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Abstract A serial of tests were carried out to evaluate the

effect of specimen mass on the test results for PMMA

conducted in a micro-scale combustion calorimeter. Seven

heating rates were used to test specimens of mass ranging

from 0.5 to 6.0 mg with nominal interval of 0.5 mg. Eighty-

five specimens were tested. Heat release rate, onset tem-

perature, temperature at maximum heat release rate, total

heat release, and heat release capacity were determined. The

influence of specimen mass at each heating rate was ana-

lyzed. Specimen mass influences the maximum heat release

rate, onset temperature, and temperature at maximum heat

release rate significantly. The higher the heating rate, the

greater the influence. Reliable results could be obtained as

long as the specimen mass is more than 1 mg with oxygen

concentration above 5 %; thus, the oxygen concentration

limit might be extended from 10 to 5 %.
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List of symbols

a Thermal diffusivity (m-2 s-1)

b Heating rate (K s-1)

Ea Activation energy (kJ mol-1)

hc Net calorific value of sample (J g-1)

hc,gas Specific heat of combustion of specimen gases

(J g-1)

gc Heat release capacity (J g-1 K-1)

K Thermodynamic temperature (K)

Mo Initial specimen mass (mg)

Mean Mean value of test data

DO2
The change in the concentration (volume fraction)

of O2 in the gas stream (%)

q Density of oxygen at ambient conditions (kg m-3)

Q(t) Specific heat release rate at time t, (W g-1)

Qmax Maximum specific heat release rate, (W g-1)

rxy Correlation coefficient

R General gas constant (8.314 J mol-1 K-1)

t Time (s)

T Temperature (�C)

Tmax Temperature of maximum peak heat release rate (�C)

Tonset Onset temperature of specific heat release rate (�C)

TP Temperature of peak pyrolysis (K)

TP

(b)

Temperature of maximum pyrolysis at specified

heating rate (K)

Yp Pyrolysis residue (g g-1)

r Standard deviation

U Thermokinetic parameter (K s mg-2/3)

Introduction

As noted in the Govmark� Micro-scale Combustion

Calorimeter (MCC-2) data sheet [1], the Micro-scale

Combustion Calorimeter was invented by the Federal
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Aviation Administration (FAA) to offer industry a research

tool to assist the FAA in its mandate to dramatically

improve the fire safety of aircraft materials. The MCC was

developed as an efficient tool for screening new materials

[2] and to provide a quantitative method to evaluate the

effect of flame retardants in flame-retardant materials

design [3]. Although the test results of the MCC do not

include physical behavior such as melting, dripping,

swelling, shrinking, delamination, and char/barrier forma-

tion that can influence the results of large (decagram/

kilogram) samples in flame and fire tests [1], it can be used

to develop models of flammability and prediction of fire

behavior [4]. More and more material develop experts have

used MCC as efficient tool to screen fire retardant [5–7].

This instrument has great potential in flammability

prediction; however, its application may present several

problems that need investigation. Specimen mass is one of

the key parameters in performing a MCC test to provide a

reliable result. MCC is becoming a mainstay in fire-testing

laboratories due to its ability to obtain meaningful test data

with a sample size in the range of 0.5–50 mg, in the so-

called micro-scale term [1]. Govmark� [8] has specified

that in ‘‘preparing a sample: 5 mg is the nominal recom-

mended mass, but the normal mass for a sample is

3–10 mg.’’

ASTM International has designated D7309 for this

instrument as an ASTM standards publication [9–11]. The

standards ASTM D7309-07 (2007) [8] and ASTM D7309-

11 (2011) [10] have expired, while ASTM D7309-13

(2013) [11] is currently in effect. In ASTM D7309-13,

section ‘‘9. Test Specimens’’ specifies ‘‘specimen mass

shall be in the range of 1–10 mg. Specimen mass is subject

to the constraint that oxidation of the specimen gases

consumes less than one half of the available oxygen in the

combustion gas stream at any time during the test and at

the heating rate used in the test. Typical specimen mass is

2–5 mg.’’ The heating rates are normally in the range of

0.2–2 K s-1 depending on the specimen size. There has

been an obvious change in the selection of sample mass

and heating rate in Section 10.1.2.1 in ASTM D7309-13

compared to the earlier ASTM standards. In the expired

ASTM D7309-07 (2007) [9] and ASTM D7309-11 (2011)

[10], ‘‘to minimize temperature gradients within the sample

the heating rate b for a sample of mass M0 shall be

b B (5 mg K s-1)/M0 in accordance with Ref. [12],’’ while

in ASTM D7309-13 [1, 11], the choice of heating rate is

associated with error allowance of tests [11, 13].

Lyon RE [13] established a thermokinetic model for the

reaction rates of solids measured using constant heating

rate differential thermal analysis derived from heat transfer

and chemical kinetics and proposed an accuracy criterion

for thermal analysis measurements that could be used for

recommending experimental practice. In terms of the

maximum reaction rate, the thermokinetic model provides

a simple analytic relationship between the sample mass,

heating rate, and measurement error for chemically react-

ing solids in non-isothermal analyses. This achievement

provides a key criterion in ASTM D7309-13 for choosing

specimen mass and heating rate. In Ref. [13], the rela-

tionship between specimen mass and heating rate with a

measurement error e due to thermal diffusion for thermal

decomposition of typical polymers was given as,

m0 �
e
b
T2

P

U

� �3=2

ð1Þ

where m0 is initial specimen mass, b is heating rate, e is

measurement error, Tp is the temperature at peak pyrolysis,

U is a thermokinetic parameter defined as

U ¼ Ea=8aRq2=3 ð2Þ

where Ea is activation energy, a is the thermal diffusivity of

the solid in terms of its thermal conductivity j and heat

capacity c. R is general gas constant, and q is density of

polymer.

Equation (1) could work as a criterion for the sample

mass m0 in terms of the maximum allowable measurement

error e at heating rate b in non-isothermal tests.

The present study focuses on the influence of specimen

mass on experiment results and revisits the [13]’s error

allowance using tests of PMMA (polymethylmethacrylate).

PMMA is used as the reference material for fire

calorimeters [14] because it thermally degrades to

methylmethacrylate monomer in quantitative yield at the

surface of the burning specimen, so the heat of combustion

of the volatiles is a constant value. PMMA is considered as

a representative of non-charring polymers [15] as there is

no residence left.

In the present research, a correlation analysis between

the specimen mass and the experimental results is carried

out. The influences of specimen mass on maximum heat

release rate, onset temperature, temperature at maximum

heat release rate, and oxygen concentration limit were

analyzed quantitatively. The research can provide guidance

for the MCC experimental method in order to obtain more

reliable data and also provide further understanding of

flammability of PMMA.

Experimental methods

Facilities and material

MCC tests were conducted with a Govmark MCC-2

Microscale Combustion Calorimeter located at the VTT

research center of Finland. Specifications of the Govmark

MCC-2 instrument are as follows [1],
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1. Sample heating rate: 0–10 K s-1

2. Gas flow rate: 50–200 cm3 min-1, response time of

\0.1 s, sensitivity of 0.1 % of full scale,

3. Repeatability is ±0.2 % of full scale and an accuracy

of ±1 % of full scale deflection.

4. Sample size: 0.5–50 mg (milligrams).

5. Detection limit: 5 mW.

6. Repeatability: ±2 % (10 mg specimen).

Pyrolyzer heating temperature was from 75 to 600 �C, and

combustor temperature was set at 900 �C.

All tests followed the ‘‘Method A’’ procedure of the

MCC. In the ‘‘Method A’’ procedure, the specimen

undergoes a controlled thermal decomposition [11] when

subjected to control heating in an oxygen-free/anaerobic

environment. The gases released by the specimen during

operation are swept from the specimen chamber by nitro-

gen, subsequently mixed with excess oxygen, and then

completely oxidized in a high-temperature combustion

furnace. The volumetric flow rate and volumetric oxygen

concentration of the gas stream exiting the combustion

furnace are continuously measured during the test to cal-

culate the rate of heat release by means of oxygen con-

sumption. In Method A, the heat of combustion of the

volatile component of the specimen (specimen gases) is

measured but not the heat of combustion of any solid

residue [11]. As PMMA does not char, there is no residue

left after test (Yp = 0), i.e., all solid volatilizes; thus, the

measured heat of combustion of the volatile component of

the specimen in our tests is the heat of combustion of

PMMA, that is,

hc;gas ¼
hc

1 � Yp

¼ hc ð3Þ

From the ‘‘Method A’’ procedure, the maximum heat

release rate Qmax, onset temperature Tonset, temperature at

maximum heat release rate Tmax, total heat release hc, heat

release capacity gc, and oxygen concentration at maximum

heat release rate DO2
may be determined. The parameter gc

is defined as

gc ¼
Qmax

b
ð4Þ

where b is heating rate. It is considered that the flamma-

bility parameter gc is independent of the form, mass, and

heating rate of the specimen as long as the specimen

temperature is uniform at all times during the test [11].

The MCC tests were carried out for black PMMA

([C5H8O2]n) with density of 1180 kg m-3—a reference

material for the cone calorimeter—and the MCC at VTT

with thermal conductivity of 0.185 W m-1 K-1 and

specific heat of 1.510 J g-1 K-1. There is no additive. It

burns evenly and does not char in cone calorimeter test.

Specimen mass was weighed by a Mettler AX205 AX-205

Analytical Semi Micro Balance Delta Range with read-

ability of 0.01 mg in the weighing range of 81 g.

All tests were carried out according to the ‘‘repeatability

conditions’’ [16] where independent test results are

obtained with the same method on identical test items in

the same laboratory by the same operator using the same

equipment within short intervals of time.

Preparation of specimen and choice of heating rate

The specimen mass range requirement in ASTM D7309-13

is 1–10 mg with a recommended specimen mass range of

2–5 mg. From the technical sheet, the recommended

specimen mass range of Govmark� is 0.5–50 mg. In the

tests, seven heating rates, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, and

3.5 K s-1 were selected. Samples of different specimen

mass from nominal mass of 0.5 mg with nominal interval

0.5 mg were tested under each heating rate, as listed in

Table 2; 85 specimens were tested totally. For the high

heating rate, the lowest oxygen concentration level was

monitored.

Test results and analysis

Typical data from tests

Figure 1 illustrates the heat release rate curves of 11

specimen masses, from 0.38–4.71 mg, at b = 3.5 K s-1.

In some experiments (b = 3.5, 3.0, 2.5, 2.0, and

1.5 K s-1) with higher specimen mass, the oxygen con-

centration was lower than 10 %—the lowest being 1.29 %.

In those cases, the corresponding Qmax had a lower value

than the average, while Tmax was higher than the average.

The low Qmax and high Tmax were caused by the extended
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Fig. 1 Heat release rate curves at b = 3.5 K s-1

A PMMA flammability analysis using the MCC 1833

123



process of pyrolysis due to an uneven heat transfer of larger

specimen. The total heat release hc of these tests with low

oxygen concentration was not reduced. This implies com-

plete combustion occurs even for a low oxygen concen-

tration. Typical data of the tests are shown in Table 1. The

average Qmax decreased with decreasing of heating rate,

while Tmax increases with the increase in the heating rate,

as occurs in a TG (thermogravimetric) tests on the same

material [17].

At each heating rate, the Qmax fluctuates within a certain

range due to the different specimen masses, as shown in

Table 1. The specimens with the highest Qmax were mainly

those with low mass (less than 1 mg) at each heating rate,

except at b = 1.5 K s-1. However, the lowest Qmax did not

occur for the specimen with the most mass.

The heat release capacity gc changes from

304.72 ± 25.02 J g-1 K-1 (at b = 3.5 K s-1) to 577.49 ±

59.05 J g-1 K-1 (at b = 0.5 K s-1), while a relatively

stable value of total heat release hc was obtained in the range

22.41–22.67 kJ g-1 at each heating rate.

The range of Tmax at each heating rate is listed in

Table 2. The standard deviation of Tmax is less than 8 �C,

and the average temperature decreases with increasing

heating rate.

Correlation analysis

The correlation coefficient is a numerical measure of the

strength of the relationship between two random variables

[18]. The value of correlation coefficient varies from -1 to

1. A positive value means the two variables are positive

correlated, that is the two variables vary in the same

direction, while negative value indicates a negative corre-

lation. A value close to ?1 or -1 reveals the two variables

are highly correlated. There are different types of correla-

tion coefficient. Pearson’s product-moment correlation

coefficient is the most widely used. It measures the linear

relationship between two normally distributed variables. It

was used by Lin TS [2] to study the correlations between

MCC and conventional flammability tests for flame-retar-

dant wire and cable compounds.

Pearson’s correlation coefficient is obtained by dividing the

covariance of the two variables by the product of their stan-

dard deviations. The population correlation coefficient qX,Y

between two random variables X and Y with expected values

lX and lY, and standard deviations rX and rY is defined as:

qX;Y ¼ corr(X,Y) ¼ covðX;YÞ
rXrY

¼ E½ðX � lXÞðY � lYÞ�
rXrY

ð5Þ

where E is the expected value operator, cov means

covariance, and corr a widely used alternative notation for

Pearson’s correlation. The Pearson correlation is defined

only if both of the standard deviations are finite, and both

of them are nonzero.

For a series of n measurements of X and Y written as xi

and yi where i = 1, 2,…, n, then the sample correlation

coefficient can be used to estimate the population Pearson’s

correlation r between X and Y. The sample correlation

coefficient is written

rxy ¼
Pn

i¼1 ðxi � xÞðyi � yÞ
ðn� 1Þsxsy

¼
Pn

i¼1 ðxi � xÞðyi � yÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1 ðxi � xÞ2Pn

i¼1

ðyi � yÞ2

s ð6Þ

where x and y are the sample means of X and Y, and sx and

sy are the sample standard deviations of X and Y.

This can also be written as:

rxy ¼
P

xiyi � nxy

ðn� 1Þsxsy

¼ n
P

xiyi �
P

xi

P
yiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n
P

x2
i � ð

P
xiÞ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n
P

y2
i � ð

P
yiÞ

2
qr ð7Þ

The Pearson correlation coefficient can vary from -1

(exact negative linear relation) to ?1 (exact positive linear

relation). The coefficient measures the strength of the lin-

ear relationship between two variables. For the following

discussion, the strength of a correlation coefficient is

arbitrarily defined in Table 3 [2].

Pearson’s correlation coefficients were calculated

between specimen masses M0 and onset temperature Tonset,

maximum HRR Qmax, the temperature at maximum HRR

Tmax, oxygen concentration DO2
, and total heat release hc

(Table 4). According to the definition of gc (Eq. 4), the

Pearson correlation coefficients for mass M0 and gc are the

same as those for mass and Qmax; thus, those were not

included in Table 4.

M0 has a negative linear relationship with Qmax, the

strength varies from weak (rxy = -0.44, b = 1.5 K s-1) to

strong (rxy = -0.92, b = 3.0 K s-1). The range of corre-

lation coefficients between M0 and Tmax is from 0.54 to

0.80, and it does not show a strong relationship. M0 has

poor to marginal relationships with hc at all the seven

heating rates, and the relationship tends to be weaker with

the decrease in heating rate. M0 has negative marginal

(rxy = -0.61, b = 1.5 K s-1) to strong (rxy = -0.93,

b = 2.0 K s-1) linear relationship with Tonset. The results

show a strong negative relationship with DO2
as the greater

the mass the more oxygen consumed. The correlation

analysis shows that specimen mass has a greater effect on

Qmax at higher heating rates.

1834 Q. Xu et al.
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Table 1 Typical test data

M0/

mg

Qmax/

W g-1
Tonset/

�C
Tmax/

�C
DO2

/

%

hc/

kJ g-1
gc/J g-1

K-1
M0/

mg

Qmax/

W g-1
Tonset/

�C
Tmax/

�C
DO2

/

%

hc/

kJ g-1
gc/

J g-1 K-1

b = 3.5 K s-1 b = 3.0 K s-1

0.38 1240.9 330.0 405.5 17.43 21.41 354.5 0.47 1031.7 322.5 402.4 17.34 20.88 343.9

0.57 1076.9 314.2 411.4 16.99 21.60 307.6 1.01 982.9 316.2 407.2 15.63 22.19 327.6

0.99 1168.2 321.3 406.3 15.11 22.17 333.8 1.54 976.2 313.2 408.1 13.85 22.37 325.4

1.48 1107.9 306.2 411.6 13.43 23.64 316.6 2.03 956.6 311.6 407.4 12.34 22.73 318.9

2.04 1074.6 315.4 408.4 11.49 22.35 307.0 2.46 948.2 310.9 391.6 11.11 23.23 316.1

2.54 1041.1 307.6 407.2 9.91 22.77 297.5 2.54 955.4 314.1 407.9 10.77 22.81 318.5

3.03 1071.4 312.8 411.7 7.69 22.45 306.1 2.94 992.5 313.6 408.6 8.87 22.68 330.9

3.53 922.2 303.6 411.2 7.76 22.58 263.5 3.52 936.0 306.5 407.6 7.57 22.78 312.0

4.14 1038.1 307.5 415.6 3.82 22.98 296.6 4.13 928.9 303.2 407.2 5.60 22.74 309.6

4.70 967.1 298.6 420.9 2.93 23.15 276.3 4.72 864.9 295.9 414.4 4.69 23.05 288.3

4.71 1023.4 316.3 426.0 1.93 23.04 292.4 6.02 838.3 308.5 421.7 1.29 22.73 279.4

Mean 1066.5 312.1 412.4 – 22.56 304.72 – 946.5 310.6 407.7 – 22.56 315.5

r 87.56 8.8 6.32 – 0.66 25.02 – 55.29 7.0 7.28 – 0.62 18.43

b = 2.5 K s-1 b = 2.0 K s-1

0.36 895.7 321.0 390.4 18.00 21.37 358.26 0.28 791.5 321.4 381.2 18.40 20.66 395.75

0.50 930.4 325.8 405.0 17.56 21.35 372.16 0.51 871.3 320.5 398.9 17.67 22.75 435.63

1.04 822.1 308.0 399.6 16.25 21.98 328.85 0.99 755.9 317.8 403.4 16.66 22.45 377.96

1.49 839.0 308.5 407.1 14.87 22.93 335.59 1.49 777.9 316.5 398.6 15.25 22.63 388.92

2.05 820.9 302.1 402.5 13.36 22.83 328.34 2.04 730.6 316.4 404.5 14.11 22.62 365.28

2.58 782.9 305.2 406.5 12.21 22.42 313.17 2.48 732.7 314.9 401.2 13.00 22.43 366.33

3.00 786.4 296.5 401.6 11.02 22.85 314.55 2.98 745.3 315.1 401.4 11.58 23.03 372.63

3.49 801.0 307.4 401.4 9.52 22.54 320.39 3.52 745.0 312.4 403.5 10.18 23.32 372.48

4.06 756.8 305.3 408.2 8.57 22.78 302.73 4.01 713.5 308.9 409.6 9.28 23.06 356.77

4.53 801.3 302.1 406.3 6.55 23.23 320.54 4.50 683.2 311.5 400.4 8.73 23.19 341.58

5.00 776.7 288.1 409.6 5.55 22.70 310.69 5.03 697.5 303.8 405.8 7.07 23.08 348.74

6.01 764.3 308.3 408.9 3.17 21.93 305.72 6.00 681.4 308.1 401.9 4.67 22.77 340.71

Mean 814.8 306.5 403.9 – 22.41 325.92 – 743.8 313.9 400.9 – 22.67 371.90

r 52.3 9.9 5.34 – 0.62 20.94 – 52.9 5.2 6.91 – 0.70 26.44

b = 1.5 K s-1 b = 1.0 K s-1

0.50 592.5 310 389.4 18.20 22.08 395.01 0.53 423.5 306.5 382.1 18.55 22.81 423.47

1.02 573.6 309.3 391.3 17.25 21.37 382.42 1.04 407.4 313.4 380.7 17.93 21.50 407.36

1.49 617.1 311.4 379.0 16.14 22.69 411.37 1.50 398.3 309.1 370.0 17.37 21.88 398.34

2.01 612.1 311.5 392.1 15.08 22.56 408.07 2.03 383.1 302.1 367.1 16.74 22.80 383.07

2.52 594.9 310.1 395.6 14.16 22.69 396.60 2.50 392.1 303.2 383.5 16.06 22.74 392.12

3.03 578.3 306.5 397.8 13.30 23.28 385.56 3.02 375.5 302.8 387.2 15.51 22.56 375.47

3.47 585.4 308.1 400.3 12.82 22.67 390.27 3.52 386.3 303.8 385.5 14.74 22.39 386.28

4.03 583.8 305.6 398.2 11.21 23.04 389.22 3.99 372.0 303.7 387.0 14.33 22.37 371.99

4.57 579.4 302.1 398.4 10.20 23.51 386.24 4.48 383.3 299.6 390.4 13.50 22.54 383.31

5.02 591.9 308.3 403.5 9.03 23.17 394.61 5.05 415.1 305.5 389.3 12.22 22.90 415.10

5.51 607.2 310.3 403.0 7.69 22.85 404.80 5.51 344.1 290.4 380.7 12.56 22.25 344.08

6.02 517.7 302.7 393.3 8.76 22.34 345.12 6.03 364.4 297.9 387.2 11.59 22.74 364.39

Mean 586.2 308.0 395.2 – 22.69 390.77 – 387.1 303.2 382.6 – 22.46 387.08

r 25.6 3.2 6.79 – 0.58 17.07 – 22.2 5.7 7.28 – 0.42 22.22

b = 0.5 K s-1

0.50 383.4 303.9 362.9 18.51 26.45 766.81

0.52 286.9 303.3 371.3 18.70 19.95 573.71

1.01 313.4 299.1 370.8 18.07 22.44 626.88
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General effect of specimen mass

The size of specimen has a significant influence on heat

transfer and gas diffusion through the material and, there-

fore, some key parameters of the MCC are greatly affected

as shown in Figs. 2–4. The rate of temperature rise for the

interior of a specimen depends on the heating rate and the

thermal capacity of the specimen. A greater mass of

specimen results in more thermal capacity. It takes a

shorter time for a smaller specimen to reach uniform

temperature compared to that for a specimen with larger

mass. Thus, a specimen with a smaller mass reaches the

pyrolysis temperature overall faster than that with larger

mass, and it results in a higher Qmax and a lower Tmax. As

shown in Fig. 2 the smaller the mass, the higher the Qmax.

The Pearson correlation coefficient between slope of fitting

line and heating rate is -0.93. The slopes have strong

negative linear relationship with heating rates.

When a line-of-best-fit is performed on the Qmax versus

M0 data it can be observed the slope of the line increases

with an increase in heating rate. This implies the influence

of mass on Qmax is more significant at higher heating rates

as shown in Fig. 2. In Fig. 3, the slopes of the lines-of-best-

fit are similar which implies the effect of specimen mass on

Tmax is similar at different heating rates. At higher heating

rates, a higher Tmax is observed consistent with the results

for thermogravimetry (TG) tests. Specimens with larger

mass have a lower Tonset and a higher Tmax as illustrated

Table 1 continued

M0/

mg

Qmax/

W g-1
Tonset/

�C
Tmax/

�C
DO2

/

%

hc/

kJ g-1
gc/J g-1

K-1
M0/

mg

Qmax/

W g-1
Tonset/

�C
Tmax/

�C
DO2

/

%

hc/

kJ g-1
gc/

J g-1 K-1

1.50 294.0 300.5 361.2 17.65 22.26 587.91

2.01 299.2 299.3 367.6 17.06 22.68 598.36

2.49 276.4 296.7 372.5 16.84 22.34 552.75

3.00 274.1 293.9 374.5 16.39 22.58 548.28

3.48 274.5 296.2 373.5 15.92 22.46 548.93

3.54 277.2 293.6 374.5 15.74 22.67 554.39

4.03 274.7 299.9 371.8 15.45 22.09 549.39

4.48 259.6 296.4 374.9 15.24 21.07 519.12

4.97 270.9 293.9 375.3 14.62 22.00 541.85

5.54 272.5 289.2 373.0 14.07 22.60 545.05

6.01 296.1 300.6 381.7 13.16 22.87 592.10

6.59 278.4 292.6 380.5 12.95 22.86 556.85

Mean 288.8 297.3 372.4 – 22.51 577.49

r 29.5 4.2 5.48 – 1.33 59.05

Table 2 The range of Tmax at each heating rate

b/K s-1 Range of Tmax/�C

0.5 361.2–381.7

1.0 367.1–390.4

1.5 379.0–403.5

2.0 381.2–409.6

2.5 390.4–409.6

3.0 391.6–421.7

3.5 405.5–426.0

Table 3 Definitions for the strength of correlation and Pearson’s

correlation coefficient (rxy) [2]

Strength of Correlation Rxy

Strong 0.85 B | rxy|

Moderate 0.70 B | rxy |\ 0.85

Marginal 0.55 B | rxy |\ 0.70

Weak 0.40 B rxy\ 0.55

Poor | rxy |\ 0.40

Table 4 Pearson’s correlation coefficient rxy between MCC typical

parameters

b (K/s) Qmax Tmax Hc Tonset DO2

0.5 -0.56 0.80 -0.09 -0.62 -1.00

1.0 -0.65 0.55 0.32 -0.74 -1.00

1.5 -0.44 0.67 0.54 -0.61 -0.99

2.0 -0.85 0.54 0.61 -0.93 -1.00

2.5 -0.82 0.65 0.48 -0.64 -1.00

3.0 -0.92 0.63 0.61 -0.78 -1.00

3.5 -0.79 0.80 0.65 -0.63 -1.00
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clearly in Figs. 3 and 4. A specimen with a larger mass has

a larger surface area and produces more gaseous material at

the initial heating stage resulting in a lower Tonset. The

Pearson correlation coefficient between slope of fitting line

and heating rate in Fig. 3 is 0.58. The slopes have marginal

linear relationship with heating rates. The Pearson corre-

lation coefficient between slope of fitting line and heating

rate in Fig. 4 is -0.82. The slopes have negative moderate

linear relationship with heating rates.

Relative error analysis of the tests

To illustrate the compound effect of heating rate b and

specimen mass M0 on the data, contour maps were drawn

for the relative errors of Qmax, Tmax, and hc.

Figure 5 is the contour map of the relative error of Qmax

with M0 and b. The areas of high relative error are red and

yellow in the contour map. As shown in Fig. 5, high rel-

ative error appears in the area of low and high specimen

mass (M0\ 1.5 mg and M0[ 4.5 mg), and the corre-

sponding b ranges are 0.5–1.25 and 1.75–3.5 K s-1. In the

middle of contour is the blue region of low relative error

(M0 = 1.5–4.5 mg, b = 0.75–3.25 K s-1).

Figure 6 is the contour map of relative error of Tmax

with specimen mass and heating rate. Although the relative

errors are different, the maximum value is less than 5 %. It

implies that the relative error of Tmax is acceptable in

present tests, and the choice of the heating rate and spec-

imen mass has less effect on Tmax than on Qmax.
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Figure 7 is the contour map of relative error of hc with

specimen mass and heating rate. Most of the area is blue

which means the relative error is lower than 2.25 %. As

PMMA volatilizes completely in the heating process,

heating rate has little effect on hc. There are higher relative

errors in the area of low specimen mass and low heating

rate. From the signal point of view, there is a higher rela-

tive error in the low heating rate with low specimen mass

areas due to a lower signal to noise ratio.

Oxygen concentration limitations

Figure 8 shows the oxygen concentration DO2
of the peak

heat release rate with a line-of-best-fit. At the same

heating rate, the greater the specimen mass, the more

oxygen is consumed. Oxygen concentration DO2
is linear

with specimen mass. The Pearson correlation coefficient

between slope of fitting line and heating rate is -0.99.

The slopes have strong negative linear relationship with

heating rates. The relationship between oxygen concen-

tration DO2
and specimen mass M0 would be described by

Eq. (8),

DO2
%ð Þ ¼ 19 % � slopeðbÞ �M0 ð8Þ

where slope(b) is the slope of a linear fit of data for DO2

versus M0 at a certain heating rate. Then M0 could be

calculated by Eq. (9).

M0 ¼ 19 %ð Þ � DO2

�slope bð Þ ðmgÞ ð9Þ

The slopes of the line-of-best-fit at different heating

rates are shown in Fig. 9, and fit the linear equation,

Eq. (10).

slope bð Þð%mg�1Þ ¼ �0:55 � 0:83 � b ð10Þ

The slope of the relationship between DO2
and M0 at a

certain heating rate can be calculated by Eq. (10). Further

substitution of that slope using Eq. (9) will determine the

required specimen mass to ensure the oxygen concentration

does not fall below a certain level at this heating rate. For

example, the slope at heating rate b = 0.1 K s-1 is

-0.633 % mg-1 calculated by Eq. (10). If the lowest

oxygen concentration limit is set as 10 %, M0 is 14.22 mg

calculated by Eq. (9). For b = 1 K s-1, slope(b) is

-1.38 % mg-1, then the M0 is 6.52 mg (with the oxygen

concentration limit 10 %), or 10.15 mg (with the oxygen

concentration limit 5 %).
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The activation energy Ea of PMMA was determined by

Kissinger plots [13] with Tp at specific heating rate b, shown in

Fig. 10. The thermokinetic parameter U is calculated for

PMMA by Eq. (2) with a = 8.82 9 10-8 m2 s-1 [19], q =

1180 kg m-3=1.180 9 109 mg m-3, and Ea = 164 kJ mol-1,

U ¼ 25; 047Ks mg�2=3:

This value is used in Eq. (1), i.e.,

m0 �
e
b
TPðbÞ2

25047

 !3=2

ð11Þ

The maximum specimen mass for a specified e (0.05) at

certain b is calculated by Eq. (9) for heating rates of

0.5,1.0, 1.5, 2.0, 2.5, 3.0 and 3.5 K s-1, and the corre-

sponding average Tp(b) listed in Table 1. The results are

shown in Fig. 11 with the specimen mass limit obtained

from oxygen concentration limitations.

A specimen mass range is also shown in Fig. 11 cal-

culated by Eq. (12) with typical polymer properties [13]:

Tp = 700 ± 70 K, a = 1.2 ± 0.2 9 10-7 m2 s-1,

q = 1100 ± 150 kg m-3 = 1.1 ± 0.15 9 109 mg m-3,

and Ea = 200 ± 50 kJ mol-1,

m0ðmgÞ�
e 22 � 7mg2=3K s�1
� �

bðK s�1Þ

 !3=2

ð12Þ

The maximum specimen masses of PMMA at specified

heating rates are calculated by Eq. (11) with e = 0.05, and

they are all within the range calculated by Eq. (12) for
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typical polymers, as shown in Fig. 11. Most of the maxi-

mum masses are less than 1 mg. But according to the

analysis of relative error in Sect. 3.4, the specimens with

mass less than 1 mg have high relative errors at all heating

rates. The possible maximum specimen mass can also be

calculated by using of oxygen concentration, and the range

is 2.52 mg (3.5 K s-1) to 9.85 mg (0.5 K s-1) for 10 %

minimum oxygen concentration and 5.88 mg (3.5 K s-1)

to 19.63 mg (0.5 K s-1) for 1 % minimum oxygen con-

centration (refer Fig. 11). The latter range is obviously not

desirable.

Conclusions

Based on tests conducted using PMMA and subsequent

analysis, it was observed that specimen mass has signifi-

cant influence on MCC results.

A suitable specimen mass should be determined for a

MCC test in advance either by using a thermokinetic model

[13] or by observation of the oxygen concentration and the

shape of the heat release rate curve. When comparing the

flammability of two materials with the MCC, besides using

the same heating rate, the specimen mass must be chosen

carefully. It is recommended to use the same amount of

specimen masses to do comparison tests. A very small

specimen mass (B0.5 mg for PMMA) should be avoided.

A very small specimen pyrolyzes especially fast and tends

to exhibit an abnormal high Qmax thus being prone to large

error.

The correlation analysis shows that specimen mass has

significant effect on the Qmax at high-temperature rates. At

lower heating rates, the influence of specimen mass on the

peak heat release rate is less than that at a higher heating

rate, which may be caused by different oxygen concen-

trations or heat transfer inside specimens. The lowest limit

of oxygen concentration can be set at 5–10 %—within this

range, there is no substantial effect on the results of hc and

Qmax.

When the same heating rate is used, there is a fluctuation

in the specific heat release rate curve of specimens with

larger mass. This fluctuation is not caused by incomplete

combustion. This was because that the oxygen concentra-

tion of all tests was not depleted, and the total heat releases

were all within a reasonable range. Uneven heat transfer in

specimens with larger mass may be the main reason for the

fluctuation.
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