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ABSTRACT 
 
 

Dynamic mechanical analysis (DMA) is the most preferred thermal analysis technique 

for determining the glass transition temperature (Tg) of polymer matrix composites because it is 

more sensitive to Tg measurements than other thermal analysis techniques. An interlaboratory 

study was developed and conducted by the American Society for Testing and Materials (ASTM) 

for its D7028-07 test standard (Tg by DMA). The results of the study indicated that 

reproducibility was poor between DMA instruments and laboratories. A reproducibility standard 

deviation of 15.09°F and 14.72°F for dry Tg and wet Tg measurements, respectively, was found. 

Poor reproducibility of Tg measurements creates uncertainty in cases where Tg 

measurements are utilized. Service temperature and process control determinations may be 

difficult to establish if reproducibility of Tg measurements remains poor. 

The goal of this research was to improve laboratory-to-laboratory and instrument-to-

instrument reproducibility. To accomplish this, several potential influencers of Tg 

measurements, such as, thermocouple positioning, dimensional variation of specimens, and 

temperature calibration configurations and methods were evaluated. These evaluations were the 

framework to the development of thermocouple guidelines and temperature calibration 

procedures to aid test operators in areas where the test and calibration standards are not specific. 

To assess whether this goal was achieved, a follow-on interlaboratory study was 

conducted. A reproducibility standard deviation of 7.86°F and 7.30°F for dry Tg and wet Tg 

measurements, respectively, was determined. When compared with the interlaboratory study 

conducted by ASTM, the follow-on interlaboratory study indicated a 50% improvement in the 

reproducibility of Tg measurements was achieved with the implementation of the developed 

thermocouple guidelines and temperature calibration procedures.  
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CHAPTER 1 
 

INTRODUCTION 

 
The application of polymer matrix composites has been increasing exponentially over the 

past 25 years.  These materials are being used primarily because of their superior specific 

strength and stiffness properties as compared to metals. However, polymer matrix composites do 

not maintain integrity at temperatures as high as metals.  

The service temperature of polymer matrix composites is generally defined by the glass 

transition temperature (Tg) of the material. The service temperature is defined most often by a 

50°F margin applied between the service temperature and the wet Tg, which is determined from 

the onset of the storage modulus transition. The wet Tg is found generally from a specimen that 

has been subjected to 85% relative humidity until effective equilibrium has been achieved.  

The Bureau of Industry and Security (BIS) regulates polymer matrix composites within 

the Export Administration Regulation (EAR). The BIS sets higher restrictions on materials with 

higher service temperatures. Due to the temperature deficiency associated with polymer matrix 

composites, developers have examined ways to increase the service temperature of these 

materials. As a response to potentially higher restrictions applied by BIS, acute emphasis and 

scrutiny will be placed on the methods of determining the service temperature of polymer matrix 

composites. 

Additionally, the Tg is often used as a process control tool. When a material system is 

developed, process controls are established and implemented for quality assurance. The dry Tg is 

often used as a process inspection tool for the cure process. This is accomplished by establishing 

a dry Tg allowable that each cure process can be checked against. 
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Dynamic mechanical analysis (DMA) is the most widely used technique to determine Tg 

measurements. Other techniques, such as differential scanning calorimetry (DSC) and 

thermomechanical analysis (TMA) are also capable of determining Tg; however, DMA is the 

preferred method because it is the most sensitive in defining the Tg. 

There are several companies world-wide that design and manufacture the DMA 

instrument. Some manufacturers offer multiple models. These models vary in technology, 

accuracy, and precision, depending when by whom they were developed. Material suppliers, 

fabricators, and test laboratories are the primary users of DMA instruments. Each user chooses a 

make and model that they prefer. This inherently leads to instrument-to-instrument 

reproducibility issues. 

DMA test standards have been developed to aid in the reproducibility and repeatability of 

Tg measurements. However, the test standards allow the test operators to make some of their 

own decisions and judgments because a “one-size-fits-all” approach is not achievable with the 

use of multiple DMA instrument models. The varying decisions made by test operators result in 

laboratory-to-laboratory reproducibility issues. 

The American Society for Testing and Materials (ASTM) D30 committee conducted an 

interlaboratory study in 2007 to establish the precision statements of the ASTM D7028-07 test 

standard [1, 2]. They found there was very poor laboratory-to-laboratory and instrument-to-

instrument reproducibility. Portions of the findings of this interlaboratory study will be presented 

in this paper. 

Additionally, significant differences in Tg measurements between material suppliers and 

test laboratories have been observed during Federal Aviation Administration (FAA) material 

qualification test programs; these programs require the oversight and acceptance by the FAA. In 
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an extreme case, an aircraft manufacturer was nearly required to change materials mid-way 

through the material qualification process because of considerable differences between Tg values 

determined by the material supplier and test laboratory. 

The purpose of this research is to improve laboratory-to-laboratory and instrument-to-

instrument reproducibility. In order to ascertain variables impacting reproducibility, several 

potential influencers of Tg measurements were evaluated, including the following: thermocouple 

positioning, dimensional variation of specimens, and temperature calibration configurations. 

These evaluations were used as the framework to develop guidelines and procedures for areas in 

which the test and calibration standards are not specific. 

To assess whether reproducibility was improved through the developed guidelines and 

procedures, an interlaboratory study was conducted using many of the same participants from the 

ASTM D7028-07 interlaboratory study [1].  The findings of this interlaboratory study were 

compared with the ASTM D7028-07 interlaboratory study [1] and are presented in this paper. 

Multiple variables were evaluated throughout this research and many questions were 

answered about these variables; however, not all of the variables were able to be fully defined. 

Future research will be required to fully understand the implication of these variables. These 

topics are presented in this paper. 
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CHAPTER 2 
 

LITERATURE REVIEW 

 
2.1 Definition of Dynamic Mechanical Analysis (DMA) 

DMA is the most sensitive thermal analysis technique in measuring viscoelastic 

properties of materials as they are deformed periodically under stress, at a defined frequency [3]. 

The DMA instrument is able to determine the viscoelastic properties of a material by applying a 

variable sinusoidal stress, resulting in a sinusoidal strain. Typically for the determination of Tg, 

the test user will define the desired strain and the DMA instrument will apply force accordingly 

to meet the defined stress. A material that deforms in-phase with the application of stress is 

purely elastic, whereas, a material that deforms 90° out-of-phase with the application of stress is 

purely viscous. However, most materials, including polymer matrix composites, are viscoelastic 

because they display both elastic and viscous behavior. Thus, the phase angle for these materials 

is somewhere between 0° (in-phase) and 90°. The relationship of the phase angle to the stress-

strain response is shown in Figure 2.1. 

 

Figure 2.1. Viscoelastic stress-strain  
response and phase angle [3]. 
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The DMA instrument is able to separate this phenomenon because of its dynamic stress-strain 

application. The determination of the complex modulus is   

 E* = stress/strain  (2.1) 

From complex modulus, the elastic modulus (storage modulus) can be determined by 

 E’ = E*cosδ (2.2) 

the viscous modulus (loss modulus) can be determined by 

 E” = E*sinδ (2.3) 

and the tanδ can be determined by 

 tanδ = E”/E’  (2.4) 

The complex modulus vector is illustrated in Figure 2.2. 

 

Figure 2.2. Complex modulus  
vector [3]. 

 
Data recorded by the DMA instrument can be plotted as a function of temperature for the 

determination of the Tg. The TgE’ is determined from the intersection of two tangent lines from 

the E’ curve, and is related to mechanical failure. The TgE’ occurs at the lowest temperature. The 

TgE” is determined from the peak of the E” curve, and is closely related to the physical property 

changes attributed to plastics. This is observed at the middle temperature. The Tgtanδ is 

determined from the peak of the tanδ curve. Tgtanδ relates to the damping properties and occurs at 

the highest temperature [4]. A typical DMA plot for the determination of Tg is shown in Figure 

2.3. 
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Figure 2.3. Typical DMA plot for the determination of Tg.  
 

2.2 ASTM D7028-07 Interlaboratory Study [1] 

During the development of the ASTM D7028-07 [2] standard for the determination of Tg 

by DMA for polymer matrix composites, the ASTM D30 committee conducted an 

interlaboratory study to determine precision statements for the standard. A total of seven 

laboratories participated in the interlaboratory study. Participants included material suppliers, 

aircraft manufacturers, and test laboratories. Four polymer matrix composite materials were used 

to conduct dry and wet tests, according to ASTM D7028-07 [2]. The chosen materials ranged 

from a high Tg value of 503.6°F (average dry TgE’) to a low Tg value of 174.2°F (average wet 

TgE’) and included tape and fabric reinforcement. Two specimens of each material were run for 

both dry and wet conditions by each laboratory. 
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Each laboratory was required to calibrate their instrument according to ASTM D7028-07 

[2]. However, laboratories used different calibration materials, heating rates, and procedures 

according to appendix C of the report generated for the ASTM D7028-07 interlaboratory study 

[1]. Heating rates of 2°C/min, 3°C/min, 5°C/min, and 10°C/min were used. PVC, polycarbonate, 

indium, tin, and zinc were all used. The method of supporting or encapsulating the indium, tin, 

and zinc was not reported. In some instances, the temperature calibration data was not used to 

modify the temperature readings, but only used as a temperature check. 

Precision statements were produced by the ASTM committee and individual test data was 

reported in appendix C of the report generated for the ASTM D7028-07 interlaboratory study 

[1]. For the purposes of this paper, the TgE’ statistics were calculated from the individual test 

data so that TgE’ statistics could be reported separately from TgE” and Tgtanδ because TgE’ is most 

commonly reported as the Tg.  

From the TgE’, the repeatability and reproducibility standard deviations for the dry 

specimens were 2.36°F and 15.09°F, respectively, and 2.37°F and 14.72°F for the wet 

specimens, respectively. The TgE’ repeatability standard deviation indicates that these tests are 

highly repeatable within a particular laboratory; however, the large reproducibility standard 

deviation indicates that the laboratory-to-laboratory and instrument-to-instrument reproducibility 

is poor.  

2.3 Ambiguity in Test and Calibration Standards 

The most widely used test standards for the determination of Tg by DMA of polymer 

matrix composites are ASTM D7028-07 [2] and SACMA SRM 18R-94 [5]. These standards 

contain many of the same recommendations, such as, a frequency of 1Hz and a heating rate of 

5°C/min. However, many other parameters are left to other standards, the instrument 
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manufacturer, or to the test user to define. Some of the undefined parameters include purge gas 

and flow rate, thermocouple location, specimen fiber orientation, calibration, specimen 

dimensions, type of bending fixture, and strain amplitude. 

From a review of the ASTM D7028-07 interlaboratory study [1], it was evident that there 

were variations in the way the temperature calibration was conducted. This was believed to be 

primarily a result of ambiguity in the test and calibration standards. ASTM D7028-07 [2] 

requires users to follow ASTM E1867-13 [6] to temperature calibrate the DMA instrument and 

SACMA SRM 18R-94 [5] requires input from the instrument manufacturer.  

ASTM E1867-13 [6] requires the use of calibration melting standards and lists these 

suitable materials and their melting points. Many of these melting standards are traceable by the 

National Institute of Standards and Technology (NIST). Among those listed in the standard, 

indium and tin are the only that apply to low-to-medium temperature polymer matrix materials. 

The nominal melting point of indium and tin are 156.60°C (313.88°F) and 231.93°C (449.57°F), 

respectively. Zinc was listed in the standard prior to 2013, but removed in the most recent 

revision. Zinc was used previously when the temperature range of interest was beyond the 

temperature of tin. Zinc has a nominal melting point of 419.47°C (787.045°F). ASTM E1867-13 

[6] recommends the use of PTFE or PEEK tubing to encapsulate the calibration melting 

standards. However, PTFE has a maximum operating temperature around 260°C (500F) which 

doesn’t allow it to be used with high temperature melting standards such as zinc. Tin is 

insufficient in bounding the upper ranges of interest for bismaleimide and polyimide polymer 

matrix composites. Thus, there is a need for zinc as a higher temperature alternative, but as 

alluded to previously, PTFE tubing cannot be used at temperatures as high as zinc’s melting 

point. ASTM E1867-13 [6] does not recommend the use of polycarbonate, PVC, or calibration 
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by an external thermocouple, but these calibration materials and techniques were all used in the 

ASTM D7028-07 interlaboratory study [1]. 

The instrument manufacturers have not produced any viable calibration procedures to 

date or provided specific thermocouple location recommendations beyond recommending that 

the thermocouple be in close proximity to the sample. Before the onset of this research, a quick 

thermocouple location check by the composites test laboratory at the National Institute for 

Aviation Research (NIAR) indicated that temperatures vary by almost 30°F within the test 

furnace of their TA Instruments DMA Q800. 
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CHAPTER 3 
 

METHODOLOGY 

 
A multi-phase approach was taken to address the laboratory-to-laboratory and 

instrument-to-instrument reproducibility issues of Tg measurements determined by DMA 

instruments. The first phase consisted of basic research of isolating specific variables which were 

deemed as potential influencers of Tg measurements.  The targeted variables were the specimen 

thermocouple location, specimen dimensions, and the calibration support beam dimensions, 

configurations, and materials. These variables were chosen from the findings of the literature 

review, which were thought to affect repeatability and reproducibility of Tg measurements. This 

basic research would prove beneficial to the subsequent phases. 

The second phase consisted of the development of thermocouple location guidelines and 

temperature calibration procedures by drawing upon the findings of the first phase. These 

guidelines and procedures were developed to address the reproducibility concerns, but were also 

necessary to provide a means of producing accurate and reliable Tg measurements. 

The third and final phase was developed to assess the significance and validity of the 

thermocouple location guidelines and temperature calibration procedures. The laboratory-to-

laboratory and instrument-to-instrument reproducibility was assessed through an interlaboratory 

study, involving material suppliers, aircraft manufacturers, and test laboratories. Accuracy and 

reliability were evaluated by using other thermal analysis techniques; DSC and TMA. Four 

polymer matrix composite materials were used throughout the research. Each material was given 

a name for ease of referencing. The material identities are provided and described in the 

following text.  
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180F-Tg-EPXY is Hysol EA9394 two-part paste adhesive. The panels from which 

specimens were extracted were cured at room temperature for two days, followed by a post-cure 

at 160°F for 20 minutes. 180°F was considered the nominal Tg. 

350F-Tg-EPXY is Cytec Cycom EP 2202 reinforced with IM7G unitape fiber (Gr 190 

RC 33%). The Specimens were extracted from panels fabricated with a cross-ply layup scheme. 

The 0.04 inch thick panel consisted of a [0/90/0/90/0] ply orientation, the 0.08 inch thick panel 

consisted of a [0/90/0/90/0/90/0/90/0/90/0] ply orientation, and the 0.12 inch thick panel 

consisted of a [0/90]4s ply orientation. All panels were autoclave cured according to the National 

Center for Advanced Materials Performance (NCAMP) process specification NPS 82202 [7]. 

350°F was considered the nominal Tg. 

500F-Tg-BMI is Cytec Cycom 5250-5 reinforced with T650 6K-135 5-harness fabric 

(35% RC). Specimens were extracted from panels fabricated of plies oriented at 0 degrees. All 

panels were autoclave cured according to the NCAMP process specification NPS 81226 [8]. 

500°F was considered the nominal Tg. 

600F-Tg-EPXY is Renegade MVK-14 reinforced with T650 3K-135 8-harness fabric. 

Specimens were extracted from panels fabricated of plies oriented at 0 degrees. All panels were 

autoclave cured according to the NCAMP process specification NPS 81141 [9]. 600°F was 

considered the nominal Tg. 

3.1 Phase 1 – Basic Research 

For purposes of conducting basic research, the TA Instruments DMA Q800 was used at 

the NIAR facility on the campus of Wichita State University. The DMA Q800 is the most 

commonly used DMA instrument in the aviation industry. Supplemental information on the 

DMA Q800 is provided in Appendix A. 
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The mechanics and electronics of the DMA Q800 instrument were calibrated according 

to the recommendations of TA Instruments; however, the temperature was not calibrated because 

the goal was to evaluate the data comparatively during the basic research phase. 

All research was conducted with nitrogen purge gas with a flow rate of 50 mL/min per 

the recommendation of TA Instruments. All DMA tests were heated at 5°C/min, consistent with 

the recommendations of ASTM D7028-07 [2] and SACMA SRM 19R-94 [5]. A 50mm 3-point 

bend and 35mm dual cantilever fixture were studied for each basic research evaluation. 

3.1.1 Specimen Thermocouple Location Evaluation 

The location of the instrument’s specimen thermocouple was evaluated to assist in the 

determination of the recommended thermocouple location for DMA calibration and testing. 

There are numerous variables in a DMA test which affect heat transfer to the sample. The 

primary variables are the fixture (mass, configuration, and material), furnace, and type and flow 

rate of purge gas. Since it would be very difficult to mandate requirements for each of these 

variables across the industry, the specimen thermocouple evaluation was conducted to determine 

the most appropriate location for determining accurate Tg measurements. Since the 

determination of Tg from the onset of the storage modulus (E’) is most often reported, it would 

be reasonable to associate this Tg measurement with the warmest region of the specimen because 

this would be the first region to lose its rigidity.  

The specimen thermocouple evaluation consisted of running DMA tests on numerous 

polymer matrix composite materials to determine the Tg at six different thermocouple locations, 

from approximately 1mm to 2mm away from the test specimen. The thermocouple locations 

were selected at several positions along the length of the specimen to assess the potential effects 

of the fixture and proximity to the furnace wall. These lengthwise locations were repeated, but 
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moved laterally, underneath the specimen, to examine the heat flow characteristics in this region. 

A 50mm 3-point bend and 35mm dual cantilever fixture was studied as part of this evaluation. 

Both fixtures were studied because their differences in mass and geometry were likely to affect 

the outcome of the evaluation. Four materials, with a wide spectrum of Tg values, were tested on 

both fixtures for each of the thermocouple locations.  

The test matrix for the specimen thermocouple evaluation is provided in Table 3.1. The 

thermocouple locations are shown in Figure 3.1. The DMA Q800 has a specimen and 

environment thermocouple to control temperature. For all evaluations, only the specimen 

thermocouple was considered. In this paper, mention of the thermocouple refers to the specimen 

thermocouple, unless it is noted otherwise. 

TABLE 3.1 

TEST MATRIX FOR THE SPECIMEN THERMOCOUPLE EVALUATION 
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Figure 3.1. Evaluation of specimen  
thermocouple locations. 

 
This evaluation was conducted first because this information was utilized to determine the 

specimen thermocouple location for the remaining research. These tests were conducted 

according to ASTM D7028-07 [2] under controlled strain and a frequency of 1Hz. 

The TgE’ measurements acquired from this evaluation are summarized in Figure 3.2 and 

Figure 3.3 for the 50mm 3-point bend and 35mm dual cantilever fixtures, respectively. 
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Figure 3.2. Findings of the specimen thermocouple location evaluation  
for the 50mm 3-point bend fixture.  

 

 

Figure 3.3. Findings of the specimen thermocouple location evaluation  
for the 35mm dual cantilever fixture. 

  
As anticipated, temperatures near the fixture were consistently lower at the mid-span for all four 

materials that were tested. The temperatures near the fixture at the end displayed the same 
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behavior at lower temperatures, but progressively became higher than the other specimen 

thermocouple locations as the temperatures increased. The presumption is that the proximity to 

the furnace wall was the cause for this behavior. The maximum gradient between thermocouple 

locations was about 18°F for the 3-point bend fixture and 27°F for the dual cantilever fixture. 

The specimen thermocouple locations underneath the specimen were ruled out because of 

the concern that a highly deformable material could contact the thermocouple, potentially 

damaging the thermocouple and result in erroneous data. After analyzing the remaining viable 

locations, thermocouple (TC) location 3 was selected because it is least affected by the heat sink 

of the fixture and the proximity to the furnace wall. This consideration was made because these 

effects are likely to vary for each DMA model, which would only negatively affect the 

laboratory-to-laboratory and instrument-to-instrument reproducibility. Additionally, the TgE’ 

values determined at TC location 3 were consistently higher than most of the other locations. TC 

location 3 was used for the remaining evaluations. The proper specimen thermocouple location 

may not be the same for all DMA instruments. It would be beneficial for test users to conduct a 

similar evaluation. 

3.1.2 Specimen Dimensions Evaluation 

Dimensional variation of specimens was considered primarily due to the concern of 

thermal lag within the specimen and varying stiffness of specimens. Since the standards allow 

for a range of specimen dimensions, this was seen as a possible cause for reproducibility issues. 

A test matrix was developed to test specimens within the range of the suggested specimen 

dimensions found in the ASTM [2] and SACMA [5] test standards. Only the 350F-Tg-EPXY 

polymer matrix material was tested. The assumption was made that most polymer matrix 

composite materials would be similarly affected by thermal lag and stiffness variation due to 

16 
 



dimensional variation. Five configurations were evaluated; A was the baseline configuration. 

Only one dimensional variable was changed from the baseline configuration for each of the other 

configurations. These are noted as configurations B through E. 

Table 3.2 defines the test plan for the specimen dimensions evaluation and Figure 3.4 

displays the various test configurations. 

TABLE 3.2 

TEST MATRIX FOR THE SPECIMEN DIMENSIONS EVALUATION 

 

 

 

Figure 3.4. Evaluation of specimen dimensions and configurations. 
 

These tests were conducted according to ASTM D7028-07 [2] under a controlled strain of 

0.005% and 0.015% for the 3-point bend and dual cantilever, respectively, and a frequency of 

1Hz. The TgE’ obtained from the evaluation are provided in Table 3.3. 
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TABLE 3.3 

FINDINGS OF THE SPECIMEN DIMENSIONS EVALUATION 

 

The evaluation illustrated that the Tg is dependent on specimen dimensions. However, the reason 

for this dependency was not revealed during the evaluation, but the evaluation did provide 

insight for phase two, the development of temperature calibration procedures which is found 

later in this paper. 

3.1.3 Calibration Support Beam Dimensions and Configurations Evaluation 

Since ASTM E1867-13 [6] fails to address the proper technique to support high 

temperature calibration melting standards, various dimensions and configurations were evaluated 

with a rigid calibration support beam. Previous research had shown that sandwiching the melting 

standard between rigid beams was successful; therefore, this was the chosen method. The 

concern of heat transfer through the calibration support beam was similar to the concern of heat 

transfer through the specimen. Evaluating the calibration support beam at dimensions that 

represent the actual test sample seemed logical. 

Evaluating the calibration support beam in this manner, would help in understanding the 

thermal lag effect with actual test specimens. Since the calibration melting standard was 

sandwiched between support beams, the support beam thickness was chosen so that the overall 

thickness was comparable with the specimen dimensions from the dimensional evaluation of test 

specimens. 
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Only one support beam material was chosen for this evaluation. Since most polymer 

matrix composites considered in this research transfer heat similarly, the assumption was made 

that most of these materials would similarly transfer heat to the calibration melting standard. The 

500F-Tg-BMI material was chosen because it could be used with indium and tin calibration 

melting standards because its dry Tg is sufficiently higher than the tin melting point. 

The test matrix for the calibration support beam dimensions and configurations 

evaluation is presented in Table 3.4. Figure 3.5 is provided to illustrate the various 

configurations. Since the thermocouple was located midway from the fixture supports (TC 

location 3), two melting standards were required for each test; one to align with the 

thermocouple and the other for symmetry with respect to the loading point. The melting standard 

was prepared to be between 2mg and 5mg and 0.006 inches and 0.01 inches thick to minimize 

the gap between the sandwich support beams. 

TABLE 3.4 

TEST MATRIX FOR THE CALIBRATION SUPPORT BEAM DIMENSIONS AND 
CONFIGURATIONS EVALUATION 

 

 

 

19 
 



 

Figure 3.5. Evaluation of calibration support beam dimensions and configurations. 
 

The melting temperature test was conducted under a constant force of 0.1N over the duration of 

the test. Displacement and temperature were recorded and plotted. The melting point was 

reported at the onset of melting, determined from the instantaneous increase in displacement. 

The melting temperature determined for each configuration is reported in Table 3.5. 

TABLE 3.5 

FINDINGS OF THE CALIBRATION SUPPORT BEAM DIMENSIONS AND 
CONFIGURATIONS EVALUATION 

 

 

Most configurations had very comparable melting temperatures. Configuration D gave the 

highest melting temperatures for the conditions tested. Configuration D was the narrow 
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specimen. Since the thermocouple was not moved during any of the tests once it was positioned 

at TC location 3, the configuration D support beam was further from the thermocouple, likely 

resulting in higher melting temperatures. A similar occurrence was observed during the specimen 

dimensions evaluation. This information was useful during the development of temperature 

calibration procedures. 

3.1.4 Calibration Support Beam Materials Evaluation 

Similar to the calibration support beam configurations, materials were evaluated. For a 

two-point calibration that relies on interpolation rather than extrapolation, the ideal calibration 

support material would transfer heat comparably to the polymer matrix material to be tested, but 

maintain its rigidity above the melting temperatures of the calibration melting standards. For 

high temperature materials, zinc is typically used because it melts at just under 800°F, exceeding 

the temperature range of interest for most tests.  

An initial review process was taken to find several materials that maintain their rigidity 

up to 800°F and transfer heat in a like-manner to the materials to be tested. From this review, 

Macor, lavastone, and soda lime glass were chosen. Type 304 stainless steel was added to the 

candidate test matrix since it is a commonly used material and its properties are widely known. 

A test matrix was developed to compare the polymer matrix composite materials already 

used in other parts of this research along with the candidate materials. In order to effectively 

evaluate and compare these materials for the purpose of the calibration support beam, melting 

temperature tests and thermal diffusivity tests were chosen.  

The melting temperature tests for the polymer matrix composite materials are provided in 

Table 3.6 and in Table 3.7 for the candidate materials. 
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TABLE 3.6 

TEST MATRIX FOR THE MELTING TEMPERATURE TESTS OF THE POLYMER 
MATRIX COMPOSITE MATERIALS 

 

 

 
TABLE 3.7 

TEST MATRIX FOR THE MELTING TEMPERATURE TESTS OF THE CANDIDATE 
MATERIALS 

 

 

The melting temperature was determined in the same manner for the material evaluation as it 

was for the configuration evaluation. The polymer matrix composite materials evaluated were 

chosen for each calibration melting standard only if their dry Tg exceeded the melting 

temperature of the calibration standard.  

The test matrix for the thermal diffusivity tests is presented in Table 3.8 and Table 3.9 for 

the polymer matrix composite materials and candidate materials, respectively.  
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TABLE 3.8 

TEST MATRIX FOR THE THERMAL DIFFUSIVITY TESTS OF THE POLYMER MATRIX 
COMPOSITE MATERIALS 

 

 

 
TABLE 3.9 

TEST MATRIX FOR THE THERMAL DIFFUSIVITY TESTS OF THE CANDIDATE 
MATERIALS 
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The thermal diffusivity tests were conducted at temperatures close to the melting temperatures of 

indium and tin so that the melting temperature tests and diffusivity tests could be directly 

compared. However, in the case of the polymer matrix composite materials, the materials were 

only tested if the dry Tg was above the desired test temperature. At least two temperatures were 

evaluated for thermal diffusivity so that a curve could be plotted over a temperature range. The 

curve was used to estimate the trend with respect to temperature so that behavior of the material 

could be predicted at temperatures as high as the melting point of zinc. 

The specimens were machined at the NIAR facility, but were sent to the Netzsch 

Instruments applications laboratory for thermal diffusivity testing. The specimens were tested 

following ASTM E1461-01 [10], using a NETZSCH LFA 447 NanoflashTM instrument. The 

instrument follows the thermal diffusivity model of 

  (3.1) 
λ

cp ρD =

where D is the thermal diffusivity, λ is the thermal conductivity, cp is the specific heat capacity, 

and ρ is the density. 

The melting temperatures obtained from the tests of indium and zinc for both the polymer 

matrix composite materials and candidate materials are presented in Table 3.10. 
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TABLE 3.10 

FINDINGS OF THE MELTING TEMPERATURE TESTS 
 

 

The melting temperatures obtained with the Macor, lavastone, and soda lime glass support beams 

were very similar to the polymer matrix composite materials. In order to compare the data, an 

average of differences was calculated between the candidate materials and the average of the 

polymer matrix composite materials for all combinations of melting standards and fixtures. The 

average of differences was calculated by 

  (3.2) 

  n

∑ TmΔi
i = 1

nTmΔ* = 

where TmΔi is defined by 

  (3.3) 
TmΔi  = TmPM*i  - TmCMi

and TmΔ* is the average of differences of melting temperatures, TmPM*i is the melting 

temperature determined when using the polymer matrix composite calibration support beam; 
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averaged for all polymer matrix materials, TmCMi is the melting temperature of the candidate 

material calibration support beam, i is the ith combination of melting standards and fixtures, and 

n is the number of combinations. 

Using equation (3.2), the calculated TmΔ* values are -1.73°F, 1.77°F, -1.34°F, and 

7.34°F for Macor, lavastone, soda lime glass, and stainless steel, respectively. These values 

indicate that the Macor, lavastone, and soda lime glass support beams resulted in melting 

temperatures that were less than 2°F different than the average melting temperature of the 

polymer matrix composite materials for all combinations. Melting temperatures obtained when 

using the stainless steel support beam were significantly higher. 

A summary of the thermal diffusivities determined for the polymer matrix and candidate 

materials is given in Table 3.11. The diffusivities are plotted as a function of temperature for 

each material in Figure 3.6. 
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TABLE 3.11 

FINDINGS OF THE THERMAL DIFFUSIVITY TESTS 
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Figure 3.6. Findings of the thermal diffusivity tests. 
 

Macor and soda lime glass were thermally similar to the polymer matrix composite materials 

when using thermal diffusivity as a gauge. Stainless steel did not transfer heat similarly to 

polymer matrix composite materials. The thermal diffusivity data correlates well with the 

melting temperature tests. This was expected because the ability of heat to transfer through the 

calibration support beam directly affects the occurrence of the melting temperature. Macor is 

recommended because it meets the criteria of the calibration support beam, it is easily 

machinable, and it is readily available. The findings of this evaluation were very important in the 

process of developing temperature calibration procedures. 
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3.2 Phase 2 – Development of Thermocouple Location Guidelines and Temperature 
Calibration Procedures 

 
The basic research conducted at the onset was crucial to the development of the 

thermocouple location guidelines and temperature calibration procedures. The evaluations were 

reviewed and important decisions were made from those findings. 

TC location 3 was recommended because it was least affected by the fixture heat sink and 

furnace proximity. As mentioned before, this consideration was made because these effects are 

likely to be different for each DMA model, which would negatively affect the laboratory-to-

laboratory and instrument-to-instrument reproducibility. Additionally, Tg values from TC 

location 3 were consistently at or near the highest of the other locations.  

Since there were not any significant differences seen with variable dimensions of the 

calibration support beam, when the thermocouple was within 1mm to 2mm of the sample, a 

specific dimensional requirement was not given in the developed temperature calibration 

procedures. However, a recommendation was made to keep the calibration support beam size 

consistent with the dimensions of the intended test specimen. 

The thermal evaluation of candidate calibration support beam materials suggests that 

materials with similar heat transfer abilities as those of the intended test materials should serve as 

a valid material for the purpose of supporting the calibration melting standard.  The 

recommendation included in the developed temperature calibration procedures was for the 

calibration support beam to have a similar thermal diffusivity as the intended test specimen. 

The developed specimen thermocouple location guidelines and temperature calibration 

procedures are provided in Appendix E. 
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3.3 Phase 3 – Assessing the Significance and Validity of the Developed Thermocouple 
Guidelines and Calibration Procedures 

 
Assessing the significance and validity of the developed thermocouple guidelines and 

calibration procedures was examined in two ways. First, an interlaboratory study was designed. 

The ASTM D7028-07 interlaboratory study from 2007 [1] was used as a baseline for a 

comparative analysis. The second evaluation was conducted by comparing the Tg values 

achieved from the interlaboratory study with other thermal analysis techniques. The 

methodology of determining significance and validity is described in the following sections. 

3.3.1 Interlaboratory Study 

The interlaboratory study was designed to test the developed thermocouple guidelines 

and calibration procedures over a large range of temperatures. Materials with TgE’ values ranging 

from 180°F to 600°F (nominally) were tested. Polycarbonate was added to the test matrix 

becasue it is known to be used as a calibration standard. The Tg values from the polycarbonate, 

determined through the interlaboratory study, can be compared to the defined Tg of 

polycarbonate. The difference between Tg values from the interlaboratory study and defined 

values would serve as a comparison for the two calibration methods. 

Each laboratory from the ASTM D7028-07 interlaboratory study [1] was asked to 

participate in this study. One laboratory declined because their DMA instrument was in the 

process of relocation and another laboratory was engrossed with other projects. A total of five 

laboratories participated, including Boeing, Cytec, Hexcel, Intec, and NIAR.  

Each laboratory was required to perform the developed calibration procedures using 

indium and zinc prior to testing. Testing was conducted according to ASTM D7028-07 [2] on 

five materials in the dry condition and four materials in the wet condition. Three replicates of 
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each material were tested for each test condition. Each laboratory followed the test requirements 

in Table 3.12.   

TABLE 3.12 

TEST MATRIX FOR THE INTERLABORATORY STUDY 
 

 

Calibration and test materials were provided for each test laboratory. Each laboratory was 

provided with Macor calibration support beams and NIST traceable indium and zinc calibration 

melting standards. The dry Tg specimens were dried at 160°F until equilibrium (except the 180F-

Tg-EPXY specimens) and stored in a sealed polyethylene bag with dessicant. The wet Tg 

specimens were conditioned at 160°F and 85% relative humidity (except the 180F-Tg-EPXY 

specimens) until effective equilibrium was reached. The 180F-Tg-EPXY specimens were 

conditioned in a 100°F water bath until effective equilibrium was reached. The 180F-Tg-EPXY 

specimens required a lower conditioning temperature so that the specimens were not post-cured 

during the conditioning process. Effective equilibrium was defined as less than 0.02% weight 
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change over two periods of seven days. After conditioning, the wet specimens were stored in a 

sealed polyethylene bag with a damp cloth. All dry and wet specimens were sent to the 

respective laboratories within two weeks of conditioning. However, specimens were not tested 

during the same time period due to instrument availability.  

DMA instruments from three different manufacturers, including four different models 

were used. Thicker specimens were preferred due to moisture retention considerations of the wet 

specimens during the DMA test. However, force limitations of the respective instruments 

required thinner specimens for two models. The length of the specimens was determined by the 

span length of the fixture and the width was adjusted with the length-to-width and thickness-to-

width ratios in mind. 

Both nitrogen and air were used as purge gases. A total of 11 configurations were tested. 

The test configurations of each test laboratory are presented in Table 3.13.  

TABLE 3.13 

TEST CONFIGURATIONS OF EACH TEST LABORATORY 
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Pictures of each DMA instrument model are presented in Appendices A, B, C, and D. These 

pictures should be viewed for reference only since not all pictures provided are from the 

interlaboratory study. 

3.3.2 Accuracy and Reliability of Developed Thermocouple Guidelines and Temperature 
Calibration Procedures 

  
As a means to validate the accuracy and reliability of the Tg values obtained through the 

use of the developed thermocouple guidelines and temperature calibration procedures, several 

other thermal analysis techniques were utilized. Differential scanning calorimetry (DSC) and 

thermomechanical techniques were used to determine the dry Tg of the same materials tested in 

the interlaboratory study. 

The DSC instrument operates by measuring heat flow through a sample as a function of 

temperature. The Tg is identified by a shift in the heat flow curve, which occurs due to a change 

in the heat capacity of the material. The heat capacity change is a phenomenon which occurs at 

the Tg. A TA Instruments DSC Q1000 was used to perform these tests. The instrument was 

calibrated and tested according to ASTM D3418-08 [11] and recommendations from TA 

Instruments. Three replicates of each material were tested in the dry condition. 

The TMA instrument operates by measuring the displacement of a sample through 

contact with a probe, over a temperature range of interest. The Tg can be identified by two 

methods. The first method is through thermal expansion. The Tg is known to cause a change in a 

material’s thermal expansion rate. This rate change is observable from a graph of the 

displacement plotted as a function of temperature. The second method involves using a knife 

edge probe and support platform to conduct a 3-point flexure test. The deflection of the sample is 

plotted against temperature and the Tg is determined at the onset of deflection. The onset of 
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deflection is determined from the intersection of lines drawn tangent to the slope of the curve 

prior to the transition and slope of the curve during the transition. 

A TA Instruments TMA Q400 was used to perform these tests. The instrument was 

calibrated and tested according to ASTM E1545-11 [12] and recommendations from TA 

Instruments. Three replicates of each material were tested in the dry condition. 

The test matrix for the accuracy and reliability evaluation can be found in Table 3.14. 

TABLE 3.14 

TEST MATRIX FOR THE ACCURACY AND RELIABILITY EVALUATION 
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CHAPTER 4 
 

RESULTS 

 
4.1 Interlaboratory Test Results 

In this section, the results of the interlaboratory study and the accuracy and reliability 

evaluation of the developed thermocouple guidelines and calibration procedures are provided.  

The averaged Tg values obtained from each laboratory are presented for each material in Table 

4.1, Table 4.2, Table 4.3, Table 4.4, and Table 4.5. The statistical data for the TgE’ was 

determined according to ASTM E691-05 [13] and is also provided in the tables. TgE’ was chosen 

because it is very commonly reported as the Tg. Cells contain the letters NDR if no data was 

reported.  A hyphen (-) was input in a cell if the test was conducted and a plot was generated, but 

the Tg was not determinable. Cells containing an asterisk (*) after the Tg value are not averaged 

because there were less than two determinable Tg values.  

TABLE 4.1 

INTERLABORATORY TEST RESULTS FOR 180F-Tg-EPXY 
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Data from a total of 27 dry and 26 wet 180F-Tg-EPXY specimens was analyzed for the 

determination of the repeatability and reproducibility standard deviations. A reproducibility 

standard deviation of 7.084°F and 5.341°F was determined for the dry and wet test specimens, 

respectively. 

TABLE 4.2 

INTERLABORATORY TEST RESULTS FOR 350F-Tg-EPXY 
 

 

Data from a total of 30 dry and 31 wet 350F-Tg-EPXY specimens was analyzed for the 

determination of the repeatability and reproducibility standard deviations. A reproducibility 

standard deviation of 6.422°F and 5.657°F was determined for the dry and wet test specimens, 

respectively. 
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TABLE 4.3 

INTERLABORATORY TEST RESULTS FOR 500F-Tg-BMI 
 

 

Data from a total of 30 dry and 26 wet 500F-Tg-BMI specimens was analyzed for the 

determination of the repeatability and reproducibility standard deviations. A reproducibility 

standard deviation of 9.490°F and 8.194°F was determined for the dry and wet test specimens, 

respectively. 
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TABLE 4.4 

INTERLABORATORY TEST RESULTS FOR 600F-Tg-PI 
 

 

Data from a total of 30 dry and 21 wet 600F-Tg-PI specimens was analyzed for the 

determination of the repeatability and reproducibility standard deviations. The wet Tg data with 

grey shaded cells was omitted from the statistical analysis because the data was significantly 

higher than the average of the other data likely due to dry-out of the specimens during the DMA 

test. Because these specimens were significantly thinner, less moisture was likely in the 

specimens at the Tg. The small difference between the dry and wet Tg values further illustrates 

the likeliness of dry-out. Further explanation of the phenomenon is provided in the discussion 

section. The statistical values are listed in the table with a carrot (^) after their value to indicate 

that data in the grey shaded cells was omitted. A resulting reproducibility standard deviation of 

12.947°F and 9.992°F was determined for the dry and wet test specimens, respectively. 
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TABLE 4.5 

INTERLABORATORY TEST RESULTS FOR POLYCARBONATE 
 

 

Data from a total of 22 dry polycarbonate specimens was analyzed for the determination of the 

repeatability and reproducibility standard deviations. A reproducibility standard deviation of 

3.341°F was determined for the dry test specimens. Almost all of the data generated from the 3-

point bend test fixture resulted in undeterminable Tg values. This is because polycarbonate 

becomes very deformable at the Tg; plastically deforming. Since the 3-point bend fixture does 

not mechanically clamp the specimen, the load/displacement bar was thought to have lost contact 

with the specimen, resulting in erroneous data. Since the dual cantilever fixture mechanically 

clamps the specimen, the load bearing member maintains contact with the specimen through the 

test. Materials that behave in this manner are better suited for the dual cantilever fixture. 

In order to determine the significance and validity of the developed thermocouple 

guidelines and temperature calibration procedures, the ASTM D7028 interlaboratory [1] results 

were subjected to the same statistical analysis for TgE’. The repeatability and reproducibility 
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standard deviations for each material were combined into an average for both interlaboratory 

studies and are reported in Table 4.6. 

TABLE 4.6 

COMPARISON OF REPEATABILITY AND REPRODUCIBILITY STANDARD 
DEVATIONS WITH THE ASTM D7028-07 INTERLABORATORY STUDY [1] 

 

 

The reproducibility standard deviation was essentially halved with the implementation of the 

developed thermocouple guidelines and temperature calibration procedures. A reduction of 

47.93% and 50.43% were observed for the dry and wet specimens, respectively. 

4.2 Comparison of Interlaboratory Test Results with Other Thermal Analysis 
Techniques 

 
The dry Tg values determined from this DMA interlaboratory study and the DSC and 

TMA thermal analysis techniques were averaged for each material and are presented in Table 

4.7. 
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TABLE 4.7 

COMPARISON OF THE INTERLABORATORY STUDY WITH OTHER THERMAL  
ANALYSIS TECHNIQUES 

 

 

The average Tg values were plotted on a temperature graph for each material in Figure 4.1, 

Figure 4.2, Figure 4.3, Figure 4.4, and Figure 4.5. 

 

Figure 4.1. Comparison of interlaboratory study with other thermal analysis  
techniques for 180F-Tg-EPXY. 

 
For the 180F-Tg-EPXY material, the TgE’ was lowest Tg value, but only by a few degrees. The 

TgE” and Tgtanδ are much higher than the other Tg values. 
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Figure 4.2. Comparison of interlaboratory study with other thermal analysis  
techniques for 350F-Tg-EPXY. 

 
For the 350F-Tg-EPXY material, the TgE’ was one of the lower Tg values and the TgE” and Tgtanδ 

were two of the higher Tg values. 

 

 

Figure 4.3. Comparison of interlaboratory study with other thermal analysis  
techniques for 500F-Tg-BMI. 
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For the 500F-Tg-BMI material, the TgE’ was near the lower end of the Tg spectrum; however, 

the Tgflex and Tgeig were even lower. The TgE” and Tgtanδ are much higher than the other Tg 

values. 

 

Figure 4.4. Comparison of interlaboratory study with other thermal analysis  
techniques for 600F-Tg-PI. 

 
For the 600F-Tg-PI material, the TgE’ was one of the lower Tg values and the TgE” and Tgtanδ 

were two of the higher Tg values. 

 

Figure 4.5. Comparison of interlaboratory study with other thermal analysis  
techniques for polycarbonate. 

 

43 
 



For the polycarbonate material, the TgE’ was one of the lower Tg values; Tgtanδ was the highest 

Tg value and TgE” was in the middle. 

The TgE' was consistently one of the lower Tg values, and the TgE” and Tgtanδ were 

consistently two of the higher Tg values. This indicated that the Tg values determined when 

implementing the developed thermocouple guidelines and temperature calibration procedures 

tend to bound the other Tg values. The TgE' can be described as a conservative measurement, 

whereas, the TgE” and Tgtanδ are shown to be aggressive measurements of the Tg. 

Table 4.8 provides the low, mean, and high values for all of the thermal analysis 

techniques and how they relate to the dry TgE’ in order of increasing value. 

TABLE 4.8 

COMPARISON OF THE TgE’ WITH OTHER  
THERMAL ANALYSIS TECHNIQUES 
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CHAPTER 5 
 

DISCUSSION 

 
The primary goal of this research was to improve the laboratory-to-laboratory and 

instrument-to-instrument reproducibility of the current methods. A research plan was designed to 

address the ambiguity of the current thermocouple location and temperature calibration 

recommendations. From comparing the reproducibility standard deviation of the ASTM D7028-

07 interlaboratory study [1] with the interlaboratory study conducted as part of this effort, it is 

evident that this was accomplished. 

However, it is also evident that there were variables within the interlaboratory study that 

prevented greater improvement. These variables and their potential effects are discussed in the 

following text.  

5.1 Effect of Variables on Interlaboratory Study 

5.1.1 Purge Gas 

ASTM D7028-07 [2] does not require a specific gas to be purged during the DMA test. 

Nitrogen, helium, and air are all commonly used purge gases; each was used in at least one 

instrument from the interlaboratory study. The purge gas affects the heat flow from the furnace 

to the specimen and the thermal stability of the specimen. Inert gases are more efficient in 

transferring heat and minimizing potential oxidation of the specimen, while air is a more 

practical environment for the material to be utilized. Air is prone to carry more water causing the 

environment to not be as dry as an environment purged with an inert gas would be. 

The dry Tg results from the instruments purged with air, when averaged, are about 7°F 

lower than the mean for the 500F-Tg-BMI material when TgE', TgE”, and Tgtanδ are considered. 

However, the wet Tg results are equivalent. 
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An even greater difference was noticed for the 600F-Tg-PI material. The dry Tg results 

from the instruments purged with air, when averaged, are about 11°F lower than the mean for the 

600F-Tg-PI material when TgE', TgE”, and Tgtanδ are considered. However, the wet Tg results are 

equivalent. 

These differences between the air and inert gas environments were negligible for the 

other materials tested in the interlaboratory study.  

It seems probable that the material was experiencing some degree of oxidation in the 

environment purged with air. As the Tg values became higher in temperature, the difference 

between the Tg values of the inert environment and air environment increase. This is 

hypothesized because oxidation becomes increasingly likely as the temperature of the 

environment is increased. The wet Tg was likely unaffected because air is a more moist 

environment. 

5.1.2 DMA Instrument Technology 

There is an assortment of DMA instruments available, each with their own capabilities. 

As technology advances, the older instruments are becoming insufficient. Each instrument 

manufacturer has its own design.  Thermocouples are made of different materials and some are 

not adjustable. Test fixtures are made of different materials and are different sizes and masses. 

Reproducibility issues are inherent; however, properly temperature calibrating the instrument can 

minimize these issues.  
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5.1.3 Viscoelastic Behavior 

In the methodology section, data was presented from the specimen dimensions 

evaluation. This data indicated that the specimen thickness was influential on the Tg 

measurements. The DMA plots of the 0.04 inch and 0.12 inch thick specimens from the 3-point 

bend test is plotted for the TgE', TgE”, and Tgtanδ in Figure 5.1, Figure 5.2, and Figure 5.3, 

respectively. The 0.04 inch thick specimen is represented by a dashed line and the 0.12 inch 

thick specimen is represented by a solid line. 

 

Figure 5.1. Plot of TgE’ for 0.04 inch and 0.12 inch thick specimens  
for tests conducted on the 50mm 3-point bend fixture. 
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Figure 5.2. Plot of TgE” for 0.04 inch and 0.12 inch thick specimens  
for tests conducted on the 50mm 3-point bend fixture. 

 

 

Figure 5.3. Plot of Tgtanδ for 0.04 inch and 0.12 inch thick specimens  
for tests conducted on the 50mm 3-point bend fixture. 
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The DMA plots of the 0.04 inch and 0.12 inch thick specimens from the dual cantilever test is 

plotted for the TgE' , TgE”, and Tgtanδ in Figure 5.4, Figure 5.5, and Figure 5.6, respectively. The 

0.04 inch thick specimen is represented by a dashed line and the 0.12 inch thick specimen is 

represented by a solid line. 

 

Figure 5.4. Plot of TgE’ for 0.04 inch and 0.12 inch thick specimens  
for tests conducted on the 35mm dual cantilever fixture. 
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Figure 5.5. Plot of TgE” for 0.04 inch and 0.12 inch thick specimens  
for tests conducted on the 35mm dual cantilever fixture. 

 

 

Figure 5.6. Plot of Tgtanδ for 0.04 inch and 0.12 inch thick specimens  
for tests conducted on the 35mm dual cantilever fixture. 
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The viscoelastic behavior of the thin and thick samples is noticeably different. The change in the 

E’ curve over the glass transition is much shallower for the thin samples for both fixtures. Since 

the E’ is the elastic modulus it should behave according to elastic beam theory. 

The Q800 instrument relies on the Timoshenko beam theory and force/displacement 

information to calculate elastic properties. Shear deformation is accounted for with Poisson’s 

ratio. The operator is required to input the Poisson’s ratio. The Q800 instrument defaults to a 

Poisson’s ratio of 0.44 if the operator does not define one. This is much higher than most fiber 

reinforced polymer matrix composites. This viscoelastic model is not suited for homogeneous 

isotropic materials. A viscoelastic model for orthotropic materials would improve the ability of 

the DMA instrument to accurately measure the viscoelastic properties of fiber reinforced 

polymer matrix materials. The current viscoelastic model may be responsible for the behavioral 

differences between thin and thick samples. 

5.1.4 Dry-Out Effect on Wet Tg 

The specimen dimensions also affect the moisture content of wet specimens. The ASTM 

D30 committee considered the dry-out effect of wet specimens when establishing ASTM D7028-

07 by increasing the recommended heating rate from 1°C/min in ASTM E1640-04 [14] to 

5°C/min in ASTM D7028-07 [2]. A 5°C/min heating was considered a compromise between the 

thermal lag and dry-out effect. Additionally, specimen thickness played a similar role in the dry-

out of wet specimens.  

The dry-out effect was very apparent in the interlaboratory study. A side study was 

conducted on additional wet specimens in order to better understand this effect and its 

temperature relationship. In this side study, additional wet specimens were tested identically to 

the interlaboratory tests, but, instead, these tests were stopped at the average wet TgE’. The 
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specimens were immediately removed from the furnace and weighed. The change between the 

pre-test weight and the weight taken after the test was stopped (at the average wet TgE’) was 

considered to be the amount of moisture lost before the TgE’ was reached. The amount of 

moisture loss was then compared to the amount of moisture absorbed during the conditioning 

process (pre-test moisture content). This was done for each material for the 3-point bend and 

dual cantilever fixtures for the 0.12 inch thick specimens and graphed as a function of the 

average wet TgE’ in Figure 5.7. 

 

Figure 5.7. Plot of moisture loss due to the pre-Tg temperature exposure 
during the DMA test. 

 
The dry-out effect is more prevalent for the wet specimens of high Tg materials. This is 

explained by Fick’s law of diffusion. The diffusion coefficient is a function of temperature; 

increasing with increased temperature. This means that the rate of moisture diffusion increases 
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with increasing temperature. Since wet specimens of high Tg materials are exposed to higher 

temperatures during the DMA test, a larger amount of moisture is lost before the Tg is reached.  

Additionally, the dry-out affect is more severe for thin samples. Fick’s law of diffusion 

explains this from the theoretical side and the interlaboratory study indicates this as well. There 

were not any remaining thin wet specimens after the interlaboratory study the dry-out affect was 

not evaluated as the thick specimens were. 

5.2 Effectiveness of Temperature Calibration Limited by Single Specimen Thermocouple 
Configuration 

 
Several variables which affect heat flow in the furnace and heat transfer to the sample are 

mentioned in the methodology discussion of the thermocouple location evaluation. These 

variables are numerous and complex, but implementing temperature calibration procedures 

allows the instrument to adjust to these variables. However, the effectiveness of a temperature 

calibration is limited by a single sample thermocouple configuration. A single specimen 

thermocouple cannot effectively account for large temperature gradients seen near the test 

specimen as was determined in the thermocouple location evaluation. Rather, a multi-

thermocouple approach should be taken and a more sophisticated heat flow model should be 

developed. 
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CHAPTER 6 
 

CONCLUSIONS 

 
This research evaluated multiple variables that influence the Tg measurement determined 

by DMA.  The variables evaluated include: thermocouple location, specimen dimensions, and 

calibration support beam dimensions and materials. These evaluations were made using a TA 

Instruments Q800 and may not be equivalent for all DMA instrument models. Additionally, the 

effectiveness and accuracy of the developed thermocouple guidelines and temperature calibration 

procedures were evaluated through an interlaboratory study. The conclusions drawn from these 

evaluations are summarized in this section. 

The specimen thermocouple location drastically affects temperature measurements. It is 

inadequate to suggest that the thermocouple be located within 1mm to 2mm of the test specimen. 

The results revealed that specimen temperatures varied as much as 18°F and 27°F for the 3-point 

bend and dual cantilever fixtures, respectively. Positioning the specimen thermocouple to the 

side of the specimen and mid-way between fixture points is highly recommended. This position 

is furthest from the fixture, which minimizes temperature influence from the fixture heat sink, 

and results in temperatures toward the higher end of the temperature spectrum within the 

furnace. Warmer areas correspond better with the onset of the Tg. Test users may benefit from a 

similar evaluation on their particular DMA instrument. 

Specimen dimensions were not thoroughly evaluated in this research; however some 

insight was obtained despite the limited scope of the evaluation. Specimen thickness was shown 

to have a noticeable effect on the Tg measurement. There was a 14°F difference between a thin 

(0.04 inch) and thick (0.12 inch) specimen tested on the 3-point bend fixture. A similar finding 

was observed when specimens with the same dimensions were tested on the dual cantilever 
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fixture. This result was a 10°F difference. Specimen thickness appeared to be the source of 

problems in the interlaboratory study as well. Two instruments required thinner specimens 

because of instrument limitations. The effect on the dry Tg was established in the specimen 

dimensions evaluation; however, the dry-out effect on the wet specimens was not thoroughly 

evaluated. The wet Tg values reported from the instruments requiring thinner specimens were 

slightly over 100°F higher in the most extreme case (600F-Tg-PI). There was not a significant 

difference for the other materials, but the 500F-Tg-BMI case was inconclusive because most of 

the data from the thin specimens did not allow for Tg values to be determined. 

Dimensional variation of the calibration support beam had little effect on the melting 

temperature of the calibration melting standards. This indicated that the thermal lag effect was 

negligible at tests run at 5°C/min. Best practice would be to use a calibration support beam that 

is similar in size to the intended test specimen. 

Materials with similar diffusivities to the intended test material can be used as a 

calibration support beam if they can maintain their rigidity beyond the melting temperature of the 

calibration melting standards. Machinability and availability are other aspects to consider when 

considering the material to be used as the calibration support beam. 

The developed thermocouple guidelines and temperature calibration procedures improved 

laboratory-to-laboratory and instrument-to-instrument reproducibility, maintained repeatability, 

and showed consistency with other thermal analysis techniques. With implementation of the 

developed thermocouple guidelines and temperature calibration procedures, the reproducibility 

standard deviation of the TgE’ was reduced from approximately 15°F to just below 8°F.  The 

repeatability standard deviation was nearly unchanged (about 3°F compared to just over 2°F). 

Compared to other thermal analysis techniques, the TgE’ determined from the interlaboratory 
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study resulted in conservative values. TgE’ values were less than the average of all Tg 

measurements taken for each material, but were only the lowest Tg measurement for the 180F-

Tg-EPXY material.  
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CHAPTER 7 
 

FUTURE RESEARCH 

 
The research described in this paper gives insight to many variables affecting Tg 

measurements and provides a means for significant improvement in laboratory-to-laboratory and 

instrument-to-instrument reproducibility. However, there are still some unanswered questions 

and areas where further research is necessary. This section will provide insight into these areas 

which would benefit from further research. 

The phenomenon causing differences in Tg measurements between thin and thick test 

specimens needs to be further addressed. One topic that should be considered is the development 

and implementation of stress, strain, and modulus calculations for orthotropic materials. This 

may require assistance from the DMA instrument manufacturer because limited information on 

the instrument mechanics is readily available.  

Another topic to be considered is the ratio of membrane-to-shear stress for the test 

specimen geometry. The test standards recommend a length (span) to thickness ratio greater than 

10. For example, a length to thickness ratio of 10 would result in a membrane to shear stress ratio 

of 40 for the 3-point bend fixture at the mid-span. For fiber reinforced polymer matrix 

composites, it is generally accepted that the fiber is more dominant in tensile loading 

applications and the matrix is more dominant in shear loading applications. Since the fiber is 

unaffected at the Tg, the Tg is considered a matrix property even though the fiber material and 

orientation has some influence on the Tg. For the aforementioned case, there is 40 times more 

stress applied to the fiber dominated property than there is to the matrix dominated property. 

Essentially, the fiber is the primary contributor to the measurements recorded by the DMA 

instrument for a test that is used to determine a matrix property. It would seem reasonable to 
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further examine the effects of the membrane-to-shear stress ratio determined by the specimen 

geometry. 

The effects of dry-out of a wet test specimen during a DMA test should be further 

investigated. The effects of specimen thickness, heating rate, and exposure temperatures before 

Tg is reached should be specifically considered. In addition, research should be conducted to 

consider the practical application of the wet Tg and how the moisture content relates to real-

world scenarios. This would help define the acceptable amount of moisture loss of a wet 

specimen during the DMA test. 

From the specimen thermocouple evaluation during the basic research phase, it is evident 

that thermal gradients within the DMA instrument furnace are extreme. More work should be 

done to provide accurate measurements of the test specimen temperature during the DMA test. 

The majority of DMA instruments only have a single specimen thermocouple. Research should 

be conducted using a multi-thermocouple approach which would allow for a more sophisticated 

heat flow model for the DMA instrument to utilize. 
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APPENDIX A 
 

TA INSTRUMENTS DMA Q800 
 
 

According to TA Instruments, the Q800 Dynamic Mechanical Analyzer (DMA) is a 

thermal analytical instrument used to test the mechanical properties of many different materials 

[A-1]. Furthermore, the Q800 is the 3rd generation of DMA instruments from TA Instruments, 

and integrates state-of-the-art technologies in hardware and software. The instrument allows the 

test operator to make measurements of the test specimen by mounting the specimen to one of 

several fixtures. The fixtures for the Q800 were developed using Finite Element Analysis (FEA) 

to minimize mass and compliance. The Q800 combines a controller and associated software to 

establish the thermal analysis system.  

The Q800 DMA instrument utilizes the CHROMEL®*/ALUMEL®* specimen and 

reference thermocouples. The position of these thermocouples can be positioned to accommodate 

the various fixture configurations. 

TA Instruments developed the Q800 to operate over a temperature range of -145°C to 

600°C with the ability to heat the furnace up to 20°C/min. The instrument allows the operator to 

determine changes in specimen properties from a choice of seven different experimental 

variables. These variables include temperature, time, frequency stress, force, displacement, and 

strain. The Q800 has the ability to test samples in various forms. The instrument utilizes 

interchangeable fixtures, allowing the operator to determine properties such as modulus, 

damping, creep, stress relaxation, glass transitions, and softening points. 

Figures A.1 through A.7 are provided to give the reader additional knowledge of the 

Q800. 
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APPENDIX A (continued) 
 

Furnace / Test Section 

 

Figure A.1. TA Instruments DMA Q800 [A-2]. 
 
 

Test Section 

 

Figure A.2. TA Instruments DMA Q800 [A-3]. 
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APPENDIX A (continued) 
 

 

Figure A.3. TA Instruments DMA Q800 schematic [A-3]. 
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APPENDIX A (continued) 
 

 

Specimen Thermocouple 
Moveable Clamp 

Support Rollers 

Figure A.4. TA Instruments DMA Q800 test setup  
(3-point bend fixture, TC location 3) [A.2]. 

 
 

Moveable Clamp 

Support Roller 

Specimen Thermocouple 

 

Figure A.5. TA Instruments DMA Q800 test setup  
(3-point bend fixture, TC location 3) [A.2]. 
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APPENDIX A (continued) 
 

Specimen Thermocouple 

Support Clamps 

Moveable Clamp  

Figure A.6. TA Instruments DMA Q800 test setup  
(dual cantilever fixture, TC location 3) [A-2]. 

 

Moveable Clamp 

Support Clamp 

Specimen Thermocouple 

 

Figure A.6. TA Instruments DMA Q800 test setup  
a(dual cantilever fixture, TC location 3) [A-2]. 
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APPENDIX B 
 

TA INSTRUMENTS DMA 2980 – INSTRUMENT PICTURES 
 
 

 
 

Furnace / Test Section 

Figure B.1. TA Instruments DMA 2980 [B-1]. 
 

 

 
 

Furnace 

Test Section 

Figure B.2. TA Instruments DMA 2980 [B-1]. 
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APPENDIX B (continued) 
 
 

 
 

Thermocouple 

Figure B.3. TA Instruments DMA 2980 (tension clamp) [B-1]. 
 
 

 
 

Thermocouple 

Figure B.4. TA Instruments DMA 2980 (3-point bend clamp) [B-2]. 
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APPENDIX C 
 

RHEOMETRIC SCIENTIFIC DMTA Mk V – INSTRUMENT PICTURES 
 
 

 
 

Furnace / Test Section 

Figure C.1. Rheometric Scientific DMTA [C-1]. 
 
 

 
 

Thermocouple 

Figure C.2. Rheometric Scientific DMTA Mk V  
(3-point bend clamp) [C-2]. 
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APPENDIX C (continued) 
 
 

 
 

Thermocouple 

Figure C.3. Rheometric Scientific DMTA Mk V  
(dual cantilever clamp) [C-2]. 
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APPENDIX D 
 

PERKIN ELMER DMA 7e – INSTRUMENT PICTURES 
 
 

 
 

Furnace / Test Section 

Figure D.1. Perkin Elmer DMA 7e  [D-1]. 
 
 

 
 

Thermocouple 

Figure D.2. Perkin Elmer DMA 7e  
(3-point bend clamp) [D-2]. 
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APPENDIX D (continued) 
 
 

 
  

Thermocouple 

Figure D.3. Perkin Elmer DMA 7e  
(3-point bend clamp) [D-2]. 

 
 

 
 

Furnace 

Thermocouple 

Figure D.4. Perkin Elmer DMA 7e  
(3-point bend clamp) [D-2]. 
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APPENDIX E 
 

PROPOSED GUIDE FOR THERMOCOUPLE POSITIONING AND TEMPERATURE 
CALIBRATION OF DYNAMIC MECHANICAL ANALYSIS (DMA) 

 
 

The information provided in this appendix is similarly formatted to an ASTM standard for ease 
of implementation, but is the work of the author of this thesis. 
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APPENDIX E (continued) 
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APPENDIX E (continued) 
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APPENDIX E (continued) 
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APPENDIX E (continued) 
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APPENDIX E (continued) 
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