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DSC Models

Discovery DSC 2500 AutoQ2000
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Discovery DSC Autosampler

2| DSC2500 Status: Idle 1 4155 °C
| Lid Open
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Widest Range of Refrigerated Cooling Systems
Available

RCS90 (-90°C to 550°C)
RCS40 (-40°C to 400°C)

RCS120

- RCS -1, 2, & Now 3 stage coolers

- NEW - RCS120 (-120°C to 400°C) ONLY
AVAILABLE FOR DSC25, 250, & 2500

= 3 stage refrigerated system




Understanding DSC




Understanding DSC - Agenda

« What does a DSC measure?
« How does a DSC make that measurement?
« DSC heat flow models — T1, T4, T4P

- What is Tzero Technology and how does it impact your
measurements?
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DSC Heat Flow

dH

—— =DSC heat flow signal

dt

dH

dt

Cp

dT
dt

— = Heating Rate

Cp =Sample Heat Capacity
= Sample Specific Heat x Sample Weight

f (T, t) =Heat flow that is function of time

at an absolute temperature (kinetic)
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Endothermic Heat Flow

Heat Flow (W/g)

= Heat flows into the sample as a result of either
= Heat capacity (heating)
= (Glass Transition (Tg)
= Melting
= Evaporation

= QOther endothermic
processes

Endothermic

|

Exo Up

0 | | | | 50 | | | | 1 (I)O
Temperature (°C)

200
Universal V4.7A TA Instruments
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Exothermic Heat Flow

Heat Flow (W/g)

Heat flows out of the sample as a result of either

-—————

Heat capacity (cooling)
Crystallization

Curing Exothermic
Oxidation

Other othermic
processes

Exo Up

50 | | | | 1(|)0
Temperature (°C)

200
Universal V4.7A TA Instruments
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Simple Heat Flux DSC Cell Schematic

Sample

Sample Sensor Reference Sensor

Heat absorbed by the An empty pan on the
sample gives an reference sensor should
endothermic response react similarly to the pan
on the sample sensor,
Heat released by the thus canceling out any
sample gives an pan contribution
exothermic response

10 C@
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Conventional DSC Measurements, T1 Heat Flow

Heat Balance Equations

Heat Flow
Measurement Model Tfs _ TS Tfr . Tr
qs = q, =
ds qr R, R
T T Conventional DSC Heat
T T, Flow Rate Measurement
S
R, R, q=4q,—4q,
T -T —AT
q p— p—
R R
I I,

This model assumes that the sample and reference calorimeter thermal resistances are identical and that
the furnace temperature is uniform throughout the cell.
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Conventional DSC - Assumptions

- The heat flow rate of an empty, perfectly symmetrical twin
calorimeter should be zero

The heat flow is almost never zero because the DSC is
rarely perfectly symmetrical as assumed due to the
inevitable result of manufacturing tolerances and is
unavoidable

» To achieve a 1% thermal resistance imbalance
between the sample and reference sensors would
require a manufacturing tolerance of 0.00005”
(0.00127mm)

« The thermal resistances between the sample sensor and the
furnace is the same as the resistance between the reference
sensor and the furnace

* The pan and sensor heat capacities are ignored
« The measured temperature equals sample temperature

« No heat exchange with the surroundings
N



Consequences of the Assumptions

- Whenever the heating rate of the sample and reference
calorimeters are not identical, the measured heat flow is not
the actual sample heat flow rate.

This occurs during transitions in standard DSC and
always during MDSC

MDSC results are strongly period dependent, requiring
long periods and slow heating rates.

* The heat flow baseline is usually curved and has large slope
and offset. Loss of some resolution and sensitivity may occur
as a result of curvature in the baseline.
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Tzero™ Heat Flow Measurement

Heat Flow Differential Temperatures
Sensor Model
AT:Y—;_Tr ATOZTO_T;
ds qr
o <
I I I T, Heat Flow Rate Equations
NV
R r q, = % — CS d_T
R dt
’ AT, +AT dT
TO q, = 0 — Cr -
R, dt

The sample and reference calorimeter thermal resistances and heat capacities
obtained from Tzero calibration are used in the heat flow rate measurements.

N



Tzero™ Heat Flow Equation

Heat Flow :
B he th
Sensor Model esides the three temperatures
(TS! Tr, TO),

What other values do we need
T to calculate Heat Flow?
T €7
% . How do we calculate these?

Ty

AT

q=——+AT @ +@

dAT
" drt
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Measuring the Sensor C’s and R’s

* The Tzero measurements are used to determine the C’s
and R’s using two experiments
= Atemperature ramp of an empty cell

= A temperature ramp with two sapphire disks placed directly on
the DSC sensors

» On determination of the capacitance and resistance of the
reference and sample side of the cell, these values are
inputted into the expanded heat flow equation
corresponding to T4 heat flow

o= AT AT(‘ ‘j @_@ ¢ 9AT
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Expanded Principles of DSC Operation
Accounting for Imbalances

T RS9 o—mmEE——| T
Ts Tr

—— Cs —— Cr

Sample Platform

Chrone s D Not being
measured with
1 1 Conventional
. B B DSC

Reference Platform

Thin Wall Tube

Constantan Body

Constantan Wire

Chromel Wire
Chromel Wire

Q=Ts-Tr + A + B + C

R 4 4 4
Thermal Thermal Heating
Resistance Capacitance Rate
Imbalance Imbalance Imbalance
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Example of Typical Results

Both curves should be smooth, with no steps, spikes or inflection points.
Thermal resistances should always have negative slope that gradually decreases.
Heat capacities should always have positive slope that gradually decreases.

70 0.05

6060 0.04-0.04

50150 0.03-0.03

Sample Resistance ({5 /Watt)
ference Resistance (15]/Watt)

Reference Capacitance (Joule/fs|)
Sample Capacitance (Joule/i5])

40+ 40 0.02+0.02

1 0.01
-200 -100 0 100 200 300

Temperature (1)

This cell is very well balanced. It is acceptable and usual to have larger
differences between sample and reference sensors.

TA



What Does a DSC Measure? Q-Series Cell

- A DSC measures the difference in Heat Flow Rate
between a sample and inert reference as a function of
time and temperature

mW = md / sec




Tzero Benefit: Improved Baseline Shape

|

r
R, R. R, drt

100

. 50

=

3

3 0 - ————

(1

©

T /
50

N \/

——=Heat Flow T1 pW
-—=Heat Flow T4 pW

-150

-50 0 50 100 150 200 250 300 350
Temperature (°C)
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Tzero Baseline Performance

Sample: Empty Cell File: C:...\Baselines 060104.001

Size: 0.0000 mg DSC Operator: Aubuchon

Method: Baseline Cycles Run Date: 01-Jun-2004 12:44
Comment: Cell constant calibration Instrument: DSC Q1000 V8.2 Build 268

100

50

4.9415]
5.40%%

h}\ |
-29.384|

31.23%%

Heat Flow (3% )

_50 —

-100 — 1 - ' - 1 - - T T T T 1 T T T 1 T T T 1 T T T 1 _ T T 7
-50 0 50 100 150 200 250 300 350

Exo Up Temperature (i5])
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Tzero Benefit: Improved Peak Resolution

I 1

dr4 :——'FATO[—__j_l_(Cr _CS)dTS | dAT

r
R R, R dt drt
1 .
0

) //
—_ '2
o
= /
s 3 /
o
L 4
©
(]
T .5

-6 —

=Heat Flow T1
-7 ——Heat Flow T4 ~
'8 T T T T T T T
150 152 154 156 158 160 162 164
Temperature (°C)
1A
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Advanced Tzero Technology (T4P)

 During transitions and MDSC experiments, the heating
rates of the sample pan, sample calorimeter, reference
pan and reference calorimeter may be very different.

- Sample pans have thermal resistance and heat capacity;
sample and reference pans rarely have the same mass.

« Advanced Tzero includes the capacitance and resistance
of the pans so that the heating rate differences between
the sample and reference calorimeters and pans can be
corrected for.

* As a result peaks are taller and sharper; both resolution
and sensitivity are dramatically improved.
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Advanced Tzero™ Model

Advanced Tzero is a further refinement of the Tzero model and takes the
measurement up to the sample pan, one step closer to the actual sample

qsam
Advanced Tzero T M s pan M C pan Cpan
model includes . N [ T pR "
the pans ps | | | | pr p/
V Rs
R R
T4P ‘ ds T P ' T ar
|| | |
T4 l . i ] T,
C, V G
Tzero models the Ry R;
Calorimeters
@
T =
: A



What is Pan Contact Resistance?

DSC Pan

Imperfect (non-intimate) contact
between pan and sensor causes lag
in heat flow which decreases resolution

/

Heat Flow Sensor

m [
= Ty ¥
=

—
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Result of Pan Contact Resistance Factor

Without pan contact
resistance factor, temperature
is measured at the sensor

With pan contact resistance
factor, temperature

is measured at the bottom

of the pan, in intimate contact
with the sample

@V
26 TA | TAINSTRUMENTS.COM



Indium with T1, T4 and T4P Heat Flow Signals
Improvements to Sensitivity and Resolution

0 0
Theoretical
Melting of
Indium st
T4P heat flow 3 S
s £ £
E -10- = 040 &
= © [
T T4 Heat flow T =
® .15 o541
1]
T I
f - |
[ / T1 heat flow - -
20 - S20==-20
—25 T T T T ¥ T —25
155 157 159 161
Exo Up Temperature (DC) Universal ¥3.4C TA Instruments
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Technology : Fusion Cell™ Discovery-Series Cell

* Fusion Cell = Q + Discovery + New Manufacturing

Key features of Q series and the first generation
Discovery series, patented Tzero™, and new
proprietary manufacturing processes

* One Cell, One Sensor, - Complete Performance

Unlike competitive designs that require choosing between
sensitivity or resolution the Discovery DSC’s delivers both in
one sensor

* Purest real-time heat flow possible

Lengthy pre- and post-test manipulations are never needed
» No baseline subtraction or correction scheme required
» No de-smearing or deconvolution required

Fusi@onCell
N\
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Patented Tzero ™ Technology: Features and
Benefits

Flattest baselines available of any DSC on the market
= Purest data without manipulation or subtraction
Highest resolution and sensitivity,

= without ever needing lengthy pre- and post-test
manipulations as required by competitive designs

Direct measurement of heat capacity delivering the most
uniform and accurate heat flow to and from the sample.

By improving every aspect of performance, the Discovery
DSC delivers data the user can trust, in all applications, all the
time.

Competitive

Measurement Thermail Thermal Heating
Resistance Capacitance Rate
Imbalance Imbalance Imbalance
_UAT ] ] dT, dAT
___+ATD -5 |t (Cr_cs) - T
R, R, R dt dt
Heat ] Principal
Flow | Heat Flow

TA Measurement

\
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Understanding Modulated DSC (MDSC)




Understanding Modulated DSC (MDSC) - Agenda

« What does a MDSC measure?
* When & Why to Run MDSC?

TA



What Does MDSC Measure?

- MDSC separates the Total heat flow of DSC into two
parts based on the heat flow that does and does not
respond to a changing heating rate

« MDSC applies a changing heating rate on top of a linear
heating rate in order measure the heat flow that responds
to the changing heating rate

* In general, only heat capacity and melting respond to the
changing heating rate

 The Reversing and Nonreversing signals of MDSC
should never be interpreted as the measurement of
reversible and nonreversible properties

N\
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MDSC Heat Flow Signals

dH dT
—=C - (T, t
" p " f(T, t)

Total Reversing  Non-Reversing
Heat Heat Flow Heat Flow
Flow -Heat Capacity -Enthalpy
-All Transitions -Glass Transition Recovery.
-Most Melting «Evaporation

Crystallization
«Thermoset Cure
-Denaturation
-Decomposition
-Some Melting

N



MDSC - Instantaneous Heating Rate

* The instantaneous heat flow is given by the equation:
Ci,—f = [+ A, wcos(wx)

* where
= dT/dt = instantaneous heating rate (°C / min)
= 3* = underlying heating rate (°C / min)
= A:* = modulation amplitude (°C)
= w* = angular frequency = 2r / Mod period (min-1)
= t = experiment time (min)
* User Parameters

N\
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MDSC - Instantaneous Heating Rate

(Heat Only)

Heat Rate (C / min)

1.5

Instantaneous Heating Rate

Heating Rate =2 °C / min

]

‘\
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MDSC - Instantaneous Heating Rate

(Conventi

onal MDSC)

Heat Rate (C /min)

10

Instantaneous Heating Rate

Heating Rate = 3 °C / min

Time (min}

‘\
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Calculation of MDSC Signals

» All MDSC signals are calculated from three measured
signals.

= Time
= Modulated Temperature (Heating Rate)
= Modulated Heat Flow

N\
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Temperature (°C)

Average & Modulated Temperature

120

MDSC, 2°C/min, #0.32/60 s

118

116

114 +

Average Temperature

Modulated Temperature

120

— 118

— 116

Modulated Temp (°C)

— 114

50.0 50.5 51.0 515 52.0

Time (min)

525

N\
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Deriv. Temperature (°C/min)

Average & Modulated Heating Rate

One Period
2.50 l -
T Average
Heating
Rate
o Modulated
Heating Rate

T
N
Deriv. Modulated Temp (°C/min)

0

50

)
51

Time (min)

I
52

N\
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MDSC Raw Data Signals: Modulated Heat Flow and
Modulated Temperature (Heating Rate)

Signals have an Average and an
Amplitude

Modulated Heat Flow (W/g)

Deriv. Modulated Temp (°C/min)

o S
[e2] N
I i I N i i | i




Signal Calculations

Total Heat Flow

- Equivalent to standard DSC at the same average
heating rate

» Calculated from the average value of the Modulated
Heat Flow

- The average and amplitude values of the Modulated
Heat Flow are -calculated continuously (every 0.1
seconds) using Fourier Transform analysis. This
provides much better resolution than would be obtained
from using the actual average and amplitude values
that occur only twice over each modulation cycle. The
recommended data storage rate is 2 sec/pt. for MDSC.

N



Modulated Heat Flow (W/g)

Calculation of MDSC Total Heat Flow

- H

'“”H il HHWH"“HIHHHH |

'H"'H” I i ! W i WM MM

. Modulated Total Heat -.-0.2
Heat Flow Flow

Temperature (°C)

\
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ASTM E1269: Heat Capacity Measurement

HFur2 ? HFHr1
Cp=K x 0
(HR2 ? HR1) wt HF
HRI1
Where: Ar
K = Calibration constant v HF
HR2
HF,r; = Differential heat flow of endo

sample at HR,

HF r, = Differential heat flow of Temp.
sample at HR,

HR, = Heating rate 2
HR; = Heating rate 1
wt = weight of sample
N\
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MDSC Signal Calculations

Reversing Heat Flow
» Calculated from Reversing Heat Capacity signal

Heat Flow A
RevCp= cdtTIow AP X KCpRev

Heating Rate Amp

Rev Heat Flow =Rev Cp x Avg Heat Rate

N\

TA



Calculation of MDSC Reversing Heat Flow and
Reversing Cp

45

Modulated Heat Flow (W/g)

0.4 0.2
6 -
- Reversing
4101
0.2 Cp ]
] |MI =
e 5 ] 2
| G T oo %'
0.0 ‘ . T
i
AL | _ :
] / i i
) =+ -0.1
-2
02 Modulated Reversing
Heat Flow Heat Flow
4102
-0.4 T T T T T T T
50 100 150 200 250 300

xo Up

Temperature (°C)

(

Universal V4.5A TA Instruments
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Signal Calculations (cont.)

Nonreversing Heat Flow

 Calculated by subtracting the Reversing Heat Flow signal
from the Total Heat Flow signal

dH dT
—=Cp—+ f(T,t
5 P f(T,1)
Total = Reversing + Nonreversing

Nonreversing = Total — Reversing

N\
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Modulated Heat Flow (W/g)

Calculated MDSC Heat Flow Signals

NonReversing Modulated
Heat Flow m‘ ['|| Heat Flow
| I |
) W(" \'wmmw A
0.0 l""ill H { AU 0.0 4+ 0.0 .
LY Tl Uil W % it :
| g .......... | HHL | "“&! é
1 5 Reversing Total Heat % §
1., ©  HeatFlow Flow s 1. @
Exo Up N ” 150 Temperature (°C) 200 = Universa?S?.SATAInstruments

\
(TA ‘ TAINSTRUMENTS.COM



Comparison of DSC and MDSC Signals

dH
dt

DSC MDSC

Total Heat Modulated
Flow Heat Flow

Total Heat
Flow

Reversing
Heat Flow

Nonreversing
Heat Flow

Heat Capacity

—=de—I+f(T,t)

COMMENTS

Signals contain all thermal
events occurring in the sample

Quantitatively the same in both
techniques at the same
average heating rate

Heat capacity component
of total heat flow
Kinetic component
of total heat flow

All calculated heat flow signals
are also available in heat
capacity units

N



When & Why to Run MDSC: Hard to detect Tg

* Run a standard DSC at conditions you typically use.
= Decide what you still need to learn
= Can MDSC help you?

- If you’re trying to measure a Tg

= If the Tg is detectable and can be routinely analyzed,
then you may not need to use MDSC

= However, if the Tg is hard to detect, or has
overlapping events, then run MDSC

N\
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Reversing Heat Flow (Normalized) (W/g)

Non-Reversing Heat Flow (Normalized) (W/g)

MDSC of a Process Oil

Total Heat Flow (Normalized) (W/q)

Paralux Oil

0.07

0.06 -

Midpoint: -69.99 °C

-43.99 °C

-711.94°C

Glass Transition: Half height

-17.93°C

Enthalpy (normalized): 11.18 Jig
Onsetx: -13.62 °C
Crystallization on cooling

I
-125

I
-100

-75 -50

Temperature T (°C)

-25 0

N
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When & Why to Run MDSC: Crystallinity

-If you are studying polymer melting and
crystallization

If the melting process appears normal (single
endothermic peak) and there is no apparent
crystallization of the sample as it is heated, then
there may be no need to use MDSC

However, if melt is not straightforward, or
crystallization may be occurring as the sample is
heated, use MDSC

N\
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DSC of Complex Polymer Blend

Heat Flow ()

Exn Up

b
1

Xenoy - Blend of Polybutylene
Terephthalate and Polycarbonate

This is a fairly difficult
thermogram to interpret

MDSC will likely help in
this case.

Quenched Xenoy
13.44mg

DSC @ 10°C/min \

50 100 150 200
Temperature [7C)

TA

250

Unersal w328 TA strime



When & Why o Run MDSC: Heat Capacity
Determination

* If you want to measure accurate heat capacity (Cp), or the
change in Cp as a function of time at an isothermal
temperature — run MDSC

- Modulated DSC offers two methods for obtaining heat capacity

= Dynamic Ramp — Use the ‘Reversing Heat Capacity’
signal, after obtaining a KCp value.

= Quasi Isothermal - Very simple and accurate means for
measuring specific heat capacity. No calibration is
needed, KCp is determined at each temperature so
accuracy is excellent.

N\
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MDSC Scan of Water in an Alodined Hermetic Pan

Rev Cp (J/(g-°C))

4.8

4.6

4.4

4.2

Method Log:

. Data storage: Off

Equilibrate at 0.00°C

Modulate +/- 1.00°C every 120 seconds
Isothermal for 10.00 min

Data storage: On

Ramp 2.00°C/min to 100.00°C

1

2:
3:
4:
5:
6:

4.0

10 20 30 40 50 60
Temperature (°C)

70

80

N\
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Tabulated Results of Water

A B e D

1 |Temperature Experimental Rev Cp  Lit. Cp % error
2] °C 1/(g-*°C) )/(g*C)
3] 20 4.315 4.1819 3.18
4 25 4.316 4.1796 3.26
= 30 4.32 41785 3.39
b 35 4.317 4.1782 3.32
7 40 4.32 4.1786 3.38
8 45 4.323 4.1795 3.43
9 50 4,327 4.1807 3.50

10 55 4,328 4.1824 3.48
11 &0 4.329 4.1844 3.46
12 65 4.333 4.1868 3.49
13 70 4.336 4.1896 3.49
14 75 4.337 4.1928 3.44
15 80 4.34 4.1964 3.42
16 85 4.345 4.2005 3.44
17 a0 4.35 4.2051 3.45
18 a5 NA 4.2103 NA
19 100 NA 4,216 NA

20
En

22 Heat Capacity of Water

A

Experimental data vs. literature
Values for the Cp of water.

Over the temperature range,
the %error is less than 3.5%.

N\
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Experimental Design:
Sample Preparation and Considerations




Selecting Optimum Experimental Conditions

- If possible, run a TGA experiment before beginning DSC tests on
new materials

 Heat approximately 10mg sample in the TGA at 10°C/min to
determine:

Volatile content

» Unbound water or solvent is usually lost over a broader
temperature range and a lower temperature than a
hydrate/solvate

Decomposition temperature

» DSC results are of little value once the sample has lost 5%
weight due to decomposition (not desolvation)

» Decomposition is a kinetic process (time & temperature
dependent). The measured decomposition temperature will
shift to lower temperatures at slower heat rates

N



TGA: The Technique

- Thermogravimetric Analysis (TGA) measures weight
loss or gain as a function of temperature, time and
atmosphere.

- General applications of TGA include:
 thermal stability

* residual solvent, out gassing, moisture
sorption/desorption

« filler/fiber content
« weight loss on cure

- TGA measurements are extremely useful in selecting
experimental conditions for DSC experiments and for
interpreting results.

N\
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Mechanisms of Weight Change in TGA

*  Weight Loss:
Decomposition: The breaking apart of chemical bonds.

Evaporation: The loss of volatiles with elevated
temperature.

Reduction: Interaction of sample to a reducing atmosphere
(hydrogen, ammonia, etc).

Desorption.
«  Weight Gain:

Oxidation: Interaction of the sample with an oxidizing
atmosphere.

Absorption.

All of these are kinetic processes (i.e. there is a rate at
which they occur).

N\
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Typical TGA Methods

 Ramp (heating) experiment (Thermal Stability)
Ramp 20°C/min. to 1000°C

Ramp (heating) and Isothermal Hold (Out-gassing)
Ramp 20°C/min. to 100°C
Isothermal 100 min

Ramp and switch gas (carbon black and filler content)
Ramp 20°C/min. to 650°C (in an inert atmosphere)
Select gas: 2 (switch to air or oxygen, a reactive atmosphere)
Ramp 20°C/min. to 1000°C

All of the above methods can be used for selecting the optimum
experimental conditions for your DSC, though the ramp method Is most
commonly used.

N\
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TGA vs DSC : Unknown Sample should be
Dangerous for DSC Cell if Decomposition Occur!

The graph illustrates the fact that some polymers can decompose before others start to melt.

0.0

TGA of PVC @ 10°C/min
DSC of PEEK @ 10°C/min |

100 } ——
_ ™~

267.07°C \

80 \ -
| , , 393.03°C I

o
] 163.26°C(H) | 35.60/g =3
=
g 60 \ r\ L E
£ _ \ -o04 9
© A ) ‘ —_
= | .
40 |' L
TGA of PVC & DSC of . I =
PEEK @ 10°C/min \\ .
207 342 38°C \ I
\\\
S
0 ; ; ; | ; ; - | - ; ; 08
0 200 400 600
Exo Up Temperature (°C) Universal V4.5A TA Instruments
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Typical TGA data: Decomposition of an
uncured resin

Weight (%)

100 0.6
Method Log:
160.8513| 1: Ramp 20.0043]/min to 500.0043]
118.9415|
Understanding the mass loss exhibited by
the uncured resin can dictate the type of pan
80 used to test the resin by DSC I
1) hermetic (with pin hole) o0
60 115 2) high volume/pressure capsules =
(16.65mg) 3) pressure DSC 2
83.8415 126,761 <
60 _%
=
97.7513| '%
186.561] 432.151s a
- 0.2
40
20 T T T T T T T T T T T T T T T T 0.0
40 140 240 340 440
Temperature (13/) Universal V4.2E TA Instruments
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Typical TGA data: TGA of Drug A Monohydrate

Weight (%)

105 6
?d?;fgé’mg) Decomposition
100 } _
—4
95 - / o S

Water weight loss

0
Deriv. Weight (%/min)

90 -
S — S ——— -0

85—

Sample: Drug A Monohydrate

Size: 15.1740mg

Heating Rate: 10°C/min
80 l ‘ ‘ ‘ \ ‘ T ‘ T ‘ T ‘ ‘ -2

0 50 100 150 200 250 300

Temperature (°C)

Universal V3.4C TA Instruments
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Selecting Optimum Experimental Conditions

« Use TGA data to help select DSC experimental conditions

= Standard (non-hermetic) vs. Hermetic (sealed) pans

» Use hermetic pan if sample loses approximately 0.5%
weight or more.

» Use hermetic pan with pin hole lids if sample loses volatiles
such as water

= Maximum Temperature

» Excessive decomposition will contaminate the DSC caell
between runs

= When comparing samples, always use the same
experimental conditions

N\
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Sample Pans

* Type of pan depends on:
= Sample form
= Volatilization
= Temperature range

« Use lightest, flattest pan possible
* Always use reference pan of the same type as sample

pan

N\
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Tzero Press (P/N 901600.901)

Tzero Press kit includes die sets for:

1. Tzero Pans / Tzero Lids and Tzero
Low-Mass Pans / Tzero Lids
(Black)

2. Tzero Pans / Tzero Hermetic Lids
(Blue)

3. Standard Aluminum Pans / Lids
(Green)

4. Standard Hermetic Pans / Lids
(White)

The kit also includes one box each of
Tzero Pans (100) and Tzero Lids
(100).

~
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TA Insiruments Tzero Pans

Tzero Pan .

T

Tzero Low-Mass Pan

€« *ﬁip |
I L

The Tzero pan has been engineered to
have a perfectly flat bottom and not to
deform during crimping. This ensures
the optimal contact between pan and
sensor, minimizing the contact
resistance and improving resolution.

The Tzero Pan can be configured for
non-hermetic or hermetic use. P/N
901683.901 Tzero Pans (pkg. of 100)

The Tzero Low-Mass Pan is designed
for the highest sensitivity when sample
mass is limited. P/N 901670.901 Tzero
Low-Mass Pans (pkg. of 100). Can only
be used with the non-hermetic Tzero lid.

N



TA Instruments Tzero Pans

» Tzero Lid (P/N:901671.901) -
Lightweight aluminum lids for use in
sample encapsulation with the Tzero
Pans and the Tzero Low-Mass Pans.
The seal is not hermetic.

» Tzero Hermetic Lid (P/N: 901684.901
Tzero Hermetic Lids (pkg. of 100) and
P/N: 901685.901 Tzero Hermetic
Pinhole Lid (75 micron diameter pinhole)
(pkg. of 50). Used only with the Tzero
pan, not the low mass Tzero pan

\
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Standard Series DSC Pans (Crimped lid)

Part numbers for the pans and lid
- 900760.901 Classic Aluminum Pans (pkg. of 200) (higher sidewall
compared to the standard aluminum sample pans to accommodate
larger samples) ===
- 900786.901 Aluminum Sample Pans (pkg. of 200) =
- 900779.901 Aluminum Lids (pkg. of 200) =
Pan & lid weighs ~23mg, bottom of pan is flat
Used for solid non-volatile samples
Always use lid (see exceptions) |
= Lid improves thermal contact S
= Keeps sample from moving
Exceptions to using a lid
= Running oxidative experiment
= Running PCA experiment

\
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Standard Series DSC Pans (Non Hermetic)

- Standard pans are available in:
= Aluminum: use up to 600 °C maximum

= Gold (p/n 900866.901 pan, p/n 900868.901 lid):up to
725°C

= Graphite (p/n 900874.901 pan, p/n 900873.901 lid): up to
725°C (in N2)

« Standard Pans without lids
= Platinum (p/n 900578.901): up to 725°C
= Copper (p/n 900867.901) : up to 725°C (in N2)

N\
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Sample Shape

+ Keep sample thin
« Cover as much as the bottom of pan as possible

\
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Standard Series Hermetic Pans (Sealed)

» Part numbers for the pans and lid
- 900793.901 Aluminum Sample Pans, Hermetic (pkg. of 200)

- 900794.901 Aluminum Lids, Hermetic (pkg. of 200)
- 900860.901 Hermetic Lids with Pinhole (pkg. of 50)

Pan & Lid weigh ~55mg, bottom of pan is not as flat as standard
pans

Used for liquid samples and samples with volatiles
Always use lid (same exceptions as before)
* After sealing pans, the lid should form a dome

00O

N\
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Hermetic Pans (Sealed)

* Hermetic Pans are available in:
= Aluminum: <600°C; <3 atm (300 kPa gage)
= Alodined Aluminum: <600°C; <3 atm (300 kPa gage)
= Gold: <725°C; <6 atm (600 kPa gage)

» Specialized Sealed Pans
= High Volume: 100puL; <250°C; 600 psig

- -
= P/N 900825.901 - U

= High Pressure: 35pL; <300°C; 1450 psig O
= P/N 900808.901

Note: 3 atm is approximately 44 psig



It Can Matter What Pan You Use

Heat Flo (i)

0.2
_ . A
e Fes f\
@ 1C/ min j l
N\
1 | m\ ~~— A
Hermmetic Sealed Fan
Hermetic Pan
02 - with Finhole
Monohydrate
Pharmaceutical
sample |
_D_q...,...,...,...,..,...,...,..II,...
20 40 B0 S0 100 120 140 160 150 200
Exalp Temperature |:°C:| Unpezrzal WI2E TN



What if Sample Spills out of the Pan?
Keeping the DSC Cell Clean

» One of the first steps to ensuring good data is to keep the
DSC cell clean

* How do DSC cells get dirty?
= Decomposing samples during DSC runs
= Samples spilling out of the pan
= Transfer from bottom of pan to sensor

N\
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Cleaning the cell - include link to tech tip video

» Use solvent — slightly damp swab with an appropriate solvent

Heat cell to 200°C for 10 min to drive off any remaining
solvent

* If the cell is still dirty
= Clean w/ brush
= Be careful with the Tzero™ thermocouple
= Fibers in cell from cleaning brush need to be removed




Cleaning Cell: Bakeout procedure

+ Bake out

Should be used as a last resort if none of the previous steps are
effective

Involves Air purge and/or an open lid

Heat @ 20°C/min to appropriate temp (max of 550°C on Q series,
max. 400°C in Discovery)

Do NOT hold Isothermal @ the upper temperature
Cool back to room temp & brush cell again

* |rrespective of the cleaning method used, always verify the baseline
at the cglend of the cleaning procedure, and recalibrate the DSC if
require

» Check out the TA Tech tip video on cleaning the DSC cell:
https://www.youtube.com/watch?v=cclJXrbUICA

N\
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Sample preparation: Optimization of Sample Mass

- Sample Preparation

= Weight of 5-10 mg for polymers; 10-15 mg for cross-linked
thermosets; 3-5 mg for metal or chemical melting

= Goal is to achieve a change of 0.1-10mW heat flow in
going through the transition

dH dT
=Cp—+ f(T,t
Py p o S (T, 1)

N\
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Heat Flow Change During a Transition

1.0
. 161.17°C
0.5 1.593mW
’;" 0.0
£
3
o 0.2 69.41°C
§ 73.37°C(H)
L 0.4881mW
-1.Q
143.70°C D
1.5 34.95J/g
—2.0 | | | | | | | |
40 00 80 100 120 140 160 180 200

Temperature (°C)
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Method Development




Method Design: DSC Segment List

Segment list
;P Jump [H]; Extemal event
§+ Equilbrate & Data storage
1+ Initial temperature 882 Air Cool
" Ramp o Mark end of cycle
.l* Isothermal Heater PID
k' Step 1, Zero heat flow
9 Increment temperature (3 Fill Cooler
) Repeat "'f”‘ Modulate temperature
(D Repeat until @—@ Gas selection
Abort next segment on limit ﬁ Flow Rate
¥y Sampling interval @Ehuﬂer

\
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Method Design:

Methods (*.mth) vs. Procedures (*.prc)

» The logic of the instrument control
software is based upon the concepts of
methods and procedures.

= METHODS are the actual steps

that the DSC executes during a
run.

» The software provides
custom templates built
around types of
experiments.

= PROCEDURES include, along
with the method, all other options

that the user sets in creating a
run.

» For example, the data

sampling interval, method
end conditions, etc.

- Both methods and procedures can be
saved and loaded for use at any time

~ Method

Name ‘Dua\ Calibration

Method

Method Contents

Name ‘Dua\ Calibration

DB“

IH | Segment Descripfion

Segmentlist -
¥ Jump W
i+ Equilibrate

I - Initial temperature

& Save Method file

o

m

UQ “ <« Useful references for custo.. » SDT demo data

v|4fH Search SDT demo data P | mperature

-

Save af type: IMethod files (.mth)

File name:
D)

igment on limit
.l erval

¥ Browse Folders

in
nt -

Con ] [ ]

L |

Method

Name |Dual Calibration

fa]e ‘

-

&, Save the Procedure F\\E%OO—OSQT - SDT Q600@Apps Lab

| sDT

# | Segment Descripiion
1+ Equilibrate 5t5000 "
2 F’Ra

C
mp 20.000 “C/min to 1500.00 °C

No items match your search.

- &= &f B

Date modified

Procedure to Save

General
Instrument: Q600-0957 - SDT Q600
Location: Apps Lal
Mode: SDT Calbration
Test: Custom
Signal List:
1. Uncalibrated Temperature (°C)
2. Weight (m
3. Uncalibrated Sample Weight (mV)
4. Temperature (°C)
5. Temperature Difference (V)
6. Uncal Temperature Difference (V)
7. Time (min)
8. Sample Purge Flow (mL/min)
9. Uncalibrated Reference Weight
(mi

Method
Name: Dual Calibration
Segment List:

1. Equilbrate at 50.00 °C
2. Ramp 20.000 °C/min to 1500.00




Method Design Rules

- Start Temperature

Generally, the baseline should have two (2) minutes to
completely stabilize prior to the transition of interest.
Therefore, at 10°C/min., start at least 20°C below the
transition onset temperature

* End Temperature

Allow a two (2) minute baseline after the transition of

interest in order to correctly select integration or analysis
limits

Don’t decompose samples in DSC Cell

N\
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Why have 2 min of baseline?

Heat Flow (W/g)

0.0

-0.5

-1.0

-1.54

-2.0

Wax 10°C/min

-2.5

Exo Up

20

40 60 80 100 120

Temperature (°C)

160

Universal V3.9A TA Instruments

N
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Advanced and Post Test Conditions

Advanced Parameters

Data Sampling Interval: ID.E{I

===

¥ Load Temperature Fange IE'DW to |3'[H T

OK

Cancel I

Help

' Post Test Parameters ﬂ
— Method End Conditions
¥ Unload Temperature Range  |20.00 IE'D.D'I] T
Delay Time 0.00 mir

[~ Discard pan in waste bin

oK

Cancel Help

\
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DSC General Method Recommendations

 Run a Heat-Cool-Heat @ 10-20 °C/min

« Use specific segments as needed, i.e. gas switch, abort,
etc.

* Modify heating rate based on what you're looking for

N\
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Heating/Cooling Methods

» Typical Heating Method
1) Equilibrate at -90°C
2) Ramp 10°C/min. to 300°C

- Typical Cooling Method
1) Equilibrate at 300°C
2) Ramp 10°C/min. to 25°C

Don’t decompose samples in DSC Cell

N\
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Heat-Cool-Reheat (HCH) Method

* Typical Heat-Cool-Heat Method

1) Equilibrate @ 25°C

2) Ramp 10°C/min. to 300°C
3) Mark cycle end 1

4) Ramp 10°C/min. to 25°C
5) Mark cycle end 2

6) Ramp 10°C/min. to 300°C
/) Mark cycle end 3

Don’t decompose samples in DSC Cell



Oxidative Stability (OIT) Method

* OIT Method

1) Equilibrate at 60°C

2) Isothermal for 5.00 min.

3) Ramp 20°C/min. to 200°C

4) lsothermal for 5.00 min.

5) Select gas: 2 > 0,
)
)

6) Abort next seg. if W/g> 1.0
7) Isothermal for 200.00 min.

Don’t decompose samples in DSC Cell

N\
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Modulated® DSC Method

* Typical MDSC Methods

—h

Data storage: off

Equilibrate at -20°C

Modulate +1°C every 60 seconds
Isothermal for 5.00 min.

Data storage: on

Ramp 3°C/min. to 300°C

Lot

Don’t decompose samples in DSC Cell

N\

TA



Modulated® Quasi Isothermal MDSC Method

Mode [ Modulsted - Test [MDSCGuasiisothemal  ~| =]

Mames MDSC Quasi-lsothemal

||Eu Template | Seamerts

Mao. Description

k1 Data OF

§r2 Equilibrate 10.00 °C

E’JE Modulate Temperature Amplitude 1.0000 *C . Period 120.0 5
{4 Iscthermal 5.0 min

EH5 DataOn
{76 Isothermal 10.0 min
kK7 DataOf

§+8  Increment Temperature 5.00 °C
@H Repeat Segment 4 for 7 times

ao)

TA ‘ TAINSTRUMENTS.COM



Applications




Applications Agenda

» The Glass Transition Temperature (Tg)
« Thermosets: Curing and Crosslinking

« Thermoplastics

- Pharmaceuticals

- Melting and Crystallization Analysis

- Heat Capacity

N\
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Typical DSC Transitions

Oxidation
Or
Decomposition

Gl /
T - Cross-Linking
ransition
(Cure)

Crystallization

Heat Flow -> exothermic

Composite graph

Temperature
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The Glass Transition Temperature (Tg)




The Glass Transition (Tg)

=  “The glass transition is associated with the onset of long-
range cooperative segmental mobility in the amorphous
phase, in either an amorphous or semi-crystalline polymer.”

= Any factor that affects segmental mobility will affect T,
including...

= the nature of the moving segment,
»  chain stiffness or steric hindrance
" the free volume available for segmental motion

Turi, Edith, A, Thermal Characterization of Polymeric Materials, Second Edition, Volume I.,
Academic Press, Brooklyn, New York, P. 508.
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Chemical Composition of Polymers

* Polymers are long chains of repeating units (monomers)

- The chemical composition determines mechanical
properties, and the temperature where transitions occur

MY RORRRRR

Polyethylene T, =-128° C Polypropylene T, = -20° C

&t & &

Polystyrene T, =100 ° C

“Introduction to Polymer Viscoelasticity,” 2" Edition. Aklonis, John J; MacKnight, William /\'\
J. Wiley-Interscience (TA



Glass Transitions

* The change in heat capacity at the glass transition is a
measure of the amount of amorphous phase in the
sample

 Enthalpic recovery at the glass transition is a measure of
order in the amorphous phase.
Annealing or storage at temperatures just below Tg permit

development of order as the sample moves towards
equilibrium

N\
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Heat Flow & Heat Capacity at the Tg

-0.3
Polystyrene !
2.0- =-0.4
y =-0.5
_ =
& i €
> 2
3 1.5+ c ) Glass Transition is Detectable by DSC =-06 O
— Heat Capacity Because of a Step-Change in Heat Capacity T
£ I
o [— o e i Q
§ Heat Flow . ) T =
O : T, -07 "
S Temperature Below Tg \.
I - lower Cp \ i
- lower Volume . —
1.0= - lower CTE = _0.8
- higher stiffness
- higher viscosity *
- more brittle \. . . i
© e o
- lower enthalpy —— ——
y =-0.9
05 v L ] ‘1 0
70 90 110
Exo Up Temperature (°C) Universal V3.8A TA Instruments
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Shifts in the Baseline Due to Tg

* The most common baseline shift is due to the increase in
heat capacity that occurs upon heating through the glass
transition temperature.

The size of the endothermic shift is a measure of the
amount of amorphous material in the sample.

The more amorphous the sample, the larger the baseline
shift.

* Heat capacity is a measure of molecular mobility within
the sample.

Since there is a step-increase in molecular mobility within
the sample as it is heated through its glass transition
temperature, there is also a step-increase in the amount of
heat required to continue heating the sample at the same
rate above its Tg.

N



Measuring/Reporting Glass Transitions

* The glass transition is always a temperature range

* The molecular motion associated with the glass transition
IS time dependent. Therefore, Tg increases when heating
rate increases or test frequency (MDSC®, DMA, DEA,
etc.) increases.

 When reporting Tg, it iIs necessary to state the test

method (DSC, DMA, etc.), experimental conditions
(heating rate, sample size, etc.) and how Tg was
determined

Midpoint based on "2 Cp or inflection (peak in derivative)

N\
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DSC Tg Analysis — Inflection

Sample: Acetaminophen - Tylenol Caplet File: Q2000-ACETAMINOPHEN-TYLCAP-022412.0(
Size: 8.7100 mg DSC Operator: Waguespack
Method: Heat/Cool/Heat Run Date: 24-Feb-2012 07:37
Instrument: DSC Q2000 V24.10 Build 122
0.0
Selected Start
0.1 Extrapolated Onset
ACp(or Heat Flow) Used
to Calculate % Amorphous
_ 13.73°C 21.27°C
o -0.2-
=3
2 24.48°C(l)
= 0.5853J/(g-°C)
I,
Q _O 3— . . |
- Tg @ Inflection point——= .
N__~ 34.18%C
1 25.02°C
-0.4 - Selected End
Extrapolated End
5 10 15 20 25 3 3 40 45
Exo Up Temperature (°C) Universal V4.7A TA Instruments
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DSC Tg Analysis — Half-Height

Heat Flow (W/Q)

0.0
Selected Start
014 Extrapolated Onset
ACp(or Heat Flow) Used
13.73°C to Calculate % Amorphous
21.27°C
23.00°C(H)
0.5853J/(g"°C)
e
03 Midpoint at 2 Cp or
Rl Heat Flow Change I
N aatsc
25.02°C
-0.4 - Selected End
Extrapolated End
5 10 15 20 25 30 3 40 45
Exo Up Temperature (°C)

Universal V4.7A TA Instruments
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Step Change in Cp at the Glass Transition

Rev Cp (Jig"C)

1.8

1.6

1.4

1.2

1.0

PET

9.43mg

78.27°C(H)
0.3527.0/0/°C

Cooling Rates from 285°C (*Cimin)

M

83.16°C(H)
0.14470/g/°C

\

% Amorphous = 0.145/0.353=41%

50

T ¥ T ¥ ) v T v
20 a0 100 110 120
Temperature (DC) Universal v3.4C TA Instruments
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A Glass Transition is Reversible

Heat Flow (mWV)

5]

Sample: PRMMA,

Wyeight: 12.44mg

Heat/Cool Rate: 10°CHmin

Pl Coaling
4
2 -
0 - N EmpyPens
22 -
PrabdL; Heating
4] =
T T T T T T
] a0 100 150 200
Temperature (DC) LUniversal W3.0E TA N

Exo Up
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Effect of Heating Rate on the Tg

2
10.04mg PMMA
0 -
2.5°C/min , 95.91°C  4p0.92°C(H)
! } } }
- : 96.05°C | 101.96°C(H)
24 5°C/min
1

% : 96.29°C
= 10°C/min WC(H)
E -4 '
L
©
@L
T

-6 -

105.13°C(H)
-8 4 .
! I
_1 0 L T L T ¥ T ¥ T ¥ | | | | L)
20 40 60 80 100 120 140 160
Exo Up

Temperature (°C)

Universal W2 7A TA Instruments
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Effect of Heating Rate on the Tg

Heating Rate
(°C/min)

2.5

5.0

10.0

20.0

Heat Flow @
80°C

-0.84

-1.66

-3.31

-6.62

Tg
Onset (°C)

95.9

96.0

96.3

98.3

Tg
Midpoint (°C)

100.9

102.0

102.8

105.1

12 Width of
Tg (°C)

5.0

6.0

6.5

6.8
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Glass transition measurements using other
techniques

* The Tg can also be measured by other techniques apart
from the standard DSC

= Using a Modulated DSC (MDSC)
= Dynamic Mechanical Analysis (DMA)

 Sensitivity of the technique to detect a glass transition:-
= Standard DSC < MDSC < DMA

N\
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MDSC® of Weak Tg

-0.20 005
Mote: Both Signals at the
Same Sensitivity
Taotal
=
025 1 -000  E
s S
H 3
8 -
L : =
s Coating from k
T Panel 2.21mg o
0201 MDSC 2/60@2 oos |
—_—— —
Reversing_—_-_‘_“___-_—‘“__"‘——- B0 109.13°C(H)
[.008540m W
-0.35 T T T T T T T T T T -0.10
0 20 40 g0 a0 100 120 140

Exo Up Universal w2.7C TA Instruments

Temperature ("C)
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How does modulated DSC work?

- MDSC applies a changing heating rate on top of a linear heating rate in order
measure the heat flow that responds to the changing heating rate

« In MDSC, the heat flow is still given by the equation

« But;

dT

dt

= [+ A, wcos(ax)

dT/dt = instantaneous heating rate (°C / min)

B* = underlying heating rate (°C / min)
A;* = modulation amplitude (°C)
®* = angular frequency = 2 / Mod period (min-')

t = experiment time (min)

dH dT

L —Cp —+ f(T, t

" |odt f(T, t)
N




DMA: Effect of Frequency on Tg

Sample: PET Tape Demonstration Sample DMA File: C:\TA\Data\DMA\DMA-PET.001
Y-1
10000
] 0.1Hz 103°C H .
z 110°C 0.14
10Hz 113°C
0.12
)
o
= 0.10 -
3 S
5 1]
8 1000 - 0 0.08 -
= | 8
S 0.06
=
0
0.04 -
0.02
1DD T T T T T T T
20 40 60 80 100 120 140 160 180
Temperature (°C) Universal V4.5A
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The Effect of Test Frequency on Tg

= The glass transition is a kinetic transition. It is therefore influenced
strongly by the frequency of the test. The T, is a molecular relaxation
that involves cooperative segmental motion.

= Because the RATE of segmental motion depends on temperature, as
the frequency increases, the relaxations associated with the T, can
only happen at higher temperatures.

= |n general, increasing the frequency will
* |ncrease the Tg
= Decrease the intensity of tan 0 or loss modulus
= Broaden the peak

= Decrease the slope of the storage modulus curve in the region of
the transition.

Turi, Edith, A, Thermal Characterization of Polymeric Materials, Second Edition, Volume I., Academic
Press, Brooklyn, New York, P. 529.
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MDSC.: Effect of Frequency on Tg

Rev Heat Flow (W/g)

Effect of Temperature Modulation Period on Measured Glass Transition
Temperature in the Reversing Heat Flow Signal

-0.07
1 Sample: Quench-cooled PET
4 Sample Weight: Approx. 10mg
) Heating Rate: 4C/min Note That Glass Transition Temperature
Increases Approx. 2C as Modulation Period
-008 Is Decreased (Frequency Increases) from
r B0 seconds to 25 seconds

40 second Period

-0.10 4
1 77.53°C
011
4 25 second Period
) 60 second Period
0124
S0 3 e e e — e ——————
40 50 60 70 80 g0 100 110
Exo Up Temperature (OC) Universal V4.2D TA Instruments
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What Affects the Glass Transition?

- Heating Rate * Crystalline Content
» Heating & Cooling « Copolymers

« Aging - Side Chains

* Molecular Weight * Polymer Backbone
- Plasticizer - Hydrogen Bonding
* Filler

Anything that effects the
mobility of the molecules,
affects the Heat Capacity and,
in turn, the Glass Transition

N\

TA



Aged Epoxy: The Tg On The First Heat Cycle

Second Heat after 10°C/min
Coal from 100°C

Heat Flow {m\\)
&

Sample; Aged Epoxy
Wi'aight; 10.40mg
g Heat/Cool Rate; 10°C/min

-10 7

' T T T T T T T
o 20 40 g0 g0
Temperature (°C) Universal V2.74 T/

Depending on the thermal history of amorphous (glassy) polymers, the glass
transition can appear as a simple step in the baseline or one that has a substantial
endothermic peak that can be misinterpreted as a melting peak.

N



Enthalpic Recovery

- By heating a sample above the glass transition
temperature and then cooling it back to room

temperature, the previous thermal history is erased.
The second heat typically shows the true properties of the

material rather than the material properties with some
processing effects

* The term for the endothermic peak that develops in the
glass transition with aging at temperatures below the
glass transition temperature is “enthalpic relaxation.”

It is due to the fact that amorphous materials are not in

thermodynamic equilibrium but, with time, do relax and
move towards equilibrium.

N\
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Enthalpic Relaxation and Recovery

+ Enthalpic Relaxation

The process of a meta-stable glass relaxing towards
equilibrium at a temperature below Tg

Occurs as the sample is being cooled to temperatures
below Tg

Occurs as the sample is being stored at temperatures
below Tg

- Enthalpic Recovery

The recovery of energy (J/g) lost during Enthalpic
Relaxation. It (peak in DSC data @ Tg) occurs as the
sample is heated to a temperature above Tg

N\
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Effect of Annealing on the Tg

Heat Flow (mW)

30
S35 1
Annealing Time in
Minutes at 90°C
=40
-4 5
Sarnple; PRk,
Wieight; 10.02mg
Heat Rate; 10°C min
Anneal Temp; S0°C
Cool Rate frorm 150°C; 20°C min
-5.0 7
55 T T T T T T T T T T
70 20 a0 100 110 120
Exo Lp Temperature (‘:‘C) LUniversal W2 YA TA
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Effect of Aging on Amorphous Materials

Physical Property | Response on

Storage Below Tg Max Tg
Specific Volume | Decreases Storage
Modulus Increases vV time \
Coefficient of Decreases H Equilibriut

Liquid

N

Expansion

Heat Capacity Decreases ﬁ Equilibrium

k 4
Enthalpy Decreases Kauzmann Temp; Lowest Tg
D (Entropy of Crystal)
Entropy ecreases Temperature—»>

Where H = High relative cooling rate
M = Medium relative cooling rate
S = Slow relative cooling rate

N



Effect of Aging on Amorphous Structure

2 Equal Masses of Amorphous Material

Cooled
At 1°C
Per Day

~ Same
Properties

Quench
Cooled in
Liquid N2

Different
Properties

>

After Some Time
Storage @ Tg -20°(

A4

. Similar
Properties

Temp.
Above Tg

Temp. 20°C
Below Tg

. Temp. 20°
] Below Tg

Volume or Enthalpy

/’\

—

Max Tg

Storage timé

|

N

Equilibrium
/  Liquid

Equilibrium
Glass

Kauzmannlemp; Lowest Tg
(Entropy of Crystal)

Temperature
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M ATe B9FsE - B DSCEEBF AN

Heat Flow (W/g)

Before Remove Thermal History

-0.40 7 After Remove Thermal History

§ -0.42 4
&
; -0.44 -
T
-0.3 -0.46 7 Relaxation Enthalpy i
Removed
-0.48 />
100 120 140 160 180
1 xo Up Temperature (°C) Universal V4.3A
Method Log: i
-0.4 - 1: Equilibrate at 30.00 C o
2: Data storage: Off g 3117
1 3: Ramp 20.00 C/min to 160.00 C 128.35°C o
4: Equilibrate at 30.00 C Oy 145-85°C(H)
1 5: Data storage: On 143.63°C(H)
6: Ramp 20.00 C/min to 180.00 C ~,160.04°C
17: Mark end of cycle 1 e ]
8: Data storage: Off 130.25°C
-0.5 1 9: Equilibrate at 180.00 C
| 10: Isothermal for 15.00 min
11: Equilibrate at 30.00 C
| 12: Data storage: On Tgl =143.63C
13: Ramp 20.00 C/min to 180.00 C Tg2=145.85C
J 14: Mark end of cycle 2 Delta Tg=2.2C
15: End of method
-0.6 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
20 40 60 80 100 120 140 160 180
Exo Up Temperature (°C) Universal V4.3A
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Importance of Enthalpic Relaxation

* |s enthalpic recovery at the glass transition important?
...Sometimes

Glass transition temperature, shape and size provide
useful information about the structure of the amorphous
component of the sample.

This structure, and how it changes with time, is often
important to the processing, storage and end-use of a
material.

Enthalpic recovery data can be used to measure and
predict changes in structure and other physical properties
with time.
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MDSC Separation of Enthalpy Recovery Peak

Sample: PMMA File: W _TAWSRAPMMA Aging Study 080107 001
Size: 12.9440 mg DSC
Method: PMMA Aging Study Run Date: 01-Aug-2007 09:34
Comment: Aging at 105, 100, 95, 90 & 85°C Instrument: DSC Q2000 V23.12 Build 103
0.5+ |
] Reversing Heat Flow contains only Tg 02105
) 112.70°C |
0.6+ 8
- 117.07°C{1) E =
—_ E 014056 E
z Total Heat Flow includes Tg 2 | s
= %77 and enthalpy recovery o 3
= eak B 1 e
L | P 121.15°C £ | ﬁ
® = T
—— 1 et =
08 E 00— -07 &
2 ]
-09 1 . .
|Nonreversing Heat Flow contains 0.1--0.8
|enthalpy recovery peak ]
g0 | I | 1[|JO | I | 11|O | | I 1é0 | | I 1éO 140
Exo Up

Temperature (°C)
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Quasi-Isothermal MDSC : Cp Change

Heat Flow (mW)

Sample: Quenched PET

Size 126400 mg D&C
Method: MDSC Iso

Comment: MDSC Iso

0038
MODSC Quasi-lsothermal
. Expetirnent ll|'||l|lllll||
[ H
g1t I
L
0.06 - ¢ I,
] / ' ‘ I ] i
Isotherrmal Measurement Showing
h ' Decrease in Cp During Cold
Crystallization.
0.04 = =
I
]
0.024 ' Isothermal Measurement Showing |
Excellent Stability of Cp Signal
During the Glass Transition
- . |
Ny '
0.00 4 | | | | . =
- A |
'.|||' IIIII||||||
0! | |
0024,y
Taotal Heat Flow Rate is Less Than | |
40 Wy Ower the Entire Experiment | | | | |
-0.04 v Y v Y v Y v T v T v
a0 B0 70 a0 g0 100 110
Bxn Up Temperature (°C)

File: . MCrystallinibACryst2WApetmdsc 004

16
14 O
2
j=
O
&
o
T
|
12 _L
10

Universal W3.94 TA Instruments

N\

TA



Thermosets




Thermosetting Polymers

A “thermoset” is a cross-linked polymer formed by an
irreversible exothermic chemical reaction

Thermosetting polymers react (cross-link) irreversibly. A+B
will give out heat (exothermic) when they cross-link (cure).

"(a"': P 8 i ”I ?" g
P R e
A+B »C '{",‘..)":.{TI,.YH! [\}.

-R. Bruce Prime, Thermosets, Thermal Characterization of Polymeric materials
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Tg Increasing with Conversion Growth, TTT Plot

Time-Temperature-
Transformation (TTT) diagram

Char Formation

R hb-Bl"j’ Region

Tg[}

Liquid /
Z
' Gel 5Bt Log Time

Tempeyature

%
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Commonly used thermoset Materials

- Commonly used thermosets
= Epoxies (a 2 part epoxy adhesive)
= Phenolics
= Urea-formaldehyde/Melamine formaldehyde
= Polyurethanes
= Bismaleimides
= Cyanate esters
= Acrylates

N\
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Typical properties of crosslinking reactions

Crosslinking reactions are generally
exothermic. As the chemical reaction
takes place, it is almost always
accompanied by a release of heat.

The reactions can be easily monitored
using a DSC.

= Heat of reaction
= Residual cure
= Glass transition
= Heat capacity

» Crosslinking reactions are generally

accompanied by a sharp change in the
material’s mechanical properties.

Increase in modulus that may be
accompanied by shrinkage.

« The reactions can thus be monitored

using a Thermo-mechanical Analyzer
(TMA)/Dynamic Mechanical Analyzer
(DMA)/Rheometer.

= Viscosity

= Modulus

= Glass transition

= Dimension change (shrinkage)

These techniques give useful information about the impact of the polymerization
conditions on the end product’s thermo-mechanical properties.

N



DSC: General considerations for selecting
optimum experimental Conditions

« Sample weight: 10—15 mg
« Pan types:

= Solids — Standard aluminum pan/lid
= Liquids — Hermetic aluminum pan/lid

« General protocol for studying thermosets:
= Determine decomposition temperature using TGA
= Heat-Cool-reheat at 10°C/min

N\
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DSC: General considerations for selecting
optimum experimental Conditions

« Sample weight: 10—15 mg
« Pan types:

= Solids — Standard aluminum pan/lid
= Liquids — Hermetic aluminum pan/lid

« General protocol for studying thermosets:

= First Heat is used to measure Tg of starting material, heat of
reaction and presence of any reactive functional groups.

N\
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DSC: General considerations for selecting
optimum experimental Conditions

« Sample weight: 10—15 mg
« Pan types:

= Solids — Standard aluminum pan/lid
= Liquids — Hermetic aluminum pan/lid

« General protocol for studying thermosets:

= Second Heat is used to measure the Tg of the fully cured
sample and any residual cure from the first heat.
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Comparison of First and Second Heats

-0.04

-0.08

o

N

N
|

-0.16 -

Heat Flow (W/g)

-0.20 -

First

Second

155.93°C

T 102.64°C
g 20.38J/g

Residual Cure

Tg moves up in temperature as curing continues

-0.24

50

| |
100 150
Temperature (°C)

200

|
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Epoxy Cured 48 Hours: Heat Cool Heat

1st Heat @ 10%3] /min
Cool @ 104 /min
12nd Heat @ 1015 /min
2_
z
E 07
3
L
©
T
-2
4 5 Min Epoxy - 9.85mg
o J Cured 2 nights @ RT
50 ' 0 ' 50 ' 100 ' 150 ' 200
Exo Up Temperature (4] ) Universal V4.3A TA Instruments
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Rev-Heat Flow Easily Shows Tg

0.2 : 0.4
MDSC: 1/60@215| /min
0.2+
0.0 +0.2
0.0t
_ z s
= s B
E 0.2 2 700 3
3 L o
S © L
L (0] <
T T 02 L
T o >
5 i
pd
-0.4 T-0.2
40.61145] (H)
0.4+
-0.67 5 Min Epoxy Cured 2 nights T 04
6.4900 mg
50 ' 0 ' 50 ' 100 ' 150 ' 200
Exo Up Temperature (i@'l) Universal V4.3A TA Instruments
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Heat Flow (mW)

Advantage of MDSC for Post Cure Scan

0.2 0.4
Heating Experiment at 3°C/min
after 160min Isothermal Cure @ 100°C
ey Note Onset of Decomosition /’ 4
/ N\ before Complete Cure /
[\ /
\ //
0.2+ Sample: Epoxy | N S s 0400 _
. 2
Size: 10.85mg | o S £ :
~ d S ; 2
/ i ks
J 5 =
[4y)
0.6 Nonreversing __/ E 0.0 0.4 %’
Note Inability to o 3
Measure Tg S oC
Total E —
| <
— 117.14°C |
Reversin ) 31.08Jig | —
1.0 9 110.75°C —  _0.4==-0.8
119.12°C(H) All Signals at
0.2810J/g/°C Same Sensitivity |
e
-\-h-\.‘- .-
'1 4 L] v |} |} v ] v | ) '1 2
52 102 152 202 252
Exo Up Temperature (°C) Universal V3.8A TA Instruments
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Epoxy Cured Overnight at Room Temp

20 Min Epoxy Cured Overnight at RT
9.17mg
Post-cure scan @ 1013|/min

Heat Flow (mW)
|

25.411] (H) 100.27451 g3 384

30.64J/g
84.29 % cured

-2
-3 T T T T T T T T T T T T T T T T T T T T T T T T T T T
-50 0 50 100 150 200 250 300
Exo Up Temperature (E[) Universal V4.3A TA Instruments
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Epoxy Cured Overnight at Room Temp - MDSC

Heat Flow (mW)

-0.30 0.1
50.21 5]
27.14J/g
86.08 % cured
-0.45
. 0.8+ -0.2
3 —
£ =
-0.60 = c
34.10%5( (H) 5 05+-05 L
T 3
> I
-0.75+ g >
c ()
§ oC
48.451s]
80.04
Bl 29.7000 02 08
0.90- 84.77 % cured
116.45mg 20 Min Epoxy
|| Cured Overnight at RT
||{MDSC 0.75/40@3
1.0 . . . | 1.1
-50 0 50 100 150 200
Exo Up Temperature (E[) Universal V4.3A TA Instruments
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Use of Kinetic modeling for characterization of
curing reactions

 Predict how long a reaction takes to go to completion
» Optimize polymerization, curing

* Quantify parameters that characterize time-temperature-
dependent process behavior under conditions that may
not always be experimentally feasible.
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Fundamental equation for kinetics

do
dt

HT)

da

dt

J(T)e f(a)

o = fraction reacted
or converted

da - reaction rate

dr

f(T) = a function of Temp.

f() = a function of «

do

dt

fla)

o AT)f a)
dt
N



Percent Cure Calculation by DSC

* Need Heat of Reaction (Enthalpy) of unreacted material
curing
= Typically run uncured material in DSC
» Run cured or partially cured sample in DSC

% Cure = 1 - (AH Residual Cure / AH Full Cure) * 100
% Uncured = (AH Residual Cure / AH Full Cure) * 100
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Calculation of % Cure: An Epoxy

% Cure = (410.6 - 82.7) / 410.6 Sample ramped @ 104 /min
% Cure = 79.86%
6.5 —
79.17 15|
s 410.6J/g
£
3
L
R
T } ]
91.421y
82.69J/¢g
A L 79.86 % cured
| ﬁleSSI.GSé?‘] (HLI/T :
=7 Sample cured for 17 hours at RT;
then ramped at 10143 /min.
-100 l E;O l (I) 5|0 l l l 1(|)0 l l ' 1&|'>O ' l l 2(|)O l ' l 250
Exo Up Temperature (%‘I) Universal V4.4A TA Instruments
(/\’
TA



Obtaining kinetics information from a DSC
experiment

Heat Flow (W/g)

6
44 .
— > | DSC gives us a and do/dt
vs time and temperature
24
y Fraction reacted « = A,
AHT
Reaction rate do _dH /dt
N dr AH; Se g psc S el
s0 100 150 200 250 300
Temperature (°C) 81 g0
g 1.4+
Running integral option
. . . %_ ’
provides o as a direct function
of time/temperature
U; 40 60 80 100 Tempe:;?"e(uc) 140 160 18?Jm 200
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Quasi-Isothermal Cure of an Epoxy

2.5 2.0
H 100
48.79min 66.66min ?g (l\sﬂanngoxy
78.48% 90.00% .
2.0 Quasi-lso .75/60 - 1.9
i 80
48.79min
] 1.844J/(gHEC) I
_ 1.5 ' 66.66min 1.8 =~
g e 1.839J/(g#EC) %
3 3 =
p > &
o >
:GE) 1.0 —1.7 &J
H40
140.04min
- 1.592J/(g#EC)
0.5 5 1.540J/(gHEC) |16
1 286.70min
140.04min
0.0 |V1 T T T T T T T T T T T T T T T T T T T T T T T 1.5
0 50 100 150 200 250 300
Exo Up Time (min) Universal V4.3A TA Instruments
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Fundamental equation for kinetics - the
temperature factor

« Fundamental equation for kinetics

da _

= =fM)p f(a)

 Arrhenius temperature dependence
Where Ea is activation energy

f(T)=Ze ™™ Z i.s the “frequency factor”
R is the gas constant
- Derived from dilute gas T'in kelvin

or solution, refined for solids
* Physical significance: Molecules

colliding with sufficient kinetic energy to E Ea
overcome Ea cause a reaction
* Pre-exponential factor, Z, “frequency factor”

accounts for steric effects
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Selection of appropriate model - the “o” factor

« Fundamental equation

9@ _ r(1y e f(a)
dt

« Many models, three simple ones
= nt" order reaction:
= Modelling technique: f (@) = (1—)" n is reaction order
> n=1:ASTM E698'/Ozawa, Wall and Flynn method?
> n#1:ASTM E20413/Borchardt and Daniels method*

= Autocatalyzed reaction:
= Modelling technique: f(a@)=a"(1-®)" n and m are reaction orders

» ASTM E20705/Sestak and Berggren method (Isothermal kinetics)®

= TA Application note TA-073 gives detailed information on the assumptions, merits and
limitations of each model

SASTM E2070, ASTM Annual Book of Standards 2005 volume 14.02

IASTM E698, ASTM Annual Book of Standards 2005 volume 14.02
6Sestak, J., and Berggren, G., Thermochim. Acta, 1971, vol 3, pg 1

2Ozawa, T.J. J. Thermal Analysis, 1970, v2, p301

3ASTM E2041, ASTM Annual Book of Standards 2005 volume 14.02 A
“Borchardt, H.J., and Daniels, F.J., Am. Chem. Soc. 1956, v79, pg 41 ( TA



Curing reactions are kinetic in nature

Heat Flow T4 (W/g)

6
172.8615 1 g /m!n
5.792W /g 215 /min
515 /min
1045 /min
2045] /min
160.931|
4 3.431W/g
149.9347
1.972W /g
2_
137.041]
0.9506W /g
128.291]
0.5594W /g
0 | | £ — |
122.2613] 141.8513 162.531]
323.9J/g 315.1J/g 320.5J/g
130.1215] 151.9213]
315.5J/g 320.0J/g
-2 T T T T T T T T T T T T T T T T T T T T T T T T T T
100 120 140 160 180 200 220 240
Temperature (i5]) =

TA



Isothermal curing of a Thermosetting Material

5 min-Epoxy
Isothermal @ 4015
4
S 3
£
B
[T
s
£ 2
.
20
+——-—FFF———+———7—+— 77—
0 1 2 3 4 5 6 7
o Up Time (min) Universal V4.3A TA Instruments
154
s
E
3 10
Temperature is better i
<

Need to either go even lower in

temperature or work faster

Temperature is too high

Missed most of the reaction

5 min-Epoxy
Isothermal @ 2515

16 18

Universal V4.3A TA Instruments



Nh Order Reaction vs Autocatalyzed Reaction

The degree of cure is defined as follows:
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Kinetic analyses can provide valuable
information

EPOXY PREPREG CURE KINETICS

Half-life of the reaction: Use as litmus test o IS2-CONVERSION CURVES
for Valldlty Of klnetIC mOdel 1208 95% Reaction Order: 1.54
z 100 Act Energy: 84.4 kJimol
E Log Z: 9.22 1/min
- Heat React: 30.6 Jig
35000 Z a0
- P Yo
m H rog.: 10°Cimin
30000 — Temp Temp [ 1/Temp k(T) In k(M) | Half-Life z ol
. C K 1000/ | i/sec 1/sEC i a2 8 "
] 10 283.15 | 353 |301E05] -102 755 (\‘\\ a0
25000 — 20 263,15 3541 |ooooiol| 9.2 112 ;\QG i
. 30 303.15 3.3 |0.000246] &1 459 \ of
. ] 40 313.15 | 319 |0.000564| 748 20 T L
© 20000 i 32315 | 309 |0001229] 6.7 5.17 A NPERATURE ()
o ] &0 33316 3 0.002568 | 587 441
& 15000
5 ]
4 ] 26.91°C
S 10000 ] 3600. sec EPOXY PREPREG CURE KINETICS
- ISOTHERMAL PLOTS
] 1401
5000 mp | S e
0 .
u 5
. g
_5000 T T T | T T T | T T T | T T T | T T T | T T T %
0 20 40 60 80 100 120 Reaction Order:
Temperature (°C) " e
Exo up p Heat React: 306 Jig
. 20
Predict the cure temperature for one hour half
. . . []
life and carry out the iso cure in the DSC. Cool S S S S WS

TIME (min)

the sample after 1 hour and rerun. Was the
residual reaction 2 the total heat of reaction?
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Thermoplastics




Thermoplastic Polymers

Semi-Crystalline or Amorphous

= \ Crystalline Phase
(7?42: \ melting temperature Tm
@(“"V//J : (endothermic peak)
{; 's\}f’gygfl_& \
7" ”"‘A.A)l")‘ —\ Do\
Y

—
> N
‘/A‘u@«%

Amorphous Phase
glass transition
temperature (Tg)
(causing ACp)

=
<IN

.’

Tg <Tm
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Study of melting/crystallization using a DSC

* Melting is the process of converting solid, crystalline structure (lower
energy) to a liquid amorphous structure (higher energy).

» Crystallization — The process of converting either solid amorphous
structure (cold crystallization on heating) or liquid amorphous structure
(cooling) to a more organized solid crystalline structure

« Melting:
= low energy state — high energy state; requires input of energy;
Endothermic peak

 Crystallization:
= high energy state — low energy state; releases energy; Exothermic peak

- We integrate these peaks, on _a time basis to determine the Heat of
Fusion (melting) and Heat of crystallization

TA



Appearance of melting and crystallization on
a DSC thermogram

3
: Crystallization
2 /
5 -
=
2 ]
S
L
B 3
T 0
N w
ﬁ Melting
-2 T T T T T T T T T T T T
20 70 120 170
Exo Up Temperature (°C) Universal V4.5A TA In:
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Melting of Indium

O_

Extrapolated 156.60]
Onset 28.50J/g
Temperature 1
Indium
. T 5.7mg
% -10- | 10%5[/min
5 Heat of
g Fusion
£ s For pure, low molecular
weight materials
(mw<500 g/mol) use
207 Extrapolated Onset as
Melting Temperature
157.01145]
-25 - - - - . - - - - ) - ; -
150 155 160 165
Exo Up Temperature (EI) Universal V4.0B TA Instruments
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Melting of PET

Heat Flow (mW)

Exo Up

For polymers, use Peak as Melting Temperature

Heat of
Fusion

PET
6.79mg
10%5]/min

Peak Temperature

‘|||I%/

200

210

220 | 230 | 240
Temperature (i)

249.7015|
250 260 270
Universal V4.0B TA Instruments
TA
TA



Heat Flow (mW)

Comparison of Melting

-10

-15

-20

-25

Exo Up

1156.60
1960 J,E'*g' PET 236.15]
7 6.79mg 52.19J/g
1 .
0451 /min 249701
Indium
5.7mg
] 1015/ /min
157.0115]
140 160 180 200 220 240 260 " 280
Temperature (i5])
(TA

Universal V4.0B TA Instruments



Definitions of some terms commonly used in
crystallinity analyses

 Amorphous Phase - The portion of material whose
molecules are randomly oriented in space.

Liquids and glassy or rubbery solids.
Thermosets and some thermoplastics

» Crystalline Phase - The portion of material whose
molecules are regularly arranged into well defined
structures consisting of repeat units.

Very few polymers are 100% crystalline

« Semi-crystalline Polymers - Polymers whose solid phases
are partially amorphous and partially crystalline.

Most common thermoplastics are semi-crystalline

N



Definitions of some terms commonly used in
crystallinity analyses

« Thermodynamic Melting Temperature — The temperature

where a crystal would melt if it had a perfect structure (crystal
with no defects)

- Metastable Crystals — Crystals that melt at lower temperature
due to small size (high surface area) and poor quality (large
number of defects)

» Crystal Perfection — The process of less perfect crystals
(metastable) melting at a temperature below their
thermodynamic melting point and then (re) crystallizing into
more perfect crystals that will melt again at a higher
temperature.
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Crystal Structure Analysis

« Crystal structure is typically broken down during the
process of melting

* The formation of crystalline structure or crystallization can
occur during heating or cooling

Cold crystallization occurs on heating when a solid
amorphous material becomes ordered

Crystallization on cooling occurs when the liquid
amorphous material solidifies into an ordered structure
 Typically, the same amount of energy required to create
the structure during crystallization is also required to
break down the crystal structure during melting

N\
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Selecting Experimental Conditions

« Thermoplastic Polymers
= Perform a Heat-Cool-Heat Experiment at 10°C/min.

= First heat data is a function of the material and an unknown
thermal history

= Cooling segment data provides information on the crystallization
properties of the polymer and gives the sample a known thermal
history

= Second heat data is a function of the material with a known
thermal history

« General Recommendations
= 10-15mg
= Heat - cool - reheat cycles @ 10°C/min
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Selecting Experimental Conditions

* During first heat the maximum temperature must be
higher than the melting peak end; eventually an
iIsothermal period must be introduced

Too high temperature/time:
» decomposition could occur
Too low temperature/time:
» possibly subsequent memory effect because of the fact that
crystalline order is not completely destroyed

* For non-crystallizable (amorphous) thermoplastics the
maximum temperature should be above Tg (removal of
relaxation effects, avoid decomposition)
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Heat Flow (W/Q)

A typical Heat/Cool/Heat thermogram

1.5

Crystallization

1.0

Cool

0.5

0.0- Second Heat

First Heat

-0.5

-1.0- ’///)7

Melting

-1.5

0 e 100 140 180 220 260

Temperature (°C)
(/\ ’
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Heat capacity baseline: the definition

- True Heat Capacity Baseline — Often called the
thermodynamic baseline, it is the measured baseline
(usually In heat flow rate units of mW) with all
crystallization and melting removed.

= Assumes no interference from other latent heat such as

polymerization, cure, evaporation etc. over the
crystallization/melting range.
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Analyzing/Interpreting Results — selecting integration
limits on the heat capacity baseline

* |t is often difficult to select limits for integrating melting
peaks

= Integration should occur between two points on the heat
capacity baseline

= Heat capacity baselines for difficult samples can usually
be determined by MDSC® or by comparing experiments
performed at different heating rates

N\
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Example: DSC of Polymer Blend

0.1

0.0

-0.1
— Where is the Cp
2 .
= baseline?
3 02-
[
=
D
xI
03
-04
-05 T T T T T T T T T T
0 50 100 150 200 250
Exo Up Temperature (OC) Universal ¥2.5D TA Instruments

&
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Example: DSC of Polymer Blend

01

Is it here?

)
=3 Where is the Cp
é -0.2 7 baseline?
®
@
I
-0.3 4
-04
'05 T I T I 1 I ' I ¥ I
0 50 100 150 200 250
Exo Up

Temperature (°C) Universal ¥2.5D TA Instruments

\
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Example: DSC of Polymer Blend

0.1

Is it here?

=)
= Where is the Cp
é 029 baseline?
®
()]
I
-0.3
04
-05 - . - T - T - . - T
0 50 100 150 200 250
Exo Up Temperature (OC) Universal ¥2.5D TA Instruments

\
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Heat Floi (i)

MDSC® Aids Interpretation

-0.4 -0.4
f .
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elting Onze
MDSC Heat-Only
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Calculation of % Crystallinity

- Sample must be pure material, not copolymer or filled

* Must know enthalpy of melting for 100% crystalline
material (AHiit)

* You can use a standard AHiit for relative crystallinity

For standard samples:

% crystallinity = 100* AH_  / AH,;,

For samples with cold crystallization:
% crystallinity = 100* (AH,, - AH,)/ AH};,
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ATHAS Databank

Springer Materials The Landolt-Boérnstein Database

- T E

Home Bookshelf

Periodic Table Search

Login

2 Springer

it ) springer Matrils

Advanced Search

Structure Search Help For Librarians Feedback

Particles, Nuclei and Atoms
Molecules and Radicals

Electronic Structure and Transport
Magnetism

Semiconductivity
Superconductivity

Crystallography

The ATHAS
Databank is a
source for the

AH; for common
polymers

Preface to the ATHAS Data Bank in SpringerMaterials

The ATHAS (Advanced THermal Analysis System) Data Bank offers the equilibrium thermal properties of macromolecules
(polymers) and relatively small molecules materials. The ATHAS Data Bank contains three major parts:

1. A table of thermal properties (glass and melting temperatures, heats of fusion if crystallization is possible, auxiliary data
on molecular motion, and phase structure).

2. A Data Bank of the experimental and calculated heat capacities.

3. Recommended Data of thermodynamic properties of macromolecules and related small molecules (Cp from approximate
and exact vibrational spectra, enthalpy H, entropy S, and free enthalpy (Gibbs function) G).

The goal of generating the equilibrium thermal properties of macromolecules was to help analyze nonequilibrium behaviors of
polymeric materials.

The ATHAS data bank, for example, contains such equilibrium information on heat capacities from 0 to 1000 K, vibrational
spectra, transition parameters, enthalpies, free enthalpies, and entropies for a number polymers and related materials. All
these equilibrium thermodynamic quantities and parameters can serve as references for the quantitative thermal analysis of
experimental data of semi-crystalline, metastable states and non-equilibrium processes of materials.

The collection of data, in the form of ATHAS data bank, began in the mid 1970s by Prof. Berhard Wunderlich and co-workers.
In 2005, data bank moved to Prof. Marek Pyda's Laboratory. At present, the ATHAS data bank is available by SpringerMaterials
on their internet page.
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PET Data from ATHAS

Poly(ethylene terephthalate) (PET)

Crystalline Calculated Data

e e e e e e e e e e i i e e e e i e e e e e e e e e e e e e

* Ldvanced THermal hnaly=sis Laboratory *
* 19353 Recommended Data of *
* Thermodynamic Properties of Hacromolecules *

O e e e e e e i e U e O O i e e e e e e e e

Namwe :

Polyiethylene terephthalate)

Calculate g/mole from

File MName : FET .
molecular structure which
Structure @ o] o]
TR equals 192 g/mole for PET
[(O—-C-CeH4-C—-0O-CHZ-CHZ-)
< Crystalline > [%
T index Cp H - HO[C] S HO[C] - G
() ¢ (@/Eaol)  (d/mol)  (3/Kaol]  (3/mol)
""" 0..0 4  o0.000  0.00 o0.000  o0.00
o.20 O.ooo0 0.0 0.ooo o.oo
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ATHAS Summary Page for PET

The data are separated into

+« CUp Expenmental and Calculated -Crystalline
« Cp BExperimental and Calculated -Amorphous
o Cp, HES G -Crystalline

o Cp, HE G -Amorphous

Eeferences

Poly(ethylene terephthalate) (PET

Summary

Tig dcp Tm dHE SHE
(e - - 553 26,9 X
(&) 542 77.6808+1) - - bid
FET = 5] 10,43 10 g,37
s Explanations

Cp Fioure, H.2 G Fimuire These are picture files and may need some time to load.

Last revision May 6, 1997 by Marek Pyda
URL : htip:/funnelweh utec.utk edw/~athas/ .. phenylen/pet/pet.diml

AH; in kd/mol =
N
26.9kJ [ mol
x1000=140J/ g
192 g / mol
=

TA



Heat Flow (W/g)

Quench-cooled PET - calculation of initial
crystallinity

| 134.62°C )
' 74.71—-53.39
- 100 X ( =15%
140
0.07 75.43°C
242.91°C
_\ﬂf.%@(l; , 74.71J/g
0-57 80.62°C 127.72°C
53.39J/g
97 1% crystallinity = 100* (AH,,, - AH_)/ AHj;
256.24°C
-1.5-— 510 ' 1(')0 ' .“'30 ' 260 I 2{%0 | 300
Temperature (°C)
N



Quench-cooled PET - calculation of initial
crystallinity

* 15% Crystalline
= Does that sound right?

« The sample is quenched cooled PET
* We know that quenched cooled PET is 100% amorphous

N\
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Cold crystallization and crystal perfection can
impact % crystallinity calculations

« The question is: “How can DSC provide such a wrong answer?”
= The answer is that it does not.
= The error is due to the integration limits selected by the operator.

- Total signal of DSC is often misleading because it measures only the
sum of all exothermic and endothermic processes.

» This causes crystal perfection to manifest subtly in the thermogram
by a small shift in the baseline (see next slide).

» Cold crystallization also needs to be considered in calculating the
crystallinity of the sample.

N\

TA



Change in Crystallinity While Heating

1.0

0.5160

0.0 140

Heat Flow (W/g)

-0.5+20

-1.0+0

-1.5

Quenched PET 134.6313]
9.56mg
10°C/min

230.0613]
71.96J/g

Integral (J/g)

105.00y]

127.681y]

0.6877J/g 230.061|

-50
Exo Up

T T T — '+ 1 _ ' T T 1 T T 1 _ ' T T T _ T T
0 50 100 150 200 250 300 350

Temperature (lg])

N\
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MDSC Experiment on PET

2 A ~‘
| ! /

I\
N i mso0°c f e s . 27EQE°C
g ORFEYErSIng ! ‘/ \ - o
. ' =
T
L j k 1.B55)/ E 5
9 o : q L + e
=3 = 105.00°C 275.00°C az T
E ! — —
3 21 , —_ 145.00°C \ S | T
™ Reversing N __,.f"'--—.l.__-___ — 275 Dﬂfcg &
5 == R &
— T I
N\, i ' |
44 143 20ig \ 44 |
Initial Crystallinity = 143.2-1448 =-16 Uiy \ —
B0 cor Poriod

-—
Y
)
I=

_F - _Fj -
v
T Y T Y T Y T Y T Y -B
50 100 150 200 250 300
Exo Up Temperature (DC) Universal V3.9A TA Instruments
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Impact of crystal perfection on the melting
peak

* The shape of the melting peak is also affected by crystal
perfection processes that occur over the same
temperature range as bulk melting.

= This often gives the appearance of two melting peaks
rather than what actually is an exothermic crystallization
peak superimposed on an endothermic melting peak.

The next slide compares the shape
of the melting process on the same
sample of PET after it had been
cooled at different rates from above
its melting point,




Heat Flow (WW/g)

PET Melting after Cooling at Different Rates

-0.05

Samples Prepared at the

-0.10 4

-0.15 4

-0.20

Indicated Cooling Rates

All Runs Made at 2°C/min. After
Cooling at the Rates Indicated 10°CHmin

5°CHmin

2°CSmin

1°C min

170

l L] l L] L] l T l L] l L] I L] l L] l T l L]
180 190 200 210 220 230 240 250 260 270 280
Temperature ("C)
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Thermoplastics continuved:
Crystallization kinetics




Crystallization

» Crystallization is a two step process:
= Nucleation
= Growth

* The onset temperature is the nucleation (Tn)

* The peak maximum is the crystallization
temperature (Tc)

N\
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Effect of Cooling Rate on Crystallization

16

8
21 3.78_°ﬁ3
20?.49°%
Sample: PET 200.22°Ci' ‘
12415 ) 346
Weight: 10.66mg |
191 .27°C"
3 g ,‘ s | =
E E i E E
E 8+1.0 5 \ 5 244 5
L L H L L
5 5 . 3 3
T T Cooling Rates \ T T
16°C/min ‘
8°C/min i ‘
4 1+0.5 4°C/min ' \ \\ 142
2°C/min g \
0 T v T T T v T T 0
50 100 150 200 250
Exo Up Universal W2 74 TA Instruments

Temperature (°C)
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Effect of Nucleating Agents

2.0
crystallization POLYPROPYLENE POLYPROPYLENE
WITHOUT WITH NUCLEATING
NUCLEATING AGENTS AGENTS

1.5+
o
S 0.0
E10-
LI_ 5-0.5*
—— =3
N 3
@
L 2,

melting
0.5
Ex:U'feo 80 100 Te1r;210perature1 %Eﬁ]) 160 180 200
O . O T T T T T ! T T T T T T T ! T T
40 50 60 70 80 90 100 110 140 160
Bxo Up Temperature (ig])
TA
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What is Isothermal Crystallization?

* A Time-To-Event Experiment — Direct Cooling

Annealing Temperature

/ Melt Temperature

ﬁ

Isothermal Crystallization

o Temperature
=
<
—
O
2 T _
& Zero Time
=
Time >

TA



Isothermal Crystallization

1.0

| 1229C

Increasing temperature

Heat Flow (W/Q)

e e S

e

HDPE

—_ ="  ——— s — e e e -
S T S A e T e T T T s s e = T e e

— —— e e e T e

?2 7?77 122
??277 1225
??7? 123
? 7?7?77 1285
??277 124
?777% 1245
? 7?7 125

—_—
—_
——
—_———

Exo Up Time (min)



What is Isothermal Crystallization?

* ATime-To-Event Experiment — Quench & Reheating
Isothermal
Annealing Temperature Crystallization

— Temperature
Melt Temperature
1 ____________ / __________________________________________________________

o L / ___________________________________________________________
4(5’5 Stand-by Temperature
& [
IE Zero Time
Time >
N




DSC Applications:
Quench-Isothermal-Crystallization

Method Log: Isothermal
: Initial temperature: &R Tm

 Initial temperature: TmE3Tg 2 &
: Mark end of cycle 1

: Isothermal 18& %5 da —Ex 5 &

: Mark end of cycle 2

: Ramp 10.00C/min to/E/HTm

: Mark end of cycle 3

Heat Flow (W)

NOOR®N 2

Heat Flow (W)

.| Ramp 10G/min

Temperature (*C)

188 (TA \ TAINSTRUMENTS.COM



Isothermal Kinetics

- Many models are available; such as Avrami, Malkin,
Sestak& Berggeren etc.

- The following slides demonstrate the ASTM Standard
Method E2070' based on the method of Sestak and
Berggren?

» Consists of heating (or in the case of crystallization,
cooling) a series of samples to a series of isothermal
temperatures, equilibrating and recording the rate of
reaction (or crystallization) versus time.

- Each reaction exotherm is fitted to the n'" order kinetics
equation with an additional term for autocatalysis

* Values of the Arrhenius parameters Ea and Z and the
reaction orders, n and m, are calculated using all data.

TASTM Annual Book of Standards 2005 volume 14.02 p818-826
2Sestak, J., and Berggren, G., Thermochim. Acta, 3, 1 (1971)

N



Isothermal Kinetics: Equation used for fit

- Starting with general equation

42 _ r(rye fla)

d

5

— Ze—Ea/RTam (1 . a)n

Where:

Ea 1s activation energy

Z 1s a frequency factor

R 1s the gas constant

T 1s temperature 1n kelvin

o 1s fraction reacted

n 1s the reaction order

m 1s the autocatalytic
reaction order

N



Crystallization Kinetics: Collecting the data

Polyethylene Terephthalate

Heat Flow (mW)
N

» Cooling from the melt

? 777 2041
??27?77° 2061
? 7277 2081
? 7?7 7?7 2101
727?77 2124
? 77?77 2144
? 7?7 7?7 216
7?77?77 218y

at 50°C/min

 Equilibrating and
running isothermally
at a temperature

* Re-melting and re-
crystallizing at
another temperature

Time (min)

, * Alternately could do
“cold crystallization”
Kinetics

N



Method to Take Isothermal Crystallization Data from
Single Run

*  Method Log: « 23: Mark end of cycle 0

« 1: Sampling interval 2.0 sec/pt « 24:Isothermal for 60.00 min

+ 2:Ramp 40.00 °C/min to 295.00 °C «  25:Mark end of cycle 0

« 3:Isothermal for 5.00 min « 26: Ramp 40.00 °C/min to 295.00 °C
*  4:Ramp 40.00 °C/min to 204.00 °C « 27:Isothermal for 5.00 min

* 5:Mark end of cycle 0 « 28: Ramp 40.00 °C/min to 212.00 °C
* 6: Isothermal for 30.00 min « 29: Mark end of cycle 0

« 7:Mark end of cycle 0 « 30: Isothermal for 80.00 min

« 8: Ramp 40.00 °C/min to 295.00 °C « 31:Mark end of cycle 0

* 9:Isothermal for 5.00 min « 32: Ramp 40.00 °C/min to 295.00 °C
* 10: Ramp 40.00 °C/min to 206.00 °C « 38: Isothermal for 5.00 min

* 11:Mark end of cycle 0 * 34: Ramp 40.00 °C/min to 214.00 °C
« 12: Isothermal for 40.00 min « 35: Mark end of cycle 0

* 13: Mark end of cycle 0 « 36: Isothermal for 100.00 min

* 14: Ramp 40.00 °C/min to 295.00 °C « 37:Mark end of cycle 0

* 15: Isothermal for 5.00 min « 38: Ramp 40.00 °C/min to 295.00 °C
* 16: Ramp 40.00 °C/min to 208.00 °C « 39: Isothermal for 5.00 min

« 17: Mark end of cycle 0 * 40: Ramp 40.00 °C/min to 216.00 °C
« 18: Isothermal for 50.00 min * 42: Mark end of cycle 0

* 19: Mark end of cycle 0 *  43: Isothermal for 100.00 min

« 20: Ramp 40.00 °C/min to 295.00 °C * 44:Mark end of cycle 0

« 21:Isothermal for 5.00 min * 45: Ramp 40.00 °C/min to 295.00 °C
« 22:Ramp 40.00 °C/min to 210.00 °C * 46: Isothermal for 5.00 min

* 47:Ramp 40.00 °C/min to 218.00 °C
* 48: Mark end of cycle 0
* 49: Isothermal for 120.00 min

* 50: End of method
(/\ ’

TA



193

Partial Area Analysis

Specialty Library - Isothermal Kinetics C: TA Data® KineticsCertUser’ pet isoX1.003
File Edit Rescale dGraph Analvze View Window Help

D& & @& B & | x| =282

E Isothermal Kinetics C:5 TA%Data'KineticsCertUser',pet isoX1.003 ;|g|_|
Sample: pet-isox DSC File: C: \TA\Data\KmetmsCertUser\pet isoX1.003
0.30 —
E Analysis Parameters ﬂ
0.25
= Minimurn &rea Fraction: ID-|:|54
o 0.20 — b airum Area Fraction: IU.?ESEEB
E . Mizzing Area Fraction: IEI
% D 1 5 ] [T Mizsing area iz a parameter of the fit
L .
I ] k. I Cancel I Help I
2010 3
0.05
0.00 T T | T I T | T T | T T | T T
0 2 4 6 10
Time (min
Exo up (min) ﬂl:lfns:ruments

\
(TA ‘ TAINSTRUMENTS.COM



Single Run Log-Log of PET

1.0 —
—| Autocatalytic
-1.1 — n:2.02 +/-0.013
—| m:1.00 +/- 0.0090
-1.2 — k:0.593 +/- 0.010
: — Area corr: 3.313 %
e, -1.3 —
®) ]
s 1.4 —
o -1.5 O
1 ]
1.6 =
-1.7 _||||||||||||||||||||||||||||||||||
-0.75 -0.65 -0.55 -0.45
Log[(1-C) C*(m/n)]

Linear fit

TA



Multiple Run Analysis - PET

0.20 —
0.15 -
& E
@) ]
2 0.10 E
x R
E y Autocatalytic
] n: 1.90 +/- 0.070
0.05 o m: 1.05 +/- 0.051
] E: -260. +/- 11. kd/mole
] Log Z: -27.9 +/- 1.2 1/min
000 N T | T l T | T l T | T l l T |
-0.0 0.2 0.4 0.6 0.8
EXo up Conversion
(/\’
TA




Conversion Time vs. T at Selected
% Conversions

40
Autocatalytic 95.0%
n: 1.90 +/- 0.070
1 m:1.05 +/- 0.051
E: -260. +/- 11. kd/mole
30 — Log Z:-27.9 +/- 1.2 1/min
E 90.0%
g 1 . o
o
E
— 20_
= 80.0%
C
o
z i
“E’ - 50.0%
o N 20.0%
@)
// 10.0%
‘// 5.0%
0 LA I N N Y N Y N Y N Y N Y I Y N Y S B N B NN N B
212 213 214 215 216 217 218 219
Exo up Temperature (3 )
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Percent Crystallized vs. Time at Selected

temEeratures

4 Autocatalytic
120 — n: 1.90 +/- 0.070
7 m:1.05 +/- 0.051
| E:-260. +/- 11. kd/mole
100 — Log Z:-27.9 +/- 1.2 1/min
0\0 —
g 80 o
& a Time Pct Conv: Pct Conv:
o 7] @210.01g @220.015
c 60— min % %
S | 0.000 0.0 0.0
- _ 210.00%| /220.004% 5.0 64.16 2.500
GC) 40 — 10.0 91.13 14.59
O i 15.0 95.41 45.68
) H 20.0 96.98 69.76
o 20 — 25.0 97.76 81.19
- 30.0 98.22 86.92
0 T l T l T l T l T l T
0 10 20 30 40 50 60
Exo up Time (min)



Tips and Precavutions

« Sample Prep — thin film
« Use same sample for each isothermal test

- Sample must be completely melted before cooling to
crystallization (e.g., hold for 5 minutes above melt
transition)

- Samples must not degrade in the melt
Purge out all oxygen before first melt

« Crimp or seal sample such that no material oozes out of
pan

* Curve fitting Parameters are descriptive

N\

TA



Pharmaceuticals




Pharmaceuticals

- Tg
* Melting
= Purity
* Polymorphs
- General Recommendations
= Use TGA to determine pan type
= Use 1-5 mg samples (use 1mg for purity)
= |nitial H-C-H @ 10°C/min (1 °C/min for purity)

= [f polymorphs present heat faster to inhibit polymorphic
transformations

N\
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Tg of Sucrose Varies with Moisture Content

Std DSC @ 20°C/min
Vented Pans

-1 - Mote; Tg Shifted by Cwer 40°C
Due to Loss of Water
‘; 11.82°C(H)
& 2- . 0. 496EigreC
i -2B.70°CH)
-— 0. 4157 Jigrec
[
@
I
-3 First Heat
-4 v T v T T T v T ¥ T v T
-G0 -40 -20 o 20 40 &0 80
Exo Up Temperature (°C)

100

Lniversal %3.4C TA Instruments



Structure Changes With Time

-0.02
Sucrose
13.98mg
004 Annealed @ 55°C
g) -0.06 10 min @ 55°C
; /
2
L.
™
£ -0.08-
After Annealing @ 55C
for 10, 100 & 1000min _
100 min
-0.10
\ 1000 min
-0.12 y T - T T T y T ' T Y
30 40 50 60 70 80 90
Exo Up Temperature (°C) Universal V2.1G TA Instruments
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Melting is Not Heating Rate Dependent

Heat Flow (mW)

0 - 17 min
E]-_O
-10 5
20%C min
-5
s =3
.20 1 £ £
3 3
Onset of melting shifts by = po
- 0.3C over heating rate T |, T
_ . Ptwels)
Phenacetin range of 1-20°C/min for
_ sample that has a true melt “1
Hermetic Pan
-40
Approx 1.5mg k15
-50 T T T T T T T T T T T T T T T
120 125 130 135 140 145 150 155 160
Exo Lp Temperature (DC) LUniversal ¥3.2B TA Instruments
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Ciprofloxacin Hydrochloride Decomposes

Decomposition is kinetic (heating rate dependent)

Heat Flow (mW)

S0
[.\f,_h.x_\ Onset differs by
o ] . O
eCmin ~ almost 30°C 5
| ~.
305.65°C T g
- 119.04f N
a4 R 4 ‘I
'_'_‘"-—-..._“\__ i
\' ‘ S5°Cimin
T T T —
— T
= } 319.68°C / HH""‘E-H—— -0
E . II 143.9./y / R
1mno4 — — 1 T — | ¥
E ¥ R““\\ f”l 20°Crmin °
% 07 38°C .’[ 334.21°C % J
@ \ ! 183.?.{;@ @ [
I T i I
\/
=10 -5
322.03°C
Hermetic Alurminum Pan
Approx 1.5mg Sample
_3 -
-30 7 335.74°C
T T T T T T T T T T T T T -10
280 290 300 310 320 330 340 350 360
Exo Lp LUniversal W¥3.28 TA Instruments

Temperature (°C)
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TGA of Ciprofloxacin Hydrochloride

Weight (%)

100

80 —

60

40

20

Decomposition

AN

— 0.5

— 0.0

50 " 100 150

200
Temperature (13 )

250

300

Deriv. Weight (%1 )



Sulfanilimide

0.0
£
('
hl
% -0
(T
©
Q
I
-0.2
Exo Up

0.0
Comparison of 1 & 10°C/min Heating Rates on
Melting of three Polymorphs for Sulfanilimide
--0.5
1°Cmin Heating Rate g
£
(W
l
. —-1.0
s == — 3
/ o
X’ o
I
10°Ciémin Heating Rate {
' --15
T -7t * * v r 1 v v v + | v 1 1t [ Tt T T T T 1T — 1 1T —-20
140 145 150 155 160 165 170 175
Universal ¥3.4B TA Instruments

Temperature (°C)
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Linear or Sigmoidal Baseline?

Sample: Acetaminophen - Tylenol Caplet File: Q2000-ACETAMINOPHEN-TYLCAP-022412.0C
Size: 8.7100 mg DSC Operator: Waguespack
Method: Heat/Cool/Heat Run Date: 24-Feb-2012 07:37
Instrument: DSC Q2000 V24.10 Build 122
0.0
4 -0
N VY
- -2
=) I =)
S -0.24 =
=3 -2
g S
L L
I 4
Q . o)
T - T
| 76.92°C L
94.34J/g
76.87°C
94.33J/g -
-0.4
- : - -6
Sigmoidal Tangent Baseline| 155.14°C
i 155.13°C 142.8J/g L
143.4J/g
|
| Sigmoidal Tangent Baseline i
; ; ; , ; ; ; , ; ; ; , ; ; ; -8
0 50 100 150 200
Exo Up Temperature (°C) Universal V4.7A TA Instruments
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Heat Flow (\W/g)

MDSC Analysis of Acetaminophen

010 = 010
~Acefaminoph I
] en 13.68mg |
0.05+ l l 0.05=005
L] | a
=
N
Monreversing _/ \_ g
0.00 - S /-"' _'U: 0,00 =g= 1,00
. 3
I
Total @
21.50°C 5
005 24.18°C(H) < 005=4=005
0.5830/9/°C .
i
MDOSC Reversing Heat Flow, —_
Size of Ty for 100% MOSC R ing Heat Flowe
0109 Amorphous Structure ElaselineESinrgllnngdic:z?es nDe\I:d -0 10==-0.10
far Sigmoidal Baseline
-0.15 1 1 T 1 1 T 1 -0.15
0 20 40 B0 a0 100
Exo Up Temperature (°C)
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Effect of Heating Rate on Melting

Heat Capacity (J/g/°C)

10

» (00)
l 'l 'l 'l l 'l 'l 'l

N
[

Curves shifted in y-axis for clarity

100°C/min

Melt

A~

g

0 40

80 120 160

Temperature (°C)

Py

240

N
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ExaUp

Effect of Heating Rate on Polymorph

Heat Flow (i)

DSC at
. All Curves Scaled Based on
Heating Rate and All appro:. G50
] e =0
\
— LECiEd Cimin —
= =
S E =_(1.1 E
= =
o o
L L
E DSC at. E
T 10°C/min T
2 1] =12
DSC at
50°C/min
-3 ” 1 r v T -0.3
140 120 160 170 1a0
Temperature [OC:I Uniezrsal wIZ2E T Imslramanis
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Exo Up

Effect of Impurities on Melting

- Effect of p-Aminobenzoic Acid Impurity Concentration on the Melting |-
Shape/Temperature of Phenacetin
99.3% Pure
{ / 100% Pure
=y Av_z——m::_.__,____
¥ f T m— ‘-""'\ |
= \/ Melting of . \/\
= Eutectic Mixture 96.0% Pure /)\-\ Vol
}
-1 3 95.0% Pure \ 11 |
g Vi
T L 4
NBS 1514 \i |
Thermal Analysis ‘\i'
-2 Purity Set l
l
Approx. 1mg |
Crimped Al Pans !
2°C/min : I
110 ' 115 120 125 130 135

Temperature (°C)

140
Universal W3.5B8 TA N

A
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Heat Flow (W/g)

Van't Hoff Purity Calculation

-0.8 135.0
17 125.20@L . 137.754F
_ t \ T
\
T \
1.0 4 \\
E \
\
] AN
. -134.5
-1.2
1.4 4
1 Sample should be
. -134.0
] at least 97% pure
-1.6
1 Purity: 99.53mol %
1 Melting Point: 134.92435 (determined)
. Depression: 0.254| A g
o Delta H: 26.55kJ/mol (corrected) o
g Correction: 9.381% a -133.5
| Molecular Weight: 179.2g/mol o o
Cell Constant: 0.9770
1 Onset Slope: -10.14m W /ig|
| RMS Deviation: 0.0113]
-2.0
1 Total Area / Partial Area
| -2 0 2 4 6 8 10
2.2 t t t } t t t } t t t } t t t } t t t } t t t } t t t } 133.0
122 124 126 128 130 132 134 136 138
Exo Up Temperature (43 )

Temperature (i )



DSC @ 5°C/min for Drug Microspheres

-0.2=
LSCiE SCi/min: Howe Do
“ou Interpret the [ata™
% 0.4
&
L
o
JuN]
T
0.6 = .
Microspheres/Drug
2.51mg (pinhole)
DSC@5°C/min
-0E ' ' r T ' ' ' I I ' ' '
1] 20 100 150 200
Exalp Temperature |:°C:| Unpezrsal WIZE TS Imstirumantz



MDSC for Drug Microspheres

Heat Flow (i)

-03

-0.5

-06-

MDOEC Total and Reversing
Heat Flowe Signals

Mote Lack of Melting Endotherm Erystallization of

in Reversing Signal Prior o Amorphous Material
Crystallization Peak in Total Signal

izlass Transition with
Enthalpicz Recowveny

Microspheres/Drug
6.52mg (pinhole)
MDSC .159/30@2

=-0.2

—-0.3

Endotherm Due to Loss of
Wolatiles (TG4 Data)

hdelting of Polymorphs That
Formed While Heating

1
5
I
Rev Heat Flow (i)

a0

160 . 150
Temperature (°C)

-7
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Rev Cp (Jl(g"C))

Optimized MDSC Results for Casein Protein

272 0018
20 - Data Displayed for Visual Comparison
" Derivative has 20C smoothing
4 " Cp Curves Overlayed Below & Above Tg L0014
18- a
e
] 2
=
16+ ~0.010 &
=
M)
- o
2
. @
14 = First Heat O
J Second Heat L0006
1.2 =
Note: Derivative Shows That
- Glass Transition Is MNearly 100C Wide
1.0 Y Y Y Y Y Y Y T v Y Y Y Y ooz
20 40 G0 80 100 120 140 160
Temperature (DC) Universal v4.2E TA Instruments
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Heat Flow (mW)

MDSC of Egg Albumin - 15" Heat

08 -08
o Based on a yellow color and
very slow dissolution rate, protein
is denatured when heated to 150C
104 Y 004-10
Nonreversing \
. £ =
Reversing = =
[ A 3 %
L —
12 Total s 02412 I
@ ©
: :
5 3
i 5 o
=
144 -044-14
Notes:
* All curves at same sensitivity
* No smoothing of data
* Curves shifted for visual comparison
16 T ¥ ¥ ¥ T T v v v T v v v -16
-50 0 50 100 150 200
Exo Up Temperature (°C) Universal V4.2E TA Instruments



MDSC of Egg Albumin - 2"d Heat

Heat Flow (mW)

06 06
2nd Heat:
| *Reversing signal shows a step change in the heat capacity at just above 100°C |
* Non-Reversing endotherm is no longer apparent
Nonrewversing
08 = 00 =13
- Reversing % - %
% T
T 3
-1.0- w -02-10 W
T $
I S I o
=
12 - MR
Notes:
* All curves at same sensitivity
17" No smoothing of data A
* Curves shifted for visual comparison
_1 4 L l L l L l L l L _-1 4
-50 0 50 100 150 200
Exo Up Temperature {DC} Universal Wa 2E TA Instruments



Specific Heat Capacity




What is Heat Capacity?

- Heat capacity is the amount of heat required to raise or
lower the temperature of a material by 1°C.

» Specific heat capacity refers to a specific mass and
temperature change for the material (J/g°C)

N\
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Why is Heat Capacity Important?

« Thermodynamic property of material (vs. heat flow)

* Measure of molecular mobility

* Provides useful information about physical properties of
the material as a function of temperature

N\

TA



Measuring Heat Capacity

* In a DSC experiment, heat capacity is measured as the
absolute value of the heat flow, divided by the heating
rate, and multiplied by a calibration constant.

dH/dt = Cp dT/dt

Heat Cp =

Capacity

dT/dt }(K

Heat Flow Heating Calibration
Rate constant

N



Calculating heat capacity from heat flow data

] Heat flow (gj) sec
Uncal.Cp(——) = S5 X 60 (—)
g Heat Rate (——) x wt (mg) min
min

2.008 Actual Cp =
Apparent Cp x K
1.980 (the heat
capacity
1.980 calibration
constant)

1.978

2
10.04 mg PMMA
o4
-2 - .6é7mW
5°C/min
z
£
ER -3.313mw
5‘;; 10°C/min
€1 -6.620mW
-84
20°C/min
1% | 40 ' 60 ) 80 T 100
Exo Up Temperatu re (OC) | V2. TATA Ir
Heating rate (°C/min) Heat flow (mW) Uncalibrated Cp (J/g°C)
2.5 0.8402
5 1.657
10 3.313
20 6.620
222
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Conventional DSC Cp Measurement

HE,
0
HEFs—HFEFwmr
Cp =K X HF
Heat Rate x wt
endo HF,
Where: Temp.
K = Calibration constant
HF = Differential heat flow with sample
HF,,; = Differential heat flow with empty pans
wt = weight of sample
N



Alternative DSC Cp Measurement

HFnr2—HFur:
Cp=K x 0
(HR>—HR1) wt HF
HRI1

HF
\Z

Where: HF e

K = Calibration constant endo

HF,z, = Differential heat flow of sample at HR,

HFz, = Differential heat flow of sample at HR, Temp.

HR, = Heating rate 2

HR, = Heating rate 1

wt = weight of sample

TA



ASTM E1269 “3-Run” Method for Determining Cp

5 350
Empty Crucible / Blank
0 ﬁ 300
-5 250
S -10 200 g
£ @
3-15 150 &
L )
$ 3
-25 50
-30 0
-35 . . . . -50
5 10 15 20 25 30
Time (min)

\
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Specific Heat Capacity (ASTM Method)

5 500
-—=Heat Capacity J/g/°C N /
4.5 —Total Heat J/g - 450
5 - 400
s 4
> Repeatability/Accuracy - 350
235 — (1990 Round-Robin) 300 B
§ Over 40°C span / 2
S 3 - 250 &
E Repeatability = £6.2% / =
T 25— Accuracy (Bias) = £1.1% 200 2
5 / / \ 190
2 2
Q N
B / - 100
1.5 | 5o
1 T T T T T 0
0 50 100 150 200 250 300

Temperature (°C)

TA



Reversing Cp Signal

Reversing Heat Flow
» Calculated from Reversing Heat Capacity signal

Heat Flow A
Rev(Cp= at oW AMp X KCp Rev

Heating Rate Amp

Rev Heat Flow =Rev Cp x Avg Heat Rate

N\
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Heat Capacity by MDSC

0.56
Temperature Rev Cp
°C J/g°C
) 10 0.4574
05 20 0.4686
30 0.4787
40 0.4888
052 50 0.4995
60 0.5098
§ 70 0.519
5 l 80 0.5276
3 0504 90 0.5358
S 100 0.543
qu, 110 0.5492
0.48 - Epoxy Potting Compound - 42.53mg
MDSC 0.8/120@ 343/ /min
0.46 —
044 T T T T T T T T T T T T T T T T T T T T T T T
0 20 40 60 80 100 120
Tem perature (qgl;l ) Universal V4.3A TA Instruments
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Direct Cp Measurement on Q2000 & Discovery

 Unlike any other DSC, the heat flow signal of the Q2000/1000
and the Discovery is an absolute signal:

= Baseline is flat
= Absolute zero heat flow value established as part of method

- By knowing absolute values of the heat flow and heating rate,
heat capacity is calculated in real time and stored in data file

Cp = Heat flow (mW) < 60x K

Heat Rate (°C /min) x wt (mg)

* Accuracy and precision is generally = 2% with just single run
measurements

N\
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Verifying Heat Capacity with Sapphire Standard

An Overlay of Trials 1 and 2

Heat Capacity (J/(g-°C))

230

1.0
Sapphire, Trial 1 126.85°C
————  Sapphire, Trial 2 ' :
pp 106.85°C 0.9309J/(g-C)
0.9079J/(g-°C)
86.85°C
0.8822J/(g-°C) 126.85°C
0.9280J/(g-°C)
66.85°C
0.8528J/(g-°C) 106.85°C
0.9055J/(g-°C)
46.85°C 86.85°C
0.8198J/(g-°C) 0.8800J/(g-°C)
26.85°C
66.85°C
08 0.7840J/(g-*C) 0.8506J/(g-°C)
46.85°C
0.8176J/(g-C)
26.85°C
0.7815J/(g-°C)
0.6 T T T T T T T
0 25 50 75 100 125

Temperature (°C)

Universal V4.7A TA Instruments
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Verifying Heat Capacity with Sapphire Standard

Temperature Lit. Cp (J/g. Measured Cp  Measured Cp %0 Variation
°O) °C) (J/g. °C) (J/g. °C) (between runs)
Trial 1 Trial 2
(and % error) (and % error)

26.85 0.7788 0.784 0.7815 0.31
(0.7%) (0.3%)

46.85 0.8188 0.8198 0.8176 0.27
(0.1%) (0.1%)

66.85 0.8548 0.8528 0.8506 0.26
(0.2%) (0.5%)

86.85 0.8871 0.8822 0.88 0.25
(0.6%) (0.8%)

106.85 0.9161 0.9079 0.9055 0.26
(0.9%) (1.1%)

126.85 0.9423 0.9309 0.928 0.31
(1.2%) (1.5%)

The experimental % error is well below a 5% error.

% variation defined as the difference of the two experimental values divided by the
average of those two values. Sapphire was removed and replaced into the cell for each

run.

N



1.1

0.9

0.8 -

0.7

0.6 -

0.5

Discovery Direct Cp Calibration - Sapphire
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%)
>
2
(&) //
Sapphire Literature Cp J/(g- °C)
_ = Average Measured Cp J/(g- °C) —
—K(Cp)
-50 50 100 150 200 250 300 350 400
Temperature (°C)

1.03

- 1.02

- 1.01

- 1.00

- 0.99

- 0.98

0.97

K(Cp)



Discovery Calibrated Direct Cp of PMMA

)
ATHAS Databank Values /
Measured Values

—
o

Heat Capacity (J/g/°C)
I

—
N

0.8

-50 0 50 100 150 200
Temperature (°C)
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What Affects the Specific Heat Capacity?

« Amorphous Content

* Aging

- Side Chains

* Polymer Backbone

« Copolymer Composition

+ Anything that effects the mobility of the molecules, affects
the Heat Capacity

N\
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Effect of Amorphous Content on Cp

- Amorphous Cp is greater than Crystalline Cp

- Amorphous Content increases Specific Heat Capacity

 Crystalline polymers contain more order and thus fewer
degrees of molecular motion. Less molecular motion
results in lower specific heat capacity.
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Heat Capacity Summary

- Anything that effects the mobility of the molecules, affects
the Heat Capacity

- Heat capacity can be determined through

= ASTM E1269 (three run method on Q20, Q2000 and
Discovery DSC)

= MDSC (Q20, Q2000 and Discovery DSC)

= Direct measurement/single run on the Q2000 and
Discovery DSC

N\
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OIT & OOT Test




The Factors on Polymer Long-term applications

The most relevant stresses / stress combinations for long-term use of polymer
material.

Effect of stress influences on

Stress influences on polymers
polymers

Temperature

== Light

Mechanical stress -UVVIS

= weight

« static power (tension, pressure), l
dynamic (vibration, impact) / \ Visible changes
+ shearing (during processing) \ + color change (e.g. yellowing,
i "Pink Stain" in PVC-P, ...)
N"'_'“ural m.e.dlas + depositions, colonisations (fungi) Changes of technical
h +air and humidity « fracturing, stress cracking -
(weathering) + degradation of material properties

«water .
Biological medias «s0il » tensile strength and elongation
* microorganisms » impact strength
(bacteria, fungi) » change of further functional

* plants, animals Chemical changes properties (thermal, electrical, gas
\ Chemical medias /

+ molecular-weight distribution permeability etc.)
TrrET TR | P a e + reactions on polymers and additives
«0il. tensides (e.g. oxidation, hydrolysis) /

(degradation or cross-linking)
* pollutants (ozone, NOx)

Autooxidation: thermooxidative (T, O2) and photooxidative ageing (hv, T, O2)

Resistance to chemical attacks and possibly to additional simultaneous mechanical
stress (o) (environmental stress cracking behaviour, ESC))

Biodegradation

\
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HEEZE A RYEICIREE - B &S5 16

Polymer Degradation Process
unstable reactive Peroxy radicals
polymer chain  + Oxygen = - g
T, A, hv, M"™ RH" > 2L
RH
ROH
HOH
. . RH
Cycle of autooxidation change in properties
[ induction period J { degradation }
< technical failure
Change of (e.g. embrittiement)
. < change in molecular weight
propertles after the ‘ (e.g. decomposition, cross-linking)
: ; : < carbonyl built up
|ndUCt|On perIOd' I} small increase of ROOH (C=0 by oxidation)
Il slow oxygen up-take < rapid increase of ROOH
U stabilizer consumption (exothermal reaction)
< fast oxygen up-take
oxidation-inductién-time time
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Influencing factors on the stabilizing formulation

price / effect ratio

raw material properties of the

(type, production) \ ‘ / stabilizers

rocessin
P I | stabilizing ~——| pigments
formulation

shape and /
cross-section / \ other additives:
o fillers

e plasticizer
L ]

ageing process
(environmental influences)
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What if | need help?

* TA Tech Tips
= hitp://www.youtube.com/tatechtips
» On-site training & e-Training courses - see Website
 Call the TA Instruments Thermal Applications Hotline
= 302-427-4163 M-F 8-4:30 Eastern Time
* mailto:thermalsupport@tainstruments.com

* Main Line for service, applications (thermal, rheology,
microcalorimetry, thermophysical properties)

302-427-4070

« Check out our Website
= http://www.tainstruments.com/
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TA Tech Tips

Yuu T“ha | Search | Browse = Movies | Upload Create Account | Sign In
Favorites

« Back to Playlistz

More Info

Tzero Hermetic Pan
Preparation
TATechTips - 1,343 views

Standard Hermetic Pan
Preparation
TATechTips - 338 views

Standard Crimped Pan
Preparation
TATechTips - 44 views

High Volume Pan
Preparation
TATechTips - 103 views

Tzero Crimped Pan Preparation
From: TATechTips | Aug 4, 2011 | 224 views

A Tech Tip on how to prepare a Tzero Crimped Pan for an experiment.

View comments, related videos, and more
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