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ABSTRACT

The experimental apparatus for temperature programmed thermogravimetry

has been modified to more effectively obtain kinetic parameters for the

degradation of polymers. The thermobalance was modified to incorporate

direct sample temperature measurement thereby to minimize temperature

measurement errors. An automatic data acquisition system was incorpo-

rated into the apparatus and appropriate computer programs to handle the

magnetic tape data were written. The modified apparatus has been tested

with several polymer systems and it was demonstrated that the use of the

magnetic tape data recording system permitted greatly increased output

from the thermobalance.
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SECTION I

INTRODUCTION

In the previous report (Reference 1) a method of obtaining kinetic

parameters for the degradation of polymers using temperature programmed

thermogravimetry was described. The experimental procedures and a method

of processing TGA data on the computer were described including the

application of the technique to several polymers. The technique has

since been applied to a variety of polymer systems with considerable

success (References 2 and 3). Routine operation of the system revealed

two possible limitations to the accuracy and usefulness of the apparatus

in its present form.

1. The temperature of the degrading sample was assumed to be that

of a thermocouple placed near the crucible with some temperature

correction applied.

2. The output was limited by the speed at which data could be read

off the chart and prepared for processing by the computer.

Since the system had been shown to be capable of producing high

quality data, it seemed desirable to redesign the apparatus to remove

these limitations on its use. This is described in detail in the

following sections.
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SECTION II

MODIFICATION TO THE AINSWORTH RV THERMOBALANCE TO
INCORPORATE DIRECT SAMPLE TEMPERATURE MEASUREMENT

1. INTRODUCTION

In TGA it is customary to calibrate the temperature inside the sample

holder against an external thermocouple placed as close to the operating

position of the sample holder as possible, under normal run conditions

(heating rate, etc.) except that weight is not being recorded. Providing

the same conditions are observed during the normal run there is no

reason to suppose this technique is inaccurate. However, for a large

number of samples, heating rates, etc., this represents an inordinately

large number of calibrations and this still presupposes absolute

reproducibility of the two runs. A much more satisfactory method is to

measure the temperature of the sample directly during the degradation,

particularly in kinetic studies where temperature is so important. The

evaporation of material from degrading polymers can cause considerable

decrease in sample temperature, particularly when rate of weight loss is

high. For example, polytetrafluoroethylene loses 16%/minute at its

maximum rate of weight loss under the conditions used to study this

polymer.

2. MODIFICATIONS

The Ainsworth RV thermobalance used in this work is particularly

suitable for conversion to direct sample temperature measurement. All

of the parts are accessible when the cover is removed. The fact that

the balance is not the null deflection type poses some problem since, at

some stage, wires have to be taken from the beam to a measuring device

thereby interfering with the normal free swing of the balance. The

configuration of the wires described in this section was arrived at by

trial and error.

Figure 1 shows a general view of the balance with the bell jar in

place. Figure 2 shows the detailed arrangement of the connecting wires.
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Connecting loops of fine (O.003"diameter) thermocouple wire attached
to the beam and to the agate pivot by vacuum wax ( also insulates

wires on the metal beam ).

Gloss Support Bl a

Thermocouple wires
going to base of

Connecting hooks balance via the
of thermocouple anchor bracket
wire

Teflon Block CDCounter Weight

Quartz Tube

inside, one Base Plate

Insulated plug
\in base through

which T.C.wiresore token

Stand

Figure 1. Ainsworth RV Balance - General Arrangement with Wires
and Thermocouple Support System
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LOOPS ANCHORED (ALSO INSULATED FROM BEAM
AND EACH OTHER) BY VACUUM WAX

• BEAM

HOOK ANCHOR
BRACKET COUNTER

WEIGHTS

(A) AGATE
PIVOT To

PIVO TAKE-OFF
PIVOT ANCHOR

f(B) REST BRACKET

Figure 2. Details of Wires Attached to Balance Beam and the
Thermocouple/Support Arrangement
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Originally the balance was wired with Chromel/Alumel wire because of its

high millivolt per degree output (0.04 mv/ 0 C), but because the wire is

magnetic there was considerable interaction with the furnace electrical

supply up to 3000C. Weight readings below this temperature could not be

used. The balance was later rewired with platinum-platinum/10% rhodium

wires which are nonmagnetic. The lower EMF was measured with a Digital

Voltmeter. The real problem in direct sample temperature and weight

measurement is in finding some way of transferring the EMF signal from

the balance beam without interfering with the weighing characteristics.

Any attachments to the beam have the potential of upsetting both the

sensitivity and the zero of the balance, especially as the Ainsworth is

not a null deflection balance. The wire attachments are shown in

Figure 2. Loop 1 joins the thermocouple/suspension to the beam.

Consider the effect of changes in sample weight on this loop. The

situation is shown in Figure 4. C11 is the angle between the beam and

suspension, initially, and a2 the angle after the sample has lost

weight. It can be seen that the arrangement of Loop 1 will tend to

restrict this motion and cause anomalous weight readings. The

arrangement of Loops 2 and 3 will have a similar effect. Loop 3 was

found to have a profound effect on the zero of the balance. Careful

arrangement of the length and position of the wires resulted in a stable

system provided certain limitations were recognized. Although this

balance can follow weight changes up to 200 mg using multiple chart scans

the weight loss that could be followed was less than 10 mg, i.e. one span

of the recorder chart. Some relaxation effects were noted when the beam

was switched from one position to another by adding or subtracting 10 mg

to the counter weight. This limitation of 10 mg samples is of little

importance since heating effects and diffusion usually restrict sample

size. A detailed drawing of the support suspension is given in Figure 3.

Removing and rehanging the suspension was found to give small variations

in readings so the balance could not be used to measure absolute sample

weight. In practice this was not a problem since either the sample

degraded completely or the weight added to the crucible could be

measured with sufficient accuracy.
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r" Support hooks and
thermocouple connections

_______ ~ ~ ~ ~ T I_____ _ _Tfon Block

14" Solid section
of quartz tubing

00
I,

Block of 4 quartz
tubes - separates wires

Weight 6|so keeps wires
straight

SQuartz Crucible

Thermocouple Bead

Figure 3. The Thermocouple/Support
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tt

Sample Counterweight

Figure 4. Effect of Sample Weight Changes on Beam Position
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The operation of the balance is very convenient for checking zero

and sensitivity, and long-term drift in both. If the balance is adjusted

to give a zero or 100% reading on the chart, adding or subtracting 10 mg

by the remote control switches the balance from one extreme to the other.

In this way changes in zero and sensitivity can be detected and adjusted.

In practice, as well as checking the sensitivity before a run, the

weight was arranged such that, at the end of the degradation, the balance

was close enough to the zero position to allow switching and a further

check. Sensitivity variations were usually less than 1%. The constancy

of buoyancy correction is another "built-in" check on the accuracy of

operation.

The weight of the Teflon block and quartz rod in the suspension was

found to give good electrical contact at the hooks. The black wax used

as an anchor for the wires on the balance beam also acted as an

effective insulator. To check the electrical integrity of the system,

the sample temperature as measured by the suspension was checked against

an independent thermocouple in the crucible. Variation was less than

10C at 6000 C.

3. TESTING UNDER RUN CONDITIONS

Since an extensive study of the degradation of polytetrafluoro-

ethylene had been made on the unmodified balance (Reference 1) a

complete kinetic analysis was carried out on the polymer using the

balance with the wires attached.

Samples of Teflon molding powder (8-9 mgs) were degraded at nominal

heating rates of 75, 150, 300, and 4500 C/hour. The data was analyzed

by the standard procedures detailed in Reference 1.

A plot of Activation Energy against % weight loss is shown in

Figure 5, before and after balance modifications. The results of this

work show an average activation energy of 59.5 kcal compared with 69.3

kcal for the previous work (both for 10-80% of the reaction). The

earlier results, however, show a considerable increase in activation

energy after 50% weight loss.
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A better comparison of the result is obtained by comparing the

Arrhenius plots for the two series at 50% weight loss. The points at

lower heating rates in both cases fall on parallel straight lines

indicating the same activation energy. The separation of the lines

represent a temperature difference of 13 C, the sort of difference one

might expect between thermocouples placed in and adjacent to the sample.

It is interesting to note that, with the thermocouple in the sample, the

data at 300°C/hour heating rate falls on the straight line whereas it

does not in the previous data. This is probably due to the temperature

in the sample being lower than that recorded in the earlier work.

Deviations occur in both cases at 450 C/hour. At this heating rate the

rate of volatilization is of the order of 16% per minute and questions

of how well the thermocouple can respond to the changes and how the

sample is distributed with respect to the thermocouple arise. There

also exists the possibility of lower rates due to diffusion effects at

high heating rates, particularly in the larger samples used in the

earlier work (100 mg). This effect of sample size may have something to

do with the otherwise unexplained increase in activation energy after

50% reaction, observed in the earlier work.

4. CONCLUSION

In general the agreement in the two sets of data is good indicating

that the attachments to the balance beam have had little effect on the

accuracy of the system. The modified system is, however, inherently

more accurate since the temperature sensor is inside the crucible,

although question may still arise about contact with the sample, thermal

conductivity of the sample, temperature gradients and heat being

conducted away from the sample by the wires (Reference 4).

Confidence in the stability and response of the balance was further

increased when a set of data obtained with a chromel-alumel system with

manual reading of data from a recorder chart, gave the same kinetic

parameters for BBB degradation as the same balance wired with platinum-

platinum/10% rhodium and using a magnetic tape recording of the data.
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SECTION III

COLLECTION, PROCESSING AND ANALYSIS OF TGA DATA

1. INTRODUCTION

In the previous reports (References 1 through 3) TGA data was

obtained by reading several hundred sets of weight/temperature data

points from the recorder chart, and having the data transferred to

punched cards for processing by the computer. This operation was both

time consuming and tedious and considerably reduced the amount of data

that could be produced. The method had also considerable potential for

human error. Modern advances in instrumentation have suggested the

replacement of the chart recorder by another device such as a magnetic

tape or paper tape recorder which can be read directly by the computer.

For this purpose an SRL Model 837 Data Aquisition System was acquired.

This is described in the next section.

2. THE SRL MODEL 837 DATA AQUISITION SYSTEM

A block diagram of the apparatus is shown in Figure 7. The system

consists of the following components:

i. Two model 2670 Data Amplifiers - Hewlett-Packard.

2. A model X-2P Digital Voltmeter - Non-Linear Systems, Inc.

3. A, model 1600 Incremental Tape Recorder - Kennedy.

4. Scanner and Counter Logic - SRL design using Digital Equipment

Corporation Flip Chip Modules and power supply.

The complete system is housed in a 67-inch Honeywell modu-mount

enclosure and each basic component has its own power supply, switch,

and fuse.

Electrical signals proportional to the weight and temperature are

fed to the two Data Amplifiers, the levels of which can be adjusted to

send a measurable output to the digital voltmeter. The two signals are

scanned alternately, the scanning interval varying from 0.5 to 10

seconds (i.e. the interval between two successive weight or temperature

readings can be varied from 1 to 20 seconds). If necessary a permanent

record of the data can be obtained from the printer in which case the

12
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lower limit of the scan interval is governed by the tracking speed of the

printer. In practice the printer is only used during testing or

trouble-shooting. The amplified signals are fed to the magnetic tape

recorder. Data is recorded in records of a length determined by the

control logic, with a record gap at the end of each record. At present

the apparatus is set up to receive 18 sets of weight/temperature data

but this can be varied. This short length is very suitable for

correction as will be discussed later. When the "Stop" button of the

system is activated, recording continues to the end of the record. At

the end of the last record an "End of File" code must be recorded. This

is used by the computer to detect the end of the data and without it

data cannot be recovered.

Once the data is recorded it is now in a form suitable for processing

on the IBM 7094 computer.

To minimize the loss of data which could occur due to various

failures, each run is recorded on a separate magnetic tape (Ampex Data

Mailer, 200 ft). Since it is necessary to retain data for some time but

undesirable to accumulate numerous magnetic tapes, the data is

transferred to a master storage tape during the initial processing A

block diagram of the tape manipulation is shown in Figure 8.

New Master
U ,,•. (ni1 runs after

NIT loading current data)
2

Old Master
Current run (n runs)

UNIT ~ PROCESSI NG UI

I ~ UNIT3

e I (IBM 7094)

Figure 8. Transfer of Data From Small Tape to the Master Storage Tape
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Transfer and storage of data is carried out when the data is sent

for preliminary examination using Program 1 (Appendix). To minimize

loss of data due to machine or operation error, three master tapes and

at least the six most recent runs are retained. The three storage tapes

have n, n-l and n-2 runs. When hung in the configuration shown, the

tape with the largest number of runs is the old master tape which is

read only. The tape with the least number is the new master. The n-1

tape is meanwhile safely stored. The data from the old master is

written on the new master (Step 1) followed by the current run data

(Step 2). This tape then becomes the main master storage. The method

also allows the erasure of the latest record should the output show the

data was unsatisfactory.

As well as handling the storage of data, Program 1 also displays the

weight loss, temperature, and rate of weight loss at each of the weight

losses, along with a record by record account of the data as stored on

the tape. Both the records and the number of data points are counted

and those figures are particularly useful for identification purposes in

the case of bad data. Three types of bad data have been encountered and

Program 1 is available with modification to cope with each:

1. Redundant records caused by write errors, eg parity errors,

in the recording. Provided they do not occur at critical stages in the

degradation up to nine records can be discarded. This type of failure

is recognized by the computer in reading the tape and the number of

redundant records is shown on the initial print out.

2. Records which have bad data but which are not redundant and are

not detected by the machine. If they do not occur at a critical stage

in the degradation they can be discarded.

3. Bad data points in a record. These can be replaced by values in

keeping with the rest of the data.

Once a set of satisfactory runs have been loaded on to the master

tape, the data is reprocessed using Program 2. This program, provides a

print out of the rate of weight loss at 1% intervals and also gives the

output on IBM punched cards for use in the Arrhenius Program (Program

3, Appendix).
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3. CONCLUSION

The complete series of modifications to the thermogravimetric system

described in this report have been tested on a series of styrene-acrylo-

nitrile copolymers. These copolymers have a very high rate of weight

loss providing an effective test for the direct sample temperature

measurement. As with the degradation of Teflon, it was shown that good

Arrhenius plots could be obtained provided the heating rate did not

exceed 300 C/hour. The short degradation time was useful in testing the

efficiency of the data recording system. It was clearly demonstrated

that the use of the magnetic tape data recording system permitted

maximum output from the thermobalance. The system is set up such that

if the output is to be further increased a second thermobalance could be

readily accommodated, one balance being loaded and evacuated while the

other is being used. Detailed results of the analyses of the kinetics

of degradation of the styrene-acrylonitrile copolymers will be described

in another report.
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PROGRAM 1

This program transfers current run data to master
storage tape, provides record by record output of
data as it appears on the tape, and provides a
preliminary print out of the rates for examination.
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C JJ I PERCENT OIF NO. OF DATA SETS READ IN
C LL NO. OF CURVE FIT-POINTS (LATER = NN) -- ---
C

WRITE (630CC0) ________ ___________102

3000 FORMAT (I.F1)
WRITE (6,3C50) IDjCAT_!ýIATE2,COPICDM2,COM3,C0M'4 103

3050 FORMATC4X,A5,BXA6,A2, ICXA6,~A6,A6,A3//)
____3_ CL-N 104

3060 FORPAT(I0X,14HTIME TEVLF64

- WRLITE ths3I0) L L 105

3170 FORMAT (1OX,25HNIC CF PIS IN CURVE FIT = .12)
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-EFN S0URC, &A~Hl IfNtS)_ _

W~LtLJ~iC1O)N _u________

301C FORMAT (LO),2IHTCTAI. NO CF POINTS 14,I)

L K = POLYNCV IAL fR RNEE O P SUSBROUTINE. LIST =0 FOR NO ERROR
C ANALYSIS CF PLSQ

tO = Wl (N)
B-RL jj-6.je8aý39E-6-__ __

Bf2 )=3.521GC5E-4
_____ AL 1-7.783BUE-3 ________

B(4~)=9.75327E-2

B(6)~=3.S43215EC

Bf F)=3.274lE6El

B( lO)=1.81'i171E2

0O 55 1=1,N~

TI( I)=( 2. *FLOAT( 1)-l. )*TlNT/60.
RflYn II =_ _ _ _ __ _ _ _ ____

00 3CC J=2011
30C--P01Y= P~IUi0±~ _____ _______-- __

T( I)=POLY

C CUIRVE Ell IF TIME AND TEMPERATURE DATA _______

C

LIST = 0
____CALL-PLSAiiloT.N.K.D.LIST.FMAXFRMS..EMEQ) 129

WIdTE (6,51CC) EMAX 130
510CAFnRMAT (1.l7I4M) TM ERRQR = *FI0.6)

W~RITE 16,52CO) ERMS 131
520C~ffUlB~ATUlDXI30H-TEMP ROOT MEAN SQUARE ERROR = F10~ 6)

WRITE (6,5300)13

WRITE 4654O ____________--- 133

's4nr FnRMAT t13X.Fl2_6)
c

58 11 = LINDA-I

j. CAN I.JA f DATA FOR ONE CLSET BUT JUST GRAE TA NE PERCEN WEIGI-T
C LOSS4. LI =INDEX OE THAT POINT

DO 6C I=LINEA.N
11= 11r+ i

IF (ýw(l).GT.W1I(NW)) GO TC 70
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6C CONTINUE_________________________ _____

7C tLINDA = II-(LL/2)
C__

D0 8C J=1,LL
JI_=_LINDAi-U- ______ ___________

TI(J)=(2.*FLOATfJI)-2.)*TINT/60.
Y(J) =W(JI) __

8C CONTINUE

C CURV-E FIT CF;TIMAE -AND WEIGHTT DAT-A-
C

LIST = 0C____ __

CALL PLSQ(1 I,YNN,K,C,LIST,EMAX,ERMStEMEQ) 168

C START LCOP TO CHECK FOR BAD INPUT DATA ____________

DO 81 J=I1 LL____

C WE =WE lOFT CALCULATED FROM POLYNOMIAL
C

WE=Ct 1)*TIIJ)**2*ýC(2)*TI IJ)+C43)
C
C COMPARE CALCULATED AND ORIGINAL DATA
C____________________________________________

IF (fiFS(WE-WUJI)).GT.1.) GO T08261
!Go TC 81

82 WRITE t6,4CCC) JlihfJl)#WE 182Y
4000 FORMAT tlOX, 9HAT PT NO vlIv 1H WEIGHT = F5.1 1 13H REPLACED BY

.F5. 1)
C,_________ ______________ _____ ______

C REPL-AC-E BAD DATA BY CALCULATED VALUES

W(JI) =i WE
KK = 2 _________ ___ __ ________

81 CONTINUE
GO TC (83,5F),KK________ ____ ____ _____

C
C CHECK FOR IMAGINARY ROOTS IN SOLUTION OF QUADRATIC
C

83 SCR.EUW= C(2)*C(2)-4.0*C(1)*(C(3)-WW(NW))
IF (SCREW.LT.0.O) GO TO 90

C USE REAL RCOT TO DETfiRMI--NE TIME CORRESPONDING TO EACH PERCENT WEIGHT LOSS

TNW(NWI = (SQRT(C(2)*C(2)-4.0*CI 1)*ICt3)-WWINW) ))-C(2) )/f2.0*C(1)I
C ______

C OE AEO EGTLS
____ _-~ ___ ___ ___ ___ ___ __ _ _ _ ___ ___ -~ ___ ___ ___ 194

OWCT(NW) = 2.0*CtI)*TNW(NW) 41 C(2)
-- QQC 100

90 TNWi(NWI=(2.*FLOAT(Il)-4.)*TINT/6C.
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___ TOTAE - - EFN .,-SOUR.C-E_.T-ATEMEN.T .-- IFNS -. .

C
C I UIT DLT-ji ENT AF1CJQjLoAN0.-LOC ATJO OF D DATA

C
____.W&I-TE A6 v3MC(ý) NW 1 -1,PTNW-W.(N) t,ý(11 .--, 2.0-2
3160 FORMAT(2X,l7HSCREW LESS THAN O,1CX,3HNW=,1l3,lOX,3H11=,14,lOX,

100 CONTINUE
- -.--- W R I T.E- 16 t-3.I 1 . 1 L...-- ----. ___ _ _ _ _ _ _ _ _ _ _ 207

3110 FORPAT(/I3X, 11HWEIGHT LOSS,6X,8HOý,WDT(NW), 14X,'4HTEMP,6X,

CO 12C NW=l,99

TSTCR 0 (I)

C LOCP TO EVALUATE TEMPERATURE POLYNOMIAL FOR EACH VALUE OF CT

00 2C0 1--i9

TPCLY(NVW) = STOR

00 250 1=295

250 TSTER TSTCR*CT-IFLOAT(J)*D(I)

C TOER =TEMPERATURE DERIVATIVE
-C---- R3IE-MP_ -REýiPC4.L...F LU TiEMPERATU E

C
. IDE RtNW~ -- -- -------......-.. - - --- -- -. .

RTEPPiNW) I .C/(TPGLY(N%%)+273.I6)
-. RýI~TFL6,3fM.120 W, NTNAihIP-aLYNLu *TO ER(4NW),.R TEM PINWiL.

3120 FORPAT C6X,I3, IOX,E12.5,7X,F9.3,2E15.5,5X,F7.2)
.- 120 -CONTIN.UE . . -- - ..- . . . . ...

STEER =i 0.C

C CALELLATE AVERAGE 1EMPERATURE DERIVATIVE (AVE)

EO 125 1=1,199

125 CONTINUE

W~RITE 46,3125) AVE 241
3125 FFORV- P fl/LCX,211L.AVFRJAGF .J.".PJEEklV-.A-T1Ž-VL= 1~I_______________

- - EJ.£JAiJ!JLY CINEOJCRAPL.LUTTI NG--SUIBR OUTI NEAP..
C

CWETtIC10) =C.C

TDER(1C0) = .C

CWETICIl) = C.c

TDER(IC1) =TUER!9S)
W.RIT 16F 1CCO) 242

iARITE 1693130) 10) 243
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313C FORMA T C,I9FADWQT VS WEIGHT LOSS 2OX,A5)
L = 3
I--LS -= 5 _ _ _ _

LW = i0
LN = 50
p = ICI

DATA A/IH./
JN = I

C PLCT GRAAPH CF RATE OIF WEIGHT LOSS-AGAINST-PERCENT-W-IGH-LOSS
C

CALL OP (WDWOTLLSMJNLWLN.A, PLOT) 250
WRITE (6,3CC0) 251
WRITE (6,3140) I1 252

31 40 FORMAT 1 10X I19F-WEIGHT LOSS VS TIVE,20X,A5)
C

C PLCT GRAPH CF PERCENT WEIGHT LOSS AGAINST TIME
C

CALL GP (Tt,WW,L,LSMJN.L.,LNA,PLOT) 253
WRITE (6,3CC0) 254
WRITE 16,3150) ID3 255

3150 FORMAT (1,ii2HTDER VS TIME,2OX,A5)
C

C PLCT GRAPH CF TEMPERATURE DERIVATIVE AGAINST TIME

CALL GP-(TNW,TDER,L,LS,MJN,LWLNAPLCT) 256
GO _T 500

400 WRITE(6,6CCC) 258
6000 FORMAT(10X,48HNUMBER OF DATA POINTS EXCEEDS NUMBER DIMENSIONED)
50C STOP

EN2
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PROGRAM 2

This program provides print out of rates also rate and
temperature on punched cards for use in Program 3.
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C PRCGRAM 2 CUT OFF AND RATE CATA FOR A SERIES OF RLNS
C FRCGRAM TC READ A SERIES OF RUNS FROM THE MASTER FILEAPPLY THE
C AFPRCPRIATE CUT OFF VALUE, AND OUTPUT THE RATE OF WEIGHT LCSS AT
C I PER CENT INTERVALS ON CARDS FOR USE IN THE ARRHENIUS PROGRAM
C INPUT TEMPERATURES ARE FITTED TO A FIFTH DEGREE POLYNOMIAL USING A
C LEAST SQUARES SUBROUTINE (PLSQ).
C WEIGHTS CORRESPONDING TO SHORT TEMPERATURE RANGES ARE FITTED TO A
C CUACRATIC BY PLSQ.
C INPUT WEIGHTS DIFFERING FROM FITTED LINE BY MORE THAN ONE PERCENT CF THE
C TOTAL WEIGHT LOSS ARE REPLACED BY THE CURVE FIT VALUE.
C CUTPUT DATA IS PUNCHED ON TO CARDS FOR FURTHER-PROCESSING (TO CALCULATE
C ACTIVATION ENERGY ETC).
C W = WEIGHT DATA POINT READ OFF TAPE
C T = TEMPERATURE DATA POINT READ OF TAPECIN MV.)
C TI =TIME DATA POINT CALCULATED FROM TIME INTERVAL AND NO OF DATA FCINTS
C TINT=TIME INTERVAL
C WW tWEIGHT LOSS AT 1 PER CENT INTERVALS
C CWCT=RATE OF WEIGHT LOSS AT 1 PER CENT INTERVALS
C TTER=HEATING RATE AT I PER CENT INTERVALS
C TPOLY=TEMPERATURE CORRESPONDING TO EACH PER CENT WEIGHT LOSS,CALCULATED BY
C PLSC

C TNW= TIME CORRESPONDING TO EACH PER CENT WEIGHT LOSS
C PLOT =DIMENSIONS FOR GRAPH PLOT SUBROUTINE
C 8 = COEFFICIENTS OF 10TH ORDER POLYNOMIAL FITTING TEMP/EMF DATA FOR
C PLATINUM*PLATINUM LOPER CENT RHODIUM
C C = COEFFICIENTS OF WEIGHT/TIME PLSQ QUADRATIC
C C = CCEFFICIENTS OF 5TH ORDER PLSQ USED TO FIT TIME/TEMP.DATA
C RTEMP =RECIPROCAL ABSOLUTE TEMPERATURE
C

EQUIVALENCE ITI(l),PLOT(1)),tIDJZ(1)),(DATEIJZ(2))}(DATE2,JZ(3))
l,(COMIJZ(4)),fCOM2,JZ(5)),(COM3,JZ(6)),(COMA,JZ(7)),(TINTtJZ(8))

CIMENSION TI(5500),WW(1O1),TNW(1O1)hDWDT(101),Y(120),C(6),A(1),
IW(55CO),T(5500),Z(42),X(36),PLOT(0,11o.),TIER(1iO),TPOLY(1O1)t
IRTEMP(IOI),B(II),DI6),JZ(8)

CIMENSION IVA(2I),DCA(12)
INTEGER DUMMY
CATA CUMMY/AHZERO/

15 REAC(5,IOIO)IDA(NF),cCA(NF) 2
1010 FCRMAT(8X,A5,IX,F5.3)

IF(IOA(NF).EC.CUMMY)GO TO 20
NF=NF+l

GC TC 15
20 NF=NF-1

CC 5 INF=INF
99 CALL READ(3,JZ,8,J) 16

IF(IC.EQ.CUMMY)GO TO 101
IF(IC.EQ.IDA(INF))GO TO 97

98 CALL READ(3,W,18,J) 26
IF(J-1)98,99,98

101 WRITEC6t4500) 29
4500 FCRMAT(lOX,25HSEARCH EXCEEDS VALID FILE)

STCP
97 EC=DCA(INF)

L=O
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25 F'=18*L+l
CALL READ(39W'(M),l8TJ) 34
IF(J-1) 10,51,30 _____

10 CALL RD(TU)8, 39
IF( J-1)40,50,30 _______

1000 FCRMAT(2X,2lI4 OUT OF PHASE DATA IN _A6,18H, AFTER RECORD NO 1I31
STOP

40 L=L41______ _____

GC TC 25 _____

6 FCRP'AT(IHI,IOX,39HTAPE READ ERROR IN THE FOLLOWING RECORD/(8X,14(A
l6p2X) ))

STCP_________
51TjJ w1-FL ki

LL =MAXO(JJ,1O)

C JJ I PERCENT OF NO. OF DATA SETS READ IN________________
C LL NO. OF CURVE FIT POINTS (L-ATER T
C

URIT 630 54
3000 FCR PAT (IH1) __________________ __

,WRT6,3o-5o )-Ic ATE I, -DWT-E-2,C 5M1 ,-C-OM2 , C0m3 , C o m4 -_ _

3050 FCRMAT(4X,A5,8X,A6,A2, LOX, A6,A6,A6,A3//)_______________
WRITE (6,3060)TINTr 56

3060 FCRP'AT(10X,14HTIME INTERVAL=,F6.4)
WRITE (6,3170) LL 57

3170 FCRPAT (IOX,25HN0 OF PTS IN CURVE FIT = 12) ____________

WRITE (6,3010) N 58
3010 FCRPAT (l0X,2lHTOTAL NO OF POINTS =,14)

hNt =LL
WPITHi6,3020)DC ________ ___ ____59

32-0 FCR~hT(l0X,9HCUT OFF =,F5.3)
C _____________ _______ ____________

C K = PCLYNiMIAL OROERINEEOEO FOR PLSQ SUBROUTINE. LIST =0 FOR NO ERROR
C ANALYSIS OF PISQ
C C =TCTAL WEIGF~T LOSS

C = h(l) - W(N) ___________________

f(1 )=-5.885309E-6
E(2 )=3.521905E-4
2(3 )=-7.783805E-3
e(4)=9.75327E-2 _____________ ________ ____

P(5)=-7.656367E-1
P(6 )=3.943215E0 _____ _________

E(7)=-1.367422EI
2 (8 )=3. 274 186E1
E(9)=-5.749016E1
e10 )=1.8 19 17 E2 ________ ___ __

E(11)=3.812T?-7!E-2-__ ___

CC 55 I=1,N _______ ____ ___

1W(I) = 100.-(100.*(W(l)-W(N))/D)

TI (I)=( 2.*FLOAT(I)-l. )*TINT/60.

29



AFML-TR-68-181
Part III

TGT4PE 09/17/71
TGTAPE -EFN SOURCE STATEMENT -IFN(S)-

FCLY=E( 1)
CC 2,1

300 PCLY=POLY*T(T)/lO.+B(J)
T( I )=POLY

55 CCNT INUE

C CURVE FIT OF TIME AN.D Tf.MpZ=RATURE DATA
C

K=5
LIST = 0
CALL PLSC(TI ,Tt,N,K, D,LIST, EMAX,EPRMS,,EMEQ) 81
VýRITE (6,5100) ;FMAX 82

5100 FCRNAT (LOX, 17FMA X T FMP E RROR F 10I.6) -- -
WRITE (6520 EM

5200 FCRM.AT (lOX,30-T7MP ROOT MEAN SQUARE ERROR = F10.6)
WRITE (6,53-00) 84

5300 FCQV6T (IOX,15HTEMP POLY COIEFF)
WRTTc (6,5400) (C(I),I=l,6) 85

5400 FERMAT(1i3X,F1El2.-6)
C
C ST4RT MAJCR LOCP
C

CC 100 NW = 10,9
58 11 = LItIDA-1

VWW(NW) =FLOAT(NW) - -

C
C SCAN WEIOHT DATA FOR ONE CLOSE TO BUT JUST GREATER THAN ONE PERCENT WEIGHT
C LCSS. 11 =INCEX OF THAT POINT
C

CC 60 I=LINCa,N
II I 1 4 1

I F kI).G T .W-W( N t GO T0 70 -

60 CCNTINUr
70 LINCA = Il-(LL/2)

C
C LINDA = INDE,-X OF FIRST DATA TO BE USED BY PLSQ
C

CC 8"ý J=1,LL
JI = LINCA+J-1
TI(J)=(2.*FLCAT(JI)-2.)*TINT/60.
Y(J) = W(JI)

80 (Ct\TINU c.
C
C CUIVE F IT CF T I.=E AND WEIGHT DATA
C

K =2
LIST = 0
CALL PLSD(TI ,Y,.NNý,KC,LIST,E-MAX,ERMAS,EMEQ) 117
1<< K

C
C START LOOP TC CFECK FOR 8AD INPUT DATA
C

CC 81 J=1,LL
JI = LINDA+J-1

C
C WE = WEIGHT CALCULATED FROM POLYNOMIAL
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C

C-
C CC~AECALCULATED ANC ORIfGINAL DATA-
C

IF (AES(WE-W(Jl)).GT.I.) GO TO082
CC TC 81

82 ýWRITE (6,40f0)JI,-f#W(J-I)132
4000 FCR!fT (10X,9HAT PT NO ,14,ICH WEIGHT = F5.1,13H REPLACED BY

.F5.1) . --

C
C -REPLACE BAC CATA BY CALCULAT5ED VALUES
C

NKI = 2
81 CCNTINUEE

C-C TC (83,58),KK
C
C _CI-ECK FOR IMAGINARY ROOTS IN SOLUTION OF QLAORATIC

83 SCREW= C(2)*C(2)-4.0*C(1)*(C(3)-WtN(NW))
IF (SCREW.LT.O.O) GO TO 90

C
C USE REAL RCOT TO DETERMINE TIME CORRESPoONINGA10 EACH PERCENT WEIGHT LCSS-
C

-TI\WTIW) =(QRT(C(2)*C(2)-4.C*C(L)*(C(3)-Wý%(NW)) )-CC2) )/(2.0*C(l))

C OO AFO EGTLS --- ---

C 144
CWCT(N'W) 27.604C(*TNW-(NW) 0 C2)
CC TC 100

90 TIN W iN W)-=(i2-. FOTI) )T IN T/ 6 0.
tWCT(M'J) 0.0

C
C WRT OUT IDENTIFICATION AND LOCATION OF BAD DATA
C

hRITF(6,3160)NIW,IITNW(NW),WCII) 152
31606 -fC-R-0'AT (2-X- DSCREWLESS -t`HAN- ')iX'3HN6=,Ij,10X,3HTI=,14,ic,lC---

* 21-T= ,F6 .2, lOX, 2HW=, F5. )
10 0 CCNT1NUcE

WRITF (6,3110) 156
3 110 F C A T( / /3Xý, 1-1F W E-I GHT L n 5S16 X,8HD0W DT (N W i14 X 4HT1E MPt6X

.4HTOER,11X,SHRTEzMP,16X,4HTIME)
CC 120 N14=1,99
CT=TNW( NW)
ISTCR = 0(l)

C
C LCCP TO PVALUATF TEMPERATURE POLYNOMIAL FOR EACH VALUE CF CT

-- CC 2C0 1=2,6
200 TSTCP = TSTOR*CT'-D(I)

TPCLY(NW) = TSTOR
TSTCR = 5.*D(l)
CC 25J) 1=2f5

bJ- t = ~ b F
250~~~~~~~~~~~~R TSC -TSO*TFoAT()Oi--------..--..- i~.-- --o
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c TClER =TEMPERATURE DERIVATIVE
C PIEMP_ RECIPROCAL Of ABSOLUTE TEMPERATURE
C

TCER(NW) =TSTOR

WRITE (6,3120) NW,DWDTU4W),TPOLY(NW),TOER(NW),RTEMP(NW),CT 114

120 CENTINUE
STCE'E =- 0.0

C
C CAOL-CULATE AVERAGE TEMPERATURE DERIVAIV-E U(AVE-,)

STEER = STOER *TOERII)
-- 1 25- cENThf INKU t

AVE = STOER/99.0
WRITE (6,31-25-) AVE 186

3125 FERMAT (//lOX,271-' AVERAGE TEMP DERIVATIVE = E15.5)

C SET UP DUMMYPOINTSFORGRAPI- PLOTTING SUBROUTINE (GP)
C

EWETtioOI '= 0.0c
TIW(ICO) =TNW(99)

WW(101) = 100.U
CWCT(1o1) = 0.0o
TNW(1Ol) TINW(99)
TCEP(lol) = tcER(99)-

WRITE(4, 000)187
WRITE (6,3130) ID 188

3130 FERMAT (IOX,191-tWOT VS WE-IGHT LO'S St2.0-XA5)-
L=
LS = 5
LW =11

LNh = 50 __

EhTA A/TH./ __

JN1
C
C -LET GRAD orp RATE 4ff WEIiiGHT LOS-S AGA6INST PtfrCENV WEiGHt 'LESS

WRITE (6,3000) 196

TPCLY(l+10O0) =- 0 .0

C PUN-CH OUTPUT CARDSCONTAINING PERCENT iWT. LOSS(NW) THEN THREE PAIRS C
-C TEMPEiýýRATURE AND RATE OF WEIGH-T LOSS DATA

PUNCH 50J0,CIENW, DWDT (NW),TPOLY(NW),DWDT(NW*1),TPOLY(NW*1),
-.CW-CT (NW+?) ITPObL-Y(NW+2),- 9

5C00 FCRMAT S1X,A5,14, E13.5,FS.iEl3.5,F6.1,E13.5,F6.1) _

150 CONTINUE

TOT 4PE.........................................09/17/70
TGTAPE -EFN SOURCE STATEMENT - IFN(S)-

5 CENTINUE __
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Arrhenius Program. Calculates E at 1% intervals.
a

33



AFM4L-TR--68-181
Part III

TGA 0/47
PIG - EFN SOURCE STATEMENT - IFN(S)-

C _ PROGRAMMETOCDETERŽJNLI$GA PARAMETERS BY £&WIr±MA METHOD
C PROGRAMME ACCEPTS DATA CARDS HAVING TI-REE SETS OF DATA PER CARD.
C L-LAST -CARD OF --E AC-H --DECK --PU ST -hIAVE --A -ON -E -I-N --COLUMr'I.- LAST --CARD --OF
C LAST DECK FOR CNE POLYMER SYSTEM MIST HAVE A TWC IN COLUMN 1 INSTEAD
C- TO RUN A SECCND SET, -C.F fECKS,. PU.NCh --A-CA.RD -WITH- A -THREE I C L M I
C AND PLACE BE`ThEEN SETS

C ~ATI±EINDOLAL{E~tSIPLACE A BLANK CARD TJHEN AN SEOF ______

C-- SYMBOLS OWT=RAT-E CF WEIGhT-LOSS, RTEMP_= RECIPROCAL OF ABSOLUTE
C TEMPERATLRE, FATE =LCG RATE OF WEIGHT LOSS, SLCFE =SLOPE OF ARRHENIUS
C - PLOT, -PR-EX.-=PR-E-EX PON -ENTI -A-L_ FAC -T ORY-- PLO -T --= - DIME -N SI 'ON O-0-F -GP - SUB -R OUT 'INE
C ACTE ACTIVATION ENERGY, X AND Y REPRESENT DATA TREATED BY GP

C~~~~~~~~ C~PL NVINt>IRhQaENT IFICATION. A =NOI. OF SYMBOLS IN OP
C AA =PERCENT hýEIGHT LOSS, AFih z FUNCTION FROM FRIEDMANS EQUATION
C E--W .= AVERAGE A-FW~t,8 BB=LOG (PFER.CENT ,RE.SIDCUE.)1 -WE-= AVEIRAGIEA-FW---
C

DIMENSICh DWDT '(10-0,11C),P- TEMP(100,IChRATE(I00O,i C '),SLO 'P -E(1 0 0), -

.PREX(100hPLOT( 50, 100) ,ACTE(1IO)hXf 10),Y( 10),

.SPS( 100) ,SDS (100),SDI( 100) ,8(8)
1 READ 45,1000).IG.COM1,CtCM2,CCM3,COMJ4,COME,COM6,CCMTjCOM8 - -- -

WRITE (6,3000) 3
-WRI-TjE.(,6,1.100) 1 O-t CQJ{1,(OM-2 ,ýCQMI3,tCC-M4, COMS5 CQM6,COM7fCOMB 4

2 J= 0

C
------ START LCCP TC READ IN DATA ___ _____

C
-. DO 2-0 F-h1 97i3- -___

C
C - t5I N atM AEA-AOFADCIALADOF LASqT DECK FOR
C ONE POLYMER SYSTEM NEEDS LBJ =2.

-READ (5,1200) LBJIO(J),IWDhDT(NWJ¾tTPOLY(NWJ),OWDT(NW+1,J),

.TPOLY-tNt1iJA 4. WDOT{INW42,s4J.TPROL YIN W*2,J)
C

C 10

3 WRITE (6,1900) NW,ID(J),IW 21

4AA(NW) =FLCAT(NW)

--- fl-ALN.WtI- -=FLCk.T-Lh-f'l __ __-______ _

AA(NW+2) = FLCAT(NW*2)
- -- -if ILJ.'Eo. 1)" GD 113 10 -__

20 IF (LBJ.EQ.2) GO TO 25
25 -XJ =J ------------- -- ----- -

C
,3-C.-- --WRITE -LIST tFSUN 1 f l&- __

C
WRITE (6.1 8001 I)t1CItl=I,ýlpJ), - - ----- ---- ---- -

C
-C -CHECK FOP AT LEASTJYTREE- DATA .DECKS--_----
C 36
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30 WRITE (6,2000) 44

___ -GO-TC-300O

35 WRITE Z6,1500) 46

C

r~ _SUTAT _LEP4QT C Al". LATE _L EASLT S QUA R-E& LINE__FlEMURKAT EJL.S-ALEXP_______

C

--.- DO 45--Nh A5 _ _ __ _ _ _

SUMXX C

SUMX =0

SUMXY =C

.C - - CHECK__ U-ZERCRAJE.______
C

RATE(NW,I() :;ALOG1O(CWD7(NWK)) 58
-RTE14PitNho.,.L 10KPLiNK 311A_ _--------___ _

C
C_ S.U MXX =--FART I AL._SU.M__flF. -X S UREI . __ ____

C

SUNVY SUMYY + (RATE(NW*K))**2

---.-- S-UMX SLIXA. RTEMP_.NL.__K____ ___ __________ ___

SUMY =SLMY + RATE(NWK)

40 SUMXY =..-SUMX.Y +-. RTEMP-(N vM.K.) #RATE( NW *K) _

GO TO 55

C SET UP OLM?4Y FCINTS FCR GP IF A DWCT VALUE IS ZERO
ýC- - --- --- - ------ - - - -_ _ _ _ _ __ _

65 ACTE(NW) =0.

--- RREXIN~0___ _________ ____

RATE (N4tK) =0.

GO TC 45
__55 -.SLOP E iNk)- -tXJ*SUMXY--SUIML*-SLJMYI-W*#SI1MXX-SUM1 X * 4 2) 1__

SPS(NW) =((SUPYY-(SUMY*SUMY/XJ)-ff((J*SUMXY-SUMX*SUMY)**2/

ALPHA= (SPS(rNh)/(SUMXX-(SUMX*SUMX/XJ)fl*4.576
--- If (A-LPIIAl-.&5,i

57 SOS(NW) z SCRT(ALPHA) 85
_-GOTC_59___ __- -______

58 SDS(tW) = 0.0
- 59.BETA_=_ -SPS .Kkl_______ _______________X---L.-

IF(BETA) 62v62,61
---- ~ =__L----ý-Q.R~tL-BETAL _____ 4

GO TO 63
-. 62- _&D Ii Mi J)O - ___ __ __________________

63 ACTE(NW) = -SLOPE(NW)*4.576
PREX~I4Wj4St~XX*SUM2LS.U14X4sIth¶xyiI/vIflC* Stl M x-SIMx ** 2)

IF(NW.L7.20) CC TO 45
_LE1LN4hT.6nL -C-r TOl 45 __________________________
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___ TGA _________ ______ _______ 05104110

PLOT - EFN SOURCE STATEMENT - lN(S) -

TSUN = TSUM-SLCPE(NW)--____________ __________

N = N+1

------CALCýULA-TE--AVERAGE ACTIVATION ENERGYANO PRE-EXPCNENTIAL FACTOR ____

-- _A-VPRE-X *SPREX /FLOQATtN ____________________________

AVEA =TSUM/FLCAT(N)
~AAT f4J2ŽO3_ ____ __ _____AA E

C

AFWIK) * RATE(NW,K) + AVEA*RTEMP(NWK)
__90 Z Z +_ AFW(K)

FW(NW) Z/XJ

GG - ALCG1O(100.-WN) 126- ~ -j

DO 93 K z1IJ

~SDAFA =fA4RI(SC /YK)
C
C WRITE OUT RBSULTS' PERCENT WT. LOSS, ACTIVATION ENERGY, PRE-EXPONENTIAL _____

C FACTOR, AVERAGE FW, ANC STANCARO CEVIATIONS, ALSO LOG WEIGHT REMAINING(GG)
____ __ ___ ___ __ _ ___ ___ ___ ____ ___ ___ ___ ___133

To WRITE (6,1400) NW,ACTE(NW),SCSINW),PREXCINWhPSDI INW),FW(NW),SCAFW,
___ ___ ___134

WRITE (6,1425) AVACTE 141
- RIE t41~AV RE~__ __ ________ __-142

WRITE (6,1440)

C SET UP INFORMATION FOR GP SUEROUTINE, SEE OTHER PROGRAMS
143

L 3

LW =100

M=J
DATA Al1k.1
Jet=

C START LOOP FOR PLOTTING GRAPhS AT 10 PERCENT WEIGHT LOSS INTERVALS

DO 200 NW = 10,99,10
- -n lI On1 K = I1$-

X(K) =RTEI4P(NW,K)
LCO _Y .K~ ~ t ~ l .....- ------- __

WRITE (6,3000) 160
__WRI.Tft46_s1lDQ01NW _ ___- -_ _

C
tCPLTSSGRAPH OF LOG (RATE OF WIGffJ.Di&LAGAINST RECIPROCAL
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C OF TEMPERATURE

200 CALL GP (XYtLLSM&JN*LWLNAvPLOT) 163

WRITE (603000) 167
WR ITE _ 6,-*31-00.).. -__ __-

C
-_C__--PJLT-G&AP F AJY I0 E4RY GllSlR NLL1fS__ ___ ___

C 168
CALL K AA CTEil 215, MiJNWL 4 AtT ____

WRITE (6,3000) 170

C
_L___PLOT i9LFH O PRE-EXPCNENTIAL FACTOR AGAINST PERCENT HEIGHT LOSS
C 171
--- --- CALL- £ __.A.AkPlEXAst_ ,J±ýJN1 WLLNA*_PL O T J 1______ J2

WRITE (6,3000) 173
-__WRl TE__(6 4 33 001_ __ _- --- --- 1~74

00 75 1=1,87
- R RI VI =A OG.0( 100 Qh A ( I1 )~ 1 17______

75 WF(I) = FW(143)

M = 87

C PLOT GRAPH OF LOG(AFW) AGAINST LOG(PERCENT RESICLE WEIGHT)

CALL GP(EB,WF,L,LSMJNLWLNtAPLCT) 188
WMRITE (6,30.Gfl tag
LW =101

DATA B/1I~1,1H2,1H3,1H4,1H5,1i-6,1H7,1H8/

AA(101) =100.0

DWDT(100,K) = 0.0
-1cLOMQWT(10I~,Kl = A.p

WRITE 46,3400) 199
tAll r2JkAA.flwT.i t-.1g.Mi.Lw.LN.R,pLnTi 200
WRITE (693000)

-C-__
C LOOK FOR FURT~iER SETS OF CATA

c ___ ________ 201

300 READ (5#1300) MORE 202
-_ IE4$faE-EQ.31 GO TO I

80 STOP
I i EORM1AT3 4_2XA328A6) _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _
11CO FORMAT (1OXsA3,2X98A6)

1300 FORMAT (11)
14COl FORMAT t1OX,1l,4x,-IPE7. SsA-*XCP6 25X.F6A),12(SXP6,411
1425 FORMAT (//lOX,29H AVERAGE ACTIVATION ENERGY ,- 9PF7.3)
145 EQRMAT fIOXS.1LL AVFRAC.F Lnn( PRFX,1OX.7H= *F6.3)
1440 FORMAT(1OX,34HBOTH FOR 20-60 PERCENT WEIGHT LOSS)
15CO FORMAT AL/&X4hklTOS.2?X,AIHF(KCAL),3X.PBIST.0FVN-.3X.8HLOG PREX.

.3Xt8HST*CEVN.,2X#1OHAV.LOG AFWt2X#BHST.DEVN.92XIIHLOG RES.WT.)
1:100 FORMAT 11OXO.ARHLOC RATE VS 11TEMP11OX.14HWFT(GHT LOSS A C-141
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PLCT - EFN SOURCE STATEMENT - IFN(S) -

1800 FORMAT (/1OXtllHRUN IC NOS #9(A5,21-€ ))
i FORMATI14OX.13HERRORoFOR W * 1I4,7HRUN NO *A3t6•_ READ il3I

.9H INSTEAD.)
ZOOOFORMAT (1OX#25HLESS TEAK 3 HEATING RATES/iHi)
3CCO FORMAT (iHi)

31CQOF ALORMAT XI3?ACTIVATIQN ENERGY VS WEIGHT LOSS)
32C0 FORMAT (1OX422HPRE-EXP VS WEIGHT LOSS)

._3G9 fORMAT(1OX#461-AVER LOG AF(W) VS LOG PERCENT WEIGFT REMAINING)
3400 FORMAT tlOX*48HCOMPOUNDED RATE OF WT. LOSS VS. PERCENT WT. LOSS )

- .E.. . - --- ---
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