up the strain amplitude to be used 373 
in the curing study of the adhesive in the rheometer. This test is performed with a fresh sample 374 
(before curing). Follow the procedure below:  375 
 376 
3.1.1. Open the air stopcock. Switch on the Rheometer apparatus. Open the Rheometer control 377 
software. 378 
 379 
3.1.2. Place the specific geometry on the Rheometer. 380 
 381 
3.1.3. Click “Zero Gap”.  382 
 383 
3.1.4. Click the tab “Geometry” Choose the specific geometry.  384 
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 414 
3.1.5. Open the tab “Experiment”.  415 
 416 
3.1.6. Fill the information about the sample in the tab “Sample”.  417 
 418 
3.1.7. Click the tab “Procedure”. Choose Oscillation Amplitude. This experiment can be 419 
performed at room temperature (the actual temperature is annotated), and with a frequency of 420 
1 Hz and a logarithmic sweep from 10-3 to 100 % of Strain.  421 
 422 
NOTE: To prepare a sample of the two component system, weight components at room 423 
temperature, about 20 °C to the exact proportions recommended by the manufacturer. Then mix 424 
both components. 425 
 426 
3.1.8. Place the sample on the bottom plate with the upper plate separated about 40 mm from 427 
the lower plate. Lower the upper plate until a gap of about 2 mm is observed between both 428 
plates. Trim off the excess of adhesive.  429 
 430 
3.1.9. Start the experiment.  431 
 432 
3.2. Isothermal multifrequency curing test  433 
 434 
Note: This test shows if there is or not gelation and, in case of gelation, it provides the gelation 435 
time. In addition, the contraction and the evolution of G’ and G’’ can be observed along the curing 436 
process.  437 
 438 
Follow the subsequent procedure to monitor the curing of the adhesive.  439 
 440 
3.2.1. Click the tab “Procedure”. Choose Conditioning Options. Establish the Mode Compression, 441 
Axial Force 0 N and Sensitivity of 0,1 N. Click “Advance” and establish a Gap change limit of 2000 442 
µm in the up and down directions.  443 
 444 
3.2.2. Insert a new step of an oscillatory time sweep. This experiment can be performed at room 445 
temperature (the actual temperature is annotated), the duration of the test as a function of the 446 
estimated curing time based on the Data Sheet of the adhesive, and the percentage of Strain 447 
which is chosen from the result of the previous logarithmic strain sweep test. Choose Discrete 448 
and then set the frequencies 1, 3 and 10 Hz for all samples.  449 
 450 
3.2.3. Remove the previous sample, do the Zero Gap and place a new sample. Then proceed as 451 
in the 3.1.8 subsection.  452 
 453 
3.2.4. Start the experiment. 454 
 455 
Note: Do not remove the sample at the end of experiment. It will be used in the next experiment. 456 
 457 
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3.3 Torque sweep test  473 

Once the curing test ends, proceed to the torque sweep test in order to find out the linear 474 
viscoelastic range for the previously cured material.  475 

Note: the extension of LVR can be determined either by applying strain sweep test, mostly in 476 
controlled-strain rheometers, or torque or stress sweep test, mostly in controlled-stress 477 
rheometer. However, in some rheometers both methods can be used. 478 

3.3.1. Click the tab “Procedure”. Choose Oscillation Amplitude. This experiment can be 479 
performed at room temperature (the actual temperature is annotated), with a frequency of 1 Hz 480 
and a logarithmic sweep from 10 to 10000 µNm of Torque.  481 

Note: Use the same sample that was left in the instrument from the previous experiment. 482 

3.3.2. Start the experiment. 483 

Note: Do not remove the sample at the end of experiment. It will be used in the next experiment. 484 
 485 

3.4 Temperature scan test  486 

Perform a temperature scan test to verify the cure is complete. Follow the procedure below: 487 

3.4.1. Click the tab “Procedure”. Choose Temperature Ramp. Initiate the experiment from room 488 
temperature, establish a ramp rate of 1 °C/min, which ensure a uniform distribution of 489 
temperature into the sample without consuming too excessive time, a frequency of 1 Hz and a 490 
given Torque amplitude, which is chosen from the previous Torque sweep test.   491 

Note: Use the same sample that was left in the instrument from the previous experiment.  492 

3.4.2. Close the Furnace of the Rheometer. Open the air stopcock of the furnace. 493 

3.4.3. Start the experiment.  494 

Note: If the next experiment is needed, do not remove the sample at the end of experiment. In 495 
that case it would be used for the next experiment. 496 
 497 
REPRESENTATIVE RESULTS: 498 
 499 
In order to show the application of the proposed method three adhesive systems are used: 500 
 501 
- S2c, a two component system.  502 
- T1c, a one component silane-modified-polymer, whose cure reaction is triggered by moisture. 503 
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- T2c, a two component system. It is a silane-modified-polymer too but the second component is 616 
aimed to make the curing rate a little more independent from the moisture content of air.  617 
(see table of materials for more information) 618 
 619 
The thermal stability and the amount of filler of the cured adhesives are analyzed by TGA. Figure 620 
1 shows the thermogravimetric plots obtained in air from the three adhesives. In the case of S2c 621 
a slight mass loss is observed from about 50 °C which is probably related to moisture 622 
volatilization. The onset of the main degradation process appears at 196 °C. For T1c and T2c the 623 
degradation onsets appear at slight higher temperatures: 236 °C and 210 °C, respectively. These 624 
degradation temperatures should be not reached in further DSC or rheology experiments. The 625 
residue at 600 °C probably corresponds to inorganic fillers. It amounts 37.5% for T1c, 36.9% for 626 
T2c, and 24.6% for S2c. In the case of S2c an important mass loss is observed in the 600-800 °C 627 
range which suggests that CaCO3 is the main filler component since it is a typical filler which 628 
decomposes in that range of temperature in air. A mass loss of 10.32% was observed what 629 
corresponds to a 23.5% of CaCO3 in the cured sample.  630 
 631 
[Place Figure 1 here] 632 
 633 
Figure 1: TGA curves of the three adhesives. The curves were obtained from cured samples using 634 
air as the purge gas.  635 
 636 
Following the procedure, the next step consists of performing DSC tests of cured samples. Figure 637 
2 shows the heat flow curves obtained. The S2c was previously cured at room temperature 638 
(aprox. 20°C) during 95 min. The T1c (moisture curing system) and T2c were previously cured at 639 
room temperature for 48 h. 640 
 641 
[Place Figure 2 here] 642 
 643 
Figure 2: DSC heat flow curves obtained from cured samples of the three adhesives: S2c (A), 644 
T1c (B), T2c (C) 645 
 646 
Figure 2a shows no evidence of residual cure. A small deviation from the baseline is observed at 647 
about 60 °C during the first heating ramp. It could be considered a manifestation of a glass 648 
transition, but it is practically negligible and it would be better to wait for the rheological test to 649 
confirm. A glass transition temperature at 60°C was specified by the manufacturer but it is not 650 
observed in this DSC plot. At -67 °C there is a tiny drop in the heat flow signal that suggest a 651 
possible glass transition of a component of the adhesive.  652 
Figure 2b shows a clear glass transition at -66 °C. There is also an endothermic peak between 65 653 
°C and 85 °C on heating and the corresponding exotherm on cooling at 53 °C. The shape and size 654 
of these peaks suggest possible melting and crystallization processes of a polymeric compound 655 
and will be discussed in the scope of additional results. The only important event in Figure 2c is 656 
a glass transition at -64 °C. 657 
 658 
The next results are also related to DSC tests. Figure 3 shows the curing plot of a S2c sample at 659 
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20 °C/min in a heating ramp. That ramp will be followed by a cooling and heating ramps not 742 
displayed in this Figure. The curing enthalpy of the adhesive, 171.5 J/g, is obtained by integration 743 
of the peak. The shape of the exotherm suggests an autocatalytic curing reaction19–21, which 744 
would correspond to the methyl methacrylate free radical polymerization of the S2c adhesive22. 745 
 746 
[Place Figure 3 here]  747 
 748 
Figure 3: DSC heat flow curves obtained from a fresh sample of the S2c adhesive system 749 
 750 
 751 
In the case of T1c and T2c no curing exotherm was observed by DSC, as expected for moisture 752 
curing adhesives. Rheology studies of the curing will be of highest interest for these systems. 753 
 754 
In order to evaluate the degree of curing that can be achieved at different temperatures 755 
isothermal DSC experiments were performed only for S2c, since the moisture curable systems 756 
cannot be tracked by DSC. For T1c and T2c samples, rheological measurements such as G’ or the 757 
gap can be used to track the advancement of the curing reaction at any temperature at which 758 
the experiment is performed. Table 1 shows the curing enthalpy values obtained at three 759 
temperatures. The degree of curing is calculated by comparing the curing enthalpy obtained at 760 
each temperature to that obtained in a heating ramp. The one used to calculate the values 761 
displayed on Table 1 was obtained at 20 °C/min. 762 
 763 
Table 1. Curing enthalpy and the degree of curing values resulting from the isothermal cure of 764 
S2c samples at different temperatures.   765 
 766 
[Place Table 1 here] 767 
 768 
 769 
Figure 4 shows how the residual cure is much smaller in the case of the sample cured at the 770 
higher temperature. That is so because the degree of curing achieved at 20 °C is higher than that 771 
obtained at 10 °C, as it can be observed in Table 1. 772 
 773 
[Place Figure 4 here] 774 
 775 
Figure 4. Specific heat flow plots obtained in the first and second heating scans from S2c 776 
samples isothermally cured at the indicated temperatures 777 
 778 
Important features of a curing process that were not observed by DSC are the gelation, the 779 
shrinkage produced by the curing and the change of the moduli along the cure process. The latter 780 
is especially important in the case of moisture triggered curing, since in these systems the 781 
conversion of the curing process cannot be tracked by DSC. These missing features can be 782 
evaluated by rheology. 783 
The first rheological test performed with each sample consists of a strain sweep that allows to 784 
see the linear viscoelastic range from which a strain value will be chosen for the next experiment, 785 
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an isothermal multifrequency test with the following frequencies: 1, 3 and 10 Hz. (6.28, 18.85 883 
and 62.83 rad/s). Figure 5, corresponds to the cure of a fresh S2c sample that is placed between 884 
the parallel plates of the rheometer. The gelation time of the material can be observed as the 885 
point where the phase angle, δ, becomes frequency independent, according to the Winter and 886 
Chambon criterion23, 24. The gelation time is the time from mixing the two components to the 887 
instant when the phase angle curves obtained at different frequencies cross. After the gelation, 888 
the Tg continues to increase until a value somewhat above the cure temperature. The high filler 889 
content of this sample, about 23 %, is the reason why a higher value of G’ than of G“ is obtained 890 
throughout the test. Figure 5 gives also information about the shrinkage of the adhesive along 891 
the curing, that is about 6,5 % in 10 minutes. A value of 20.5 MPa the modulus is obtained after 892 
about 11 minutes from mixing the components. After that instant the moduli and the gap change 893 
only very little.  894 
 895 
[Place Figure 5 here]  896 
 897 
Figure 5: Plots resulting from the isothermal curing of a S2c sample in the rheometer at room 898 
temperature. 899 

Performing the isothermal multifrequency test at different temperatures, it would be possible to 900 
evaluate how the gel time varies with the curing temperature.  901 

In the case of the T1c and T2c systems, Figures 6 and 7, there is no sign of gelation of the 902 
adhesives. A comparison of the slopes of the moduli of both adhesives reveals that T2c cures 903 
faster than T1c, which is normal since T2c has an additional compound to accelerate the curing 904 
reaction. An important increase of the storage modulus is observed in both cases, reaching an 905 
almost constant value after 24 h. A value of 0.94 MPa is observed for T1c and 1.2 MPa for T2c, 906 
which are much smaller than that observed for S2c. 907 
Again, a high filler explains that G’ is consistently higher than G“ along the test. The behavior of 908 
tan δ in both cases, seems to be related to the shear that those thixotropic materials undergo 909 
between the plates of the rheometer and also because of the curing process.  910 
On the other hand, the contraction observed for both T1c and T2c systems in 24 h, 0.65 % and 911 
0.89 %, respectively, are very little in comparison to that observed for S2c in 15 minutes, 5.7 %.  912 
 913 
[Place Figure 6 here]  914 
 915 
Figure 6: Plots resulting from the isothermal curing of a T1c sample in the rheometer at room 916 
temperature. 917 
 918 
[Place Figure 7 here] 919 
 920 
Figure 7: Plots resulting from the isothermal curing of a T2c sample in the rheometer at room 921 
temperature. 922 
 923 

Eliminado: for this purpose an in accordance to the  ...
Eliminado: the isothermal multi-frequency curing test 
Eliminado: y…nd 62.83 rads…s) were established ...
Eliminado: . 
Eliminado:  7 
Eliminado: 2 
Eliminado: 11 
Eliminado: 3 
Eliminado: 12 
Eliminado: 7  

Eliminado:  
Con formato: Fuente: Negrita

Eliminado: 7 
Con formato: Fuente: Sin Negrita

Eliminado: 7 
Eliminado: ¶ ...
Eliminado: S2C  

Eliminado:  
Con formato: Fuente: Negrita

Eliminado: 8 
Eliminado: 8 

Eliminado:  
Con formato: Fuente: Negrita



   

Page 12 of 20  revised November 2019 
 

In advance to perform the temperature scan tests of the cured samples, it is needed to evaluate 977 
the linear viscoelastic range (LVR) of the cured samples. The LVR is usually determined either by 978 
applying strain sweep test, in controlled-strain rheometers, or stress or torque sweep test, in 979 
controlled-stress rheometer. However, in some rheometers both methods can be used. On this 980 
occasion torque sweeps were done.  981 

Figure 8 shows the results of a temperature scan of the S2c sample that was cured for one hour 982 
in the rheometer. The glass transition can be easily identified as a drop in G’, and as broad peaks 983 
in G’’ and in the phase angle, δ. The value of Tg, measured as the δ peak, is 60.2 °C.  984 
 985 
[Place Figure 8 here] 986 
 987 
Figure 8: Temperature scan test performed in the rheometer with a cured S2c sample. 988 
 989 
Temperature scans of fully cured T1c and T2c adhesives are reflected in Figure 9. The scan of T2c 990 
does not shows any relaxation in all temperature range. That can be of interest in case a 991 
consistent behavior is sought in that range of temperature. 992 
 993 
[Place Figure 9 here] 994 
 995 
Figure 9: Temperature scan tests of the cured adhesives T1c and T2c. Values of G’, G’’ and δ 996 
were obtained from a 1°C /min temperature scan. 997 
 998 
On the other hand, the moduli of the scan of T1c show a slow decrease until up to 60 °C, and 999 
then a more intense decline between 60 °C and 80 °C to then persist constant until the end of 1000 
test.  1001 
 1002 
DISCUSSION:   1003 
 1004 
A preliminary TGA test of each adhesive is always a fundamental step as it gives information 1005 
about the temperature range at which the material is stable. That information is crucial to 1006 
correctly setting-up further experiments. In addition, TGA may also inform about the filler 1007 
content, which can be very insightful to understand that storage and loss modulus may not to 1008 
cross along the cure. 1009 
On the other hand, DSC allows to study the cure of most thermosetting systems but not of those 1010 
whose cure reaction is moisture triggered. Rheology allows to track the cure of any system, 1011 
moisture triggered or not and is the right technique to compare them. However, it has to be 1012 
taken into account that a typical limitation of rheometers is the minimum temperature at which 1013 
a curing test can be performed. Fortunately, most adhesives are intended to be used at room or 1014 
higher temperatures. 1015 
Most flexible adhesives have a glass transition temperature at sub ambient temperatures. Some 1016 
components of semi-rigid systems may have a low Tg too but it is frequent that common 1017 
rheometers cannot reach that low temperature. But many commercial DSC can easily reach -80 1018 
ºC and thus can be used to determine that low Tg. 1019 
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An interesting feature of some rheometers is the possibility of applying an almost null axial force, 1069 
which allows to track the gap changes due to the adhesive contraction along the cure. That 1070 
feature was not common in the past but nowadays many rheometers incorporate that feature. 1071 
Another interesting advantage of rheology respect to DSC is the possibility of identifying the gel 1072 
point through the phase angle at different frequencies. That is useful to see it the adhesive is a 1073 
thermoset or not and, if so, to measure the gel time, a critical factor that is directly related to the 1074 
working time at a given temperature. 1075 
A critical step within the protocol is the use of appropriate ratios and procedures recommended 1076 
by manufacturer with two component systems, as well as adjusting both DSC temperature and 1077 
time expended to launch experiment for freshly prepared samples. In relation to the rheological 1078 
test, it is important to keep the heating rate at low values to ensure a uniform distribution of 1079 
temperature, also for DSC test the chosen heating rate should take into account aspects such as 1080 
sensitivity and resolution. 1081 
The experimental results that can be obtained by the proposed methodology allow to better 1082 
understand how time and temperature parameters involved in the preparation of any adhesive 1083 
joint may affect the technological properties of the adhesives. For example, in the case of 1084 
thermosets, it is important to complete the application of the different elements of a joint before 1085 
gelation occurs, and it is also important to keep the elements in their place until about a 90% of 1086 
the maximum modulus is reached. This methodology can help to choose between adhesives with 1087 
different reactivity, modulus, or contraction in the curing. 1088 
From all the above, it can be deduced that the convenience of the elaboration of a methodology 1089 
for the systematic study of the cure of adhesive systems through two techniques, thermal 1090 
analysis and rheology, which complement each other efficiently to achieve a complete 1091 
characterization of the cure for very different systems. 1092 
 1093 
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